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FOREWORD 

About two centuries after the communication by Sir Percival Pott that 
the "chimney sweeper disease" was a cancer and its suggestion that active 
compounds of soot were the causative agents, and about one century after 
the description of urinary bladder cancer in dye workers, an enormous 
number of substances have been synthesized and have probably come into 
contact with man. Research in cancer prevention is of primary importance, 
and may receive continuous support from new discoveries on cancer etiology 
and pathogenesis. 

If one accepts the multistage model of chemical carcinogenesis, one 
has also to accept that many events occur between the contact of carcino
genic compounds and their specific targets and the development of a 
clinically recognizable neoplasm. Thus, animal studies become essential 
to elucidate the different steps by which chemical carcinogens induce 
neoplasia. The analysis of these steps and the comparative evaluation of 
experimental models is essential to an understanding of pathogenesis. 

Serial meetings are an appropriate forum to analyze successively 
various topics related to chemical carcinogenesis. While not aiming at 
being comprehensive, each meeting of the series highlights particular 
areas of interest and tries to give a good indication of further research 
possibilities. This series of biannual meetings, on Chemical Carcinogen
esis, organized by the "Istituto di Patologia generale, Universita di 
Sassari", and the "Istituto di Farmacologia e Patologia biochimica, 
Universita di Cagliari", was started in 1981. In the Fourth Sardinian 
International Meetings, held in Alghero (Italy) between October 23 and 27, 
1987, a number of topics dealing principally with the analysis of dif
ferent experimental models to study the main steps of the carcinogenic 
process from the biochemical, biol0 6ical and molecular aspects were pre
sented. The topics ranged from the recent progress on the metabolism of 
carcinogen~c substances and their interaction with target molecules to 
some basic mechanisms in human and experimental nutritional carcinogenesis, 
through an analysis of developmental stages of carcinogenesis and growth 
control mechanisms. Different experimental models for the study of 
chemical carcinogenesis were analyzed comparatively. Developmental stages 
and growth regulation were considered in some detail from the molecular and 
biochemical points of view and modulatory mechanisms were considered. 

The meeting program included five keynote addresses, sixty-five 
plenary lectures, and forty posters, some of which were selected for oral 
presentation. The speakers chosen represented individuals of inter
national acclaim who are very active in the area of chemical carcinogen
esis. This meeting brought together scientists from sixteen countries 
including: Austria, Australia, Belgium, Canada, Denmark, France, Holland, 
Japan, Norway, Poland, Sweden, Switzerland, The United Kingdom, The United 
States, West Germany, and, of course, Italy. The presentations were of 
the highest quality and were justly appreciated by those who had the 

v 



opportunity to attend. We trust that the readers of this volume, 
published as the Proceedings of the Fourth Sardinian International 
Meeting, will also be rewarded. 

We would like to thank the Members of the Scientific Committee who 
provided us guidance and advice, the Chairpeople and Reviewers, who worked 
together to insure the success of the meeting. Special thanks and ap
preciation are given to the staff of the "Istituto di Patologia generale", 
University of Sassari, for the many functions that they expertly and 
carefully conducted under the guidance of Miss Lucia Daino. We would like 
to express our deep gratitude to the "European Association for Cancer 
Research", the "International Agency for Research on Cancer", the "Societa 
Italiana di Cancerologia" and the "Societa Italiana di Patologia" for the 
sponsorship or the "Fourth Sardinian International Meeting" and to the 
Members of the National and Regional Governments and to all other govern
mental.and private institutions which, by their financial support, made 
possible the organization of the meeting. 

Sassari, May 1988 
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Paolo Pani 
Amedeo Co1umbano 
Renato Garcea 



During the preparation of this book, the Editors received the unhappy 
news of the untimely death of Professor Giorgio Prodi. 

Professor Prodi was the chairman of the Institute of Cancerology, 
University of Bologna (Italy). He taught Experimental Oncology at this 
University and was involved in the research on interaction of chemical 
carcinogens with DNA for several years. He was a member of the Organizing 
Committee of the Sardinian International Meetings and actively contributed 
to the success of these meetings. His wide experience, enthusiasm and 
criticism were highly stimulatory for us. 

We are profoundly convinced that the death of Professor Prodi represents 
a heavy loss. Indeed, we have lost an invaluable collaborator and a 
friend. 

Francesco Feo 
Paolo Pani 
Amedeo Columbano 
Renato Garcea 
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SECTION I 

XENOBIOTICS: METABOLISM AND INTERACTION 

WITH CELLULAR MACROMOLECULES 



CYTOCHROME P-4S0 FUNCTION ANALYSES WITH MONOCLONAL 

ANTIBODIES AND cDNA EXPRESSION VECTORS' 

INTRODUCTION 

Harry V. Gelboin, Frank J. Gonzalez, Sang S. Park, Junji 
Sagara and Narayana Battula 

Laboratory of Molecular Carcinogenesis, National Cancer 
Institute, National Institutes of Health 
Bethesda, Maryland, USA 

It is quite fitting and proper to initiate this International Conference 
devoted to the problems of chemical carcinogenesis with a discussion of the 
role and function of cytochrome P-4S0. Cytochrome P-4S0 is the enzymatic 
interface between mammalian organisms, including man, and a large variety of 
foreign chemicals, i.e. xenobiotics, which include almost all chemical carci
nogens. 

Table 1 shows the classes of xenobiotics, that is, compounds foreign to 
the organism as well as endobiotics, those compounds which are endogenous to 
normal metabolism which are substrates for the cytochrome P-4S0 containing 
mixed function oxidases. Among the xenobiotics, more than 90% of the various 
classes of carcinogens, including polycyclic aromatic hydrocarbons, amino 
azo-dyes, aflatoxins, nitrosamines, aromatic amines as well as numerous other 
synthetic and natural occurring carcinogens are substrates for the cytochrome 
P-4S0 system. Other environmental pollutants such as polychlorinated biphen-

Table 1. Classes of xenobiotic and endobiotic 
substrates of cytochrome P-4S0 

Xenobiotics 

Carcinogens > 90% 
Drugs > 90% 
Environmental 
Pollutants 
Pesticides 
Herbicides 

Endobiotics 

Steroids (all classes) 
Fatty acids 
Prostaglandins 
Leukotrienes 

, This paper is dedicated to the memory of Professor Elizabeth C. Miller. 
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yls (PCBs), a large variety of pesticides and herbicides, as well as the vast 
majority of drugs which are of therapeutic and clinical use. 

In addition to these xenobiotics, some very important endobiotics 
concerned in regulation of normal metabolism and regulation of physiological 
function are substrates for the cytochrome P-450 system. Thus all classes of 
steroids, ranging from vitamin D and sex steroids to cortisone, progesterone 
and cholesterol are substrates for P-450. Fatty acids, prostaglandins, leuk
otrienes, all very important regulatory substances, are P-450 substrates. 

Aspects of P-450 action on xenobiotics are shown in Table 2. The 
cytochrome P-450s are essential for the detoxification of a whole variety of 
drugs, carcinogens and environmental chemicals. Although the P-450s have 
largely beneficial value, the P-450 system is also responsible for the acti
vation of many compounds to toxic forms, to mutagenic compounds inducing 
mutations in DNA, to the formation of teratogens, and finally to the forma
tion of active carcinogens. Thus there is a dichotomy between the results of 
P-450 action, on the one hand, the beneficial effects of detoxification and 
the opposite detrimental effects of activation of inactive compounds to 
active toxins and carcinogens. Thus the cytochrome P-450 puzzle is both 
important and complex and is at the core of understanding man's interaction 
with the chemicals in his environment. 

Table 3 shows the nature of the P-450 system. First, there are a large 
multiplicity of xenobiotic and endobiotic P-450 substrates. Secondly, there 
are a multiplicity of cytochrome P-450 forms. There are at least 30 de
scribed forms and likely there are considerably more. An added feature of 
this complex puzzle is the fact that cytochrome P-450 distribution, that is, 
the isozyme make-up of a tissue, changes with induction, hormonal, nutrition
al and developmental state and differs with different tissues, species, 
strains, sex and age. Thus, we have a very complex puzzle for which some of 
the solutions we seek are shown in Table 4. First of all, we need to define 
the contribution of each form of cytochrome P-450 to the metabolism of single 
and specific xenobiotics and endobiotics in a crude cell extract or mixture 
like microsomes or cell homogenates. Secondly, we need to ~efine the speci
ficity of each cytochrome P-450 form for each single substrate. These two 
goals are complementary; in other words, we need to know the substrate speci
ficity for each P-450, and then, we need to be able to determine the contri
bution of each specific P-450 form to the metabolism of any given substrate 
in a tissue. In many cases many more than one P-450 will contribute to the 
metabolism of a single substrate. In other cases, there may be a high speci
ficity of a substrate for only one or a few cytochrome P-450s. Thirdly, we 
seek to define the molecular, genetic and structural basis for cytochrome 
P-450 differences in different individuals. We then need to determine human 
individual differences in cytochrome P-450-related carcinogen and drug 
sensitivity. Finally we want to determine the relationship of the individual 
differences in sensitivity and the molecular genetic differences exhibited by 
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Table 2. Biological activities resulting 
from P-450 action on xenobiotics 

1) Detoxification 

2) Activation to: 

(drugs, carcinogens 
environ. chemicals) 

Toxic compounds 
Mutagens 
Teratogens 
Carcinogens 



Table 3. Cytochrome P-450 

1) Multiplicity of xenobiotic and endobiotic P-450 substrates 

2) Multiplicity ( > 30) of cytochrome P-450 forms 

3) Cytochrome P-450 distribution changes with induction, hormonal, 
nutritional and developmental state and differs with tissues, 
species strain, sex and age 

4) Responsible for both detoxification and activation to toxins, 
mutagenic and carcinogenic compounds 

the gene structure of different individuals for different P-450 genes. 

The strategic tools towards these major goals are shown in Table 5. 
First, we have partially constructed a monoclonal antibody library to indi
vidual and classes of cytochrome P-450 1-5. The inhibitory Mabs can be used 
for reaction phenotyping 6 ,7 and the addition of one of these inhibitory 
monoclonals to a reaction mixture can determine the contribution to the 
reaction by the cytochrome P-450 to which the monoclonal was directed. 
Secondly, we have cloned and sequenced a large number of cytochrome P-450 
cDNAs which can be constructed into expression vectors such as vaccinia or 
expressed in COS cells via SV40-based expression vectors. Since a cloned 
cDNA is expressed as enzyme activity we can precisely define the enzymatic 
character of that P-450 derived from a single cDNA. In this way, we can 
define precisely the substrate and product specificity of individual P-450s. 
We are continuing to clone and sequence additional P-450 cDNAs and plan to 
have a large, complete as possible, library. These cloned and sequenced 
genes can be used to compare relatedness of the different P-450s by site
directed mutagenesis studies in which active sites of P-450 genes will be 
studied. The cDNA will also be used as probes for restriction fragment 
length polymorphism analysis and should be very useful for detecting poten
tial polymorphisms in the human population that relate to specific sensitiv
ity to certain classes of carcinogen, or to specific abnormalities in the 
metabolism of different classes of drugs that are therapeutically effective. 

RESULTS AND DISCUSSION 

Table 6 shows a brief summary of our library of monoclonal antibodies. 
We have panels of Mabs to seven different forms of cytochrome P-450. In some 
cases we have large numbers of positive clones ranging from 6 to 31. In the 

Table 4. Major goals of cytochrome P-450 research 

1. Define contribution of each form of cytochrome P-450 to specific 
xenobiotic and endobiotic metabolism 

2. Define specificity of each cytochrome P-450 form 

3. Define the moiecular genetic basis for cytochrome P-450 differences 

4. Determine human individual differences in gene structure and cyto
chrome P-450 related carcinogen and drug sensitivity 
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Table 5. Strategic tools of cytochrome P-450 research 

1. Monoclonal antibody library to individual and classes of cyto
chrome P-450 (inhibitory Mabs for reaction phenotyping) 

2. Cloning and sequencing of cytochrome P-450 genes 

3. Expression of cloned single P-450 cDNAs by vectors (Vaccinia, 
COS cell, etc.) 

4. Restriction fragment length polymorphism (RFLP) analysis 

fourth column you see the number of inhibitory clones. The positive clones, 
independent of their inhibitory activity, can be used to determine the amount 
of specific forms or classes of P-450 in a given tissue or individual, and 
the inhibitory clones can be used for "reaction phenotyping". The latter is 
done by measuring the inhibitory effect of a monoclonal in a microsomal 
preparation incubated with a specific P-450 substrate. This defines the 
contribution of that particular P-450 form to the total reaction. The mono
clonals we have used for this purpose all inhibit the enzymatic activity of 
the pure P-450 for the substrate studied by more than 90%. In one case, the 
monoclonals made to PCN inducible P-450 did not yield inhibitory clones. 

With Mab 1-7-1, a monoclonal which inhibits two forms, P-450c and 
P-450d, we find that in the rat liver microsomes from un induced rats and from 
phenobarbital(PB)-treated rats there is essentially no inhibition of AHH 
If, however, the rat is treated with methylcholanthrene, there is a 70% inhi
bition of AHH. This experiment tells us that the forms of P-450 which are 
active for benzopyrene hydroxylation (AHH) in the untreated and in the pheno
barbital(PB)-treated rat are insensitive to the monoclonal antibody. In the 
MC-induced animal, 70% of the total AHH activity of liver is due to forms of 
P-450 recognized by the monoclonal, and 30% is due to P-450 which is differ
ent than that recognized by the monoclonal. Thus 70% of the AHH in MC
treated rats is the result of a P-450 different than the P-450 responsible 
for AHH in control and PB rats. In a similar experiment with ethoxycoumarin 
deethylase activity the Mab 1-7-1 distinguished ECD activity due to the 
sensitive and insensitive forms of P-450. In similar experiments done with 
two strains of mice the 1-7-1 detected P-450 differences in the two strains 
(Table 7). In the C57b1 mice, none of the AHH in control mice and very 
little in the PB mice are inhibited by the monoclonal. On the other hand, 
85% of the AHH in the MC-treated rat liver is sensitive to the 1-7-1. With 
the DBA strain, however, there is only a small inhibitory effect ranging from 

Table 6. Library of monoclonal antibodies to cytochrome P-450 

P-450 Inducer Positive Inhibitory %Inhibition 
Clones(RIA) Clones of Pure P-450 

P-450 MC(forms c,d) PAH 10 3 90% 
P-450 Pb PB 10 4 30-90% 
P-450 Et Ethanol 31 1 92% 
P-450 SCUP PAH 8 4 87-94% 
P-450 PCN PCN 11 0 0 
P-450 RLM-5 CONSTIT. 6 2 90% 
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Table 7. Inhibition (%) of AHH and ECD of mouse tissues by Mab 1-7-1 

Strain Aryl hydrocarbon hydroxylase 

Liver Lung Kidney 

Control Mab Control Mab Control Mab 

C57B1 
Control 186 (0) 14 (50) 1.2 (0) 
PB 854 (4) 18 (43) 1.7 (6) 
MC 4882 (85) 141 (83) 57.0 (86) 

DBA/2 
Control 327 (11 ) 18 (17) 2.2 (27) 
PB 610 (17) 19 (0) 2.9 (7) 
MC 283 (2) 21 (51) 1.5 (27) 

Ethoxycourmarin deethylase 

C57B1 
Control 2.5 (15) 0.18 (6) 0.12 (0) 
PB 10.8 (8) 0.22 (5) 0.14 (7) 
MC 14.0 (55) 0.22 (45) 0.12 (0) 

DBA/2 
Control 4.8 (8) 0.67 (6) 0.34 (0) 
PB 16.0 (2) 0.45 (0) 0.65 (9) 
MC 4.0 (17) 0.48 (0) 0.22 (5) 

2-177. by the Mab 1-7-1 which suggests that all of the AHH in this strain is 
due to a different P-450. We examined the effect of the Mab 1-7-1 in mouse 
liver, lung and kidney. In the lung tissue there is a significant amount of 
AHH present which is due to the Mab 1-7-1 sensitive to P-450, in the control 
42%, PB-treated 247. and the MC-treated rats 78%. Likewise in the kidney, 
there is 117., 397. and 87% inhibition by Mab 1-7-1 respectively. Thus in the 
extra-hepatic tissues a higher percentage of the AHH is due to the 1-7-1 
defined P-450 in the control and PB animals than in the livers of the same 
animals. The Mabs can define the contribution of epitope specific single or 
classes of P-450 to any reaction in respect to either substrate utilization 
or product formation. With the proper library of monoclonals one can 
construct an atlas of reactions in different tissues and define the amount of 
each reaction catalyzed by particular forms of P-450s. 

Table 8 shows reaction phenotyping with a new monoclonal antibody we 
have recently prepared to ethanol-induced cytochrome P-450. This P-450 is 
active in aniline hydroxylation and in the demethylation of nitrosodimethyl
amine demethylase is inhibited by 92%. With microsomes from acetone-treated 
rats, acetone is an inducer of this enzyme, we see that 54% of the aniline 
hydroxylase is inhibited by this monoclonal and 77% of the nitrosodimethyl
amine demethylase is inhibited, indicating the percent contribution by that 
particular P-450 to total microsomal enzyme activity. This also indicates 
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Table 8. Effect of Mab 1-91-3 on aniline hydroxylase and 
nitrosodimethylamine demethylase of cytochrome 
P-450et and rat liver microsomes 

Purified P-450 et 

Mab Aniline Inhibition NOMAD Inhibition 
hydroxylase 

Control 2.50 4.5 
Mab 1-91-3 0.25 9070 0.4 9270 

Microsomes (acetone-treated rats) 

Control 1.36 3.5 
Mab 1-91-3 0.63 5470 0.8 7770 

that the remaining activity, 4670 in the case of aniline hydroxylase and 2370 
in the case of the nitrosamine demethylation is contributed by P-450s differ
ent than those recognized by the Mab to ethanol-induced P-450. Thus with a 
proper and complete library of monoclonal antibodies, one could determine 
precisely the contribution of each of the P-450s to any reaction occurring in 
a biological mixture. This method can be used not only for substrate disap
pearance and product formation but also to determine quantitatively the role 
of different P-450s in biolog~cal effects due to P-450 action. 

We performed a collaborative study with Drs. Bartsch and Hietanen of 
Lyon in which they used the monoclonals to assess the contribution of specif
ic P-450s to aflatoxin and nitrosomorpholine mutagenicity 8. Fig. 1 shows the 
effect of two Mabs, 1-7-1 and 2-66-3 an Mab to PB-induced P-450 in different 
strains of mice treated with different inducers: control, MC, PB and PCN. In 
the B6 mice, inducible strains, the monoclonal directed to PB-induced P-450s 
had a significant inhibitory effect on the control mice as well as the PB
and PCN-treated mice, in some cases inhibiting 5070 of the mutagen activation 
of aflatoxin. In the D2 mice we observed similar effects in the PB-treated 
mice but a lesser effect in the PCN and control mice. The monoclonal to the 
Me inducible form of P-450 had very little inhibitory effect; in some cases, 
it actually stimulated to some extent the activation. This stimulatory ef
fect we view as due to an inhibitory effect on detoxification which permits 
more of the substrate to be activated to the mutagen form. This is vividly 
shown in Fig. 2 where the antibody to PB induced P-450, Mab 2-66-3, had a ma
jor stimulatory effect on nitrosomorpholine on mutagenesis in both strains of 
mice and in all mice after treatment with MC, PB, or PCN. We interpret this 
to mean that the detoxification pathway has been largely inhibited by the 
Mab, making more substrate available for activation to the mutagen form. As 
you can see, in contrast to the phenobarbital having a major stimulatory 
effect, the monoclonal to the MC-inducedP-450 has essentially no effect. 

We have used the monoclonals in a variety of systems examining a number 
of different drugs - aminopyrine, theophyllin, antipyrine, prostaglandins, 
and in steroid metabolism. I have shown you an example of what can be done 
with inhibitory monoclonals. Thus a full library of these reagents would 
permit us to constr~ct a precise map of the contribution of each P-450 to the 
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Fig_ 1. Effect of Mab 1-7-1 (MC) (C>--O) and Mab 2-66-3 (PB) ( .... ) on 
aflatoxin B-1 mutagenicity in B6 and D2 mice. 

total activity of a tissue toward any compound that is metabolized by P-4S0s, 
be it carcinogen, drug or endobiotic. 

CLONING AND SEQUENCING OF P-4S0 GENES 

A second major approach we have taken has been based on the new advances 
in molecular biology, and we have applied some of these techniques to the 
problems of cytochrome P-4S0. Dr. Gonzalez has accomplished the cloning and 
sequencing of a variety of P-4S0 cDNAs, and currently we have 13 cloned and 
sequenced cDNAs for different P-4S0 forms. Thirteen of these are rat cDNAs 
and four are human. A listing of these is shown in Table 9. 

The rat cDNAs include three forms which we believe are debrisoquine 
metabolizing P-4SQs. This is a form of major interest since there is a poly
morphism of debrisoquine metabolism in the human population, with approx
imately 8% to 10% of individuals being deficient metabolizers 9 • Another 
interesting form is P-4S0j which is known to metabolize nitrosamines and is 
induced by ethanol. In addition to forms metabolizing drugs and carcinogens, 
we have also isolated and sequenced the forms that are involved in steroid 
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Fig. 2. Effect of Mab 1-7-1 (MC) (0-0) and Mab 2-66-3 (PB) ( .... ) on 
mutagenicity of nitrosomorpholine. 
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Table 9. Cloned and sequenced cytochrome P-450 cDNAs 

Cytochrome P-450 

Rat 
P-450a 
P-450a 
P-450b 
P-450e 
P-450f 
P-450 PBl 
P-450j 
P-450 dbl 
P-450 db2 
P-450 db3 
P-450 PCNl 
P-450 PCN2 
P-450 LA omega 

Human 
P-450j 
P-450 db 
P-450 PCNl 
P-450 PCN2 

Major substrate 

Testosterone 
Testosterone 
Unknown 
Benzphetamine 

Nitrosamine, aniline 
Debrisoquine, bufaralol 
Unknown 
Unknown 
Testosterone 
Testosterone 
Lauric acid, palmitic acid, 
arachidonic acid 

Nitrosamine, aniline 
Debrisoquine, other drugs 
Nifedipine, testosterone 
Unknown 

and fatty acid metabolism and are likely to be very instrumental in regula
tory processes. These cDNAs and genes can be used for a variety of purposes. 

VACCINIA VIRUS EXPRESSION VECTORS FOR P-450 cDNAs 

One major thrust is to determine the precise specificity of single forms 
of P-450. This has been very difficult since purified forms often contain 
contaminating P-450s, and there are now a number of reports in the literature 
that purified reconstituted mixed-function oxidases containing P-450 do not 
exhibit the same substrate specificity that they do in intact microsomes. 
Dr. Battula in our lab has inserted two cDNAs, Pl-450 and P3-450 (these are 
forms that are inducible by hydrocarbons) into a vaccinia virus vector11. We 
sought to develop a system in which a cDNA coding for a specific P-450 could 
be inserted into an infectious vector. We took these two cDNA clones, and 
the diagram of the construction of this vector is shown in Fig. 3. These 
cDNA clones represent the mRNA coding sequences for mouse Pl-450 and mouse 
P3-450. They were inserted into the thymidine kinase gene of the wild type 
vaccinia under the control of the vaccinia virus promoter. The construct was 
successful, and both murine and human cells that are infected with each of 
the reSUlting infectious recombinant viruses efficiently expressed the P-450 
proteins. The newly synthesized proteins are translocated into the micro
somes. Their characterization by immunochemical analysis that they are the 
size of the polypeptides identical to those of the authentic P-450s found in 
mammalian liver microsomes. Functional analysis of each of the proteins both 
spectrally and enzymatically indicates that the proteins have incorporated 
heme and display the appropriate P-450 enzymatic activity. Fig. 4 shows the 
Western blot of the proteins made by the cells infected by this infectious 
P-450 vaccinia vector. Fig. 5 shows that the Pl-450 expresses AHH activity 
but does not express any aniline hydroxylase activity. The control Vaccinia 
containing no P-450 cDNA shows no enzyme activity. Fig. 6 shows that the 
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Fig. 3. Construction of vaccinia virus P-450-cDNA for cytochrome P-450 
expression. 

vacc~n~a constructed with the P3-450 shows (this is a chromatographic assay 
for aniline hydroxylase) that the P3-450 exhibits good activity, but there is 
no activity observed for the AHH. Table 10 shows two other enzymes activ
ities often associated with AHH. These were ethoxycoumarin deethylase (ECD) 
and ethoxyresofurin deethylase (ERDE). As is seen, the AHH is specific for 
Pl-450 and the aniline hydroxylase is specific for P3-450. However, the ECD 
and the ERDE are enzymatic functions of both of these P-450s which was sug
gested in a less definitive way by our monoclonal antibody work. Thus the 
vacciLia-type expression system can be of extraordinary use in the analysis 
of thE' precise specificity of different forms of P-450. Our current plan is 
to construct all of the human cDNAs and rat cDNAs into these vectors to 
deterrriine their specificity. In addition to enzyme activity one can measure 
of the precise specificity of different forms of P-450. Our current plan is 
to construct all of the human cDNAs and rat cDNAs into these vectors to 
deternline their specificity. In addition to enzyme activity one can measure 
any biological activity which depends on P-450 enzyme function, such as 
toxic'. ty or IDutagenici ty. 
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Fig. 4. Western blot of vaccinia vector expressed Pl-450 and P3-450. 

P-450 HUMAN POLYMORPHISMS 

There are a number of human P-450 genes with which we are concerned. 
There are three gene families that are involved in steroid metabolism, C-21, 
aromatase and C-17. Another family is fatty acid omega hydroxylase. PCN 
induced P-450 is active in the drug nifedipine and testosterone metabolism. 
In another family, we find the debrisoquine gene. This is polymorphic in 
humans. P-450j is the alcohol-induced P-450 which is active in dimethylni
trosamine metabolism as well as aniline hydroxylation. Another P-450, for 
mephenytoin drug metabolism, is polymorphic in the human population. Finally, 
there is the P3-450 and PI-P-450 which we have inserted in a vaccinia virus 
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Fig. 5. Expression of AHH activity by VV-Pl-450 and VV-P3-450. 

12 



Table 10. Enzymatic activities of Pl-450 and P3-450 in 
recombinant virus infected HeLa cells 

Enzyme AHH EROD ECD A-Of! 

Pl-450 61 15.5 23.5 3 

P3-450 0.9 5.4 44.0 74 

Activities expressed are pmoles of product/min/mg pro
tein of cell lysates. AHH = Aryl hydrocarbon hydroxy
lase. EROD = Ethoxy resorufin deethylase. ECD = 7-Eth
oxy coumarin deethylase. A-OH = Acetanilide hydroxylase 

and which is active in carcinogen metabolism . We believe the P3-450 is ac
tive i :1 the metabolism of different carcinogenic agents, including aflatoxin, 
acetylaminofluorene, and other aromatic amines. 

An important substrate for the P-450j is dimethylnitrosamine. This 
P-450 is inducible by a variety of agents, including ethanol, acetone, and 
pyrazole. One of the aims of our studies is to determine individual differ
ences in human populations. We have looked at a number of different human 
livers for the content of P-450j, the alcohol-nitrosamine metabolizing 
P-450 1 2,13. Fig. 7 is a Western blot showing that there is little or no dif
ference between the livers in respect to antibody recognizable P-450 protein. 
We have not, however, analyzed for functional activity, and although the pro
tein content may be identical, it is quite possible that enzymatic activity 
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Fig. 6. Expression of aniline hydroxylase from VV-Pl-450 and VV-P3-450. 
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Fig. 7. Western blot analysis of P-450j in different human livers. 
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Fig. 8. Restriction fragment length polymorphism of P-450j gene in humans. 
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varies among different individuals12,1~ With respect to the P-450j, potential 
polynorphisms were analyzed with an RFLP analysis. Here, clearly, about half 
of the subjects examined show differences in their restriction map patterns. 

Fig. 8 shows that a restriction fragment length polymorphism (RFLP) was 
found linked to the P-450j gene. The human lymphocyte DNA from these indi
viduals was digested with Taq-1 which showed a RFLP with a high allelic 
frequency. Twenty other restriction enzymes did not show any RFLPs14. 
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CYTOCHROMES P-450 AS DETERMINANTS OF SUSCEPTIBILITY TO CARCINOGENESIS BY 

AROMATIC AMINES AND NITROAROMATIC HYDROCARBONS 

Fred F. Kadlubar, F. Peter Guengerich 1, Mary Ann Butler and 
K. Barry Delclos 

INTRODUCTION 

National Center for Toxicological Research, Jefferson 
AR 72079 USA and 1 Vanderbilt University, Nashville 
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Aromatic amines and nitroaromatic hydrocarbons represent two major 
classes of occupational and environmental carcinogens. Aromatic amines are 
known to be present in the workplace, in cigarette smoke, synthetic fuels. 
and as pyrolysis products formed during the cooking of foods l-5 ; while 
nitroaromatic hydrocarbons have been used as dye intermediates, anti
microbial drugs, and food additives or have been detected as pollutants in 
coal fly ash, urban air samples, and emissions from auto, diesel, and 
airplane engines 6 • EpidemiolGgical studies in humans and carcinogenicity 
experiments in laboratory animals have clearly indicated that these chemical 
carcirrogens can induce cancers in several tissues, especially the urinary 
bladder, colon, liver, and lung 7 • For both aromatic amines and nitro
aromatics, metabolic activation is a necessary prerequisite to the formation 
of ca~cinogen-DNA adducts; and cytochromes P-450 have been shown to playa 
major role in this process (reviewed in ref. 8). In this paper, the 
catalytic activity of specific cytochrome P-450 isozymes for the activation 
of these carcinogens will be discussed in relation to species and individual 
differences in cancer susceptibility. 

AROMATIC AMINES 

For aromatic amines, hepatic N-oxidation is generally regarded as a 
critieal metabolic activation pathway. Cytochromes P-450 have been shown 
to be primarily responsible for the N-oxidation of primary arylamines and 
arylru1ides, while the flavin-containing monooxygenase is known to catalyze 
the N"oxidation of secondary N-alkylarylamines 8- 9• The N-hydroxy arylamine 
and N-'hydroxy arylamide metabolites are then subject to a variety of con
jugatj.on reactions which can result in their transport to extra-hepatic 
tissues and/or their conversion to electrophilic derivatives that form 
covalent aromatic amine-DNA adducts in the carcinogen-target tissue (review
ed in ref. 10). These electrophilic reactants may include N-acetoxy or 
N-sulfonyloxy esters, O-glucuronides, or O-aminoacyl derivatives 11 . 
N-Hydroxy arylamines, which undergo protonation under acidic to neutral 
conditions, are also electrophilic per se and can react directly with DNA, 
in a concentration-dependent mannerl1. 
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The catalytic involvement of cytochromes P-4S0 in the metabolic 
activation of carcinogenic aromatic amines was first established in 1973 12 

for the arylamide, 2-acetylaminofluorene (2-AAF) and in 1976 for the 
arylamine, 4-aminoazobenzene 13 • Since that time, the availability of 
purified P-4S0 isozymes has allowed a detailed examination of aromatic amine 
substrate specificity and has provided an insight into the basis of species 
and individual differences in aromatic amine susceptibility as well as the 
effects of enzyme inducers on experimental carcinogenesis. For example, 
2-AAF N-oxidation in the rat is catalyzed primarily by the major aromatic 
hydrocarbon-inducible hepatic cytochromes P-4S0, P-4S0 BNF - B (see ref. 14 for 
P-4S0 nomenclature) and P-4S0 ISF-G' while detoxification by ring-oxidation is 
catalyzed preferentially by P-4S0BNF- B and several other isozymes. Upon 
pretreatment of rats with hydrocarbon inducers, there is a selective increase 
in the P-4S0's catalyzing 2-AAF ring-oxidation that results in the inhibition 
of 2-AAF carcinogenesis. In contrast, chronic 2-AAF treatment which induces 
tumor formation results in induction of P-4S0 ISF-G' P-4S0 BNF- B, P-4S0 pB _B, 
and P-4S0pB-D' but in such a manner that the ratio of N-/ring-oxidation is 
unaltered while overall metabolism increases 4-fold. Similar findings have 
been also reported for hamsters. In rabbits and humans, however, there 
appears to be a single inducible P-4S0, corresponding to rat P-4S0 ISF-G, that 
is responsible for 2-AAF N-oxidation (reviewed in ref. 8). 

Studies with purified rat hepatic cytochrome P-4S0 isozymes have also 
shown that 4-aminobiphenyl (4-ABP), 2-naphthylamine (2-NA) and the heterocyc
lic amines 3-amino-l-methyl-SH-pyrido[4,3-b]indole (Trp-2), 2-amino-6-methyl
dipyrido[1,2-a:3',2'-d]imidazole (Glu-P-l), and 2-amino-3-methylimidazo[4,S
f]quinoline (IQ) are selectively N-oxidized by major isosafrole-inducible 
isozyme P-4S0ISF-G (Table 1). In contrast, 4,4'-methylene-bis(2-chloroani
line) (MOCA), is oxidized preferentially by the phenobarbital-inducible 
enzymes P-4S0 pB-B and P-4S0pB-D, and 6-aminochrysene is activated to DNA
reactive metabolites by P-4S0pCN- E and P-4S0UT -A. Hepatic ring-oxidation, an 
important detoxification pathway for these arylamines, also varied greatly 
between the substrates with ring-oxidation representing >60% of total metab
olism for 2-NA, <2% for ABP, and 14-80% with MOCA with different isozymes 15- 17• 
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Human hepatic microsomal preparations from different individuals have 

Table 1. Rates of N-oxidation of aromatic amines by purified rat 
hepatic cytochromes P-4S0 

Rates (nmol/min/nmol P4S0) 

2-NAa 4-ABpb MOCA b Trp-P-2 c Glu-P-l c 

P4S0 2.S2 l3.S6 2.74 2.09 3.208 
ISF-G 

P4S0 <O.OS 4.40 1.83 0.70 0.102 
BNF-B 

P4S0 <O.OS 2.0S 8.98 O.OS 0.004 
PB-B 

P4S0 <O.OS 0.9S 6.62 
PB-D 

IQc 

0.628 

0.048 

0.012 

a'Taken from ref. lS; btaken from refs. 16 and 17; Ctaken from ref. 18. 



been shown to vary considerably in their oxidative ability to activate 
(N-oxidation) and detoxify (ring-oxidation) several aromatic amines of 
significant potential human exposure (Table 2). In one set of microsomal 
preparations from ten individuals, rates of N-oxidation of 2-NA varied at 
least 30-fold, when expressed per nmol P-450, while total P-450 levels 
varied only 3-fold. Hepatic microsomal preparations from 19 additional 
individuals showed a 43-fold variation in rates of N-oxidation of 4-ABP and 
an 8-fold variation in MOCA N-oxidation, while total cytochrome P-450 con
tent varied only 5-fold. In regard to metabolic detoxification, the ring
oxidation of 2-NA comprised from 42 to 100% of total metabolism; whereas less 
than 6% of total metabolism resulted in ring-oxidation of 4-ABP, which is 
considered a more potent carcinogen1,7. Ring-oxidation of MOCA varied from 
8-19% of total metabolism in the different individuals 17. Such variability 
in activation and detoxification proficiency in different individuals is 
considered to be due to expression of specific P-450 monooxygenases and their 
cont~ol by genetic polymorphisms and/or by environmental factors such as 
diet, lifestyle, or drug exposure. Accordingly, these predispositions may be 
significant determinants in individual susceptibility to carcinogenesis by 
aromatic amines. 

Because of immunochemical reactivity and amino-terminal sequence Slml
larity between rat hepatic cytochrome P-450ISF-Gand human hepatic cytochrome 
P-450pA, which catalyzes the O-deethylation of phenacetin20- 21 , a comparison 
was flade between N-oxidation of 4-ABP and O-deethylation of phenacetin in the 
19 hE!patic microsomal preparations. There was an excellent correlation 
(r = 0.91, P < 0.001) between these activities, suggesting that a single 
cytochrome P-450 is involved in both catalyses. Since a genetic polymorphism 
for phenacetin O-deethylation exists in the human population 22 , interindivid
ual variability in metabolism of 4-ABP and perhaps other carcinogenic aryl
amines may also be due to an absent, defective, or low level of this particu
lar cytochrome P-450, in addition to different levels of cytochromes P-450 
controlled by environmental factors. 

NITROAROMATIC HYDROCARBONS 

For nitroaromatic hydrocarbons, metabolic activation can involve 
nitroreduction, aromatic ring-oxidation, or a combination of these path
ways6,23. Nitroreduction results in the stepwise formation of nitrosoarenes, 
N-hyd~oxyarylamines, and arylamines, each of which are subject to metabolic 
oxidation, reduction, and/or conjugation reactions that can lead to car
cinog',m-DNA adduct formation (vide supra). Although cytochromes P-450 can 
serve as nitroreductases under hypoxic conditions, at least nine other 

Table 2. Human hepatic cytochrome P-450 levels and rates of aromatic 
amine N-oxidation 

Nunber of 
individuals 

Cytochrome P-450 
(nmol/mg protein) 

N-Oxidation 
(nmol product/min/nmol P-450) 

MOCAc 

<0.03-0.86 10 
19 

0.36-0.92 
0.14-0.74 0.10-4.37 1. 23-10.22 

a.. b c Taken from ref. 15; taken from refs. 16 and 17; taken from ref. 17. 
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enzymes, primarily flavo-proteins, have been shown to mediate the reduction 
of nitro-, nitroso-, and N-hydroxy-derivatives (reviewed in ref. 8). Work 
with purified P-450's has been limited to the major phenobarbital- and 
hydrocarbon-inducible rat liver isozymes; and each P-450 was found to 
catalyze the reduction of I-nitropyrene2~. Aromatic ring-oxidation has been 
studied primarily with the polycyclic nitroaromatic hydrocarbons 
(nitro-PARs); and except for 6-nitrochrysene (vide infra), experiments with 
purified cytochromes P-450 have not yet been undertaken. Nevertheless, since 
the stereoselectivity of oxidative metabolism of several nitro-PARs by 
microsomal monoxygenases is very similar to that of their parent hydro
carbons, it seems likely that the major hydro- carbon-metabolizing enzyme, 
cytochrome P-450BNF-B' is the predominant isozyme involved in the ring
oxidation of nitro-PARs 23 . Interestingly, some of the ring-oxidized 
metabolites of 5-nitroacenaphthene, 6-nitrochrysene, I-nitro- pyrene and 3-
and 6-nitrobenzo(a)pyrene show high mutagenic activity. Thus, their 
metabolic activation is thought to arise from the combination of an initial 
ring-oxidation and a subsequent nitroreduction to form a reactive phenolic 
N-hydroxy arylamine derivative. 

Recent bioassays have shown that 6-nitrochrysene (6-NC) is perhaps the 
strongest carcinogen of this class, inducing multiple malignant neoplasms in 
the lung, liver and lymphatic system of mice treated neonatally 25,26. Our 
studies on the metabolic activation 6-NC to electrophilic species that form 
DNA adducts have indicated that there are at least two distinct metabolic 
activation pathways which are operative in vivo. Furthermore, the pathway 
that predominates in a given tissue appears to be determined by constitutive 
or induced levels of specific cytochrome P-450's. The effect of P-450 
induction can best be seen in studies that we have carried out with hepa
tocytes isolated from induced or uninduced adult mice and rats. After 6 h 
of exposure to [3H]6-NC, DNA was isolated from hepatocyte cultures, enzy
matically hydrolyzed, and the carcinogen-nucleoside adducts analyzed by HPLC. 
In hepatocytes isolated from mice or rats which either were untreated or 
pretreated with phenobarbital, two major adducts were detected in the DNA. 
These adducts cochromatographed with N-(deoxyguanosin-8-yl)-6-aminochrysene 
and N-(deoxyinosin-8-yl)-6-aminochrysene, products which are formed in vitro 
from the reaction of N-hydroxy-6-aminochrysene with calf thymus DNA2~ -----

In contrast, DNA from [3H]6-NC-treated mouse or rat hepatocytes isolated 
from animals which had been pretreated with Aroclor contained a single major 
adduct which is not derived from N-hydroxy-6-aminochrysene. This adduct can 
be isolated from in vitro incubations containing 6-aminochrysene-l,2-dihydro
diol, calf thymus DNA, liver microsomes from 3-methylcholanthrene-pretreated 
rats and an NADPH-generating system and, to a lesser extent, in identical 
incubations that contain 6-aminochrysene (6-AC) as substrate. Incubations of 
6-AC with microsomes from phenobarbital-pretreated rats in the presence of 
DNA leads to formation of adducts derived from N-hydroxy-6-AC. Preliminary 
spectral characterization of the adduct obtained from hydrocarbon-induced 
microsomal incubations containing 6-AC-l,2-dihydrodiol and DNA have thus far 
indicated that this adduct contains an aminophenanthrene nucleus. Additional 
experiments with purified P-450 isozymes have shown that the formation of the 
DNA-binding metabolite from 6-AC-l,2-dihydrodiol is catalyzed by the major 
hydrocarbon-inducible, P-450BNF -B, but not by the isosafrole-inducible form 
P-450rSF-G' nor the phenobarbital-induced form, P-450pB-B' Since P-450BNF-B 
has been shown to be the major P-450 isozyme responsible for the conversion 
of polycyclic aromatic hydrocarbons to reactive diol-epoxides, these results 
indicate that 6-aminochrysene-l,2-diol-3,4-epoxide is likely to be the 
ultimate reactive metabolite formed from 6-NC and 6-AC in these experimental 
systems. 

The results described above suggest that carcinogen-DNA adducts derived 
from at least two independent activation pathways might be expected to be 
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found in tissues of animals or humans exposed to 6-NC. In addition, it 
might be expected that other activation pathways, such as nitroreduction of 
the two metabolically formed dihydrodiols of 6-NC, 6-NC-1,2-dihydrodio1 and 
6-NC-9,10-dihydrodiol, to the corresponding N-hydroxy derivatives would also 
lead to DNA adducts in vivo. The adduct pattern seen in hepatocytes from 
Aroclor-pretreated rats and mice suggests that in situations where P-450BNF- B 
is present along with other induced P-450 isozymes, the predominant pathway 
(Fig. 1) involves the metabolism of NC to NC-1,2-dihydrodiol, followed by 
metabolic reduction to AC-1,2-dihydrodiol, and a subsequent P-450BNF - B-
mediated activation of the AC-1,2-dihydrodiol to form a reactive arylamine 
diol-epoxide. Such a situation apparently exists in the target tissues of 
preweanling mice treated with [3H]6-NC where we find a single major adduct 
(up to 90% of the total carcinogen-DNA adducts) that is chromatographically 
and chemically identical to the adduct derived from the further microsomal 
metabolism of 6-AC-1,2-dihydrodiol 28 

The major metabolic pathway for 6-NC in humans might also be dependent 
on the specific constitutive or induced forms of cytochromes P-450 present. 
In the DNA isolated from two explants of human bronchial epithelium treated 
with [ H]NC, two distinct adduct patterns were observed. In one case, ad
ducts derived from N-hydroxy-6-AC were present; whereas in the second sample, 
the only detectable adduct was that derived from 6-AC-1,2-dihydrodiol. 
Further experiments with human bronchial epithelial explants are in progress, 
and an attempt to determine whether the observed adduct pattern can be re
lated to the smoking history of the donors will be made. 

OH 

OH h 
OH 

N-H 
I 

OH 

I'D 
DNA ADDUCTS 

Fig. 1. Metabolic Activation Pathways for 6-NC and 6-AC. 
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SPECIES-DEPENDENT DIFFERENCES IN THE METABOLIC ACTIVATION 

OF POLYCYCLIC AROMATIC HYDROCARBONS IN CELLS IN CULTURE 

William M. Baird, Teresa A. Smolarek 1 , Said M. Sebti 2 
and Donna Pruess-Schwartz 3 

Department of Medicinal Chemistry and Pharmacognosy 
School of Pharmacy and Pharmacal Sciences 
Purdue University 
West Lafayette, IN 47907 U.S.A. 

Polycyclic aromatic hydrocarbons are widespread environmental contami
nants that require metabolic activation in order to induce biological ef
fectsl. One of the most widely studied carcinogenic hydrocarbons is benzo
(a)pyrene (BaP). Most pathways of BaP metabolism result in the production of 
metabolites that are detoxification products. However, a small proportion of 
the BaP metabolites are reactive derivatives that bind to DNA in cells and 
these DNA interactions are involved in the initiation of the cancer induction 
process 1 • Although these reactive metabolites cannot be isolated from cells 
so that their production can be quantitated, it is possible to measure their 
forma":ion through detection of the DNA adducts they produce. The DNA serves 
as bo~:h a critical target for the "ultimate carcinogenic metabolites" and as 
a nucleophilic trapping agent for detection and measurement of these reactive 
electrophiles. 

The major pathway of activation of BaP to DNA-binding metabolites in 
many tissues and cells in culture involves formation of a diol-epoxide on the 
"bay region,,2 of the molecule 3, reviewed in 1. The bay-region diol-epoxide 
of Bar exists as a pair of diastereomers, anti-BaP-7,8-diol-9,10-epoxide 
(anti-BaPDE: benzylic hydroxyl and epoxide on opposite faces of the plane of 
the molecule) and syn-BaPDE (benzylic hydroxyl and epoxide on the same face 
of the plane of the molecule). Each diastereomer consists of two enantiomers 
(plus and minus). The tumor initiating activity of the four optical isomers 
of BarDE differs: (+)-anti-BaPDE is much more tumorigenic in the newborn mice 
and mJuse skin assays than the other three optical isomers4 ,5. The structures 
of these four optical isomers and their relative carcinogenic potency based 
upon the review of Dipple6 are given in Fig. 1. The major differences in 
carcinogenic activity of these optical isomers indicated that studies of 
metabolic activation of BaP to reactive derivatives in vivo required the 
development of techniques for analyzing the BaP-DNA interaction products 

1 Present address: Pfizer Chemical Company, Drug & Safety Evaluation, Groton, 
CT 06340. 2 Present address: University of Pittsburgh, School of Medicine, 
Department of Pharmacology, Pittsburgh, PA 15261. 3Present address: Depart
ment of Chemistry, Wayne State University, Detroit, MI 48201. 

25 



.~ ~ HO' HO 
OH OH 

I+++J (+) -anti-BaPOE (+)-Wl-BaPOE I±J 

~ ~ 00 00 
HO ; HO" 

OH OH 

l±l (-)-anti-BaPOE {-)-Wl-BaPOE I±J 

Relative Carcinogenic potency [ 

Fig. 1. Structures of the four optical isomers of BaPDE. The relative 
carcinogenic activities are based upon the data summarized by 
Dipple 6 • 

which would allow the optical isomer of BaPDE involved in their formation to 
be identified. Our laboratory has developed techniques for the analysis of 
BaP-DNA adducts formed in cells and applied these to studies of the DNA 
adducts formed from BaP in cell cultures derived from different species. 

The low extent of binding of BaP to DNA in cells in culture and in ani
mals, typically less than one BaP per 10 5 bases, necessitates the use of tri
tium-labeled high specific radioactivity BaP to measure these DNA interac
tions. It also prevented use of standard analytical techniques for identifi
cation of these adducts and required the development of chromatographic tech
niques capable of resolving these [3H]BaP-DNA adducts and allowing their 
characterization by comparison. of their chromatographic behavior with chemi
cally synthesized marker compounds. The development of these techniques and 
the contributions made by a number of laboratories has Iecently been reviewed 
by Baird and Pruess-Schwartz 7 ., This chapter will describe the recent results 
from our laboratory on the mechanism of formation of BaP-DNA adducts in cells 
from different species. 

Cell cultures were prepared from Wistar or Fisher 344 rat embryos, 
Sencar or Balb/c mouse embryos, or Syrian hamster embryos as described previ
ouslyB. Third passage cultures were exposed to [3H]BaP (0.5 ~gm/ml medium) 
for 5 to 48 h, the cells were harvested and the nuclei prepared B. After 
isolation of the DNA, analyses of BaP-DNA adducts were carried out by enzy
matic degradation of the DNA and separation of the normal deoxyribonucleo
sides from those containing bound BaP by use of a Sep-Pak column 9,1O. The 
BaP-deoxyribonucleoside adducts were then analyzed by high-performance liquid 
chromatography (HPLC) on a reverse-phase column eluted with a methanol-water 
gradient". Fig. 2 (top) shows the profile of adducts obtained after HPLC 
of a DNA sample obtained from Wistar rat embryo cell cultures. The peaks 
were not well resolved and the peak that chromatographed with the marker of 
[14C]-(+)-anti-BaPDE-deoxyguanosine (dG) contained two components. A pro
cedure was developed for separation of the syn- and anti-BaPDE-deoxyribonu
cleoside adducts by passing the BaP-deoxyribonucleoside adducts through a 
column of immobilized boronate ". The syn-BaPDE-deoxyribonucleoside adducts 
pass through the column in the morpholine buffer and the anti-BaPDE-deoxyri
bonucleoside adducts are retained and subsequently eluted with a morpholine 
buffer containing 10% sorbitol. The HPLC profiles of the BaP-deoxyribonu
cleoside adducts in the morpholine and the morpholine-sorbitol fractions are 
shown in the middle and bottom segments of Fig. 2. The adducts that eluted 
in the morpholine buffer were separated into three distinct peaks as were the 
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Fig. 2. HPLC analysis of [3H]BaP-deoxyribonucleoside adducts from the 
DNA of third passage Wistar rat embryo cells exposed to 0 . 5 ~gm 
[3H]BaP per ml medium for 24 h. The samples are the total 
adducts (top), the adducts eluted from an immobilized boronate 
column in morpholine buffer (middle) and morpholine-lO% sorbitol 
buffer (bottom). The identities of the peaks are given in Table 
1. The methods used are described in ref. 11. + indicates the 
elution position of a [1~C]-(+)-anti-BaPDE-dG marker. 

adducts eluting in the morpholine-sorbitol buffer. The peaks which previous
ly overlapped were completely resolved permitting quantitation of these 
adduct;;;. Peak MS2 coelutes with the adduct formed by reaction of (+)-anti
BaPDE with the 2 -amino group of deoxyguanosine 12. 

In order to provide further characterization of these adducts rather 
than simply cochromatography in a single solvent system, acid hydrolysis 
techniques were developed 10. By treatment of the (+)-anti- and (-)-anti
BaPDE-cieoxyguanosine adducts with weak acid at 37°C it was possible to remove 
the deoxyribose. This results in conversion of these two diastereomers into 
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enantiomers which cochromatograph. Fig. 3 demonstrates the application of 
this technique for the analysis of the morpholine-sorbitol buffer eluted 
peaks obtained from[3 H]BaP-treated cells. Peak MS2 cochromatographed with 
a [14C]-(+)-anti-BaPDE-dG marker. As can be seen in the lower portion of 
Fig. 3 after acid hydrolysis the [ 14 C] marker peak and the [3 H] from the 
cells continued to coelute. In contrast peak MS1 had eluted with a (-)-anti
BaPDE-dG adduct marker. However, mild acid hydrolysis of this peak from 
cells demonstrated that the [14C] and [3H] did not coelute: thus adduct MS1 
in cells was not formed from (-)-anti-BaPDE 10. Similar conclusions were 
reached using a different acid hydrolysis procedure which resulted in removal 
of both the deoxyribose and the guanine to give a BaPDE-tetraol 10 . Based 
upon these studies the BaP-DNA adduct peaks present in rat embryo cells were 
identified as shown in Table 1. 

The relationship of BaP metabolism to BaP-DNA binding was examined in 
cell cultures from a number of species. Third passage cell cultures were 
prepared from mouse, rat and hamster embryos as described above. In addi
tion, cell lines derived from three species of fish, rainbow trout embryonic 
gonad (RTG-2), brown bullhead (BB) and bluegill fry (BF-2) were tested 13 . 
All cultures were exposed to [3H]BaP at a concentration of 0.5 ~gm/ml medium 
for 24 h and then the amount of [3H]BaP metabolized was determined by organic 
solvent extraction and HPLC and the level of BaP-DNA binding was determined. 
The results shown in Fig. 4 demonstrated that there was no simple relation
ship between the amount of BaP metabolized by a culture and the amount of BaP 
bound to DNA. All of the cultures metabolized from 50 to 90% of the benzo
(a)pyrene but the level of BaP-DNA binding ranged from less than 5 pmol/mg 
DNA in the bluegill fry cells to more than 80 pmol/mg DNA in the Sencar mouse 
embryo cells. Thus the amount of metabolism of BaP alone is unlikely to be 
an adequate predictor of the formation of reactive ultimate carcinogenic 
metabolites in the cell cultures derived from a species. The BaP-DNA adducts 
from these samples were analyzed by immobilized boronate chromatography and 
high-performance liquid chromatography and the amount of each individual 
BaP-deoxyribonucleoside adduct was determined. The relationship between the 
amount of (+)-anti-BaPDE-dG adduct/mg DNA and the amount of BaP metabolized 
is shown in Fig. 5. The results obtained on formation of this particular 
adduct are presented because of the high carcinogenic potential of (+)-anti
BaPDE compared with the other BaPDE optical isomers. Again, there was great 
variation between cultures from different species in the proportion of the 
BaP metabolized to (+)-anti-BaPDE. This proportion was higher in mouse 
embryo cells, especially those from Sencar mice, than in the other species 
examined. In general, however, it represented a very small proportion of the 
total BaP metabolized. 

Comparison of the proportion of BaP bound to DNA through (+)-anti-BaPDE 
in the above cultures demonstrated that a different relationship exists 
(Fig. 6). In several types of cell cultures including those derived from the 
brown bullhead, the Sencar mouse embryos and both normal human mammary 
epithelial cells and the T47D human mammary epithelial cell line 14 , the 
(+)-anti-BaPDE-dG adduct accounted for more than 70% of the total BaP-DNA 
adducts formed. In cells from other species it accounted for a much smaller 
percentage. In the bluegill fry, rainbow trout and Syrian hamster embryo 
cells this adduct accounted for approximately 30 to 40% of the BaP-DNA 
adducts and in the Wistar rat embryo cells it accounted for less than 10% 
(Fig. 6). 

These complex relationships between BaP metabolism and the formation of 
the (+)-anti-BaP diol-epoxide indicate the importance of various metabolic 
pathways in determining the metabolic fate of the BaP applied to cells. For 
example, comparison of the Syrian hamster embryo cell cultures with the blue
gill fry cell line demonstrates that the proportion of (+)-anti-BaPDE adducts 
formed was around 40% in both (Fig. 6). However, although the hamster embryo 
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Fig. 3. Mild acid hydrolysis of peaks MS1 and MS2 from Wistar rat embryo 
cell DNA isolated as described in Fig. 2. The [3Hl is from 
adducts from [3H1BaP-treated cells, the [ 14 Cl from [ 14 Cl-(+)
anti-BaPDE-dG. The procedures are described in ref. 10. 

cells metabolized less than twice as much as BaP as the bluegill fry cells, 
they bound nine times as much as BaP to DNA as did the bluegill fry cells, 
(Fig. 4). This difference can be explained by examination of the major path
ways of metabolism of BaP in these cell cultures. Whereas formation of a 
glucuronic acid conjugate of the 7,8-diol of BaP (a proximate carcinogenic 
metaboL. te of BaP) was not detected in hamster embryo cell cultures, forma
tion of the 7,8-diol glucuronide was a major pathway of BaP metabolism in the 
bluegill fry cell cultures 15. In the bluegill fry cells even though a high 
proportjon of the BaP is converted to this proximate carcinogenic metabolite, 
BaP-7,8-diol, the majority of this diol is conjugated with glucuronic acid 
rather than converted to the diol-epoxide. 

The proportion of BaP bound to DNA through (+)-anti-BaPDE also changes 
with time in cells in culture. Baird and Diamond 16 observed that the propor-

Table 1. Identification of BaP-DNA Adducts Formed in Cell Cultures 

MS1 Unidentified BaP-metabolite-adduct; not (-)-anti-BaPDE-dG 
M1 (-)-Syn-BaPDE-dG 
MS2 (+)-Anti-BaPDE-dG 
M2 (+)-Syn-BaPDE-dG 
MS3 Syn-BaPDE-adduct breakdown product (7,9,10/8-tetraol) 

The BaP-deoxyribonucleoside adduct profiles and the methods used 
for their analysis are described in Fig. 2. 
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Fig. 4. The relationship between metabolism of [3HlBaP and the amount 
bound to DNA in cell cultures derived from various species. 
All cultures were exposed to 0.5 ~gm [3HlBaP per ml medium for 

24 h. The methods used to analyze metabolites and BaP-DNA 
binding are given in ref. 19 and 9. 

tion of anti-BaPDE adducts formed in BaP-treated hamster embryo cells increas
ed with the length of time of exposure of the cultures to the BaP. However, 
the LH20 chromatography technique used did not allow the identification of 
individual adducts. The effects of time of exposure to BaP on the morpho
line-sorbitol eluted BaP-DNA adducts formed in BaP-treated Wistar rat and 
Syrian hamster embryo cell cultures are shown in Fig. 7. In the rat embryo 
cell cultures (Fig. 7, left) adduct MS2, the (+)-anti-BaPDE-dG adduct, was 
present in a tiny amount after 5 h of exposure. The major adducts were the 
unidentified peak MS1 and the syn-BaPDE adduct breakdown product peak MS3. 
After 24 h of exposure peak MS2 was clearly detectable and by 48 h of 
exposure it had become one of the major adducts. In hamster embryo cell 
cultures (Fig. 7, right) the change in the proportion of this"adduct was much 
greater. After 5 h of exposure the (+)-anti-BaPDE-dG adduct (MS2) was one of 
three major peaks. After 24 h this adduct had become the major peak and 
remained the major adduct at 48 h. Thus in both the rat and hamster embryo 
cell cultures there was a time-dependent increase in the proportion of BaP 
activated to a DNA binding intermediate through (+)-anti-BaPDE. 
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Fig. 5. The relationship between the amount of (+)-anti-BaPDE-dG 
adduct in cellular DNA and the amount of [3H]BaP metabo
lized in cell cultures from various species. All cultures 
were exposed to 0.5 ~gm [3H]BaP per ml medium for 24 h. 
The amounts of BaP metabolized and (+)-anti-BaPDE-dG were 
measured as described in Fig. 4. 

The above results suggested that BaP treatment itself may increase the 
proportion of a certain enzyme(s), probably a cytochrome P450 isozyme(s), 
which selectively forms (+)-anti-BaPDE. In studies of the metabolic activa
tion of 7,12-dimethylbenz(a)anthracene (DMBA) to DNA-binding metabolites in 
mouse embryo cells and rat mammary cells, Milner et al. 17 , and Singletary and 
Milne·r 18 demonstrated that DMBA treatment induced an enzyme which increased 
the proportion of DMBA activated to the anti-diol-epoxide. This induction 
could be inhibited by Actinomycin D, an inhibitor of RNA synthesis. Examina
tion of the effect of BaP pretreatment on the binding of BaP to DNA in Syrian 
hamster embryo cell cultures demonstrated that BaP pretreatment does increase 
the binding of [3 H]BaP to DNA 19. In these studies the cell cultures were ex
posed to either acetone or BaP for 24 h, the medium was removed and the cul
tures were then refed with fresh medium containing [3H]BaP for 5 h. The 
BaP-pretreated cultures metabolized 34 nmol [3H]BaP per flask as compared 
with 20 nmol in the acetone-pretreated cultures. The BaP-pretreated cultures 
conta:.ned about 30% more BaP-DNA adducts than the acetone pretreated cultures 
(Fig. 8). The level of binding of BaP to DNA reported for the BaP-pretreated 
cultures is an underestimate since it is impossible to remove all of the un
labe1e~d BaP by changing the medium. The remaining unlabeled BaP would dilute 
the specific activity of the [3 H]BaP and result in an underestimate of the 
level of BaP-DNA binding in the BaP-pretreated cultures. Analysis of the 
BaP-DNA adducts by HPLC demonstrated that there was an almost two-fold in
crease in the amount of the (+)-anti-BaPDE-dG adduct in the BaP-pretreated 
group (Fig. 8). Thus BaP-pretreatment resulted in an increase in BaP binding 
and this was due mainly to an increase in the amount of (+)-anti-BaPDE-dG 
adduct formed. 

when hamster embryo cell cultures were pretreated with BaP and then 
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Fig. 6. The proportion of BaP-DNA binding due to formation of (+)-anti
BaPDE in cell cultures from various species. All cultures were 
exposed to 0.5 ~gm [3H1BaP per ml medium for 24 h except the two 
human mammary cell cultures (see ref. 14) which were exposed to 
1 ~gm per mI. The (+)-anti-BaPDE-dG adducts and BaP-DNA binding 
were analyzed as described in ref. 11. 

refed with [3 H1BaP plus actinomycin D for 5 h, these increases were abol-, 
ished (Fig. 8). The group with actinomycin D had a much lower level of bind
ing of BaP to DNA than the group without Actinomycin D; the level was lower 
than that of the acetone-pretreated group. Analysis of the BaP-DNA adducts 
formed in the Actinomycin D treated group showed that the amount of (+)-anti
BaPDE-dG adduct was similar to that found in the acetone control group 
(Fig. 8). The large increase in this adduct observed in the BaP-pretreated 
group was not observed when Actinomycin D was included with the [3H1BaP. 
However, the total amount of BaP metabolized in the Actinomycin D group, 
34 nmol/flask was identical to that in the BaP-pretreated group. Thus 
Actinomycin D had no detectable effect on the overall metabolism of BaP but 
greatly inhibited the binding of BaP to DNA and specifically the binding of 
BaP to DNA through (+)-anti-BaPDE. These results are consistent with the 
induction of specific isozymes of cytochrome P~50which metabolize a very high 
proportion of the BaP to the (+)-anti form of BaPDE. 

The above studies in cells in culture have demonstrated that different 
species exhibit a wide divergence in the metabolism and activation of BaP to 
DNA binding-metabolites. It is clear that overall BaP metabolism is a rela
tively poor measure of the efficiency of conversion of BaP to reactive DNA
binding metabolites. Although the cultures from different species examined 
all metabolized between 50 and 90% of the dose of BaP applied within 24 h, 
the level of binding of the hydrocarbon differed by more than 16-fold between 
cultures from various species (Fig. 4). The efficiency of conversion of the 
BaP to an ultimate carcinogenic metabolite, (+)-anti-BaPDE, also differed 
greatly between cultures from different species (Fig. 5). The proportion of 

32 



RAT HAM5TER 

400 5 HR M51 ~ 5 HR M53 
M52 

1152 

200 

400 24 HR 

~ 4000 

~ a: 
lL 
..... 200 
~ 2000 
~ 
0 

48 HR 
800 

48 HR 1152 + 

6000 

400 
30 

'20 '60 40 80 120 160 

FRACTION NUMBER 

Fig. 7. Time-dependent differences in the proportion of (+)-anti-BaPDE-dG 
adduct present in [3H]BaP treated Wistar rat embryo cell cultures 
(left) and Syrian hamster embryo cell cultures. The cultures were 
exposed to 0.5 ~gm [3H]BaP per ml medium for 5 (top), 24 (middle) 
or 48 (bottom) h and the adducts eluted in the morpholine-sorbitol 
fractions of an immobilized boronate column were analyzed by HPLC. 
+ indicates the elution position of a [14C]-(+)-anti-BaPDE-dG 

marker. The methods used are described in ref. 8. 

the HaP-DNA binding due to the (+)-anti diol-epoxide also differed between 
cell cultures from different species (Fig. 6). Thus neither the amount of 
BaP metabolized nor the amount bound to DNA is sufficient to indicate the 
relative ability of the cell to activate BaP to (+)-anti-BaPDE. 

Despite the above differences, the BaP-DNA adduct profiles from all of 
the eultures tended to converge with time to an adduct profile containing a 
very high proportion of the(+)-anti-BaPDE-dG adduct. This time dependent in
crease in the proportion of DNA binding due to the (+)-anti-BaPDE adduct is 
illustrated in Fig. 9. In mouse embryo cell cultures from both strains the 
proportion of DNA binding due to (+)-anti-BaPDE was relatively high at all 
times examined. A similar result was observed in the bluegill fry cells at 
24 and 48 h. In the Syrian hamster embryo cells the proportion of binding 
through (+)-anti-BaPDE was low at 5 h but it increased three-fold by 24 and 
48 h. In the Fisher and Wistar rat embryo cells the proportion was very low 
at 5 h and increased very slowly over the period examined. Thus after a 
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Fig. 8. The amount of BaP bound to DNA and the amount of (+)-anti-BaPDE-dG 
adduct formed in hamster embryo cell cultures pretreated for 24 h 
with acetone (top bar) or BaP (middle and lower bars) and refed 
with fresh medium containing 0.5 ~gm [3HlBaP per ml (top and 
middle bars) or 0.5 ~gm [3HlBaP and 0.12 ~gm Actinomycin D per ml 
(bottom bar) for 5 h. The methods used are described in ref. 19. 

at 5 h and increased very slowly over the period examined. Thus after a 
period of time of BaP treatment most of the cell cultures examined would 
produce a very similar BaP-DNA adduct profile with the major adduct due to 
reaction of (+)-anti-BaPDE with DNA. In the hamster embryo cells this ap
pears to result from induction of certain forms of cytochrome P450 which se
lectively activate the BaP or the BaP-7,8-diol to (+)-anti-BaPDE. Pretreat
ment with BaP increased the proportion of (+)-anti-BaPDE formed suggesting 
that the BaP dose itself may induce the formation of this cytochrome P450 (s). 
These results in cells in culture would suggest the different species or tis
sues may respond very differently to low doses of hydrocarbons than to doses 
which are capable of inducing this type of change in cytochrome P450. They 
would also suggest that conditions which result in induction of cytochrome 
P450such as continual exposure to cigarette smoke might increase the propor
tion of BaP activated to an ultimate carcinogenic metabolite (+)-anti-BaPDE. 
By the use of cell cultures from different species which show different rates 
and degrees of induction of this type of cytochrome P450 it should be possible 
to establish the role of induction of specific isizymes of cytochrome P450 in 
the activation of BaP to DNA binding metabolites in cells. 
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COMPLEX METABOLIC ACTIVATION PATHWAYS OF POLYCYCLIC AROMATIC HYDROCARBONS: 
3-HYDROXY-trans-7,8-DIHYDROXY-7,8-DIHYDROBENZO[ajPYRENE AS A PROXIMATE 
MUTAGEN OF 3-HYDROXYBENZO[ajPYRENE 

INTRODUCTION 

Hansruedi Glatt, Paul C. Hirom', Charles A. Kirkby', 
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Institute of Toxicology, University of Mainz, Obere 
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Germany, and , Department of Biochemistry, St. Mary's Hospital 
Medical School, Norfolk Place, London W2 lPG, United Kingdom 

3-Hydroxybenzo[ajpyrene (3-0H-BP) is a major metabolite of benzo[ajpy
rene (BP) in various systems. Metabolites of 3-0H-BP, formed by liver en
zymes, bind to DNA',2 and are mutagenic 3 ,4. However, the active species have 
not yE't been identified. Administration of 3-0H-BP to rats results in the 
excretion of sulfate and glucuronic acid conjugates of 3-hydroxy-trans-7,8-
dihydroxy-7,8-dihydrobenzo[ajpyrene (3-0H-BP-7,8-diol) (Fig. 1) as major 
metabolites in the biles. The hydroxyl groups of this triol are structurally 
super',mposable to those of 9-hydroxy-trans-1,2-dihydroxy-1,2-dihydrochrysene 
(9-hydroxychrysene-1,2-diol, Fig. 1), which is a metabolite of chrysene 6 ,7 and 
a potent promutagen8,~ 9-Hydroxychrysene-1,2-diol is activated by mammalian 
enzymes to anti-chrysene-1,2-diol-3,4-oxide 7 , which is chemically more reac
tive, is more mutagenic in bacterial and mammalian cells and is more potent 
in the malignant transformation of C3H10T1/2 cells than is the simple bay
region diol-epoxide of chrysene8,9. Furthermore, after application of 
chryslme to mouse skin, a target organ for carcinogenicity, this triol-epox
ide forms a major type of DNA-adduct 7, '0. The higher chemical reactivity and 
biological activity of 9-hydroxychrysene-1,2-diol-3,4-oxides as compared to 
the chrysene-1,2-diol-3,4-oxides may be explained, and were predicted, on 
electTonic grounds": the hydroxyl group may resonance-stabilize the bay-re
gion earbonium ion that results from opening of the oxirane ring. Analogous 
resonance stabilization is expected to occur with the carbonium ions formed 
from 3-0H-BP-7,8-diol-9,10-oxides". Therefore, it was of interest to inves
tigat'~ the novel, secondary BP metabolite, 3-0H-BP-7,8-diol, for mutagenity. 

MATERIALS AND METHODS 

Chemicals ------
BP was obtained from Sigma and was purified by flash chromatography. 

3-0H-BP was obtained from the NCI Chemical Carcinogen Reference Standard 
Repository, a function of the Division of Cancer Cause and Prevention, NCI, 
NIH, Bethesda, Md. 20205. Trans-7,8-dihydroxy-7,8-dihydrobenzo[ajpyrene 
(BP-7,8-diol) was synthesized as described'2. 3-0H-BP-7,8-diol was prepared 
biochemically. Female Lewis rats (250-300 g) were anaesthetized with sodium 
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Fig. 1. Structures of 3-0H-BP-7,8-diol (left) and 
9-hydroxychrysene-1,2-diol (right). 

pentobarbitone and the bile ducts cannulated. 3-0H-BP (50 mg/kg), dissolved 
in 0.2 ml of Tween 80:ethanol (1:2, v/v), was injected intraperitoneally. 
Bile was collected for 5 h. Samples (15 ml) of the bile were added to an 
equal volume of Sigma H-2 B-glucuronidase/arylsulphatase and incubated at 
37°C overnight in the dark. Incubates were then diluted with an equal volume 
of 0.1 M sodium acetate buffer (pH 5) and extracted with an equal volume of 
ethyl acetate (4 times). The combined organic fractions were dried over so
dium sulfate and the solvent evaporated. The residue was dissolved in metha
nol. The crude aglycones were applied to preparative layer chromatography 
plates. The plates were developed with toluene:ethanol (9:1, v/v), dried 
under nitrogen and rerun in the same solvent system. The band with an Rf 
value of 0.2 was scraped off and eluted with methanol. Analysis by high 
pressure liquid chromatography showed a single product without any detectable 
impurities. The structure of this product was deduced by analysis of its 
u.v., p.m.r. and mass spectra 5 and later confirmed by comparison with 
chemically synthesized 3-0H-BP-7,8-diol (R. Schrode and A. Seidel, unpub
lished result). 

Preparation of S9 Mix 

Male Sprague-Dawley rats (200-300 g) were given a single intraperitoneal 
injection of Aroclor 1254 (500 mg per kg body weight; Aroclor was diluted 
with sunflower oil 1:5, v/v) 6 days before they were killed. The livers were 
homogenized in 3 volumes of sterile, cold KCl (150 mM, containing 10 mM so
dium phosphate buffer, pH 7.4) in a Potter-Elvehjem glass/teflon homogenizer. 
The homogenate was centrifuged at 9,000 g for 10 min. The resulting superna
tant fraction was diluted 1:3 with homogenization buffer and was then mixed 
with two volumes of a solution that contained 12 mM MgCl2 , 50 mM KCl, 6 mM 
NADP+, 7.5 mM glucose 6-phosphate and 75 mM sodium phosphate buffer, pH 7.4. 
This preparation, which is termed S9 mix and was always freshly prepared from 
rats killed on the day of the mutagenicity experiment, was employed in the 
experiments with bacteria. For use in the tests with V79 cells, the prepara
tion was modified. The livers from animals treated as above were homogenized 
in 3 volumes of Dulbecco's phosphate-buffered saline additionally containing 
10 mM of 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid, pH 7.4 (PBS). 
The 9,000 x & supernatant, in aliquots of 20 ml, was frozen and stored at 
-70°C. One volume of this fraction and 3 volumes of a cofactor solution 
(197 mM glucose "6-phosphate, 28 mM NADP+, 26 mM NADH and 11 mM NADPH in PBS) 
were mixed to yield the S9 mix that was used for the V79 mutagenicity test. 

Mutagenicity in Bacteria 

His- strains TA 97, TA 98, TA 100 and TA 1537 of Salmonella typhimurium 
were grown overnight in nutrient broth (25 g Oxoid Nutrient Broth No. 2 per 
liter). For inoculation, stock cultures which were stored at -70°C, were 
used. Before the experiment, bacteria were centrifuged, resuspended in med
ium B (1.6 g Bacto Nutrient Broth and 5 g NaCI per liter) and adjusted neph
elometrically to a titer of 1 to 2 X 10 9 bacteria (colony forming units per 
milliliter. The test compound (in 10 ~l methanol), 500 ~l S9 mix (or 150 mM 
KCI in 10 mM sodium phosphate buffer pH 7.4), 100 ~l of the bacterial sus
pension and 2 ml of 45°C warm top agar (0.55% agar, 0.55% NaCI, 50 ~M his-
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tidine, 50 ~M biotin, 25 roM sodium phosphate buffer, pH 7.4) were mixed in a 
test tube and poured into a petri dish containing 22 ml of minimal agar 
(1.5% agar, Vogel-Bonner E medium with 2% glucose). After incubation of the 
plates for 2 to 3 days at 37°C in the dark, the colonies (his+ revertants) 
were counted. All incubations were performed in duplicate or triplicate. 
Generally, individual values deviated by less than 10 colonies or by less 
than 10% from the mean. 

Mutagenicity in V79 Cells 

Chinese hamster V79 cells were maintained in Dulbecco's modified m~n~
mum essential medium supplemented with fetal calf serum (5%), penicillin 
(100 units/ml), and streptomycin (100 ~g/ml). The cells were grown at 37°C 
in a humidified atmosphere containing 5% CO2 • For determination of mutagen
icity a total of 1.5 x 106 cells and 30 ml medium were added to each ls0-cm2 

dish. After 18 h, the medium was replaced by 18 ml of S9 mix or PBS, respec
tively, and the test compound (dissolved in 36 to 240 ~l methanol) was added. 
S9 mix or buffer, and the test compound were removed 2 h later. Medium 
(30 ml) was added to the cultures after washing with PBS. After 3 days the 
cells were detached by treatment with trypsin. Solvent control cultures 
yielded 6-10 x 107 cells in all experiments in this study. As a measure for 
toxicity, the number of cells of the treatment group was expressed as a 
percent of the solvent control. The cells were then subcultured at a density 
of 3 x 106 cells per ls0-cm 2 petri dish. Three days later, they were again 
detached and replated at a density of 106 cells per ls0-cm2 petri dish in 
mediuml containing 6-thioguanine (7 ~g/ml) to determine the number of mutants 
(6 replicate plates) and, at a density of 100 cells per 22-cm2 dish in medium 
without 6-thioguanine, for the determination of the cloning efficiency (3 
replieate plates). The plates were fixed and stained, and the colonies were 
counted after about 7 days in the case of the cloning efficiency plates and 
10 days in the case of the selection plates. 

RESULTS 

Mutagenicity in Salmonella typhimurium 

3-0H-BP-7,8-diol, BP and BP-7,8-diol showed no direct mutagenicity in 
any bacterial strain. The doses used were the same as in the S9 mix-medi
ated experiment (see Fig. 2). At the dose of 4 ~g per plate, BP-7,8-diol 
began to be toxic. No toxicity was seen with 3-0H-BP-7,8-diol up to the 
highest dose used, 16 ~g per plate with strain TA 1537 and 8 ~g with the 
other strains. Higher doses were not tested due to the limited amount of 
compound available. In contrast to the above compounds, 3-0H-BP was direc
tly mutagenic (Table 1, detailed data not shown). Effects were seen in all 
four bacterial strains, but were relatively weak (2- to 4-fold increases in 
the number of colonies above control value). TA 98 was the most responsive 
strain. 

In the presence of liver S9 mix, 3-0H-BP-7,8-diol, BP-7,8-diol and BP 
were activated to mutagens and the mutagenicity of 3-0H-BP was potentiated 
(Fig. 2, Table 1). Each eompound reverted all four bacterial strains, ex
cept that BP-7,8-diol showed no effects with strain TA 1537. In the other 
three strains, however, the diol was the most potent mutagen per nmole test 
compound. In strain TA 1537, the triol and BP were most mutagenic, both 
showing about equal potencies. The weakest mutagenic activity in all strains 
was noticed for 3-0H-BP (apart from the negative result of the diol in TA 
1537). 3-0H-BP was marginally (TA 98) to 18 times (TA 1537, TA 97) less mu
tagenic than the next weakest mutagen, which always was its potential me
tabolite, 3-0H-BP-7,S-diol. Therefore, these two compounds substantially 
diffE,red in the pattern of mutagenic effects they evoked. 
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Table 1. Summary of the results of the bacterial mutagenicity experiments 

Revertants per nmol a 
Compound S9 mix 

TA 98 TA 97 TA 100 TA 1537 

BP <0.2 b <0.5 <0.3 <0.1 
+ 33 88 78 9 

3-0H-BP 2 2 1 0.2 
+ 9 3 6 0.5 

BP-7,8-diol <1 <2 <3 <0.2 
+ 66 110 3l0 c <3 

3-0H-BP-7,8- <0.5 <1 <1 <0.1 
diol + 10 54 31 c 9 

aInitial slope of the dose-response curve or, in cases in which the effect 
increased more than linearly with increasing doses, maxima] ratio of ef
fect (above control) and dose. bEstimated detection limit. c In modified 
assays (30 min incubation at 37°C before addition of the top agar), the 
mutagenic potencies of BP-7,8-diol and 3-0H-BP-7,8-diol differed by a fac
tor of only 2.5. 

Mutagenicity and cytotoxicity in V79 cells 

3-0H-BP-7,8-diol and BP-7,8-diol did not show mutagenicity in V79 cells, 
when they were tested in the absence of an exogenous xenobiotic-metabolizing 
system (data not shown). However, in the presence of liver S9 mix, the diol 
elicited strong mutagenic effects, while the triol regularly showed weak ef
fects (Fig. 3). The concentration-response curve for the diol was non-linear 
with the relative effects being stronger at high concentrations. Appreciable 
effects of the triol were observed only at the highest concentration used. 
In the experiment in which several concentrations of the diol were tested, 
the triol at a concentration of 5 ~g per ml was equimutagenic to one fourth 
concentration of the diol, but was only one fifteenth as active as the diol 
at equal concentration. Determination of mutagenicity of the triol at higher 
concentrations than 5 ~g/ml was not possible due to cytotoxicity, which was 
even stronger than that of the diol. Moreover, it is possible that the cyto
toxicity of the triol was not due to metabolites formed by the S9 mix, since 
similar (slightly stronger) toxicity was observed in the direct test (data 
not shown). 

DISCUSSION 

Mutagenic Potencies of BP Derivatives in Salmonella typhimurium 

In the present study we found that bioactivated 3-0H-BP-7,8-diol is a 
potent mutagen in Salmonella typhimurium. Its potency is similar to those of 
BP and BP-7,8-diol and is higher than that of 3-0H-BP. The differences are 
too small to allow predictions about the relative mutagenic or carcinogenic 
activities in mammalian organisms. 

The higher activity of 3-0H-BP-7,8-diol, as compared to 3-0H-BP, is 
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Fig. 2. Mutagenicity of benzo[a]pyrene (D), 3-hydroxybenzo[a]pyrene (_), 
trans-7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene (0) and 3-hydroxy
trans-7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene (e) in the presence 
of rat liver S9 mix in four his-strains of Salmonella typhimurium. 
Similar results, including the multiphasic dose-response curve for 
benzo[a]pyrene in strain TA 97, were observed in repeat experiments. 

compatible with the assumption that the triol is a proximate mutagen of the 
phenol. However, since the metabolically activated triol has a preference 
for strains TA 97 and TA 1537 (18 times the activity of metabolically acti
vated 3-0H-BP), but shows relatively weak activity in strain TA 98, addi
tional active species formed from 3-0H-BP have to be postulated. The hypo
thesis that 3-0H-BP can be activated to several mutagenic metabolites and 
that one of them may be formed via 3-0H-BP-7,8-diol is supported by previous 
findings: (a) inhibition of microsomal epoxide hydrolase (probably implying 
inhibition of formation of 3-0H-BP-7,8-diol) reduced the S9 mix-mediated mu
tagenieity of 3-0H-BP in strain TA 98 under some experimental conditions but 
had no effect under other conditions13j (b) incubation of 3-0H-BP with mouse 
liver Inicrosomes and DNA resulted in the formation of nine distinguishable 
nucleoside adducts, whose frequency was differentially affected with modi
fication of the metabolizing system 1 • 

Mutagenicity and Cytotoxicity in V79 Mammalian Cells 

Anti-BP-7,8-diol-9,10-oxide was by far the strongest direct-acting mu
tagen in V79 cells among all investigated BP metabolites (reviewed in ref
erence 13). Several other metabolites, including 3-0H-BP, showed weak direct 
mutagenicity in V79 cells. In tests in which exogenous xenobiotic-metaboli-
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hydrobenzo[a]pyrene (open symbols) and 
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mutagenicity. Circles, triangles and squares 
represent· separate experiments. 

zing systems, intact cells or liver S9 mix, were added, only BP and BP-7,8-
diol gave positive results. Efficient activation of BP-7,8-diol by liver S9 
mix in this test was confirmed in the present study, and weak S9 mix-medi
ated mutagenicity was demonstrated for 3-0H-BP-7,8-diol. Depending on whe
ther comparison was made at equal effects or at equal concentrations of the 
test compound, the mutagenic potencies of the diol and the triol differed by 
a factor of 4 or 15. The efficacies, i.e. the maximal increases in mutation 
frequency, differed however by a factor of 70, since the triol was more cyto
toxic than the diol. Interestingly, the cytotoxicity of the triol did not 
require the presence of liver S9 mix; it appeared to be linked to the pres
ence of the phenolic hydroxyl group. Indeed, it has been shown previously 
that some phenols, e.g. 5-hydroxychrysene, are strongly cytotoxic to V79 
cells (whilst others are not) 9. 

Comparison of the Observed Biological Activities with those of Corresponding 
Chrysene Derivatives 

Apart from 3-0H-BP-7,8-diol, 9-hydroxychrysene-1,2-diol is the only 
triol for which mutagenicity data are available. This compound was not di
rectly mutagenic, but activated by liver S9 mix 9. The numbers of mutants in
duced in Salmonella typhimurium TA 98, Salmonella typhimurium TA 100 and V79 
cells per nmole 9-hydroxychrysene-1,2-diol were 1, 39 and 23% of the corres-
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ponding values for 3-0H-BP-7,8-diol. However, since the chrysene triol was 
virtually non-toxic and therefore could be tested at high concentrations, its 
mutageJ~ic efficacy was much higher than that of 3-0H-BP-7,8-diol. Strong ev
idence exists that anti-9-hydroxychrysene-1,2-diol-3,4-oxide is a major 
active metabolite of 9-hydroxychrysene-1,2-dioI6,~ The high structural sim
ilarity of 9-hydroxychrysene-1,2-diol and 3-0H-BP-7,8-diol (Fig. 1) leads to 
the sp,=culation that 3-0H-BP-7,8-diol-9,10-oxide(s) may be the mutagenic met
abolite(s) of the BP triol. Anti-3-0H-BP-7,8-diol-9,10-oxide, detected as a 
metabolite of anti-BP-7,8-diol-9,10-oxide, is chemically more reactive than 
its precursor diol-epoxide 1". Anti - BP-7 , 8-diol-9, 10-oxide is much more reac
tive than anti-chrysene-l,2-diol-3,4-oxide, as indicated by half-lives in 
buffers used for mutagenicity experiments of 6 to 12 min1S and 74 min 9, re
spectively. Hence, it is difficult to predict whether additional enhancement 
of reactivity by introduction of the hydroxyl group at the 3-position of 
anti-BP-7,8-diol-9,10-oxide will increase the mutagenic activity analogous to 
the effect of the 9-hydroxyl group in the chrysene triol-epoxide. It is also 
possible that the mutagenicity of the BP triol-epoxides versus the diol
epoxides could be diminished because of enhanced competitive reactions with 
cellular structures which are not part of the genetic apparatus. Different 
reactivity could also result in different patterns of mutagenic effects, as 
observed in the present study for bioactivated BP-7,8-diol and 3-0H-BP-7,8-
diol. 

Metabolism of a polycyclic aromatic hydrocarbon to a triol and its fur
ther activation to a mutagen involves many metabolic steps, giving possibili
ties for competitive metabolism. The appearance of high concentrations of 
conjugates of 3-0H-BP-7,8-diol in the bile of rats supports this notions. 
The observation that anti-9-hydroxychrysene-1,2-diol-3,4-oxide forms a major 
nucleoside adduct after application of chrysene to mouse skin 7 ,10 demon
strates that competitive reactions do no always prevent the formation of 
significant amounts of triol-epoxides. 

ACKNOWLEDGMENTS 

We thank Ms. Andrea Piee and Ms. Karin Pauly for expert technical as
sistance and Ms. S. Pollok for excellent help in preparing this manuscript. 
This work was supported in part by a grant (no. 0704851/4) of the Bundes
ministerium fur Forschung und Technologie. The responsibility for the con
tent of the publication is with the authors. 

REFERENCES 

1. I. S. Owens, C. Legraverend and O. Pelkonen, Deoxyribonucleic acid 
binding of 3-hydroxy- and 9-hydroxybenzo[a)pyrene following fur
ther metabolism by mouse liver microsomal cytochrome P1 -450, 
Biochem. Pharmacol. 28:1623 (1979). 

2. J. Capdevila, B. Jernstrom, H. Vadi and S. Orrenius, Cytochrome P-450-
linked activation of 3-hydroxybenzo[a)pyrene, Biochem. Biophys. 
Res. Commun. 65:894 (1975). 

3. I. S. Owens, G. M. Koteen and C. Legraverend, Mutagenesis of certain 
benzo[a)pyrene phenols in vitro following further metabolism by 
mouse liver, Biochem. P~r~. 28:1615 (1979). 

4. H. R. Glatt, R. Billings, K. L. Platt and F. Oesch, Improvement of the 
correlation of bacterial mutagenicity with carcinogenicity of benzo
[a)pyrene and four of its major metabolites by activation with in
tact liver cells instead of cell homogenate, Cancer Res. 41:270 
(1981). ----

5. o. Ribeiro, C. A. Kirkby, P. C. Hirom and P. Millburn, Secondary me
tabolites of benzo[a)pyrene: 3-hydroxy-trans-7,8-dihydro-7,8-di-

43 



hydroxybenzo[a]pyrene, a biliary metabolite of 3-hydroxybenzo[a]
pyrene in the rat, Carcinogenesis 6:1507 (1985). 

6. R. M. Hodgson, A. Seidel, W. Bochnitschek, H. R. Glatt, F. Oesch and 
P. L. Grover, The formation of 9-hydroxychrysene-1,2-diol as an 
intermediate in the metabolic activation of chrysene, 
Carcinogenesis 6:1507 (1985). 

7. R. M. Hodgson, A. Weston, A. Seidel, W. Bochnitschek, H. R. Glatt, 
F. Oesch and P.L. Grover, Metabolism of chrysene to triols and a 
triol-epoxide in mouse skin and rat liver preparations, in: " Poly
nuclear Aromatic Hydrocarbons: Chemistry, Characterization and 
Carcinogenesis", M. Cooke and A. J. Dennis, eds., Battelle, Columbus 
(Ohio) (1986). 

8. H. R. Glatt, A. Seidel, W. Bochnitschek, H. Marquardt, H. Marquardt, 
R. M. Hodgson, P. L. Grover and F. Oesch, Mutagenicity in bacterial 
and mammalian cells of diol-epoxides, triol-epoxides and other me
tabolites of chrysene, in: "Polynuclear Aromatic Hydrocarbons: Chem
istry, Characterization-;nd Carcinogenesis", M. Cooke and A. J. 
Dennis, eds., Battelle, Columbus (Ohio) (1986). 

9. H. R. Glatt, A. Seidel, W. Bochnitschek, H. Marquardt, H. Marquardt, 
R. M. Hodgson, P. L. Grover and F. Oesch, Mutagenic and cell-trans
forming activities of triol-epoxides as compared to other chrysene 
metabolites, Cancer Res. 46:4556 (1986). 

10. R. M. Hodgson, A. Weston and P. L. Grover, Metabolic activation of 
chrysene in mouse skin: evidence for the involvement of a trio1-
epoxide, Carcinogenesis 4:1639 (1983). 

11. P. B. Hulbert and P. L. Grover, Chemical rearrangement of phenol-epox
ide metabolites of polycyclic aromatic hydrocarbons to quinone
methides, Biochem. Biophys. Res. Commun. 117:129 (1983). 

12. P. P. Fu and R. G. Harvey, Synthesis of the diols and diol-epoxides of 
carcinogenic hydrocarbons, Tetrahedron Lett. 2059 (1977). 

13. H. R. Glatt and F. Oesch, Structural and metabolic parameters governing 
the mutagenicity of polycyclic aromatic hydrocarbons, in: "Chemical 
Mutagens: Principles and Methods for Their Detection" ,-Vol. 10, 
F. J. de Serres, ed., Plenum, New York. (1986). 

14. A. Gras lund , F. Waern and B. Jernstrom, Studies by fluorescence and 
n.m.r. spectroscopy of the major product formed after further me
tabolism of (±)-7B,8a-dihydroxy-9a,10a-epoxy-7,8,9,10-tetrahydro
benzo[a]pyrene, Carcinogenesis 7:167 (1986). 

15. A. W. Wood, P. G. Wislocki, R. L. Chang, W. Levin, A. Y. H. Lu, 

44 

H. Yagi, O. Hernandez, D. M. Jerina and A. H. Conney, Mutagenicity 
of benzo[a]pyrene benzo-ring epoxides, Cancer Res. 36:3358 (1976). 



CARCINOGENICITY OF METHYL HALIDES: 

CURRENT PROBLEMS CONCERNING CHLOROMETHANE 

Hermann M. Bolt, Hans Peter and Rainer Jager 

Institut fur Arbeitsphysiologie an der Universitat Dortmund 
Ardeystrasse 67,D-4600 Dortmund 1 
F.R.G. 

INTRODUCTION 

Methyl halides (methyl chloride, bromide, iodide) comprise a group of 
compounds of "limited" or "insufficient" evidence of carcinogenicity; short
term tests with these materials, however, have revealed "sufficient evidence" 
of genetic activity1. 

M,=thyl iodide, when given to rats subcutaneously, produces local sar
comas 2. Methyl bromide, when applied orally to the same species, induces 
squameous cell carcinomas of the forestomach 3 ,4. This may be consistent with 
a direct alkylation of DNA by these methylating agents, as described by 
Djalali-Behzad et al. 5 for methyl bromide. 

By contrast, methyl chloride, at very high concentrations in vitro, is 
an only very weak direct-acting mutagen for bacteria and cultured cells 6 • A 
DNA binding assay of methyl chloride in mice (B6C3Fl) and rats (F-344), using 
14C-Iab,=led material of high specific activity, did not show any DNA-methyla
tion a": the expected molecular targets (06 of adenine, 7-N of guanine) in 
livers and kidneys7. A carcinogenicity bioassay of methyl chloride, using 
the same strains of mice and rats, had resulted in an increased incidence of 
renal adenomas and cystadenomas in male mice exposed to the highest concen
tration (1,000 ppm) tested8 . 

Based on investigations of the metabolism of methyl chloride to formate9 

it has been suggested that formaldehyde, formed intermediately within the 
tissues, could probably be responsible for such a tumor formation 10 How
ever, no significant increase of formaldehyde levels in target tissues could 
be found after exposures of mice to 1,000 ppm methyl chloride11. Moreover, 
other eompounds giving rise to endogenous formaldehyde formation (methanol, 
aminopyrine) did not produce DNA-protein cross links in vivo which are a DNA 
damage characteristic for formaldehyde 12 . 

The determination of DNA-lesions, using the alkaline elution technique, 
also revealed no DNA-protein cross links in kidneys of male B6C3Fl mice after 
exposure to methyl chloride (1,000 ppm, 4 hid, 4d). However, a faster elu
tion of kidney DNA from exposed animals compared to untreated controls was 
taken as a possible indicator for single-strand breaks. Lipid peroxidation 
(production of thiobarbituric acid reactive material) was induced by a single 
exposure to methyl chloride (1,000 ppm, 6 h) in livers of (male and female) 
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mice. Smaller increases of peroxidation were observed in kidneys of exposed 
mice as compared to the livers1~ This was in line with earlier suggestions 13 
that glutathione depletion and associated lipid peroxidation might be impor
tant for methyl chloride toxicity. 

The importance of a glutathione-dependent pathway for metabolism of me
thyl chloride has also been demonstrated for humans by identification of the 
urinary metabolite S-methylcystein~~ However, there are indications for in
dividual genetic differences as two discrete groups of men are observed which 
metabolise methyl chloride15 and excrete S-methylcysteine14 to widely different 
extents. Differences in susceptibility of mice (especially males) of differ
ent strains to chloroform are also known16 , and similarities in susceptibil
ity to chloroform as compared with methyl chloride have been noted1~ Chloro
form is believed to be oxidatively biotransformed to phosgene, its toxic 
intermediate1~ In mouse kidney, sex differences in cytochrome P-450 depen
dent enzyme activities are known in that renal microsomes from males oxida
tively biotransform xenobiotics and steroids faster (8-14 fold) than those 
from females19. 

We investigated possible sex specifities of the glutathione dependent 
pathway of methyl chloride. The mouse hybrids (C3B6FI and B6C3FI, males and 
females) where therefore exposed to a single high concentration (1,000 ppm, 
6 h) of methyl chloride, and the time-course of depletion of glutathione in 
liver and kidneys was assessed. 

MATERIALS AND METHODS 

Male and female C3B6F1 and B6C3F1 mice were commercially bred by 
Lippische Versuchstierzucht, Extertal, F.R.G .. Prior to use, the animals 
were housed in humidity and temperature-controlled rooms with 12 h light-dark 
cycles and were allowed free access to food (Altromin R 1324, Altrogge GmbH, 
Lage/Lippe, F.R.G.) and water ad libitum, except during exposures. 

Test groups of mice were exposed to 1,000 ppm methyl chloride for up to 
6 h (see time points in Figs. 1-4) in a 50-liter plexiglassR chamber (open 
system, Bohlender, Lauda-Tauber, F.R.G.). Methyl chloride was metered from a 
gas bag by means of a peristaltic pump and was diluted with room air (pro
vided by an oil-free compressor), using a mixing jet. Air flow into the 
chamber was maintained at 4 liters/min. Chamber concentrations were moni
tored at regular intervals by a gas chromatograph (Varian, series 1400, 
Darmstadt, F.R.G.) equipped with a flame ionization detector. Air samples 
from the exposure system were introduced onto the GC column via a gas-sam
pling loop (2 ml). Separation was performed at 100°C on a 3 m (2 mm i.d.) 
glass column packed with 35 - 60 mesh Tenax GC R (Chrompack GmbH, Muhlheim, 
F.R.G.). Nitrogen was used as the carrier gas at a flow rate of 60 m1/min. 
For calibration a desiccator was used and filled to a 1,000 ppm concentra
tion by addition of pure methyl chloride (6.4 ml methyl chloride gas intro
duced into a 6.4 desiccator). 

Animals were sacrificed by decapitation and exsanguinated. Livers and 
kidneys were immediately removed and chilled on ice. The excised organs were 
weight and homogenized in 5 vol. of ice-cold 0.1 M sodium phosphate buffer 
(pH 7.4). Determinations of glutathione (GSH and GSSG) were done enzymat
ically, according to a modification of Eyer and Podhradsky20 0 f the method 
published by Griffith21. 

RESULTS 

Control values of the glutathione content in liver and kidney of mice 
are shown in Table 1. 
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The exposure of mice to methyl chloride (1,000 ppm) leads to a severe 
reduction of glutathione in mouse livers (Figs. 1 and 2) and kidneys (Figs. 3 
and 4). Compared with data published by others13,22 the effect of a 6 h expo
sure, in these experiments, is even more pronounced. This difference may be 
due to different methodologies used. While others have used the chemical 
method o~[ Sedlak and Lindsay23 which uses Ellman I s reagent to determine "non
protein sulfhydryl compounds", we have employed a glutathione-specific enzy
matic assay. 

UpO:l exposure to 1,000 ppm methyl chloride, the depletion of glutathione 
in mouse liver is nearly complete (about 97 % depletion) within 2 h. Within 
these initial 2 h, there are minor sex differences in that GSH levels in 
females decline somewhat more rapidly, but this minor difference is probably 
not of biological significance. A similar tendency is visible in GSH levels 
of kidneys. 

Although the time-course of GSH depletion in the kidneys is much slower 
and protracted than in livers, the six hours of exposure are sufficient to 
evoke a final depletion similar to that seen in the livers (although in the 
latter tissue this final degree of depletion is reached much earlier). This 
would mean that protection by GSH against oxidative stress, under methyl 
chloridE~ exposure (1,000 ppm), is rapidly lost in mouse liver (within 1-2 h), 
but is principally also diminished in mouse kidneys although more time is re
quired to induce this effect in this particular tissue. 

Major differences between GSH depletion in B6C3F1 mice (Figs. 1 and 3) 
and C3B6F1 mice (Figs. 2 and 4) do not occur. 

DISCUSSION 

Possible strain differences in susceptibility of mice to the renal toxi
city of methyl chloride have been discussed by Morgan et al}7 on the back
ground of data on chloroform. 

It has been demonstrated24 that mouse strains sensitive and insensitive 
to chlcroform (renal) toxicity exist. Male C57BL6 mice are insensitive, male 
C3H mic.e are sensitive. After crossing female C3H mice with male C57BL6 mice 

Table 1. Total glutathione (GSH + GSSG) in livers and kidneys 
of untreated C3B6F1 and B6C3F1 mice 

Mouse ~mol/g wet wt. 
strain 

C3B6F1 
B6C3F1 

Liver 

Male 

7.58 ± 0.11 
7.52 ± 0.14 

Means ± S.D.; n 3 

Female 

7.55 ± 0.16 
7.43 ± 0.10 

Kidney 

Male 

3.66 ± 0.09 
3.76 ± 0.11 

Female 

2.96 ± 0.13 
3.12 ± 0.14 
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Fig. 1. Effect of exposure to methyl chloride (1000 ppm) on glutathione 
content of B6C3F1 mouse liver. 

the offspring (C3B6F1 and B6C3F1) is insensitive25 • It has been concluded24 

that the renal susceptibility of mice to chloroform should be inherited in an 
autosomal recessive mode. As outlined in the Introduction, chloroform is 
biotransformed to its ultimate toxic intermediate by the oxidative cytochrome 
P-450 dependent pathway. As the glutathione metabolic pathway may be rel
evant for cellular methyl chloride toxicity, either by an indirect effect of 
glutathione depletion 11 ,13 , or by formation of an intermediate with ultimate 
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Fig. 2. Effect of exposure to methyl chloride (1000 ppm) on glutathione 
content of C3B6F1 mouse liver. 
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Fig. 3. Effect of exposure to methyl chloride (1000 ppm) on glutathione 
content of B6C3F1 mouse kidney. 

target Drgan toxicity22, we have investigated both parallel mouse hybrids 
(B6C3F1 and C3B6F1) as to differences in the GSH depletion pattern in liver 
and kidney during methyl chloride exposure. The results (Figs. 1-4) demon
strate that no such differences occur. The preponderant glutathione-depend
ent pathway in methyl chloride metabolism (which is confirmed by the observed 
extent of GSH depletion) must lead to a toxication mechanism different from 
that of chloroform. 
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Interpretation of the ultimate toxication mechanism is further hampered 
by obvious further species differences of mice22 as opposed to rats 26 • This 
is visualized by the effectivity of antidotes: in mice, the GSH synthesis 
inhibitor L-buthionine-S,R-sulfoximine counteracts lethality due to methyl 
chloride22 , but in rats N-acetylcystein is an effective antidot after methyl 
bromide poisoning 27. 

Therefore, further investigations will be necessary to elucidate the 
reasons of sex and strain specificity of methyl halide toxicity. 
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The halogenated hydrocarbons represent one of the most important cate
gories of industrial chemicals owing to their use, production volume, en
vironmental and toxicological activity and, hence most important, potential 
popUlation risk. They are probably the most ubiquitous in occurrence. A 
number of these, because of their use as pesticides and aerosol propellents 
and their high chemical stabilities, have become distributed throughout the 
biosphere. Occupational exposure, seems to be the major risk1. In fact, 
several of these compounds are carcinogens in test animals2,3,~ and their acute 
and ctronic toxic effects on liver, kidney and central nervous system have 
been G.emonstrated 5,6. However, in most cases, no adequate human data are 
available for estimating risk by halocompounds. They react with nucleophilic 
substrates by direct attack or after bioactivation by enzymatic systems. The 
direct reactivity of halocompounds decreases from iodo- to bromo- and chloro
subst:,tuted compounds. More generally, halocompounds are enzymatically 
"activated" to interact with macromolecules. The first metabolic step is an 
oxida1~ion due to the mixed function oxidase system (MFO) in the presence of 
cytochrome P-450 with the exception of carbon tetrachloride and halothane 
metabolism where initial reductive reactions by MFO occur. Oxidation by 
P-450 dependent-MFO activity results in the addition of radical oxene to the 
carbon-carbon bond of substrate that leads to epoxide formation. Epoxides 
can undergo enzymatic or non-enzymatic hydrolysis or can isomerize to acyl
halides and haloaldehydes in aqueous environment (Fig. 1). Detoxification of 
most halocompounds proceeds via conjugation with glutathione in the presence 
of cytosolic glutathione-S-transferase with the exception of 1,2-dichloro
ethane (1,2-DCE) and 1,2-dibromoeLhane (1,2-DBE), whose conjugates with 
gluta.thione are known as mutagenic and carcinogenic species. Correlations 
betWEen structure and activity have been postulated in order to explain the 
carcinogenicity of metabolites from halocompounds and particularly from halo
ethylenes 7 • On this subject in vitro and in vivo studies on vinyl chloride 
have demonstrated that the carcinogenicity of haloethylenes is determined by 
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the rate of epoxidation and by stability and reactivity of epoxides. Epox
ides require an "optimum" of stability to cause genotoxic response. Indeed, 
an epoxide, whose stability is too low, has too short life to reach distant 
targets. The stability of the epoxide ring is determined by the number of 
halosubstitutions. The epoxide C-O bond that has less substituted carbon in 
the halogenated oxirane ring is the weaker of the two bonds. 

Haloethylenes with epoxides that fall within defined "threshold bond" 
limit should be considered potentially hazardous. Thus, potential carcino
genic activity is higher when asymmetric halosubstitution is lesser. With 
respect to haloethanes it has been postulated that covalent binding to DNA 
depends on energetic conditions of molecular orbitals which can accept the 
electron density from nucleophilic bases of DNA. Higher electron density of 
two carbon atoms leads to major affinity to covalent binding. The electron 
affinity increases with enhancement of the number of halosubstitutions. 
Since results in the literature are often contradictory for some halogenated 
compounds and incomplete for others, the aim of this collaborative work is to 
investigate, by using different end-points, the mutagenic/carcinogenic poten
tial of short-chain aliphatic halocompounds in order to provide a quantita
tive structure-activity relationship study to predict the potential human 
risk. For this reason a collection of highly pure compounds (~9570) has been 
provided and stored at their respective appropriate temperatures. Before 
carrying out each experiment the purity of the test compound is controlled 
and strong attention is given in particular to the volatile property of these 
compounds from which may depend some of these aforementioned contradictory 
results. 

In this paper the results obtained up to now with five haloethanes 
tested in microorganisms and in V79 cells are described. An in vivo study of 
the effects of these chemicals on drug-metabolizing enzymes is also consider
ed in this project, as shown by the results obtained with 1,1,2,2-tetraclho
roethane (1,1,2,2-TTCE). As an expression of lipophilic character the chro
matographic log k' and log P values were already determined for the 19 com
pounds considered. At the end of this collaborative project (1987-1989) more 
physico-chemical parameters will be determined and the above biological ac
tivities will be completed to provide a quantitative structure-activity rela
tionship (QSAR) analysis. 

EnZYMQ. t;c or 
non-enZYMQ tiC 

hydrolys;s 

Fig. 1. General scheme of metabolism of halocompounds. MFO 
Oxidase(s). 
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MATERIALS AND METHODS 

Chemicals 

The 19 short-chain aliphatic halocompounds under study are listed in 
Table 1. They were obtained from different sources and were at the highest 
rate of purity available. The test compounds were dissolved in DMSO before 
use. The other chemicals and solvents used were reagent grade. 

Microorganisms Systems 

Yeast test. The diploid D7 strain of Saccharomyces cerevisiae carries 
!!£5-12f!!£5-27 for detecting conversion events and a pair of alleles, 
ade2-40/ade2-119 for evaluating induction of mitotic reciprocal recombina
tion. I~ddition, the strain is homoallelic ilv-92/ilv-92 for studying 
induced reverse mutation 8 . Cells from stationary phase (density 2 x 108 

cells/ml) and from logarithmic growth phase (from a 20% glucose medium; dens
ity 5 x 107 cells/ml) were used in the experiments 9 . In the experiments with 
cells in the stationary phase, the metabolic activation was provided by 1 ml 
of S9 fraction from Aroclor 1254-induced rats and relative cofactors were 
added too the incubation mixtures10. Chemical inducing dose-related increases 
in the genetic effects and at least a doubling of the frequencies observed 
over the concurrent controls were considered as positive. 

Salmonella test. The test procedure was performed as described by Ames 
et al. '11 and Maron and Ames 12 The S9 fraction was used as metabolic acti
vat ion system1~ Where more than twice the number of revertants than the 
control were attained, the results were considered as positive only. 

Cytogenetic Analysis. 

V79 Cells Test. V79 cell line was established from a male Chinese 

Table 1. Halogenated hydrocarbons under study 

Chemicals 

1,l-Dichloroethane 
1,2-Dichloroethane 
1, 1, l-Trichloroethane 
1,1,2-Trichloroethane 
1,1,2,2-Tetrachloroethane 
1,1,1,2-Tetrachloroethane 
Pentachloroethane 
Monobromoethane 
1,2.-Dibromoethane 
1-Bromo-2-chloroethane 
1,1,2,2-Tetrabromoethane 
Monoiodoethane 
1, :l-Dichloroethylene 
Cis-l,2-dichloroethylene 
Trans-l,2-dichloroethylene 
1,1,2-Trichloroethylene 
1,1,2,2-Tetrachloroethylene 
1,2-Dibromoethylene 
Methylene dichloride 

Molecular 
weight 

98.96 
98.96 

133.42 
133.42 
167.86 
167.86 
202.31 
108.98 
187.88 
145.43 
345.70 
155.98 
96.95 
96.95 
96.95 

131.40 
165.85 
185.87 
84.94 

Purity Source 

97% Fluka-Aldrich 
99.5% Aldrich 
99% Fluka 
99.5% Fluka 
98% Fluka-Inalco 
98.5% Inalco 
95% Aldrich 
99% Inalco 
99.5% Aldrich 
98% Inalco 
98% Inalco 
99% Inalco 
99% Inalco 
98% Inalco 
98% Inalco 
98% Inalco 
94% Inalco 
98% Inalco 
99% Aldrich 
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hamster (cricetulus grisens) by Ford and Yerganian13 • and it has a model 
chromosome number of 22, which is also the diploid number of the Chinese 
hamster. V79 cells were routinely grown in Dulbecco's Eagle's Minimal 
Essential Medium, containing 100 IU of penicillin and 100 ~g of streptomycin 
per ml, supplemented with 5% of fetal calf serum. In these conditions, the 
average cell cycle lasts 12 h. For each experiment, cultures were set up the 
day before treatment at a density of 8 x 105 cells per 100 mm Petri disk, 
allowing exponential growth at the time of treatment with agents14. After 
16 h of treatment (time a), cells were trypsinized, washed and re-fed with 
complete fresh medium. Cells were fixed at time a and 24 h later (time 24) 
for chromosome analysis. Cells were treated with 0.025 ~g/m1 of Colcemide 
for 1.5 h, then the cells were trypsinized, centrifuged and incubated with 10 
ml of 0.075 M KCI at room temperature for 8 minutes, fixed in 3:1 methanol 
acetic acid 3 times, then spread on slides which were allowed to dry. For 
G-banding preparations, the trypsin digestion procedure was usedl~ 

Effects on MFO system (P-450 and P-448). Hepatic micro;omes (105,000 x 
g) from uninduced Na-phenobarbital (500 ppm drinking water, ad libitum, for 
12 days) B-naphthoflavone (80 mg/kg in corn oil 48 h before sacrifice) and 
l,l,2,2-TTCE (300 m~/kg) treated animals for each group were prepared as 
previously reported ~ Pentoxyresorufin O-dealkylase and ethoxyresorufin in 
O-deethylase were determined as reported by Lubet et al.17 and Klotz et al: 8 , 
respectively. The protein concentration was determined according to Baileyl~ 

Determination of log K' values. Chromatography was performed on a 
Waters 6000 A chromatograph using a ~Bondapak C 18 column (300 x 3.9 i.d.) 
(Waters), packed with silica gel (particle size 10 ~) with a C18 chemically 
bonded non-polar stationary phase. A UV detector (Waters Model 480) at 254 
nm and Hamilton 802 chromatographic syringes (25 ~l) were also used. The 
short chain aliphatic halocompounds were separated using methanol-water in 
various mixtures as the mobile phase at a flow-rate of 1 mI. Samples were 
dissolved in methanol (1 mg/ml) and applied to the column in 5 ~l volumes. 
All solutions were before filtered to reduce contamination. The experiments 
were performed at room temperature (20-22°C). The retention times were ex
pressed as log capacity factor (k'), where 

k = (tx - to) 
to 

Statistics. The statistical analysis was made by the rank method of 
Wilcoxon as reported by Box and Hunter20. 

RESULTS AND DISCUSSION 

Mutagenicity in Microorganisms 

The test compounds were assayed in both yeast and Salmonella tests at 
four levels of concentration, proportionally decreasing from the dose in 
which a toxic effect was recorded. In Table 2 are reported the results from 
Salmonella typhimurium assay in presence and in absence of mammalian micro
somal activation system. All the compounds under study showed positive re
sults not only in the presence but also in the absence of S9 activation sys
tem. The most sensitive strains were TA100, TA98 and TA102. For all com
pounds no positive results were obtained in TA97, which seems to be the most 
liable strain to toxic effect. l,l-Dichloroethane (l,l-DCE) was the compound 
less effective in this test showing a positive activity in TA100 strain with 
and without S9 fraction and in TA102 strain with S9 activation system. 1,2-
Dichloroethane (l,2-DCE) was detected in base-pair strains TA1535 and TA100 
and frame-shift strain TA98 without metabolic activation. On the contrary, a 
positive response in TAI02 was observed only with the S9 fraction. A wide 
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spectrum of activity was observed with l,l,l-trichloroethane (l,l,l-TCE), 
which appeared to be the most mutagenic compound in this test. l,l,2-Tri
chloroethane (l,l,2-TCE) was detected by TA98 strain both with and without 
metabolic activation system and without S9 fraction in TA102 strain at the 
upper doses. l,l,2,2-TTCE was assayed at four-fold lower doses than the 
other chemicals under study. However, a general toxic effect appears to be 
exerted on all strains. Significative increases in revertants were recorded 
with TA98 at 5 and 10 ~mol/plate with and without S9 fraction and with TA100 
strain at 5 ~mol/plate in absence of S9 fraction. By using cells from sta
tionary phase, the short-chain aliphatic halocompounds under study did not 
induce either point mutation or mitotic gene conversion in Saccharomyces 
cerevisiae D7 strain in suspension test with and without metabolic activation 
system (Table 3). On the contrary, genotoxic results were obtained in cells 
of the same strain of yeast from logarithmic growth phase with the exception 
of l,l-DCE which did not show any genetic event. l,2-DCE was a weak mutagen 
giving a significant (p < 0.05) increase in convertants frequency at 60 mM 
dose only. In addition, l,l,l-TCE increases only the gene conversion at two 
doses (20 and 30 mM). Genetic activity was found for both l,l,2-TCE and 
l,l,2,2-TTCE in the frequencies of !rES conversion and ilvl-92 reversion. In 
particular 1,1,2,2- TTCE in the yeast test was the most effective compound 
showing genotoxicity at dose levels 4 or 8 times lower than the other test 
compounds. However, the mutagenic potency was very low; but the lack of 
dose-response relationship could depend on the high toxicity of this com
pound. The general aspect of the results obtained from the tests on micro
organisms, seems to confirm the poor sensibility of these systems (2-3 fold 
increase) in detecting the halogenated compounds. However, positive results 
were obtained and in both systems these are related. In particular, 
l,I,I-TCE and 1,I,2-TCE are, in microorganism systems, the most mutagenic 
haloalkanes considered in this part of the study. Regarding the metabolic 
activation the literature reports that these compounds can act as direct 
mutagens or after metabolic activation6 • In the Salmonella system the posi
tive results in the experiments with S9 metabolic fraction can depend on the 
balance between glutathione-conjugation and/or P-450 system (activation pro
cesses) and the detoxification processes by enzymatic pathways and/or unspec
ific binding with proteins. In Saccharomyces cerevisiae test the positive 
results obtained only in cells from logarithmic growth phase, can depend on 
different conditions of cell permeability and on enzyme content in these 
culture conditions. 

Cytogenetic Analysis in V79 Cells 

Of the five compounds tested, 1,I,I-TCE and 1,1,2-TCE were found to in
duce no chromosomal aberrations, while both dichloroethane and tetrachloro
ethane were able to induce them, even if without a dose-response relationship 
(Table 4). The analysis of data showed that chromosomal breaks are mostly 
induced, with a marked excess of centromeric breaks, giving rise to acrocen
tric "marker" chromosomes. In order to identify the chromosome bearing the 
centromeric breaks occurred preferentially on chromosome 1 and 3, producing 
acrocentric chromosomes which are the short arm of chromosome 1 and the long 
arm of chromosome 3. The frequency observed in cells treated with dichloro
ethanes is far more than can be observed in control cultures (Table 5). 
These results show that certain agents are able to induce chromosomal aberra
tions at specific sites, or make certain sites more prone to breakage. Cen
tromeric break on chromosome 3 is particularly interesting since it is also 
the location of a folate-sensitive fragile site found in this cell line 21 • 
Data from humans suggest that fragile sites may act as predisposing factors 
to cancer because of their association with break points involved in non
random chromosomal aberrations associated with leukemia 22 • In Chinese ham
ster cells, there has been reported a strong correlation between trisomy of 
of the long arm of chromosome 3 and tumorigenicity 23. Recently two oncogenes 
(!!! and fes) have been mapped on chromosome 3 24 • Moreover, it has been 
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reported 25 that mutagenic as well as carcinogenic compounds are able to 
induce chromosomal gaps and breaks at, or near, fragile sites on human chro
mosomes. This suggests that fragile sites can be general targets of muta
genic action. 

Effects on MFO System (P-450 and P-448) 

The in vivo effect of 1,1,2,2-TTCE on the hepatic microsomal monooxy
genase activity from uninduced and phenobarbital (PB) or B-naphthoflavone 
(B-NF)-induced mice, are reported in Fig. 2. Male and female animals were 
used in the experiments. In un induced mice both ethoxyresorufin O-deethylase 
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Fig. 2. Effect of 1,1,2,2-tetrachloroethane (TTCE) on microsomal enzymatic 
activities of liver from uninduced and B-naphthoflavone (B-NF) or 
phenobarbital (PB)-induced mice. 
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(P-448-l:lke activity) and pentoxyresorufin O-dealkylase (P-450-like activity) 
were decreased by 1,1,2,2-TTCE treatment (p < 0.05) in, respectively, female 
and male animals. A significant decrease in the monooxygenase activities was 
achieved in both 8-NF and PB-preinduced mice (p < 0.01); the toxic effect of 
1,1,2,2-TTCE is related to the isoenzymes of the "P-450 area", as shown by 
the decrease in pentoxyresorufin dealkylase (approximately 33% loss), as well 
as to the isoenzymes of the "P-448 area" as demonstrated by the approximately 
28% loss of ethoxyresorufin O-deethylase activity. 

gSAR StuQy 

In this section of the research, only the chromatographic log k' values, 

Table 6. Log k' (70% methanol) and log P values of 
short-chain aliphatic halocompounds 

No. Compound Log k' Log P 

1. l,l-Dichloroethane -0.03 1. 79 

2. 1,2-Dichloroethane -0.20 1.48 

3. 1, 1, I-Trichloroethane 0.18 2.49 

4. 1,1,2-Trichloroethane 0.00 2.49 

5. 1, 1, 1,2-Tetrachloroethane 0.31 2.88 

6. 1,1,2,2-Tetrachloroethane 0.19 2.88 

7. Pentachloroethane 0.30 3.27 

8. 1-Bromo-2-chloroethane -0.08 2.00 

9. 1,2-Dibromoethane 0.06 2.21 

10. 1,1,2,2-Tetrabromoethane 0.41 3.41 

11. Bromoethane -0.10 1. 61 

12. Iodoethane 0.10 2.00 

13. Dichloromethane -0.31 1.25 

14. 1,1-Dichloroethylene 0.00 1. 95 

15. 1,2-Dichloroethylene -0.04 1. 93 
(cis) 

16. 1,2-Dichloroethylene -0.03 1. 93 
(trans) 

17. 1,1,2-Trichloroethylene 0.17 2.32 

18. 1,2-Dibromoethylene -0.01 2.35 

19. 1,1,2,2-Tetrachloroethylene 0.20 2.71 
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determined by means of reversed-phase HPLC, and the log P values are reported 
in Table 6. A linear regression analysis showed that log k' values are well 
correlated with the log P values, as an expression of the lipophilic charac
ter of molecules, described by the following equation: 

log k' = -0.611 (± 0.064) + 0.295 (± 0.028) log P 

n = 19; r = 0.933; s = 0.068; f = 114.41; P < 0.005 

The next step of this work will be a quantitative structure activity 
relationship (QSAR) between the considered biological activities and log k' 
and/or log P values of the present series of compounds 26,27. 

CONCLUSIONS 

The QSAR can be used as an experimental tool to predict the genotoxic 
risk of this class of halogenated compounds. The validity of this type of 
study depends on the broadness and variety of the biological data (mutagenic, 
cytogenetic and biochemical tests) and on the uniformity of data collection 
(high level of purity of compounds, uniform research methods on standard 
protocols, etc.). This paper is a presentation of our research goal and at 
present it is not possible to draw definitive conclusions and it should be 
considered as only a current collaborative research report. 
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ENZYMATIC DETOXICATION OF TUMORIGENIC BAY-REGION DIOL-EPOXIDES OF 

POLYCYCLIC AROMATIC HYDROCARBONS BY CONJUGATION WITH GLUTATHIONE 

INTRODUCTION 
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Stockholm, Sweden 

Polycyclic aromatic hydrocarbons (PAH), such as benzo(a)pyrene (BP), 
benz(a)anthracene (BA) and chrysene (C), are widely distributed contaminants 
in the environment and proven tumorigens in experimental animals. Epidemiol
ogical data indicate a role for PAR also in the etiology of certain human tu
mors'. PAH require metabolic transformation to electrophilic intermediates 
to exert their toxic effects, most probably th~ough covalent binding of these 
intermediates to critical targets in DNA. BP is activated through the action 
of cyt.ochrome P-450-linked monooxygenases and epoxide hydrolase to diastereo
meric trans-7,8-dihydroxy-9,lO-epoxy-7,8,9,lO-tetrahydro-BP (anti- and ~
BPDE). The (+)-enantiomer of anti-BPDE, with R,S,S,R-absolute configuration, 
is thE! most tumorigenic one of the isomers in animals 2. Similar results have 
been obtained with the equivalent diol-epoxides of BA and C3. Furthermore, 
coval(~nt binding of (+)-anti-BPDE to the exocyclic nitrogen of deoxyguanosine 
in DNA of target tissues is closely correlated with tumor formation 4. Thus, 
it is likely that enzymatic and non-enzymatic processes that prevent intra
cellular accumulation of PAR diol-epoxides will counteract DNA-damage and re
sulting consequences. 

Several possible routes of diol-epoxide detoxication can be suggested, 
such as enzymatic or spontaneous hydrolysis to tetrols, or conjugation with 
nucleophilic cell constituents such as glutathione (GSH), nucleotides, lipids 
and proteins. However, the most important cellular defence system towards 
the 2Lccumulation and subsequent action of diol-epoxides seems to be conju
gation with GSH 5,6. 

The present paper reviews some of our findings on GSH-transferase (GST) 
catalyzed conjugation of tumorigenic anti-diol-epoxides of BP, BA (anti-BADE) 
and C (anti-CDE). Several GSTs have been isolated from human and rat tissues 
and their activities towards the different diol-epoxides determined. 
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MATERIALS AND METHODS 

GST isoenzymes from rat liver and lung as well as from human liver and 
placenta were isolated as described previously7-9 The nomenclature according 
to Jakoby et al. 10 has been adopted for the rat GSTs. The purified GSTs were 
incubated with 2.5-110 ~M diol-epoxide substrate and 1-2 mM GSH at 37°C for 
30 or 60 sec I1 - 13 • Freshly isolated and viable hepatocytes were incubated at 
37°C with 20 ~M (+)-anti-BPDE. Aliquots of.the incubate were removed at 
various time points and the reaction terminated by addition of alkaline 
mercaptoethanol and methanol 1~. The GSH conjugates of anti-BPDE, anti-BADE 
and anti-CDE were analyzed by ion-exchange HPLC with fluorescence detection 
as d~ibed5,1~ The (+)- and (-)-enantiomer conjugates of the diol-epoxides 
were further resolved by HPLC on a reversed phase analytical column using an 
ammonium acetate/methanol solvent system 11 ,12. This system was further im
proved to enable rapid and convenient analysis of the various products of 
anti-BPDE formed in isolated cells. A Waters Z-module with a 5~ C18 Radial
Pak analytical cartridge and a solvent system of 25 mM ammonium acetate, 
pH 3.5, (solvent A) in acetonitrile (solvent B) delivered at a flow rate of 
6 ml/min was used to separate the GSH-conjugates of (+)- and (-)-anti-BPDE as 
well as tetrols and the mercaptoethanol conjugates of anti-BPDE in a single 
run (Fig. 1A). The gradient elution system employed was 15-20% solvent B, 
linear gradient for 10 min; 20-30% B, linear gradient for 10 min and 30-100% 
B, linear gradient for 3 min. 

RESULTS AND DISCUSSION 

In rat liver, about 5% of the soluble proteins are accounted for by 
various GST isoenzymes whereas the corresponding figure for rat lung is about 
0.5%. Based on isoelectric points the GSTs may be described as basic, near
neutral and acidic. In both liver and lung, the basic forms greatly predomi
nate (about 95% and 90% of total GST, respectively). Table 1 shows the re
lative amounts of the GSTs in rat liver and lung. Both qualitative and 
quantitative differences are evident. For example, subunit 1 appears in 
liver but not in lung and subunit 7 appears in lung but not in liver. GST 

Fig. 1. 
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mercaptoethanol conjugate. B; -~-: BPDE-mercaptoethanol conjugate; 
-e-: BPDE-GSH conjugate; -0-: tetrols. 



Table 1. Relative amounts of GSTs in rat 
liver and lung 

GST Relative amounts (7.) 
Liver Lung 

"Acidic" 5 10 
1-1 16 n.d. 
1-2 17 n.d. 
2-2 4 2 
3-3 22 7 
3-4 18 4 
3-? 4 4 
4-4 14 38 
7-7 n.d. 35 

n.d.: not detectable 

5-5 is not included in Table 1 due to difficulties in its isolation and thus 
quantitation. 

Kinetic parameters for the different GST isoenzymes with (±)-anti-BPDE 
as substrate are compiled in Table 2 together with the estimated contribu
tions of the different forms to total GSH-conjugation activity. Transferases 
4-4 and 7-7 are the most important forms in the lung; their combined activi
ty is about 95% of the total calculated activity. Similar estimations using 
data :Eor the liver isoenzymes demonstrate that the transferases containing 
subuntt 4 account for approximately 907. of the total expected activity. 
These activities, calculated from the estimated distributions of the GST 
isoenzymes and the specific activities with anti-BPDE, agrees very well with 
the activities measured experimentally with cytosolic fractions (15-25 nmol 
conjugate/min x mg protein for rat liver and 10-15 nmol/min x mg protein for 
rat lung). Although the specific activity of lung cytosolic fraction ex
press,=d per mg GST protein is about 5-10 fold higher than in the liver, the 
total capacity of the liver can be estimated to be about 15-30 fold higher 
due to the larger tissue mass. 

HPLC analysis of GSH conjugates derived from (±)-anti-BPDE by the rat 
GSTs showing high activities revealed almost exclusive conjugation (;:: 97%) of 
the (t)-enantiomer. It is interesting to note that the metabolism of BP to 
anti-BPDE in the rat is highly stereoselective and yields almost exclusively 
the (t)-enantiomer 16. The rat is usually resistent to tumor formation by 
PAH and one factor is probably the very efficient and highly stereoselective 
GSH-conjugation of tumorigenic diolepoxides. 

Table 3 shows data obtained with human GSTs and anti-BPDE. The basic 
forms (a-€) exhibit low activity towards (±)-anti-BPDE, but the near-neutral 
(~) and the acidic form (n) demonstrate high activity. However, both ~ and n 
have lower catalytic efficiencies than the most active rat enzymes (GST 4-4 
and 7-7). In contrast to GSTs a-€ and~, GSTn is highly selective for 
(+)-!!nti-BPDE. Incubation of ~ or n with the individual enantiomers of 
anti-BPDE demonstrate that ~ conjugates either enantiomer with equal ef
ficiency. In contrast, transferase n exclusively conjugates (+)-anti-BPDE; 
the (-)-enantiomer is a competitive inhibitor of this reaction. ----

GST n is the dominant or exclusive form in adult extrahepatic and most 
fetal tissues 17. GST ~ on the other hand is absent or present in low 
amounts in fetal tissues and several extrahepatic adult tisS1:LeS hut present 
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Table 2. Kinetic parameters for purified rat GSTs with 
(±)-anti-BPDE as substrate and per cent con
tribution of individual isoenzymes to total 
conjugating activity 

GST 
a 

Vmax kcat /Km 
b 

Contribution (%) 
Liver Lung 

"Acidic" ;:;;1 <3 
1-1 9 0.5 ;:;;0.5 n.d. 
1-2 9 0.5 ;:;;0.5 n.d. 
2-2 8 0.5 ;:;;0.5 «0.1 
3-3 16 0.9 2 «0.1 
3-4 440 24 35 1 
3-? 340 19 6 1 
4-4 880 46 55 14 
7-7 5500 287 n.d. 81 

a nmol x min- 1 x mg- 1 

c not detectable 

b. 1 1 catalytlc eff iciency, mM- x s - ; 

c 

in adult liver in about 60% of the human population 18. Therefore, in fetal 
and several extrahepatic adult tissues, including target organs such as lung 
and skin, the most important transferase in GSH-conjugation of (+)-anti-BPDE 
would be transferase TI. In contrast, in the adult liver the predominant form 
would be transferase ~ in those individuals having this form. Lack of 
transferase ~ may increase the susceptibility of an individual to the tumor
igenic action of PAR due to reduced capacity of elimination of reactive and 
harmful diol-epoxides by GSH-conjugation 18 . In fact, recent data obtained 
with human leukocytes indicate that in cigarette-smoking individuals, sus
ceptibility to tumors in the lung is related to the polymorphic distribution 
of GST ~; individuals lacking GST ~ have a significantly higher incidence of 
lung cancer than those expressing GST ~ activity 19. 
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GST-catalyzed conjugation of GSH with PAR diol-epoxides is not re-

Table 3. Kinetic parameters and enantboselectivity for 
human GSTs with anti-BPDE as substrate 

GST 

a. - E 

~ 

~ 

~ 

TI 

TI 

TI 

BPDE a 

racemic 
racemic 
(+) 
( - ) 
racemic 
(+) 
( - ) 

b Vmax 

40 
600 
700 
600 
900 

3000 
n.d.d 

kcat /Kmc (+)-Enantiomer 
conjugate (%) 

<0.5 60 
18 60 
11 

9 
13 >90 
28 

aenantiomer of anti-BPDE used; b nmol x min- 1 x mg -1; 
Ccatalytic efficiency, mM-1 x s-1; dno activity detected 
under the assay conditions used 



Table 4. Kinetic parameters and enantioselectivity for 
rat GST 4-4 with racemic anti-diastereomers of 
BPDE, BADE and CDE as substrates 

Substrate 

± )-anti-BPDE 
± )-anti-BADE 
± )-anti-CDE 

a 
Vmax 

600 
2100 
1500 

42 
14 
12 

(+)-Enantiomer 
conjugate (%) 

98 
95 
97 

anmol x min- 1 x mg-1; bcatalytic efficiency, mM- 1 x s-l 

stricted to anti-BPDE. Table 4 shows results obtained with rat liver GST 4-4 
and (±)-anti-BADE and (±)-anti-CDE; results obtained with (±)-anti-BPDE are 
included for comparison. It is evident that the catalytic efficiencies with 
(±)-anti-BADE and (±)-anti-CDE are lower than with (±)-anti-BPDE. High 
selecti~ity towards (+)-enantiomers of anti-diol-epoxides (R,S,S,R-absolute 
configuration) is observed. ----

Lipophilic compounds such as PAR diol-epoxides are considered poor sub
strates for soluble GSTs in whole cells due to their partition into cellular 
membranes 20. The greatly extended half-life of anti -BPDE in the presence 
of lipid-containing subcellular fractions is an expression of the stabiliza
tion of this substrate in the membrance phase 14. However, this distribu
tion is not a restriction for efficient and rapid conjugation of anti-BPDE 
with GSH. Fig. IB shows the disposition of (+)-anti-BPDE in isolated rat 
hepatoeytes and demonstrates GSH-conjugation as the most significant route of 
elimination in an intact cell system with hydrolysis being of no or little 
quanti1:ative importance. The specific rate of GSH-conjugation observed with 
isolat,=d hepatocytes is very close to the rate obtained with cytosolic 
fractions or the rate calculated from the contributions of the different 
GSTs. Thus, it is unlikely that GST isoenzymes which significantly contrib
ute to the total activity have not been accounted for. 

In conclusion, mammalian tissues contain GST isoenzymes that are 
highly efficient and selective in conjugating tumorigenic PAR diol-epoxides 
with GSH. The GST/GSH system is probably the most important cellular de
fence against crucial DNA-damage caused by diol-epoxides. Polymorphism and 
variations in GST distribution between tissues, species and individuals may, 
in conjunction with cytochrome P-450-dependend monooxygenases and epoxide 
hydrolase, determine the susceptibility to PAR-induced tumorigenesis. 
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ANTIGENOTOXIC AND ANTICARCINOGENIC EFFECTS OF THIOLS. IN VITRO 
INHIBITION OF THE MUTAGENICITY OF DRUG NITROSATION PRODUCTS AND 
PROTECTION OF RAT LIVER ADP-RIBOSYL TRANSFERASE ACTIVITY 

INTRODUCTION 

Silvio De Flora, Carmelo F. Cesarone 1 , Carlo Bennicelli, Anna 
Camoirano, Domizio Serra, Monia Bagnasco, Anna I. Scovassi 2 , 
Linda Scarabelli1 and Umberto Bertazzoni 2 

1 
Institute of Hygiene and Preventive Medicine and Institute of 
General Physiology, University of Genoa, 16132 Genoa, Italy 
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27100 Pavia, Italy 

Reduced glutathione (GSH) is well-known to playa fundamental role in 
the protection of the organism against toxic, mutagenic and/or carcinogenic 
agents (see e.g. refs. 1-3 for reviews). Among synthetic aminothiols, acting 
as ana:Logs and precursors of GSH, N-acetyl-L-cysteine (NAC) is of particular 
interest, because this molecule is already extensively used in the treatment 
of chronic respiratory diseases, and is extremely well tolerated in humans 4 . 
In addition, NAC is known to possess various antitoxic and antioxidant pro
perties 3-5. 

Previous in vitro and in vivo studies carried out in our laboratories 
investigated a-;ariety of antimutagenic and anticarcinogenic properties of 
GSH and/or NAC, and aimed at elucidating the mechanisms underlying the ob
served inhibitory effects. Both thiols specifically inhibited the high 
spontaneous mutability of strain TA104 of ~ typhimurium, sensitive to oxi
dative damage. Moreover, NAC decreased the potency, in various ~ typhi
murium strains, of direct-acting mutagens, including, e.g., Cr (VI) compounds 
4-nitroquinoline N-oxide, ICR 191, ICR 170, captan, folpet, epichlorohydrin, 
sodium nitrite, formaldehyde, glutaraldehyde and hydrogen peroxide6 ,7. 
Antigenotoxic effects were also detected in a DNA-repair test system in ~ 
coli 8 • Inhibition of direct-acting genotoxic compounds could be ascribed to 
the ability of NAC to act as a reducing agent, as a scavenger of reactive 
oxygen species and as a blocker of electrophilic molecules 6 • Conversely, 
thiols did not affect the mutagenicity of noncarcingenic compounds which are 
known to be activated inside bacterial cells, such as nitrofurantoin and 
sodium azide 7 • In the case of N-methyl-N-nitro-N-nitrosoguanidine (MNNG) , 
thiols yielded a marked inhibition of genotoxicity outside target cells, 
wh~le their intracellular reaction led to MNNG activation, as shown in 
bacteria pretreated with either NAC, GSH or the GSH depletor diethyl maleate 
(DEM)". 

The in vitro influence of NAC on the mutagenicity of promutagens, in
cluding, ~g~nzo(a)pyrene, 2-aminofluorene, cyclophosphamide, aflatoxin 
B1, a tryptophan pyrolysate product (Trp-P-2) and a cigarette smoke conden
sate, was variable depending on the dose of thiol and on the state of induc-
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tion of liver metabolizing enzymes 6 • The use of liver and lung preparation 
from rats pretreated with either NAC, DEM, Aroclor 1254 or their combinations 
confirmed that NAC enhances the detoxification of direct-acting mutagens and 
that, in the case of promutagens, the effect of NAC depends on the balance 
between metabolic activation processes and trapping of electrophilic metab
olites 10. 

In vivo metabolic studies10 showed that NAC, when administered i.p. to 
rats,~n~sed GSH in erythrocytes and in liver and lung cells, and gener
ally replenished its stores following depletion. NAC did not affect cyto
chromes P-450 in hepatic or pulmonary microsomes, whereas it stimulated, 
especially in combination with Aroclor, several enzyme activities, such as 
glucose-6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, GSSG 
reductase and NAD(P)H-dependent diaphorases, in the liver and lung cytosol, 
as well as in isolated pulmonary alveolar macrophages 10 ,11. A stimulation of 
various liver detoxifying activities, also including GSH S-transferase, was 
also detected following dietary administration of NAC or GSH to rats 12 or to 
mice 13. 

In rats subjected to a discontinuous feeding regimen with N-2-acetyl
aminofluorene (2AAF), the oral administration of NAC or GSH resulted, at 
least during early treatment stages, in a delay in the development of gamma
glutamyl transpeptidase (GGT)-positive foci in the liver, and in a decreased 
damage to DNA, associated with a normal repair synthesis 14 ,15. In the same 
animals, both NAC and GSH prevented the formation of ear-duct tumors (Zymbal 
gland carcinomas) induced by 2AAF feeding 15 • Moreover, administration of NAC 
with the diet efficiently prevented in mice the induction of lung tumors by 
the carcinogen urethan 13 • 

Therefore, on the whole, thiols appear to exert antimutagenic and anti
carcinogenic effects in various experimental test systems, and multiple mech
anisms appear to be involved in their protective action. In the present 
paper we describe two additional mechanisms, detected by testing GSH and NAC 
in two different experimental models. In the first one, we compared the 
ability and mechanisms of these thiols with those of ascorbic acid, in inhib
iting the bacterial mutagenicity of the nitrosation products of the two 
histamine H2-receptor antagonists ranitidine and famotidine. These anti
ulcer drugs, like other H2-blockers (e.g. cimetidine), react in vitro with 
high amounts of nitrite to form genotoxic derivatives, which can be inhibited 
by ascorbic acid 16- 19• Although such a reaction is unlikely to be important 
in vivo, as also shown by the lack of mutagenicity in the gastric juice of 
famotidine-treated patients 20, it can provide a model for investigating in 
vitro the nitrosation reaction and its prevention by inhibitors. In order to 
clarify the mechanisms involved, GSH, NAC and ascorbic acid were also com
pared in their ability to decrease the mutagenicity of sodium nitrite, MNNG 
and sodium dichromate. 

The in vivo study was performed using a rat hepatocarcinogenesis 
model2\ and aimed at assessing the effect of the dietary administration of 
the carcinogen 2AAF and of GSH or NAC on liver ADP-ribosyl transferase 
(ADPRT) activity. This enzyme catalyzes the ADP-ribosylation of nuclear 
proteins, and is involved in DNA repair, possibly through modifications of 
the chromatin structure22,2~ ADPRT is known to be affected in cells treated 
with DNA damaging agents 22 ,24,25. 

MATERIALS AND METHODS 

Chemicals 

GSH (Sigma Chemical Co., St. Louis, MO) and NAC (gift from Zambon S.p.A 
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Bresso, Milano, Italy) were either dissolved in distilled water for in vitro 
studies, or incorporated into pelleted meal (Laboratori Piccioni, Brescia, 
Italy) for in vivo studies. MNNG (gift from lIT Research Institute, Chicago, 
ILL) sodium ~ichromate (Merck-Schuchardt, Munich, FRG) , sodium nitrite and 
ascorbic acid (Carlo Erba, Milano, Italy) were dissolved in distilled water. 
Famotidine (gift from Merck & Co., Rahway, NJ) was dissolved in 0.3% glacial 
acetic acid, and ranitidine (gift from Glaxo S.p.A., Verona, Italy) was dis
solved in distilled water. 2AAF (Sigma) was incorporated into pelleted meal 
(Laboratori Piccioni). 

Thl~ antiprotease reagents phenyl-methyl-sulfonyl fluoride (PMSF), 
pepstatin (from Sigma), dithiothreitol and sodium bisulfite (from BDH Chem
icals Ltd., Poole, UK) were prepared as previously described 26 . Nitrocellu
lose was from Schleicher and Schuell GmbH (Dassel, FRG). Newborn bovine 
serum was purchased from Flow Labs. Inc. (McLean, VA). Alkaline phosphatase
conjugated goat anti-rabbit IgG ( H + L), and the color development reagents 
p-nitro blue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indolyl-phos
phatase toluidine salt (BCIP) were obtained from Bio-Rad Labs. (Richmond, 
CA). A rabbit antiserum against highly purified calf thymus ADPRT was a gift 
from Drs. M. E. Ittel and C. Niedergang (CNRS, Strasbourg, France). DE 81 
paper was obtained from Whatman Ltd. (Springfield Mill, UK). Prestained 
protein molecular weight standards were from BRL Inc. (Gaithersburg, MD). 
Adenine-2,8-[3H)NAD (25 Ci/mmol) and adenine-2,8-[ 32 p)-NAD (1000 Ci/mmol) 
were from New England Nuclear (DuPont Co., Wilmington DE), adenosine-8-[ 14 C) 
(56 mCi/mmol) and [3H)dTTP (50 Ci/mmol) from Amersham Int. (Amersham, UK). 
Calf thymus DNA was activated to about 3-5% solubility by DNase I. 

In vitro Assays 

The mutagenicity of mixtures of nitrite with either famotidine or rani
tidine was assessed as previously described 14 ,18. Briefly, solutions of 
nitrite and of each one of the two drugs (or of their solvents) were mixed, 
acidified and incubated for 60 min (unless otherwise specified) at 37°C. 
After incubation, 0.5 ml of each mixture were neutralized with 200 ~l phos
phate-buffered saline (PBS), pH 7.4, prior to adding 2.5 ml of molten top 
agar and 50 ~l of bacterial broth cultures, according to the procedure of the 
plate incorporation test 27. The conditions used in most assays, i.e. doses 
of nitrite or of drugs, and the his- ~ typhimurium tester strain (TA100 or 
TA102), were those indicated in Fig. 1, and corresponded to the optimal 
conditions leading to the detection of mutagenic nitrosoderivatives of these 
drugs in the test system used 19 . 

Inhibition of the above phenomenon was investigated by adding 100 ~l of 
distilled water (controls) or of varying amounts of ascorbic acid, GSH or 
NAC, either at the start or at the end of the preincubation step of nitrite 
with drugs, before neutralization of the mixture. The effect of the 3 
inhibitors on the mutagenicity of nitrite and MNNG in strains TA1535 and 
TA100 of ~ typhimurium, respectively, was investigated under the above 
conditions, except that the drugs were omitted and replaced with distilled 
water. The chromium-reducing ability of thiols and of ascorbic acid was 
assessed by testing the mutagenicity of mixtures of sodium dichromate with 
varyir:.g amounts of inhibitors, using strain TA102, which is the most 
sensitive of the primary ~ typhimurium tester strains in revealing the 
mutagenicity of hexavalent chromium 28 . 

All mutagenicity assays were carried out in triplicate plates. The 
results are expressed as mean ± SD values. 

In vivo Studies 

11ale Wistar rats (Morini, S. Polo d'Enza, Reggio Emilia, Italy), weigh-
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Fig. 1. Inhibition by varying amounts of ascorbic acid, GSH or NAC, of the 
formation of mutagenic derivatives from the reaction between sodium 
nitrite (40 ~mol/plate) and either famotidine (12 ~mol/plate) or 
ranitidine (0.6 ~mol/plate). The inhibitors were added either at the 
start (empty circles) or at the end (full circles) of a preincu
bation step (60 min at 37°C) in acidic environment (pH 2.0 in the 
case of famotidine and pH 2.5 in the case of ranitidine). Mutagen
icity was investigated in strains TA100 (famotidine) or TA102 (rani
tidine) of ~ typhimurium, in the absence of metabolic systems. 

ing 80-100 g, were housed 3-4 per cage, given tap water and standard Vogt
Moller diet (Laboratori Piccioni) ad libitum, and subjected to a 4-cycle dis
continuous regimen, according to the Teebor and Becker model 21 • Each cycle 
consisted of a 3-week feeding with a standard diet supplemented with 0.05% 
2AAF and/or 0.1% NAC, followed by one week of standard diet. At the end of 
the third week of each cycle, 4-5 rats from each one of the 4 experimental 
groups (i.e. untreated rats or rats fed with either NAC or 2AAF, or 2AAF plus 
NAC) were sacrificed under slight ether anaesthesia. The livers were rapidly 
removed, washed in cold physiological saline, frozen in liquid nitrogen and 
stored at -80°C. 

Extracts were prepared by mincing 0.2 g of thawed liver in 10 volumes of 
0.6 M NaCl, 50 roM Tris-HCl, pH 8.0, containing 1 roM EDTA, 0.5 roM dithio
threytol, 10 roM NaHS03 , 1roM PMSF and 1 ~M pepstatin. The suspension was 
sonicated twice for 20 sec in ice at 50 Wand centrifugated at 4°C for 30 min 
at 105,000 x g. The supernatant was used as enzyme extract for activity gel 
analysis and biochemical assays. 

Catalytic peptides of ADPRT were detected by the activity gel technique. 
The sequential steps of this procedure included: SDS-polyacrylamide gel 
electrophoresis; in situ renaturation of proteins; incubation of the intact 
gel with r2p]-NAD; removal of non-incorporated NAD by trichloroacetic acid 
and autoradiography 24. The first lane of the gel usually contained a mixture 
of prestained molecular weight markers. 

Protein blotting was carried out by Western blot procedure 29 • After 
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SDS-polyacrylamide gel electrophoresis, the proteins were transferred to 
nitrocellulose by applying 90 Volt, 350 rnA for 90 min. The blot was incub
ated overnight with 10% newborn bovine serum-0.1% tween-20 in PBS, 3 h with 
rabbit antiserum against ADPRT, and 2 h with a 1:3000 dilution of goat anti
rabbit conjugated with alkaline phosphatase. Visualization of immunoreactive 
peptides was obtained by BGIP-NBT color development substrate. 

RESULTS 

In vitro Effects of Thiols and Ascorbic Acid on Drug Nitrosation and on the 
Mutagenicity of N-nitrosocompounds 

Fig. 1 shows the results of an experiment aiming at assessing the ef
fects of varying amounts of ascorbic acid, GSH and NAG on the mutagenicity of 
the nit rosation products of famotidine and ranitidine. Both drugs, following 
preincubation with nitrite in acidic environment, yielded an evident mutagen
ic response in ~ typhimurium (dose 0 of inhibitors in the Figure). As 
confirlned in repeated assays, all 3 inhibitors decreased, with a dose-related 
effect, the mutagenicity of nitrite-drug mixtures when added at the start of 
the reaction (empty circles in Fig. 1). Mutagenicity was virtually elimin
ated at equimolar concentrations of nitrite and inhibitors (40 ~mol/plate). 

On the other hand, when the inhibitors were added at the end of the 
preincubation steps between nitrite and drugs (full circles in Fig. 1), both 
thiols were almost as effective as when added at the start of the reaction, 
while ascorbic acid did not affect at all the mutagenic response. 

Other assays were carried out in order to check the effect of the 3 in
hibitors on the mutagenicity of a preformed ~-nitroso compound, i.e. MNNG, 
and on a reducible metal salt, i.e. sodium dichromate. As shown in Fig. 2, 
GSH and NAG eliminated the mutagenicity of this ~-nitroso compound in dose-
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Fig. 2. Inhibition by varying amounts of ascorbic acid (triangles), GSH 
(circles) and NAG (squares) of the mutagenicity of MNNG (10 nmol/ 
plate) and sodium dichromate (100 nmol/plate) in strains TA100 and 
TA102 of ~ typhimurium, respectively. 
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related fashion. At the same doses (i.e. up to 2S0 nmol/plate), ascorbic 
acid failed to decrease MNNG mutagenicity (Fig. 2), some inhibitory effect 
being only observed over 2000 nmol/plate (data not shown). Similar results 
were obtained when the preincubation of thiols with MNNG was carried out in 
acidic (pH 1.S) rather than in neutral environment (data not shown). In 
contrast, ascorbic acid was even more efficient than GSH and NAC in lowering 
the mutagenicity of sodium dichromate (Fig. 2). 

The ability of the 3 inhibitors to reduce the mutagenicity of sodium 
nitrite, after 60 min of preincubation, was rather similar, in both neutral 
(Fig. 3) and acidic (not shown) environments. The two thiols, and especially 
NAC, tended to produce toxic effects in bacteria, but only when mixed with 
nitrite (Fig. 3). 

However, the time-dependence monitoring of nitrite reduction provided 
evidence that ascorbic acid was faster than thiols in producing this effect. 
In fact, as shown in Fig. 4, the drop of nitrite mutagenicity in the presence 
of equimolar amounts of ascorbic acid was not appreciably enhanced by pro
longing the time of contact between these two compounds. The two thiols were 
less effective than ascorbic acid at time 0, but thereafter GSH produced a 
time-dependent decrease of mutagenicity, and NAC addition resulted in toxic 
effects. Again, toxicity could not be ascribed to NAC itself but to its mix
ture with sodium nitrite, and was only detected at concentrations of the two 
reactants exceeding 30 ~mol/plate. 

Protection by NAC of Liver ADPRT Activity in 2AAF-treated Rats 

ADPRT activity and molecular weight were analyzed in the liver extracts 
of rats subjected to the 4-cycle discontinuous feeding regimen with 2AAF, at 
the end of each treatment cycle, i.e. after a week of withdrawal of 2AAF ad
ministration. As shown in Fig. SA, a catalytic band of 116 KDa was clearly 
detectable in liver extracts of untreated rats (lane 1). In 2AAF-treated 
rats, the active band was no longer detectable at the end of the first cycle 
(lane 2), and progressively reappeared only in the subsequent cycles (lanes 3 
to S). 

The situation was modified in rats fed with 2AAF plus NAC (Fig. SB). In 
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fact, the active band of ADPRT detected in control rats (lane 1) was still 
evident at the end of the first cycle (lane 2), became barely detectable only 
at the end of the second cycle (lane 3) and returned to a normal appearance 
after the third and fourth cycle (lanes 4 and 5). Such a protective effect, 
delaying the suppression of the ADPRT band, was specifically produced by NAC, 
since its replacement with GSH did not modify the activity gel patterns ob
served in the carcinogen-treated rats. 

The liver extracts of rats fed with 2AAF or with 2AAF plus NAC were 
analyzed by the Western blot technique, using a polyc1onal anti-ADPRT anti
body. As shown by the examples reported in Figs. 6A and 6B, respectively, 
there 'was a perfect agreement between appearance (or disappearance) of an 
immunoreactlve peptide of 116 KDa in Western blot analysis and patterns of 
ADPRT bands observed by activity gel technique. This indicates that the loss 
in the specific catalytic band depends on a lack of ADPRT protein. 

1 2 

1501<DA_ 

116 KDA- -
9q KDA_ 

67 KDA_ 

A 

3 4 5 

---

1 2 

-

B 

345 

-
Fig. 5. Activity gel analysis of ADPRT in rat liver. Extracts from either 

untreated animals (lane 1 of panels A and B). rats fed with 2AAF 
(panel A). or with 2AAF plus NAC (panel B), were analyzed at the end 
of the 1st. 2nd, 3rd and 4th cycle of treatment (lanes 2, 3, 4 and 
5, respectively). Molecular mass markers were: a-galactosidase (116 
KDa) , phosphorylase b (94 KDa) and bovine serum albumin (67 KDa). 
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Fig. 6. Western blot analysis of ADPRT in rat liver. Extracts from either 
untreated animals (lane 1 of panels A and B) or rats fed with 2AAF 
(panel A) or 2AAF plus NAC (panel B), were analyzed at the end of 
1st, 2nd, 3rd and 4th treatment cycle (lanes 2, 3, 4 and 5, res
pecti ve1y) . 

DISCUSSION 

The results herein presented provide evidence for two independent mech
anisms of protection afforded by thio1s in mutagenesis and carcinogenesis. 

The' first one is the inhibition of the mutagenicity of N-nitroso com
pounds, either preformed (i.e. MNNG) or resulting from the nitrosation of in 
vitro nitrosatab1e drugs (i.e. ranitidine and famotidine). In such effect:
it was of interest to compare the mechanisms of thio1s with those of the most 
typical inhibitor of the nitrosation reaction, i.e. ascorbic acid 30 ,31. 
Vitamin C was quite efficient in preventing the formation of mutagenic deriv
atives of the two drugs, while no inhibition was produced on the mutagenicity 
of the nitrosation products, once formed. Some loss of MNNG mutagenicity was 
produced only in the presence of a large excess of ascorbic acid. Occurrence 
of this reaction has been already described and interpreted as a Cu(II)
catalyzed decomposition of this N-nitroso compound, possessing an electrone
gative nitro group in its molecule 32. 

In contrast, both thio1s efficiently eliminated the mutagenicity of MNNG 
and of the nitrosoderivatives of ranitidine and famotidine. Such effect was 
maintained both in neutral and acidic pH ranges, which is a prerequisite for 
inhibiting those mutagens and carcinogens which act in the stomach environ
ment, as is the case for MNNG. Several studies support the view that thio1s 
'p1aya dual role in MNNG mutagenesis and carcinogenesis (see e.g. ref. 9 for 
a review). In fact, the decomposition products formed by the reaction be
tween sulfhydryl groups and MNNG are inactive when they are generated outside 
cells (e.g. in the gastrointestinal lumen or in the blood), whereas the same 
intermediates are expected to methylate critical nucleophilic molecules, e.g. 
DNA, when formed in their proximity, within target cells. 

At variance with ascorbic acid, inhibition by thio1s of mutagenicity of 
the drug nitrosation products was of a similar order of magnitude when GSH or 
NAC were added at the start or at the end of the preincubation step between 
nitrite and the drugs. This suggests that, at least with these precursors, 
thio1s act more effectively by blocking the resulting nitrosoderivatives 
rather than by preventing the nitrosation reaction. Since thio1s were only 
slightly less powerful than ascorbic acid in reducing the mutagenicity of 
hexavalent chromium, further assays were carried out in order to justify the 
apparently poor ability of thiols to prevent the reaction between nitrite and 
the two anti-ulcer molecules. Indeed, the decrease of nitrite mutagenicity 
was similar in the presence of ascorbic acid and of thio1s, with only a more 
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pronounced trend to form toxic derivatives in the case of thiols, and 
especially of NAC. Thiols, like ascorbate, a-tocopherol, 1,4-dihydroxyphenol 
and other sulfur compounds, have been reported to reduce nitrous acid to 
nitric oxide, but the reaction of thiols with nitrous acid may also result in 
the formation of thionitrite esters 33. In addition, it is well known that, 
on contact with air, nitric oxide very readily oxidises to nitrogen dioxide 
and/or nitrogen tetroxide. 

However, a time-dependence analysis of inhibition of nitrite mutagen
icity provided evidence that the effect of ascorbic acid was virtually im
mediate, while the conversion into less mutagenic or toxic derivatives pro
duced by thiols was slower. Taking into account that the in vitro formation 
of mutagenic nitrosoderivatives from both ranitidine18 and famotidine19 is very 
rapid yet not immediate, the findings of these assays may explain why ascor
bic acid could successfully compete with these drugs in reacting with 
nitrite. Thiols probably reacted with nitrite at a slower rate compared with 
drugs, but on the other hand they successfully blocked the nitrosation pro
ducts. Since ascorbic acid and thiols appear to prevent the formation of mu
tagenic nitrosoderivatives by exerting their main mechanisms at different 
levels, in theory a combination of these inhibitors would be expected to pro
duce synergistic effects, which warrants further studies. 

The in vivo study was performed in the same hepatocarcinogenesis model 
in the rat, based on a 4-cycle discontinuous feeding regimen with 2AAF21 , 
that \/e had already used in order to investigate various protective effects 
of dietary GSH or NAC, concerning, e.g., damage and repair of liver DNA, de
velopment of liver hyperplastic foci and Zymbal gland tumors 15, various bio
chemical activities related to GSH cycle and to liver cytosolic enzyme acti
vities 12 , and influence of treatments on the metabolic activation of aromatic 
amines 34. 

Activity gel analyses of liver extracts from control rats showed an ev
ident catalytic band of 116 KDa, corresponding to ADPRT activity, which was 
no longer detectable in 2AAF treated animals at the .end of the first cycle. 
Similar patterns were observed in rats fed with 2AAF plus GSH, while 
co-adlninistration of NAC resulted in a one-cycle delay of ADPRT inhibition. 
Western blot analyses indicated that the loss of catalytic band observed in 
activity gels was due to a lack of ADPRT protein and not to an inhibition of 
this enzyme activity. 

In any case, this phenomenon was followed, after one additional cycle, 
by the reappearance of ADPRT protein, which could suggest a transient inhib
ition of ADPRT de novo synthesis produced by the carcinogen. The progressive 
reappearance of the catalytic peptide is likely to depend, rather than on re
versal of the inhibitory effect in normal hepatocytes, on a selection of a 
population of "resistant" cells, which typically occurs in various hepatocar
cinogenesis models 35 

The protective effect on ADPRT activity exerted by NAC, at least during 
the early stages of 2AAF-induced hepatocarcinogenesis, correlates with the 
previously demonstrated ability of thiols to counteract the DNA damage in 
liver hepatocytes, as assessed by the alkaline elution technique, and to an
tagonize the development of gamma-glutamyl transpeptidase (GGT)-positive 
foci '5. The failure of GSH to delay ADPRT inhibition in 2AAF-treated rats 
may be ascribed to a slower penetration of this tripeptide into hepatocytes, 
compared to NAC. In fact, synthesis from exogenously supplied GSH requires a 
preliminary GGT-catalyzed hydrolysis of the tripeptide on the hepatocyte mem
brane 36 • On the contrary, plasmatic NAC is easily uptaken by liver cells and 
deacetylated to form cysteine 37 , which, of the 3 amino acids forming the GSH 
molecule, has the lowest intracellular concentrations and therefore becomes 
rate limiting in its synthesis 38. 
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On the whole, the findings of the present study provide additional evi
dence that the natural thiol GSH and especially its synthetic analog and pre
cursor NAC, which is more suitable for administration to humans 4 , possess a 
wide array of mechanisms by which they can inhibit the mutagenesis and car
cinogenesis processes. In fact, based on this study and on previous studies 
carried out in our and other laboratories (see the Introduction), the pos
sible intervention levels of thiols cover a variety of events involved not 
only in mutagenesis and cancer initiation, but also in subsequent steps of 
carcinogenesis. The known protective mechanisms of thiols include, e.g., the 
herein described effects on the nitrosation reaction and on its products, 
their ability to act as antioxidants and nucleophiles, scavenging free 
radicals and blocking electrophilic compounds and metabolites, as well as the 
ability to induce multiple detoxifying enzyme activities in the cell cytosol, 
and to modulate DNA repair. Therefore, an induced enhancement of the so
called "GSH threshold"l by means of synthetic thiols seems to represent one 
of the most promising approaches in mutation and cancer chemoprevention. 
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RELATIONSHIPS BETWEEN NADPH CONTENT AND BENZO(a)PYRENE METABOLISM IN NORMAL 

AND GLlICOSE-6-PHOSPHATE DEHYDROGENASE-DEFICIENT HUMAN FIBROBLASTS 

INTRODUCTION 

Rosa Pascale, Lucia Daino, Maria E. Ruggiu, Maria G. Vannini, 
Renato Garcea, Serenella Frassetto, Luciano Lenzerini, 
Leonardo Gaspa, Maria M. Simile, Marco Puddu and Francesco Feo 

Istituto di Patologia generale, Universita di Sassari 
07100 Sassari, Italy 

Previous work in our laboratory has shown that human skin fibroblasts 
(HSF) and human lymphocytes carrying the Mediterranean variant of glucose-
6-phosphate dehydrogenase (G6PD) exhibit a great decrease in hexose monophos
phate shunt and in NADP /NADPH ratio1,2. G6PD deficiency protects in vitro 
growing HSF and lymphocytes from benzo(a)pyrene (BaP) toxicity. G6PD-de
ficient HSF give rise in soft agar, after incubation with BaP, to a lower 
number of colonies than normal HSF1. Aryl hydrocarbon hydroxylase (AHH) 
activities are lower in G6PD-deficient cells, when tested in the absence of 
exogenous NADPH 2. G6PD-deficient cells, incubated in vitro with BaP, produce 
low anlounts of organic- and water-soluble BaP metabolites and show a decreas
ed ability to form BaP-7,8-diol-9,10-epoxide and BaP-DNA adducts3,'f. 

It has been hypothesized3,~that NADPH content of G6PD-deficient cells, 
even though sufficient for steady state NADPH-dependent functions, could 
become insufficient for active NADPH-dependent reactions, as for instance the 
metabolism of relatively high BaP amounts. If this hypothesis is correct, the 
diffe"ence between normal and G6PD-deficient cells, as concerns BaP metab
olism, should increase with carcinogen concentration. The study of the in
fluenee of BaP concentration on BaP metabolism by HSF could be a good tool to 
assess the modulatory role of NADPH concentration on BaP metabolism. 

MATERIALS AND METHODS 

HSF were obtained from normal males or males carrying the Mediterranean 
G6PD variant, aged between 20 and 50. They were subcultured from primary 
cultures in MEM Eagle's medium, containing 207. calf serum, penicillin (100 U/ 
ml), and streptomycin (100 ~g/ml), in atmosphere of 57. C02 in air, at 37°C. 
The cells were used between the 2nd and the 5th subculture generation. No 
differences between normal and G6PD-deficient cells with respect to mor
phology and growth rate (doubling time, 96 h) were observed. After 9 days in 
vitrc~, new medium containing 1 ~g/ml of benzo(a)anthracene was added to th;
cultures and, after 24 h, the medium was renewed with medium containing 
0.25,. 0.4, 1.2 or 2.5 ~M [3H1BaP (Amersham, 19 Ci/mmol). Twenty-four hours 
later the cells were detached by trypsinization and the BaP metabolites were 
extracted from HSF and medium into ethylacetate/acetone (2:1 by vol.) con
taining 0.017. butylated hydroxy toluene. After evaporation of the organic 
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phase under vacuum the residue was dissolved in methanol and the organic-sol
uble metabolites were determined by hplc as published4 . The radioactivity of 
total organic-soluble metabolites was determined in the extracts after re
moval of BaP by tlc4 • For determination of water-soluble metabolites, HSF 
suspensions were homogenized, buffered at pH 5.5 and incubated with a-glucu
ronidase and arylsulfatase4 . Metabolites were then extracted and chromato
graphed. Hplc profiles of organic-soluble metabolites were subtracted from 
those of enzyme-treated samples. Pyrimidine nucleotide cellular content, 
G6PD and AHH activities, and protein content were determined as described'-3 

RESULTS 

G6PD activity of HSF after 11 days in culture was 12.89 ± 1.84 and 1.63 
± 0.06 ~mol of NADPH produced/min,mg protein for, respectively, normal and 
deficient HSF (n = 5, SD, P < 0.001). Specific activity of benzo(a)anthra
cene-induced AHH, measured in the presence of NADPH generating system was: 
11.92 ± 2.55 and 12.03 ± 3.07 pmol of BaP hydroxylated/30 min,mg protein for, 
respectively, normal and deficient HSF (n = 5, SD). 

Total metabolites, produced by normal and G6PD-deficient HSF, incubated 
with 2.5 ~M BaP were: 9,10-diol, 7,8-diol, quinones, 9-hydroxy, 3-hydroxyand 
a more polar fraction which is probably a mixture of triols and tetrols. 
Organic-soluble metabolites represented 41-56% in both normal and deficient 
HSF, incubated with 0.25-2.5 ~M BaP. With normal HSF, the relative percent
ages of organic-soluble metabolites, at all BaP concentrations, were: 20-
27.2% for more polar metabolites, 23.2-28% for 9,10-diol, 9.7-13.6% for 
7,8-diol, 17.8-23.2% for quinones and 15-22.2% for 9-hydroxy. With G6PD-de
ficient HSF these figures were: 23.4-26.9% for more polar fraction, 18.8-
25.7% for 9,10-diol, 2.9-13.6% for 7,8-diol, 24.6-29.9% for quinones, and 
14.8-28.9% for 9-hydroxy. Very low amounts of 3-hydroxy, belonging to the 
organic-soluble fraction, in both types of HSF, were not considered for per
centage calculation. It thus appears that the percent distribution of 
organic-soluble metabolites, produced by normal HSF, did not exhibit any 
major change between the two types of HSF or, for both types of HSF, with the 
increase of BaP concentration except for 7,8-diol. At 1.2 ~M BaP this metab
olite represented only 3-4% of total metabolites in the deficient cells, 
against 10-14% in the same cells at lower BaP concentrations and about 10-14% 
in the control HSF at all BaP concentrations. 

As shown in Fig. 1 total organic-soluble metabolites were 2-2.5 times 
as low in the deficient cells as in controls, at all BaP concentrations. The 
absolute concentration of each BaP metabolite produced by both types of HSF, 
increased with that of BaP in the culture medium. The comparison between the 
two types of HSF for the relative amounts of each BaP metabolite, showed that 
decreases in the G6PD-deficient cells, in comparison to controls at all BaP 
concentrations, ranged: 33-53% for more polar fraction, 40-56% for 9,10-diol, 
32-87% for 7,8-diol, 28-43% for quinones and 41-64% for 9-hydroxy. It 
clearly appears, from the data in Fig. 1 that differences between the two 
types of HSF, with regard to the production of BaP metabolites, increased 
with BaP concentration in the medium. 

Similar behavior has been observed for water-soluble metabolites 
produced by normal and G6PD-deficient cells. At all BaP concentrations the 
major water-soluble metabolites produced by the two types of HSF were: 
9,10-diol, 9-hydroxy, 3-hydroxy, and a more polar fraction. Very low amounts 
of 7,8-diol were formed. Percent distribution of BaP metabolites did not 
exhibit any major difference between normal and G6PD-deficient cells. How
ever, there was a lower percentage of more polar metabolites in the deficient 
cells compared to controls (2-9% in deficient HSF vs 7-18% in controls). 
Moreover, the percentage of these metabolites decreased, in both types of 
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Fig. 1. BaP organic-soluble metabolites produced by in vitro growing normal 
and G6PD-deficient human fibroblasts. Data are means ± SD of 6 
different individuals. "t"-Test: deficient vs normal: at least 
P < 0.01 at all BaP concentrations. 

HSF, as BaP concentration increased. The percentages of the other water-sol
uble metabolites, produced by the two types of HSF, were 5-8% for 9,10-diol, 
30-32~: for 9-hydroxy and 37-51% for 3-hydroxy. The absolute amounts of 
water"soluble metabolites underwent a great fall in the deficient cells at 
all BaP concentrations, and the difference between the two types of metab
olites increased with BaP concentration (data not shown). 

Fig. 2 illustrates the variations of the normal/deficient ratio as 
concerns the production of total (organic- plus water-soluble) metabolites. 
The increase in BaP concentration was paralleled by a rise in the ratio 
contr~l/deficient for each metabolite. The increase proceeded slowly for 
quinones, 9.l0-diol and more polar metabolites. There was an about 2-fold 
rise for 3- and 9-hydroxy, and a 4-fold rise for 7,8-diol. 

These observations could indicate that a limiting factor may hinder 
G6PD-deficient cells from metabolizing high BaP amounts. To investigate if a 
low NADPH/NADP+ ratio is the limiting factor, the pyrimidine nucleotide 
content of fibroblasts growing in the presence of 0.25 and 2.5 IJM BaP was 
determined. The data in Fig. 3 show that NADPH content of normal HSF 
underwent a 14% fall after incubation with 2.5 IJM BaP. This was coupled with 
a IS/.. rise in NADP+ content and a 28% decrease in NADPH/NADP+ ratio. No 
great. variations of t.he above parameters occurred in normal HSF incubated 
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Fig. 2. Ratio between normal and G6PD-deficient HSF for the major metabolites 
produced during incubation with increasing amounts of BaP. 

with 0.25 ~M BaP. In the case of G6PD-deficient cells the NADPH content 
exhibited 27% and 35% decreases with. respectively. 0.25 and 2.5 ~M BaP. The 
NADP content did not change significantly. and the NADPH/NADP+ ratio 
exhibited a 37-39% decrease. 

Thus. the NADPH/NADP+ ratio varied with the BaP concentration only in 
normal HSF. whereas the deficient cell underwent a great fall at both concen
trations used. 

CONCLUSIONS 

1. No major variations of BaP metabolic patterns take place. in normal 
and G6PD-deficient HSF. as a consequence of the increase in BaP concen
tration. Similar results have been obtained with mouse embryo fibroblasts. 
incubated with increasing BaP amounts 5. 

2. HSF carrying the Mediterranean G6PD variant produce lower amounts of 
organic-soluble and water-soluble metabolites than normal HSF. when incubated 
with BaP concentrations varying from 0.25 to 2.5 J-lM. 

3. The difference in the formation of BaP metabolites. between normal 
and G6PD-deficient cells. increases with BaP concentration. This is particu
larly evident for BaP-7.8-diol. a direct precursor of the ultimate carcinogen 
BaP-7.8-diol-9.10-epoxide. We have not determined this latter metabolite in 
the present research. but previous researches have indicated that G6PD-de
ficient cells are less prone than normal cells to transforming BaP-7.8-diol 
into 7.8-diol-9.10-epoxide. It thus seems that enhanced transformation of 
7.8-diol to 7.8-diol-9.10-epoxide cannot account for the great fall in 
7.8-diol in the deficient cells. On the other hand. our results also seem to 
exclude that high amounts of 7.8-diol are transformed into water-soluble 
metabolites in the deficient HSF. The possibility of a reduced 7.8-diol 
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deviations were not higher than 10% of the mean. "t"-Test: variant vs 
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forma-:ion, in the G6PD-deficient cells, must be considered. This phenomenon 
is specific for 7,8-diol, since it does not involve other BaP-diols. An 
explanation of this phenomenon cannot be given at this stage of our research. 
It may be hypothesized that a fall in the reducing environment for the mixed 
function oxygenase system causes a shift in the activity of cytochrome P450 
isoz~nes, leading to lower amounts of 7,8-diol precursors in the deficient 
cells. However, further work is necessary to substantiate this hypothesis. 

4. Our data seem to indicate that the NADPH pool is a limiting factor 
for the metabolism of relatively high BaP amounts in G6PD-deficient cells. 
This agrees with the observation that ethanol infusion into rats, which 
c.auses NADPH oxidation 6, strongly inhibits BaP hydroxylation? Moreover, 
recent studies with a whole-cell system permeabilized to NADPH suggest that 
this cofactor is rate-limiting in the mixed function oxidation of BaP8. 
These data, taken together, substantiate our previous hypothesis that the 
decrease in the NADPH pool, in G6PD-deficient cells, explains the reduction 
of BaP metabolism in these cells compared to normal cells. 

91 



ACKNOWLEDGEMENTS 

Supported by grants from the "Progetto Finalizzato Ingegneria Genetica 
e Basi Molecolari delle Malattie Ereditarie del CNR", the "Ministero Pubblica 
Istruzione (programs 4070 and 6070) and the "Regione Autonoma Sardegna". 

REFERENCES 

1. F. Feo, L. Pirisi, R. Pascale, L. Daino, S. Frassetto and R. Garcea, 
Modulatory effect of glucose-6-phosphate dehydrogenase de-
ficiency on the benzo(a)pyrene toxicity and transforming activity for 
in vitro cultured human skin fibroblasts, Cancer Res. 38:3419 (1984). 

2. F. Feo~Pirisi, R. Pascale, L. Daino, S. Frassett~. Zanetti and R. 
Garcea, Modulatory mechanisms of chemical carcinogenesis: the role of 
the NADPH pool in benzo(a)pyrene activation, Toxicol. Pathol. 12:262 
(1984) . 

3. L. Pirisi, R. Garcea, R. Pascale, M. E. Ruggiu and F. Feo, Control of 
glucose-6-phosphate dehydrogenase deficiency on the formation of 
mutagenic and carcinogenic metabolites derived from benzo(a)pyrene, 
Toxicol. Pathol. 15:115 (1987). 

4. F. Feo, M. E. Ruggiu, L. Lenzerini, R. Garcea, L. Daino, S. Frassetto, 
v. Addis, L. Gaspa and R. Pascale, Benzo(a)pyrene metabolism by 
lymphocytes from normal individuals and individuals carrying the 
Mediterranean variant of glucose-6-phosphate dehydrogenase, Int. J. 
Cancer 39:560 (1987). 

5. K. Rudo, S. Ellis, B. J. Bryant, K. Lawrence, G. Curtis, H. Garland and 
s. Nesnow, Quantitative analysis of the metabolism of benzo(a)pyrene 
by transformable C3H10T1/2CL8 mouse embryo fibroblasts, Teratog. 
Carcinog. Mutagen. 6:307 (1986). 

6. L. A. Reinke, F. C. Kauffman, S. A. Belinsky and R. G. Thurman, Inter
actions between ethanol metabolism and mixed function oxidation in 
perfused rat liver: inhibition of p-nitroanisole O-demethylation, 
~ Pharmacol. Exp. Ther. 213:70 (1980). 

7. L. A. Reinke, P. McManus, F. C. Kauffman and R. G. Thurman, Benzo(a)
pyrene phenol production by perfused rat liver and its inhibition by 
ethanol, Cancer Res. 4:1681 (1982). 

8. I. J. Sadowski, J. A. Wright and L. G. Israels, A permeabilized cell 
system for studying regulation of aryl hydrocarbon hydroxylase: NADPH 
as rate limiting factor in benzo(a)pyrene metabolism, Int. ~ 
Biochem. 17:1025 (1985). 

92 



COMPARISON OF THE COVALENT BINDING OF VARIOUS CHLOROETHANES WITH 

NUCLEIC ACIDS 

Giorgio Prodi, Annamaria Co1acci, Sandro Grilli, Giovanna 
Lattanzi, Mario Mazzu110 and Paola Turina 

Centro Interuniversitario per 1a Ricerca su1 Cancro, Istituto 
di Cancero1ogia, Universita di Bologna, 40126 Bologna, Italy 

INTRODUCTION 

Chlorinated hydrocarbons are widely produced and utilized for various 
purposes (as solvents, chemical intermediates, fumigants, vapor-pressure 
depressants in aerosols, etc.)1-3. 

All of them share a centra1-nervous-system-depressing activity and can 
cause damage to the liver, kidney and lung in mamma1s 3• 

Several of these compounds have been found to possess mutagenic 
properties in some short-term tests 1-3 0r to cause cause carcinogenic effects 
in animals 4 . 

Hmyever, ha1oa1kanes differ greatly in their degree of toxicity or 
oncogenic potency. 

In recent years some investigators have tried to find a common mechan
ism of action for chlorinated compounds and have assumed that correlations 
exist between the structure and activity of these compounds 5 • The genotoxic 
activity is carried out through the interaction of e1ectrophi1ic intermedi
ates, such as ch1oroxirane and ch1oroaceta1dehyde, with the nucleophilic 
sites of nucleic acids. 

In this paper we report the in vivo and in vitro covalent binding of 
1,1-dich1oroethane (l,l-DCE), 1,2-dich1oroetha~ (1,2-DCE),1,1,1-trich1oro
ethane (l,l,l-TCE), 1,1,2-trich1oroethane (1,1,2-TCE), 1,1,2,2-tetrach1oro
ethane (1,1,2,2-TTCE), pentach1oroethane (PTCE), hexachloroethane (HCE) to 
DNA and other macromolecules in an attempt to better define their genotoxic 
activity whose evidence is still inadequate for some of them. 

MATERIALS AND METHODS 

[U- 14C]-1,1-dich1oroethane (l,l-DCE), [U- 14 C]-1,2-dich1oroethane 
(l,2-DCE), [U- 14 C]-1,1,1-trich1oroethane (1,l,l-TCE), [U_ 14 C]-1,1,2-tri
ch1oroethane (1,1,2-TCE), [U~4C]-1,1,2,2-tetrach1oroethane (1,1,2,2-TTCE), 
[U_14C]-pentachloroethane (PTCE), [U-14 C]-hexach1oroethane (14.6 mCi/mmol; 
radiochemical purity: 98%) were purchased from the Radiochemical Centre, 
Amersham, England. 
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DNA, polyribonucleotides, NADPH and GSH were obtained from Sigma 
Chemical Co., St. Louis, Mo., USA; phenobarbitone (PB) was from Carlo Erba, 
Milan, Italy. 

Adult male Wistar rats and male BALB/c mice were obtained from Charles 
River Italia, Calco, Italy. 

In in vivo studies, each [U- 14 C]-chlorocompound (127 ~Ci/kg b. wt.) was 
injected~.p. to 6 male rats (250 g) and to 12 male mice (28 g). Fasted 
animals were killed 22 h later and their organs (liver, kidney, lung and 
stomach) were removed, pooled and processed in order to obtain DNA, RNA and 
proteins. In the case of liver, individual binding values were also deter
mined: Macromolecules were exhaustively washed with organic solvents until 
no radioactivity was present in the supernatants. Recovery, purity and 
labeling were assayed by ultraviolet absorption measurement, specific 
colorimetric reactions and counting in a liquid scintillation spectrometer 
Beckman LS-1801, as previously described 6- 11. 

Microsomal and cytosolic fractions used in in vitro studies were ob
tained from livers, kidneys, lungs and stomachs of male rats and mice. Some 
of the animals were pretreated daily i.p. with 100 mg/kg b.w. of pheno
barbitone for 2 da~s before sacrifice. Standard incubation mixture consist
ed of: 2.5 ~Ci [U-4c]-chlorocompound 1.5 mg calf thymus DNA, 2 mg microsomal 
proteins (+ 2 mg NADPH) and/or 6 mg cytosolic proteins (+ 9.2 mg GSH) to a 
final volume of 3 ml 0.08 M potassium phosphate buffer, pH 7.7. 

Reactions were carried out in triplicate at 37°C for 90 minutes in air 
and in the dark. Controls were performed in the absence of coenzymes; in 
addition some blanks were carried out in the absence of enzymes or with heat
inactivated enzymes. 1.5 mM 2-diethylamino ethyl-2,2-diphenyl valerate. HC1 
(SKF 525-A), an inhibitor of mixed function oxidase system (MFO), or 5 mM 
diethylmaleate (DEM), an inhibitor of GSH-transferase(s), were added to 
microsomal and/or to cytosolic standard incubation. 

DNA, microsomal RNA and proteins, and cytosolic proteins were reisol
ated, purified and their specific activity was determined as previously rep
orted6-1~ 

RESULTS 

1,1-DCE, 1,2-DCE, 1,1,1-TCE, 1,1,2-TCE, 1,1,2,2-TTCE, PTCE, HCE were 
bound covalently to macromolecules in vivo after i.p. injection. In Table 1 
are shown the binding values to DNA of the liver, kidney, lung and stomach. 
Unlike l,l-DCE, chloroalkanes bound preferentially the DNA of mouse organs. 
Other exceptions corresponded to the greater binding extent of 1,1,2,2-TTCE 
to rat liver and kidney and of pentachloroethane to rat kidney DNA. Gener
ally, DNA from liver was the most labeled. The Covalent Binding Index (CBI) 
calculated according to Lutz 13 0n the liver labelings shows this order of 
reactivity: 1,1,2,2-TTCE > 1,1-DCE > Pentachloroethane > 1,2-DCE > Hexa
chloroethane > 1,1,1-TCE for rat liver labelings and 1,1,2,2-TTCE > Penta
chloroethane ~ Hexachloroethane> 1,2-DCE ~ 1,1,2-TCE > 1,1-DCE > 1,1,1-TCE 
for mouse. The other organs were labeled in various ways. The interaction 
of 1,2-DCE with lung DNA from both species was slightly higher than that with 
liver DNA. 

Tables 2 and 3 and Figs. 1, 2 and 3 show the in vitro interactions of 
chlorocompounds with DNA, mediated by enzymatic fractions from rat and mouse 
organs. The efficiency of microsomal and cytosolic fractions in bioactivat
ing the chlorocompounds was generally enhanced (1.5-20 fold) by the animals 
pretreatment with PB. Moreover, the interaction resulted as linear up to 90 
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Fig. 1. In vitro binding of chlorocompounds mediated by enzymes from rat and 
mouse kidney. 0 = total binding; • = controls; [1] = 1,1-DCE; [2] = 
1,2-DCE; [3] = l,l,l-TCE; [4] = 1,1,2-TCE; [5] = 1,1,2,2-TTCE; [6] = 
PTCE; [7] = HCE. 

minutes incubation (data not shown). Thus, enzymatic fractions from organs 
of PB-treated animals and 90 minute incubation time were chosen as standard 
experimental parameters. 

l,l-DCE, l,l,l-TCE and 1,1,2-TCE were bioactivated by microsomal enzy
matic system only, whereas cytosolic fractions from all assayed organs were 
capable of inducing the interaction of 1,2-DCE, 1,1,2,2-TTCE, pentachloro
ethane and hexachloroethane. 

No particular species-specific differences were evidenced except for 
the higher efficiency of mouse lung enzymes in 1,2-DCE, 1,1,2,2-TTCE and 
pentachloroethane bioactivation, of mouse cytosolic fractions from liver, 
kidney and lung in hexachloroethane bioactivation and of rat kidney micro
somes in activating hexachloroethane. 

When both enzymatic systems were simultaneously present in the incu
bation mixture, the binding extents of 1,2-DCE, HCE and PTCE resulted equal 
or slightly less then those obtainable when adding values from microsomal 
incubation to those from cytosol-mediated binding. On the contrary, the 
interaction of 1,1,2,2-TTCE resulted strongly enhanced by the synergic effect 
of the presence of both activating systems. 

The addition of 1.5 mM SKF 525-A to the microsomal standard incubation 
mixture inhibited the interaction of l,l-DCE, l,l,l-TCE, 1,1,2-TCE, and 
reduced that of 1,1,2,2-TTCE, hexachloroethane and, although slightly, that 
of pentachloroethane. The addition of 10 mM GSH to the NADPH-containing 
microsomal mixture inhibited binding of 1,1,2-TCE and hexachloroethane and 
increased the interaction of pentachloroethane and 1,1,2,2-TTCE. Even when 
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Fig. 2. In vitro binding of chlorocompounds mediated by enzymes from rat and 
mouse lung. 0 = total binding;. = controls; [1] = 1,1-DCE; [2] = 
1,2-DCE; [3J = 1,1,1-TCE; [4] = 1,1,2-TCE; [5] = 1,1,2,2-TTCE; [6] = 
PTCE; [7J = HCE. 

cytosol:cc fractions were added to the microsomal standard incubation the 
binding extent of 1,1,2,2-TTCE was enhanced (data not shown). The addition 
of 5 mM DEM to the GSH-containing cytosolic mixture suppressed the interac
tion of 1,1,2,2-TTCE and of PTCE. Also, the binding extent of HCE mediated 
by cytosolic fractions decreased ('\,50%) in the presence of DEM (data not 
shown) . 

DISCUSSION 

The Covalent Binding Index (CBI) values classify 1,1,1-TCE, 1,1,2-TCE 
(rat), BCE (rat) as weak initiators; 1,1-DCE, 1,2-DCE, 1,1,2-TCE (mouse), 
PTCE, HCE (mouse) as weak-moderate initiators and at least 1,1,2,2-TTCE as 
moderate initiator. These results parallel the available data on the muta
genicity and carcinogenicity of these compounds. 

All of assayed chloroalkanes are bioactivated by P-450-dependent mixed 
function oxidase system to react covalently with DNA. The involvement of 
this enzymatic complex is confirmed by the higher efficiency of microsomes 
from PB-pretreated animals and by reduction or suppression of interaction 
when adding SKF 525-A, a noted inhibitor of MFO. 

Some chloroethanes (1,2-DCE, 1,1,2,2-TTCE, PTCE and HCE) are metabolized 
even by cytosolic GSH-transferase(s) which exert a detoxificant role through 
metabolic pathways of other haloalkanes 14 • Indeed, the addition of GSH and/ 
or cytosol to the NADPH-containing microsomal mixture reduces binding extents 
of 1,1-DeE and 1,1,2-TCE and suppresses that of 1,1,1-TCE. Also, cytosol-
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Fig. 3. In vitro binding of chlorocompounds mediated by enzymes from rat and 
mouse stomach. 0 = total binding;. = controls; [1] = l,l-DCE; [2] 
1,2-DCE; [3] = l,l,l-TCE; [4] = 1,1,2-TCE; [5] = 1,1,2,2-TTCE; [6] = 
PTCE; [7] = HCE. 

mediated binding extent is strongly affected by the presence of DEM, an 
inhibitor of GSH-transferase. 

These reactions are an example of the ambiguity of metabolic process-
es 15. Metabolism of chloroalkanes leads to the ·formation of reactive species 
such as chlorinated aldehydes, acyl chlorides or, under reductive conditions, 
their corresponding olefines which tend to be spontaneously transformed into 
epoxides. Chloroalkanes metabolism can also lead to free radicals forma
tion1~ All of these reactive forms can covalently bind the nucleophilic 
sites of nucleic acids and of other macromolecules giving rise to genotoxic 
effects. 

It is generally held that precise correlations exist between the 
structure and the activity of halocompounds. It has been postulated that the 
covalent binding to DNA depends on the electron affinity, which increases 
with the number of non-symmetrical halosubstitution 5. In this context, GSH
conjugation is a detoxifying step in unsymmetric chloroalkanes and, in 
contrast, has an activating function towards symmetric chlorocompounds. 

These theories can be applied to the small chloroalkanes. As the 
number of halosubstitution increases more metabolic pathways come into play. 
They may compete with each other, rendering at times the identification of a 
general metabolic pathway difficult. 

In spite of the well-known toxicity of chlorocompounds 3 , informations on 
their mutagenic and carcinogenic activity are still rather scanty. Thus, the 
evidence of genotoxic effects from short-term tests is considered still 
limited or inadequate for l,l,l-TCE, 1,1,2-TCE and 1,1,1,2-TTCE, whereas the 
mutagenicity of 1,2-DCE has been widely demonstrated 1,2. 
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Table 4. Oncogenic potency and DNA binding ability in vivo 
and in vitro of some chlorinated ethanes in mouse ----liver 

Compound OPI a CBI MCMBl b 

1, 1, 1-Trichloroethane c 0.00049 16 0.11 
1,1-Dichloroethane d 0.0096 65 0.27 
1,2-Dichloroethane e 0.089 76 2.91 
Hexachloroethane f 0.27 140 4.84 
1,1,2-Trichloroethane g 0.994 73 2.84 
Pentachloroethane h 1.96 143 3.64 
1, 1, 2, 2-Tetrachloroethane i 2.6 543 30.85 

Correlation between Log , o CBI and Log 10 OPI: (r = 0.854) 
(p < 0.05). Correlation between Log 10 OPI and Log '0 MCMBI: 
(r = 0.914) (p < 0.005). Correlation between Log ,O CBI and 
Log '0 MCMBI: (r = 0.924) (p < 0.005). 
aCalculated according to Parodi et al. 16 

bCalculated according to Lutz 13 • 
cTurina et a1. 11 

dColacci et al. 7 

eArfellini et al. 6 ; Colacci et al. 12 

fLattanzi et al. 9 

gMazzu110 et al. 10 

~Turina et al., unpublished data. 
1Colacci et al. 8 

The comparison of Oncogenic Potency Index (OPI) in mouse liver with the 
DNA binding ability in vivo (CBI) and in vitro (MCMBI) of the assayed chloro
compounds (Table 4) shows a high degree (P.'< O.Ol) of correlation between 
each binding index and OPI. We wish to emphasize that a simple in vitro 
cell-free system, such as that described in this report, leads t;-binding 
data which well correlate with in vivo binding. The higb correlation among 
different end-points (DNA-adducts in vitro and in vivo and tumors) supports 
the hypothesis that a correlation exists between the structure and activity 
of carcinogenic compounds. 
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IN SITU DETECTION OF HEPATIC AF-DNA ADDUCT FORMATION DURING - ---
CONTINUOUS FEEDING OF 0.02% ACETYLAMINOFLUORENE AND IN 
ENZYME-·ALTERED FOCI INDUCED BY FOYR DIFFERENT PROTOCOLS 
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FOLmation of carcinogen-DNA adducts is thought to represent the critical 
event in the initiation of tumorigenesis in many carcinogenesis models. DNA
adduct formation and repair has therefore been profoundly studied, both for 
human monitoring of carcinogen exposure and in experimental carcinogenesis. 
Most studies on DNA-adducts are based upon extraction of DNA from whole tis
sue, wHh little possibility to distinguish between different cell popula
tions. The ability to differentiate between subpopu1ations within the tis
sue is presumably important, both to assess adduct processing within the tu
mor progenitor cells, and to monitor biological alterations of initiated cell 
populations. 

The aims of these studies has therefore been to establish a technique 
for in ~;itu detection of carcinogen-DNA adduct formation within a liver car
cinogenesis model. The technique should allow simultaneous demonstration of 
adducts in individual cells in combination with other cell markers. Also, we 
have been interested in quantifying adducts within single cells, so that ac
cumulation and repair rates within cell popUlations could be studied. 

METHODS AND RESULTS 

Immunohistochemistry 

To accomplish this, we have employed a paired immunofluorescence tech
nique'. We have utilized a po1yc10nal rabbit antibody to N-(deoxyguanosine-
8-y1)-aminofluorene 2• This antibody recognizes the deacety1ated aminof1uor
ene-DNA adduct which is the major adduct formed during continuous feeding of 
2-acety1aminof1uorene (2-AAF). The antibody is visualized by a FITC-conju
gated antibody to rabbit immunoglobulins, and a monoclonal antibody (PKK1) to 



cytokeratins 3 has been used for bile duct identification with a biotin
streptavidin-Texas Red staining sequence. By this method it has been pos
sible to identify adduct formation within individual hepatocytes in different 
areas of the liver lobules during continuous feeding of 0.02% 2-AAF in the 
diet. 

Adduct Formation and Removal during Continuous Feeding of 2-AAF 

Young (200 g) male Fisher rats were fed 0.02% 2-AAF for up to 4 weeks. 
Paired immunofluorescence on frozen liver sections revealed adduct accumu
lation in periportal areas identified by cytokeratin staining of bile ducts. 
Adduct staining in midzonal and centrilobular nuclei was substantially 
weaker. Bile duct cells contained very low levels of AF-DNA adducts. 

AF.-DNA removal was studied in livers of young male Fisher rats fed 0.02% 
2-AAF for 4 weeks, and then a control diet for additional 4 weeks 4 . Through 
this period, the overall AF-DNA adduct staining intensities diminished and 
the number of stained nuclei decreased. At all time points periportal adduct 
concentrations were the highest, and clearly positive after 1 month of con
trol diet. 

Microfluorometry 

To allow semiquantitation of adducts within single cells in different 
regions of the liver lobule, we have used a microfluorometric techniqueS. 
Frozen liver sections from young male Fisher rats fed 0.02% 2-AAF for up to 
4 weeks were stained by paired immunofluorescence as described. Fluorescence 
emitted at 525 nm from circular areas (6 ~m in diameter) within nuclei was 
detected by a photomultiplier tube mounted on a fluorescence microscope. 
Emitted fluorescence was expressed as one minus absorbance (*100) so that a 
positive, linear relationship was obtained between the intensities of fluo
rescence staining and the microfluorometric measurements. 20-22 nuclei of 
each cell type from each rat at each time point were measured, and results 
expressed as mean fluorescence units ± SE (Fig. 1). The results demonstrate 
adduct accumulation in periportal, midzonal and centrilobular regions during 
the initial 12 days of feeding, followed by a plateau level where midzonal 
adduct concentrations were 70-80% and centrilobular adduct concentrations 
less than 20% of periportal concentrations. Bile duct cells also contained 
less than 207. of periportal adduct values. The profiles of adduct accumula
tion are similar to the profile obtained by RIA determination of whole liver 
AF-DNA and AAF-DNA adducts performed on the same livers. 

AF-DNA Adtiuct Formation in Enzyme Altered Foci 

To assess adduct formation in preneoplastic liver lesions induced by 
diff·erect car·cinogenesis protocols, we have employed computer-aided image 
over-laying of histocbemically stained serial sections to identify and score 
enzyme-altered foci 6,7. Serial sections were stained for histochemical demon
stration of gamna-glutamyl transpeptidase (GGT), canalicular ATPase and glu
cose-6-phGsphatase (G6Pase), and for immunofluorescence-identification of AF
DNA Bdducts. Enzyme-altered foci were localized and the phenotypes scored by 
image overlaying of enzyme-stained slides. These overlays were carefully 
compared to fluorescence-stained slides for adduct identification, allowing 
recognition of most enzyme-altered foci on the adduct stained slide. Some 
foci were not successfully identified, either because they were damaged by 
the prolonged immunofluorescence staining procedure, or because they were too 
small for positive recognition. 

Continuous Carcllrnogen Exposure Model 

In the first model foci were scored in livers of young male Fisher rats 
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Fig. 1. Microfluorometric analysis of dG-8-AF immunofluorescence in nuclei 
of periportal, midzonal and centrilobular hepatocytes of male 
Fischer rats fed 0.02% 2-AAF for 2, 4, 8, 12, 16, 20 and 28 days 
(abscissa). Ordinate values, relative fluorescence units ± SE for 40 
to 44 nuclei in each cell type from two animals. Fluorescence values 
from corresponding cells in livers of rats fed control diet have 
been subtracted. 

given 0.02% 2-AAF in the diet for 2 months. Altogether 102 foci of 7 differ
ent phenotypes were identified. 75 of these were recognized on the fluor
escence-stained slide, and none of these showed adduct staining (Table 1). 
The surrounding liver tissue showed bright adduct immunofluorescence, and 
cytokeratin staining indicated pronounced bile duct proliferation. 

Initiation-Promotion Models 

Add~ct formation was explored in foci induced by 70% partial hepatectomy 
(PH) followed by diethylnitrosamine (DEN, 10 mg/kg) by intubation 24 h later. 
Either phenobarbital (0.05% in the diet) for 9 months 8 or ciprofibrate (0.01% 
in the diet) for 5 months followed by phenobarbital (0.05% in the diet) for 2 
months 9 \,as used for promotion. The rats were given 0.02% 2-AAF in the diet 
for 5 days prior to sacrifice. In phenobarbital-promoted livers, a total of 
352 foci were identified by image overlaying of histochemically stained 
slides. 304 of these were recognised on adduct immunofluorescence stained 
slides (Table 2). All of these foci were adduct negative. 

In livers from rats promoted by ciprofibrate and phenobarbital, 163 
enzyme-altered foci were identified, and 125 of these detected on immuno
fluorescent-stained slides (Table 3). All these foci were also negative for 
adducts. In these livers adduct formation in surrounding tissue was gener
ally weaker than in the first model due to the shorter 2-AAF feeding period. 
Also, bile duct proliferation was not noticed in these livers. 
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Table 1. AF-DNA Adduct localization in enzyme-altered foci in livers 
of rats fed 0.02% 2-AAF in the diet for 56 days 

Enzyme Phenotype 

GGT+, ATPase-, G6Pase
GGT+, ATPase-
GGT+, G6Pase-
ATPase-, G6Pase-
GGT+ 
ATPase-
G6Pase-

Total 

Number of Foci 

19 
13 

5 
12 
16 
4 
6 

75 

AF-DNA Positive Foci 

o 
o 
o 
o 
o 
o 
o 

o 

Resistant Hepatocyte Model 

Young male F344 (Fisher) donor rats received DEN (200 mg/kg, i.p.) and 2 
weeks later a selective 2-AAF/PH regimen consisting of 2 weeks 0.02% 2-AAF in 
the diet, with 70% partial hepatectomy after 1 week of 2-AAF feeding. Eight 
days later donor rat liver cells were dissociated by in situ type I collagen
ase perfusion, and 2*10 6 viable donor cells transplanted i.v. into livers of 
(WF*F344) F host rats receiving the 2-AAF/PH regimen'o. Host rats were main
tained for 7.5, 16.5 or 19.5 months. The rats received 0.02% 2-AAF in the 
diet for 6 days prior to sacrifice. In this model 83 enzyme altered foci 
were identified, and 68 of these recognized on fluorescent-stained slides 
(Table 4). All of these were generally ~dduct negative, but many of them 
contained groups of weakly staining nuclei. It is interesting that this 
phenomenon only was found in this model, since remodelling is known to occur 
in many protocols where treatment is discontinued ". 
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Table 2. AF-DNA Adduct localization in enzyme-altered foci in 
livers of rats given partial hepatectomy, DEN (10 mg/kg), 
0.05% phenobarbital for 9 month and 0.02% 2-AAf for 5 days 

Enzyme Phenotype Number of foci AF-DNA Positive Foci 

GGT+, ATPase-, G6Pase- 75 0 
GGT+, ATPase- 126 0 
GGT+, G6Pase- 0 0 
ATPase-, G6Pase- 6 0 
GGT+ 49 0 
ATPase- 44 0 
G6Pase- 4 0 

Total 304 0 



Table 3. AF-DNA Adduct localization in enzyme-altered foci in livers 
of rats given partial hepatectomy, DEN (10 mg/kg), 0.01% 
ciprofibrate for 5 month, 0.05% phenobarbital for 2 month 
and 0.02% 2-AAF for 5 days 

Enzyme Phenotype 

GGT+, ATPase-, G6Pase
GGT+, ATPase-
GGT+, G6Pase-
ATPase-, G6Pase-
GGT+ 
ATPase-
G6Pase-

Total 

DISCUSSION 

Number of Foci 

10 
4 
7 

15 
30 
23 
36 

125 

AF-DNA Positive Foci 

o 
o 
o 
o 
o 
o 
o 

o 

These studies demonstrate a paired immunofluorescence technique for in 
situ detection of AF-DNA adducts. Adduct staining can be combined with other 
cell markers to identify target cell for adduct formation. This has revealed 
a non-random distribution of adducts during continuous dietary exposure to 
2-AAF within the liver lobule, where AF-DNA adducts are predominantly local
ized to periportal areas. This pattern is also maintained through 4 weeks on 
control diet following 4 weeks of 2-AAF feeding. Also, we have utilized 
microf1uorometry, a technique for in situ measurement of AF-DNA adducts 
within individual cells. This has-;evealed an AF-DNA adduct gradient within 
the liver lobule, where midzonal adduct concentrations are 70-80% and centri
lobular adduct concentrations less than 20% of periportal concentrations. 

Table 4. AF-DNA adduct localization in enzyme-altered foci induced by 
resistant hepatocyte model 

Enz~ne Phenotype 

GGT+" ATPase-, G6Pase
GGT+,. ATPase-
GGT+ ,. G6Pase-
ATPase-, G6Pase-
GGT+ 
ATPase-
G6Pase-

Total 

Number of foci 

24 
7 
6 
8 
8 
7 
8 

68 

AF-DNA Positive foci 

o 
o 
o 
o 
o 
o 
o 

o 

Donor rats received DEN (200 mg/kg), and 2 week of 0.02% 2-AAF with a 
70% PH after 1 week of 2-AAF feeding. Livers were dissociated and donor 
cells transplanted into host rats receiving the 2-AAF/PH regimen. Host 
rats were maintained for 7.5, 16.5 and 19.5 months and received 0.02% 
2-AAF for 6 days prior to sacrifice. 
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During the first 12 days of 2-AAF feeding adduct accumulation has been 
demonstrated in these zones, followed by a plateau phase. Differences in 
localization of enzymes or co factors responsible for 2-AAF uptake, activation 
or detoxification within the liver lobule might explain this non random 
pattern. Alternatively, periportal hepatocytes may be exposed to the higher 
2-AAF concentrations due to a drug concentration gradient across the liver 
lobule. So far we have not been able to identify differences in repair rateE 
within the liver lobule. 

A lack of AF-DNA adduct formation in all enzyme-altered foci of 4 dif
ferent carcinogenesis models has been observed. Our findings demonstrate an 
apparently universal biochemical adaptation, common both to several pheno
types of different complexity levels, and to multiple carcinogenesis proto
cols. This suggests that an altered carcinogen metabolism is a very early 
and probably necessary event in the formation of preneoplastic lesions. In 
the resistant hepatocyte model, where no additional promotion is performed 
after the selection procedure, groups of nuclei within foci contain low le
vels of adducts, suggesting that cells may lose their protection from adduct 
formation as they remodel into normal hepatocytes. Our findings give support 
to the view that a common gene may be altered at an early time-point in thesE 
putatively premalignant lesions, conferring both protection from the toxic 
effects of xenobiotics and a growth advantage. 
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INTERACTION OF ACTIVATED N-NITROSAMINES WITH DNA 
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Some chemically induced tumors in rodents are associated with single 
point mutations in ras genes'. It is important to know whether these mu
tations arise at sites in DNA of unusually high reactivity for ultimate car
cinogens, or whether carcinogen interaction is random. This information is 
not available for simple methylating agents such as those derived from N-ni
troso ~ompounds. 

Metabolic activation of carcinogenic N-nitro~odialkylamines is by hy
droxylation at an a-carbon atom 2• Fragmentation of the a-hydroxynitrosamine 
produces an aldehyde and an alkyldiazohydroxide. The alkyldiazohydroxide 
then y:.elds the alkyldiazonium ion as the ultimate electrophilic alkylating 
agent. There is evidence 3 that the a-hydroxynitrosamine may be the trans
port form of the activated carcinogen, and it may therefore be the species 
which first interacts with the DNA. If this is the case, a-hydroxylated 
derivatives of different nitrosamines could interact with DNA uniquely such 
that the sequence or conformation of nucleotides influences the extent of 
alkylation at specific sites. 

For these various reasons, we have investigated the formation, in vitro, 
of 7-methylguanine and 06-methylguanine in a variety of different DN~ ----
substrates following their reaction with three different N-nitroso compounds 
which are all methylating agents: N-nitroso(acetoxymethyl)methylamine 
(AcOND~\), N-nitroso(acetoxybenzyl)methylamine (AcONMBzA) and N-nitroso
methy1mcea (NMU). a-Acetoxy-N-nitrosamines are stable forms of activated 
nitrosmnines that are readily hydrolyzed to the corresponding a-hydroxy
nitrosmlines in the presence of a non-specific esterase4 . NMU undergoes 
non-enz)~atic, base-catalyzed decomposition to yield methyldiazotateS . In 
the second part of this study, we have investigated, using the plasmid 
pBR322, whether methylation of DNA by the three nitroso compounds displays 
any base sequence specificity. 

We first showed, using calf thymus DNA, that below about 5mM, guanine 
methylation was proportional to the concentration of each of the three meth
ylating agents. Above this concentration, guanine methylation levelled off. 
This saturation effect may be related to changes in DNA structure caused by 
the formation of a high proportion of positively charged 7-methylguanine 
residues. 
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We next measured methylated guanine formation in calf thymus DNA, a 
negatively supercoiled plasmid, pEC, and two synthetic polynucleotides of 
defined sequence, using the methylating agents at a concentration of 2 mM. 
Table 1 shows that all three N-nitroso compounds form similar amounts of 
06- methylguanine in the four DNA substrates (differences within and between 
columns are not significant). 7-methylguanine was formed in about ten times 
the yield of 06-methylguanine in all of the DNA substrates except for 
poly(dGdC).poly(dGdC), for which the yield of 7-methylguanine was only about 
three times the yield of 06-methylguanine. The ratios of the yields of the 
methylated guanines for the different DNA substrates and methylating agents 
are shown in Table 2. 

Our results confirm and extend the observations of Briscoe and Cotter6,7 
who also observed a higher 06-methylguanine:7-methylguanine ratio for 
poly(dGdC).poly(dGdC) (~0.2) than for other DNA substrates (~0.1) using NMU. 
Our somewhat higher value for poly(dGdC).poly(dGdC) (0.35) is probably due 
to different reaction conditions. This similarity of the results using calf 
thymus DNA and plasmid DNA, suggests that the supercoiling in the plasmids 
has no effect on the susceptibility of guanine to methylation. However, the 
results clearly show that the m€thylation of guanines is dependent in some 
manner on DNA structure. 

Sequence specificity was studied by first reacting the plasmid pBR322 8 

with 0.1 mM of each of the methylating agents. After isolating the 345bp 
Hind III - Bam HI restriction fragment, it was incubated at 65° at neutral pH 
to remove 7-methylguanine and 3-methyladenine residues, then end-labelled 
with 32p. Treatment with spermidine cleaved the DNA at apurinic sites; pip
eridine treatment cleaved the DNA at both methyl phosphate triester sites 
and apurinic sites. Fragments were separated by polyacrylamide gel elec
trophoresis. 

An autoradiograph of a sequencing gel is shown in Fig. 1. Unmethylated 
DNA was unchanged by the cleavage reactions (lanes 1-3); methylated DNA 
which was not treated with the cleavage reagents also remained intact (lanes 
4, 7 and 10). Lanes 5, 8, and 11 illustrate that the methylating agents show 
no preference for particular guanines or adenines within the restriction 
fragment. Likewise, methyl phosphate triesters are formed in a random 
manner (lanes 6, 9 and 12). There is no difference between lanes in which 
the DNA was reacted with different methylating agents, but subsequently 
treated identically (lanes 5, 8 and 11, and lanes 6, 9 and 12). 

Our sequencing results show that the influence of neighbouring bases 
is insignificant for methylation of DNA at the sites examined using three 
different methylating agents. It seems likely that the conformation of 
poly(dGdC).poly(dGdC) is responsible for its differential reactivity 
compared to other DNA substrates. Under conditions close to physiological 
pH and ionic strength 9 , regions of DNA consisting of alternating purine 
and pyrimidine bases can assume the Z conformation. In our experiments, in 
order to maintain AcONMBzA in solution, it was necessary to use DMSO as 
co-solvent. So that results could be obtained under comparable conditions, 
reactions with NMU and AcONDMA were also carried out in this solvent. Al
though the ionic strength in our experiments and those of Briscoe and Cotter 
was, much lower than in vivo, the effect of 20% DMSO in our case, or 15.5% 
ethanol in Briscoe and Cotter's system on DNA conformation, may be suffi
ciently large to drive the B-Z transition for poly(dGdC).poly(dGdC)10,11. 

Our results have a number of implications for our understanding of the 
molecular mechanisms involved in carcinogenesis by methylating agents. 

Since we have shown that formation of 7-methylguanine, 3-methyladenine 
and methyl phosphate triesters is independent of sequence specific effects, 
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it is reasonable to assume that formation of 06-methylguanine will also be 
independent of such effects. The c-Ha-~-l gene in rat breast tissue is 
activated by NMU treatment by mutation at the second rather than the first 
guanine of the 12th codon12• Our results suggest that sequence specifity of 
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Fig. 1. Polyacrylamide gel electrophoresis of fragments 
derived from a 345 bp Hind III-Bam HI restriction 
fragment of pBR322 DNA. DNA methylation was as 
follows: lanes 1-3, unmethylated DNA; lanes 4-6, 
NMU treated DNA; lanes 7-9, AcONDMA treated DNA; 
lanes 10-12, AcONMBzA treated DNA. DNA treatment 
following modification was as follows: lanes 1, 4, 
7, and 10, untreated; lanes 2, 5, 8 and 11, 
spermidine; lanes 3, 6, 9, and 12. piperidine. 
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Fig. 2. Serum glutamic-oxalacetic transaminase (SGOT) levels 48 h after i.p. 
administration to male Sprague-Dawley rats of various doses of NDMA 
or NMBzA in normal saline containing 25% DMSO. Each point represents 
the mean ± S.E.M. of the results from 4 animals. 

the methylation reaction is unlikely to play a role in this transformation, a 
more likely explanation being the differential repair of 06-methyl-guanine at 
var ious sites 13. 

Since the methylation pattern of the various DNA substrates is indis
tinguishable for all three methylating agents, we have no evidence for inter
action of a-hydroxynitrosamines with DNA prior to methylation. Rather, our 
results are consistent with the reaction of the three N-nitroso compounds via 
a common intermediate such as the methyl diazonium ion. This conclusion is 
of interest with respect to the very different biological effects of the 
three methylating agents in rat liver. Nitrosodimethylamine (NDMA) is a 
potent hepatocarcinogen 14 while NMU produces liver tumors only after a pro
motional stimulus such as partial hepatectomy15. We have shown that nitroso
methylbenzylamine (NMBzA) does not even produce preneoplastic foci in rat 
liver when promotional stimuli are provided 16 . It is well established, how
ever, that the three compounds methylate hepatic DNA in a grossly similar 
fashion 17-19 . Furthermore, we have recently shown that NMBzA produces no 
hepatotoxicity in the rat even at very high doses (Fig. 2). In contrast, 
NDMA produces severe hepatoxicity at much lower doses. In the light of the 
results presented here which show that NDMA and NMBzA methylate DNA in a 
qualitatively similar fashion, it is possible that DNA methylation is un
related to the production of liver cell injury and, perhaps, carcinogenesis. 
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ANTIE.ODIES SPECIFIC FOR DNA COMPONENTS MODIFIED BY CHEMICAL 
CARCINOGENS AND THEIR BINDING EFFICIENCY TO DNA MODIFIED 
IN VIVO AND IN VITRO WITH THE CORRESPONDING CARCINOGENS 

INTRODUCTION 
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121 Plesmanlaan, 1066 CX Amsterdam, The Netherlands 

=t is now well established that almost all carcinogens form a variety of 
react:.on products with DNA, involving covalent binding to the various nucleo
philic: sites on all four DNA bases as well as the phosphate groups of DNA. 
Thus, even qualitative determination of all DNA adducts, even from a single 
carcinogen, presents a formidable analytical task. Although the major reac
tion products of many carcinogens have been characterized (reviewed by Singer 
and Grunberger 1), the structures of a large number of carcinogen-DNA adducts, 
particularly those of minor products, have not yet been identified. The 
quantitative determination is further complicated by the extremely low levels 
usually found in vivo, the removal of adducts from DNA by repair processes at 
different rates, and the formation of secondary lesions from chemically un
stable adducts. Also, unstable adducts may be released spontaneously, 
leaving apurlnlC sites. Despite these shortcomings, measurement of DNA 
adducts is important, since these are thought to represent initiating events 
leading to mutations and/or malignant transformation. Measurement of DNA 
adducts in situ in the DNA of cells should give the most direct evidence of 
genotoxic exposure. The potential value of measuring carcinogen-DNA adducts 
as a dosimeter of human exposure has been discussed in a number of recent 
reviews 2,3. 

During the last ten years immunological methods have been developed for 
the del:ection of carcinogen-DNA adducts. A large number of polyclonal and 
monoclonal antibodies, specific to carcinogen-DNA adducts, are now available 
(revie\/ed by Strickland and Boyle4 ). The determination of carcinogen-DNA ad
ducts by immunological procedure offers several advantages over other tech
niques. The sensitivity is often better than that obtained with radio labeled 
carcinogens, which can be used only for experimental purposes. Antibodies 
have been prepared, which are specific for particular three-dimensional struc
tures (see e.g. Adamkiewicz et al. 5 ). These antibodies can be used for 
various purposes; they can be used to probe the conformation of unknown ad
ducts in DNA, or they can be used to determine the chemical stability of spe
cific adducts and measure their conversion into secondary lesions. As a typi
cal example of the latter reaction, the opening of the guanine imidazole ring 
of N-(deoxyguanosin-8-yl)-2-aminofluorene (dGuo-8-AF) under certain condi
tions will be described in this report. Immunological assays are rapid, re-
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producible and obviate the necessity to use radiolabeled carcinogens. In ad
dition, immunological techniques can be applied together with morphologic 
procedures (immunocytochemistry) to localize adducts in particular cells 
within a tissue6 • The high degree of sensitivity of the enzyme immunoassays 
(0.1 - 10 fmol/~g DNA) has led a number of laboratories to investigate the 
feasibility of these assays for determination of DNA adducts in human popu
lations exposed to carcinogens. Polyclonal and/or monoclonal antibodies have 
been raised to DNA modified with aflatoxin B1, benzo(a)pyrene, N-nitrosam
ines, l-nitropyrene, and chemotherapeutic agents like cisplatin and 
8-methoxypsoralen. Typical applications of these antibodies for the detec
tion of human exposure have been compiled in a monograph, which appeared 
recently 7. The antibodies have been used in three types of immunoassays: 
radioimmunoassays (RIA), enzyme immunoassays (ELISA) and ultrasensitive 
enzymatic radioimmunoassays (USERIA). Immunoassays can be performed in a 
competitive or noncompetitive fashion. RIAs are competitive assays, but 
ELISA or USERIA can be performed in a competitive or noncompetitive way in 
so-called solid phase assays. In these assays the antigen (bound to DNA or 
protein) is coated to the wells of plastic microtiter plates. In competitive 
assays, a chemically identical hapten (inhibitor) competes with the antigen 
on the solid phase for the same antibody binding sites. When the amount of 
the first antigen coated to the plate is kept constant, the concentration of 
the inhibitor is reflected in the degree to which it inhibits the binding of 
the antibody to the antigen on the plate. Antibody binding is measured by 
binding of a second antibody, linked to an enzyme which cleaves a chromogen 
(p-nitrophenylphosphate), a fluorogen (4-methylumbelliferyl-phosphate) or 
[3H]AMP. Bound enzymatic activity is then determined by spectrofotometric as
say of p-nitrophenol, fluorometric assay of 4-methylumbelliferone, or radio
activity assay of [3H]adenosine. The quantification is based on the compari
son of unknowns with an inhibition curve obtained by competing increasing 
amounts of standard antigen (carcinogen-modified DNA). The most widely used 
method nowadays is the competitive ELISA, because the sensitivity is much 
greater than that of RIA, sometimes even more than 100-fold. The USERIA 
developed by Hsu et al. 8 is not generally applied, because the separation of 
[3H]adenosine from unreacted [3H]AMP is rather laborious and the sensitivity 
is not better than that of the highly sensitive ELISA developed in our lab
oratory by Van Der Laken et al. 9 , employing a fluorogenic substrate. Immuno
cytochemical methods do not yet have the sensitivity of enzyme immunoassays. 

The sensitivity of an assay depends on the antibody affinity, the amount 
of DNA assayed as well as the level of modification. As will be demonstrated 
in this report, the binding efficiency of antibodies strongly depends on the 
level of DNA modification, leading to 50% inhibition values that may differ 
more than 10-fold. 

AFFINITY OF SPECIFIC ANTIBODIES 

2-Aminofluorene and Derivatives 

It is now well documented, that guanine-8-arylamine adducts in DNA are 
the major reaction products of aromatic amines and amides in vivo (see for 
reviews Kriek 10 ; Kadlubar and Beland 11 ). Moreover, it was-;hown that an 
important group of environmental contaminants, the nitro polycyclic aromatic 
hydrocarbons, generally exhibit the same target specificity as their amino 
analogues (reviewed by Beland et al. 12). These compounds are metabolized to 
genotoxic agents through ring oxidation and/or nitroreduction. The nitro re
duction pathway also leads to the formation of guanine-8-arylamine adducts in 
DNA, e.g. the structure of the DNA adduct formed when ~ typhimurium 13 or 
rats1~ are treated with l-nitropyrene,is N-(deoxyguanosin-8-yl)-1-amino
pyrene. Therefore, we wanted to develop a sensitive immunoassay utilizing 
arylamine-modified denatured DNA, without the requirement of prior enzymatic 
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degradation to the constituent nucleosides. A complicating factor in such an 
assay might be the instability of guanine-8-arylamines, because in previous 
studies we demonstrated that dGuo-8-AF is easily converted into its guanine 
imidazole ring opened form rodGuo-8-AF15,16. This appeared to be a general 
reaction of guanine-8-arylamines, in which the nature of the aromatic hydro
carbon moiety is an important determinant (Westra et al., unpublished obser
vations). The ring opening can also occur at neutral pH, particularly under 
DNA denaturing conditions at 100 0 G, while dGuo-8-AAF does not give this re
action. The general reaction scheme is presented in Fig. 1. Thus, anti
bodies to guanine imidazole ring opened forms would offer certain advantages 
for the quantification of guanine-8-arylamines. The latter adducts are sub
ject to depurination at slightly acidic pH (4-5), whereas the guanine imidaz
ole ring opened forms are stable to hydrolytic removal from DNA. Additional 
interest in an anti rodGuo-8-AF antibody derives from the observation that 
rodGuo--8-AF is a lethal modification for the replication of 0X174 DNA 17 . 

The antibody, raised against the bovine serum albumin conjugate of 
roGuo-8-AF 15 , was tested for its affinity to DNA modified to various levels 
with N--hydroxy-AF and converted into the guanine imidazole ring opened form 
by treatment with alkali. The 50% inhibition values, presented in Table I, 
are strongly dependent on the level of modification. The lower detection 
limit of the competitive ELISA, utilizing DNA containing rodGuo-8-AF of low 
modification (1-50 fmol/~g) as standard, is 0.3 fmol/~g DNA, which is equiv
alent to 1 adduct per 10 7 nucleotides. The roGuo-8-AF antibody can be em
ployed to monitor the stability of dGuo-8-AF under heat denaturing con
ditions, as shown in Table 2. Surprisingly, the conversion of dGuo-8-AF into 
rodGuo-8-AF appeared to be strongly dependent on the NaGl concentration, and 
proceeded much faster at higher NaGl concentrations. The 50% inhibition 
values presented in Table 1 also show that there is appreciable cross-reac
tivity ·Jf anti roGuo-8- AF antibody with AF-DNA and AAF-DNA (calculated as 
9.7% and 1.4% respectively, from the data of Table 1). The 50% inhibition 

Guanl ne-8-arylamlne + dR 

H, ~N i)NHZ 
.1 .. Jl '}-OH I" 

HZN N 7 + # 

dR 

Fig. 1. Guanine imidazole ring opening of N-(deoxyguanosin-8-yl)arylamines 
at neutral and alkaline pH. N-(deoxyguanosin-8-yl)-N-acetylaryl
amines are stable upon heating at neutral pH and do not form guanine 
imidazole ring open forms under these conditions. The formation of 
8-hydroxy-guanine as a result of aryl amine modification at the G-8 
position of guanine has not yet been demonstrated conclusively. 
dR, deoxyribose. 
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Table 1. Competitive inhibition of polyclonal antibody binding to AAF-DNA 
and roAF-DNA a 

Competitor 

roAF-DNA 
" 
" 
" 
" 

ss AF-DNA 
ss AAF-DNA 
ds AAF-DNA 
ss AAF-DNA 
ds AAF-DNA 
dGuo-S-AAF 

Modification 
fmoI h.lg 

33600 
5000 

600 
43 

5 
43 

5300 
5300 

200 
200 

Amount of competitor (fmol) causing 
50% inhibition of antibody binding b 

Anti roGuo-S-AF 

6.7 
7.S 

17 
74 
S5 

S65 
500 

4000 
n.d. 
n.d. 
n.d. 

Anti Guo-S-AAF 

n.d. 
n.d. 

9200 
n.d. 
n.d. 

5500 
3.3 
S.S 

12.0 
13.7 
2.4 

aAAF-DNA, DNA containing N-(deoxyguanosin-S-yl)-N-acetyl-2-aminofluorene; 
AF-DNA, DNA containing N-(deoxyguanosin-S-yl)-2-aminofluorene; Guo-S-AAF, 
N-(guanosin-S-yl)-N-acetyl-2-aminofluorene; roGuo-S-AF, 1-[6-(2,5-diamino-
6-oxopyrimidinyl)-N 6-riboside]-3-(2-fluorenyl)urea; roAF-DNA, DNA contain
ing 1-[6-(2,5-diamino-6-oxopyrimidinyl-N)-deoxyriboside]-3-(2-fluorenyl)
urea; ds, double stranded; ss, single stranded; n.d. not determined. bEn
zyme immunoassays were performed as described 15 ,24. 10 fmol adduct/0.5 ng 
DNA was coated per microtiter well. The antibody dilutions were 1:10 . 

values, however, are dependent on the modification level. The cross-reac
tivities can therefore be compared only for DNA preparations with similar 
devels of modification. 

In previous studies we also demonstrated that the polyclonal antibody 
against Guo-S-AAF had its highest affinity for the mononucleoside dGuo-S
AAF9,1~ The affinity of this antibody was further studied with DNA prepara
tions of different modification levels with AAF. Also with this antibody, 
highly modified DNA was recognized more efficiently than AAF-DNA of low modi
fication (Table 1). The lower detection limit in the competitive ELISA was 
0.02 fmol/~g DNA for dGuo-S-AAF (i.e. 7 adducts per 10 9 nucleotides) and 
0.1 fmol/~g DNA for AAF-DNA (35 adducts per 10 9 nucleotides). Anti Guo-S-AAF 
showed high cross-reactivity with the deacetylated adduct dGuo-S-AF, but the 
affinity for AF-DNA was much lower (Table 1). For this reason, the anti Guo
S-AAF antibody cannot be used to determine dGuo-S-AF in intact DNA with the 
same sensitivity as dGuo-S-AAF. The cross-reactivity of anti Guo-S-AAF with 
the free mononucleoside dGuo-S-AF is 16%, calculated from the 50% inhibition 
values (respectively 2.4 fmol for dGuo-S-AAF and 15 fmol for dGuo-S-AF). 

Benzo(a)pyrene 

Benzo(a)pyrene (BP), like most polycyclic aromatic hydrocarbons (PAR), 
is a ubiquitous environmental pollutant produced by incomplete combustion of 
organic material. BP induces tumors in experimental animals of various spe
cies. Information of the mechanism(s) by which BP induces neoplasia is scant, 
however. In vivo BP is metabolized to epoxides and phenols by the cytochrome 
P-450-dependent mono-oxygenase and by epoxide hydratase. The majority of 
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Table 2. Conversion of AF-DNA into roAF-DNA under heat denaturing con
ditions measured by competitive ELISA with anti roGuo-8-AAF a 

Concentration 
of NaC1 (M) 

o 
0.14 
0.28 
0.70 
1.43 
o 

Amount of competitor (fmol) 
causing 50% inhibition of 
antibody binding 

865 
730 
500 
150 
140 

85 

roAF-DNA 
formed (%) 

o 
17.3 
46.8 
91.7 
93.0 

100 

a See Table 1 for abbreviations. Solutions of AF-DNA (0.5 mg/ml, modifi
cation 43 pmol/mg) in 0.01 M sodium phosphate buffer pH 7.4, containing 
the indicated concentrations of NaCl, were heated at 100 0 C for 15 min
utes and cooled rapidly by immersion in an ice bath. Enzyme immunoas
says were performed as described 15,24. 10 fmol adduct/O.s ng DNA was 
coat:ed per microtiter well. The anti roGuo-8-AF antibody dilution was 
1 : 106 • 

these rrletabolites is converted to water-soluble conjugates (glucuronides and 
sulfates), but a part of the parent hydrocarbon is activated to a reactive 
form capable to react covalently with DNA, RNA and proteins. The diol epox
ide, (±)trans-7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydrobenzo(a)pyrene 
(BPDE), has been identified as the major enzymatic metabolite of BP7,8-diol 
(reviewed by Harvey 18). The best documented DNA adduct of BPDE is that which 
results from the trans opening of the (+) enantiomer by reaction of the 
2-amino group of guanine (see Jeffrey 19 for further references). A similar 
type of activation and reaction with DNA has been described for other PAR diol 
epoxides, e.g. chrysene 20 , benzo(a)anthracene 21 and benzo(c)phenanthrene 22 . 
The diol epoxide of the latter compound binds extensively to adenine in DNA. 
The covalent binding of PAR diol epoxides to purine bases in DNA is con
sidered to be an essential step in the initiation of PAR-induced neoplasia. 
A comprehensive book, dealing with various aspects of PAR carcinogenesis, has 
appeared recently 23. 

A number of polyclonal and monoclonal antibodies against BPDE-modified 
DNA (1-2%) have been developed in our laboratory24. All antibodies showed a 
very high affinity for denatured BPDE-DNA, out had lower affinity for native 
BPDE-DNA. No affinity was detected for BPDE-tetrols or unmodified DNA. The 
affinity for the free mononucleoside BPDE-dGuo was much lower than that for 
BPDE-DNA. As expected, a high cross-reactivity was observed with DNA modi
fied with the diol epoxide of chrysene, a hydrocarbon of closely related 
structure. Using four different antibodies, polyclonal as well as monoclo
nal, we found that these antibodies recognized highly modified (immunogen) 
DNA more efficiently than DNA modified to a low extent (Table 3). Even a 
monoclonal antibody, raised against the mononucleotide BPDE-dGMP (II.E.4) had 
a higher affinity for BPDE-DNA than for the free mononucleoside BPDE-dGuo. 
These observations, together with the expected low modification of DNA from 
biological samples (including human tissues or cells), led us to validate the 
competitive ELISA for BPDE-DNA with BP-DNA from animals treated with BP. 
Since Kulkarni and Anderson 25 showed that in mice, treated with [3HlBP the 
major adduct in DNA from various tissues was [3HlBPDE-dGuo, the mouse 
appeared to be a suitable experimental animal to test our competitive ELISA 
for measuring this adduct in DNA. Samples of [3 HlBP-DNA, isolated from the 
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Table 3. Competitive inhibition of antibody binding to BPDE-DNA by 
various inhibitorsa 

Competitor 

ss BPDE-DNA 
ds BPDE-DNA 
ss BPDE-DNA 
ss CDE-DNA 
BPDE-dGuo 
BPDE-tetrols 

Modification 
fmol/~g 

42000 
42000 
0.1-4 
30000 

Amount of competitor (fmol) causing 
50% inhibition of antibody binding 

Polyclonals Monoclonals 
F29 F30 41D3 II.E4 

4 9 5 45 
105 335 17 n.d. 

17 150 43 100 
10 17 6 n.d. 

370 540 2000 90 
>10 5 >10 5 >10 4 n.d. 

a BPDE , (±)trans-7,8dihydroxy-anti9,10-epoxy-7,8,9,10-tetrahydro
benzo(a)pyrene; BPDE-dGuo, trans-(7R)-N2_[10-(7B,8~,9~-trihydroxy-
7,8,9,10-tetrahydrobenzo(a)pyrenyl]-deoxyguanosine; BPDE-DNA, DNA mo
dified by reaction with BPDE such that the major adduct is BPDE-dGuo; 
BPDE-tetrols (±)7B,8~.9~,10(~ or B)-tetrahydroxy-7,8,9,10-tetrahydro
benzo(a)pyrene; CDE-DNA, DNA modified with (±)trans-1,2-dihydroxy
anti-3,4-epoxy-1,2,3,4-tetrahydrochrysene such that the major adduct 
is CDE-dGuo; ss, single stranded; ds, double stranded. Antibody II.E4 
was raised against the bovine serum albumin conjugate of BPDE-dGMp 36 ; 
all other antibodies were prepared against BPDE-DNA complexed with 
methylated bovine serum albumin. The microtiter wells were coated with 
denatured BPDE-DNA (15 fmol/-25 ng). Antibody dilutions were respect
ively 1:2 x 105 (F29 and F30), 1:105 (41D3) and 1:104 (II.E.4). The 
50% inhibition values were taken partly from Van Schooten et al. 24 

livers of female BALB/c mice treated with different doses of [3H]BP, were 
examined by competitive ELISA using [3H]BPDE-modified DNA of low modification 
(1-10 fmol/~g). The binding levels of [3H]BP to mouse liver DNA, calculated 
from ELISA, were in good agreement with those obtained from radioactivity 
measurements 24 • 

Using the [3H]BP-DNA samples from mouse liver as standards, we also 
examined a number of DNA preparations extracted from peripheral blood lympho
cytes of coke oven workers, and unexposed controls. Among a group of 13 coke 
oven workers, 10 (77%) were found to be carrying significant levels of PAH
DNA adducts (corresponding to 0.1-1.2 fmol/~g DNA) in their blood lymphocytes 
(Van Schooten et al., unpublished observations). No inhibition of anti BPDE
DNA antibody binding was detected with DNA samples from the unexposed control 
group. If the limit of detection of BPDE-dGuo in DNA by the competitive 
ELISA is set at 20% inhibition, the lower detection limit of this method is 
0.1 fmol/~g DNA. This is equivalent to the detection of 3 modified guanine 
bases per 10 8 nucleotides in a 1 ~g sample of DNA. 

This value compares favorably with that reported by Haugen et al. 26 who 
used a different antibody and another end-point in their immunoassay. 

DISCUSSION 

In this report we demonstrate that the guanine imidazole ring opening of 
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dGuo-8-AF in DNA can also occur at neutral pH under heat denaturing con
ditions. The data of Table 2, obtained by competitive ELISA with anti roGuo-
8-AF antibody, show that heating of AF-DNA at 100 0 C during 15 minutes in 
phosphate buffered saline (0.14 M NaCl) already results in partial formation 
of-roAF-DNA (15-20%). The cross-reactivity of anti roGuo-8-AF antibody with 
AF-DNA (calculated as 9.7% from the data of Table 1) does not allow the de
termination of small amounts of roAF-DNA (less than 20 %) in the presence of 
AF-DNA. We found also, that the conversion of AF-DNA into roAF-DNA is accel
erated by increasing the concentration of NaC1. This effect may be related 
to changes in conformation of AF-modified DNA at higher salt concentrations. 
Based on various spectroscopical measurements of AF-modified DNA in solution, 
Van Houte et al. 27 reported that AF binding to the C-8 position of guanine 
introduces significant denaturation with strong interaction of AF with the 
neighbouring bases. Unlike the modification with AAF at the same position, 
AF binding does not induce the Z-structure in DNA 28 • High salt concen
tration, however, stabilizes the Z-structure in DNA 29 and may thus favour the 
conversion of local regions (containing dGuo-8-AF) from the B-form into the 
Z-structure. In this structure, the bases lie much more to the outer surface 
of the helix as compared to B-DNA30 • Therefore, dGuo-8-AF is exposed on the 
outer surface of the molecule and more accessible to hydrolytic attack by 
water. 

The instability of guanine-8-arylamines to heat denaturation has also 
been observed by other investigators. Hsieh et al.31 reported the instability 
of DNA modified with 1-aminopyrene (AP), also measured by enzyme immumoassay. 
The AP modification is also at the C-8 position of guanine 13 ,14. Therefore, 
it is very likely that in this case also a guanine imidazole ring-opened de
rivative is formed, although the authors did not identify such a product. 
Our results and those of Hsieh et al. 31 indicate that specific polyclonal or 
monoclonal antibodies to carcinogen-DNA adducts will be useful not only for 
detecting and quantifying carcinogen-DNA adducts, but also for monitoring 
adduct stability and even for probing local conformational changes in the DNA 
structure. In cases of adduct instability, like the guanine-8-arylamines, it 
may be advantageous to develop antibodies to the stable guanine imidazole 
ring open forms. Experiments are in progress in our laboratory to test this 
concept for a number of aromatic amines. 

All antibodies described in this report recognize highly modified DNA 
more efficiently than carcinogen-DNA of low modification (biological samples). 
This difference in immunoreactivity has now been found for six antibodies, and 
may be common to all antibodies raised against highly modified carcinogen-DNA 
immunogens. Thus, DNA adduct values in human tissues and cells reported by 
other investigators may be underestimated several fold, because in all these 
studies serially diluted DNA of high modification was used as standard in the 
enzyme immunoassay. DNA preparations of low modification, obtained either in 
vitro by treating DNA with ultimate carcinogenic reactants, or preferably from 
animal tissues following exposure to the specific carcinogens, have to be used 
as reference in the enzyme immunoassays in order to obtain reliable quantifi
cation of DNA adducts in human tissues. 

One of our polyclonal anti BP-DNA antibodies (F29 in Table 3) has been 
employed successfully for the immunochemical determination of PAR-DNA adducts 
in peripheral blood lymphocytes from coke oven workers. Although as yet only 
small groups of individuals have been examined, the data clearly show that 
levels of PAR-DNA adducts are significantly higher in groups of persons with a 
high exposure. Our data compare favorably with those reported by Perera et 
al. 32 for PAR-DNA adducts in white blood cells from foundry workers. The 
large variation in PAR-DNA adduct levels is probably a reflection of individ
ual differences in.metabolic activation. In vitro studies with normal human -- -----
tissues [LaVe shown large inter individual differences in the ability to 
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metabolize PAR and other carcinogens 33 • These differences in metabolic capa
city are due to genetic polymorphism within the human population 34 • 

The detection of carcinogen-DNA adducts at the level of individual cells 
has become possible by recent developments of immunocytochemical methods 
using specific antibodies 6. The sensitivity of this method is reported to be 
better than 10 4 06-alkyldeoxyguanosine residues per diploid genome of 1010 nu
cleotides 35 • Using the same technique, we recently found that anti BPDE-DNA 
antibody can be used for the localization of BPDE-dGuo in lung tissue of mice 
following treatment with BP. The lower detection limit was 3 x 104 BPDE-dGuo 
adducts per diploid genome of 1010 nucleotides (Van Schooten et al., unpub
lished observations). The sensitivity of this method has to be increased to 
determine and quantify PAR-DNA adducts in human cells. A highly sensitive 
detection and quantification of carcinogen-DNA adducts, using computer-con
trolled scanning microscopy, is currently under investigation in our labora
tory (Dr. E. Scherer, in collaboration with Dr. J. S. Ploem, Leiden Univer
sity) . 
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In 1948, Paschkis et al.14 demonstrated the protective effect of thio
uracil on the induction of liver tumors by 2-acetylaminofluorene. Since 
then, several authors reported on the inhibition of hepatocarcinogenesis in 
hypothyroid rats 1,2,B,12,19. These findings raise the point of the identifi
cation of the stage in chemical hepatocarcinogenesis which is inhibited by 
thyroid deficiency. Even though it has been demonstrated that thyroid digest 
increases the rate of growth of liver tumors in pituitary dwarf mice treated 
with aminofluorene 3, therefore suggesting a role for thyroid hormones in the 
promotion and/or progression of liver tumors, several data indicate that thy
roid activity might influence liver carcinogenesis also at the stage of ini
tiation. Bielschowsky and Hal1 1, in fact, demonstrated that thyroidectomy, 
performed before, but not after, the administration of the carcinogen, pre
vents the development of liver tumors. These findings were confirmed by 
GoodallB who demonstrated that in thyroidectomized animals the treatment with 
thyroid digest performed after aminofluorene administration does not restore 
the susceptibility to the carcinogen. Moreover, thyroid hormones have been 
demonstrated to be necessary for the in vitro transformation of cultured 
cells by x-rays or chemical carcinoge~9~ 

The interaction between chemical carcinogens and cellular DNA is consid
ered to be a crucial event in the induction of neoplastic transformation7,13. 
This interaction may result in DNA damage, demonstrable as alkaline labile 
sites by alkaline sucrose gradient analysis4,5,26. To clarify the role of thy
roid activity on initiation by chemical carcinogens, we decided to compare 
the liver DNA damaging capacity of different carcinogens in intact, thyroid
ectomized (TDX) and TDX L-3,5,3'-triiodothyronine-treated rats. Because of 
sex differences in thyroid activity20 the experiments were performed both in 
male and female rats. Two direct carcinogens that do not require metabolic 
activation, N-methyl-N-nitrosourea (MNU) and methyl-methanesulfonate (MMS) 1.3 , 
two procarcinogens, N-2-fluorenyl-acetamide (2-AAF) and N-nitrosodimethyl
amine (DMNA)13 , and the sex-dependent hepatocarcinogen DL-1-(2-nitro-3-me
thylphenoxy)-3-tert-butylamino-propan-2-ol (DL-ZAMI 1305)16, were used as 
genotoxic agents. 
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MATERIALS AND METHODS 

Chemicals 

All chemicals were of reagent grade and were purchased from E. Merck A. 
G. (Darmstadt, Federal Republic of Germany) or from British Drug Houses Ltd. 
(Poole, Dorset, England). T3, sodium salt, was obtained from Calbiochem 
Behring Hoechst (San Diego, U.S.A.). 2-AAF, DMNA and MNU were purchased from 
Sigma Chemical Company (St. Louis, U.S.A.). MMS was obtained from Ega-Chemie 
(Steinheim, Albuch, West Germany). DL-ZAMI 1305 was a gift of Zambeletti 
S.p.A. (Baranzate, Milan, Italy). 

Animals 

Outbred Wistar rats (Nossan, Correzzana, Italy), weighing 120-200 g were 
used. They were fed a complete standard diet of laboratory chow (Piccioni, 
Brescia, Italy) and water ad libitum. A constant temperature (22-24°C) and 
alternating periods of 12 h dark and 12 h light were also maintained. Be
fore experimentation animals were acclimatized to their environment for at 
least one week. 

Treatments 

Thyroidectomy was performed at Nossan breeding farm two weeks before the 
administration of the carcinogen. When the case, one week after thyroidecto
my, T3 was injected s.c. daily for five days at the dose of 200 ~g/Kg body 
weight in 155 mmol NaCI/20 mmol NaOH. Animals which did not undergo thyroid
ectomy or T3-treatment are named "intact". 

2-AAF, dissolved in dimethylsufoxide, was injected i.p. at the dose of 
25 mg/kg body weight, 20 h before sacrifice. DMNA, dissolved in redistilled 
water, was administered i.p. at the dose of 10 mg/Kg body weight, 4 h before 
experimentation. MNU and MMS were prepared freshly in 0.9% NaCI solution, 
and injected i.p. at the dose of 80 mg and 75 mg/Kg body weight respectively, 
4 h before experimentation. DL-ZAMI 1305, dissolved in redistilled water, 
was administered i.p. at the dose of 75 mg/kg body weight, 14 h before ex
perimentation. Control animals received an equal volume of the vehicle. For 
all carcinogens the time of sacrifice corresponding to the highest DNA damage 
was chosen 5,15. 

Evaluation Hepatic DNA Damage 

Animals were killed by cervical dislocation and their livers quickly 
removed. Liver nuclei were prepared according to the technique of Cox et 
al.~. DNA integrity was evaluated by alkaline sucrose gradient analysis as 
previously described 15 , the only difference being that DNA content in the 
various fractions was determined by the fluorimetric procedure of Zubroff and 
Sarma 26. The amount of DNA recovered from each tube ranged between 80 and 
95% of that loaded onto the gradient. 

The quantification of DNA fragmentation in each tube was obtained by 
calculating the value of the ratio light DNA/heavy DNA (R-DNA), where light 
DNA (mol. wt. < 1x109) and heavy DNA (mol. wt. ) 1x109) are the amounts of 
DNA "in fractions 6-16 and 1-5 of the gradient, respectively, fraction 1 being 
the first to be collected from the bottom of the tube. 

Statistical Analysis 

The data are expressed as the mean ± SEM. The significance of the dif
ference of the means was evaluated by the analysis of variance (F test). 
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RESULTS AND DISCUSSION 

Preliminary experiments were carried out to assay whether thyroidectomy, 
coupl,~d or not with T3-treatment, induces any change in the sedimentation 
properties of liver DNA in carcinogen-untreated animals. As shown in Fig. 1, 
a small but significant increase of DNA fragmentation is observed both in 
male and female thyroidectomized (TDX) rats in respect to intact animals. 
The dc~age is completely prevented by T3-treatment (Fig. 1). Thyroid hor
mones act as trophic agents for liver cells 22 ,23. It is then possible that 
thyroid hormones deprivation causes death of some hepatocytes with consequent 
DNA fragmentation. Since the increase of DNA fragmentation observed in TDX 
animals is very limited, it should not affect the interpretation of the data 
concerning the DNA damaging capacity of carcinogens like DMNA, MMS and MNU 
that cause a massive DNA fragmentation (see Figs. 2 and 3). On the contrary, 
it might affect the interpretation of the data on the genotoxic activity of 
carcinogens like 2-AAF and DL-ZAMI 1305 that cause a very limited DNA damage 
(see Fig. 2). To overcome this problem, for all experimental groups, DNA 
damage is expressed both as the absolute value "R-DNA" and as the relative 
value "R-DNA of carcinogen-treated animals minus R-DNA of untreated animals" 
(see Figs. 2 and 3). 

In agreement with previous results 15 , the sex-dependent hepatocarcinogen 
DL-ZAMI 1305 induces a small but significant DNA fragmentation in the liver 
of the intact female but not of the intact male rat (Fig. 2). 2-AAF and DMNA 
also exert a different genotoxic activity in the liver of the animals of the 
two sexes, the former being more potent in male and the latter in female rats 
(Fig. L',). This is in keeping with the different liver oncogenic activity of 
these two carcinogens in the two sexes21,2~. 

Thyroidectomy affects the DNA damaging capacity of DL-ZAMI 1305, 2-AAF 
and DMNA (Fig. 2). A decrease of the amount of DNA damage is observed, in 
fact, in the liver of TDX female rats treated with DL-ZAMI 1305 or DMNA and 
in the liver of TDX male rats treated with 2-AAF in respect to carcinogen
treated intact animals of the same sex. The decrease is evident both when 
the absolute value (R-DNA) or the relative value (R-DNA treated minus R-DNA 
untreat,~d) are considered. It must be noticed that thyroidectomy does not 
affect the DNA damaging capacity of these carcinogens in the sex less sensit
ive to ,:heir genotoxic activity, i.e. in males for DL-ZAMI l305 and DMNA or 
in females for 2-AAF (Fig. 2). 
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intact TDX TDX+Ta 

Fig. 1. Effect of thyroidectomy and T3-treatment on liver 
DNA integrity. For the details of surgery and T3-
treatment see Materials and Methods. DNA damage was 
evaluated by alkaline sucrose gradient analysis and 
expressed as R-DNA ratio. Each bar represents the 
mean ± SEM of 5-16 animals. TDX: thyroidectomized 
rats; TDX + T : thyroidectomized T3-treated rats. 
D:males; r;:;] :females. 
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Fig. 2. Effect of thyroidectomy and T3-treatment on the DNA damaging 
capacity of some chemical hepatocarcinogens in rat liver. 
For details of surgery, T3-treatment and carcinogen adminis
tration see Materials and Methods. DNA damage was evaluated 
by alkaline sucrose gradient analysis and expressed as R-DNA 
ratio. Note the different scales. Each bar represents the 
mean ± SEM of 5-20 animals. TDX: thyroidectomized rats; 
TDX + T3: thyroidectomized T3-treated rats ... : carcinogen
untreated rats; 0: carcinogen-treated rats; IZI: R-DNA of 
carcinogen-treated minus R-DNA of carcinogen-untreated rats. 

T3 administration to TDX animals completely restores the DNA damaging 
capacity of DL-ZAMI 1305, 2-AAF or DMNA. The amount of DNA damage induced by 
these carcinogens in TDX T3-treated animals of both sexes is, in fact, equal 
or even higher than that observed in intact animals. Moreover, T3 adminis
tration to TDX male rats evidences a genotoxic activity of DL-ZAMI 1305 in 
this sex, which is not observed in intact animals (Fig. 2). 

No differences have been observed instead in the DNA damaging capacity 
of the direct carcinogens MMS and MNU both in respect to the sex or to the 
thyroid status of the animals (Fig. 3). 

Our data indicate that thyroid activity modulates the genotoxic and 
then, by extension, the initiating activity of the hepatocarcinogens DL-ZAMI 
1305, 2-AAF and DMNA. These carcinogens require a metabolic activation to 
exert their oncogenic potential, as demonstrated for 2-AAF and DMNA 13 and 
hypothesized for DL-ZAMI 1305 17 • They also show a different genotoxic (our 
results) and oncogenic 16 ,21,24 activity in the two sexes, possibly because of 
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Fig . 3. Effect of thyroidectomy and T3-treatment on the DNA 
damaging capacity of alkylating agents in rat liver. For 
the details of surgery, T3-treatment and carcinogen admin
istration see Materials and Methods. DNA damage was evalu
ated by alkaline sucrose gradient analysis and expressed 
as R-DNA ratio. Each bar represents the mean ± SEM of 5-16 
animals. TDX: thyroidectomized rats; TDX + T3: thyroidec
tomized T3 -treated rats .• : carcinogen-untreated rats; 0 
carcinogen-treated rats; ~: R-DNA of carcinogen-treated 
minus R-DNA of carcinogen-untreated rats. 

sex differences in their metabolism fi , '8,25. Thyroid hormones are known to 
modulate the activity of the liver microsomal mixed function oxidase sys
tern". It is therefore possible that the inhibitory effect exerted by 
thyroide,ctomy on the DNA damaging capacity of DL-ZAMI 1305, 2-AAF and DMNA 
depends on a decrease of their metabolic activation in the liver of TDX ani
mals. This is supported by the lack of effect of thyroidectomy on the geno
toxic activity of the alkylating agents MMS and MNU. These molecules, which 
show the same genotoxicity in the two sexes, do not require, in fact, meta
bolic activation to interact with cellular DNA'3. It is also worth noting 
that, after T3 administration to TDX animals, both 2-AAF and DMNA induce a 
DNA damage of higher amount than that observed in intact animals and that 
DL-ZAMI 1305 shows a genotoxic activity in the liver of the T3-treated TDX 
male rats but not of the intact males. These findings further support the 
role of thyroid hormones on the modulation of the genotoxic capacity of liver 
hepatocarcinogens. 
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The majority of human cancers in the most commonly involved organs are 
induced by environmental factors. Of the known exogenous carcinogenic 
agents, chemicals play an important role in tumor induction. Humans are 
exposed to chemical carcinogens through diet, tobacco, occupational and 
environmental settings. The list of chemicals known to be carcinogenic to 
man includes a broad range of structures such as aromatic amines, alkylating 
agents, vinyl chloride. Also, highly suspected of having carcinogenic ac
tivity in humans are aflatoxin B1 , polycyclic aromatic hydrocarbons and 
N-nitroso compounds. In many cases, epidemiological evidence has proved 
sufficient to identify certain chemicals or chemical mixtures as carcinogens. 

The bladder is one of the cancer sites related to occupational factors. 
The first association between bladder cancer in man and occupational exposure 
to chemicals dates back to 1895 when Rehn reported a high incidence of blad
der tumors among workers at a German dye manufacturing plant exposed to aro
matic anlines 1 • Subsequently, besides hazardous occupational exposure, blad
der cancer has been associated with cigarette smoking, coffee and artificial 
sweetener consumption z. 

The understanding of the processes by which carcinogens induce neoplasia 
in their target tissues is largely derived from experimental findings in ani
mal models. The development of animal models has greatly helped clarify the 
stages of carcinogenesis and is an essential step in the investigation of the 
effects of carcinogens in their target tissues, besides being a powerful tool 
in defining their metabolic pathways. 

Several chemical agents are commonly employed to generate urinary blad
der tumors in animals; among these, N-nitrosobuty1(4-hydroxybutyl)amine 
(BBN), N-[4-(5-nitro-2-furyl)-2-thiazolyl]formamide, 2-acetylaminofluorene 
and N-me1~hylnitrosourea are widely utilized 3. The histological characteris
tics of the tumors induced in animals by these chemicals are very similar to 
those reported for humans with bladder neoplasia 4 . 

Most of these compounds require metabolic activation to exert their 
toxic effect. The bulk of knowledge about the mechanism of action of bladder 
carcinogens derives from studies on the metabolism of arylamines. These are 
N-oxidised in the hepatic endoplasmic reticulum and the hydroxy derivatives 
are conjugated with glucuronic acid. The glucuronides then enter the circu-
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lation and are excreted into the urine. During their stay in the bladder in 
the slightly acidic urine, they are hydrolyzed to electrophilic species that 
reportedly bind to DNA5,6. 

In this model the bladder plays no role in the activation of N-aryl com
pounds. However, several studies show that in vitro preparations such as 
urothelial cell microsomal fractions from different animal species, human and 
rat cultured bladder epithelial cells or organ cultures, metabolize a variety 
of different substrates including polycyclic aromatic hydrocarbons, aromatic 
amines or nitrosamines to species that bind to DNA7, 10. 

Thus it would appear that bladder epithelial cells can activate urinary 
bladder carcinogens. 

We therefore decided to develop an in vitro model for studying the bio
transformation of these chemicals. 

The model has been recently described and consists of an isolated rat 
urinary bladder filled with urine containing the substrate to be metabolized 
and no cofactors. The bladder is immersed in 0.05 M phosphate buffer pH 7.4 
and incubated at 37°C for different times 11 • 

The model is simple and handy; it reproduces closely the in vivo situa
tion and the carcinogen introduced can be retained in contact with the uro
thelial cells for a reasonable period of time. 

The rat urinary bladder carcinogen BBN was the compound chosen to test 
the bladder's capacity to metabolize the substrate used12• BBN's carcinogen
icity is thought to depend on oxidation of the alcoholic group by the alco
hol/aldehyde dehydrogenase enzymatic system to the acidic metabolite BCPN, 
the liver being the main site of metabolism 13 • 

We have observed that after an i.v. dose of 1 mg/kg BBN, the unchanged 
compound, its metabolites BCPN and the glucuronide of BBN (BBN-G) are found 
in the rat urine, the percentage of the administered dose excreted being 0.26 
± 0.16, 36 ± 2.5 and 11.7 ± 2.4 respectively (mean ± SE; manuscript submitted 
for publication). Thus, these products may be further transformed by the 
urothelium while in the bladder. 

In order to test this hypothesis BBN (17 nmol) dissolved in 600 ~l of 
urine previously sterilized by filtration was introduced into the isolated 
rat urinary bladder and incubated at 37°C for different times. The bladder 
wall is reportedly permeable to various nitrosamines 14 , so substrate disap
pearance and metabolite formation were always measured inside the bladder and 
in the buffer where the bladder was immersed. 

Disappearance of the substrate from the incubation system is reported 
in Fig. 1. BCPN formation was readily detectable 15 minutes after the start 
of the reaction and linear up to 120 minutes (Fig. 2). In order to test 
whether part of the substrate or metabolite formed was retained in bladder 
cells, some bladders were analyzed for BBN and BCPN content. The 60-minute 
urinary bladder homogenates contained 1.5 ± 0.5% BBN and 13.7 ± 0.3% BCPN. 
The sum of BCPN formed and unchanged BBN was about 88% of the substrate 
added, suggesting that BCPN represents the major metabolic pathway for BBN. 
Thus the urinary bladder appears to have the potential for metabolic activa
tion of BBN to the compound considered responsible for tumor induction in the 
rodent urinary bladder and the bladder cells appear to contain the enzymatic 
system alcohol/aldehyde dehydrogenase thought to be involved in the transfor
mation of BBN to BCPN. 

BBN is the result of the w-oxidation of N-nitrosodibutylamine (NDBA) 
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Fig. 1. Time-related disappearance of unchanged BBN from the isolated rat 
urinary bladder. Columns indicate the nmol (mean ± SE) of substrate 
measured inside ([]) and outside (~) the bladder. The line (-[}-) 
shows the percentage (mean ± SE) of unchanged BBN inside + outside. 

by the P-450 dependent monooxygenase system. When NDBA was introduced into 
the isolated bladder and incubated for 120 minutes at 37°C, BBN and BCPN 
accounted for respectively 0.13 ± 0.02% and 0.06 ± 0.01% of the substrate 
added, jndicating that more than 30% of BBN formed was further oxidised to 
BCPN. 

Volatile nitrosamines are poorly excreted into the urine as such, but 
they can be synthesized in the rat bladder 12 ,15,16. Also, bacterial infection 
of the urinary tract in man can promote the reduction of nitrate to nitrite1~ 
Because of the higher nitrite availability, nitrosamine formation may occur. 
The results suggest that whenever nitrosamines are formed, they can be acti
vated within the bladder. 

B-Glucuronidase activity has been reported both in urine and bladder 
cells1~ We checked whether our in vitro system was suitable for studying 
glucuronide hydrolysis within th;-bladder. BBN-G (17 nmol/600 ~l) was intro
duced int.o the isolated bladder as a 0.05 M phosphate buffer solution, pH 7.4 
(in order to measure urothelial B-glucuronidase activity only) and as a urine 
solution (in order to measure both urine and urothelial B-glucuronidase ac
tivity). Fig. 3 (b and c) shows that in both systems the amount of glucuron
ide hydrolyzed reached a plateau at 4 h, accounting for about 1% of the incu
bated substrate. Part of BBN released was oxidised to BCPN. BCPN formation 
was not detectable until 2 h from the start of the reaction and increased 
slowly to 0.2% at 6 h. 

BBN-G hydrolysis due to urinary B-glucuronidase only is also shown in 
Fig. 3 (a). BBN was released linearly, reaching 1.23 ± 0.02% of the glucuro
nide incubated at 6 h. No BCPN was detected at any time in this system and 
no hydrolysis occurred when BBN-G was incubated in phosphate buffer. 

Contrary to our expectations, the amount of BBN released in the presence 
of urinary and urothelial a-glucuronidase was no different from that released 
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Fig. 2. Time-related formation of BCPN in the isolated rat urinary bladder. 
Columns indicate the nmol (mean ± SE) of metabolite measured inside 
([]) and outside (~) the bladder. The line (-(]-) shows the total 
percentage (mean ± SE) of BCPN formed inside + outside. 

by urinary a-glucuronidase alone. This might be the result of an inhibitory 
effect of urinary components exerted only on cellular B-glucuronidase. 

The results indicate that whenever an Q-glucuronide is excreted in the 
urine it can be hydrolyzed by B-glucuronidase, no matter whether cellular or 
urinary. 

So far, we have considered only the metabolites of BBN retaining the 
nitroso moiety, but the most widely accepted metabolic pathway leading to 
the formation of electrophilic intermediates involves enzymatic hydroxylation 
at the carbon atom Ct. to the nitroso group19. All subsequent steps are non
enzymatic reactions and the final result is the formation of a carbocation 
and molecular nitrogen in stoichiometric quantity. Thus determination of 
molecular nitrogen evolved can be used as an indicator of Ct.-hydroxylation. 

We have synthesized the doubly labeled 15 N-BBN (manuscript in prepara
tion), incubated this substrate in the isolated rat bladder and measured 
the formation of 15N2 by gas chromatography-mass spectrometry. Preliminary 
results indicate that the bladder metabolize BBN through the Ct.-hydroxylation 
pathway. 

The overall results lead to the conclusion that the urinary bladder's 
role in the activation of bladder carcinogens has long been underestimated. 
It is clear that the liver's potential for metabolic activation of chemicals 
far exceeds that of the bladder. However, activation of bladder carcinogens 
by urothelial cells results in the production of reactive species within the 
target organ and increases the probability of a toxic effect. 

The model developed appears to offer an easy tool for studying in situ 
synthesis and metabolism of bladder carcinogens, and for identifying factors 
that can modify chemical metabolism and consequently their carcinogenic 
activity. 
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Fig. 3. Percentages of BBN release (mean ± SE) from BBN-G incubated in urine 
alone (a); BBN release and BCPN formation from BBN-G introduced in 
the isolated rat urinary bladder as a buffer solution (b); or as a 
urine solution (c). 

ACKNOWLEDGEMENTS 

This work was supported by the Italian National Research Council, Spe
cial Project "Oncology", Contract No. 86.02607.44. We thank J. Baggot and 
the staff of the G. A. Pfeiffer Memorial Library who helped prepare the 
manuscript. 

REFERENC~~S 

1. L. Rehn, B1asengeschwu1tse bei Fuschin-Arbeitern. Arch. K1in. Chir. L. 
50:588 (1895). 

141 



2. G. R. Howe, J. D. Burch, A. B. Miller, G. M. Cook, J. Esteve, B. 
Morrison, P. Gordon, L. W. Chambers, G. Fodor and G. M. Winsor, 
Tobacco use, occupation coffee, various nutrients, and bladder can
cer, J. Natl. Cancer Inst. 64:701 (1980). 

3. S. M. Cohen, R. Hasegawa, R. E. Greenfield and L. B. Ellwein, Urinary 
bladder carcinogenesis, IARC Sci. Publ. 56:93 (1984). 

4. N. Ito, S. Fukushima, T. Shirai, K. Nakanishi, R. Hasegawa and K. 
Imaida, Modifying factors in urinary bladder carcinogenesis, 
Environ. Health Perspect. 49:217 (1983). 

5. F. F. Kadlubar, J. A. Miller and E. C. Miller, Hepatic microsomal 
N-glucuronidation and nucleic acid binding of N-hydroxy arylamines 
in relation to urinary bladder carcinogenesis, Cancer Res. 37:805 
(1977). ---

6. J. M. Poupko, W. L. Hearn and J. L. Radomski, N-Glucuronidation of 
N-hydroxy aromatic amines: A mechanism for their transport and blad
der-specific carcinogenicity, Toxicol. ~ Pharmacol. 50:479 
(1979) . 

7. J. M. Poupko, J. L. Radomski and W. L. Hearn, Bovine bladder mucosa 
microsomal cytochrome P-450 and 4-aminobiphenyl N-hydroxylase 
activity, Cancer Res. 41:1306 (1981). 

8. R. R. Vanderslice, J. A. Boyd, T. E. Eling and R. M. Philpot, The 
cytochrome P-450 monooxygenase system of rabbit bladder mucosa: 
Enzyme components and isozyme 5-dependent metabolism of 2-amino
fluorene, Cancer Res. 45:5851 (1985). 

9. H. Autrup, R. C. Grafstrom, B. Christensen and J. Kieler, Metabolism of 
chemical carcinogens by cultured human and rat bladder epithelial 
cells, Carcinogenesis 2:763 (1981). 

10. B. P. Moore, R. M. Hicks, M. A. Knowles and S. Redgrave, Metabolism and 
binding of benzo(a)pyrene and 2-acetylaminofluorene by short-term 
organ cultures of human and rat bladder, Cancer Res. 42:642 (1982). 

11. L. Airoldi, M. Bonfanti, C. Magagnotti and R. Fanelli, Development of 
an experimental model for studying bladder carcinogen metabolism 
using the isolated rat urinary bladder, Cancer Res. 47:3697 (1987). 

12. H. Druckrey, R. Preussmann, S. Ivankovic, D. Schma~. Afkham, G. 
Blum, H. D. Mennel, M. Muller, P. Petropoulos and H. Schneider, 
Organotrope carcinogene Wirkungen bei 65 verscheidenen N-nitroso
verbindungen an BD-ratten, Z. Krebsforsch. 69:103 (1967). 

13. M. Okada and M. Ishidate, Metabolic fate of N-n-butyl-N-(4-hydroxy
butyl)nitrosamine and its analogues, Selective induction of urinary 
bladder tumours in the rat, Xenobiotica 7:11 (1977). 

14. J. S. Wishnok, K. Snow and V. Woolworth, Passage of nitrosamines 
through animal membranes, IARC Sci. Publ. 41:435 (1982). 

15. L. Airoldi, C. Spagone, M. Bonfanti, C. Pantarotto and R. Fanelli, 
Rapid method for quantitative analysis of N,N-dibutylnitrosamine, 
N-butyl-N-(4-hydroxybutyl)nitrosamine and N-butyl-N-(3-carboxypro
pyl)nitrosamine in rat urine by gas chromatography-thermal energy 
analysis, ~ Chromatogr. 276:402 (1983). 

16. G. Hawksworth and M. J. Hill, The in vivo formation of N-nitrosamines 
in the rat bladder and their subsequent absorption, ~ ~ Cancer 
29:353 (1974). 

17. R. M. Hicks, Nitrosamines as possible etiological agents in Bilharzial 
bladder cancer, in: "Banbury Report. Nitrosamines and Human Cancer", 
No. 12, P. N. Magee, ed., Cold Spring Harbor Laboratory, Cold Spring 
Harbor (1982). 

18. E. Boyland, D. M. Wallace and D. C. Williams, The activity of the en
zymes sulphatase and B-gucuronidase in the urine, serum and bladder 
tissue, Br. J. Cancer 9:62 (1955). 

19. R. Montesan~n~H. Bartsch, Mutagenic and carcinogenic N-nitroso com
pounds: Possible environmental hazards, Mutat. Res. 32:179 (1976). 

142 



LIPID PEROXIDATION AND BIOACTIVATION OF HALOGENATED HYDROCARBONS 

IN RAT LIVER MITOCHONDRIA DURING EXPERIMENTAL SIDEROSIS 

INTRODUCTION 

Aldo Tomasi, Emanuele Albano 1, Barbara Botti, Francesco 
P. Corongiu 2, M. Assunta Dessi 2, Anna Iannone, Valeria 
Franceschi, Vanio Vannini and Alberto Masini 

Istituto di Patologia Generale, Via Campi 287 
41100 Modena, 1 Dipartimento di Medicina a Oncologia 
Sperimentale,Corso Raffaello 30, 10125 Torino, 
2Dipartimento di Biologia Sperimentale, Sezione di 
Patologia Sperimentale, Via Ospedale 76, 09100 Cagliari 

It is firmly extablished that increased amount of iron accumulated in 
hepati: parenchymal cells is associated with tissue injury, fibrosis and ul
timately, cirrhosis 1. However, the pathogenetic mechanism of iron in deter
mining the liver injury has not been experimentally proven 2. Currently two 
hypothesis have been put forward in order to explain the hepatocellular in
jury in chronic iron overload. The first implies that the excess iron large
ly occurring in lysosomes, physically disrupts these organelles with the re
lease of cell damaging hydrolytic enzymes 3 • The second one presupposes that 
the pathological accumulation of iron elicits membrane lipid peroxidation in 
cellular organelles resulting in structural and functional alterations of 
cell integrity~. Indeed, iron could promote the production of reactive oxy
gen species such as superoxide anion (0'2-)' hydroxy radicals (OH4-), and hydro
gen peroxide (H 20 2)5. The experimental evidence, gathered up to now, indi
cates that chronic iron overload may induce in vivo lipid peroxidation of 
mitochondrial membranes6- a. Furthermore, the in vivo occurrence of lipid 
peroxidation in the mitochondrial membranes has been suggested to be respon
sible for some anomalies in liver mitochondria isolated from rats made si
derotic either by dietary iron9 ,10 or by intraperitoneal injection of iron
(III)- gluconate complex 11-13. 

Along with these investigations, and taking into account1~ that mito
chondria are able to metabolize the well known hepatotoxic and carcinogenic 
agent,:arbon tetrachloride (CCI~) to form the trichloromethyl free redical, 
we have used the spin trapping technique coupled to Electron Spin Resonance 
spectroscopy (ESR) as a probe of a possible impairment of the mitochondrial 
metabolic activity in the presence of excess iron. 

In the present study the changes in iron concentration of the hepatic 
tissue and of the mitochondrial fraction, isolated from either female or male 
rats fed on a diet supplemented with carbonyl iron for a period of 60 days, 
are presented. The susceptibility of the mitochondrial membrane to lipid 
peroxidation, the mitochondrial functional integrity, the mitochondria Ca2+ 
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transport capability, and the ability in bioactivating CCl4 have been inves
tigated. 

MATERIALS AND METHODS 

Animals and Diet 

Female and male albino rats (100-120 g) were purchased from Nossan 
(Corezzana, Milano, Italy). Rats were made siderotic by feeding a standard 
diet purchased from Dr. Piccioni (Brescia, Italy) supplemented with 25% 
(wt/wt) carbonyl iron. 

Chemicals 

Carbonyl iron was purchased from Fluka (Fluka AG, Buchs, CH-9470, 
Switzerland). Phenyl-t-butyl nitrone (PBN) was obtained from Aldrich Chemi
cal Co (Milwaukee, WI, USA); all other chemicals and reagents were of the 
highest available purity. 

Preparation of the Mitochondrial Fraction 

Animals were killed by decapitation after an overnight starvation pe
riod. Liver mitochondria were prepared in 0.25 M sucrose according to a 
standard procedure 15 • The protein content of the final mitochondrial suspen
sion was determined by the biuret method with bovine serum albumin as the 
standard. 

Mitochondrial and Tissue Iron Determination 

Mitochondrial and hepatic iron concentration was determined by an atomic 
absorption Perkin Elmer spectrophotometer (mod. 306) as follows: aliquots of 
2 ml of either homogenate or mitochondrial fraction were digested by 2 ml 
HN0 3 and 1 ml H2S04, The dried residue was added with 1 ml HCL04 to obtain a 
clear solution which was then diluted with distilled water. Solutions of 
(FeN0 3 )3 in 0.5 N HN03 were used as standards. All the data are expressed as 
nmol iron per mg protein. 

Lipid Peroxidation 

Determination of the conjugated diene signal was performed according to 
Corongiu et al. 16 The lipid chloroform extracts were placed in glass test 
tubes with glass stoppers. The solvent was removed under vacuum at 40°C. 
The lipid extract was dissolved in cyclohexane in order to obtain a lipid 
concentration of 100 ~g/ml and scanned from 300 to 220 nm and the absorbance 
and the second derivative spectrum were recorded. The presence of conjugated 
dienes was detected directly in the second derivative spectrum by the pres
ence of minimum peaks that absorb at 233 and 242 nm. These absorbances have 
been elsewhere characterized as trans,trans and cis,trans hydroperoxydienes1Z 
Before the scanning operation a background correction-memorized scan between 
Suprasil cells containing cyclohexane was performed in order to avoid spec
tral differences between sample and reference cell. Because artifactual per
oxidation may occur during tissue sampling and processing, experiments were 
considered acceptable only when lipid extracts, prepared from control animals 
(at least 4 in number) and studied at the same time as the treated group, did 
not show any significant second derivative signal attributable to lipoperoxi
dative damage. In the Figure based on second derivative spectroscopy, an ab
sorption peak in the conventional sense appears as an absorption minimum. 

Mitochondrial Oxidative Metabolism 

The metabolic parameters were assayed with a polarographic Clark type 
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oxyglm electrode at 25°C in final volume of 3 ml. The concentration of mito
chondria was 3 mg of protein per ml. The phosphorylative capacity was meas
ured from the polarographic traces according to Chance and Williams 18 • The 
respiratory states studied were those defined by Chance and Williams 18 • The 
incubation standard medium was as follows: 100 mM NaCl; 10 mM TRIS-HCl 
(pH 1.4); 10 mM Na,K-phosphate (pH 7.4) and 1.6 mM Na-pyruvate plus 0.4 mM 
L-malate or 2 mM Na-succinate as respiratory substrates. 

Mitochondrial Transmembrane Electrical Potential 

The transmembrane potential (~~) was measured at 25°C in a final volume 
of 1.5 ml by monitoring with a tetraphenylphosphonium (TPP+) selective elec
trode, the movements of tetraphenylphosphonium across the mitochondrial mem
brane as in ref. 19. An inner mitochondrial volume of 1.1 ~l/mg protein was 
assumed. The metabolic medium for assaying the electrochemical parameters 
had the following composition: 210 mM mannitol; 70 mM sucrose; 5 mM Hepes 
pH 7.il (MSH buffer); 5~M rotenone and 20 ~M TPP+. Mitochondria (3 mg pro
tein/nIl) were incubated at 25°C and then energized with 2.5 mM Na-succinate. 

Spin Trapping 

Spin trapping experiments were performed on freshly prepared and resus
pended mitochondria (2 ml final volume, 10 mg of protein/ml) placed in a 
50 ml Erlenmeyer flask fitted with a central well. CC1 4 (10 ~l) was added to 
the central well and the flasks were tightly closed. CC14 concentration 
reached approx 0.15 mM into the incubation mixture 20 • The mitochondria were 
supplemented with succinate (5 mM) and ADP (0.5 mM) along with the spin trap
ping agent PBN (25 mM). The experiments were performed under hypoxic condi
tions obtained by flushing for 10 min with moist 02 - free N2 • Incubations 
were carried out at 37°C for 30 min; the suspensions were then extracted with 
1 ml chloroform methanol (2:1, v/v) mixture, and the chloroform phase sepa
rated by centrifugation was used for ESR analysis. The presence of the 
PBN-CC1; spin adduct was revealed by a Bruker 200D-SCR ESR spectrometer as 
previou.sly described 21 • 

RESULTS 

The iron content of the liver tissue of female rats fed on a diet sup
plemented with 2.5% (wt/wt) carbonyl iron progressively increases from 16.2 ± 
1.6 nmol/mg protein at zero time up to 156.1 ± 4.7. As shown in Table I the 
Fe concentration of the hepatic tissue reaches a steady state level after 40 
days of treatment. A very similar pattern is presented by the Fe content of 
the liver tissue of male rats, but the maximum extent of Fe loading is much 
lower. Fe concentration in males increases from 12.2 ± 3.6 nmol/mg protein 
up to 50.2 ± 4.6 nmol/mg protein, which represents a 4 fold increase against 
a 12 fold increase in the case of female rats. The changes in Fe content of 
the mitochondrial fraction isolated from Fe treated rats present a similar 
kinetic. It has to be stressed that there is a 12 fold increase in the Fe 
content of mitochondria isolated from female rats against a 4 fold of the 
male rats. 

The induction of lipid peroxidation in vivo in mitochondrial membranes 
appears to be associated with the attainment of a threshold value in the con
centration of iron. Indeed, the second derivative spectrum of mitochondrial 
lipids which exhibits two modifications at 233 nm and 242 nm characteristic 
of trans"trans and cis,trans conjugated dienes is evident only in female 
rats, after 40 days of treatment (not shown). It is noteworthy that no sec
ond deri,'ative spectrum of conjugated dienes was observed during the treat
ment period in male rats (not shown). 
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The respiratory control index and the ADP/O ratio of mitochondria from 
both male and female treated rats, obtained either with a NAD-linked sub
strate, such as pyruvate plus malate, or with succinate, did not differ from 
controls at any time of treatment tested (not shown). 

The determination of the membrane potential on the basis of movements of 
the lipid soluble cation tetraphenylphosphonium has proven useful to measure 
the energy state of mitochondria and to assess their intactness. Fig. 1 
shows that mitochondria isolated from female rats after 60 days of treatment 
on addition of substrate immediately develop a normal 6~ of about 180 mV. 
Similar values of membrane potential were found with mitochondria from male 
rats (not shown). 

These data are therefore consistent with the above conclusion on the 
normal oxidative metabolism of iron treated mitochondria. However, the mem
brane potential pattern during the accumulation of a pulse of Ca2+(i.e. 50 
nmol/mg protein) revealed a marked difference between control mitochondria 
(Fig. 1A) and mitochondria from iron loaded female rats (Fig. 1B). In the 
latter case, the membrane potential trace after the drop, which corresponds 
to the energy utilized for the Ca2+accumulation, does not return to the 
pre-Ca2+level, as in the control, but suddenly decreases. When 6~ has 
reached the lowest value, addition of the Ca2+chelating agent EGTA promptly 
reverses the membrane potential to the normal value. This observation indi
cates that the inner membrane is not irreversibly depolarized. Thus suggest
ing that the membrane potential decrease is not due to the damage of the 
mitochondrion but rather to a continuous energy draining "Ca2+ cycling" pro
cess, which dissipates energy while reaccumulating the released Ca2+ into 
mitochondria. Similarly, when Ca2+ has been accumulated in iron loaded mito
chondria, the addition of Ruthenium red, a specific inhibitor of the electro
genic Ca 2+ uptake induces a constant increase of the membrane potential. On 
the other hand the addition of either BHT, an antioxidant, Desferal, a spe
cific chelator of ferric iron, or BSA, a chelator of fatty acid, does not 
modify the 6~ trace. 
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Table 1. Increase in iron concentration during dietary iron 
overload 

Treatment 
time 
(days) 

0 

20 

40 

60 

Fe concentration 
(nmol/mg protein) 

Hepatic tissue 

male female 

12.2 ± 3.6 16.2 

39.6 ± 5.4 62.8 

48.4 ± 6.1 159.1 

50.2 ± 4.6 156.1 

± 

± 

± 

± 

Mitochondrial fraction 

male female 

1.6 4.8 ± 1.2 3.6 + 0.7 

2.1 11.5 ± 1.8 12.0 + 2.0 

6.5 19.1 ± 3.6 37.9 + 4.5 

4.7 18.3 ± 2.8 40.9 ± 8.7 

Mean values for 3 to 5 different experiments are given ± S.D. 
Iron was determined by atomic absorption spectroscopy. 
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Fig. 1. Membrane potential of liver mitochondria isolated from rats treated 
with carbonyl iron. Mitochondria in standard incubation medium, as 
described in the Methods, were energized by the addition of 2.5 roM 
succinate (Succ.). The arrows indicate the following additions: 150 
~M CaC1 2 (Ca); 0.5 roM EGTA; 2 uM ruthenium red (RR); 30 ~ butylated 
hydroxy toluene (BHT); 2 mg/mg protein desferrioxamine (Desferal); 
0.1% bovine serum albumin (BSA). 1.A: Control mitochondria; 1.B-C: 
mitochondria from 60 days iron treated female rats. The mitochon
drial potential ( 6V ) was measured by tetraphenylphosphonium selec
tive electrode, as described in the Methods. 6E, electrode poten
tial. The traces presented in the figures are representative of at 
least three different experiments performed on a pool of 3 animals. 

It has to be noted that mitochondria isolated either from female rats 
after 20 days of treatment or from male rats at all treatment times will not 
exhibit such anomalies in Ca2+ transport (not shown). 

In parallel to this set of experiments, a different approach was used on 
the same, mitochondrial preparations with the aim of testing mitochondria 
ability in bioactivating CC14 • The mitochondria were incubated, as described 
in Materials and Methods, in the presence of CC14 and the spin trapping agent 
PBN, which is an efficient trap of the trichloromethyl free radical (Fig. 2). 
Mitochondria from control and iron loaded rats were tested in such a way at 
2, 6, 20, 40 and 60 days of treatment time. At any time of treatment no dif
ferences were observed between controls and treated rats. 

DISCUSSIClN 

The present results show that feeding rats on a diet supplemented with 
carbonyl iron results in the accumulation of iron in the hepatic tissue which 
is more pronounced in the case of female than male rats. The accumulation of 
iron is progressive with the time up to nearly 40 days, when it reaches a 
steady s1:ate value of approximately 160 nmol/mg protein for female rats and 
of approx. 50 nmol/mg protein for male rats. These data confirm those of 
Bonkowsky et a1. 22 in rats treated parenterally with iron dextran. The 
accumulation of iron in the hepatic tissue is paralleled by an increasing 
concentration of iron in the mitochondrial fraction which reaches a steady 
state value of about 40 nmol/mg protein within 40 days of treatment in the 
case of female rats and of about 18 nmol/mg protein in the case of male rats. 
The reason for the difference in the extent of iron accumulation between male 
and female rats remains unexplained. The increased concentration of iron in 
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Fig. 2. ESR spectra of the CCI;-PBN free radical adduct produced by isola
ted mitochondria exposed to CCI4 . Mitochondrial suspensions were in
cubated 30 min at 37°C under hypoxic conditions with 0.5 mM-ADP, 5 
mM succinate, 25 mM PBN and in the presence of CCl4 (10 ~l added to 
the center well of the incubation flasks). The traces represent: a) 
controls incubated without CCI4 ; b) mitochondria from normal rats 
receiving CCI4 ; c) mitochondria from iron overloaded rats receiving 
CCI4 • 

the hepatic tissue and in the mitochondrial fraction is associated with an 
enhancement of in vivo lipid peroxidation of mitochondria membranes. The 
process appears to be dependent on the attainment of a threshold level in 
iron concentration, since it is observed in female rats when iron concentra
tion exceeds 90 nmol/mg protein of liver tissue or about 30 nmol/mg mitochon
drial protein. This finding agrees with the results of Bacon et al. 9 ,10, who 
reports the occurrence of lipid peroxidation when the hepatic iron content 
reached the above mentioned threshold value. Lipid peroxidation was not ob
served in microsomal membrane lipids at any treatment time as long as the 
iron concentration was below the critical level, in accordance with previous 
reports 9. 

Iron in vivo may initiate free radical reactions, though the biochemical 
mechanisms involved are not known. It has been suggested that in the pres
ence of excess iron, the capability of hepatocytes to maintain iron in a pro
tein bound non-reactive ferric iron may be exceeded, resulting in the release 
of a low amount of reactive iron (ferrous iron or chelated iron). Reactive 
iron can initiate membrane peroxidation either directly through a Fenton like 
reaction, or by forming perferryl iron (Fe0 2+), or a ternary complex between 
arachidonic acid-ferrous iron and oxygen 23 • The in vivo lipoperoxidative re
actions in the mitochondrial membranes, proved by~he detection of conjugated 
dienes, seems to be associated with a derangement in mitochondrial Ca 2+ 
transport. These anomalies have not been observed in mitochondria isolated 
either from 20 days iron treated female rats or from male rats at all times of 
treatment, where no lipid peroxidation was detected. 

Lipid peroxidation and the ensuing membrane derangement will cause a 
likely alteration in the flow of electrons through the respiratory chain. It 
has been demonstrated that the mechanism responsible for the activation of 
CCl 4 share some analogies with the univalent reduction of oxygen 14 , hence the 
spin trapping technique, which revealing the presence of the free radical 
intermediate becomes, at the same time, a probe of the mitochondrial electron 
flow. In our hands, trichloromethyl radical production did not show any sig
nificant difference in mitochondria from control or iron loaded rats at any 
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time of the treatment. Thus, it is plausible to maintain that under the ex
perinlental conditions, no major disruption has occurred in the mitochondrial 
electron flow. 

The drop in membrane potential observed in mitochondria from 40 or 60 
days iron treated female rats after they had accumulated a pulse of Ca 2+ is 
apparently related to the energy dissipated to reaccumulate the released 
Ca 2+, a process which is known as "Ca 2+ cycling". Indeed when the process of 
the energy dependent Ca 2+ uptake is blocked by the addition of Ca2+ chelating 
agent EGTA or it is inhibited by the presence of the specific inhibitor 
Ruthenium red, the membrane potential returns to normal values. Therefore a 
net n!lease of Ca2+ appears to be associated with the induction of lipid per
oxida1:ion. However this Ca 2+ release does not result from gross alterations 
in the functional integrity of mitochondria. Indeed, the phosphorylative ef
ficiency, as well as the respiratory control index of the mitochondria are 
normal. A further experimental support to this suggestion is that they pre
sent a normal membrane potential as well as a normal capability for Ca 2+ up
take 2'+. Some defects in the mitochondrial electron transport chain 10 as well 
as anomalies in the membrane potential 11-13 have been previously reported to 
occur in experimental siderosis. However those results were obtained in the 
presence of a concentration of iron much higher than that reported here. 

Relevant to the present finding are the results obtained by the in vitro 
addition iron (III)-gluconate complex to liver mitochondria. An activation 
of a specific Ca 2+ release route from mitochondria was observed to be brought 
about by the induction of lipid peroxidation by the ferric complex in mito
chondrial membranes25-2~ In the light of the present results we suggest that 
iron can be safely stored by mitochondria up to a fairly high concentration. 
Above a critical threshold value we have observed a derangement in the Ca 2+ 

transport with a continuous energy drain which will eventually lead to a per
turbation of the cellular energy state, a determining factor in the revers
ibility of the lesion. This event, given the role played by mitochondria in 
cell mE!tabolism may then constitute the causal event of cell damage observed 
in the experimental hepatic siderosis. 
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LIPID PEROXIDATION, PROTEIN THIOLS, CALCIUM HOMEOSTASIS AND IMBALANCE OF 

ANTIOXID~NT SYSTEMS IN BROMOBENZENE INDUCED LIVER DAMAGE 

Alessandro F. Casini, Emilia Maellaro, Alfonso Pompella, Marco 
Ferrali and Mario Comporti 

INTRODUCTION 

Istituto di Patologia Generale, Universita di Siena 
Via del Laterino 8, 53100 Siena, Italy 

A line of research from our laboratory has been concerned, for several 
years, with the pathogenetic mechanisms of the liver damage produced by glu
tathione (GSH)-depleting agents. The present report deals with the main re
sults obtained in in vivo studies with the use of the prototype aryl halide, 
bromobenzene. 

The major route of bromobenzene metabolism is the formation of 3,4-bro
mobenzene epoxide 1 ,Z The latter can covalently bind to cellular macromole
cules, but can also be converted to chemically inert metabolites. The epox
ide in fact (I) can be rearranged to form p-bromophenoI 3 , (II) can be con
verted to a dihydrodiol (3,4-bromophenyldihydrodiol) by an epoxide hydrase 2 

or (III) can react with GSH to give a glutathionyl conjugate 4. The latter 
reaction, which can occur even spontaneously in the cell environment, is 
largely accelerated by the catalysis of glutathione-transferases. Therefore, 
the conjugation with GSH represents the main pathway of bromobenzene metabo
lism and the conjugate is ultimately excreted in urine as a mercapturic 
acid 2 ,4. 

Liver Glutathione Depletion Induced by Bromobenzene and Its Relation to Lipid 
Peroxidation and Necrosis 

After bromobenzene administration to mice starved overnight (or fed a 
liquid glucose diet for two days in advance; such dietary regimens decrease 
the hepatic GSH stores), we have observed S- 7 the following situation: the he
patic GSH level is dramatically decreased (down to 30-15% of control values) 
at 3 h already and it decreases further at later times. Between 9 and 14 h 
liver necrosis (as assessed by the serum transaminase levels) appears in 
about 35% of the animals. The frequency of liver necrosis increases up to 
about 60% of the intoxicated animals at 18-20 h. Lipid peroxidation, as as
sessed by various procedures, shows a quite similar behavior. As shown in 
Fig. 1, when the individual values obtained at 14 h for serum transaminases 
or for lipid peroxidation (measured as the amount of carbonyl functions in 
liver phospholipids 8 in Fig. 1) are plotted against the corresponding hepatic 
GSH levels. it appears evident that both liver necrosis and lipid peroxida
tion occur only when the hepatic GSH depletion has reached critical values. 

The treatment of the animals, after the intoxication, with the effective 
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Fig. 1. A: Plot of serum transaminase (serum glutamate-pyruvate transamin
ase) levels against the corresponding hepatic glutathione (GSH) 
contents in mice intoxicated with bromobenzene (13 mmoles/Kg body 
wt. by mouth). B: Plot of lipid peroxidation values (amount of 
carbonyl functions in liver phospholipids) against the corresponding 
hepatic GSH contents in mice intoxicated with bromobenzene. The 
values were obtained 14 h after poisoning. (Modified from Casini et 
al. 5 , with permission). 

antioxidant Trolox C, a lower homolog of vitamin E, completely prevents both 
lipid peroxidation and liver necrosis, while not changing at all the extent 
of the covalent binding of bromobenzene metabolites to liver protein 5 • This 
result therefore suggests that lipid peroxidation, rather than the covalent 
binding, is the main pathogenetic mechansim responsible for the bromobenzene
induced liver necrosis. 

Relationships Between Lipid Peroxidation, Protein Thiols and Calcium Homeo
stasis in Bromobenzene-induced Liver Damage 

In recent years the concept has developed according to which a perturba
tion of calcium homeostasis is the crucial and irreversible event leading to 
cell death in the liver damage produced by a number of toxins. As far as the 
GSH-depleting agents are concerned, a great deal of experimental work 9- 13 car
ried out in in vitro systems in which an oxidative stress (for instance that 
caused by the-redox cycling of menadione) is imposed to isolated hepatocytes, 
suggests that the perturbation of calcium homeostasis is caused by altera
tions of protein sulphydryl groups. The latter alteration would be secondary 
to GSH depletion9-1~ We have therefore studied the relationships occurring 
among GSH depletion, lipid peroxidation, loss of protein thiols, alteration 
of calcium homeostasis and liver necrosis during the course of the in vivo 
intoxication with bromobenzene. 

In the experiment reported in Table 1 liver necrosis appears in some 
animals at 9-12 h after the intoxication and increases subsequently in fre
quency and severity. Lipid peroxidation is already detectable, in some ani-
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mals, at 6-9 h and markedly increases afterwards showing in every instance a 
good statistical correlation with necrosis (r = 0.837; P < 0.001). Lipid per
oxidation is given here as the malonic dialdehyde (MDA) content of the liver 
after it was checked that this assay correlates with other more sophisticated 
analyses to detect lipid peroxidation in vivo. Although the hepatic GSH 
depletion is nearly maximal at 6 h already, a significant decrease in protein 
sulphydryls can be seen at 12-18 h only. Such decrease in protein thiols 
seen at 12-18 h is correlated (r = -0.875; P < 0.001) with lipid peroxida
tion. 

Results similar to those observed with the whole liver were also obtain
ed with the isolated microsomal and mitochondrial fractions. As shown in 
Fig. 2, the decrease in protein thio1s is correlated with lipid peroxidation 
in both microsomes and mitochondria. 

In order to evaluate cellular calcium homeostasis, we measured the cal
cium sequestration activity of both the microsomal and the mitochondrial 
fraction, that is the capacity of liver mitochondria and microsomes to 
regulate the level of cytosolic calcium. As shown in Table 2, this activity 
is impaired in both fractions after bromobenzene intoxication. However, 
while the microsomal calcium pump decreases slowly after poisoning, the mito
chondrial pump is significantly inhibited at 6 h already and the inhibition 
increases subsequently. The microsomal calcium pump is impaired in the ani
mals in which extensive lipid peroxidation developed, but not in those in 
which lipid peroxidation was virtually absent. The plot (Fig. 3) of the 
individual values of the microsomal and mitochondrial calcium sequ~stration 
activities against the corresponding lipid peroxidation values shows that the 
inhibition of the calcium pumps is correlated with lipid peroxidation in both 
microsomes and mitochondria. A significant correlation was also found be
tween the impairment of calcium pumps of microsomes and mitochondria and the 
corresponding losses of protein thiols (r = 0.894, P < 0.001 for microsomes; 
r = 0.861, P < 0.001 for mitochondria). 

It seems therefore from the above results that lipid peroxidation is 
correlated with the decrease in protein thiols, the impairment of the micro-
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Fig. 2. Plot of the protein -SH groups against the corresponding lipid per
oxidation values (amount of carbonyl functions in phospholipids) in 
both microsomes (panel A) and mitochondria (panel B) from liver of 
bromobenzene intoxicated mice. The values obtained 6-18 h after 
poisoning were used. 
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Fig. 3. Plot of the values for calcium uptake against the corresponding li
pid peroxidation values (amount of carbonyl functions in phospho
lipids) in both microsomes (panel A) and mitochondria (panel B) 
from livers of bromobenzene intoxicated mice. The values obtained 
6-18 h after poisoning were used. Calcium uptake was given as per 
cent values with respect to the zero time, i.e.; control values. 
The latter values are reported in Table 2. Bromobenzene intoxica
tion was performed as reported in Table 1. (From Casini et al. 7 , 
with permission). 

somal and mitochondrial calcium sequestration activity as well as with liver 
cell death. In order to further evaluate the role of lipid peroxidation in 
the bromobenzene-induced liver damage, experiments were carried out in which 
desferrioxamine, a powerful iron chelator and inhibitor of lipid peroxida
tion, was administered to the animals after the intoxication. As shown in 
Fig. 4, the treatment with desferrioxamine of the intoxicated animals pre
vents almost completely lipid peroxidation, liver necrosis and decrease in 
protein thiols, while the GSH depletion was only minimally affected or not 
affected at all, as in the experiment in which the animals were sacrificed 
at 24 h (see below). In the experiment reported in Fig. 4 the animals were 
killed 15 h after bromobenzene intoxication. Similar results were obtained 
when the animals were killed 24 h after the intoxication, even if in some 
occasional case high transaminase levels in the virtual absence of lipid 
peroxidation were found. In these animals protein thiols were not decreased 
as compared to controls. Despite the occurrence of such discrepancies, the 
overall analysis of the data still showed a correlation (r = 0.490, P < 0.01) 
between lipid peroxidation values and serum glutamate-pyruvate transaminase 
(SGPT) levels. 

On the basis of the present results we can conclude that in bromo ben
zene-induced liver injury a close correlation exists among lipid peroxida
tion, loss of protein -SH groups, impairment of the mechanism of regulation 
of cellular calcium by mitochondria and microsomes and liver cell death. The 
loss of protein -SH groups may well be an important factor in the bromoben
zene-induced impairment of calcium sequestration activities of liver mito
chondria and microsomes as suggested by Orren ius and Bellomo 9-13,15,1 6 . How
ever, the decrease in protein thiols does not appear to be secondary to 
hepatic GSH depletion, since first, the two phenomena show a completely dif
ferent time course after the intoxication; and second, the desferrioxamine
treatment of the intoxicated animals almost completely prevents the loss in 
protein thiols, while not affecting the hepatic GSH depletion. 
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Fig. 4. Hepatic glutathione (GSH) depletion, liver damage (serum glutamate
pyruvate transaminase, SGPT) , lipid peroxidation (hepatic content 
of malonic dialdehyde, MDA) and decrease in protein thiol groups 
(protein -SH) in mice intoxicated with bromobenzene and given 
either desferrioxamine or saline. The animals were sacrificed 15 h 
after poisoning. Bromobenzene was given as reported in Table 1. 
Desferrioxamine was given intraperitoneally, 7 and 13 h after the 
intoxication, at the dose of 250 mg/Kg body wt. Results are given 
as means ± S.E.M. *Significantly different from bromobenzene + 
saline treated mice: P < 0.01. (From Casini et al. 7, with 
permission) . 

Relationships Among the Various Antioxidant Systems of the Liver Cell in 
Bromobenzene Intoxication 

In a recent study from our laboratory the relationships among the vari
ous antioxidant systems of the liver cell (namely vitamin E, glutathione and 
ascorbic acid) were investigated under conditions of profound GSH depletion, 
such as those produced by bromobenzene intoxication. It can be easily con
ceived that the abrupt loss of the antioxidant system represented by GSH af
fects the other defense systems against oxidative stress. 

Vitamin E is the major antioxidant in the lipid environment of cellular 
membranes. Because of the low ratio of tocopherol to polyunsaturated fatty 
acids, a recycling system capable of reducing the oxidized forms of tocopher
ol has been postulated: 

R' 
RH~ 

, a-TOH__ / X· 
~a-TO'I .XH 

, a-TOH~ 
~a-TO' I 

(1) 
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AA ascorbic acid 

IAA· 
"DRAA 

AA semi dehydroascorbic acid radical 
DRAA dehydroascorbic acid 

(2) 

According to Reddy et al. 17 and McCay et a1.18 this reducing system con
sists of a specific membrane enzyme, namely tocopheroxy radical reductase, 
which utilizes GSH as a source of reducing equivalents (reaction 1). On the 
other hand, according to Packer et al. 19 , Willson 20 and Scarpa et al. 21 , the 
tocopherol-regenerating system consists of ascorbic acid that is converted 
in the reaction to the semi dehydroascorbic acid radical and then to dehydro
ascorbic acid (reaction 2). 

The oxidized forms of ascorbic acid are converted back to the reduced 
form by enzymatic systems such as the: 

NADH-semidehydroascorbate reductase (semidehydroascorbic acid + 
NADH +-+ ascorbate + NAD) 

Dehydroascorbate reductase (dehydroascorbic acid + 2 GSH +-+ascorbic acid 
+ GSSG) 

Alternatively, GSH depletion may affect the other antioxidant systems, 
if a lowered disposition of hydrogen peroxide by GSH peroxidase occurs. 
Vitamin E may be consumed as a result of an increased formation of lipid per
oxides in the membrane, and ascorbate may be involved by a direct interaction 
with oxy radicals, especially with hydroxyl radicals. 

The model of bromobenzene intoxication in vivo is characterized by a 
long lag phase between the depletion of GSH and the onset of lipid peroxida
tion. In this situation the levels of the antioxidants can be measured well 
before the appearance of lipid peroxidation. 

Table 3 shows again an experiment in which the time-course of GSH deple
tion, liver necrosis and lipid peroxidation is followed after bromobenzene 
intoxication. These data are similar to those already reported. The hepatic 
GSH depletion is nearly maximal by 3 h already. The content of vitamin E re
mains unchanged during the first hours of the intoxication. A significant 
decrease was observed at 9-12 h, before the development of lipid peroxida
tion. A further and now larger decrease occurs as lipid peroxidation marked
ly increases. Ascorbic acid is significantly increased during the first 
hours after the intoxication, while a decrease can be seen at the latest time 
(Table 3). The increase observed during the early times may be due to an in
creased synthesis as an adaptive response to increased consumption. 

An interesting feature of this study is the variation of the level of 
dehydroascorbic acid. Dehydroascorbic acid, in fact, markedly increases 
during the first hours of the intoxication when a severe GSH depletion occurs 
and no lipid peroxidation is seen (Table 3). The level of dehydroascorbic 
acid then decreases even though remaining at higher values as compared to the 
controls. The ascorbic/dehydroascorbic acid ratio shows the prevalence of 
the oxidized over the reduced form throughout the intoxication period. 

Two possible explanations can be proposed for the present results. On 
the one hand, GSH may be involved in regenerating vitamin E through the 
ascorbate-dehydroascorbate system. Alternatively, the GSH-dependent removal 
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of hydrogen peroxide, produced under normal metabolic conditions, may prevent 
oxy radical-induced changes in the balance between the reduced and oxidized 
forms of ascorbic acid and vitamin E. Thus, the increase in the oxidized 
form of ascorbic acid, that is dehydroascorbic acid, can be regarded as an 
index of oxidative stress occurring with GSH depletion prior to the develop
ment of lipid peroxidation. 
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SECTION II 

DEVELOPMENTAL STAGES OF CARCINOGENESIS 



CELL PROLIFERATION AND CELL LOSS IN PROGRESSION IN LIVER CARCINOGENESIS: 

A NEW HYPOTHESIS 

INTRODUCTION 

Emmanuel Farber, Joel Rotstein, Leonard Harris, George Lee, 
and Zhi-Ying Chen 

Departments of Pathology and of Biochemistry, Medical 
Sciences Building, University of Toronto, Toronto, Ontario 
Canada, M5S 1A8 

It is becoming well established that the development of hepatocellular 
carcinoma in the liver of the rat occurs through a number of steps (8 to 10 
or more), some of which involve changes in a rare cell and others the pro
gressive modulation of the phenotype in new hepatocyte populations 1. Two 
major sequences appear in the majority of the models of liver carcinogen
esis1,~ Sequence A, consisting of initiation and promotion, generates benign 
focal proliferations of hepatocytes ("clonal nodules"), a very small propor
tion (1-5%) of which persist 2 • Sequence B, consisting of progression, is the 
multistep process whereby the first precancerous lesion, the persistent 
hepatocyte nodule, slowly undergoes a series of changes leading to cancer. 
This sequence also includes the changes that occur in a bona fide cancer 
leading to increasing growth, invasion and metastasis 2 • Clearly, sequence B 
is the most relevant and most critical in the development of cancer. It can 
occur "spontaneously" and needs no external manipulation and is often not 
influenced in a major way by promoting environments. 

The phenotype of the persistent nodule, the first true precancerous 
lesion, is very similar to that of the early nodules, the majority of which 
remodel. This similarity pertains to biochemical and enzyme patterns, archi
tecture, cytological appearance and blood supply3. However, three phenotypic 
differences have been found so far 4- 8 and these seem to be of some importance. 
These are: (a) cell proliferation without any apparent exogenous stimulus, 
involving at any moment in time from 4 to 8% of the cells, (b) cell loss, 
presumably by single cell necrosis with phagocytosis (so-called apoptosis), 
increasing as the level of cell proliferation increases, and (c) ability to 
grow as a nodule on transplantation into the spleen, with the ultimate devel
opment of hepatocellular carcinoma6 . Nodules do not grow when transplanted 
to the liver, subcutaneous tissue or several other sites in syngeneic an
imals, other than the spleen. The cell proliferation, cell loss and trans
plantability to the spleen are shown by the cells of the persistent nodules 
but not by the cells of the liver surrounding the nodules. 

The Balance between Cell Proliferation and Cell Loss 

The persistent nodule is considered to be the first neoplastic or pre
cancerous step, since seemingly autonomous growth is first seen in this cell 
population. 

167 



This cell population is interesting in that it retains some important 
aspects of normal control of cell proliferation and cell balance in the li
ver. It retains a clear-cut diurnal rhythm, responds to the strong mitogenic 
stimulus of partial hepatectomy as does the liver surrounding the nodules and 
the liver of normal control rats and maintains a balance between cell prolif
eration and cell loss. This balance results in only a very slow rate of 
growth of the nodules, even though the labeling index and the growth fraction 
may be as high as 8 to 10%5. This balance is maintained during the process 
of progression until cancer appears at which time the growth of the malignant 
neoplastic nodule population is much increased. Therefore, it is possible 
that a major factor in the evolution to cancer is the loss of this normal 
balance. 

Thus, even though a major phenotypic property of cancer, seemingly 
autonomous growth, appears in the first persistent hepatocyte nodule, the 
balance between cell proliferation and cell loss is maintained until cancer 
appears much later. What is the basis for this balance? 

Normal or Physiological Control of Liver Cell Mass or Number 

The normal liver has a physiological control system whereby the cell 
number in the liver is kept more or less constant. When liver tissue is lost 
by operative removal or by cell death, the liver shows a regenerative res
ponse that compensates for the loss until the liver is returned pretty much 
to its original size (e.g. 9, 10). When liver responds to a mitogen by 
hyperplasia, again it compensates by losing cells so as to return to its 
original size9,1~ Thus, the rat and presumably all other mammals and other 
animals have homeostatic mechanisms that control for the size of the liver or 
for the number of hepatocytes and other cells in the liver. The bases for 
these regulatory mechanisms are quite unknown. 

Since this liver cellular homeostasis is active under a variety of ex
perimental conditions including acute liver cell injury, is it operative in 
chronic liver disease such as liver carcinogenesis, and if so, when? Does 
the liver during hepatocarcinogenesis show compensatory regeneration follow
ing loss of liver and compensatory loss following primary hyperplasia of 
liver or liver cells? 

New Hypothesis during Liver Carcinogenesis 

As already indicated, the persistent nodule, at least in the resistant 
hepatocyte (RH) model, shows a new property - cell 10ss5. In this study, the 
degree of cell loss was measured and found to be slightly less than that of 
cell proliferation. Thus, the persistent nodule displays a balance between 
the level of cell proliferation and cell loss. For example, at 2 months 
post-initiation, the persistent nodules showed a growth fraction of about 4% 
and a necrotic index of about 3%; at 6 months, the corresponding values were 
8% and 7% respectively. 

This model for liver carcinogenesis, the RH model, is special in that 
the various cellular and tissue steps occur synchronously. Thus, it is theo
retically possible to analyze the sequence of changes and to construct 
rational hypotheses. 

In the RH model, the first clear-cut induction of a balance between cell 
proliferation and cell death is seen in the first persistent hepatocyte 
nodule at 2 months post-initiations. No significant and reproducible level 
of cell death (so-called "apoptosis") was found during the earlier micro
scopic phase of nodule formation, i.e. in foci or islands 5. Also, no sig
nificant level of cell death was observed in the majority of early nodules, 
those that remodel by differentiation/,8. 
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The finding of a significant level of cell death in the first persist
ent nodule and not prior to this in either nodules or foci 5 seems to be in 
sharp contradiction to the quantitative observations of Schulte-Hermann and 
co-workers 15 and those of Columbano and colleagues with orotic acid 17. In 
these two studies, single cell death with phagocytosis by liver cells 
(apoptosis) was found in microscopic foci of altered hepatocytes in rats in
itiated with nitrosomorpholine 15 or 1,2-dimethylhydrazine 17 and promoted with 
cyproterone acetate or phenobarbita1 15 or orotic acid 17. The degree of syn
chronization of lesion-development in these models is not known. With pheno
barbital, the foci develop and expand asynchronously. The only measure of 
possible cell loss in these two studies was the number of apoptotic bodies 
per 100 hepatocytes. If it is assumed that the number of apoptotic bodies is 
a measure of or at least proportional to the degree of cell death, why are 
results with foci so different in the different models and why do persistent 
nodules in the RH model show a balanced degree of cell proliferation - cell 
death while precursor foci in the same model do not? 

It is proposed that the differences between the cell dynamics in these 
different lesions is due to the manner in which they are derived. In the RH 
model, the stimulus for proliferation of the initiated hepatocytes is com
pensatory to cell loss. Initiation of liver carcinogenesis with many differ
ent carcinogens is associated with the appearance of a "resistance phenotype" 
in a rare hepatocyte 18 ,2o. The ultimate cancers arise from one or a few of 
such resistant hepatocytes 21 . Clonal expansion, promotion, is accomplished 
by providing a stimulus for cell proliferation by tissue removal (partial 
hepatectomy or cell death with CC14) while inhibiting the vast majority of 
the cells, the "uninitiated hepatocytes", from proliferating by brief ex
posure to 2-acetylaminofluorene. The rare (1 per 105 -106 ) initiated hepato
cyte, bearing the "resistance phenotype", can respond and does so by vigorous 
cell proliferation. Grossly visible hepatocyte nodules are readily generated 
within 10 days to 2 weeks. Growth of the nodules ceases when the liver has 
regained its former size. 

The cessation of growth of the majority of nodules is rapidly followed 
by remodeling by redifferentiation to normal-looking adult liver7,~ These 
show an obviously preprogrammed remodeling to normal-looking liver. This 
normal-looking liver constitutes the major portion of the liver surrounding 
the later persistent nodules. In a few nodules, the remodeling by differen
tiation is either blocked or delayed and "autonomous" hepatocyte prolifera
tion is somehow turned on 5. 

Therefore, in the RH model, the clonal expansion to form nodules is a 
form of compensatory cell proliferation 1. The few persistent hepatocyte 
nodules show a primary hyperplastic response above the normal control cell 
mass. Assuming that the basic homeostatic control for maintenance of liver 
cell mass is operating during hepatocarcinogenesis, it would be anticipated 
that the persistent hepatocyte nodule, being a primary hyperplastic lesion 
and not a compensatory one, should show cell loss as a response to cell pro
liferation. Thus, according to this hypothesis, cell loss would be an ex
pected consequence of cell proliferation in the population of persistent 
hepatocyte nodules. 

All of the focal lesions, precursor (foci or islands and early nodules) 
to the persistent hepatocyte nodule, being compensatory and not primary, 
would not be expected to show any significant level of cell loss as a balanc
ing phenomenon for the compensatory cell proliferation. 

Therefore, in the RH model, the absence of cell loss in foci and no
dules and its presence in the persistent nodules are to be expected according 
to the hypothesis proposed. 
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These results are in striking contrast to those with some other models 
such as those using cyproterone acetate, phenobarbital or orotic acid as 
promoters. In these models, the slow asynchronous expansion by cell prolif
eration to form foci and ultimately hepatocyte nodules is due to a primary 
hyperplasia of unknown mechanism and not to compensatory cell proliferation, 
significant liver cell loss or cell death does not seem to be present during 
the long period of promotion. Regardless of mechanism, the presence of extra 
hepatocytes in the foci derived by a primary hyperplasia, should set in 
motion a compensatory cell loss that might well balance out or slow down the 
expansile growth of the foci 23 • Thus, the known very slow growth of foci 
(and nodules) in the models of liver carcinogenesis that utilize primary 
hyperplasia as a promoting environment would be quite predictable according 
to this unifying hypothesis. 

New Hypothesis in Perspective 

Viewed from this perspective, the persistent nodules retain the normal 
physiological homeostatic balance between cell proliferation and cell loss 
until, for reasons unknown, a disturbance in this balance supervenes with the 
first step in malignant behavior of the nodules. This could very well be 
closely related to a new hepatocyte population, creating a "nodule in a 
nodule" 24 in which the new few or rare cells that constitute the nodule in 
the persistent nodule have lost the ability to exercise the homeostatic bal
ance between cell proliferation and cell loss. 

Also, if the persistent hepatocyte nodule retains this basic physio
logical adaptive mechanism, it is obviously confined to the nodule and does 
not involve the whole liver. The liver cells surrounding the nodule do not 
show any large increase in cell proliferation or in cell loss, even though 
the few nodules within the same liver do. Thus, whatever mechanism is oper
ating is doing so at a restricted geographic locus, the nodule. Conceivably, 
this could be a reflection of a fundamental control at the cell-to-cell level 
of organization. 

Thus, if this hypothesis is shown to be viable and not destroyed by 
future critical experiments, it generates new perspectives on the carcino
genic process in the liver. From this viewpoint, at least two steps in the 
carcinogenic process become crucial and critical: (a) the acquisition of 
seemingly "autonomous" cell proliferation by hepatocytes in the persistent 
nodule, and (b) the nature of the balance, if any, between liver cell pro
liferation and liver cell loss in the earliest steps after a nodule becomes 
frankly malignant. Fundamental, then to (a) is whether the trigger for cell 
proliferation is a mechanism secondary to differentiation or vice versa. Is 
the lack or inhibition of differentiation of the persistent nodule merely a 
reflection of some as yet unknown trigger for cell proliferation? Fundamen
tal to (b) becomes the elucidation of the physiological basis, followed by 
the biochemical and molecular bases for cell proliferation - cell loss 
homeostatic balance. This is a challenge that seems to be a high priority 
and urgent need at this time if we are to understand the fundamental mecha
nisms operating during the development of liver cancer with chemicals. 
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HUMAN PAPILLOMAVIRUS 16 DNA AND EPITHELIAL CELL IMMORTALIZATION 

INTRODUCTION 
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Papillomaviruses have had a unique position in carcinogenesis studies. 
As early as 1907 Ciuffol demonstrated that the infectious agent for the com
mon wart persisted in filtered homogenates and thus was not due to a bacte
rial or protozean etiology. These findings raised the possibility that warts 
were caused by newly recognized submicroscopic entities that are now referred 
to as viruses. Shope and Hung 2 later isolated and characterized the first 
oncogenic DNA virus, referred to as cottontail rabbit papilloma. Subsequent
ly, Rous and associates 3 ,4demonstrated that when Shope papilloma virus was 
injected in rabbits, progression from papillomas to carcinomas would be ac
celerated by the application of either coal tar or a well characterized car
cinogenic polycyclic hydrocarbon, 3-methylcholanthrene. This rabbit-virus 
model also responded to X-irradiationS which was shown to contribute to pro
gression of papillomas to carcinomas. A decade later, it was realized that 
X-irradiation of juvenile laryngeal papilloma (HPV 6/11) resulted in carcino
mas 6 • Today, treatment is by surgery or laser. Human papilloma viruses 
(HPV) are strongly associated with anogenital cancer, including cervical can
cer. HPV's have been associated worldwide with lSi. of the human cancers, 
most notably cancer of the uterine cervix, penis, vulva and anal region. HPV 
type 16, 18, 31, 33 and 39 have been identified in cervical cancer; over 90i. 
of these neoplasias can be classified as positive. Current epidemiological 
evidence suggests that incidence of cervical cancer in women is greater in 
smokers than in non-smokers 7 . 

Originally, the papilloma viruses, along with polyoma, Simian vaccuola
ting virus 40, human BK and JC, were classified as papova viruses because all 
possess a closed, circular, double-stranded DNA genome complexed with his
tones and they are incapsulated in an isohedral Virions. Today this taxonom
ic association is considered incorrect. Papilloma viruses constitute a dis
tinct group of viruses. Whereas the SV40 and polyoma virus group have cap
sids of 45 nm, those of the papilloma viruses have a diameter of 55 nm. This 
makes it possible to accommodate a 50i. larger DNA, 7900 bp compared to 5250 
bp for papillomas and polyoma, respectively. Analysis of DNA demonstrates 
that the sequences of DNA in their genetic organization of the open reading 
frame differ and that the patterns of RNA synthesis also differ. For exam
ple, SV40 and polyoma read from both DNA strands. In papilloma viruses, all 
the open reading frames are encoded and transcribed along only one of two DNA 
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strands and the messages for early and late functioning require interspersed 
transcriptions and processing signals. 

Most importantly, whereas SV40 and polyoma naturally infect a number of 
different organs and neural tissues and can be grown in vitro, most papillo
mas have a single host and multiply in mucosal or differentiated cutaneous 
epithelium at specific anatomical sites. The papilloma viruses have not been 
grown in vitro. They appear to require differentiated keratinocytes of epi
thelial for vegetative replication and remain undetectable in the basal lay
er. It is presumed but not proven that the replicative cycle of the papillo
ma virus is synchronized to epithelial cell differentiation. As the cell 
proceeds to differentiate from the basal to the spinous and granular stages, 
episomal DNA replication occurs in the cell nucleus. Only differentiated 
cells contain complete virus with protein coat and thus the complete virus is 
found in the stratum corneum. 

Therefore, it is appropriate and relevant to transfect HPV DNA into 
human keratinocytes to determine their role in carcinogenesis. Recombinant 
HPV 16 DNA can immortalize human epithelial cells 9 - 11. However, whereas 
transfection of 3T3 cells produce tumors in nude micel~ no tumor has resulted 
from injection of immortalized keratinocytes11• 

MATERIALS AND METHODS 

The epithelial cells used were derived from neonatal foreskins and 
cultured in a serum-free medium which favors the growth of keratinocytes and 
suppresses that of fibroblasts. The foreskin was obtained from healthy in
dividuals as a result of circumcision. The epithelial cells were isolated 
from the foreskin by a collagenase float technique. Cells from individual 
foreskins were cultured in MCDB153-LB (unpublished results) which is a modi
fication of the medium MCDB153 originally described by Boyce and Ham 13 • The 
new medium consists of a basal medium enriched by additional amino acids sup
plemented by hormones and a reduction of osmolarity. The primary cell divide 
approximately every 24 h and the untreated cells will multiply 40-50 times 
before undergoing senescence. Repeated utilization of this procedure alone 
has not resulted in either an extended lifespan or spontaneous transforma
tion. Furthermore, the cells maintained their diploid karyotype. 

Because papilloma viruses have not been grown in vitro, a recombinant 
plasmid (pMHPV16d) which has the neomycin antibioti~resistant gene for se
lection in mammalian cells and two head to tail HPV 16 copies cloned at the 
Bam H1 site was used (Fig. 1). The double HPV 16 construction insured that 
the L1 gene would be intact. This recombinant HPV 16 was transfected into 
epithelial cells using a modified calcium phosphate technique. The latter 
was necessary because the low calcium concentration and high phosphate con
tent of the cell culture medium rendered it unsuitable for transfection of 
DNA. Therefore, for the transfection step, Dulbecco's medium was diluted 1 
to 1 with water and used during the 4 h incubation with the plasmid. Neomy
cin-resistant colonies were selected with 100 micrograms of G418 per ml of 
medium. Southern and Northern analyses were performed using standard pro
cedures 14 • All hybridizations were performed under stringent conditions 
using the intact 7.9-kpb BamH1 digested HPV 16 as a probe. 

RESULTS AND DISCUSSION 

Thus far 14 human keratinocyte lines have been established in serum-free 
medium after transfection of normal human keratinocytes strains with the re
combinant HPV 16 dimer containing a neomycin-resistant gene for selection of 
colonies with HPV 16. Each line is originated from a different individual; 
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Fig. 1. Structure and functional organization of recombinant HPV 16 DNA 
pMHPV 16 dimer. The HPV 16 DNA was provided by L. Gissmann and H. 
zur Hausen. Two, head-to-tail HPV 16 DNAs were inserted at the Bam 
H1 site of pdMMTneo. 0-7904 units indicate complete HPV 16 DNA. 
Transcriptional orientation of mouse metallothionein (MT) promoter 
and ampillicin (amp) gene shown by arrows. SV40, Simian virus 40; 
neo, neomyein. 

ordinarily between 10 and 20 G418-resistant colonies per microgram of plasmid 
DNA were obtained. Non-transfected and vector transfected cells survived ap
proximately 40-50 population doublings. The controls and vector treated 
cells that undergo terminal differentiation are characterized by the forma
tion of squames which tend to float away from the dish. The transfected HPV 
16 keratinocytes maintain a morphology similar to that of undifferentiated 
normal keratinocytes. These cell lines, which for practical purposes are 
considered immortal, maintain a morphology similar to that of undifferentia
ted normal cells and continue to multiply at a rate similar to that of non
treated controls and do not exhibit any growth crisis. 

The immortality property of these cells can be uncoupled from differen
tiation. The addition of calcium greater than 0.3 roM or serum that is 
calcium-free to the medium will induce differentiation of the cells. However 
a subpopulation of transfected cells will continue to grow in the presence of 
calcium or serum. Evidence for the origin and maintenance of epithelial pro
perties of these cells is demonstrated by keratin analysis of control, trans
fected and serum selected cells. The non-treated controls exhibit a number 
of keratins that are found in non-keratinizing squamous stratified epithelia. 
With culturing and transfection, there is an increase of several keratins as
sociated with culturing. Furthermore, after transfection as well as growth 
in serum, there is an abundant amount of keratin 19 which is a major compo
nent of simple epithelia and is found not only in cultured keratinocytes but 
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also in squamous cell carcinomas. Thus, ample evidence indicates that the 
recipient cells as well as the transfected cells which become immortalized 
must be keratinocytes. 

Chromosome analysis verified the human or~g~n of these cells and pro
vided evidence that the transfected keratinocytes undergo drastic chromosomal 
alterations. The non-treated cells are diploid and normal by G banding. 
After transfection and examination at the time after the controls have termi
nally differentiated, the chromosome pattern of the cells are anuploid, being 
either diploid, near diploid, or near triploid in chromosome number. The 
cell lines had a number of interesting characteristics often associated with 
gene amplification and/or cancers. The presence of homogenous staining re
gions and double minutes are definitive diagnosis for gene amplification. 
Each line had structural alterations characteristic for that specific line. 
The alterations might involve either translocation or deletion with some of 
the translocations being rather complex. The acquisition of continuous 
growth may be attribut- able to gene amplification and presence of HPV DNA in 
non-stained regions. 

The presence of HPV 16 DNA in the transfected cells was verified by 
Southern blot analysis of DNA from transfected cells digested with Bam HI 
and probed with the HPV 16 sequences. After Bam HI digestion, the majority 
of the HPV 16 DNA in the cells was detected as a 7.9 Kbp band, indicating 
that most of the HPV 16 genome was intact. The pattern of additional bands, 
particularly at low populations, suggests rearrangement and integration. 
Furthermore, initially the pattern was complex but with additional culturing 
became simpler and stabilized, suggestive of a polyclonal population at low 
population doublings that became clonal with further culturing. Subsequent 
digestion with Eco RV, a non-cut enzyme for the plasmid, reduced the size of 
the initial bands thus providing additional evidence for integration. The 
DNA of a number of different cell lines was cut with either of two different 
non-cut enzymes for HPV 16d, Eco RV, or Xho I and probed with HPV 16 DNA. 
The HPV 16 DNA persisted as large molecular weight species associated with 
genomic DNA and not as monomeric episonal molecules. The different patterns 
produced by the non-cut enzymes again suggest integration of the HPV into the 
genomic DNA. HPV 16 messenger RNA expression in cell lines that have HPV 16 
DNA integrated into the host genome was studied. Poly (A) + RNA extracted 
and purified from the cell lines was subjected to Northern blot analysis with 
the complete HPV 16 genome as a probe. All the cell lines had the same mRNA 
species, indicating that a number of messages were being produced. 

Repeated tumorigenicity tests with cells grown in serum-free medium or 
serum-resistant cells that mimic carcinomas in morphology in culture have 
been negative in athymic nude mice. Immortality of human keratinocytes is 
associated with the integration of the HPV 16 genome. Integration and immor
tality represent important early events in the process leading to neoplastic 
transformation. Integration of human papilloma is associated primarily with 
carcinomas and occurs only rarely in the case of benign tumors. 

Integration is also associated with such well known carcinomas as HeLa 
and SW756. The first demonstration of HPV 18 DNA integration near cellular 
proto-oncogenes and chromosomal fragile sites in HeLa cells and SW756 cells 
provides new insights of the role of viral integration in the development of 
cervical neoplasia 15-16. Evidence is accumulating that in cervical cancer the 
critical integration site of human papilloma virus on human chromosomes is a 
non-random event because it is associated with fragile sites that may be 
either constitutive or heritable and also may be near the loci of known onco
genes. SW756 is a cervical carcinoma cell line which shares certain features 
with HeLa cells. Both cell lines have an abnormal chromosome constitution 
with complex rearrangements but a similar chromosome number; they contain 10 
to 50 copies of HPV 18 DNA and have a similar HPV 18 DNA transcription pat-
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tern. A single HPV 18 integration site in SW756 cells was identified on 
chromosome 12 at band q13, integrated near Int-1 proto-oncogene in contrast 
to HeLa cells that have multiple copies of HPV 18 dispersed in four chromo
somes. Three integration sites in HeLa cells on chromosomes 8, 9 and 22 cor
respond to the location of c-~, c-abl and c-sis proto-oncogenes, respec
tively. The region 12q 13-22, which includes the HPV 18 integration site on 
SW756 cells, may carry important genes which are duplicated in certain 
lymphoproliferation disorders, particularly in chronic lymphocytic leukemia 
with trisomy 12. 

When coupled with the correlation of the presence of certain papilloma 
viruses with genital dysplasias and with cancer plus the ability of HPV 16 to 
result in transformation of NIH 3T3 cells that express mRNAs associated with 
HPV (16) and which produce tumors in nude mice, the present results suggest 
that certain papilloma viruses do playa part in cancer formation. However, 
papilloma viruses are not sufficient by themselves to produce cancer. It is 
known that the presence of human papilloma 16 or 18 in women is not suffi
cient to assure the development of a high grade lesion int9 a carcinoma, be
cause only a small percentage of such cases progress to cancer. This empha
sizes that other etiological agents or cofactors must be involved to obtain 
uncontrolled growth and possible malignancy. Thus, the papilloma virus can 
be considered a necessary factor but is not by itself a sufficient cause of 
cervical cancer. 
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Normal human cells in vitro appear to retain many normal phenotypic 
properties, remain diploid, eventually undergo senescence and rarely, if ever 
"spontaneously" transform to malignant cells. Retained properties may in
clude synthesis of classes of proteins associated with specific cell types 
such as collagens, keratins, or melanin; responsiveness to hormones; and 
antigenic specificity. In addition, hl~an cells with abnormal phenotypes 
such as either enzymatic deficits or malignant properties frequently maintain 
these phenotype in vitro. Human cells cultured in vitro have thus proven 
to be extremely useful to scientists studying the molecular and biochemical 
aspects of human carcinogenesis. Such studies have been facilitated by the 
recent development of improved methods for culturing normal human epithelial 
tissues and cells 1 • Chemically defined media have been developed for cultur
ing many of these tissues and cells from normal organs, including those with 
a high rate of cancer in humans. Serum-free media have several advantages in 
studies of cultured human cells, including: (a) less experimental variability 
compared to serum-containing media; (b) selective growth conditions for 
normal cells of different types (e.g. epithelial" versus fibroblastic) or for 
normal versus malignant cells; (c) ease of identification of growth factors, 
inhibitors of growth, and inducers of differentiation; and (d) ease of iso
lating and analyzing secreted cellular products. Advances in cell biology, 
including the delineation of biochemical and morphological markers of specif
ic cell types, have also facilitated the identification of cells in vitro 
(including keratins as markers for epithelial cells and collagen types I and 
III for identifying fibroblasts). These advances have created experimental 
approaches to answering critical questions in human cell carcinogenesis 1,2. 

This brief review will describe our recent studies concerning the mol
ecular mechanisms controlling growth and squamous differentiation of normal 
human bronchial epithelial (NHBE) cells and the dysregulation of these con
trols during the multistage process of carcinogenesis. 

GROWTH AND DIFFERENTIATION 

The balance between growth and terminal differentiation is strictly 
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controlled in normal bronchial epithelial cells. Furthermore, carcinogenesis 
studies using murine epidermal cells suggest that defects in differentiation 
occur during tumor initiation and that selective clonal expansion of these 
initiated cells occurs during tumor promotion 3. Studies using human bron
chial epithelial cells are producing results supporting this hypothetical 
sequence of aberrations in control of growth and differentiation. 

The concept of autocrine production of growth factors has been proposed 
to explain the uncontrolled growth of some neoplastic cells 4. "Ectopic" hor
mones produced by carcinomas are candidates for autocrine growth factors. 
For example, gastrin-releasing peptide (the mammalian equivalent of bombesin) 
is secreted by most small cell carcinomas of the lungS, and intracellular 
human chorionic gonadotropin is detected in many non-small cell carcinomas of 
the lung 6. A monoclonal antibody to bombesin blocks the binding of the hor
mone to cellular receptors and inhibits clonal growth of small cell carcino
mas in vitro and their growth as xenografts in vivo7. Both of these hormones 
enhance the growth of normal bronchial epithelial cells in vitro by binding 
to specific membrane receptors8,~ A second example is that 12-0-tetrade
canoylphorbol-13-acetate (TPA) inhibits the growth of normal human colonic 
epithelial cells and is mitogenic in cultures of epithelial cells from 
adenomatous polyps 10. Therefore, an imbalance between the pathways of growth 
and differentiation could provide a selective clonal expansion advantage for 
preneoplastic and neoplastic human cells, in the presence of an agent to 
which normal human epithelial cells respond by terminally differentiating 1 

Over the past few years, there has been considerable interest in the 
role that aberrant differentiation plays in carcinogenesis. It has been 
shown previously that NHBE cells, but not lung carcinoma cells, can be induc
ed to undergo squamous differentiation by exposing them to serum, TPA or 
transforming growth factor beta (TGF-B)9. 

Because of their short culture passage life span (4-5 subculturings) it 
is often difficult to do repeated experiments with the same culture of normal 
cells. To overcome this problem we recently transformed NHBE cells by in
fection with adenovirus 12-SV40 (Ad12-SV40) SV40 virus, or by transfection of 
normal cells with a plasmid containing SV40 large T antigen gene 11 . Ten dif
ferent cultures of bronchial epithelial cells thus transformed have been 
studied for their ability to undergo squamous differentiation when exposed to 
TPA, TGF-B or serum (Ke et al., unpublished results) All ten T-antigen 
positive cell cultures were significantly inhibited and differentiated when 
exposed to serum or TGF-B. However, none differentiated when exposed to TPA. 
Fromm one such cell line, two subclones have been isolated one of which is 
induced by serum to stop dividing and to differentiate, and a second that not 
only fails to undergo squamous differentiation but is mitogenically stimulated 
when exposed to serum. These phenotypically very different subclones provide 
a new in vitro model for delineating the mechanism(s) of human bronchial epi
thelial cell squamous differentiation. 

NEOPLASTIC TRANSFORMATION 

Human cells have been transformed to malignant cells by oncogenic vi
ruses 12 or transfected genetic elements of oncogenic DNA and RNA viruses 13 ,14. 
For example, non-tumorigenic human skin keratinocyte cell lines became 
malignant if transfected with Ha- or Ki-ras oncogene or if treated with 
4-nitroquinoline-l-oxide 1S ,16,17 and EBV "immortalized" human lymphocytes 
became malignant if treated with N-acetyoxy-2-acetylaminofluorene 18 • In 
these cases, the transformed cells were apparently immortal, and aneuploid, 
and produced progressively growing carcinomas in the athymic nude mouse 
assay. In the case of Ha-ras transfected bronchial and epidermal epithelial 
cells, the malignant epithelial cells continued to synthesize keratin. 
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A single transfected viral oncogene. v-Ha-ras. can cause a cascade of 
events leading to neoplastic transformation of human bronchial epithelial 
cells 14. This cascade may have been due to enhanced genetic instability med
iated by the transfected ras and is consistent with the hypothesis of clonal 
evolution in neoplastic populations recently discussed by Nowell 19 These 
results are also consistent with the in vitro transformation of fibroblastic 
cells from various types of rodent or human fibroblasts by the transfected 
ras oncogene 20-22. This may also be reflected in the more frequent finding 
of carcinomas in humans than sarcomas. and with the relative ease of trans
formation of epithelial cells compared to other types of human cells 1 • 

The human bronchial epithelial cells transformed by v-Ha-ras were highly 
invasive and metastatic from the primary subcutaneous injection site to 
multiple organs. including liver. spleen. kidney and lung14 (Yoakum et al .• 
unpublished results). The transformed cells were also relatively resistant 
in vitro to inducers of terminal squamous differentiation. such as TPA. and 
produced an ectopic hormone and growth factor (human chorionic gonadotropin); 
these findings are consistent with the hypothesis that neoplastic cells have 
an imbalance in the control of their growth and differentiation pathways. 

Human bronchial epithelial cells growing in continuous culture due to 
the effects of an integrated SV40 T antigen gene are useful for studies of 
multistage bronchial epithelial carcinogenesis. A summary of the effects of 
oncogenes transfected into normal or SV40 T antigen "immortalized" human 
bronchial epithelial cells is shown in Table 1. SV40 T antigen gene or ras 
caused an enhanced lifespan of the normal bronchial epithelial cells but--
rarely leads to "immortalized" cell lines. Although!!!Y£ does not enhance 
cellular lifespan, it appears to reduce responsiveness of the bronchial epi
thelial cell to serum-induced squamous differentiation (Amstad et al .• un
published results). Transfected ras has similar effects on the pathway of 
squamous differentiation. As discussed above, v-Ha-ras rarely causes neo
plastic transformation of normal human bronchial epithelial cells. However, 
an Ad12-SV40 "iIllIllortalized" cell line BEAS-2B, is readily transformed by 

Table 1. Effects of activated proto-oncogenes and SV40 large T antigen 
gene on growth, differentiation and neoplastic transformation of 
human bronchial epithelial cells in vitro 

Transferred 
gene(s) 

vHa-ras 
SV40 T 
c-!!!:[£ 
c-raf 
SV40 T + vHa-ras 
SV40 T + vKi-ras 
SV40 T + c-!!!:[£ 
SV40 T + c-raf 
SV40 T + c-!!!:[£ 

+ c-raf 

Population 
Doublings 

Ib 
I 
NC 
NC 
I 
I 
I 
I 
I 

Responsiveness 
to serum-induced 
squamous 
differentiation 

D 
D or NC 
D 
NC 
D 
? 
D 
? 
D 

Tumorigenicity a 

++++ 
+++ 

++ 

aprogressively growing tumors in athymic nude mice. b I , increase; D. de
crease; NC, no change; -. non-tumorigenic; +, tumorigenic. cIn one of 
seven cases. d < 30 passages. 
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v-Ha-ras or v-Ki-ras (Reddel et al., unpublished results). The combination 
of ~ and raf ca~lso cause neoplastic transformation of the BEAS-2B cell 
line. 
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INTRODUCTION: PATHWAYS OF SIGNAL TRANSDUCTION 

Research on growth factors, growth factor receptors and signal transduc
tion pathways have provided an exciting conceptual framework for understand
ing multistage carcinogenesis 1• Fig. 1 displays in schematic form how 
certain extracellular growth factors are perceived by cellular receptors, 
which are often located at the cell surface, and how the occupancy of these 
receptors leads to a cascade of signal transduction, through the cytoplasm 
and eventually into the nucleus, thus altering patterns of gene expression. 
This figure also emphasizes the central role that a series of protein kinase 
enzymes plays in several pathways of signal transduction. A general theme 
that has emerged is that the proto-oncogenes represent a subset of genes that 
normally code for components in these pathways of signal transduction. Al
terations in the structure and function of these proto-oncogenes can convert 
them to "activated" oncogenes, which cause aberrations in signal transduction 
and thus disrupt normal growth, differentiation and inter-cellular coordina
tion. 

A major pathway of signal transduction involves the turnover of phospha
tidylinositol and the activation of a phospholipid- and Ca2+-dependent serine 
and threonine protein kinase, designated protein kinase C (PKC) (for review 
see 2). It would appear that PKC plays a central role in a variety of mem
brane-related signal transduction events. This is because several agonists 
lead to the activation of a phospholipase C activity that hydrolyzes phospha
tidylinositol-4,5-diphosphate to diacylglycerol (DAG) and inositol-1,4,5-tri
phosphate (IP3 )3. DAG then activates PKC2, and IP3 binds to receptors pre
sent on the endoplasmic reticulum (ER), causing the release of Ca2+from stor
age sites in the ER3. The resulting increase in cytoplasmic Ca2+then acti
vates several calmodulin-dependent enzymes (protein kinases, phosphatases, 
phosphodiesterases), and also produces effects on the cytoskeleton. The fact 
that the tumor promoter 12-0-tetradecanoyl phorbol-13-acetate (TPA), and 
related tumor promoters, apparently act in place of DAG, and thus usurp the 
function of PKC1,\ provides a satisfying unity between the action of tumor 
promoters and the current conceptual framework of growth control. 
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Fig. 1. A schematic diagram of a cell showing various pathways of signal trans
duction mediated by membrane-associated receptors. The growth factor 
pathway applies to EGF, PDGF and insulin. The beta-adrenergic pathway 
involves the coupling of a specific receptor via a G regulatory protein 
(Ns) to adenylate cyclase (AC), and cyclic AMP (cAMP) binding to the 
regulatory subunit (R) of protein kinase A (PKA). Various agonists 
can activate phospholipase C (PL-ase C), presumably via a G protein, 
leading to the release of diacylglycerol (DAG) and inositol-1,4,S-tri
phosphate (IP3)' DAG activates protein kinase C (PKC) and IP3 causes the 
release of Ca2+ from the endoplasmic reticulum. This leads to a cascade 
of events that alters the functions of membrane associated receptors, 
ion channels and cytoplasmic proteins. Signals (undefined) also enter 
the nucleus to induce the expression of various genes including c-fos 
and c-~. For details see text and ref. 1. 

CLONING OF DNA SEQUENCES THAT ENCODE PKC 

Because of the central role of PKC in signal transduction, growth control 
and tumor promotion our laboratory has done extensive studies on the function 
of PKC, and also cloned DNA sequences that encode this enzyme. 

The enzyme has two domains, a catalytic domain, containing an ATP binding 
site and the region to which protein substrates bind, and a regulatory domain 
which is controlled by allosteric cofactors, i.e. lipid, Ca 2+ and diacylglycerol 
(DAG); or lipid and TPA. We hypothesize that the usual function of the regulat
ory domain is to inactivate the enzyme, by "closing" the catalytic site, and 
that the binding of cofactors to the regulatory domain induces a conformational 
change that opens the catalytic site and thus activates enzyme function 1 • Con
sistent with this scheme is evidence that limited proteolysis of the enzyme 
yields a fragment that is about 66 Kd which is active in the absence of lipid and 
other allosteric cofactors 2 • In addition, there exist inhibitors of PKC that 
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appear to act preferentially on the regulatory domain or the catalytic domain of 
the enzyme2,~ A recent paper by House and KempS is also consistent with this 
model. Indeed, they provide evidence that the regulatorydomain contains a 
peptide sequence that acts as a pseudosubstrate inhibitor of the catalytic 
domain when the enzyme is in the inactive configuration. 

Our laboratory6,~ and other laboratories 8-11 have recently reported the 
isolation of cDNA clones that encode PKC. The results indicate that PKC be
longs to a multigene family, with at least 4 separate genes that encode dis
tinct isozymes of PKC. The deduced amino acid sequences of the isolated cDNA 
clones indicate remarkable homologies between the individual forms of PKC and 
also appreciable homologies with other protein kinases, especially the cyclic 
AMP-dependent protein kinase. The carboxyl-terminal portion comprises the 
catalytic domain, whereas the amino-terminal portion is the regulatory domain. 
The latter region contains two repeats of a cysteine-rich consensus sequence 
found in metal binding proteins and in several DNA binding proteins. We 
think that this may induce a specific conformation that is required for the 
interaction of this region of the enzyme with phospholipid and DAG, or TPA. 
The existence of multiple genes for protein kinase C, the preservation of 
these multiple forms during evolution, and the accumulating evidence that 
they are differentially expressed in different tissues 6,10,11,12, suggests 
that the individual forms may have subtle functional differences, but this 
requires further study. 

OVEREXPRESSION OF PKC ALTERS GROWTH CONTROL 

To better define the function of a specific form of PKC we have inserted 
the cDNA sequence for the a1 form of PKC into a retrovirus-derived vector 
developed in our laboratory (pMV7)13, encapsidated the corresponding RNA into 
defective murine leukemia virus particles using the W2 system 14 , and then 
infected the rat 6 fibroblast cell line with these viral particles. This 
yielded several cell lines that stably overexpress 20 to 53 times the normal 
level of PKC enzyme activity? These cell lines also have an increase in 
high affinity phorbol ester receptors, when compared to control cells. 
Phosphorylation studies indicate that they display a marked increase in a 76 
kilodalton 32P-Iabelled protein, reflecting autophosphorylation of the 
overproduced PKC, as well as an increase in other phosphorylated proteins. 
The cell lines that overproduce PKC exhibit a dramatic change in morphology 
when exposed to TPA. Unlike control cells, which become refractory to the 
effects of TPA due to down-regulation of PKC, the overproducer cell lines 
continue to respond to repeated TPA treatments. In monolayer culture, these 
cell lines have a shorter exponential doubling time and grow to a higher 
saturation density and, when maintained at post-confluence, develop small, 
dense foci. In contrast to the control cells, which display complete 
anchorage dependence in the absence or presence of TPA, the cell lines that 
overproduce PKC form small colonies in soft agar in the absence of TPA, and 
larger and more frequent colonies in the presence of TPA. Thus, overproduc
tion of a single form of PKC is sufficient to confer anchorage independent 
growth and other growth abnormalities in rat fibroblasts. 

Taken together, the above results provide direct evidence that PKC plays 
a critical role in normal cellular growth control and that it mediates sever
al of the cellular effects of the phorbol ester tumor promoters. These re
sults also provide evidence that disturbances in the activation or down
regulation of PKC may be critical events in tumor promotion and multistage 
carcinogenesis. The exaggerated phosphorylation of specific cellular pro
teins in the cell lines that overproduce PKC may provide a useful tool for 
identifying these target proteins and their role in signal transduction. In 
recent studies we have found that these cells are also much more susceptible 
to transformation by an activated c-H-ras oncogene than control cells (unpub-
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lished data). Studies are in progress to determine whether they are also 
susceptible to malignant transformation by chemical carcinogens. 

ISOLATION OF A cDNA WHOSE EXPRESSION IS INDUCED BY PKC ACTIVATION 

TPA induces the expression of a number of cellular genes. We are also 
interested in the role of PKC activation in mediating these effects and the 
underlying molecular mechanisms. To identify specific genes that are regu
lated by TPA, we prepared a cDNA library using poly A+ RNA obtained from qui
escent C3H lOT 1/2 murine fibroblasts 4 h after treatment with TPA, and then 
screened this library for induced sequences, by the technique of differential 
hybridization 15 • We have isolated and characterized a cDNA clone (TPA-Sl) 
whose corresponding mRNA is induced up to 20-fold in response to the treat
ment of cells with TPA, platelet derived growth factor (PDGF), epidermal 
growth factor (EGF), serum or diacylglycerol 15. This effect is apparently at 
the level of transcription, and does not require de novo protein synthesis. 
We have designated the gene corresponding to TPA S-l "phorbin" (phorbol ester 
induced). The role of PKC in the induction of phorbin is supported by the 
following lines of evidence: 1) agents that activate PKC, such as TPA, 
mezerein, PDGF, serum and 1-01eoyl-2-acetyl-glycerol (OAG), also increase 
phorbin mRNA levels; 2) protein kinase inhibitors with differential effects 
on PKC activity demonstrate the same relative inhibitory effects on the in
duction of phorbin by TPA; 3) down-regulation of PKC activity, by treatment 
of lOT 1/2 cells with TPA for 24 h, results in a loss of responsiveness to 
phorbin induction by subsequent TPA treatment; and 4) the above-described 
cell lines that overexpress PKC are extremely sensitive to TPA induction of 
phorbin RNA, and also yield an exaggerated and prolonged response (15 and 
unpublished studies). 

Complete sequence analysis of the phorbin cDNA (730 bp) predicts a cys
teine-rich, secreted protein with a molecular weight of 22.6 kd. The se
quence of phorbin exhibits homology with two previously isolated cDNA se
quences, designated "ERP" (erythroid-potentiating activity) and "TIMP" 
(tissue inhibitor of metalloproteinase). The significance of these homol
ogies and the possible role of phorbin in cell proliferation aqd tumor 
promotion is under investigation. 

RELEVANCE OF THE ABOVE STUDIES TO TUMOR PROMOTION IN VARIOUS TISSUES 

Although the studies described above are concerned with the molecular 
mechanisms of action of TPA, a potent tumor promoter on mouse skin, we think 
that they have relevance to other types of tumor promoters and to tumor pro
motion in other tissues and species, including the process of multistage car
cinogenesis in humans. For example, we have found that certain bile acids 
that are implicated in colon carcinogenesis can activate PKC and also induce 
translocation of PKC to the membrane fraction of cells 16 ,17. Although it is 
unlikely that all classes of tumor promoters function by directly activating 
PKC, it is possible that they activate PKC indirectly by enhancing DAG pro
duction, or by distorting related pathways of signal transduction (Fig. 1). 
This merits further study, particularly with certain halogenated organic 
compounds that have tumor promoting activity in rodent liver. In recent 
studies on patterns of gene expression during rat liver regeneration and 
carcinogenesis 18,19, we have discovered that in both systems there is an 
early decrease in the abundance of EGF-receptor mRNA. This may be an 
important clue to an underlying change in signal transduction. 

Elsewhere, we have discussed the desirability and feasibility of devel
oping specific inhibitors of PKC and related pathways of signal transduc
tion 1,4. We have also reported promising early results in the development of 
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inhibitors of PKC 1,4. We are hopeful that further research in this field may 
pro~ide novel strategies of cancer prevention and treatment. 
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Evidence for the activation of ~ protooncogenes by chemical carcino
gens is provided both by the reproducible activation observed in chemically
induced animal tumors (reviewed in 1) and by our demonstration that in vitro 
modification of ras protooncogenes with ultimate carcinogens results in 
transformed foci~ transfection into NIH3T3 cells2,~ In the present study, 
transforming oncogenes have been generated by the in vitro modification of 
plasmid containing human c-Ha-ras with the model ultimate carcinogens 
3-N,N-acetoxyacetylamino-4,6-dimethyl-dipyrido[1,2-a:3',2'-d]imidazole 
(N-AcO-AGlu-P-3) and l'-acetoxysafrole (AcO-safrole). The mutations produced 
have been analyzed by selective amplification of the regions surrounding 
codons 12 and 61 and subsequent oligonucleotide hybridization. 

EXPERIMENTAL 

The experimental procedure followed is illustrated in Fig. 1. Fol
lowing'in vitro modification, plasmid containing the human c-Ha-ras proto
oncogene (pEC) is transfected into NIH3T3 cells. DNA from primary foci is 
probed for the presence of human ras sequences and used in a second round of 
transfection in order to reduce t~copy number of ~ genes present in the 
secondary transformants. Secondary DNAs are subjected to polymerase chain 
reaction (PCR)4, which amplifies the ~ sequences responsible for trans
forming activity. The procedure used for amplification is illustrated in 
Fig. 2. Amplified DNAs are then probed with synthetic oligomers under 
hybridization and washing conditions which allow detection of a single base 
pair mismatch. 

RESULTS 

Fig. 3 shows the chemical structures of the two compounds used in this 
study, together with the major sites of DNA modification for both com
pounds, and the results of primary and secondary transfection experiments. 
Analysis of the mutations generated by bo~h compounds is detailed in Table 1. 
Two of the three foci induced by N-AcO-AGlu-P-3 treatment of pEC contain 
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3 P-postlabelling assay .. 
Transfect into 3T3 ceJlS 

TranSfOrred foci 2nd round 

Isolate DNA .. 
(i) Restriction analysis 

(ii) Oligonucleotide probes 

Fig. 1. Outline of the procedures for activating cellular protooncogenes 
by in vitro modification with DNA-damaging agents. 

GC -> TA transversions at codon 61 of the ~ gene, one each at position 1 
and 3 of this codon. Two of the three AcOsafrole-induced foci also contain 
this type of mutation, one at base 1 of codon 61 and one at base 1 of codon 
12 (data subsequently obtained). The remaining foci induced by each compound 
appear to contain mutations at neither of the regions examined. 

DISCUSSION 

The mutations induced by both compounds are to be expected given that 

• • 

primer extension \ 
dNTPs + 'Klenow' ~ 

• 

~ 

• 

1. denaturation\ 
2. annealing • 
~ 

• • 
• 
~ 

• 

• primers 

• activated sequence 

""" newly synthesised DNA 

primer extensiO~ 

Fig. 2. Diagram of procedure used for amplification of activated ras se
quences using the polymerase chain reaction. Cycle repeated x 25. 
Amplified sequence probed with synthetic 20-mers under conditions 
detecting single base pair mis match. 
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STRUCTURE SITE OF DNA PRIMARY FOCI SECONDARY FOCI 
MODIFICATION 

no. focil no. dishes no. focil no. dishes no.focil j.Lg 

~~ OCOC", Ba 5/8 0.031 ~ ~ h I 
N N Bb 4/3 0.067 

Me Me 6OCH3 
c80 7/27 

Be 45/5 0.450 

Be big 20/7 0.143 
N-AcO-AGlu-P-3 

~ N2G (major) 568 14/6 0.117 

CH-CH=CH2 ~A (minor) 4/20 569 7/6 0.058 
I +c80,N7G 570 14/6 0.117 
OCOCH3 

AcO-safrole 

Fig. 3. Chemical structure, sites of DNA modification and focus-forming 
activity of N-AcO-AGlu-P-3 and AcO-;safrole. 

Table 1. Analysis of activating point mutations by oligonucleotide 
hybridization experiments 

RESULTS OF DOT BLOT HYBRIDIZATION EXPERIMENTS 
1. N-AcO-AGlu-P-3 

focus wild type sequence mutated sequences codon 61 

codon 12 codon 61 posn 1 mix posn 2 mix posn 3 mix base 1 base 1 
GGC CAG G~TG~C 

Ba 

Bb + + - - - - -
Bc + - - - + - -
Be big + - + - - + -

2. a) AcO-safrole 

focus wild type sequence mutated sequences codon 12 mutation 

codon 12 codon 61 posn 1 mix posn 2 mix base 1 
GGC CAG G_A 

568 + + - - - not 12 

569 - + + - - 12/1 G_T or C 

570 + - - - - not 12 

b) 

focus mutated sequences codon 61 mutation 

posn 1 mix posn 2 mix posn 3 mix base 1 base 1 
G_T G~C 

568 - - - - - not 12 or 61 

569 - - - - - as above 

570 + - - + - 61/1 G_T 

mutation 

base 3 base 3 
G_T G~C 

- - not 12 or 61 

+ - 61/3 G_T 

- - 61/1 G_T 

+ positive hybridization 

- no signal observed 
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the primary site of DNA modification in each case is at guanine residues. 
N-AcO-AGlu-P-3, which shows some similarity in structural features and site 
of DNA modification with AAAF, produces mutations similar to those generated 
both in vitro 3 and in vivo 5 with the latter compound. Mutations produced in 
vivo by safrole 6, h~ever, occur exclusively at adenine residues, suggesting 
that adenine adducts may present more genotoxic hazard in vivo than those oc
curring at guanine. 

In conclusion, we believe that this model provides a useful method for 
detecting point mutations induced by chemical carcinogens in a gene relevant 
to carcinogenesesis and in a mammalian cell system. 
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DNA FRAGMENTATION OR CHANGES IN CHROMATIN CONFORMATION. RESULTS WITH TWO 
MODEL SYSTEMS: PROMOTION IN RAT LIVER CARCINOGENESIS AND PROLIFERATION IN 
MASTOCYTES. 

INTRODUCTION 

Silvio Parodi, Maurizio Taningher, Patrizia Russo, Paolo 
Lusuriello, Michael Minks, Rossella Bordone, Franca 
Marchesini, Viviana Pisano and Cecilia Balbi 

Department of Clinical and Experimental Oncology, University 
of Genoa/Centro Interuniversitario per la Ricerca suI Cancro 
and Istituto Nazionale per la Ricerca suI Cancro 
1-16132 Genoa, Italy 

We have recently observed that different promoting treatments in rat li
ver carcinogenesis induce an apparent DNA fragmentation, as monitored by the 
alkaline elution technique (DNA elution through calibrated pores of filters 
after lysis of nuclei with 2M NaCI) and sedimentation in alkaline sucrose 
gradients 1,2. A summary of the results obtained with 1% orotic acid in the 
diet of rats for five weeks is shown in Table 1, and a summary of the results 
obtained with a choline deficient diet for five days is shown in Table 2. 
Birnboim has reported the induction of DNA fragmentation in leucocytes after 
treatment with TPA 3 • 

It could be suspected that promoting treatments in many cases are accom
panied by DNA damage and that they are not pure promoting treatments, or, 
alternatively, some sort of DNA damage is involved also during promotion. 
Indeed, the probability that promoting treatments in rat liver carcinogenesis 
also induce significant amounts of DNA damage and repair has been shown by 
Brambilla et al.~, using the treatment of Solt and Farber (diethylnitrosamine 
200 mg/kg i.p.; 2 weeks of basal diet; one week of basal diet + 0.02% acetyl
aminofluorene; partial hepatectomy; one week of basal diet + 0.02% acetylami
nofluorene; ref. 5). The situation is further complicated by the results re
ported in this paper. 

RESULTS OBTAINED WITH 1% OROTIC ACID IN THE DIET (RAT LIVER MODEL OF CARCINO
GENESIS) 

As we have indicated in the introduction, when analysed by alkaline elu
tion DNA shows increased elution rates, after a treatment of promotion with 
1% orotic acid in the diet for 5 weeks. 

We will briefly summarize here the principles of the alkaline elution 
technique. Partially purified nuclei are prepared from liver cells with a 
mild procedure, in the presence of EDTA, in order to avoid spurious DNA frag
mentation. These nuclei are deposited on filters with pore diameters of 
2-5 ~m. The nuclei are lysed on the filters with different types of buffer. 
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Table 1. Effect of orotic acid diet (OA) followed by semisynthetic basal 
diet on alkaline elution rate of rat liver DNA 

Treatment a 

Basal diet (BD) 
OA + 0 week BD 
OA + 1 week BD 
OA + 2 weeks BD 
OA + 3 weeks BD 

No. of 
animals 

7 
5 
5 
5 
3 

No. of 
elutions 

11 
10 
12 

9 
6 

Initial elution Breaks/ 10 10 

rate(K x 102 ) b daltons over 
X ± SE controls 

1.43 ± 0.14 
4.35 ± 0.39 7.9 
7.59 ± 0.93 16.6 

11.06 ± 1.47 26.0 
7.88 ± 0.18 17.4 

a The rats were fed on a basal diet containing 1% orotic acid for 5 weeks. 
Afterwards they were transferred to the basal diet. At different time per
iods thereafter as shown in table the rats were killed. b Elution rate 
measured at the third fraction. (Reported from Table 1 of ref. 1). 

We, for instance, used a solution with 2 M NaCl + 0.2% sodium lauroylsarcosi
nate or a 2% sodium dodecylsulphate solution. As we will see later on, it is 
not irrelevant which buffer is used for lysing the nuclei. After lysis, DNA 
is eluted at pH 12 (alkaline elution) or at pH 10 (neutral elution) with a 
low ionic strength solution of tetraethylammonium hydroxide, in the presence 
of EDTA, at 25°C. The elution rate is regulated mainly by molecular weight, 
but DNA conformation can also playa role 6 . 

In addition to alkaline elution, in order to evaluate the effect of 1% 
orotic acid in the diet we have used a DNA unwinding method for measuring DNA 
fragmentation. DNA unwinding can be evaluated by a method proposed by 

Table 2. Effect of choline deficient diet (CD) on alkaline elution rate 
of rat liver DNA 

Treatment a 

Choline supple
mented diet (CS) 
CD for 3 days 
CD for 5 days 
CD for 5 days + 

CS for 7 days 
DMN (10 mg/kg) 

No. of 
animals 

14 

9 
8 
6 

4 

No. of 
elutions 

14 

16 
11 
12 

8 

Initial elution Breaks/10 1O 

!:ate(K x 10 2 ) b daltons over 
X ± SE control 

1.48 ± 0.06 

2.89 ± 0.27 c 4.02 
10.21 ± 1.23 c 23.78 
2.42 ± 0.20 c 2.75 

13.92 ± 2.19 c 33.80 

a The rats were maintained on CD diet for the number of days indicated. 
After exposure to the CD diet for 5 days, some of the rats were transferred 
to the choline supplemented diet for 7 days. bElution rate measured at the 
third fraction. For DMN (10 mg/kg i.p., killed 2h after treatment) the 
average elution rate is given. cAll results from the four experimental 
groups are statistically significant with respect to controls; P < 0.001 
according to the Student 's, "t" test2~ (Reported from Table 1 of ref. 2). 
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Birnboim and Jevcak 7 • Lysed nuclei that are incubated at pH 12 to induce DNA 
unwinding are brought back to pH 10 (at 25°C DNA is double stranded at pH 10) 
at different times after the beginning of the unwinding process. Non unwound 
DNA becomes renatured; unwound DNA becomes denatured. The quantum yield of 
intercalated ethidium bromide is very different for renatured and denatured 
DNA. As a consequence, the fluorescent probe allows a measurement of the 
degree of DNA unwinding. The unwinding rate is proportional to the degree of 
DNA fragmentation because each break is a starting point for DNA unwinding. 
The results obtained by evaluating DNA damage after five weeks of 1% orotic 
acid in the diet are shown in Table 3. Evaluated with this method the pro
moting treatment was completely negative in causing DNA breaks. The sensi
tivity of the method is at least equal to the sensitivity of alkaline elu
tion. 

Ourselves and others have shown that DNA viscosity in alkali is correl
ated with the degree of unwinding of the two strands~,8-11. In turn the DNA 
unwinding rate is correlated with DNA fragmentation. The method is more 
sensitive than the alkaline elution technique and the unwinding method 
devised by Birnboim and Jevcak 7 . 

If we compare the sensitivity of the two unwinding methods using as a 
reference the effect of the same chemical on the same target (dimethylnitro
samine (DMN) on the rat liver DNA), in our hands the viscosimetric method is 
about ten times more sensitive than the fluorometric unwinding method8,1~ In 
spite of this fact we have failed to detect DNA fragmentation in the livers 
of rats fed orotic acid in the diet. A summary of the results obtained is 
shown in Table 4. 

Recently we have found that the results obtained with the alkaline elu
tion technique can be modified by the procedure of lysis of the nuclei before 
elution. Using 2 M NaCl + 0.2% sodium lauroylsarcosinate for the lysis of 
nuclei before elution we can observe an increased elution rate in liver DNA 
of rats fed with 1% orotic acid in the diet. By contrast, DNA elutes as 
slowly as control DNA if nuclei are lysed with 2% sodium dodecylsulphate 
(SDS) . 

A summary of the results obtained is shown in Table 5. It is worth 
noting that proteins of the nuclear matrix are present in significant amounts 
bound to DNA after the first type of lysis but they are completely absent 

Table 3. Effect of orotic acid diet (OA) on rat liver DNA, as evaluated 
with the fluorometric assay of DNA unwinding 

Treatment No of No of % D.S. DNA Statistical Ratio over 
animals expt. a (mean ± SE)b significancec controls 

Basal diet(BD) 18 18 26.90 ± 1. 68 A, C, D 
OA + 2 wk BD 4 8 24.50 ± 3.18 A, B, E 0.910 
DMN (0.3 mg/kg)d 5 5 17.00 ± 2.70 B, C, F 0.630 
DMN (10 mg/kg)d 12 12 2.50 ± 0.99 D, E, F 0.093 

a Each experiment was performed in triplicate. b The results are expressed 
as percentage of double stranded DNA (% D.S. DNA) remaining 1 h after 
beginning of the DNA unwinding process. c Data with the same letter are 
statistically different from each other at: P < 0.1 (A), P < 0.05 (B), 
P < 0".01 (C) and P < 0.001 (D), (E), (F), one tailed, according to the 
Student's "t" test2~ dInjected i.p. 2 h before sacrifice. 
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Table 4. Effect of orotic acid diet (OA) followed by semisynthetic basal 
diet on viscosimetric behavior of liver DNA 

Treatment No of No of Unwinding rate Statistical 
animals expt. l;; + SE significance a 

Basal diet (BD) 5 5 0.53 + 0.07 
OA + 0 wk BD 3 3 0.67 + 0.20 N.S. 
OA + 1 wk BD 2 2 0.52 + 0.03 N.S. 
OA + 2 wk BD 3 3 0.59 + 0.24 N.S. 
OA + 3 wk BD 2 2 0.34 + 0.06 N.S. 
DMN (0.2 mg/kg)b 3 3 1. 28 + 0.12 P < 0.01 
DMN (0.6 mg/kg)b 3 3 >4 c P < 0.01 

aAccording to the non-parametric Mann-Whitney U test 21 and to the paramet
ric Student I s "t" test 20. bInjected i.p. 14 h before sacrifice. c Com
pletely unwound from the beginning of measurement. 

after lysis with 2% SDS (data not reported). 

RESULTS OBTAINED BY STIMULATING MASTOCYTES TO PROLIFERATE WITH INTERLEUKINE 3 

The murine mastocyte line PB_313 is dependent on interleukin-3 (IL-3) for 
maintenance and growth. At limiting concentrations of IL-3 the cells enter a 
quiescent phase in which there is minimal DNA synthesis and cell replication 
ceases. The cells can be roused from quiescence by exposure to saturating 
concentrations of IL-3, which in time leads to resumption of cell prolifera
tion. 

Populations of quiescent and exponentially growing cells have been used 
to determine the extent of DNA fragmentation or chromatin conformational 
changes during hormone induced stimulation to proliferation. As seen in Table 
6 there is a considerable difference in the apparent elution rate of DNA from 
growing and resting cells, which is suggestive of DNA fragmentation in the 
growing cells. However, this difference between the cell states is reduced 
following proteinase K treatment of chromatin (partial proteolysis). When 2% 
SDS is used, and all proteins of the nuclear matrix are removed from DNA, the 
elution rate for growing and non-growing cells is similar if not identical. 

It is well known that topoisomerase II activity is very low in quiescent 
cells and much higher in proliferating cells. Accordingly, breaks induced by 
drugs that inhibit topoisomerase II, like ellipticine, are detectable only in 
proliferating cells 14 ,lS. A similar result was observed with our cells. This 
type of break really exists in DNA, and it has been documented that these 
breaks are detectable even after lysis of nuclei with 2% SDS1~ Even in this 
respect our results are very similar to the ones already reported: ellipticine 
was active only in proliferating cells, and this was the case after lysis with 
either detergent (Table 6). 

DISCUSSION 

In this work we have reported the results obtained with two different 
experimental models. In one case we have investigated liver cells in control 
animals and liver cells in animal submitted to a treatment of promotion: 1% 
orotic acid in the diet for five weeks. From the point of view of experimen-
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Table 5. Effect of orotic acid diet (OA) on alkaline elution rate on 
liver DNA 

Treatment a 

Basal diet (BD) 
OA + 0 wk BD 
OA + 2 wk BD 
10 mg/kg DMN e 

No. of 
animals 

6 
5 
4 
4 

No. of Fraction of DNA rema1n1ng on filter 
elutions after 20 ml of eluting solution b 

Nuclei lysed 
AC 

Nuclei lysed d 
with solution with solution B 

13 76.90 ± 1. 31 73.52 ± 1.80 
13 17.70 ± 1. 40 72.42 ± 2.20 
12 6.06 ± 0.19 69.73 ± 0.94 
10 8.00 ± 0.52 9.94 ± 0.29 

a The rats were fed on a basal diet containing 1% OA for 5 weeks. After
wards they were transferred to the basal diet. At different time periods 
thereafter as shown in the table the rats were killed. bValues represent 
the mean ± SE. cSolution A: 2 M NaCl; 0.2% sodium lauroysarcosinate; 20 
roM Na2 EDTA (pH 10). dSolution B: 2% sodium dodecylsulphate; 20 roM Na2 
EDTA (pH 10). eInjected i.p. 4 h before sacrifice. 

tal pathology the above treatment is a treatment of promotion and not of ini
tiation. An apparent DNA fragmentation was however reported with a classical 
version of the alkaline elution technique 1 • While we have always been ca
pable of confirming these results, we have found that no effect is observed 
when lysing the nuclei with 2% SDS instead of 2 M NaCl + 0.2% sodium lauroyl
sarcosinate. Both at neutral and alkaline pH significant amounts of protein 
of the nuclear matrix remain bound to DNA after the second type of lysis, but 
not after the first one (data not reported). 

In addition, we have found that two different methods for measuring DNA 
breaks, in terms of DNA unwinding rates, gave completely negative results 
after treatment with 1% orotic acid in the diet. In the case of the Birnboim 
and Jevcak method 4.5 M urea was the main component of the lysing solution. 
In the case of the viscosimetric method 0.9 M NaCl + 0.9% SDS was the main 
component of the lysing solution. 

In our opinion there are two possible explanations of the results ob
tained: 1) 2 M NaCl + 0.2% sodium lauroylsarcosinate lysis generates nu
cleoid-like structures17 that is loops of DNA anchored to proteins of the nu
clear matrix. These structures are sensitive to chromatin conformation and 
are eliminated by the lysis of nuclei with 2% SDS; 2) alternatively, endonu
cleases can be selectively activated only by lysis with 2 M NaCl + 0.2% so
dium lauroylsarcosinate, and not by other types of lysis. In the second case 
it could be interesting to investigate the possible relation between the ac
tivity of such endonucleases and the accessibility of chromatin sites. 

We have investigated the effects of interleukin-3 on the mastocyte line 
PB-3 as a second experimental model. The cell line PB-3 was maintained in 
the presence of a low level of interleukin-3, so that cells could survive at 
least two days. Interleukin-3 was added to surviving cells so that they 
started to proliferate after about 12 h. 

Quiescent cells and proliferating cells are different in terms of levels 
of topoisomerase II. Topoisomerase II, an enzyme typical of proliferating 
cells appears only after the addition of interleukin-3. Accordingly, only 
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proliferating cells are responsive to ellipticine, a drug typically dependent 
on topoisomerase II for its activity18. 

The DNA of proliferating cells eluted at an increased elution rate when 
the cells were lysed in the presence of 2 M NaCl, but not when they were 
lysed with 27. SDS. Even in this experimental model we have found a condition 
(cell proliferation) in which, alternatively: 1) chromatin conformation is 
changed; 2) or endonucleases are activated. 

We have recently reported19 that the incubation of L1210 nuclei with 
lithocholic acid induces similar effects: increased DNA elution rates after 
lysis with 2 M NaCl, but no effect either after lysis with 2% SDS, or when 
utilizing an unwinding method. 

It seems that DNA elution (both at neutral or alkaline pH) detects not 
only DNA fragmentation, but also something else. 

Whether this is direct chromatin conformation or accessibility of chro
matin to endonucleases remains to be seen. 
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INTRODUCTION 
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The role of oval cells in liver regeneration and carcinogenesis remains 
controversial l - 7• After partial hepatectomy no significant proliferation of 
oval cells is observed even though the liver undergoes a rapid restoration of 
its mass. In contrast, a prominent oval cell proliferation is frequently 
observed after the administration of carcinogens, especially azo-dyes and 
2-AAF1-~ Oval cell proliferation is also observed when mature hepatocytes 
are unable to proliferate, due to nutritional and toxic effects of chemi
cals 7 . The fate of these oval cells particularly as it relates to questions 
regarding the precursor-product relationship to normal hepatocytes and 
histogenesis of hepatocellular carcinoma is a matter of considerable contro
versy (for review, see ref. 8). In the Solt-Farber protocol for production 
of hepatocellular carcinomas, administration of 2-AAF is used for selective 
growth inhibition of non-initiated hepatocytes, whereas partial hepatectomy 
provides a potent growth stimulus for resistant "initiated" hepatocytes 9 In 
our earlier studies using in situ hybridization technique we observed a pecu
liar distribution of albumin mRNA in the liver two weeks after partial hepa
tectomy in Solt-Farber rats 10. The albumin mRNA was present almost exclu
sively in rounded basophilic areas, some of which were gamma-glutamyl trans
peptidase (GGT) positive, but many of them were negative for GGT10. Thus a 
severe "inhibition" of albumin expression was observed in the majority of the 
"old" hepatocytes, whereas the "new" basophilic hepatocytes were efficiently 
expressing the albumin gene. We therefore wanted to reexamine the effect of 
2-AAF administration combined with partial hepatectomy, but without any ini
tiating agent, on the expression of albumin mRNA using in situ hybridization. 
In addition, the role of oval cells as possible precursors of the basophilic 
albumin positive hepatocytes was addressed by studying the transfer of radio
labeled thymidine from oval cells to basophilic hepatocytes 11 . 

MATERIALS AND METHODS 

Fischer male rats (150 g) were used in this experiment. Administration 
of 2-AAF was by gavage (1 mg/ml corn oil/day) 5 times during the first week 
at the end of which partial hepatectomy was performed. After one day recov
ery, 2-AAF administration was continued for 4 days. Total dose of 2-AAF was 
9 mg/rat. Methyl- 3H-thymidine (80.9 Ci/mmol, New England Nuclear, Boston, 
MA), 1 ~Ci/g body weight, was administered i.p. to a group of animals start-
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ing at day 6 after partial hepatectomy at 2 PM, 8 PM, 2 AM and 8 AM. The 
last dose of 2-AAF was administered at 9 AM on the sixth day after partial 
hepatectomy. Animals were sacrificed at the time of partial hepatectomy and 
then at 3, 7, 9, 11 and 13 days after partial hepatectomy. Frozen serial 
sections were used throughout the experiment. For autoradiography the 
sections were fixed in paraformaldehyde for 20 min, washed in phosphate 
buffered saline and dehydrated in ethanols. Slides were dipped in Kodak 
NTB-2 emulsion diluted 1:1. Incubation time was 3 weeks. The slides were 
developed in Kodak D-19 developer (diluted 1:1) for 4 min, rinsed for 15 
seconds in water and fixed for 4 min in Kodak fixer. After washing in water 
the slides were stained in hematoxylin and eosin. Histology, preparation of 
albumin riboprobes, in situ hybridization and autoradiography were performed 
as described earlierlO .----

RESULTS AND DISCUSSION 

At the time of partial hepatectomy extremely few oval cells were found 
in livers of 2-AAF treated rats. However, the normal distribution of albumin 
mRNA in the liver acinus, as described earlier 10, was not observed; i.e. de
creasing density of silver grains around the central vein was absent. At day 
3 after partial hepatectomy oval cell proliferation was evident around the 
portal tracts. Albumin mRNA was present in the oval cells showing a higher 
density of silver grains than in the surrounding hepatocytes. Animals sacri
ficed on day 7 after partial hepatectomy showed a prominent oval cell prolif
eration. These cells radiated from the portal tracts penetrating between 
acidophilic hepatocytes and reaching into zone 2 of the hepatic acinus. Al
bumin expression was still low in hepatocytes, and the oval cells continued 
to show a higher level of albumin expression than the acidophilic hepato
cytes. 

The nuclei of all oval cells became heavily labeled 6 h after the last 
injection of thymidine (Fig. 1, Panel 1, A,B,C). Fig. 2 shows the number of 
silver grains per nucleus of thymidine labeled cells at different time inter
vals after partial hepatectomy. High percentage (89%) of the oval cells be
came heavily labeled at day 7 (>150 grains per nuclei). At later time 
points, when basophilic small hepatocytes were present, it was impossible to 
obtain accurate number of labeled oval cells. Only 0.9% of acidophilic (old) 
hepatocytes were labeled at day 7. At day 9 after the partial hepatectomy a 
number of small basophilic hepatocytes were present in the periportal areas 
of the liver acinus. Their size was about 1/4 of the size of the acidophilic 
hepatocytes. A number of these acidophilic hepatocytes became trapped be
tween the small basophilic cells. Oval cells and basophilic hepatocytes were 
always located in the same areas of the liver acinus. Albumin was predomi
nantly expressed in these basophilic areas, whereas acidophilic hepatocytes 
showed only a low level of albumin expression. Thymidine labeling of the 
cells was almost exclusively observed in the areas where oval cells and 
basophilic cells were located (Fig. 1, Panel 2, A,B,C). On the 9th day after 
partial hepatectomy 91% of the small basophilic hepatocytes were labeled and 
their average grain count per nuclei was 75 ± 15 (mean S.D., 200 nuclei were 
counted). In contrast, only 0.7% of the acidophilic old hepatocytes were 
labeled at this time. At day 11 after partial hepatectomy the areas occupied 
by basophilic hepatocytes, which showed a disorganized growth pattern, was 
further increased. Oval cells were now more frequently observed at the pe
riphery of the basophilic areas. Albumin continued to be expressed predomi
nantly in the basophilic hepatocytes. At day 11 after partial hepatectomy 
88% of the basophilic and.0.3% of the acidophilic hepatocytes were labeled 
with thymidine. The average number of silver grains per basophilic hepato
cyte was further decreased to 47 ± 10/nucleus (Fig. 1, Panel 3, A,B,C). At 
day 13 the area occupied by oval cells was decreased, and the basophilic 
hepatocytes were arranged in trabecular patterns separated by sinusoids. 
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Fig. 1. Thymidine Labeling of Oval Cells and Basophilic Hepatocytes. 
Panel 1. Thymidine labeling 7 days after PH. A: 3H-labeled thymidine 
was administered to the animals at 2 PM, 8 PM, 2 AM and 8 AM on the 
6th day after PH. On the 7th day after PH animal was killed. Oval 
cell~ became heavily labeled with thymidine. x20. Bar = 500 ~m. 

B: Hi5~er magnification showing the distribution of labeled oval 
cells. xlOO. Bar = 100 ~m. C: Labeling of oval cell nuclei with 
3H-thymidine. x600. Bar = 17 ~m. Panel 2. Thymidine labeling of 
oval cells and basophilic hepatocytes 9 days after PH. A: x20. 
Bar = 500 ~m. B: Higher magnification showing the distribution of 
labeled oval cells and basophilic hepatocytes. xl00. Bar = 100 ~m. 

C: Thymidine labeling of the nuclei in the basophilic areas. x600. 
Bar = 17 ~m. Panel 3 . Thymidine labeling of oval cells and basophi
lic hepatocytes 11 days after PH. A: x20. Bar = 500 ~m. B: Higher 
magnification showing the distribution of labeled oval cells and ba
sophilic hepatocytes. xl00. Bar = 100 ~m. C: Thymidine labeling of 
nuclei in the basophilic areas. x600. Bar = 17 ~m . Panel 4. Thymi
dine labeling of oval cells and basophilic hepatocytes 13 days after 
PH. A: x20. Bar = 500 ~m. B: Higher magnification showing the dis
tribution of labeled oval cells and basophilic hepatocytes. xl00. 
Bar = 100 ~m. C: Thymidine labeling of nuclei in the basophilic 
areas. x600. Bar = 17 ~m. 
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Fig. 2. 3H-Thymidine label of oval cells and basophilic hepatocytes 
following partial hepatectomy (PH) and 2-AAF treatment. 

Basophilia was less prominent and mitotic figures were more common in these 
areas than observed earlier. A number of acidophilic hepatocytes were still 
trapped between the basophilic cells. Albumin mRNA was again located pre
dominantly in the basophilic areas of the liver acinus. A high percentage 
(75%) of the basophilic hepatocytes were still labeled with thymidine, but 
only 0.1% of the acidophilic hepatocytes were labeled. However, the number 
of silver grains/hepatocyte was further decreased to 25 ± 7 silver grains per 
nucleus (Fig. 1, Panel 4, A,B,C). 

Tatematsu et al. 12 had earlier demonstrated that hepatocyte proliferation 
following partial hepatectomy was virtually completely inhibited in the cau
date lobe of the rat liver by dietary 2-AAF. Furthermore, Tatematsu et al. 
showed that oval cells were heavily labeled with thymidine one day after 
stopping the 2-AAF administration. The present study corroborates this ob
servation. However, in our study virtually all basophilic hepatocytes became 
labeled with thymidine 9, 11 and 13 days after partial hepatectomy. This is 
in contrast to the findings in earlier studies aimed at establishing by 
labeling experiments a precursor-product relationship between oval cells and 
hepatocytes in vivoll-l~ An important difference between our experimental 
protocol and that of others appears to be the interval between thymidine 
administration and the time at which the animals were sacrificed. Whereas 
the remaining oval cells stayed heavily labeled during the experiment, the 
average number of silver grains in the basophilic hepatocytes decreased from 
74 to 25 in four days. This dilution of label implies that basophilic 
hepatocytes have been cycling consecutively. However, whether or not repli
cation of oval cells is required prior to differentiation into basophilic 
hepatocytes cannot be resolved at this point. 

In these experiments we have demonstrated a transfer of radiolabeled 
thymidine from oval cells to the basophilic hepatocytes, and therefore oval 
cells can be regarded as progenitors of these hepatocytes. Furthermore, the 
presence of albumin mRNA both in oval cells and in the newly formed basophil-
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Fig. 3. Evolution of oval cells in chemical hepatocarcinogenesis. 

ic hepatocytes also supports the precursor-product relationship between oval 
cells and basophilic hepatocytes. Finally, our results together with the 
already established progenitor role of oval cells for hepatocytes in azo-dye 
carcinogenesis l -6 , support the hypothesis (Fig. 3) that oval cells may play 
an important role in the histogenesis of hepatocellular carcinoma. 
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The discussion on the histogenesis of epithelial kidney tumors started 
in human pathology about a century ago and remained controversial up to the 
present. In experimental animals, especially in small rodents, renal tumors 
have been produced by a variety of chemicals 1. Systematic studies of the 
sequence of cellular changes preceding the appearance of these tumors re
sulted in a number of interesting observations which did not only elucidate 
specific problems of renal carcinogenesis but might also contribute important 
new aspects to the unravelling of neoplastic development in general 2 • 

Our own experience in this field is based on a series of experiments in 
rats which were treated orally with different nitrosamines (N-nitroso
morpholine, N-nitrosodiethylamine, N-nitrosodiethanolamine, N-nitrosoethyl
ethanolamine), particularly N-nitrosomorpholine (NNM), or received a single 
subcutaneous injection of 65 mg/kg body weight streptozotocin3-1~ Using NNM, 
which like many other renal carcinogens is at the same time a potent hepato
carcinogen in the rat, we were able to produce various epithelial kidney 
tumors (epitheliomas) as defined cytologically (Fig. 1) such as chromophobic 
and basophilic cell tumors, oncocytomas and clear or acidophilic (granular) 
cell tumors 13 ,14. Most of these tumor types have been known for a long time 
from human pathology but in the case of the chromophobic tumors the exper
imental findings prompted Thoenes and colleagues15 only recently to separate 
the chromophobic renal cell carcinoma as a pathomorphologic entity from other 
forms of renal cell carcinoma in man. 

The renal tubular system is a complex structure composed of a number of 
physiologically well defined segments each of which is lined by specifically 
differentiated cells 16. The various types of renal epitheliomas apparently 
originate from different segments of this system such as the proximal tubule 
and the collecting duct system indicating that differentiation of the target 
cells of the carcinogen plays an important role in their commitment to cer
tain types of tumor cells. In line with this concept the various tumor types 
frequently develop concomitantly in the same kidney. 

The appearance of all types of renal epitheliomas induced by the nitros
amines or streptozotocin was preceded by specific tubular alterations. These 
preneoplastic tubular lesions emerged after long lag periods; they were 
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Fig. 1. Sequential cellular changes during renal carcinogenesis. 

characterized by a phenotypic conversion of the normal renal epithelial 
cells. In a limited exposure stop protocol with NNM, the first phenotypic 
cellular changes were found weeks or even months after withdrawal of the car
cinogen. There was no indication for an important role of cellular necrosis 
and hyperplasia in the development of the preneoplastic tubular lesions under 
our experimental conditions. In autoradiographic studies of similar stop ex
periments with NNM, no increase in cell proliferation was. found in the rat 
kidney during the period of carcinogen administration 17. The transformation 
of the preneoplastic tubules into tumors was followed by means of conven
tional light microscopy, enzyme histochemistry and electron microscopy step 
by step up to two years after cessation of carcinogenic treatment. A charac
teristic pattern of metabolic and morphologic changes was evident in both the 
preneoplastic tubules and the related tumors8. 

CHROMOPHOBIC AND BASOPHILIC CELL TUBULES AND TUMORS 

The chromophobic and the basophilic lesions derived from the proximal 
nephron (Fig. 1). Chromophobic cell tubules and tumors were observed after 
treatment of rats with NNM 3 ,6,7 and N-nitrosodiethylamine 18 The chromophobic 
tubular segments consisted of unusual, large, polyhedral cells which some
times showed an apical brush border like normal cells of the proximal tubule. 
The finely reticular cytoplasm of the chromophobic cells was always PAS-nega
tive but frequently rich in substances which gave a positive iron binding re
action according to Hale or stained with alcian blue. These histochemical 
reactions suggest an excessive storage of mucopolysaccharides (glycosamino
glycans, proteoglycans) which are probably enclosed in cytoplasmic vacuoles 
as seen at the ultrastructural level. However, the histochemical reactions 
were not always positive. This may be due either to insufficient preser
vation of readily soluble polysaccharides or to the storage of other sub
stances, such as lipids which were eluted during tissue preparation. 

The chromophobic tubules gave rise to chromophobic epitheliomas which 
usually also stored glycosaminoglycans as demonstrated histochemically. In 
addition, there was circumstantial evidence that the chromophobic tubules may 
transform into basophilic tubules and tumors. We draw this conclusion from 
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the frequent appearance of intermediate stages between Hale-positive and 
basophilic tubules and the intimate topographical association of many chromo
phobic tubules with basophilic tumors. However, basophilic tubules storing 
no or only low amounts of glycosaminoglycans may also develop from proximal 
tubules without a chromophobic intermediate stage. Transitions between such 
basophilic tubules and basophilic renal cell tumors have been documented by 
many authors. 

The definitive basophilic epitheliomas are always poor in, or free from, 
histochemically demonstrable mucopolysaccharides but rich in free or 
membrane-bound ribosomes which are the ultrastructural equivalent of the pro
nounced cytoplasmic basophilia seen under the light microscope. The presence 
of a prominent brush border and the frequent occurrence of peroxisomes indi
cate the origin of the basophilic epitheliomas from the proximal nephron even 
at this late stage of tumor development 7. Similar electron microscopical ob
servations have been reported for basophilic epithelial tumors induced in rat 
kidney with various other chemicals 19-26. 

Recently we investigated basophilic tubules and tumors produced in rat 
kidney with nitrosamines10or streptozotocin8 by enzyme histochemical methods. 
Both the tubular lesions and the tumors were consistently characterized by 
the same enzyme histochemical pattern. The activities of glucose-6-phospha
tase, succinate dehydrogenase, y-glutamyltranspeptidase, alkaline and acid 
phosphatase were decreased, while those of the glyceraldehyde-3-phosphate 
dehydrogenase and glucose-6-phosphate dehydrogenase were increased. These 
observations support the postulated histogenetic connection between baso
philic tubules and tumors. They are also in line with histochemical findings 
in basophilic renal epitheliomas induced by other chemical carcinogens19,27-2~ 
The results of the histochemical studies suggest that a marked shift in en
ergy metabolism from oxidative to glycolytic production of ATP with a corre
sponding reduction in mitochondrial respiration is characteristic of this tu
mor type. Since the pentose phosphate shunt, among its other functions, also 
provides pentoses for RNA and DNA synthesis, activation of this pathway is 
probably closely related both to the increase in ribosomes (basophilia) and 
to the enhanced cell proliferation in the basophilic lesions. A remarkable 
observation in the streptozotocin-induced, predominantly basophilic renal 
epitheliomas was the additional appearance of some clear cells storing glyco
gen in excess and a strong activity of glycogen phosphorylase throughout the 
tumor tissue. This unusual metabolic pattern of basophilic renal cell tumors 
may be due to the high levels of blood glucose in these animals which suffer 
from a streptozotocin-induced diabetes. 

ONCOCYTIC TUBULES AND ONCOCYTOMAS 

A third type of renal epithelioma which often develops in rats after 
treatment with chemical carcinogens is the oncocytoma 3,5,12,25 , a tumor well 
known from human pathology 30. The renal oncocytoma is a slowly growing tumor 
considered to be benign 13 ,31-34. Light microscopically, this tumor is charac
terized by large polygonal cells with an intensely acidophilic and finely 
granular cytoplasm. Prestages of these tumors emerge as oncocytic tubules 
after long lag periods (Fig. 1). The electron microscope shows the typical 
fine structure of oncocytes: the cytoplasm is crowded with atypical mitochon
dria which exhibit abundant unusually long and densely packed cristae9. 
Sometimes, the severely altered mitochondria form whorl-like structures or 
they display an intra-mitochondrial accumulation of glycogen. 

In contrast to the chromophobic and basophilic renal lesions the onco
cytes derive from distal parts of the renal tubular system 5, precisely from 
the cortical collecting duct system consisting of the cortical collecting 
duct and the connecting tubule, and from the outer medullary collecting duct. 
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This has recently been shown at the light and electron microscopical level in 
both rats ",'8 and man 34 • 

Enzyme histochemical studies revealed that the oncocytic tubules and 
tumors induced in rats with NNM always exhibited activities of glycogen 
synthase, glycogen phosphorylase, glucose-6-phosphatase and glyceraldehyde-3-
phosphate dehydrogenase which were comparable to those of the normal distal 
tubules'~ As a rule, however, the activity of the mitochondrial enzyme suc
cinate dehydrogenase was increased (corresponding to the abundance of mito
chondria seen under the electron microscope), while that of the glucose-6-
phosphate dehydrogenase was decreased throughout or in parts of the oncocytic 
lesions. This might explain the rarity of ribosomes and the slow growth of 
the oncocytic lesions. 

CLEAR AND ACIDOPHILIC CELL TUBULES AND TUMORS 

The clear and acidophilic (granular) rat renal cell tumors (Fig. 1) are 
very similar to the predominant human renal cell carcinoma. From a series of 
stop experiments with NNM, we have inferred that the clear cell tumors ori
ginate from glycogen-storing clear cell tubules in the rat 4• In stop experi
ments, the tubular glycogenosis developed only some weeks or months after 
withdrawal of the carcinogen. All intermediate stages leading from the 
tubules storing glycogen in excess through small cystic or solid glycogenotic 
lesions to larger tumors composed of both clear glycogen storage cells and 
acidophilic cells poor in glycogen were observed. 

Electron microscopically, the clear cells showed a considerable amount 
of monoparticulate glycogen but only a few mitochondria or profiles of the 
rough endoplasmic reticulum. In many cells, substantial parts of the stored 
glycogen were enclosed in autophagic vacuoles - a phenomenon well known from 
human glycogen storage disease type II. Of particular interest is the ad
ditional occurrence of lipid-storing cells in the clear cell tumors. The 
fine structure of the lipid bodies is very similar to structures described in 
the nervous system, kidney and other tissues in association with certain 
human storage diseases, such as mucopolysaccharidosis and gangliosidosis (cf. 
O'Brien, 35; Sandhoff and Harzer, 36). The acidophilic cells which in many 
tumors are mixed with the clear cells, exhibit a variable ultrastructure4• 
Their cytoplasm is either poor in both glycogen and organelles or it contains 
abundant mitochondria. However, unlike the mitochondria in oncocytes, these 
organelles frequently show a considerable rarefaction of their cristae and a 
finely granular dense matrix. The increase in mitochondria is most probably 
the reason for the granular appearance of many acidophilic cells under the 
light microscope. 

The precise site of or1g1n of the rat renal clear cell tubules and tu
mors within the tubular system remained obscure for a long time. In the last 
few months, however, we were able to show in serial sections of 36 small 
clear cell or mixed clear cell and acidophilic cell lesions that they were 
all connected with the collecting duct system". This finding indicates a 
close histogenetic relationship between the oncocytic and the clear acido
philic cell tumors in the rat which is also suggested by the occasional com
mon occurrence of oncocytes and clear glycogen storage cells in the same 
renal tubule 5. 

CLEAR AND CHROMOPHOBIC RENAL CELL CARCINOMAS IN MAN 

Some years ago we started studying human renal cell carcinomas by elec
tron microscopy and cytochemistry8,3~ Most of the tumors investigated con
sisted predominantly of clear cells and contained only small acidophilic 
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(granular) cell components. Some of the tumors presented a chromophobic 
phenotype. In accordance with a number of earlier reports 38-40 but in con
trast to our observation regarding the clear and acidophilic rat renal epi
theliomas, our ultra-structural findings pointed to the proximal nephron as 
the site of origin of the human renal cell carcinoma. This intriguing dis
crepancy would need further investigation. 

As to the results of the enzyme histochemical studies changes in carbo
hydrate metabolism are of particular interest: glycogen synthase and glycogen 
phosphorylase exhibited a high activity in all cells rich in glycogen. The 
activity of glucose-6-phosphatase was nearly totally lacking, while that of 
the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase was usually 
increased in the tumors as compared to the proximal tubules of the remaining 
kidney. The activity of glucose-6-phosphate dehydrogenase was variable, in 
some tumors clearly elevated above the normal level, in others normal or even 
decreased. These histochemical results agree largely with the biochemical 
data reported by Weber and colleagues 41 ,42. They mainly indicate a high gly
colysis in the human renal clear and chromophobic cell carcinoma. 

The apparently simultaneous activation of glycogen synthesis, glycolysis 
and sometimes also the pentose phosphate pathway in the clear cells is diffi
cult to understand. However, recent biochemical studies in 11 human clear 
cell carcinomas did not only confirm the histochemical observations of in
creased activities of glycogen synthase and glycogen phosphorylase but also 
revealed that the concentration of glucose-6-phosphate is markedly in
creased 43. This result suggests that the storage of various polysaccharides 
or lipids in preneoplastic and neoplastic renal lesions might be the conse
quence of an increased intracellular level of this central metabolite. The 
transformation of the preneoplastic into neoplastic lesions appears to be 
closely related to a basic shift of the carbohydrate metabolism due to an ad
aptive activation of alternative metabolic pathways, such as the pentose 
phosphate pathway or glycolysis. Similar metabolic aberrations have been ob
served during neoplastic development in other tissues, especially in the li
ver of various species 2• Conventionally, the postulated changes in the flux 
of glucose would be explained by alterations in the requirement for glucose 
in the respective metabolic pathways. However, alternatively, it is conceiv
able that an excess supply with certain metabolites, such as glucose-6-phos
phate, might trigger a metabolic cascade eventually resulting in the metab
olism characteristic of tumor cells. 

CONCLUSIONS 

Systematic studies of the sequence of cellular changes during renal car
cinogenesis induced in rats with different nitrosamines or streptozotocin and 
of human renal cell carcinomas led to the following main results and con
clusions: 

1. All types of epithelial kidney tumors known from human pathology, 
namely chromophobic and basophilic, oncocytic and clear or acidophilic 
(granular) cell tumors, may be induced by the chemicals. 

2. Phenotypically altered epithelial cells resembling those in the tumors 
appear in single or multiple tubules long before unequivocal tumors 
develop. The progression from the preneoplastic tubular lesions to the 
tumors is an autogenous process independent of the further action of 
carcinogen. 

3. Four different types of tubular lesions may be distinguished: (a) 
chromophobic and (b) basophilic tubules frequently accumulating acid 
mucopolysaccharides (glycosaminoglycans, proteoglycans); (c) oncocytic 
tubules exhibiting abundant atypical mitoehondria, and (d) clear cell 
tubules storing glycogen in excess. Whereas the chromophobic and baso-

213 



philic tubules derive from the proximal nephron, the oncocytic and 
clear or acidophilic cell tubules and tumors originate from the 
collecting duct system under the experimental conditions studied. 

4. Each type of tubular lesion is apparently the precursor of a cytologi
cally specific tumor type. 

5. The well known aberration in carbohydrate metabolism in renal tumors 
might occur in response to a carcinogen-induced metabolic derangement 
which is frequently associated with excessive storage of polysaccha
rides or lipids. These storage phenomena are, perhaps, the consequence 
of a marked increase in glucose-6-phosphate as measured in human renal 
clear cell carcinomas. 

6. An adaptation of cellular enzymes gradually activating alternative 
metabolic pathways, might be responsible for the ultimate neoplastic 
conversion of renal epithelial cells. 
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The general appearance of skin carcinoma is that of a steadily growing 
wound. Thus, Haddow's famous affirmation "the wound may be regarded as a tu
mor which heals itself,,1 may be also read the other way around, i.e. that a 
tumor may be regarded as a wound which does not heal. A huge amount of li
terature dealing with the assumed relationship between wound repair and car
cinogenesis has indeed been accumulated (see ref. 1, 6). Only very recently, 
however, the methods of cell biology, biochemistry and molecular biology have 
reached a level where they enable the investigator to proof this relationship 
in clear-cut experimental approaches aiming at an understanding of the mo
lecular mechanisms involved in both wound repair and carcinogenesis. One of 
the most exciting results of these novel approaches is the discovery that the 
majority of proto-oncogenes code for components of cellular pathways which 
are required for the transduction of growth-stimulating signals, especially 
of those provided by the peptide growth factors 2. While the physiological 
role of such growth factors is still not entirely understood, there is accu
mulating evidence indicating that at least some of them (such as EGF, TGFu, 
TGFS, PDGF) may be involved in tissue repair and regeneration rather than in 
the control of everyday tissue growth 3. 

For the investigation of both wound repair and carcinogenesis, mouse 
skin represents one of the most advanced model systems. The reason for this 
is not only that skin is easy to manipulate and to observe, but also that the 
skin model offers the invaluable possibility of subdividing the process of 
tumor development into several defined stages. Under proper experimental 
conditions these stages can be induced by distinct manipulations or agents. 

Presently at least 4 stages of skin carcinogenesis can be distinguished, 
i.e. initiation, conversion, promotion and malignant progression (Fig. 1). 
Although these stages are first of all operationally defined by special ex
perimental set ups, recent research has opened several avenues leading to a 
better understanding of the underlying biological and molecular mechanisms. 
It is hoped that these investigations will result in the evaluation of new 
preventive and therapeutic measures. 
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Fig. 1. The stages of experimental carcinogenesis in mouse skin. Following 
initiation, papilloma development is induced by continuous growth 
stimulation resulting in clonal expansion of tumor cells (promo
tion). Papilloma growth can be promoted only if conversion has oc
curred within a certain period of time either prior to or after ini
tiation. Using NMRI mice, initiation is carried out by "subthresh
old" carcinogen (DMBA) treatment, conversion by limited applications 
(1-4x) of the phorbol ester TPA or by single wounding and promotion 
by continuous treatment with the-Phorbol ester RPA (once a week over 
a period of 16-20 weeks) £I by repeated wounding. Under these condi
tions progression to malignancy occurs spontaneously in 10% of the 
papillomas within 8-10 months11. The rate of progression is increased 
by carcinogen treatment of papilloma-bearing skin17. From Marks and 
Fiirstenberger 8 • 

Skin was the first and, until recently, the only tissue where a tumor
inducing effect of mechanical wounding could be unequivocally demonstrated4-~ 
Recently, this phenomenon has been shown to be due to convertogenic and tu
mor-promoting effects of wounding. 

THE STAGES OF EXPERIMENTAL SKIN CARCINOGENESIS (for a review see refs. 8-10) 

Whether or not a distinct stage of skin carcinogenesis can be observed 
depends entirely on the experimental conditions employed, i.e. animal species 
and strain, tissue or cell type, agents used, regimen of treatment, time
point of observation etc .. Thus the experimental approach of multistage car
cinogenesis appears to be highly artificial. This does not devaluate, how
ever, its heuristic value as far as an understanding of carcinogenesis in 
general is concerned. To deal with misunderstandings which have been coming 
up again and again in the literature, it has to be emphasized that the multi
stage approach represents a model situation created to investigate mechanisms 
of tumor development in a reductionistic way rather than mimicking "sponta
neous" carcinogenesis, i.e. the human situation. 

Generally a multistage carcinogenesis experiment starts with initiation. 
This is achieved by (local or systemic) treatment of the animal with a carci
nogenic agent, such as a polycyclic aromatic hydrocarbon, UV-light etc .. If 
a very low ("subthreshold") dose of a carcinogen is used, the animals will 
not develop tumors. It is thought that under such conditions latent (or 
"dormant") tumor cells are generated in the epidermis, but that latency peri
od of tumor development starting from such cells surpasses the lifespan of 
the animal. The existence of latent tumor cells can be experimentally demon
strated by subsequent tumor induction occurring in the stages called conver
sion and promotion. The latent tumor cells generated during initiation sUr
vive over the whole lifespan of the animal. This indicates that they are 
either not subject to normal terminal differentiation or that initiation has 
occurred in a self-regenerating stem cell population of epidermis. Dormancy 
and persistence of initiated cells means that they have no proliferative ad
vantage over the normal neighbour cells. When, in addition, their program of 
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differentiation does not greatly differ from that of normal epidermal cells, 
visible tumors will not develop spontaneously from such cells. It has indeed 
been shown that in mouse skin the great majority of tumors generated by sub
sequent promotion of such cells are non-autonomous, well-differentiated pap
illomas the growth and existence of which depends on continuous growth stimu
lation by an exogenous agent, i.e. the promoter 11 • In other words: for the 
promotion of tumor development in initiated skin nothing but a chronic hyper
proliferative response seems to be required. This describes exactly the 
classical 2-stage carcinogenesis experiment where initiation is followed by 
repeated application of an irritant skin mitogen such as the phorbol ester 
TPA or by repeated wounding until papillomas become visible. It has been 
shown that this treatment has to be carried out in such a way that sustained 
epidermal hyperplasia develops 12. Otherwise no tumor promoting effect is 
seen. 

The conclusion that the induction of tumor development in initiated skin 
is solely equivalent with the induction of clonal expansion of initiated 
cells does not tell us the whole truth. There are, indeed, numerous com
pounds, which although being strong hyperplasiogenic agents, induce tumor 
growth in initiated skin only very poorly. This fact led to the discovery of 
an additional stage of skin carcinogenesis, i.e. conversion. The basic ob
servation was that the tumor-inducing effect of limited, i.e. insufficient 
TPA-treatment on initiated skin could be "completed" by chronic application 
of skin irritants which per se exhibited only a very poor effect on tumor de
velopment 13- 15 • The latter include turpentine 13 , mezerein 14 and the phorbol 
ester retinoylphorbolacetate (RPA, ref. 15). Initially, this approach was 
called "two-stage tumor promotion", implying TPA to be a "complete" and the 
other agents to be "incomplete" tumor promoters 14,15. Since the "first stage" 
(limited TPA-treatment) can, however, also be carried out prior to initiation16 

it is certainly not a stage of promotion, because under promotion the induc
tion of tumor growth after initiation is understood. Therefore, the term 
conversion 13 has been introduced and the term promotion has been restricted 
to the chronic hyperproliferative process induced subsequently to initiation 
and conversion by agents such as RPA etc. 16 • 

Since without convertogenic treatment, initiated cells do not respond to 
the promoting agent by clonal expansion, conversion may be operationally de
fined as induction of promotability. The mechanisms hidden behind this defi
nition are still not very well understood. 

As already mentioned, in the course of the standardized initiation-con
version-promotion experiment primarily papillomas arise. In comparison, car
cinoma development is a delayed and low yield event 11 • Whether malignant tu
mors develop from papillomas (malignant progression) or along an independent 
route is still a matter of dispute. Carcinoma development depends on conver
sion and promotion only in that it occurs after papilloma development. As 
soon as the maximum of papilloma development is reached, the rate of carci
noma development is independent of further promoter application 17 • This ob
servation strongly indicates a progression from the benign to the malignant 
phenotype. New data on the clonality of skin tumors are, on the other hand, 
apparently not consistent with such a mechanism 18 ,19. 

MECHANISTIC ASPECTS OF MULTISTAGE CARCINOGENESIS IN SKIN 

Initiation and Malignant Progression: Genotoxic Events 

Initiation is generally believed to be due to a genotoxic event which 
results in somatic.mutation, oncogene activation etc •. Such a hypothesis 
most easily explains the irreversibility of the initiated state and is 
strongly supported by a steadily increasing body of evidence showing the 

219 



ability of initiating carcinogens to interact with the cellular genome. 
Moreover, the Harvey-ras proto-oncogene has been shown to be constantly acti
vated and point-mutated in skin papillomas and carcinomas generated along the 
multistage route with 7,12-dimethylbenz(a)anthracene as an initiating agent2~ 
This does not mean, however, that H-ras activation is the only genetic key 
event of initiation in skin since with other initiating agents no such clear
cut correlation between H-ras mutation and carcinogenesis has been observ
ed 20 ,21. Since treatment ot:Papillomatous mouse skin with initiating agents 
leads to a higher carcinoma incidence, malignant progression is thought to 
result from additional genotoxic effects 17 . This concept is also supported 
by the fact that the papilloma/carcinoma spectrum in skin depends entirely on 
the type and the dose of the initiator. 

Promotion: Clonal ExpanSion of Tumor Cells by Continuous Growth Stimulation 

As already mentioned, promotion may be understood as clonal expansion of 
papilloma cells in the course of a chronic hyperproliferative process induced 
in epidermis. Thus, the mechanisms underlying promotion should be the same 
as those underlying the induction of epidermal hyperproliferation. 

Depending on the stimulus two types of hyperproliferative response can 
be experimentally induced in mouse skin. They differ from each other in that 
either epidermal hyperplasia develops or not (unbalanced versus balanced 
hyperproliferation, see ref. 22). Especially the hyperplastic reaction re
sults in profound morphological and biochemical changes and has, therefore, 
been called "hyperplastic transformation" of skin (Fig. 2 and ref. 23). 
Hyperplastic transformation seems to be the general response of skin to inju
ry such as chemical irritation, irradiation or mechanical wounding. The 
ability of the skin to respond to injury by hyperplastic transformation is 
subject to ontogenetic development: in the NMRI mouse the response cannot be 
elicited prior to the second week after birth 22 All skin tumor promoters 
induce hyperplastic transformation, i.e. are irritant hyperplasiogenic agents 
which somehow evoke a response similar to that seen after wounding. The 
wound response proper is thought to be controlled by endogeneous factors 
("wound hormones") of systemic or local origin. Recently, the transforming 
growth factors TGFa 24 ,25 and TGFB26 have been shown to be involved in skin 
wound healing. TGFa has been found to be released by keratinocytes and 
stimulate re-epithelization of skin wounds probably via an autocrine mecha
nism 27 . Hyperplastic transformation is mediated by eicosanoids, such as 
prostaglandins, being released from epidermal cells upon stimulation. In 
mouse skin eicosanoids seem to fulfil at least two purposes, i.e. to induce 
epidermal hyperproliferation in synergism with other stimuli and to mediate 
the inflammatory response which consistently accompanies hyperplastic devel
opment in epidermis 28. Thus, skin inflammation may be an important condition 
for tumor promotion. Consequently, pro inflammatory mediators such as active 
oxygen species, proteases, eicosanoids and others have been repeatedly shown 
or at least proposed as playing a key role in tumor promotion (for a review 
see ref. 29, 30). Further characteristic biochemical features are the induc
tion of the enzyme ornithine decarboxylase (which results in polyamine forma
tion) and a desensitization of epidermal cells for systemic and local growth
inhibitory signals such as catecholamines and epidermal chalone. A central 
role in 'hyperplastic transformation of epidermis and thus in skin tumor pro
motion seems to be played by the IP3 -DAG signal transduction system. This is 
indicated by the fact that phorbol esters, which are among the most active 
inducers of epidermal hyperplasia and tumor promotion, specifically activate 
PKC by mimicking the effect of DAG 31. Actually, within the phorbol ester se
ries a strong correlation exists between hyperplasiogenic efficacy and PKC
stimulatory activity. In addition, the strong promoters are potent inducers 
of the arachidonic cascade. Whether the latter response is linked to PKC ac
tivation or occurs independently, remains to be established. Although the 
cellular substrate proteins of epidermal PKC are still not known, there is 
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Fig. 2. Mechanistic aspects of hyperplastic transformation in mouse skin. It 
is assumed that an important event in the induction of hyperplastic 
transformation consists in an activation of two pathways of signal 
transduction, i.e. the IP3/DAG- and the arachidonic acid cascade, 
via receptor-mediated stimulation by an endogeneous stimulus ("wound 
hormone") of phosphatidyl-inositolphosphate-specific phospholipase C 
(PLC) and activation of phospholipase A2 (PLA 2; whether PLA 2 activa
tion occurs independently of or as a consequence of PLC activation 
remains to be established). The mediators released, i.e. inositol
trisphosphate (IP3), diacylglycerol (DAG), prostaglandins and hy
droxylated eicosatetraenoic acids (HETEs, ref. 88,89) give rise to 
the responses listed in the lower part of the diagram, whereby 
prostaglandins mediate the hyperplastic and HETEs probably the in
flammatory response. Strong tumor promoters such as the phorbol 
esters act by mimicking the stimulatory effect of DAG on protein 
kinase C (PKC) and inducing the arachidonic acid cascade. 

indirect evidence that several events occurring in the course of hyperplastic 
transformation, such as ODC-induction 32 , inhibition of intracellular communi
cation 33 and others, are linked to PKC-catalyzed protein phosphorylation. 
Under physiological conditions the IP3-DAG cascade is activated by exogeneous 
signals such as hormones via interaction with a membrane receptor 34,35. The 
endogeneous activator of the cascade in epidermis has not yet been identi
fied. While the concept of DAG as playing a key role in hyperplastic trans
formation is thus generally accepted, the role of IP3 is less clear. The main 
function of IP3 is that of an intracellular Ca 2+-mobilizing signal. Thus, 
Ca 2+-dependent reactions occurring in the course of hyperplastic transforma
tion may be controlled via IP3 release. Among those reactions, the phos
phorylation of ribosomal elongation factor 2 by a Ca 2+/calmodulin-dependent 
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proteinkinase might be related to hyperplastic transformation and tumor pro
motion in that an inhibition by cyclosporine A of both processes correlated 
with an inhibition of EF-2 phosphorylation 36. Another Ca2+-dependent reac
tion essential for hyperplastic transformation is the activation of phospho
lipase Az, i.e. the rate-limiting step of arachidonic acid metabolism (see 
above) • 

Conversion: Stem Cell Activation by Chromosomal Damage? 

As compared with initiation and promotion, the mechanisms of which are 
thought to be understood, at least in principle, as somatic mutation and 
chronic induction of hyperplastic transformation, the mechanism of conversion 
is still widely unknown. Obviously conversion somehow sensitizes initiated 
cells for promotion. In other words: an initiated cell appears to be unable 
to respond to a hyperplasiogenic stimulus by papilloma formation, unless ini
tiation has occurred in skin pretreated with a convertogenic agent or conver
togenic treatment follows initiation. Theoretically two possibilities exist 
to explain the insensibility of non-converted initiated cells to a promoter: 

1. Like a normal epidermal cell the initiated cell is stimulated by the 
promoter to proliferate but does not express its neoplastic phenotype, 
i.e. its behavior including its proliferative capacity is indistin
guishable from that of a normal epidermal cell. 

2. The initiated cell is unable to respond to the promoter by hyperproli
feration. 

In the first case the initiated cell is looked upon as a "recessive mu
tant" which has to be phenotypically activated by the convertogenic agent 13 • 

Such a mechanism appears to be incompatible with the "inverted experiment" 
where conversion is induced prior to initiation 16. On the other hand, con
version may create a long-lasting situation in the tissue which allows a 
spontaneous phenotypic expression as soon as initiation occurs. An attrac
tive new concept - admittedly purely speculative as far as mouse skin is 
concerned - says that the neoplastic phenotype is under the control of so
called tumor suppressor genes which have to be eliminated or inactivated be
fore neoplastic development can occur 37 ,38. In the framework of our first 
concept this would mean that conversion is due to transient suppressor gene 
inactivation. 

In the second case it is assumed that in the target cells of initiation 
the molecular machinery required for the hyperplastic response is not fully 
developed but has to be induced by the convertogenic agent. Such a hypothe
sis would be compatible with the concept of initiation occurring in a primi
tive stem cell compartment of epidermis and with the ontogeny of the hyper
plastic response, as mentioned above. Conversion would then be due to "stem 
cell activation" whatever this means. It has been shown that in mouse epi
dermis a slowly proliferating cell population proposed to consist of stem 
cells ("label-retaining cells") is stimulated to proliferate by the converto
genic promoter TPA but not by the non-convertogenic promoter RPA39. 

As can be seen, both concepts imply that the convertogenic agent has an 
effect on gene expression. There are indeed numerous reports on genetic ef
fects of phorbol ester tumor promoters, including the induction of sister 
chromatid exchanges in fibroblasts~O, of DNA single strand breaks in leuko
cytes~1 and keratinocytes~z,~~ of chromosomal aberrations in yeast~~ and leu
kocytes~5,~6 and of the replication of integrated viral genomes~7-50. In addi
tion, the expression of distinct genes such as the ODC-gene, c-fos, c_~51-56 
and others occurs upon phorbol ester treatment of different cell types. How
ever, most of these effects are shared by both convertogenic and non-conver
togenic phorbol esters 53 and, therefore, are apparently useless as far as the 
elucidation of the convertogenic process is concerned. What has to be looked 
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are conversion-specific events. One approach is to compare the effects of a 
convertogenic promoter such as TPA with those of a non-convertogenic sub
stance such as RPA on the target tissue of multistage carcinogenesis, i.e. 
mouse epidermis. This has been done with the result that both agents behave 
practically identical, for example as far as the reactions summarized in 
Fig. 2 are concerned (except prostaglandin F2~ formation, see ref. 28). Re
cently, however, a clear-cut difference was found in that the convertogenic 
tumor promoter TPA induces chromosomal aberrations in NMRI mouse epidermis in 
vivo (unpublished results) and in primary mouse keratinocytes in vitro 57 ,58,-
whereas the non-convertogenic tumor promoter RPA does not (Fig~3-)-.---

The conclusion that conversion may be somehow related to chromosomal da
mage (clastogenicity) has been strongly supported by the finding that methyl
methane sulfonate (MMS) exhibits both convertogenic (Fig. 4) as well as chro
mosome-damaging efficacy in the mouse skin system (unpublished results). MMS 
is known for its strong clastogenic effect, whereas its gene-mutagenic poten
cy is rater low in animal cells 59 - 63• Actually, in mouse skin, MMS is almost 
inactive as an initiator (Fig. 4) indicating again that there is a relation
ship between initiation and mutation rather than between initiation and clas
togenicity. As shown in Fig. 4 the convertogenic effect of MMS is augmented 
by cotreatment with RPA. The possible reason for this synergistic effect is 
explained below. An event which might be related to clastogenicity is the 
modification of DNA bases in phorbol-ester-treated polymorphonuclear leuko
cytes which is mediated by intracellular formation of hydrogen peroxide 64 • 
TPA has been found as being much more efficient in inducing this reaction 
than RPA. 
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Fig. 3. Clastogenic effect of the convertogenic tumor promoter TPA in mouse 
epidermis in vivo. The left diagram shows the percentage of meta
phases wit~chromosomal aberrations (mainly breaks, gaps and frag
ments), the right diagram the number of chromosomal aberrations per 
metaphase in basal epidermal keratinocytes obtained from mice local
ly treated once with acetone (Ac, 0.1 ml), or phorbol esters RPA and 
TPA (10 nmol, 0.1 ml acetone). 48 h after treatment the animals were 
killed and basal cell fractions 3 and 4 were obtained from skin 
preparations according to ref. 90. After in vitro cultivation of 
these cells for 2 or 3 days 90 metaphases ~re obtained and analy
zed according to ref. 91. Black columns: basal keratinocyte-fraction 
3; empty columns: basal keratinocyte-fraction 4; labelling of col
umns: numbers of metaphases analyzed. 
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Fig. 4. Methylmethane sulfonate (MMS) as a convertogenic agent in mouse skin 
carcinogenesis. The diagram shows the number of papillomas per mice 
(groups of 16 animals) found 18 weeks (empty columns) and 21 weeks 
(black columns) after treatment as indicated below the ordinate. For 
initiation (DMBA) a single local application at the beginning of the 
experiment was made, for conversion two applications (MMS or TPA at 
day 7 and 10 after initiation) and for promotion (RPA) one applica
tion per week starting 1 week after conversion. Dose per applica
tion: DMBA, 100 nmol, MMS, 100 ~mol, TPA, 20 nmol, RPA, 10 nmol. For 
combined MMS/RPA-treatment (columns 6 and 7), RPA was given 6 h af
ter MMS. Note that MMS while exhibiting no initiating efficacy (col
umns 2 and 7) shows a distinct convertogenic effect which equals 
that of TPA (column 4) when given in combination with RPA (column 6) 

These results indicate that the genetic events assumed to be essential 
for conversion may occur in the course of a clastogenic reaction rather than 
being due to gene mutation. The concept of chromosomal damage playing an 
important role in tumor development has been recently put forward by other 
authors65,6~ However, no distinct~on was made between conversion and promo
tion. Free radicals and oxygen species have been postulated as clastogenic 
factors. Recently, arachidonic acid metabolites generated along the lipoxy
genase pathway, such as hydroperoxy eicosatetraenoic acids, were identified 
as clastogenic factors in leukocytes 67. Similar arachidonic acid metabolites 
are also probably involved in the clastogenic effect of TPA on NMRI mouse 
epidermis as indicated by the inhibitory effect of ETYA (eicosatetraynoic 
acid) on both the induction of chromosomal aberrations (unpublished results) 
and conversion 68 • In the dose applied in these experiments, ETYA inhibits 
the lipoxygenase pathway of arachidonic acid metabolism much stronger than 
the cyclooxygenase pathway. 
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Conversion by "Wound Hormones" 

As yet no decision can be made as to whether the chromosomal aberrations 
observed after TPA treatment indicate more specific events such as gene am
plification and translocation or are symptoms of cell damage and cell-death. 
In this connection, the observation that wounding exerts both a strong con
vertogenic (Fig. 5) and promoting effect in initiated skin may provide a fur
ther clue for a deeper understanding of conversion, since it shows that con
version can be entirely induced by endogeneous factors, i.e. somehow resem
bles a physiological process. 

Looking for such factors with the qualities of a "wound hormone" (i.e. 
being locally released upon wounding and acting on cells of the wounded tis
sue), we have recently found a platelet-derived polypeptide that exerts con
vertogenic efficacy in the initiated mouse skin in vivo (Fig. 6). Because of 
a special in vitro activity this peptide has been called Epstein-Barr-Virus
inducing factor (ElF, ref. 69). ElF was considered as a candidate for a con
vertogenic agent since it exhibits a strong synergism with TPA in several in 
vitro systems including a "tumor-promoting" effect in C3H10Tl/2 cells 70,71.

According to its biological properties, ElF is a member of the TGFB-family of 
growth factors 72 • Recently, TGFB has indeed been shown to playa role in 
skin wound healing 26. TGFB/EIF stimulates fibroblast proliferation and in
hibits epidermal cell growth. The latter may be the reason why the converto
genic effect of TGFB/EIF is seen only when the intracutaneous injection of 

~ 

"' .. 
~ 

100 
., 

";; (; :; > .. .~ 
"- 80 ~ 4 
~ ., .. "-= .. 

.Q E 
(; 60 

g 
3 E "ii 

.= .. 
Q. 

.. 40 " 2 
~ ;; 

";' 
(; (; 
E 
" 20 

E .... " .... 

6 12 18 6 12 18 

weeks weeks 

Fig. 5. Skin wounding as convertogenic treatment. The figure shows the re
sult of a three-stage carcinogenesis experiment carried out with 
groups of 16 NMRI mice each. Initiation was carried out by topical 
application of 100 nmol 7,12-dimethylbenz(a)anthracene (in 0.1 ml 
acetone) at zero time. One week later, the animals were treated once 
with 10 nmol RPA (0), or 10 nmol TPA (e) or wounding (six cuts of 1 
cm length into the initiated back skin). Two weeks later, promotion 
was started by local application of 10 nmol RPA and continued over 
the whole period of the experiment (2 applications per week). Note 
that the rate of tumor development (left diagram) is approximately 
identical in wounded and TPA-treated animals, whereas the tumor 
yield (right diagram) is lower in wounded as compared with TPA
treated mice, probably because the "converted" skin area is much 
smaller upon skin cutting than upon painting with a TPA solution. 
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the factor is combined with a mitogenic stimulus provided by simultaneous ap
plication of the non-convertogenic phorbol ester RPA (Fig. 6). It has indeed 
been shown that the induction of DNA replication is a necessary but not suf
ficient condition for conversion 73. Thus ElF seems to "complete" the tumor
inducing effect of RPA for the convertogenic component and may thus be re
garded as a "pure" convertogenic agent (whereas TPA is a promoter/mitogen 
with additional convertogenic potency!). It is hoped that the investigation 
of the mechanism of action of ElF alias TGF in epidermis will finally result 
in an understanding of the mechanism of conversion. 

In a skin wound the mitogenic stimulus provided in our experiment by RPA 
(Fig. 6) must come from additional endogenous factors. TGF~ (and EGF) is a 
good candidate since it has been shown to stimulate the re-epithelization of 
wounds probably via an autocrine mechanism 24 ,25. Actually, TGF~ can entirely 
replace RPA in an experiment such as shown in Fig. 6 (unpublished). We pos
tulate, therefore, that the convertogenic and tumor-promoting effect of skin
wounding in initiated skin is due to a combined action of endogeneous mito
gens such as TGF~ with factors of the TGFB-family and eicosanoids as well as 
other "mediators of inflammation". 

Is Conversion Due to "Programmed Cell Death"? 

Recently the concept has been put forward that DNA strand breaks, such 
as induced by clastogenic factors may cause cell death along a specific mole-
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Fig. 6. Conversion by "Epstein-Barr-Virus inducing factor, ElF", a member of 
the TGFB-family. The experiment was carried out as described for 
Fig. 4 and 5 except that wounding or TPA application was replaced by 
a 4-point intracutaneous injection of ElF (0, 5 units;o, 50 units;., 
250 units;., 50 units heat-inactivated) combined with a local appli
cation of 10 nmol phorbol ester RPA in 0.1 ml acetone. The hatched 
zones represent the results of control experiments where saline was 
injected instead of ElF. The low convertogenic effect of this con
trol treatment is probably due to wounding by injection. When ElF 
was injected but the accompanying RPA application was omitted the 
resulting values did not differ from the controls (not shown). Left 
diagram: tumor rate (i. papilloma-bearing animals per group). Right 
diagram: tumor yield (number of papillomas per animal). Note that 
the ElF effect is highest at a dose of 50 units, declining at higher 
doses. 1 Unit is the dose of ElF which induces half maximal Epstein
Barr early antigen production in Raji cells when given together with 
the synergism producing agent iodo-deoxyuridine. 
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cular mechanism. This "cellular euthanasia"74 is thought to be mediated by 
the enzyme ADP-ribosyltransferase which is activated upon DNA-damage. By 
catalyzing ADP-ribosylation of various proteins, especially in the cell nu
cleus, ADP-ribosyltransferase causes the depletion of the cell for NAD+ and, 
in turn, for ATP. These events may ultimately result in cell death. Cell 
death is probably an important event in the wound response 75 since it guaran
tees a) a cleansing of the wounded area from damaged and postmitotic cells 
which would otherwise hinder a re-epithelization of the wound and b) an acti
vation of stem cell proliferation and maturation (provided that the stem 
cells are not subject to killing). Under physiological conditions cell death 
may be subject to hormonal regulation rather than being induced by exogeneous 
clastogenic agents. Such "programmed cell death" or apoptosis is best exem
plified by the killing effect of glucocorticoids on lymphocytes 76. It has 
been proposed that the formation of DNA single strand breaks initiating 
apoptosis is catalyzed by a nuclear Ca2+/Mg2+-dependent DNase which is prob
ably activated upon Ca2+-translocation into the cell nucleus 77 • These Ca2+
ions may be released from mitochondria upon stimulation by lipid radicals 
such as those generated along the pathways of arachidonic acid metabolism 78 
Convertogenic agents such as TPA have indeed been shown to induce a pro
nounced translocation of Ca 2+-ions from the cytoplasm into the nucleus 79 If 
one expects the hypothesis of induced cell death as being an important condi
tion for epidermal stem cell activation and, thus, for tissue regeneration 
and conversion, one is left with the question, how endogeneous factors such 
as TGFB/EIF fit such a concept. An answer must remain speculative as long as 
the mechanism of action of TGFB/EIF in epidermis is not understood. As al
ready mentioned above, TGFB/EIF inhibits epidermal cell proliferation. Re
cently it has been proposed that this inhibition results from a stimulation 
of terminal differentiation 80. When measuring the activity of epidermal 
transglutaminase as a biochemical parameter of keratinocyte differentiation 
we were, however, unable to find any evidence for such a mechanism in the 
mouse skin system 72. Perhaps the growth inhibitory effect of TGFB/EIF indi
cates an apoptogenic mechanism leading to programmed cell death in wounded 
skin? 

THE POTENTIAL IMPORTANCE OF THE MULTISTAGE MODEL FOR A PREVENTION OF HUMAN 
CANCER 

The multistage model of skin carcinogenesis is certainly a highly arti
ficial approach which allows the investigator to dissect the complex pattern 
of tumor development so that the process can be analyzed stage by stage. The 
argument that such a situation never occurs in daily life and makes the model 
irrelevant for the human situation is frequently raised, but nevertheless 
trivial, since one should not demand more from an animal model than it can 
provide, i.e. an insight into biological pathways along which tumors may de
velop. The most important results which have emerged from the mouse skin 
model are: 

1. Tumor development can be induced by a combination of treatments each of 
which appears to be harmless when carried out alone, but which potenti
ate each other in a strongly synergistic mode. 

2. The initiating effect of a carcinogenic agent on the tissue is irre
versible but remains latent provided the dose of the agent is low. 

3. The post-initiation stages of skin carcinogenesis, i.e. conversion and 
promotion, proceed along physiological pathways normally involved in 
defense against harmful external influences, wound response and tissue 
regeneration. They facilitate the formation of papillomas from initi
ated cells. In contrast to initiation, the converted and promoted 
state is reversible so long as autonomous papillomas have not develop
ed. 

4. The progression from the benign to the malignant state probably requir-
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es additional effects on the cellular genome; the preceeding clonal ex
pansion of papilloma cells due to promotion greatly increases the prob
ability of such genetic alterations. 

At least in skin, initiation is probably an everyday-event, thought to 
be mostly due to external influences such as UV-light. The close relation
ship of conversion and promotion to physiological processes allows the propo
sal that the development of tumors from initiated cells could be induced not 
only by exogenous (environmental) but, perhaps with a lower frequency, also 
by endogenous factors. This may perhaps help to explain the well-known ef
fect of certain hormones on human cancer development. 

The problem of whether and how the mouse skin model is of relevance for 
an understanding of human cancer development has not yet been settled. Since 
the pro's and contra's have been recently discussed in depth 10 ,81,82 it is un
necessary to repeat this discussion here. Epidemiological studies indicate 
that promoting influences may be important, or even critical, in the develop
ment of certain human cancers. The most striking evidence for this is the 
rather long latency period of most malignant diseases. In addition, risk re
versibility and the synergistic effect of many carcinogenic agents show a 
striking parallelism to the situation in the skin model. For example, the 
carcinogenic effects of tobacco smoke and asbestos or ionizing radiation po
tentiate each other, as do the carcinogenic effects of initiators and promot
ers in the animal model. The risk of getting lung cancer decreases once 
smoking is stopped showing that the process has a reversible component (pro
motion?). In fact, this is, again, exactly what one would predict from the 
skin model, where the risk of getting skin carcinomas is drastically reduced 
when promoter treatment is stopped before the endpoint of papilloma develop
ment is reached. 

This brings us to another practical impact of the multistage model, i.e. 
that it may help to develop measures of cancer prevention. A patient could 
indeed live with initiated or even fully transformed cells provided one would 
be able to inhibit the post-initiation stages of carcinogenesis. This re
quires, of course, a timely diagnosis of pre-malignant states. 

Numerous agents have been described as being able to inhibit promotion 
and conversion and thus bring tumor development to a halt in the mouse skin 
model 83,84. Generally spoken, all compounds which are able to inhibit the 
hyperplastic transformation of skin have to be regarded as potential anti
promoters. Such an effect has been shown for inhibitors of DNA replication, 
RNA- and protein biosynthesis, for glucocorticosteroids, non-steroidal anti
phlogistica, antioxidants, vitamin A acid and its derivatives, inhibitors of 
ornithine decarboxylase and protease inhibitors. Epidermal G1-chalone, a 
local endogenous inhibitor of epidermal cell proliferation, does not inhibit 
tumor promotion because upon hyperplastic transformation epidermis becomes 
desensitized for this factor 23. 

The effect of non-steroidal antiphlogistica such as indomethacin, aspi
rin or ETYA is most probably due to an inhibition of arachidonic acid metabo
lism. It has indeed been shown that an early release of prostaglandin E2 in 
mouse skin is obligatory for the triggering of the hyperplastic response 
while a delayed formation of prostaglandin F2a as well as of arachidonic acid 
metabolites generated along the lipoxygenase pathway is essential for tumor 
development, i.e. promotion and conversion28,68,8~ Whether the antiprolifera
tive and anti-promoting effect of glucocorticosteroids is also related to 
arachidonic acid metabolism (inhibition of phospholipase A2 ) is not yet 
clear. Recently drugs known as immunosuppressants have been found to be es
pecially powerful inhibitors of hyperplastic transformation including skin 
inflammation and tumor- promotion. These compounds include the antibiotics 
cyclosporine 85 and didemnin 86 . When the effects of different cyclosporine 

228 



derivatives were compared a correlation between anti-promoting/anti-prolife
rative potency and immunosuppressive efficacy of these compounds was not ob
served 87. Instead the inhibition of hyperproliferation seems to correlate 
with the inhibition of phosphorylation of an epidermal 100 kD protein identi
fied as ribosomal elongation factor EF-2 36 • EF-2-phosphorylation is appar
ently catalyzed by a Ca2+/calmodulin-dependent proteinkinase, and the cyclo
sporine effect is due to an interaction of the antibiotic with calmodulin 36 • 

Thus, at least in the mouse skin model, several biochemical pathways ex
ist the blockade of which may result in an inhibition of tumor development, 
i.e. promotion/conversion. It must be emphasized, however, that in other or
gans multistage carcinogenesis may proceed along other cellular pathways and 
may, therefore, be sensitive to other types of inhibitors. It may thus be 
impossible to design a generalized scheme for the prevention of the post-ini
tiation stages of tumor development by extrapolating the results obtained by 
studying experimental skin carcinogenesis. Rather preventive measures have 
to be determined specifically for every tissue and tumor type. 

The observation that wounding exerts a strong convertogenic/promoting 
effect in the mouse skin model appears to be especially harassing as far as 
the human situation is concerned. One may, of course, argue that the wound 
effect is restricted to animals and to skin, but one has to be aware of the 
fact that such an argument actually lacks any substantiation. If we accept 
the model character of animal experiments, the purpose of which is to open 
our eyes for biological pathways along which human diseases could develop as 
well, then we feel that the skin model of carcinogenesis has created an ur
gent demand for a re-evaluation and in depth investigation of the effects on 
wounding (including the taking of biopsies!) and chronic inflammation on the 
development and progression of neoplastic diseases in man. 
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One of the important advances in the study of experimental liver carci
nogenesis is the development of model systems which permit an analysis of the 
initiation, promotion and progression phases of the carcinogenic process 1-6 . 
We have recently demonstrated that orotic acid (OA), a precursor for pyrim
idine nucleotide biosynthesis is an effective promoter of liver 6-9 and duo
dena1 10 cancer in the rat. In view of the fact that OA is a normal cellular 
constituent whose levels can be perturbed in a variety of ways11 and that it 
had the potential to be a multiorgan tumor promoter, it became important to 
understand the mechanisms ,by which OA exerted this effect. 

Operationally, promotion results in focal proliferation of initiated 
hepatocytes to form foci of enzymes altered hepatocytes and hepatic nodules. 
Therefore, any mechanism proposed for promotion should be able to explain how 
focal proliferation is induced during promotion. One of the hypotheses con
sidered is that promoters create and environment to which the initiated and 
non initiated hepatocytes respond differently. Such a differential can be 
generated in many ways 12,13. For example (see Fig. 1), the promoter can 
selectively stimulate growth of the initiated hepatocytes to form nodules. 
Alternatively, it can exert a mitoinhibitory effect on the noninitiated hepa
tocytes while permitting the initiated hepatocytes to develop into foci and 
nodules. In the latter case, the initiated hepatocytes will have to be re
sistant to the effects of the promoter. Yet another reason for focal pro
liferation could reside in the property of the initiated hepatocytes them
selves, independent of the promoter, in that they have a lower threshold for 
growth stimuli and therefore respond to them better. The promoting effect of 
OA has been examined against this background. 

EFFECT OF OA ON DNA SYNTHESIS AND LIVER CELL PROLIFERATION 

Feeding OA for 4 to 5 weeks to either initiated or uninitiated rats did 
not induce liver cell proliferation, monitored either as incorporation of 
tritiated thymidine into hepatic DNA or as the cumulative labeling index fol
lowing implantation of osmotic minipumps containing tritiated thymidine 7. 
Furthermore, OA did not induce ornithine decarboxylase, and enzyme that is 
associated with liver cell proliferation (S. Vasudevan and D. S. R. Sarma, 
unpublished observations). Experiments were also carried out to see if OA is 
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PROMOTER 

PROMOTER 

Fig. 1. Schematic representation showing that promoters expand initiated 
hepatocyte population either by selectively stimulating the ini
tiated hepatocytes (a) or by selectively exerting a mitoinhibitory 
effect on the surrounding cell population while permitting the in
itiated hepatocytes to respond to growth stimuli (b). I, initiated 
hepatocyte. 

mitogenic to hepatocytes in the Y-glutamyltransferase (Y-GT) positive foci. 
The results indicate that the hepatocytes in the Y-GT positive foci, which 
develop following initiation with diethylnitrosamine and promotion with 
choline-deficient diet, also did not exhibit an increased labeling index upon 
exposure to OA14. This finding is in contrast to the results reported with 
other liver tumor promoters like phenobarbital (PB), a-hexachlorocyclohexane 
and cyproterone acetate 15 . All these different types of evidence seem to 
justify the conclusion that OA is not an inducer of liver cell proliferation. 

The next question asked was whether OA is an inhibitor of normal hepa
tocyte proliferation. Feeding OA for 6 to 10 weeks did not block liver cell 
DNA synthesis following 2/3 partial hepatectomy, although it did delay the 
peak of DNA synthesis 16. This result suggests that OA is not an inhibitor of 
hepatic DNA synthesis. 

The above observations indicate that OA is neither an inducer of liver 
cell proliferation nor an inhibitor of DNA synthesis in rat liver. However, 
the possibility exists that OA might inhibit the response of hepatocytes to 
some growth stimuli other than those induced by partial hepatectomy. This 
aspect is being studied in detail now and some of the results are presented 
here. 

IN VITRO RESPONSE OF HEPATOCYTES TO EPIDERMAL GROWTH FACTOR (EGF) AND ITS 
MODULATION BY OA 

Male Fischer 344 rats were exposed to a semisynthetic basal diet con
taining 1% OA for 6 weeks coupled with 2/3 partial hepatectomy at the end of 
the second week. This protocol has a promoting effect in carcinogen in
itiated rats. The results presented in Fig. 2 indicate that hepatocytes from 
the OA fed rats have a lower labeling index compared to the controls. In 
addition, hepatocytes isolated from the OA fed rats were also less responsive 
to stimulation by EGF as indicated by the lower labeling index (Fig. 2). 
Since in these experiments the rats were on OA diet at the time the hepa
tocytes were isolated, the possibility had to be considered that OA or its 
metabolites might interfere with the response of hepatocytes to EGF. In the 
next experiment therefore, the same protocol was employed except that the 
rats were transferre~ from OA to basal diet and maintained on a basal diet 
for 4 weeks before sacrifice. Under these conditions the increased uridine 
nucleotides in the liver resulting from the OA diet return to normal. 
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Fig. 2. Effect of orotic acid feeding on the EGF-induced labeling index in 
isolated hepatocytes. Male Fischer 344 rats weighing 150 g were 
exposed either to a semisynthetic basal diet (diet 101 from Dyets 
Inc. Bethlehem, PA) or to the basal diet containing 1% orotic acid. 
Two weeks later they were subjected to 2/3 partial hepatectomy and 
they were continued on their respective diets for another four weeks 
prior to sacrifice. Routinely, 2.0 x 105 viable hepatocytes were 
cultured on 35 mm dishes coated with collagen (vitrogen, 60 ~g per 
dish) (Collagen Corp., Palo Alto, CA) in modified William E medium 
containing fetal bovine serum (10% v:v), insulin (20 U/I), L-gluta
mine (2 mM), HEPES (10 mM), penicillin (100 U/ml) and streptomycin 
(100 ~g/ml)26. After an attachment period of 3 h at 37°C in 
air-C02 (95:5) the medium and non-attached cells were removed. At 
this time, medium was changed to serum-free modified William E 
medium supplemented with L-proline (2 mM), and sodium pyruvate (10 
mM). Appropriate dishes also contained EGF (20 ng/ml)27, and 
[3H]thymidine (5 ~Ci/dish; sp. activity 80.9 Ci/mmol). After 48 h 
of incubation, the cells were washed in cold PBS, fixed in 10% 
buffered formalin, and processed for autoradiography. The label
ing index was determined on approximately 800 hepatocytes per dish. 
Values are the average of 3 dishes ± SE. The experiment was re
peated twice with similar patterns of results.** P < 0.01. 

Hepatocytes isolated from such rats also had a lower labeling index both in 
the presence and absence of EGF (data not presented). This observation is 
very provocative in that it suggests that the promoting regimen confers on 
the hepatocytes a property which persists for a long time and exerts its 
effect even in the absence of the promoter. It will be of great interest to 
determine whether fixation of some lesion is involved in the promotion phase, 
albeit in the uninitiated surrounding liver, a phenomenon analogous to the 
fixation of a carcinogen induced lesion during the initiation phase. 

In the next series of experiments the effect of orotic acid added in 
vitro on the response of hepatocytes to EGF was investigated. As can be seen 
from Fig. 3 addition of orotic acid inhibited, in a dose dependent fashion, 
the growth response of isolated hepatocytes to EGF. It is too early to spec
ulate whether the in vivo and the in vitro effects of orotic acid on EGF--- ---- -- -----
induced labeling index of hepatocytes are the same. 

The observations that orotic acid did not inhibit liver DNA synthesis in 
vivo following 2/3 partial hepatectomy but did inhibit the labeling index of 
hepatocytes in response to EGF suggest that orotic acid is not a general 
inhibitor of DNA synthesis but exerts it mitoinhibitory effect by interfering 
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Effect of in vitro addition of orotic acid on EGF-induced labeling 
index in isolated hepatocytes. Experimental details are the same as 
detailed in the legend to Fig. 2. After an attachment period of 3 h, 
the medium was changed to serum-free modified William E medium sup
plemented with L-proline (2 mM), and sodium pyruvate (10 mM). EGF, 
orotic acid (as orotic acid methyl ester, Sigma Chemical Co., St. 
Louis, Missouri), and tritiated thymidine were added and the exper
iment was terminated 48 h later. Values are the mean ± SE of 3 
dishes. The experiment was repeated more than 4 times with similar 
pattern of results. 

with the response of hepatocytes to certain growth stimuli such as insulin 
and EGF. Based on these findings it is tempting to speculate that the pro
moting effect of orotic acid may be in its ability to inhibit the nonin
itiated hepatocytes from responding to certain endogenous growth stimuli, 
while permitting the initiated ones to respond. Obviously, the endogenous 
growth stimuli relevant for orotic acid mediated liver tumor promotion need 
to be determined. 

The next question we have asked was what is the differential between 
initiated and noninitiated hepatocytes which makes the latter less responsive 
than the initiated ones to growth stimuli in the presence of OA. As pointed 
out earlier, promotion mediated through the mito-inhibitory effect of the 
promoter on the surrounding implies that the initiated cells are resistant 
to some effects of the promoter. In fact, we have found that the hepatic no
dules are resistant to OA in that, upon exposure to OA, they do not show an 
increase in uridine nucleotides to the same extent as the surrounding li
ver 17 ,18. If we extrapolate these findings to initiated cells, then being 
resistant to OA they would respond to growth factors. The surrounding liver 
cells, on the other hand, being susceptible to OA effects would be less or 
unresponsive to growth stimuli. It is significant that similar observations 
have been made with the promoter PB. Thus, hepatocytes from rats fed PB for 
months showed a lower labeling index in response to EGF in vitro 19 and par
tial hepatectomy in vivo 20 ,21 (E. Laconi and E. Farber, unpublished obser
vations). In addition, PB at high concentrations inhibited the response of 
hepatocytes to EGF in vitro 19 although it had a stimulatory effect at lower 
concentrations 22,23. It is interesting to note that Betschart et a1.24 ,25 have 
reported a decrease in insulin receptors in hepatocytes from rats fed PB or a 
choline deficient diet. 

The concept of differential mitoinhibition was first formulated and 
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utilized in the development of the resistant hepatocyte model for the gener
ation of hepatic nodules 2 • In this protocol, the initiated rats are subjec
ted to a brief exposure to 2-acetylaminofluorene (2-AAF) coupled with partial 
hepatectomy or necrogenic dose of CCI 4. The 2-AAF exerts a mito-inhibitory 
effect on the surrounding liver but permits the initiated cells to respond to 
the cell proliferative stimulus generated by partial hepatectomy or CCI4. 
However, in this case, the 2-AAF apparently acts by inhibiting DNA synthesis 
in the surrounding liver cells. The resistant hepatocyte model and perhaps 
OA and PB all seem to act by exerting a mito-inhibitory effect on the sur
rounding. However, the mechanism of creating this inhibitory environment is 
different: in the resistant hepatocyte model it may be by inhibiting DNA syn
thesis while with OA and perhaps PB it may be by inhibiting the response of 
hepatocytes to growth stimuli (Figs. 4 and 5). 

A third mechanism postulated for focal proliferation was that initiated 
cells may have a lower threshold for growth stimuli by virtue of which they 
respond better and grow. In experiments designed to examine this aspect, 
rats were initiated with diethylnitrosamine (200 mg/kg i.p.) and subsequently 
exposed to either a basal diet or one containing 1% OA for 15 weeks. Follow
ing a 2/3 partial hepatectomy the kinetics of labeling indices in the hepa
tocytes in the Y-GT positive foci as well as surrounding liver was deter
mined. The results show that 16 h post partial hepatectomy, the labeling 
index of the hepatocytes in the foci was 12-16% compared to less than 2% in 
the surrounding liver16. These results suggest that hepatocytes in the foci 
are more responsive to proliferative stimuli than the surrounding perhaps 
because of the acquisition of a new state of differentiation i.e. they do not 
go back to "GO"stage at the end of the cell cycle as normal hepatocytes do, 
but are somewhere in between "GO" and Gl and therefore enter the cell cycle 
earlier when triggered by a stimulus. Such a differential response to growth 
stimulus can become very significant to account for the observed selective 
growth of focal lesions in the absence of an exogenously applied promoting 
treatment. 

Thus, there are perhaps at least two types of differentials by virtue of 
which initiated hepatocytes grow into nodules. One is intrinsic to the 
initiated hepatocytes and independent of the promoter while the other is 
created by the promoting regimen acting on the surrounding noninitiated hep
atocyte population. In concert, they give an advantage to the initiated 
hepatocytes such that they respond better to endogenous growth stimuli and 
grow into nodules. 
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THE ROLE OF INITIATING AND PROMOTING PROPERTIES IN AROMATIC 

AMINE CARCINOGENESIS 

INTRODUCTION 

Hans-Gunter Neumann 

Institute of Pharmacology and Toxicology of the 
University of Wurzburg, FRG 

Investigations as to the metabolism of carcinogenic aromatic amines have 
been fundamental in establishing the concept that ultimate reactive electro
philes are responsible for the damage of critical cellular macromolecules and 
that the DNA-lesions thus produced represent a key event in the generation of 
tumors 1. Putative promutagenic DNA-adducts have been identified in many 
cases and attempts have been made to correlate the extent of formation and 
the persistence of such adducts with the carcinogenic potency of the parent 
amine. Although the basic principle has been confirmed in many instances, 
the correlations of genotoxic effects of aromatic amines with tumor forma
tion, particularly with tissue-specific tumors were not satisfactory2. For 
these poor correlations many reasons can be envisaged, one of which is relat
ed to the multistage concept of carcinogenesis. According to this concept, 
irreversible genotoxic effects may well correlate with initiation but not 
necessarily with the end point tumor which is reached only via a multistep 
process in which some of the steps could be independent of the early DNA
damaging events. 

In this context, it appears to be necessary to corroborate the proposed 
role of identifiable DNA-adducts for tumor initiation and to look for addi
tional properties of aromatic amines which could be responsible for effects 
in later stages which make the amines complete carcinogens. 

We have selected a set of well known aromatic amine model compounds for 
comparison of their properties in the rat at different investigational lev
els. The compounds are: 2-acetylaminofluorene (AAF), 2-acetylaminophenan
threne (AAP), and trans-4-acetylaminostilbene (AAS). The comparison involves 
(1) the biological end point tumor and preneoplastic lesions, (2) the primary 
reactions as measured by macromolecular binding and adduct formation, as well 
as by the interaction with cellular receptors, and (3) consequences of the 
primary reactions at the molecular and the biochemical level. 

INITIATION VERSUS TUMOR FORMATION 

AAF is a well established liver carcinogen in rats. With moderate doses 
(0.02% in the diet for 18 days) Peraino et al. 3 obtained a 30% yield of liver 
tumors. With a similar dose of AAP (0.02% in the diet for 21 days) Scribner 
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and Mottet 4 observed tumors of the mammary gland (55%) and the Zymbal's gland 
(10%), but none in the liver. When a diet containing 0.005% AAS was fed for 
13 weeks, tumors of the Zymbal's gland developed in 80% of the rats and 
neither liver nor mammary tumors occurred 5• Thus, by definition, all three 
compounds are complete carcinogens but have different target tissues. All 
three aromatic ami des are metabolically activated in the rat, and the tissue 
dose of reactive metabolites has been assessed by measuring macromolecular 
binding. In rat liver, which is a target tissue only for AAF, the tissue 
dose of reactive metabolites is comparable for all three compounds. Scribner 
and Koponen 6 compared total DNA-binding in liver after the administration of 
AAF and AAP. DNA-binding indices of 95 and 110, respectively, can be calcu
lated from their data. Similarly, we have compared DNA-binding of AAF and 
AAS and find DNA-binding indices of 95 and 225, respectively (Ruthsatz and 
Neumann, unpublished) which indicates that AAS actually binds more efficient
ly to liver DNA than does AAF, although it produces no tumors in this tissue. 

There are, of course, many possible explanations as to why DNA-binding 
does not correlate with carcinogenicity in liver. Different DNA-adducts with 
different biological potential may be involved or minor adducts, not yet id
entified, could be responsible for the biological effect. In addition, re
pair systems could respond differently and the persistence of DNA-lesions may 
not have been accounted for sufficiently. Finally, and most difficult to as
sess, the DNA-adducts measured could be generated to a greater extent in non
target cells within the tissue or in non-critical regions of the target DNA. 

The major DNA adducts of AAF and AAP have been known for some time7,~ 
those of AAS were identified only very recently (Fig. 1; 9, 10; Franz and 
Neumann, unpublished). The structures of the adducts of all three amides are 
consistent with promutagenic properties, and this is underlined by the muta
genicity in bacterial systems of all the amides when metabolically activat
ed". The DNA-damage generated by AAS metabolites appears to be particularly 
efficient in several test systems '2. This could be due to the formation of 
cyclic adducts and also to the generation of DNA-DNA interstrand cross-links 
which we have observed recently (Ruthsatz and Neumann, unpublished). Neither 
type of DNA-damage is known for AAF or AAP. 

All the arguments questioning the relevance for tumor formation of the 
levels and the kind of DNA damage observed in rat liver with AAP and AAS 
could be overcome if these effects could be related to tumor initiation. 
With closely similar protocols it is indeed possible to demonstrate that all 
three aromatic ami des produce critical, i.e. initiating lesions in liver 
cells which can give rise to formation of liver tumors when the initiating 
treatment is followed by an appropriate promoting regimen (Table 1). This 
does not prove that the DNA-adducts under discussion are responsible for the 
initiating lesions, but considering the available information they seem to be 
the most likely candidates for a cause-effect relationship. On the basis of 
this initiation-promotion model in rat liver, AAF can be defined as a com
plete carcinogen, AAP and AAS as initiators for this tissue. 

This raises the question whether DNA adducts in other tissues would also 
indicate the presence of initiated cells. Next to liver, rat kidney accumu
lates most DNA adducts with AAS'3 but tumors have never been observed in this 
tissue. We have recently stimulated cell proliferation in one of the rat 
kidneys by unilateral nephrectomy, or imposed additional strain by B-cyclo
dextrin, a nephrotoxic antibiotic, after an initiating treatment with AAS. 
As a result kidney tumors developed in some of the animals, indicating an 
initiating effect of AAS in this tissue (Table 2, Hoffmann, Romen and 
Neumann, unpublished). 

In order to avoid the necessity of exogenous stimulation of growth, we 
have also administered the three aromatic ami des to newborn rats. Five 
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doses, totalling 110 ~mol/kg, were applied between day 5 and 13 after birth 
to male and female Wi star rats, and livers were screened for gamma-GT posi
tive foci, glucose-6-phosphatase-negative foci, and glycogen storage islands 
after 15, 30 and 50 weeks. Livers from AAS treated animals gave clearly 
positive results at all time points. The number of foci appears to remain 
rather constant with time, but the average size increased by 50 weeks. Tu
mors did not develop during this time (Horter, Kress, Kirchner and Neumann, 
unpublished). The applied dose was not sufficient to produce any detectable 
effects with AAF. A borderline effect was seen with AAP at the last time 
point. These results underline the strong initiating activity of AAS in rat 
liver. It is therefore the more surprising that this compound is an incom
plete liver carcinogen in adult rats. Evidently, it lacks some activity nec
essary to promote initiated liver cells. 

WHAT MAKES AAF A COMPLETE HEPATOCARCINOGEN? 

Cell proliferation is necessary to complete the process of initiation, 
i.e. to establish a permanent lesion from the initial DNA damage 14. In this 
sense an incomplete carcinogen could be just an incomplete initiator, and any 

Table 1. Carcinogenicity of aromatic amines in rat liver in initiation
promotion experiments 

Compound Treatment Time Second treatment Liver tumors 

AAF a 0.02% diet 18 d DDT 0.05% diet 77/103 
MPb 0.02% diet 21 d PH, DDT 0.05% diet 30/30 
AAS c 8 x 6 mg/kg po 20 d DDT 0.05% diet 6/10 

aperaino et a1. 3 ; bScribner, N. K., personal communication; cHilpert et 
al. 34 • 
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Table 2. The initiating activity of AAS in rats 

Compound Dose Time Second treatment Tumors Incid. 
(~mol/kg) 

AAS 8 x 25 20 d Zymbal's gl. 5/9 
AAS 8 x 25 20 d PH, phenobarbital Liver 8/1i 

Sebaceous gl. 5/11 
AAS 4 x 20 9 d B-Cyclodextrin Kidney 3/10 

Sebaceous gl. 1/10 
AAS 4 x 20 9 d Unil. nephrectomy Kidney 3/10 

+ gentamycin Sebaceous gl. 3/10 
AAS 5 x 22 8 d Newborn animals Liver 12/12 

Preneopl. 1. 

property which stimulates cell turnover would supplement it. Cytotoxic ef
fects are usually quoted as fulfilling this purpose but they are also made 
responsible for late effects during chronic administration, providing selec
tive pressure for initiated cells 15 • 

AAF is said to be hepatotoxic. AAS is, according to our experience, not 
hepatotoxic 16. This difference is difficult to comprehend if reactive me
tabolites are considered responsible for toxicity since AAS metabolites ap
pear to modify proteins, RNA and DNA more efficiently than those of AAF. 
However, covalent binding is possibly not representative of all the primary 
reactions taking place. We have studied the possibility that radicals are 
generated, or that reactive oxygen is formed by redox cycling ofmetabolites17 

and that these processes contribute differently to overall cellular strain. 
We have measured the efflux of oxidized glutathione into the bile after i.p. 
injection of the test compounds 18. This is considered to be a sensitive 
method of analyzing oxidative stress which overwhelms the cellular defense 
mechanisms 19. Single injection of AAF and AAS into rats at a dose (1 mmol/ 
kg) considerably higher than that applied in chronic feeding experiments did 
not increase the efflux of oxidized glutathione. The same dose of the parent 
amines AF and AS was toxic for the animals but this could not be attributed 
to liver toxicity. The efflux of oxidized glutathione was increased neither 
at the high dose, which due to toxicity was not measured under circumstances 
directly comparable with those in the above experiment, nor with a non-toxic 
dose (0.1 mmol/kg). A negative result was also obtained with a massive dose 
(2.65 mmol/kg) of paracetamol, which is in line with the observations of 
Smith and Mitchell 20. Menadione was used as a positive control in our ex
periments and, much to our surprise, doses above 0.4 mmol/kg of this estab
lished and direct redox-cycler were necessary to elevate the efflux of glu
tathione. This demonstrates the high capacity of rat liver to cope with oxi
dative stress, and we consider it highly unlikely that aromatic amines cause 
cytotoxic effects through the generation of radicals or reactive oxygen in 
liver under almost any conditions relevant in vivo. 

Reactive oxygen produced in vivo by menadione is able to produce DNA
strand breaks. This can be demonstrated by using the alkaline elution assay. 
The effect can be increased by lowering the glutathione levels in liver. 
Compared with the effects of X-rays and methyl-methanesulfonate, however, 
menadione is only very weakly active. With aromatic amines no effects could 
be detected (Hillesheim and Neumann, unpublished; c.f. also Ruthsatz et al., 
7). It is therefore unlikely that oxidative stress contributes significantly 
not only to cytotoxicity but also to the genotoxic effects of aromatic amines 
in rat liver. 
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These results raise questions as to the acute toxicity of AAF in rat 
liver. We have measured the following parameters after i.p. injection of 
1 mmo1/kg AAF to female Wistar rats: serum transaminases (GOT, GPT), bile 
flow, oxidized glutathione in bile, and thiobarbituric acid-reactive material 
in liver. We could not find any deviations from normal values. In addition, 
we analyzed the perfusate of isolated perfused livers and saw no changes in 
LDH activity, total glutathione nor the lactate/pyruvate ratio. Bile flow 
and total glutathione in bile were also unchanged in these preparations 18 . 
So far, we have been unable to detect any biochemical signs of acute liver 
toxicity with AAF exposures exceeding those used in carcinogenicity tests. 
This is in line with previous observations indicating that liver damage and 
necrosis of liver cells does not occur during the early phase of chronic AAF 
administration 21-23. 

These results are at variance with the idea that macromolecular damage 
caused by reactive metabolites is responsible for the promoting properties of 
AAF and it seems to be reasonable to look for alternative mechanisms 2. Re
cently, we observed that AAF and AAS act synergistically in initiating rat 
liver cells 24. The initiated animals were subjected to partial hepatectomy, 
phenobarbital was administered as a promoter and preneoplastic lesions were 
analyzed. The biological effects were more than additive when the two com
pounds were combined, which is presently poorly understood, but, in addition, 
the biological effect depended on the sequence in which the initiators were 
applied. Enzyme altered foci developed much faster when AAF was given after 
AAS. Since the pattern of DNA adducts and the extent of DNA binding were in
dependent of the administration protocol, we concluded that AAF affects the 
development of lesions by effects unrelated to adduct formation 7,24. 

In a first attempt to demonstrate at the molecular level the possibility 
that aromatic amines may be biologically active without being metabolized to 
reactive electrophiles, Cikryt and his coworkers studied the affinity of sev
eral aromatic amides to the rat hepatic aromatic hydrocarbons (Ah) receptor. 
This approach was triggered by the well known fact that AAF is able to induce 
drug metabolizing enzymes 25 , whereas the N-dimethyl-derivative of trans-4-
aminostilbene, which is metabolized to AAS, is inactive in this respect 26. 
AAF and AAP decrease the binding of 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD) in a concentration-dependent manner. The 50% inhibition concentra
tions are 5 and 13 ~M, respectively, which for AAF is in the range of concen
trations reached in rat liver cytosol in vivo after a moderate 100 ~mol/kg 
dose. AAS and the non-carcinogenic 4-~etylaminofluorene do not compete with 
TCDD 27. 

These authors also studied the inducibility of the Ah-receptor in rat 
liver28. AAF is inactive in this respect, but AAS, although without measur
able affinity to the receptor, is able to double the receptor concentration 
in vivo. Assuming that Ah-receptor mediated effects are related to tumor 
promotion 29 , a hypothesis can be formulated to explain the strong synergistic 
effects of the combination AAS-AAF in the above mentioned experiments. In 
addition to the genotoxic effects of the two compounds, AAS induced the Ah
receptor concentration and AAF administered afterwards produced a receptor
mediated promoting response which became effective in AAS-initiated cells. 

The induction of ornithine decarboxylase (ODC) has also been suggested 
to correlate with tumor promotion 30 and to be Ah-receptor-mediated 31 . AAF, 
AAS, 4-acetylaminofluorene, and methylcholanthrene all increase ODC activity 
in rat liver 32. The time courses of the induction are somewhat different and 
parallel the concentrations of the inducers in liver cytosol. According to 
these experiments, ODC-induction does not correlate with the apparent pro
moting properties or the Ah-receptor affinity of the tested compounds in rat 
liver. 
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More work is certainly necessary to investigate other possibilities of inter
ference with receptor-mediated processes, particularly those encountered in 
the transfer of growth signals from the cellular membrane to the nucleus. 
Gene products of cellular proto-oncogenes are interesting candidates for such 
studies 33. 

CONCLUSIONS 

There is increasing evidence that the three model compounds, AAF, AAP 
and AAS, produce critical DNA lesions in rat liver which may be relevant for 
tumor initiation, but are not sufficient to trigger the whole process of 
tumor formation. Additional growth stimuli are necessary and, in the case of 
the complete liver carcinogen AAF, may be produced by specific, receptor
mediated processes rather than by acute toxicity. It is interesting to note 
that the growth of the target tissues for AAP and AAS, the mammary gland and 
the Zymbal's gland are sex hormone-dependent. Initiated cells may therefore 
be subjected to endogenous promotion. 
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The appearance of a liver hepatocellular neoplasm is always preceded by 
the development of histochemically detectable hepatocyte focal lesions (HFL) 
which are believed to be related to the development of heRatoma (for recent 
reviews: Bannasch1, Moore and Kitagawa2 , Farber and Sarma). A large dis
crepancy, however, usually exists between the number of HFL and the number of 
tumors per liver. Since initiation is thought as an irreversible step in the 
natural history of neoplasia and HFL are considered a cell population derived 
from initiated hepatocytes 4 , HFL as such should be stable in time, i.e. they 
should not disappear after withdrawal of the inducing carcinogen(s). This 
has been actually observed in some models of liver carcinogenesis5-~ In 
others, however, many of the HFL present at the end of the carcinogen admin
istration cycle seem to disappear with time8-1~ 

We have reported previously a two stage model of liver carcinogenesis in 
which many HFL are obtained when a single diethylnitrosamine (DEN) injection 
is followed by administration of thiobenzamide (TB), a thiono containing com
pound endowed with dose dependent hepatotoxic properties 11,12. This report 
deals with the results obtained by investigating the natural history of the 
HFL induced either by applying the basic protocol (DEN followed by 5 weeks of 
TB feeding) or by varying the length and/or timing of TB administration 
cycle. 

MATERIALS AND METHODS 

Male Sprague-Dawley rats bred in our colony under standard conditions 
were used; they were housed in steel-bottomed polycarbonate cages and had 
free access to food and water. 

In a first experiment, 3-week-old rats were given a single injection of 
DEN as initiator (150 mg/kg b.wt., i.p.) and weaned; 2 weeks later the ani
mals were fed standard diet added with TB (1 g/kg of diet) for 5 weeks; the 
animals were then returned to normal diet for 7 months. Two control groups 
were used: the one was given DEN only, the other was fed TB-containing diet 
without prior DEN initiation. Animals from all groups were killed both at 
the end of the promotion cycle and at monthly intervals. Three month after 
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withdrawal of TB from the diet, a subgroup of rats from the main group was 
fed again TB-added diet. Half of the animals were killed after 2 weeks TB 
refeeding, the others 4 weeks later. 

In a second experiment, young adult rats were initiated as before and 
divided into 3 groups, along with adequate controls; these animals were fed 
TB-added diet for 1, 2 or 3 months, respectively, and killed both at the end 
of each TB cycle and after a 4-month recovery period. 

Before killing each animal was overloaded with iron dextran 13 and starv
ed for 24 h, to deplete glycogen stores. The liver was excised and weighed; 
fragments from each lobe were fixed in cold 80% ethanol and quickly embedded 
in paraffin; serial sections were stained with hematoxylin and eosin as well 
as reacted for glycogen (PAS), iron (Perls) and gamma glutamyltranspeptidase 
activity (GGT)14. 

The stained sections were photographed; the slides were projected and 
the sections as well as the HFL inside them were outlined with different 
color pencils. This composite drawing was used to collect (by planimeter) 
the primary data concerning the number and the total area of HFL per section. 
When necessary, raw data were corrected according to the stereological pro
cedures of Campbell et al. 15 In selected instances, each HFL was classified 
as positive to one, two, three or all the four markers here employed. Mitot
ic and apoptotic indices were identified according to established criteria on 
liver sections stained with hematoxylin and eosin; at least 10,000 cells/ani
mal were counted both within and outside HFL. Statistical analysis was per
formed by means of the Student's t and chi-square tests; percentage confi
dence limits were calculated according to Swinscow 16 . 

RESULTS 

Effects of TB Withdrawal on the Number, Volume and Phenotypic Complexity of 
HF 

After 5 weeks of continuous TB administration the liver of all DEN
initiated animals showed a number and a total volume of HFL far greater than 
that of the controls (DEN-only or TB-only treated animals) (Figs. 1 and 2). 

All the observed HFL were round or oval in shape; furthermore, most of 
them showed an homogenous staining. The mitotic index as well as the 
apoptotic index of HFL were higher than those of the surrounding liver paren
chyma (Figs. 3a and 3b). 

If the HFL are grouped according to being positive to one or more of the 
markers used to identify them, it can be observed that 1) the GGT positivity 
was the most represented marker, followed by the iron exclusion, starvation 
resistant glycogen storage and appearance in H & E (which was considered as 
one marker only, without further specifications such as clear, eosinophilic 
or hyperbasophilic cells) (results not shown); 2) the % incidence of the HFL 
displaying one, two and three markers was greater than that observed for HFL 
displaying four markers (Table 1); and 3) the mean volume of the HFL dis
playing 4 markers was significantly higher than that of the HF displaying 1, 
2 or 3 markers (Table 1). 

Upon withdrawal of TB from the diet, the number of HFL per liver was 
roughly unchanged for one month, then underwent a clear-cut decrease; a sig
nificant increase was again observed during the last months of observation 
(Fig. 1). Also the total HFL volume per liver showed a similar trend, but 
here the values observed after 7 months of recovery were far higher than 
those observed at the end of TB cycle (Fig. 2). 
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Fig. 1. Changes with time of the number of HFL per liver in DEN initiated 
rats after TB withdrawal and refeeding. The dashed area indicates 
the control values ± SD. 

During the first 4 months of recovery, a large majority of HFL showed an 
irregular outline and a patchy response to the reagents used; subsequently, 
nearly all the HFL resumed an homogenous appearance. Also mitotic and 
apoptotic indexes within HFL showed fluctuations, even if they were always 
higher than those observed in the surrounding liver parenchima (Figs. 3a and 
3b) . 

Finally, no changes were seen, as far as the phenotypic complexity of 
HFL is concerned, with respect to the pattern observed at the end of TB ad
ministration period. Four and seven months after TB withdrawal from the diet 
the i. incidence of the foci displaying one or more markers was roughly the 
same as before. At these times also the mean volume of HFL displaying 4 mar
kers was greater than those showing a simpler phenotype (Table 1). 

Effect of Refeeding TB to DEN-initiated, TB-promoted Rats 

To verify if the HFL which had disappeared after TB withdrawal from the 
diet were actually lost or were no longer visible by disappearance of the 
phenotypic markers used to identify them, TB-added diet was again administer
ed to DEN-initiated, TB-promoted rats 3 months after withdrawal of TB from 
the diet. After 2 weeks of refeeding an abrupt increase in the number as 
well as in the size of HFL was observed (Figs. 1 and 2). No further changes 
were seen after 4 weeks refeeding. At this time the mitotic activity within 
HF was greater than that observed in the surrounding parenchima (Fig. 3a) 
which, in turn, was higher than that of the controls; it was also slightly 
greater than that observed within HFL from the rats of the main group. Also 
apoptosis increased again in the HFL cells as well as in the surrounding li
ver parenchima both 2 and 4 weeks after TB readministration. 

Effect of the Length of the Promotion Cycle upon Disappearance of HFL after 
TB Withdrawal 

To verify if a partial disappearance of HFL always follows the withdraw
al of the promoter or 'some relationship exist with the length of the promo
tion cycle, DEN-initiated rats were given TB for 1, 2 or 3 months, then re
turned to a normal diet for 4 months. 
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Fig. 2. Changes with time of the HFL total volume (as i. of the liver volume) 
in DEN initiated rats after TB withdrawal and refeeding. The dashed 
area indicates control values ± SD. 

The obtained results are summarized in Table 2; a good portion of HFL 
induced by 1 month feeding disappeared (as observed in the first experiment), 
whereas this did not occur when HFL were induced by a more prolonged TB pro
motion cycle. A similar trend was observed also as far of the total HFL vol
ume was concerned. In considering these results it should be recalled that 
TB administration for 3 months resulted in a liver cirrhosis both in uninit
iated and DEN-initiated rats. 

DISCUSSION 

The reported results indicate that many of the HFL elicited by a short
term administration of TB to DEN-initiated rats slowly disappeared after 
withdrawal of the promoter, but appeared again 1) several months later, with
out further treatments, and 2) shortly during a second TB cycle. On the 
contrary, if the promotion length was adequate, HFL did not disappear upon TB 
withdrawal from the diet. 

The decrease in the number and total volume of HFL during recovery is 
similar to that observed in other models of liver carcinogenesis 2,17. 

The mechanism involved in the HFL disappearance closely recalls redif
ferentiation or "remodeling" as suggested by Tatematsu et al.18 ; even if, for 
the sake of enumeration, the actual HFL outline can be always traced with 
reasonable accuracy by superimposing serial sections stained for the 4 
markers here employed, most HFL become patchy with time. This suggests that 
many of the HFL are phenotypically unstable and can revert to a normal look
ing phenotype upon withdrawal of the promoter. During this time, however, 
the apoptotic index within HFL was always greater than that of the surround
ing liver tissue. This finding is similar to that reported in other models 
of liver carcinogenesis 19,20 Since apoptosis is believed to mark programmed 
cell death 21 , some cell loss within HFL cannot be excluded. On the other 
hand, also mitotic index of HFL is higher than that of the perifocal tissue. 
Collectively, these findings suggest an increased cell turnover rather than a 
relevant decrease in the HFL cell number. The hypothesis that many of the 
HFL-forming cells actually remain, even if in a phenotypically hidden state, 
is further supported by the results obtained by refeeding TB during recovery. 
Two weeks of further promotion, carried out at a time in which both number 
and size of HFL were at their lowest, restored the previous values; as far as 
size is concerned, the increase in HFL total volume is far higher than that 
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Fig. 3. Mitotic (a) and apoptotic (b) index of hepatocytes within and out
side HFL in the months following TB administration for 5 weeks to 
DEN-initiated rats. 

observed after 2 weeks of TB administration to freshly initiated rats 12 ; two 
additional weeks of TB did not induce further increase. At these times the 
mitotic index within HFL did not show obvious changes with respect to con
trols (i.e. rats from the main group undergoing recovery), the apoptotic 
index being somewhat increased. None of these findings is by itself conclus
ive; however, if they are considered together, it seems unlikely that reap
pearance and increase in size of HFL after a very short TB administration 
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Table 1. Changes of the phenotypic complexity of the hepatocyte focal 
lesions in diethylnitrosamine-initiated rats after 5 weeks of 
thiobenzamide feeding and during recovery 

Treatment % of HFL displaying one to four markers 
(mean volume of each type of HFL in ~3) 

1 marker 2 markers 3 markers 4 markers 

5 W TB 27% 29% 32% 12% 
(83 ± 8) (136 ± 16) (164 ± 68) ( 284 ± 95) 

5 W TB + 28% 29% 29% 14% 
4 M norm. diet (27 ± 7) ( 82 ± 5) (105 ± 29) ( 214 ± 89) 

5 W TB + 26% 27% 32% 15% 
7 M norm. diet (53 ± 27) (136 ± 108) (619 ± 87) (2430 ± 820) 

Values in brackets are mean ± SE. Phenotypic analysis of 100 HFL at each 
time point. 

cycle could depend solely on multiple division of a very few initiated cells. 
It seems more likely, a switch of many HFL cells again to an altered pheno
type, possibly more suitable to cope with the hostile environment imposed by 
TB administration. 

The increase in number and size of HFL as seen many months after TB 
withdrawal could be sustained by endogenous promoters such as hormones or 

bile acids 22 and/or by some kind of autocrine growth factors. From a more 
speculative point of view, the behavior of HFL in the late stage of TB re
covery could be related with the findings obtained by prolonging the TB ad
ministration cycle. The HFL present in both experimental situations are dif-

Table 2. Changes of the number and total volume of hepatocyte focal 
lesions (HFL) in diethylnitrosamine-initiated rats following 
thiobenzamide (TB) promotion cycles of various lengths and 4 
months recovery 

Treatment HFL number a HFL volume a 
(no. I cm 3) (cu.mml cm 3 ) 

1 month TB 357 ± 35 31 ± 8 
1 month TB and 4 months recovery 126 ± 40 13 ± 3 

2 months TB 569 ± 60 174 ± 72 
2 months TB and 4 months recovery 533 ± 85 161 ± 68 

3 months TB 517 ± 35 306 ± 96 
3 months TB and 4 months recovery b 412 ± 102 324 ± 62 

aMeans ± SE; n = 5. bIn this group 2 rats out of 5 harbored hepatoma; the 
volume calculations were corrected accordingly. 

256 



ferent from those appearing after a short TB promotion in that they do not 
regress. Such biological difference, which is brought about either by a time 
factor or by a prolonged promotion by xenobiotics, suggests that some changes 
(which here lack a morphohistochemical correspondence) had occurred in the 
HFL cell populations. Possibly, the term "progression" should be used to 
indicate these late changes in the HFL behavior. 

In this study, the characterization of the phenotypic complexity of the 
HFL by the use of 4 markers showed no predictive value, neither to indicate 
the likelihood of the focal lesions to disappear nor to identify those HFL 
more prone than others to develop ultimate neoplastic changes. In fact, the 
incidence of HFL displaying one or more markers was roughly the same through
out the entire length of the study, i.e. HFL did not lose or gain markers 
during their natural history. These results are in line with those reported 
by Peraino et al.23 and by Goldsworthy and pitot 24 The use of more than one 
marker, however, while confirming GGT as the most representative one, reveal
ed also a positive correlation between the HFL size and the number of markers 
per focus. Both findings are in agreement with those of Goldsworthy and 
Pitot 24 and Estadella et al.2~ even if they used different markers and dif
ferent experimental models. 
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EFFECTS OF CHRONIC THIOACETAMIDE ADMINISTRATION ON LIVER DRUG METABOLIZING 

SYSTEM AND ON THE DEVELOPMENT OF HEPATOCYTE FOCI, NODULES AND TUMORS 

Pier G. Gervasi, Vincenzo Longo, Mino Marzano, Michela 
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Preneoplastic hepatocyte nodules (HN) generated in the rat liver by dif
ferent experimental protocols display a common pattern in the xenobiotic 
metabolism, namely a decrease of the phase I components and an increase of 
the phase II ones 1• If initiated hepatocytes share with HN these metabolic 
properties (which explain the observed increase of HN resistance to many 
liver toxins), then any mild but prolonged liver injury by chemicals needing 
bioactivation should cause, in addition to liver cirrhosis, also the appear
ance of HN and tumors, providing the liver has been exposed to initiating 
stimuli. 

To verify the hypothesis, diethylnitrosoamine (DEN)-initiated as well as 
uninitiated rats (male Sprague Dawley) were administered thioacetamide (TAA) 
at low dose (2 mg/day/100 g b.w.) for 6 months. TAA is a compound devoid of 
mutagenic activity 2 but it is well known to depress cytochrome P-450-depend
ent drug metabolism when acutely administered in viv0 3 • During 6 months both 
HN incidence and changes in the drug metabolizing system (DMS) were followed 
at monthly intervals. 

In the uninitiated rats a regenerative hyperplastic liver cirrhosis 
slowly developed upon TAA chronic administration. A few gamma-glutamyl
transpeptidase-positive, PAS-positive hepatocyte focal lesions were seen from 
the 3rd month onward, their cumulative volume never exceeding 0.1% of the 
liver volume. By contrast in the DEN-initiated TAA-treated rats the liver 
was macronodular because of the appearance and growth of many HN (Fig. 1). 
At the end of the TAA cycle over 40% of the liver parenchyma was constituted 
by HN and enzyme-altered hepatocyte foci. 3 rats out of 7 harboured an hepa
toma. 

During TAA administration both uninitiated and DEN-initiated rats under
went a progressive decrease of the cytochrome P-450 liver content as well as 
of the activity of aminopyrine N-demethylase, ethoxycoumarin O-deethylase and 
ethoxyresorufin O-deethylase. Six months later the values of these param
eters in the liver of rats from both groups were I) decreased (up to 10-30% 
with respect to those found in normal, age-matched controls) II) superimpos
able to those observed in HN which in turn were similar to those reported in 
HN generated by other carcinogenetic protocols. On the contrary, the compo
nents of the phase II of DMS were markedly enhanced. In particular, the ac
tivities of microsomal epoxide hydrase and UDP-glucuronyl transferase as well 
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Fig. 1. Appearance of liver from DEN-initiated (upper half) and uninitiated 
(lower half) rats treated with TAA for 6 months. A striking differ
ence in the extent of liver cirrhosis as well as in the number of 
GGT-positive (dark) nodules is seen. 

as cytosolic glutathione-S-transferase were increased over the controls in 
both experimental groups and NH (about 2-3 times), whereas the increase of 
benzaldehyde dehydrogenase activity (about ten times compared to the control 
value) was evident only in the liver of DEN- i nitiated/TAA treated rats and in 
HN. 

To assess the initiating activity of TAA the compound was given in d 

single high dose (100-250 mg/Kg b.w.) to I-week old, 4-week old as well as to 
young partially hepatectomized rats of both sexes, since high mitotic activ
ity of the hepatocytes enhances the initiation process. This TAA treatment 
was followed by a standard promoting protocol (2-acetylaminofluorene in the 
diet plus a single carbon tetrachloride dose) (2-AAF/CC14)' 

Also in these experiments the number and the area of the hepatocyte foci 
displaying gamma-glutamyltranspeptidase activity and starvation resistant 
glycogen storage were used as end-point of the assay. 

The overall findings indicated that the initiating activity of TAA was 
quite low, if any, because no differences were seen in the number of hepa
tocyte foci between TAA initiated, 2-AAF/CC14 promoted an i mals and their con
trols in the 3 experimental situations i nvestigated. 

In conclusion, chronic administration of TAA at low dose showed a weak, 
if any initial ability on liver carcinogenesis, but provided strong promo
ting stimuli for already initiated hepatocytes. In rather sharp contrast 
with other liver promoters and inducers of cytochrome P- 450 (phenobarbital 
et al. 4 ), the DMS pattern of the liver parenchyma of TAA treated rats was 
similar to that displayed by HN. 
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Cells of hiher organisms can die through different causes and under dif
ferent circumstances which can be classified broadly into at least 3 differ
ent categories: 

1. Massive tissue injury such as after hypoxia or after CC14 in the liver. 
Some authors restrict use of the term necrosis to cell death occurring 
after massive tissue damage',2. 

2. Terminal differentiation of tissues such as skin, intestine or blood 
cells. 

3. Regression of organs, elimination of excessive cells, cell turnover in 
healthy tissues. During development certain organs regress such as the 
Mullerian duct in the male embryo. In the adult organism atrophy or 
removal of hyperplasia may occur in hormone-dependent organs. The type 
of cell death involved has recently been designated "apoptosis'" ,3-8. 

It is conceived as a genetically encoded cellular suicide program that 
can be activated in situations where cell elimination appears physio
logically advantageous or even necessary. Examples of physiological 
states in which apoptosis is believed to occur are given in Table 1. 
It appears that apoptosis is a widespread phenomenon which has been 
observed in a variety of species throughout the animal kingdom and in 
various organs during developmental stages and adulthood. 

So far the process of apoptosis is not very well characterized, and the 
distinction from damage induced cell death is not very clear (Table 2). 
Thus, some authors consider death induced by certain types of damage, such as 
councilman bodies in human hepatitis or radiation induced cell death as be
longing to the apoptosis category"~ Indeed, due to the lack of specific 
markers of apoptosis and unequivocal discrimination from damage induced death 
is very difficult. Apoptosis was postulated to exhibit specific morphologi
cal features; these differed from those seen after certain types of damage 
induced cell death (e.g. CC1 4 in the liver). Histologically visible signs of 
cell death by apoptosis as found in the liver are schematically depicted in 
Fig. 1; the sequence of events shown was first suggested by Kerr, Wyllie and 
Currie"~ However, since it is difficult to use morphology as a sole cri
terion for a certain biological process we have so far mainly relied upon a 
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Table 1. Occurrence of apoptosis 

Hydra in fasting state 30 
Nematodes: maturation 11 
Insects during metamorphosis 1 
Amphibia: loss of tadpole tai131 
Mammalia: 

Embryonic development (e.g. elimination of interdigital webs)l 
Hormone-dependent organs: during atrophy 4-8 

Liver: elimination of induced hyperplasia 18,20 
Liver: atrophy after starvation 
Liver: preneoplastic foci 27 ,28,32 
Lymphatic cells: glucocorticoid-induced death 9,lo,12 
T-Lymphocytes: IL-2 withdrawal 

- termination of immunresponse (7 )22 
Tumors: regression of estrogen-dependent kidney tumors 

functional criterion of apoptosis. This is based on the fact that apoptosis 
- in contrast with other types of cell death - can be inhibited by growth 
stimuli (Table 2). The usefulness of this criterion will be demonstrated 
below. In addition, it can be hoped that specific biochemical markers of 
apoptosis gradually become available (Table 2). 

Evidence suggesting that apoptosis is a genetically determined, endogen
ous suicide program includes the following findings: 

1. Inhibitors of RNA and protein synthesis prevent initiation of cell 
death in cultured lymphocytes by glucocorticoids 9, 10. 

2. Recently mutants of the nematode Caenorabditis elegans have been found 
which are deficient in certain steps of cell death (deathless mu
tants)ll. 

3. Likewise, a mouse thymoma cell mutant has been found that is resistent 
to induction of cell death by glucocorticoids and by natural killer 
cells, but not to cytolysis by complement which does not act via an 
apoptotic process 12. It may be of interest to add that apoptosis 
appears to be receptor mediated since certain leukemia cells without 
glucocorticoid receptors do not undergo apoptosis in response to this 
hormone 9. 

An 
ring in 
factor. 
selves13• 
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in vitro correlate of apoptosis may be the type of cell death occur
growth factor dependent cells after complete removal of the growth 

This phenomenon has been known as long as the growth factors them
It is in fact surprising that enormous efforts have been made to 

Table 2. Characteristics of apoptosis 

Occurrence in specific physiological situationsl-3 
Toxic damage not necessary2 
Morphology1 ,3,19 
Induction by withdrawal of growth stimuli18 
Inhibition by growth stimuli 18 

DNA fragmentation to nucleosomes 10,21-23,33 
Expression of transglutaminase (7)25 
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Fig. 1. Hypothetical diagram of the process of apoptosis during regression 

of liver hyperplasia. 

understand the effect of growth factors on cell proliferation while almost no 
attention was paid until very recently to the mechanism of cell death after 
growth factor depletion. 

RESULTS AND DISCUSSION 

Apoptosis in Hyperplastic Rat Liver After Treatment with Hepatomitogens 

Many compounds of xenobiotic origin such as the environmental pollutant 
alpha-hexachlorocyclohexane (a-HCH), the synthetic sex steroid cyproterone 
acetate (CPA), phenobarbital (PB), the peroxisome proliferator nafenopin and 
many others have been found to induce liver growth in rodents which includes 
cell multiplication (hyperplasia)1~-17. This liver hyperplasia can be revers
ible depending on the biological halflife of the inducing chemical18. We have 
found that during the period of regression of DNA no evidence of damage in
duced necrosis occurred. Instead histological signs of apoptosis were de
tectedl~ Counting the number of such apoptotic cells and apoptotic bodies 
revealed a clear increase during the period of DNA elimination (Fig.2). 
Similar findings were made by Columbano in another model in which liver 
hyperplasia was induced by treatment with lead nitrate. Again a massive up
surge of apoptotic figures occurred during the period of DNA elimination 20. 

To obtain further proof that truly apoptosis is involved in the observed 
regression of liver mass we adopted the functional criterion mentioned above 
(Table 2). As seen in Fig. 2 the concentration of the hepatomitogenic drug 
CPA falls rapidly and is very low 48 h after the last treatment (day 8). 
Therefore we wondered whether the drop of the hepatomitogen levels in the 
liver might provide the signal for initiation of cell death. To check this 
hypothesis we retreated animals with CPA on day 8, i.e. at the maximum of 
apoptotic activity. As may be seen in Fig. 3 retreatment indeed dramatically 
decreased the incidence of apoptosis four hours later and not only CPA was 
active; also other hepatomitogens such as PB, a-HCH and nafenopin were 
equally effective in inhibiting cell death. These findings strongly suggest 
that cell death does not occur in response to tissue damage that might have 
been produced by CPA but rather is a regulatory phenomenon serving to remove 
the excessive hyperplasia and can be inhibited by a variety of chemically un
related mitogenic signals. 
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Fig. 2. Effect of CPA treatment and CPA withdrawal on DNA content, CPA con
centration and on incidence of apoptoses in rat liver. Before com
mencing treatment, the rats (Wistar, female) were adapted for 2-3 
weeks to an inverted light-dark rhythm (L:D 12:12h) with lights off 
from 9 a.m. to 9 p.m. and lights on from 9 p.m. to 9 a.m.; food was 
available for 5 h from 9 a.m. to 2 p.m. (see Fig. 5). The animals 
were treated with cyproterone acetate (CPA) as indicated at the 
bottom of the figure; small arrows: 100 mg/kg/day, large arrows: 
130 mg/kgiday. Liver DNA (mg DNA/100g rat) is expressed as per
centage of solvent-treated controls. Solid line: rats killed 24 h 
after the last treatment; treatment continued: initial CPA treat
ment as indicated below the abscissa followed by further treatment 
with 130 mg CPA/kg/day until day 11; treatment ceased (dashed 
line): rats killed between 2 and 5 days after the last (7th) treat
ment. CPA concentration (~g/g liver) was determined 24 h after 
each dose (dashed line) and at closer intervals after the first and 
seventh dose (solid line). The CPA determinations were performed 
by B. Dlisterberg, Schering, Berlin, FRG. Apoptoses (ABs/100 hepa
tocytes): the number of apoptotic bodies (ABs, see ref. 19 for 
morphological description) found in histological sections is ex
pressed as percentage of intact hepatocytes. 

Apoptosis in Rat Liver After Starvation and Feeding 

As a further test of this concept we studied another situation where 
liver DNA is removed, namely liver atrophy occurring in response to starva
tion. As seen in Fig. 4 during 8 days of starvation liver mass decreased by 
approx 60%, liver DNA by aprox. 25%. Concommitantly we found considerable 
numbers of apoptotic figures at all times investigated; the highest levels 
were found on days 7 and 8 (Fig. 4). 

The fasting/feeding state of the animals may also have profound influ
ence on the height of the apoptotic peak after CPA withdrawal as shown above. 
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Fig. 3. Effect of CPA and other liver mitogens on the incidence of 
apoptoses in rat liver. Treatment: day 0-6: see Fig. 2; day 7: 
no treatment; day 8: rats were treated with a single oral dose 
(130 mg/kg) of either CPA, nafenopin (NAF), phenobarbital (PB) or 
alpha-hexachlorocyclohexane (a-HCH). The compounds were dissolved 
in an aequeous solution of 0.09 % Myrj (Serva, Heidelberg). Sol
vent: rats treated with 0.09 % Myrj alone. Means (± SD) of 3-5 
rats are given. *p < 0.05 **p < 0.01 CPA, PB, NAF or a-HCH treated 
rats vs. rats treated with vehicle. 

In the experiments presented in Fig. 2 the animals were subjected to a feed
ing rhythm which provided access to food for only 5 hours per day, and were 
always sacrificed before the daily feeding period. As shown in Fig. 5 con
sumption of the scheduled meal on day 8 rapidly decreased the incidence of 
apoptosis; if the meal was denied, the number of apoptotic bodies remained 
high. Thus not only the hepatomitogens but also feeding apparently can in
hibit the initiation of apoptosis. Further studies have indicated that the 
main constituents of the diet i.e. carbohydrates, fat and protein if given 
alone were all able to suppress apoptosis (data not shown). Because of the 
cyclic eating behaviour of normal rats another hypothesis emerging from these 
data is that apoptotic activity exhibits a diurnal rhythm in the liver. To 
our knowledge this possibility has not yet been investigated but it should be 
taken into account in the design of experiments. 

Phagocytosis of Apoptotic Fragments by Intact Hepatocytes 

The sequence of histologically discernible stages of apoptosis predicts 
phagocytosis of apoptotic fragments by intact hepatocytes. This remained a 
point of concern because hepatocytes are not known to be capable of phagocy
tosis. However, it was found that the extracellular apoptotic bodies did not 
exhibit signs of autodigestion. Only the intra-hepatocytic bodies did so to 
a variable extent 19 • Furthermore, during a period of CPA treatment we have 
labeled all proliferating hepatocytes by continuous infusion of 3H- t hymidine. 
After withdrawal of CPA we checked whether apoptotic bodies in labeled hepa
tocytes were also labeled. This was rarely the case; rather in the majority 
of labeled cells the apoptotic bodies were unlabeled (Fig. 6). This result 
provides a clear proof that the chromatin in the apoptotic bodies was not 
derived from chromatin of the host cell, i.e. was from an extrahepatocellular 
source. In addition, this experiment suggests that non-labeled cells (which 
did not participate in proliferation during CPA treatment) were preferred for 
death by apoptosis. The basis of this selective effect is unknown. 

267 



:~ ~~~'----?"" 
2i '~'" 
o ~I I I I I I I I I 

mg DNA I liver 

~:I 16 

14 757. 

12 
;-
lUi I I I I I I I I 

ABs I 100 hepatocytes 

1.~oo 
o 2 4 6 8 days 

after food withdrawal 

Fig. 4. Effect of food withdrawal on liver mass, liver DNA content and 
incidence of apoptoses in rat liver. Animals: female Wistar rats, 
150-160 g at food withdrawal. Rats were killed between 1 and 8 
days after food withdrawal. (a) liver mass (g liver/rat), (b) mg 
DNA/liver; a and b:ofed rats, e starved rats, (c) number of 
apoptotic bodies (ABs) per 100 intact hepatocytes. Means of 3-5 
animals are given. Vertical bars: in (a) and (b) SD (were not 
given smaller than symbols), in (c) 95% confidence limits. 
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Fig. 5. Effect of food uptake on the incidence of apoptoses in rat liver. 
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Feeding and CPA treatment (3 x 100 plus 4 x 130 mg/kg/d): see 
Fig. 2. Rats were killed between 40 and 59 h after the last CPA 
treatment (corresponds to day 8, see Fig. 2,3). (0) no food at 48 h 
after the last CPA treatment (e) rats on sheduled feeding. 



Fig. 6. 
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Occurrence of labelled DNA in nuclei and ABs of the same hepato
cytes. Continuous infusion of [3H]-methyl-thymidine ([3H]-TdR) was 
used to label all hepatocytes which proliferate during a CPA treat
ment for 7 days (see fig. 2). Rats were killed twu days after ces
sation of CPA, (at the peak incidence of apoptosis in the liver) 
and [3H]-TdR labeling of chromatin in hepatocytic nuclei and in ABs 
was determined by autoradiography of histological sections of the 
liver. The total number of intra-hepatocellular ABs with chromatin 
was taken as 100%; the data shown indicate the relative frequencies 
of [3H]-labeling of ABs as well as their occurrence in hepatocytes 
with or without [3H]-labeled nuclei (details: see ref. 19). 

Duration of Apoptosis 

For some time we were concerned about the apparent discrepancy between 
the amount of DNA elimination which in our CPA model was as much as 25% in a 
matter of a few days, and the low levels of apoptotic cells which were never 
more than a few percent per liver (see Fig. 2 and 5). The inhibition of 
apoptosis by CPA and/or feeding provided the opportunity to measure the du
ration of the entire apoptotic process and of the individual stages. As 
shown in Fig. 7a there was no change in the incidence of apoptotic bodies for 
about 1 h after t~eatment. Then a rapid decrease occurred which reached a 
minimum at 4 h. Thus approx. 1 h seems to be required between administra
tion of the inhibitory regimen (CPA + feeding) and the first visible mani
festation of cell death. A similar lag phase has been observed in lympho
cytes in vitro21 . Extra- and intra-hepatocytic apoptotic bodies (AB) tended 
to disappear with linear kinetics in a semilogarithmic plot (Fig. 7b). Re
markable, extrahepatocellular AB were not only less frequent but also disap
peared more rapidly than the intrahepatocellular AB (half-life 30 min versus 
70 min). This consists completely with the sequence of apoptotic events 
shown in Fig. 1. We conclude from this experiment that apoptosis is a rapid 
phenomenon. The histologically visible parts of it may last on average 
approximately 2.5 h. This can explain why at any given timepoint only rela
tively few apoptotic cells are found even in situations where considerable 
amounts of DNA disappear from the liver. 

Biochemistry of Apoptosis 

Little is known on the complex and coordinated events that must occur at 
the beginning and in the further course of apoptosis. So far the earliest 
discernable metabolic change known is an activation of an endonuclease which 
degrades chromatin into nucleosomes 9,10,21-23. We have recently detected that 
apoptotic cells possess high amounts of the enzyme transglutaminase, an 
enzyme involved in crosslinking of proteins via glutamine and lysine resi
dues 24 ,25. As shown immunocytochemically the enzyme is present within the 
liver tissue in the endothelial cell compartment. Among hepatocytes, how
ever, only apoptotic bodies show a reaction (Fig. 8). Further support for a 
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Fig. 7. Time course of decrease of AB incidence after CPA and food adminis
tration. Rats received CPA for 7 days as described in figure 2. Two 
days after the last CPA dosing (i.e. at the peak incidence of ABs), 
rats were retreated with a single dose of CPA (130 mg/kg). Addition
ally, rats received food according to the feeding schedule (see 
Fig. 5). In a) the incidence of the total number of ABs (intra-, 
extra- hepatocellular ABs, ABs with and without chromatin) is given, 
in b) we differentiated between extra- or intra- hepatocellular 
localization of the ABS . .--..: CPA and food at "0"; 0---0: no food 
and no CPA at "0". 7000 - 8000 hepatocytes were scored per liver for 
determination of the AB incidence. Each point represents the mean 
(±) SD of 5-6 animals. 

correlation between transglutaminase and apoptosis is provided by a roughly 
parallel increase and decrease of enzyme activity and apoptosis during the 
course of the experiment (Fig. 9). The function of transglutaminase during 
apoptosis is unclear. The enzyme may be involved in the incapacitation of 
essential proteins, in membrane alteration in the separation of the cell from 
its neighbours, in the fragmentation process etc. Perhaps the most important 
aspect is that it may provide the first marker to label individual apoptotic 
cells. 

In conclusion the findings presented so far point to an important role 
for apoptosis as a regulator of cell number in adult liver and other tissues. 
This suggests the question whether or not a disturbance of controls of apopto
sis. might be involved in the imbalance of growth during tumorigenesis. 

Apoptosis in Tumorigenesis and Tumor Growth 

We have previously studied the effect of liver tumor promoters on the 
growth of putative preneoplastic foci in rat liver. An early discovery was 
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Fig. 8. Immunohistochemical staining for transglutaminase in rat liver after 
CPA withdrawal. Acetone fixed liver specimens were embedded in para
plast and 5 ~ thick sections were exposed to antihuman transglutami
nase immunoglobulin. The reaction was accomplished by the unlabeled 
antibody peroxidase-antiperoxidase technique3~. The sections were 
counter-stained with Meyer's hemalaun. (t) transglutaminase positive 
apoptotic body; about 200x. 
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Fig. 9. Effect of CPA treatment and CPA withdrawal on transglutaminase 
activity in rat liver. CPA treatment: see Fig. 2. The transglutami
nase activity was determined as described elsewhere3~ (0) controls; 
(e) CPA treated rats. Means (± SD) of 3-5 rats are given. 
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Fig. 10. Effect of phenobarbital (PB) treatment and PB withdrawal on the 
incidence of ABs in normal liver and in liver foci. Rats were 
treated with a single dose of NNM"(250 mg/kg). One subgroup re
ceived no further treatment (-). The other NNM treated rats re
ceived PB (50 mg/kg/d via the food) for 7 months and then were 
subjected to one of the following protocols: (1) continuous 
treatment until necropsy (+); (2) PB withdrawal until necropsy 
(+ -- -); (3) PB withdrawal for 39 days, followed by PB treatment 
(50 mg/kg/d via the food) for 3 days (+ -- - -- +). The total 
number of ABs found in normal or in focal liver tissue is given, 
vertical bars indicate the 95% confidence limits. 

that these foci exhibit relatively high rates of cell proliferation but grow 
only slowly at least at early stages2~ With phenobarbital, foci growth could 
be dramatically enhanced without a persistent significant enhancement of cell 
proliferation in foci26• This perplexing situation was resolved when we found 
that in preneoplastic foci the incidence of apoptosis is much higher than in 
normal liver and that the tumor promoter phenobarbital inhibits apoptosis in 
foci as it does in normal liver (Fig. 10, c.f. Fig. 3). This result suggests 
that at least in this model tumor promotion may be effected largely through 
inhibition of death of preneoplastic cells, i.e. by prolongation of their 
life-time 27 ,28,29. 

To study the potential role of apoptosis for tumor growth we selected 
an estrogen dependent hamster kidney tumor. The results show that in this 
malignant tumor cell death is an important determinant of the growth rate. 
As in the experiments described so-far, treatment with the mitogen (Diethyl
stilbestrol) depresses cell death suggesting an apoptotic type of death (see 
Bursch et al., this volume). In summary it appears that apoptosis is impor
tant for the growth of normal, preneoplastic and neoplastic tissues. Closer 
studies into this phenomenon should broaden our understanding of tumor growth 
and help develop new strategies for therapy of tumors. 
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ROLE OF CELL DEATH FOR GROWTH AND REGRESSION OF HORMONE-DEPENDENT H-301 

HAMSTER KIDNEY TUMORS 
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School, Houston 

Cell death by apoptosis is conceived as an important regulatory process 
for the control of cell number in normal and preneoplastic tissue1-5• In the 
present study, the potential role of apoptosis for tumor growth was investi
gated. As a model system we used an estrogen dependent hamster kidney tumor 
cell line, which was designated H-301 line by Sirbasku and Kirkland 6 • H-301 
cells were previously found to form tumors upon inoculation into hamsters 
treated with estrogen or diethylstilbestrol (DES 7 ). A typical growth pattern 
of such tumors is shown in Fig. 1. Within 18 days after inoculation of a 
H-301 cell suspension tumors of about 1 g had developed. Continuation of DES 
treatment caused about a doubling of tumor weight within 8 days. However, 
when DES treatment was stopped tumor weight decreased by about 80% within 
4 days after DES withdrawal. In Fig. 1 it is also shown that tumor growth 
could be reinitiated when DES treatment was resumed after an interruption for 
4 days. Within 2 days after resumption of DES administration the tumors 
reached the weight they had before the interruption of DES treatment. 

The morphological appearance of the tumors is shown in Fig. 2. The 
H-301 cells formed solid, vascularized tumors (Fig. 2a). Mitoses could be 
seen in all stages (not shown). Furthermore, various morphological signs of 
cell death could be observed in growing as well as involuting tumors: 

1. Small or large, coherent areas of cell residues, which were designated 
"necrotic area" (Fig. 2b). 

2. Small, condensed cell residues, which usually occurred isolated and 
irregularly distributed in the solid parts of the tumors and which were 
designated "single cell death" (Fig. 2c). 

In an attempt to estimate the role of mitoses, single cell death and 
necrosis for the actual growth rate of the H-30l tumors, their incidence was 
determined in H&E stained histological sections obtained from tumors at the 
various stages of growth and regression. The following results were ob
tained. 

DES Treatment (Fig. 3, left panel) 

Mitotic activity (about 2%) appears to be sufficient to prevail cell 
loss by single cell death (about 8%) or necrosis since tumors grow steadily. 
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Fig. 1. Effect of DES treatment, DES withdrawal and DES retreatment on the 
weight of H-301 tumors. A 39 mg pellet consisting of 90% DES and 10% 
cholesterol was implanted subcutaneously under the skin of the back 
of male syrian hamsters. The animals absorb 200-300 ~g of DES/ 
hamster/day from these fellets. Day 0: 1 day after implantation of 
the DES pellet 3,6 x 10 H-301 cells were inoculated subcutaneously 
into the area of the left posterior thorax. Day 0 until day 18: all 
hamsters were treated with DES and thereafter subjected to one of 
the followi~ protocols: (tt) continued DES treatment until 
necropsy, (lJ) DES withdrawal by removal of the pellet, (~) DES 
withdrawal for 4 days, followed by readministration of DES: one 
intraperitoneal injection of 25 ~g of DES/hamster and infusion of 
0,21 ~g DES/hamster/min by the means of Alzet osmotic minipumps, 
implanted subcutaneously. Means of one representative experiment are 
given, the number of animals is indicated at the symbols. Vertical 
bars indicate standard deviation and where not shown it is smaller 
than symbols. 

DES Withdrawal (Fig. 3, right panel) 

Tumor size was reduced by about 80% within 3-4 days. Coincidentally, 
mitotic activity decreased to about 1/10 and the rate of single cell death 
increased (2-fold at its maximum). The incidence of necrotic areas appears 
not to be affected by DES withdrawal. 

DES Retreatment (Fig. 4) 

The decrease of mitotic activity and the temporary increase of single 
cell death after removal of the DES pellet suggests that mitosis and single 
cell death may depend on presence or absence of DES. Consequently we checked 
whether or not retreatment with DES would stimulate mitosis and inhibit 
single cell death. After a period of 4 days DES withdrawal, the hosts were 
retreated with DES and it was found that (a) mitotic activity increased be
tween 8 and 24 h post readministration of DES to about 2%, i.e. the rate of 
mitosis found in tumors exposed continuously to DES. The time course of in
crease of mitototic activity indicates that the H-301 cells passed a prere
plicative period. (b) The incidence of single cell death was reduced by 
about 80% within 8 h after DES administration, suggesting an immediate inhi
bition of single cell death. Lastly, (c) the incidence of necrosis appears 
not to be affected by DES retreatment. 

In conclusion, the results indicate that DES exerts two effects on H-301 
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Fig. 2. Tumor at 18 days after inoculation of a H-301 cell 
suspension and continuous DES treatment. a: Small 
layer of connective tissue surrounding solid cord 
of tumor cells ( t ); about 250x. b: Necrotic area, 
about 250x; H&E. c: Single cell death, about 1000x. 

277 



tumor weight a 

:::l.LL ::: l~ 
o I I i I I I I I I I I I I I I I , I 

mitosis b ,., 

:~j..~r~ 
o i I Iii Iii i ~~S: 

single cell death c ,., 
20 

1O~ ... ~J 
o i I Iii Iii I 

::1~ 
o iii I I I i I I 

;~~O"';!~ 
o 111111111 0 ~ 

18 22 26 days 18 22 26 days 
'DES Ireatmentl t 
continued DES withdrawal 

Fig. 3. Effect of DES treatment and DES withdrawal on the incidence of mi
toses, single cell death and necrotic areas in H-301 tumors. Treat
ment: see Fig. 1. (a) Tumor weight, tumor weights of the animals 
killed between day 19 and day 26 are expressed as percentage of the 
tumor weight of day 18. (b) Mitoses/100 tumor cells. (c) Single 
cell residues/100 vital tumor cells. (d) number of necrotic areas/ 
microscopic field. Left panel: DES treatment; right panel: DES 
withdrawal. Each point is the mean (±SD) of 3-4 animals. 

tumor cells. Firstly, stimulation of cell proliferation and, secondly, inhi
bition of single cell death. On the other hand, the occurrence of necrotic 
areas appears not to be affected by DES. These findings suggest that the 
actual growth rate of the H-301 tumors predominantly depends on the ratio be
tween cell proliferation and cell loss by single cell death. Furthermore, 
the inhibitory effect of DES on the occurrence of single cell death suggests 
that this type of cell death reflects "apoptosis" as described in other hor
mone dependent organs (mamma, prostrate) or during regression of hormonally 
induced liver hyperplasia 2,5,8-10 rather than focal or diffuse necrosis as may 
occur in tumors consequent to lack of oxygen or nutrient supply. 
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Fig. 4. Effect of retreatment with DES on the incidence of mitoses, single 
cell death and necrotic areas in involuting H-301 tumors. Treat
ment: see Fig. 1. (a) Mitoses/lOa tumor cells; (b) single cell 
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CELL PROLIFERATION AND INITIATION OF LIVER CARCINOGENESIS 

Although the mechanism of action of cell proliferation in the carcino
genic process has not been clearly defined so far, it appears that cell pro
liferation is essential for the initiation phase, and it also characterizes 
the promotion phase, as well as the progression from hepatocyte nodules to 
cancerl-~ Undoubtedly, most of the studies aimed to determine the exact role 
of cell proliferation in the development of liver cancer have been focused on 
the initiation step. The evidence that stems out from these studies is that 
at least one round of cell proliferation is necessary for the accomplishment 
of the initiation process; replication of DNA containing carcinogen-induced 
miscoding lesions such as 06-a lkylguanine 8 , 0~-alkylthymine9, or non-coding 
lesions such as apurinic sitesl~ or certain types of gap filling mechanisms11, 
have been implicated as the key event. 

Regardless of the mechanism(s) by which cell proliferation acts as a 
necessary component in the initiation phase, its need in the process is made 
evident by several series of experimental evidences; I) carcinogens which do 
not induce liver cancer when administered to adult rats, whose liver has a 
very poor cell turnover, do induce cancer development when given to newborn 
rats whose liver is actively dividing 12 ; II) when single non-necrogenic doses 
of methylnitrosourea (MNU), or 1,2-dimethylhydrazine (DMH), themselves not 
resulting in the formation of enzyme altered foci, are given shortly before 
or after partial hepatectomy (PH), a high number of initiated cells can be 
monitored as gamma-glutamyltransferase (GGT) positive foci in the liver of 
rats, irrespective of the promoting procedure employed 2 ; III) inhibition of 
dimethylnitrosamine (DMNA) or diethylnitrosamine (DENA)-induced liver necro
sis, and therefore of the compensatory proliferation, results in a drastic 
reduction in the number of putative preneoplastic lesions induced by these 
carcinogens 13 • 

COMPENSATORY CELL PROLIFERATION VERSUS MITOGEN-INDUCED HYPERPLASIA 

Interestingly, in all these studies the proliferative stimulus for cell 
proliferation was of compensatory type following PH or necrosis by hepatoxins 
or by the carcinogens themselves. 
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On the contrary, although it is known that liver cells may be stimula
ted to proliferate also by a variety of non-necrogenic compounds 14 , the ef
fect of primary hyperplasia induced by mitogens on the initiation of hepato
carcinogenesis has not been studied. 

These two types of cell proliferation have at least two major differ
ences: while in the compensatory type, cell loss is the primary event, and 
regeneration is triggered in order to replace the cells that have been lost, 
in the direct hyperplasia the mitogenic effect is the primary event, and it 
results in an excess of cells which are removed within days or a few weeks as 
a result of a "controlled" type of cell death, namely apoptosis 15,16. In ad
dition, unlike the compensatory cell proliferative stimulus, mitogen-induced 
cell proliferative stimulus has to overcome the growth control mechanism 
normally operating in the organ; it is likely that the mechanism by which 
cells respond to these two types of stimuli might also be different. 

The present article summarizes the results of a number of our studies 
designed to determine whether these two types of cell proliferation could 
also exert a different effect on the initiation phase of liver carcinogen
esis. In addition, the possibility of a different effect of these two types 
of proliferative stimuli on the promotion phase, is also briefly discussed. 

MITOGEN-INDUCED LIVER HYPERPLASIA AND INITIATION 

In order to determine whether cell proliferation induced by mitogens 
could be different from compensatory cell proliferation, as far as the init
iation step is concerned, we selected as a liver mitogen, lead nitrate17 ,18; 

this compound , when administered in a single dose to Wi star rats, is able to 
induce a dramatic increase in liver weight and DNA content, with a maximum 
between 3 and 4 days, a time point when both liver and DNA are almost doubled 
when compared to controls. The massive response of the hepatocytes to lead 
nitrate is not likely to be the consequence of cell killing by this agent, 
since only a slight increase in serum transaminase activity was observed with 
the higher dose, and no increase at all was seen when a lower dose (5 ~molesl 
100g) was used. 

Regardless of the mechanism(s) by which lead nitrate stimulates liver 
cell proliferation, starting from the third day after treatment, a rapid in
volution of the excess liver mass, accompanied by an elimination of the ex
cess DNA -takes place, so that within 15 days the liver regains its original 
size. During the regression of liver hyperplasia, which appears to be a com
mon phenomenon following withdrawal of several mitogens, the occurrence of a 
particular mode of cell death, apoptosis, considered to be a "programmed" or 
"controlled" type of cell death can be observed15 ,16,19. Thus, in about 12 
days 50% of liver cells (excess cells) are presumably eliminated. On the 
basis of these findings a critical question arises: how initiated cells will 
respond in a situation wherein a massive cell elimination is taking place? 
Are they resistant to this particular mode of cell death, or will they be 
eliminated together with the normal liver cells? It is obvious that if a 
consistent number of carcinogen-altered cells, including the initiated ones, 
is removed, then only a low number of preneoplastic lesions should develop. 

To test this question, we used an experimental protocol where cell pro
liferation was induced by lead nitrate; during "s" phase, a single non
necrogenic dose of MNU, a direct methylating carcinogen, was given. Follow
ing a recovery period of 15 days, the animals were subjected to a promoting 
regimen according to the protocol described by Cayama et al. 1 • The results 
presented in Fig. 1, show that no GGT-positive foci developed in the liver of 
rats treated with the carcinogen during mitogen-induced hyperplasia; on the 
contrary, several GGT-positive foci were observed in liver of rats given the 

282 



PH + MNU 

LEAD+MNU 

MNU 

10 20 30 

N° of FOCI/Cm2 

40 

GGT 
c::::J 

GST-P 

Fig. 1. Effect of different proliferative stimuli on the induction of enzyme 
altered foci by MNU. MNU was injected at a dose of 60 mg/kg to male 
Wistar rats, during cell proliferation induced by 100 ~moles/kg of 
lead nitrate or 2 ml/kg of CC1 4 , or PH. After a two week recovery 
period, the initiated hepatocytes were assayed as GGT or GST-P posi
tive foci using the resistant hepatocyte model'. 

carcinogen during compensatory cell proliferation. Similar results were 
obtained when phenotypic markers such as the placental form of glutathione 
S-transferase (GST-P), and adenosin triphosphatase (ATPase) were used to 
identify putative preneoplastic populations. It is important to note that 
under our experimental conditions no inhibition of MNU-induced DNA alkylation 
was observed in lead-treated rat liver, and that the number of proliferating 
cells at the time of carcinogen administration in lead-treated rat liver was 
the same as that of regenerating liver following CC1 4 20 • 

The failure to support initiation by MNU was made evident not only by 
the absence of putative preneoplastic foci at 1.5 months after carcinogen 
administration, as shown in Fig. 1, but also by an almost complete lack of 
enzyme altered foci or hepatic nodules even at 10 months after carcinogen 
treatment, a time point when MNU coupled with PH already resulted in the ap
pearance, in some animals, of hepatocellular carcinoma (data not shown). 

Thus, we face a condition fulfilling the two prerequisites necessary 
for the accomplishment of the initiation step; a) a vigorous proliferative 
process, plus, b) a DNA containing carcinogen-induced lesions; nevertheless, 
we failed to achieve preneoplastic foci or nodules. 

Is that due to the fact that, I) despite a permissive condition (cell 
proliferation + DNA damage) hepatocytes have not been initiated, or alternat
ively, II) initiated cells have been formed, but they have been lost during 
the regression of liver hyperplasia? 

As far as the former possibility is concerned, it should be considered 
the possibility that pretreatment with lead nitrate could somehow modify some 
biochemical properties of the hepatocyte, thus, making them "resistant" to 
the carcinogenic attack. As a matter of fact, lead nitrate induces in rat 
liver, several biochemical changes that modify the phenotypic pattern of the 
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hepatocyte 21 ,22; acute treatment with this compound inhibits the activity of 
Phase I enzymes, it induces the activity of Phase II enzymes, such as that of 
GGT and DT-diaphorase, stimulates the appearance of GST-P, an enzyme which is 
almost undetectable in normal liver but very much increased in preneoplastic 
lesions 23, inhibits the activity of ATPase, etc. The occurrence of this 
special biochemical pattern not seen in fetal, neonatal or regenerating liver 
suggests that lead nitrate may induce in the hepatocyte a new state of dif
ferentiation better adapted to survive in a hostile environment, similar to 
that exhibited by hepatocyte nodules 24. The possibility that the "resistant" 
pattern induced by lead nitrate could somehow protect the liver cells from 
some critical damage induced by the carcinogen during the initiation process 
was therefore considered; thus, experiments were performed using three other 
hepatic mitogens that do not induce the biochemical pattern induced by lead 
nitrate; cyproterone acetate 25 , ethylene dibromide 26 and nafenopin27. 

As shown in Fig. 2, irrespective of the mitogen used no formation of 
foci of enzyme altered hepatocyte was seen; on the contrary, several putative 
preneoplastic lesions were seen when the carcinogen was administered during 
liver regeneration 28. 

This experiment suggests that the lack of foci formation is not likely 
due to some specific effect of lead nitrate; however, it does not rule out 
the possibility that pretreatment with mitogens could modify the response of 
the liver to carcinogens. 

In order to eliminate the latter possibility, the experimental protocol 
was changed in such way that the carcinogen was given to a normal rat liver, 
and was immediately followed by proliferative stimuli (see Fig. 3). When 
this protocol was adopted, preneoplastic lesions were seen only in animals 
whose liver was induced to proliferate by a regenerative stimulus, but not in 
rats post-treated with mitogens (Fig. 4). Thus, these results suggest that 
the lack of appearance of enzyme altered foci when the proliferative stimulus 
is induced by mitogens cannot be due to a peculiar effect of the inducers of 
liver growth. 

Evidence, albeit indirect, thus, is accumulating suggesting that the 
absence of preneoplastic lesions might not be due to a lack of formation of 
initiated cells; the possibility that it may depend upon the elimination of 
initiated cells during the regression of liver hyperplasia should then be 
considered (see Fig. 5). 

CELL LOSS (APOPTOSIS) AND INITIATION 

As mentioned earlier, during the involution of liver hyperplasia there 
is a massive deletion of cells by apoptosis; this process stops once the li
ver has reached its original size 16. Is apoptosis a random phenomenon or is 
it selective for some cell populations? And if the second case is correct, 
does apoptosis preferentially occurs in the newly made cells, or alternative
ly, in those cells that had lost their replicative capacity? 

Preliminary experiments carried out to answer this critical question 
and based on the labeling of liver cells after lead nitrate treatment, re
vealed that the process of cell removal seems to be quite a random phenom
enon. Indeed, autoradiographic analysis showed that the percentage of label
ed apoptotic bodies (representing the remnants of cells that have divided 
following lead nitrate administration) was 54-58% of the total number of 
apoptotic bodies. Although these findings need to be confirmed, nevertheless 
they are very intriguing; if apoptosis is randomly distributed, why virtually 
no initiated cells are seen when carcinogen administration is coupled with a 
mitogenic stimulus? Does it mean that initiated cells are more prone to 
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Fig. 2. Male Wistar rats were given CC14 (2 ml/kg, i.g.), ethylene dibromide 
(100 mg/kg, i.g.), cyproterone acetate (100 mg/kg, i.g.), or 
nafenopin (200 mg/kg, i.g.). In some rats the proliferative stimulus 
was achieved through PH. During DNA synthesis a non-necrogenic dose 
of MNU (60 mg/kg, i.p.) was administered at 20 h after PH, 24 h 
after ethylene dibromide or cyproterone acetate, 30 h after 
nafenopin, and 42 h after CCI4' The initiated hepatocytes were 
assayed as GGT or GST-P positive foci as described in Fig. 1. 

apoptosis than normal hepatocytes? Obviously, this is a critical question 
and its understanding will be of significance in the knowledge of the bio
chemical mechanisms operating in the process of apoptosis, and possibly, of 
the nature of initiated cells. 

Regardless of the fact that initiated cells may be killed in a selective 
or random matter, it is quite conceivable that by inhibiting the apoptotic 
process it should be possible to "save" the initiated cells, and by conse
quence to induce the occurrence of enzyme altered foci, following an oppor
tune promotion procedure. 

IIftJ (60 l19/kg) Kill 

4 hours 15 days 30 days 37 days 

Fig. 3. Experimental protocol to study the effect of treatment with various 
proliferative stimuli following carcinogen administration on the 
induction of enzyme altered foci. Male Wistar rats were given a 
single dose of MNU (60 mg/kg) and 4 h later CCI4, lead nitrate, or 
ethylene dibromide were given at the doses described in the previous 
figures. One group of animals was also subjected to PH. 
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Fig. 4. 

In an attempt to approach this problem we reasoned that if apoptosis is 
triggered in order to eliminate the excess tissue, then, by reducing the 
hyperplastic liver mass (and the number of excess cells) by PH, after mitogen 

Fig. 5. Schematic representation of the possible different fate of initiated 
cells depending upon the nature of the proliferative stimulus. 
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treatment, we would theroretically be able to inhibit the apoptotic process 
and consequently to save initiated cells (see Fig. 6). 

Preliminary results indicate that the administration of a non-necrogenic 
dose of DENA followed by mitogen treatment (24 h later), and then by PH (48 h 
later), results in the appearance of enzyme altered foci. These results need 
to be confirmed; nevertheless they suggest that inhibition of apoptosis may 
be possible by making useless its occurrence (in this case by removing the 
excess cells by surgery). 

The results of our studies on the role of cell proliferation on the in
itiation phase of chemical hepatocarcinogenesis suggest the following: a) mi
togen-induced liver hyperplasia coupled with carcinogen treatment unlike re
generative cell proliferation does not induce the development of putative 
preneoplastic lesions, and, b) the lack of formation of preneoplastic lesions 
may not depend upon the inability of this type of proliferative process to 
originate initiated cells, but rather to an elimination of initiated cells 
shortly after their formation. 

LIVER REGENERATION AND PROMOTION 

Sustained or repeated damage to the liver and compensatory regeneration 
appears to have promoting effect on the development of preneoplastic and neo
plastic lesions. Pound and McGuire 5 ,29 have shown that repeated PH or 7 
necrogenic doses of CCI~ subsequent to carcinogen administration, enhance the 
number of preneoplastic and neoplastic nodules. An increase in the yields of 
hepatocellular tumors due to ionizing irradiation has been reported by the 
action of a hepatonecrogenic dose of CCI~30, and by PH after a dose of 
X-irradiation 31 More recently, it has been shown that feeding rats a chol
ine deficient diet which induces a severe liver necrosis and compensatory 
cell proliferation 32 ,33, also acts as a liver tumor promoter3~. This relat
ionship between cell proliferation and promotion is also observed in many 
other organs and tissues such as skin, buccal mucosa, intestine (for a 
review see 35). Thus, this albeit indirect evidence indicates that regener
ative cell proliferation may provide a promoting stimulus for development of 
preneoplastic and neoplastic lesions. The evidence, however, is far less 
clear on the effect of liver mitogens on preneoplasia or neoplasia. 

MITOGEN-INDUCED LIVER HYPERPLASIA AND PROMOTION 

Several compounds including sex steroids, phenobarbital, chlorinated hy
drocarbons and hypolipidemic drugs that stimulate the growth of normal liver, 
have also been shown to possess tumor promoting activity1~,36; however, re
cently several reports have cast doubts on the ability of hypolipidemic 
agents to promote the development of enzyme altered foci 37 ,38; other studies 
even reported an accelerated regression of preneoplastic lesions by hypoli
pidemic drugs 39 ; more recently another inducer of liver growth, di-(2-ethyl
hexyl)phtalate (DEHP) which is a liver tumor inducer after chronic treat
ment~O, has been reported to inhibit the emergence of enzyme altered foci in 
the short term assay~1. Thus, the assumption that mitogen-induced cell pro
liferation must be considered a promoting factor is questionable, at least as 
far as inducers of liver growth such as BR931, DEHP and nafenopin are con
cerned. Phenobarbital is perhaps the liver tumor promoter best studied; al
though its mechanism of action is by no means clear, its capacity to induce 
hepatic DNA synthesis~2, has been considered as a major component of its pro
moting ability. However, the facts that most of the liver growth induced by 
this compound is due to hypertrophy rather than to hyperplasia, together with 
the finding that the chronic treatment with phenobarbital induces only a 
small initial rise in DNA synthesis of normal as well as preneoplastic hepa-
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Fig. 6. Representation of the possible inhibitory effect of PH on the pro
cess of cell removal which follows the initial hyperplasia induced 
by mitogens, and of its effect in the development of enzyme altered 
foci. 

tocytes~3suggest that mechanisms other than cell proliferation should be 
considered as responsible for the promoting effect of this compound. More 
recently, inhibition of apoptosis, a process occurring at a very high rate in 
hepatic foci and nodules15,~~, and of phenotypic remodelling of foci and nodu
lar cells 36 , have been suggested as the factors responsible for the enlarge
ment of preneoplastic lesions. 

Thus, not much evidence is available in the liver system to really prove 
that the capacity to induce primary hyperplasia is ~ se what makes a chemi
cal a tumor promoter. 

One of the conditions that should be considered if one wants to deter
mine whether a compound is a promoter because of its mitogenic capacity, is 
that the chemical should induce DNA synthesis not only in the very first in
itial period, but throughout the experimental period; continuous feeding, 
thus is not a good system because the liver after the first 2-3 days does not 
respond any more to the mitogenic stimulus. A better system should be to 
inject the mitogen at various time intervals in such a way that liver cells 
may respond any time the proliferative stimulus is applied. 

We have recently designed an experiment aimed to determine whether re
peated injections with the mitogen lead nitrate could exert a promoting ef
fect on the development of GGT-positive foci induced by an initiating dose of 
DENA. Surprisingly, the results indicated that as many as 20 injections of 
lead nitrate did not have any promoting effect on the growth of GGT-positive 
foci; the lack of promoting activity is shown by the fact that no increase in 
the size or in the number of GGT-positive foci was seen in DENA + lead ni
trate treated rat liver when compared to the group treated with DENA alone 
(Table 1). It is important to note that lead nitrate maintained some ca
pacity to stimulate DNA synthesis even after the 20th injection. These 
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Table 1. Effect of repeated injections with lead nitrate on GGT foci 
in rat liver after DENA administration 

Treatment a 

DENA + 
Lead nitrate 
DENA + H2 O 
Saline + 
Lead nitrate 
Saline + H2 O 

Body 
weight 

549 ± 31 

557 ± 27 
535 ± 19 

586 ± 40 

Liver 
weight{i.) 

3.7 ± 0.1 

2.9 ± 0.1 
3.7 ± 0.1 

2.9 ± 0.2 

GGT+ Foci 

No./cm 2 Diameter ( !-1m) 

8.8 ± 2.9 166 ± 17 

19.7 ± 3.6 174 ± 17 
0.9 ± 0.2 N. D. 

1.6 ± 0.8 N. D. 

Values are the average of 5 rats ± SE. Lead nitrate was injected at 
a dose of 5 !-Imoles/100g of body weight, i.v., once every 15-20 days. 
a Time of sacrifice 11 months. 

results are quite surprising since it was expected that the administration 
of a powerful mitogen such as lead nitrate should promote the growth of 
preneoplastic lesions. The fact that lead nitrate despite its mitogenic ac
tivity 17,18, and its capacity to induce the expression of an altered phenotype 
similar to that of preneoplastic hepatocytes 21 ,22, fails to promote the growth 
of enzyme altered cells may suggest that the waves of apoptosis that follow 
the mitogenic stimuli, may eliminate the newly made islands cells, thus limi
ting the expansion of preneoplastic lesions. If this were to be the case, 
the process of apoptosis that follows the initial hyperplasia would compete 
with the proliferative process, thus, playing an opposite role to mitosis; in 
this respect, apoptosis might be defined as a compensatory cell death. 

An in depth study of the balance between cell proliferation and cell 
loss might provide very useful informations on the dynamics of the carcino
genic process. The detection of compounds that may alter this balance by 
favoring the loss of focal or nodular cells through apoptosis, would be of 
particular help for the understanding of this process. 
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ANALYSIS OF THE BIOLOGY OF INITIATION USING THE RESISTANT HEPATOCYTE MODEL 

INTRODUCTION 
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Critical to the design of models for the analysis of the hepatocellular 
lineage of carcinogenesis was the demonstration in vivo that key populations 
of hepatocytes arising during hepatocarcinogenesis showed a relative resist
ance to a variety of hepatotoxins1-3• It was then possible to show that in a 
cytotoxic environment, these resistant (R+) hepatocytes could be very select
ively stimulated to grow while the surrounding hepatocytes did not 4- 11 . A 
more direct visualization of R+ hepatocytes prior to such clonal expansion 
was not possible until a marker for R+ hepatocytes in nodules was identified, 
namely, the glutathione S-transferase P-form or GST-p 12- 15. GST-P positive 
(GST-P ) single hepatocytes were first shown by Moore et al. 14 in livers with 
nodules. We found singles, doublets and groups of GST-P+ hepatocytes in vivo 
within days to weeks after initiation with diethylnitrosamine (DEN) alone, 
prior to selection or promotion 15. Using the resistant hepatocyte model 4- 11, 
we found GST-P+ nodules of significant size within several days after the 
start of resistance-selection suggesting that the nodules did not arise de 
novo from single cells and that GST-P+ groups of hepatocytes are precursors 
of nodules1~ A design for more direct visualization of hepatocellular lineage 
was based on studies which quite conclusively showed that for hepatocytes to 
become initiated they must undergo cell proliferation 16- 20. We then demon
strated that hepatocytes proliferating in response to DEN-induced necrosis 
could incorporate bromodeoxyuridine (BUDR) and be seen in tissue sections 
using antibodies to BUDR and immunohistochemistry15. This paper reveals re
sults of studies to look for putative initiated hepatocytes, namely, resist
ant (R+), GST-P+ and proliferating (BUDR+). 

METHODS 

Initiation and BUDR Incorporation 

A series of experiments were carried out to establish doses of DEN which 
induced a significant number of GST-P+ hepatocytes and at the same dose a 
minimal number of proliferating hepatocytes (BUDR+) arising in response to 
DEN-induced necrosis so as not to obscure the field with BUDR+ cells. 
Fischer 344 adult male rats of 140 to 160 g b. wt. (Charles River Breeding 
Laboratories, Wilmington, MA) were given DEN as a single dose i.p. in saline 
of either 1, 5, 10, 15, 25, 50 or 200 mg/kg b. wt. and then 3 to 5 rats per 
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group sacrificed at 3, 7 or 14 days after DEN. BUDR at 100 mg/kg b. wt. was 
given starting at 12 h after DEN at 25 mg/kg b. wt. and a total of 6 doses, 
one each 6 h was given. Resistance-selection was as before11 with, 2-acetyl
aminofluorene and partial hepatectomy. Representative standard midline sec
tions of all lobes were fixed in formalin or Carnoy's solution 6 , and also in 
cold acetone for immunohistochemistry as described previously by Kaku et 
al. 21 • Quantitation of GST-P+, BUDR+ hepatocytes was done over entire liver 
sections under the light microscope by two observers. BUDR was purchased 
from Sigma Chemical Co., St. Louis, MO. Antibodies to BUDR were monoclonal 
from Becton Dickenson, and antibodies to nodule GST-P and placental GST-P 
were generous gifts of Dr. T. H. Rushmore of Toronto and Dr. Kiyomi Sato at 
Hirosaki, Japan, respectively. 

RESULTS 

DEN-induced necrosis and hepatocyte proliferation was seen at 25 mg/kg 
h. wt. (Fig. 1). At a dose of 200 mg/kg DEN, there was a very wide zone 3 
necrosis and striking hepatocyte proliferation. GST-P+ singles, doublets and 
groups were found at all but the lowest dose of DEN used (Figs. 2, 3). With 
increasing dosage of DEN there was a proportionate increase in GST-P+ hepato
cytes as singles, doublets or groups (Table 1, Fig. 4). Based on these re
sults the dose of 25 mg/kg b. wt. of DEN was chosen to initiate, in a search 
for visible R+, BUDR+, GST-P+ hepatocytes. When DEN exposure was followed by 
resistance-selection with 2-acetylaminofluorene and partial hepatectomy, 
large GST-P+ nodules appeared within 3 days (Fig. 5) suggesting that GST-P+ 
groups were precursors for the nodules. 

At three days and 7 days after DEN exposure BUDR+ (Fig. 6) or GST-P+ 
(Fig. 2) hepatocytes were found (Table 2). Hepatocytes showing both BUDR+ 
and GST-P+ using serial contiguous sections were not evident at 3 and 7 days 
after DEN. 

Fig. 1. Representative section of liver of rat at 3 days after exposure to 
a single dose of 25 mg/kg h. wt. i.p. of DEN. Mitoses such as the 
one evident were found in most lobules (haematoxylin and eosin 
stain, x 400). 
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Fig. 2. Section of liver of rat at 7 days after exposure to 25 mg/kg of DEN. 
A single GST-P+ hepatocyte is evident. Similar GST-P+ hepatocytes 
were found through all zones of the liver (see Table 2). Stained 
with PAP method 21 using antibodies to nodule GST-P. x 400. 

, 
• 

Fig. 3. Section of liver at 14 days after 50 mg/kg dose of DEN. A group 
(connected) of GST- p.+ hepatocytes is evident with a maximum cell 
"diameter" of 4 positive cells. (PAP method using antibodies to 
nodule GST-P, x 400). 
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Table 1. Numbers of GST-P+ singles, doublets and groups of 
hepatocytes in vivo in response to a single dose ex-
posure to diethylnitrosamine (DEN) 

Number a of GST-P+ DEN dose (mg/kg b. wt.) 
hepatocytes/cm 2 

1 5 10 25 SOb 200 

1 week after DEN 
46,118 b Singles c 38 a 147 

Doublets 6 2,12 28 
Groups 4 0,1 23 
Total 48 48,131 198 

2 weeks after DEN 
Singles 3 3 3 17,53 42 
Doublets 1 2 1 8,9 9 
Groups 0 1 1 2,10 21 
Total 4 6 5 27,72 72 

aNumbers are means per cm2 liver section of total counts from li
vers of 3 to 5 rats. GST-P immunohistochemistry and quantitation 
is given in the methods section of the text. bNumbers are values 
of totals from each individual liver. Values from two rats are 
shown. CSingles, doublets and groups of hepatocytes are defined 
in the text and in the figure legends to Figs. 2 and 3. 

DISCUSSION 

In this paper we document the appearance in response to initiation of 
BUDR+ cells or of GST-P+ hepatocytes which respond to resistance-selection 
(R+) to form nodules. Quantitation of GST-P+, BUDR+ singles, doublets and 
groups and of R+ nodules (results not shown, see ref. 15), points to a popu
lation of hepatocytes which has at least two of 3 properties proposed for 
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Fig. 4. Graph showing quantitation of the DEN dose response of induction 
of GST-P+ groups of hepatocytes in rat liver (see also Table 1). 
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Fig. 5. Section of liver at 72 h after the partial hepatectomy part of 
resistance-selection (see methods) in a rat given 25 mg/kg of DEN. 
GST-P+ hepatocytes are evident occupying most of the field of view. 
PAP method, x 400. 

putative initiated hepatocytes (Fig. 7). In addition, the results suggest 
that many hepatocytes have one or two properties but not all three, see also 
ref. 15. The difficulty in our studies to date to demonstrate BUDR+ and 
GST-P+ in the same hepatocytes could be related to two factors, namely, to 
the interference of the BUDR with expression of GST-P or the generation of 
GST-P+ hepatocytes in response to DEN only after 3 days. We are now planning 
to incorporate BUDR over a much longer period than 3 days after DEN. 

The dose-related response of numbers of GST-P+ hepatocytes shown here 
which appears independent of the cell proliferative response to DEN-induced 
necrosis, is intriguing since initiation of R+, GST-P+ nodules is a discon
tinuous response starting above doses of DEN 20-25 mg/kg 4 - 16 • Whether the 
dose dependency of induction of singles, doublets or groups of GST-P+ hepato
cytes induced by DEN has a close association with biochemical responses is an 
open question 22. 

The ability to identify and to isolate hepatocytes which are precursors 
for cancer development continues to be a critical endeavour. Molecular 
studies of persistent nodules compared to surrounding tissue and cancers have 
revealed specific alterations in gene expression of hepatocytes 23 - 27 • It is 
hypothesized that these persistent genetic changes are built in at the time 
of initiation 15. This model for identification of initiated hepatocytes 
would seem to be a very promising beginning in the pursuit of understanding 
the molecular and cellular bases of the cancer process. 
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Table 2. Numbers of GST-P+ and of proliferating (BUDR+) hepatocytes 
in vivo in response to a single dose exposure to DEN a ---

Number b of 3 days 7 days 
GST- P +, BUDR+ 
hepatocytes/cm 2 

GST-P+ BUDR+ GST-P+ BUDR+ 

Singles c 19d 134 57 73 
Doublets 1 36 7 26 
Groups 0 0 5 1 
Total 20 170 69 100 

aDEN was given as a single dose of 25 mg/kg b. wt. and rats were sac
rificed at 3 and 7 days after DEN exposure. blmmunohistochemical 
methods for GST-P+ and BUDR+ and quantitation are given in the text. 
CSingles, doublets and groups of hepatocytes are defined in the text 
and in the figure legends to Figs. 2 and 3. dNumbers are per cm 2 li
ver section and are the means of values from quantitation of livers 
from three rats. 
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Fig. 6. Section of liver at 7 days after 25 mg/kg of DEN as in Fig. 2 of a 
rat given BUDR. Three BUDR+ hepatocytes in a row, staining with 
anti-BUDR in their nuclei are evident. Similar BUDR+ hepatocytes 
were found throughout the liver tissue (see Table 2) and in other 
BUDR-loaded rats when examined at 3 and 7 days after DEN. (PAP 
method using monoclonal antibodies to BUDR, x 400). 
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Fig. 7. Venn diagram with three circles each representing a specific 
population of hepatocytes. One circle represents hepatocytes 
showing resistance or R+, a second group is proliferating and 
is BUDR+ and the third circle includes all GST-P+ hepatocytes. 
Initiated hepatocytes are proposed to be that population of 
hepatocytes which has all three phenotypic properties. 
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An understanding of the molecular basis of tumor promotion is essential 
if we are to fully understand those molecular events which occur between the 
original initiating step, and the subsequent development of a malignant tu
mor 1,Z It is very likely that the long time period observed for the develop
ment of cancer in humans reflects the consequences of exposure to tumor pro
moters over several years. 

Unfortunately, although our knowledge of tumor promotion in mouse skin 
is extensive3-~ and a large variety of tumor promoters have been used in 
these studies, it is unlikely that these compounds playa role in most human 
cancer, since they are rather exotic chemicals which are not of widespread 
occurence in the environment. 

Nevertheless, an understanding of the molecular basis of their effects 
is of great importance, because it should help us in the search for promoters 
which are involved in human cancer. 

In mouse skin, numerous studies have been carried out with the 12,13 di
esters of the tetracyclic diterpene alcohol, phorboI9,1~ and more recently, a 
number of totally different chemicals have been found which have very similar 
biological effects to the phorbol esters. Among these compounds, called TPA 
like promoters9,1~ are the teleocidins, which are based on the indole alka
loid structure 7,11, aplysiatoxins, which are polyacetates 12 and ingenols 7 ,13. 

The wealth of structure-activity data on these promoters has continued 
to increase, especially since the discovery that these four classes of tumor 
promoter all bind with high affinity to a receptor protein which has been 
shown to be Protein Kinase-C (PKC), a Ca 2+/phospholipid dependent kinase 
which plays a pivotal role in the important pathway involved in phospholipid 
metabolism 14 ,15. The natural substrates for PKC are diacylglycerols (DAG), 
and it is believed that TPA type promoters usurp the role of the DAG15. 

In order to understand the structure activity data at the molecular le
vel, we need more information on the molecular structure of the various pro
moters, and their interactions with PKC. Unfortunately, although we know 
something of the active site amino acid sequence in PKC, we do not yet have 
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any structural data on this enzyme 16. Despite this limitation, we have used 
the methods of theoretical chemistry in an attempt to rationalise the experi
mental data, and describe the methodology and our preliminary results in this 
paper. Our conclusions are that more detailed studies on these molecules 
using theoretical techniques will ultimately enable us to more fully under
stand the molecular basis of the tumor promotion step in Chemical Carcinogen
esis. 

THEORETICAL CHEMISTRY BACKGROUND 

During the last ten years, applications of the methods of theoretical 
chemistry to a large variety of biological problems have become feasible, due 
to very important advances in the methodology and computational resources. 
Of particular importance is our ability to calculate a theoretical structure 
of molecules containing up to ~lOO atoms, using gradient techniques, which 
enable one to locate energy minima and transition states on the potential 
surface. Structures can also be computed for larger molecules, such as poly
peptides or polynucleotides at a lower level of theory. 

There are two principle methods which we use. In the first, the method 
of Molecular Mechanics 17, the total energy is calculated from an empirical 
force field which has been extensively tested on small molecules. This 
method is very fast, but since it is non-quantum mechanical, it only yields 
structural information. However, the results are in very good agreement with 
experiment if the relevant force field parameters are known, and the method 
can be used for very large systems, such as large polypeptides 18. 

The second method is the semi-empirical MNDO method, which is a self 
consistent field quantum chemical technique, extensively developed and tested 
by Dewar 19 ,20. The approximations and parametrisation of the method are well 
documented, and the results of the calculations give the molecular wave 
function, the energy minima (or transition state structures), and a variety 
of molecular properties, including bHf (298K) and the vibrational frequen
cies. The computed minimum energy structure is described in terms of the 
usual 3N-6 internal coordinates i.e. bond lengths, interbond angles and 
torsion angles. Agreement with experimental geometries and properties for a 
large variety of molecules is very good, and we therefore have confidence in 
the predictions of the method for other molecules. 

It is perhaps less widely appreciated amongst biochemists that the be
haviour of even the largest molecules is determined by the electrons in the 
molecule, and the electronic charge distribution p(r) obtained from the wave 
function ~(r), MUST be considered if we are to fully understand the molecular 
basis of biochemical processes. The information available from calculations 
of ~ and related properties is much greater than information available from 
just the spatial positions of the atoms in the molecule. This is especially 
true of molecules with a complicated 3-dimensional arrangement of the atoms 
in space. Stereo-electronic effects can rarely be predicted just on the 
basis of the atomic positions. 

The ability to calculate the wave function ~ for the molecules involved 
in various aspects of chemical carcinogenesis in principle should enable us 
to explore in much greater detail the reasons for the observed structure-ac
tivity data on these molecules. 

THE MOLECULAR ELECTROSTATIC POTENTIAL AND COMPUTER GRAPHICS 

One molecular property which is very easily computed from the wave func
tion is the molecular electrostatic potential (MEP), which we can define as 
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where pCr') is the electronic charge density at r', and Zm and Rm are the 
charge and post ions of the m+nnucleus VCr) can be regarded as the potential 
of the molecule at r due to the electronic charge distribution of the mol
ecule 21 • It is clear from numerous previous applications that this quantity 
is of considerable use in exploring structure activity relationships in phar
macology, and we believe will also be important in the applications to tumor 
promotion. 

For a complicated molecule, the most effective way of displaying the 
potential in three dimensions is not obvious. The availability of colour 
graphics displays has, however, made the pictorial representation of VCr) 
much easier, and we have developed programs to do this based on the following 
methodology. 

VCr) is computed from the wave function at a series of points on a Van 
der Waals surface surrounding each atom in the molecule, using the algorithm 
due to Conolly 22 The resulting potentials are then displayed on a color 
graphics terminal, with a range of colors. Typically the most negative po
tentials are displayed in red, zero potential in yellow, and positive poten
tials in blue, with intermediate potentials in the appropriate intermediate 
colors. The resulting displays show quite clearly the important variations 
in potential over the whole molecular framework, the,kinds of potential 
generated by particular functional groups in the molecule, and, most impor
tant, the changes in the appearance of the MEP maps which occur when differ
ent substituents are introduced into the molecule. We believe that a de
tailed analysis of these maps will provide much more detailed information 
related to structure-activity relationships than has been obtained up to now 
by an analysis based solely on the spatial positions of key functional 
groups. This is because the intermolecular interactions, and therefore the 
binding, are determined by pCr), and hence are reflected in VCr). 

PREVIOUS WORK AND STRUCTURAL DATA 

Fortunately, it is possible to confirm the reliability of the computa
tions because crystallographic data is available for phorbo1 23 , teleocidin 24 , 

and ingeno1 25 The basic ring structures of these compounds was used as a 
starting structure for the molecular modelling studies on model compounds, 
whilst the completely optimized structures of phorbol, teleocidin and ingenol 
were compared in detail with the X-ray structures. There has been one pre
vious study of phorbol, using an older method MINDO/3 Ca precurser to 
MNDO) 26, but in this study and some more recent modelling studies 27 ,28, there 
was no discussion of the wave function or qualities related to it. 

In the earlier attempts to understand why these chemically quite dif
ferent molecules interact with the same receptor, Weinstein and coworkers, 
suggested, on the basis of the available structure-activity data, that there 
are key functional groups in the different molecules which have to be in a 
particular spatial arrangement for binding 28 ,29. Relatively crude compari
sons were made of these molecules in this light, and some molecular mechanics 
calculations confirmed that these conformations correspond to low energy 
structures. 

COMPUTATIONAL STRATEGY 

Our approach has been to calculate the molecular wave function for 
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these molecules, and for model compounds related to them, and to obtain as a 
result, more detailed information than is possible using a non-quantum me
chanical method such as molecular mechanics. 

Since these molecules are quite large in terms of quantum mechanical 
calculations, we have chosen first to investigate model compounds containing 
the key functional groups which are necessary in the phorbol and teleocidin 
promoters. In these model compounds, we do not include the long chain ester 
groupings (in phorbols), nor the terpene ring in teleocidins. It is of 
course true that phorbol itself is not a promoter, but the ester group is 
probably necessary for lipid solubility rather than binding. 

In our first attempts, we in fact carried out calculations in which an 
even simpler model for the phorbol system was used, essentially based on a 2 
membered ring system 30 However, to obtain the correct conformation of the 
second seven-membered ring, the full structure of the phorbol ring system 
needs to be included. We report in this paper, our results on the more real
istic models for phorbol and teleocidin type promoters. This work is incom
plete, since the studies of the structure activity relationships will demand 
similar computations for a large number of the substituted derivatives, and 
this work is in progress and will be reported in detail elsewhere. 

As mentioned earlier, we are now able to calculate fully optimized geom
etries for these molecules using current methodologies. To reduce the com
puter time required, we use the following strategy. 

Starting from the crystal structure coordinates of the basic ring sys
tem, we fully optimize the structure using the AMBER molecular mechanics 
program 31 -33. 

We use the all atom force field 32 , the calculations are very fast, and 
the resulting structure provides a good starting geometry for a subsequent 
calculation, again with full optimization, carried out with the MNDO SCF 
method 19,20. The MNDO optimized structure can be compared with X-ray struc
ture for the complete molecules. 

The MNDO wave function is then used to calculate the Molecular Electro
static Potential (MEP) in 3-dimensions. 

Finally, for the smaller model compounds, we have calculated an ab
initio SCF wave function using an STO-3G basis set at the MNDO optimized 
geometry 34. The results of this calculation are displayed in the same way, 
and in general do not differ s:gnificantly from the MNDO results. Fortu
nately, the main features of the MEP can be reliably calculated without doing 
an ab-initio calculation, which is much more expensive. 

The calculations described in the present paper were carried out either 
on the VAX 11/785 computer at the University of St. Andrews, or the 
MICROVAX-2/GPX work station in the authors laboratory. The MEP were dis
played both on a Tektronix 4109 color terminal or on the VT290 color terminal 
of the workstation, using either the display facilities of the molecular 
modelling program CHEMX35, or our own in-house graphics programs 36 ,37, which 
are under continuous development. 

RESULTS 

Comparison of the Atom Positions in the Crystal Structures 

Fig. 1 gives the numbering scheme and chemical structures for TPA, 
Teleocidin and Ingenol. A fitting algorithum in CHEMX was used to fit 
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(e) (-) Indolactam-V 

Fig. 1. Chemical formulae and numbering scheme for ta) TPA (b) lngenol 
(c) Teleocidin (d) Phorbol Model Structure (e) (-) lndolactam-V. 

atoms 03, 04, 09, 020 in phorbol and ingenol with 011, N13, N1 and 024 in te
leocidin. The best fit was obtained with TPA-ingenol, with a mean deviation 
of 0.71A. Details of this are given in our earlier papers on the close cor
respondence of the position of these key groups in the different molecules. 

Calculated Structures and Potential of Models for Phorbol: 2 Ring System 

The compound illustrated in Fig. 1 was chosen as a model, and several 
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different substituents attached to the rings were investigated (Table 1). 
These different substituents result in different tumor promoting activities 
in the real phorbol esters, and we hoped to see differences in the MEP which 
would correlate with these differences. The geometries were completely opti
mized at the MNDO level, and the MEP computed from a single point ab-initio 
SCF calculation. Table 1 lists the heats of formation and the total energies 
computed at the STO-3G level. 

The calculated bond lengths and angles are in good agreement with 
the crystal structure data on the relevant rings 23 ,25, but the dihedral angles 
are not; the calculations giving a more stable chair conformation of the 
7-membered cycloheptene ring, in contrast to the observed boat conformation. 
Details of these calculations are to be found elsewhere 30, but it is clear 
that a more realistic model is essential, namely to use the full phorbol 
molecule as the model system. 

We also found in our early work that the MEP of the different compounds 
are rather similar, and that in this case the influence of the missing ring 
might be important, and therefore we turned our attention to phorbol itself. 
Since this is a lot bigger, substituent effects will be much more time con
suming to study, but these are feasible on our MICROVAX-2, and are un
derway. 

Computed Structures for Phorbol and Ingenol 

Our results for phorbol and ingenol are summarized in Table 2, in which 
we list ~Hf and some selected values of the internal coordinates for the two 
molecules. These preliminary results refer only to the conformation with BOH 
group at position 4, which is the conformation which occurs in the TPA and 
ingenol type tumor promoters, the 4-0Ha conformers being inactive. 

Agreement with the values obtained from the X-ray studies is generally 
very good, particularly the 7 membered ring conformation. The close agree
ment is particularly striking in displays of the structures using the CHEMX 
program. It is also gratifying that these structures are well reproduced 
using the molecular mechanics method. A full optimization with this tech
nique takes a few minutes on the MICROVAX-2! 

Figs. 2 and 3 give six different views of the MEP maps computed for 
these molecules. The variations in the MEP can only be properly appreciated 
in a color display, but it is clear that analysis of these for different 
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Table 1. Heats of formation and total energies for the 
phorbol model system illustrated in Fig. 1 

Substituent 

4-0H8 
4-0Ha 
4-HB 
4-Ha 
4-0HB, 9-0H 
4-0HB, 6-Me 
4-0HB, 9-0H 

6-7 epoxide 
4-0MeB, 9-0H 

6Hf (MNDO) 
kca1.mol- 1 

-103.7 
-lOS.l 
- 6S.1 
- 69.9 
-142.7 
- 61. 6 
-162.2 

-132.2 

~Hf (STO-3G/HNDO) 
atomic units 

-679.652 
-679.660 
-605.S31 
-605.S34 
-753.477 
-605.S33 
-S27.329 

-792.051 



Table 2. Comparison of selected internal coordinates for the calculated 
and X-ray structures of phorbol and ingenol 

Phorbol Ingenol 

Calc X-ray Calc X-ray 

Bond Lengths 
C1-C2 1.358 1.341 1.350 1.320 
C2-C3 1.499 1.460 1.532 1.485 
C3-03 1.220 1.220 1.397 1.471 
C4-04 1.400 1.427 1. 387 1.414 
C6-C7 1.356 1. 327 1.360 1.338 
C8-C9 1.599 1.546 1.548 1. 527 
C9-09 1.410 1.461 1.223 1.207 

Interbond Angles 
C1-C2-C3 109.29 108.5 110.2 109.4 
03-C3-C2 127.44 126.7 113.8 109.4 
C6-C7-C8 128.10 127.5 120.4 119.6 

Torsion Angles 
C1-C2-C3-C4 358.5 355.1 -16.1 -18.9 
C5-C4-C3-C2 224.2 230.7 265.5 271. 7 
C7-C8-C9-C10 46.5 43.2 
09-C9-ClO-Cl 15.3 21.9 

llHf (298K) -178.6275 -121. 244 

substituted phorbols and ingenols should be most helpful in interpreting the 
structure activity data. 

Computed Structure for a Teleocidin Model 

Table 3 gives the computed structure for one possible configuration of a 
model for teleocidin: namely, the Indolelactom -V reported by Irie et al. 38• 

Fig. 4 gives six different views of the MEP of this molecule. The structural 
parameters are again reproduced quite well, although the X-ray value for 
R(C8-C9) seems long: our value of 1.563A looks more reasonable. The lactam 
ring conformation is quite flexible, and we are currently exploring the PE 
surface for this molecule. 

DISCUSSION 

The calculation of the MEP on Van der Waals surfaces, as depicted in 
Figs. 2, 3, and 4, should furnish very detailed information which is relevant 
to the interaction of these molecules with their receptor. Analysis of these 
maps, together with the computation of similar MEP for other conformers, and 
for different substituents in these molecules, should enable us to shed more 
light on the structural and electronic features of these molecules which are 
important in determining the observed differences in the biological activi
ties in these series7 , 10,38. Such studies are underway and the results will be 
reported elsewhere 39. It must be emphasised that it is essential to use 
color displays of the MEP to obtain the maximum of information, and therefore 
Figs. 2-4 can only give a crude impression of the potential of these methods, 
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Fig. 2. Six different views of the MEP of the Phorbol optimized MNDO 
structure. 

Fig. 3. Six different views of the MEP of the Ingenol optimized MNDO struc
ture. 
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Table 3. Comparison of selected internal coordinates with X-ray 
values for the Teleocidin model (-)-Indolactam-V 

Bond lengths 
NI-Hl 
C2-C3 
C4-N13 
C12-N13 
Cl1-011 
C12-015 
C3-C8 
C8-C9 

Interbond Angles 
C5-C4-NI3 
N13-C12-C15 
C3-C8-C9 

Torsion Angles 
C12-N13-C4-C5 
Cl1-C12-N13-C4 
C24-C9-N10-Cl1 
011-Cl1-C12-N13 

~Hr (298K) = -12.423 

Calc 

0.993 
1.396 
1.430 
1.474 
1. 231 
1.579 
1.502 
1.563 

119.6 
116.8 
116.7 

236.1 
222.3 
202.4 
254.1 

X-ray 

1.000 
1.407 
1.416 
1.450 
1.230 
1.537 
1.450 
1.606 

120.1 
116.0 
112.3 

238.7 
213.8 
180.4 
251. 9 

Fig. 4. Six different views of the MEP of the (-)-Indolactam-V optimized 
MNDO structure. 
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which we believe will be invaluable in the study of these and other tumor 
promoters and inhibitors of tumor promotion~o. 
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A CELL CULTURE MODEL FOR STUDY OF CHEMICALLY-DERIVED AND SPONTANEOUS MOUSE 

LUNG ALVEOLOGENIC CARCINOMA 

Garry J. Smith l , Jacqueline M. Bentel l , Tarja A. Savolainen l , 

John G. Stee12 and Christine K. Loo' 
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of New South Wales, P. O. Box 1, Kensington 2033, Australia 
and 2C.S.I.R.O. Division of Molecular Biology, P. O. Box 184 
North Ryde, 2113, Australia 

INTRODUCTION 

Lung adenomas are among the most common tumors of mice and may occur 
spontaneously or be induced by carcinogens such as urethane'. A proportion 
of the benign adenomas reportedly progress to adenocarcinomas'. The alveolar 
adenoma is believed to derive from an epithelial cell of lung alveolus, the 
type II pneumocyte. 

RESULTS AND DISCUSSION 

An epithelial cell type related to the type II pneumocyte has been es
tablished in culture (Fig. 1). This cell strain, designated NAL1A, from nor
mal adult mouse lung, is type II pneumocyte-related based upon ultrastructur
al observation of lamellar structures, analysis of phospholipid profiles, and 
identification with a type II pneumocyte-specific polyclonal antiserum 2. In-

LUNG ALVEO LAR 
TYPE I I CELLS 

URETHANE 
TREATMENT 

+ 

-- SPONTANEOUS CULTURE EVENT - NALlAS 

B5D3 
,/ 

ClClO 

CELL CLONE /<----------------<.~ ClSA5 
Cl 

" 14ElO CELL CLONE L. ___________ .. ~ C4SE9 

C4 

ADENOMA --------------------. NUll 

PRENEOPLASTI C MALIGNANT 

Fig. 1. Derivation of type II pneumocyte-related and urethane-induced adeno
ma cell strains. 
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dependent cultures of a malignant cell strain have been derived from urethane
derived mouse lung adenomas (Fig. 1) which have been established in culture 3 • 

The adenoma-derived strain is malignant by the criteria of anchorage-indepen
dent growth 4 , and subcutaneous formation of invasive poorly differentiated 
carcinomas when implanted in mice (Fig. 2). 

Cloned cell lines of NAL1A, namely clones BS, C1 and C4, spontaneously 
generated morphological variant cells similar to NULl. A secondary round of 
cloning enabled rescue of "sibling" pairs of non-malignant and morphological 
variant cell lines from these clones. These non-malignant and variant clones 
were designated, respectively, BSD3 and BSsF11, C1C10 and C1s AS, C4E10 and C4s 
E9 (Fig. 1). The spontaneous morphological variant cell clones have exhibited 
malignant characteristics similar to the chemical tumor-derived cell strain 
NULl. 

The spontaneously malignant and tumor-derived cell strains have exhib
ited a number of changes in cell membrane-associated features which correlate 
with increased malignant properties. These include a reduction in EGF recep
tor activity 4 and decreased pericellular fibronectin (Fig. 3). The synthesis 
and secretion of fibronectin, determined by (35 S] Methionine incorporation and 
precipitation with a fibronectin-specific polyclonal antiserum is absent in 
both malignant cell types (Steele et al., submitted for publication). A tight 
correlation has been observed between onset of malignant phenotype and loss of 
fibronectin protein synthesis and pericellular secretion. 

An analysis of the molecular basis for the loss of fibronectin expres
sion in these minimal deviation variants may help to elucidate the molecular 
events underlying onset of the malignant phenotype. Comparison of such mo
lecular events in the chemically derived versus spontaneous l y generated ma
lignant cells described above may provide information on the mechanism of 
chemical carcinogenesis in the mouse lung adenoma system. The similarities 
between the cells generated by the chemical and spontaneous mechanisms sug-

Fig. 2. 
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An invasive poorly differentiated carcinoma (arrowed) formed subcu
taneously in a BALB/c mouse 6 weeks after injection of 10 6 cells of 
BSsFll. 
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Fig. 3. [1251] labeled cell surface fibronectin (arrowed) 
is present in non-malignant (1) and absent in 
malignant (2) cell strains as observed by PAGE. 

gests that similar molecular events may underly the two phenomena of neoplas
tic transformation. 
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STUDIES ON METABOLIC PERTURBATIONS AND TUMOR PROMOTION: GLYCINE INDUCES 
THE SYNTHESIS OF OROTIC ACID, A TUMOR PROMOTER AND THE EXPRESSION OF 
CERTAIN CELL CYCLE DEPENDENT GENES 
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Recently we have demonstrated that orotic acid (OA), a normal cellular 
constituent is an efficient promoter of liver carcinogenesis in the rat'-4. 
Being a precursor of pyrimidine nucleotides, feeding OA results in an in
creased synthesis of uridine nucleotides in the liver. This increase in uri
dine nucleotides is associated with a decrease in adenine nucleotides thereby 
creating an imbalance in the nucleotide pool. It was hypothesized that 
creation of such an imbalance in the nucleotide pool is an important factor 
in the mechanism by which OA exerts its promoting effect4,~ One of the sig
nificant aspects of this hypothesis is that since each cell has its own nu
cleotide pool pattern geared to its needs, disruption of this pattern could 
be one mechanism to achieve promotion in a variety of organs. Indeed OA has 
been shown to promote carcinogenesis in the duodenum initiated by azoxy
methane 6. 

If the creation of an imbalance in nucleotide pool by increased OA syn
thesis is a key factor in promotion, then other conditions which induce syn
thesis of OA need to be explored for their promoting ability. Among these 
will be included (I) dietary manipulations like feeding excess amino acids or 
proteins or feeding diets deficient in arginine, (II) metabolic and genetic 
disorders, particularly of the urea cycle, e.g. deficiency of ornithine 
transcarbamylase (OTC) and arginase, defects in ornithine transport into 
mitochondria, etc. We have found that feeding rats a diet deficient in argi
nine results not only in an increased synthesis of OA but also a nucleotide 
pool pattern in the liver similar to that found in rats fed OA, i.e., in
creased uridine nucleotides and decreased adenine nucleotides 4 ,Z Further
more, such a dietary regimen also had a promoting effect in carcinogen initi
ated rats 4. It is of interest to note that patients with hypertyrosinemia 
exhibit a high incidence of hepatocellular carcinomas. Whether orotic acid 
or altered nucleotide pools play any role in the pathogenesis of cancer de
velopment in these patients is yet to be determined. Similarly the sparse 
fur (spf) mutant male mouse which is characterized by an over 95% deficiency 
in OTC, synthesizes and excretes large amounts of OA9. Here again we have 
found that there is an increased synthesis of uridine nucleotides and an im
balance in hepatic nucleotide pool, a pattern similar to that encountered in 
rats fed orotic acid (Fig. 1). Whether these conditions have a promoting 
effect in carcinogen initiated mice is currently under investigation. The 
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Fig. 1. Pyrimidine and purine ribonucleosides/ribonucleotides in sparse fur 
(spf) mutant male mouse liver. Immediately after sacrifice the liver 
tissue was quickly frozen in liquid nitrogen. A 0.6 M perchloric 
acid soluble nucleoside/nucleotide pool was prepared by the method 
of Brown 'et al. 2o and converted to nucleosides by phosphodiesterase 
and alkaline phosphatase 21 • The ribonucleosides were separated from 
deoxyribonucleosides using a boronate affigel 601 column 22. The 
ribonucleosides of cytosine, uracil (U), adenine (A), inosine (I) 
and guanine were separated using high pressure liquid chromatography 
on a ~bondapak C18 column (Waters) using a 0.01 M ammonium phosphate 
buffer pH 5.1. For simplicity sake only the values for U, A and I 
are presented in the figure. The values are the average of 7 spf 
mice and 4 control mice + S.E. 

foregoing emphasizes the need to examine the nucleotide pool patterns gener
ated in other genetic disorders leading to orotic aciduria and determine 
whether these genetic disorders increase the risk of tumor promotion. Also 
of importance would be other metabolic disorders like folic acid deficiency 
wherein high levels of dUMP are found as a consequence of the decreased 
activity of dihydrofolate reductase 10. Although no data on promotion are 
available, evidence has been presented which suggests that folic acid 
deficiency is associated with cell transformation in vitro 10 • 

MECHANISM OF INDUCTION OF OA SYNTHESIS BY AMINO ACIDS 

The finding that a simple dietary manipulation like feeding excess amino 
acids can endogenously generate a potential multiorgan tumor promoter like OA 
prompted our investigations into the mechanisms involved in the induction of 
OA synthesis. It has been hypothesized earlier that the increased ammonia 
formed from excess amino acids (or proteins) causes an increase in the mito
chondrial carbomoylphosphate (CP) levels which surpasses the capacity of the 
urea cycles system. The excess CP then leaks out into the cytosol where it 
is converted into OA (Fig. 2). Our experiments to elucidate the mechanisms 
involved in the stimulation of OA synthesis by amino acids have revealed 
that, in both rats and mice, the induction is a transcription and translation 
dependent event 11 • Thus, administration of excess glycine to rats caused a 
stimulation of OA synthesis which was inhibited by both actinomycin D and 
cycloheximide 11 • The inhibitor sensitive step appears to be the induction of 
ornithine decarboxylase (ODC), an enzyme which metabolizes ornithine and 
thereby depletes its reserves 12. Since ornithine plays a pivotal role in the 
utilization of mitochondrial CP for urea synthesis, a decrease in its levels 
limits the availability of this key intermediate for urea synthesis. Al
though administration of glycine increases the levels of both CP and orni
thine, the simultaneous induction of ODC alters the ratio of CP to ornithine 
in favour of CPo Under these conditions the excess mitochondrial CP becomes 
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Fig. 2. Schematic representation of the synthesis of orotic acid from excess 
amino acid. 

available for the synthesis of OA. Inhibition of induction of ODC by cyclo
heximide also shuts off the amino acid stimulated OA synthesis. 

INDUCTION OF CELL CYCLE DEPENDENT GENES BY GLYCINE 

The induction of ODC and OA by glycine brings into focus another aspect 
of the problem. ODC is an enzyme normally induced during cell proliferation 
and is involved in the biogenesis of polyamines which are important for DNA 
synthesis. The question therefore arises whether glycine also induces the 
expression of other genes that are normally activated during the cell cycle. 
Our results indicate that administration of glycine induces not only the 
synthesis of ODC but also the expression of some other cell cycle dependent 
genes viz., c-fos, c-~ and c-Ha-ras (Table 1). The kinetics of expression 
of all these genes is similar. Their mRNAs can be detected as early as 20 
min after injection of glycine, peak at 1 h and decline by 2 h indicating the 
transient nature of the induction (data not shown). However, there was no 
induction of the expression of ribonucleotide reductase, another gene 
function associated with DNA synthesis (Table 1). 

Despite induction of some cell cycle dependent genes, glycine did not 
induce DNA synthesis (data not presented). In this context, a point that 
merits consideration is the temporal sequence of expression of c-fos, c-~, 
c-ras and ODC during cell cycle. Both in vivo and in vitro, cells respond to 
growth stimuli by expressing these gene;-in-;-tempo~l sequence13- 17 • After 
glycine administration however, there is no temporal sequence in their ex
pression. One wonders whether sequential expression of these genes rather 
than expression per se is necessary for DNA synthesis. 

This observation is provocative. For example proteins have been shown 
to induce DNA synthesis in hepatocytes and liver cell proliferation in the 
rat in viv0 1B • However, the role of individual amino acids in the induction 
of cell cycle is not known. Do they merely serve as building blocks for the 
increased demand in protein synthesis? Or do they in addition, participate 
in the process by inducing the expression of different cell cycle dependent 
genes? The observation that glycine induces the expression of c-fos, c-~, 
c-ras and ODC but not ribonucleotide reductase and DNA synthesis lends sup
port to the thesis that different amino acids can induce the expression of 
different genes that are implicated in cell cycle. This leads to the sugges
tion that amino acids either singly or in mixtures serve as transducer mol
ecules for signals affecting cell proliferation. Induction of ODC by growth 
factors has already been shown to be mediated by amino acids 19. 
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Table 1. Induction of the expression of cell cycle dependent genes by 
glycine 

Genes probed 

c-~ 

c-fos 
c-Ha-ras 
Ornithine decarboxylase 
Ribonucleotide reductase 

Fold Induction 

44 
12 
2.6 
3.0 
1.0 

Rats were injected with glycine (2.5 mmoles/100 g i.p.) or with an 
equivalent volume of 0.9% NaCI and killed 1 h after the injection. Li
vers were removed and total RNA was extracted 23 from pooled livers of 
3 rats sacrificed per time point. Poly(A+) RNA was isolated by two 
cycles of oligo (dT) cellulose 24 • Ten ~g of po1y(A+) RNA from each 
time point were fractionated on 1% agarose gels 2S , transferred to gene 
screen plus (New England Nuclear) and immobilized with UV 26 • Various 
cDNA probes were labelled with 32 p-dCTP by random priming 27 • Blots were 
hybridized at 65°C in the absence of formamide and washed in 2 x SSC at 
65°C and the bands were revealed by autoradiography 28. Probes for v-fos, 
c-~ and v-Ha-~ were purchased from Oncor Inc., Maryland. Ribonucleo
tide reductase probe was a generous gift from Dr. William Lewis and Mr. 
Enrico Wensing, Department of Microbiology, University of Toronto. 
Quantitations were done using videodensitometric scanning technique. The 
values represent fold induction of expression of specific polyA RNA 
compared to 0.9% NaCI injection. 

The results presented here suggest that certain metabolic perturbations 
can induce not only the synthesis of orotic acid, a tumor promoter but also 
the expression of some cell cycle dependent genes. The significance of these 
observations in terms of tumor promotion needs further study. 
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COMPARATIVE STUDY ON THE EFFECT OF DIFFERENT TREATMENT SCHEDULES 
ON SOME CARBOHYDRATE METABOLIZING ENZYME ACTIVITIES IN RATS DURING 
HEPATOCARCINOGENESIS 

INTRODUCTION 
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Veterinar-Pathologie, Justus-Liebig-Universitat Giessen, FRG. 
5Institut fur Tumorbiologie-Krebsforschung, Universitat Wien 
Austria 

Phenobarbital (PB) is a well known tumor promoter, which in combination 
with an initiating drug is able to accelerate the development of Y-glutamyl
transferase (Y-GT)-positive foci and to induce tumor formation after long 
term feeding1-~ PB is also found to stimulate liver growth1,3,5. The hypo
lipidaemic drugs nafenopin and clofibrate induce liver tumors when fed to 
rats or mice6-~ They do not, however, stimulate growth of y-GT-positive 
foci 3,10,11. Recently we have shown some alterations in carbohydrate meta
bolizing enzymes in hepatocarcinomas induced with NNM and promoted by long 
term feeding with phenobarbital or clofibrate 12 . Pyruvate Kinase (PK) and 
fructose-l,6-biphosphatase (FBPase) activities were reduced and malic enzyme 
activity was increased in these rat liver tumors with and without PB or 
clofibrate feeding. The activity of Y-GT, however, was dependent on the ap
plicated drugs since only PB induced Y-GT-positive hepatocarcinomas. In this 
study activities of some enzymes were recorded after short term feeding of 
PB, clofibrate (Clof) or nafenopin (Naf) for 6 and 16 weeks. The results 
were compared with data obtained from long term application of these com
pounds for 64 weeks. Pyruvate kinase isoenzyme type L (LPK), malic enzyme 
(ME) and y-glutamyltransferase were also investigated by immunohistological 
and histochemical methods. 

MATERIALS AND METHODS 

Female Wistar rats, 4 or 16 weeks of age and weighing 50 or 160 g, re
spectively, were obtained from Zentralinstitut fur Tierzucht, Hannover, FRG. 
They were kept in air conditioned rooms and received food and water ad 
libitum. In experiment 1 the rats weighing 50 g were treated with a single 
dose of methylnitrosourea (MNU) dissolved in water and applied by stomach 
tube in a concentration of 60 mg/kg body weight. The day before administra
tion of MNU rats were hepatectomized (2/3) under ether narcosis. Beginning 
one day after MNU application animals received PB (50 mg/kg b. wt./day), 

*This paper is a part of the doctoral thesis of U. Gerbracht. 
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Naf (50 mg/kg b. wt./day) or Clof (250 mg/kg b. wt./day) with the food. 
Control rats were either untreated or pretreated only with the initiator MNU. 
The animals were killed after 16 weeks. 

In experiment 2 rats were treated with a single dose of aflatoxin B1 
(Afl), dissolved in olive oil and administered by stomach tube, in a concen
tration of 5 mg/kg b. wt .• The control group received olive oil without 
aflatoxin B1. Beginning 3 weeks later the rats received PB (50 mg/kg b. wt.1 
day) or Naf (100 mg/kg b. wt./day) with the food. The animals were killed 6, 
16 or 64 weeks after initiation. 

For histology liver slices of approximately 5 mm thickness were fixed in 
ice cold acetone. Following embedding in ParaplastR histological sections of 
5 ~ were cut. The Y-GT reaction was demonstrated by the method of Rutenburg 
et al. 13. Some liver slices of approximately 3 mm thickness were frozen di
rectly at -150°C in isopentane and stored at -70°C. Cryostat sections were 
then cut at a thickness of about 5 ~m and stained consecutively for ME and 
LPK. ME was demonstrated according to Lojda et al. 14. The demonstration of 
LPK type L with the peroxidase antiperoxidase (PAP) method was done as 
described earlier 15. 

Y-GT-positive liver foci were counted and the areas of these foci were 
measured by a Kontron-MOP-Videoplan. The area of the liver section was de
termined by using a planimeter. 

For biochemical investigations residual liver slices were stored at 
-70°C. The livers were homogenized with a teflon pestle in a buffer contain
ing 50 roM Tris/Cl (pH 7.2), 10 roM mercaptoethanol, 2 roM 5-aminohexanid (PMSF) 
and 1 roM EDTA. The pH was adjusted to 7.2 with HCl and the homogenate kept 
at 4°C. The homogenate was centrifuged at 50,000 g for 20 minutes and the 
supernatant was used for enzyme assays. In the case of the two membrane 
bound enzymes Y-GT and alkaline phosphatase the homogenates were centrifuged 
in a minifuge after addition of 1% Triton X-100. All enzyme activities were 
measured at 37°C in an automatical photometer (Eppendorf ACP 5040). 

The activity of PK (EC 2.7.1.40) was measured by the method of 
Eigenbrodt and Schoner 16 , FBPase (EC 3.1.3.11) according to McPherson 17 , 
malic enzyme (EC 1.1.1.40) in accordance with Zelewski 18 , glucose-6-phos
phate dehydrogenase (G6PDH) (EC 1.1.1.49) as described by Lohr and Waller 19, 
enolase (EC 4.2.1.11) was measured by the method of Bergmeyer20, and lactate 
dehydrogenase (LDH) (EC 1.1.1.27) according to Bergmeyer21. The activity of 
Y-glutamyltransferase (EC 2.3.2.2) was determined according to Persijn 22 and 
of alkaline phosphatase (AP) (EC 3.1.3.1) following the method of the "Opti
mierte Standardmethode" (DGKCH) Test combination of Boehringer, Mannheim, 
FRG 23. 

Statistical Methods 

All values in the tables are mean ± standard deviation. Those signif
icantly different from the appropriate control group by Student's t-test are 
marked as follows: (*) = P < 0.05; (**) = P < 0.01; (***) = P < 0.001. 

RESULTS 

Animal Weights and Liver Growth 

No difference in body weights between all animal groups were found 
(Table 1). The same Table also illustrates the change in the ratio of liver 
weight to body weight. This ratio showed a progressive increase in Naf and 
PB treated rats. Liver growth was only slightly induced with Clof (Table 1). 
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y-Glutamyltransferase Histochemistry 

Table 1 shows the appearance and growth of y-GT-expressing liver foci 
after treatment with PB, Naf and Clof. PB given after MNU accelerated the 
occurrence of y-GT foci and led to an induction of foci growth. Naf had no 
effect on the appearance of y-GT-positive foci. A slight increase in foci 
area was found when Clof was fed subsequently to MNU. Both hypolipidaemic 
drugs did not increase the number of y-GT-positive liver foci (Table 1). 

Pyruvate Kinase Isoenzyme Type L Immunohistochemistry 

Immunohistological investigation revealed that Naf leads to a strong 
diffuse decrease in LPK staining (Fig. lB). In contrast to the strong 
decrease with Naf, PB reduced LPK mainly in liver foci (Fig. lC). 

Malic Enzyme 

Naf caused an increased histochemical staining for ME activity in the 
liver sections mainly the periveneous zone. The expression of this enzyme 
was less intense when PB was applied and was even lower in the group treated 
only with MNU (Fig. 2B). Preneoplastic liver foci occurring in the PB group 
were excessively stained by ME reaction (Fig. 2C). 

Biochemical Determination of Enzyme Activities 

A strong decrease in the activity of PK was recorded in the Naf treated 
groups. The two other compounds, PB and Clof also decreased PK activity 
significantly but to a lesser degree than did Naf. The strongest inhibitory 
effect on FBPase activity was found with Naf but was also significant after 
feeding with PB. Clof application resulted only in a slight reduction in 
FBPase activity (Table 2). 

PB, Naf and Clof all induced the activity of ME. The most effective 
substance was Naf which increased the activity to about 800%. Both PB and 
Clof raised ME activity to about 150% (Table 2). 

The activity of G6PDH was significantly elevated in rats fed Naf but was 
not altered in other groups (Table 2). 

LDH was induced after exposure to the hyplipidaemic drugs and was 
strongly decreased after administration of PB. 

While PB increased y-GT and decreased AP activity, Naf strongly induced 
AP but reduced y-GT activity. The inhibitory effect upon y-GT was also 
present after feeding of Clof. Naf given without prior initiation caused 
quantitatively the same alterations as did Naf when applied in combination 
with MNU. Similar data were recorded for Naf treatment after administration 
of Afl (Table 3). 

In experiment 2 (time course of alterations after initiation by Afl) 
rats were kept for up to 64 weeks to study the effect of prolonged tFeatment 
of these drugs. Table 3 summarizes the results. Afl initiation led to a 
permanent increase in ME (Fig. 3), G6PDH, y-GT and AP. PB and Naf decreased 
PK, enolase and FBPase but increased the activity of ME to a higher degree • 
than Afl alone did. In addition, a strong induction of G6PDH, LDH and AP 
was observed in Naf exposed rats, whereas PB reduced activity of LDH. As to 
be expected, PB increased y-GT activity. Reduction of PK and LDH and stimu
lation of G6PDH and y-GT activities were more pronounced after longer appli
cation of PB, resulting in significant differences of these activities be
tween the animals investigated after 6 weeks and those sacrificed after 64 
weeks. (Fig. 3, Table 3). 
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Fig. 1. Immunohistological demonstration of LPK in liver. LPK staining is 
strongly reduced in the whole liver after Naf feeding, whereas the 
treatment with MNU in combination with PB leads to LPK deficient 
foci. A) PH/MNU/O: B) PH/MNU/Naf; C) PH/MNU/PB. 

DISCUSSION 

PB, Naf and Clof are non-genotoxic compounds leading to an acceleration 
of tumor development in liver of rats when given in combination with a clas
sical carcinogen 2,4,9. Application of these non-genotoxic substances also 
causes liver growth (Table 1)1,3,5,6. Hepatomegaly induced with Naf and Clof 
is known to be due to both hyperplasia and hypertrophy 6. This growth re
sponse is apparently different from normal growth or from liver growth occur
ring during regeneration because it is associated with increases in specific 
hepatic functions such as drug metabolism and peroxisome proliferation 1 • 

Feeding PB resulted in an appearance of Y-GT-positive foci which are 
known to present before hepatocarcinomas developed (Table 1)2,4. The 

329 



Fig. 2. Histochemical demonstration of NADP dependent ME in liver sections. 
Naf caused an increased histochemical staining for ME activity in 
the periveneous zone, whereas treatment with PB leads to ME foci 
(indicated by arrow). 

inability of Naf to induce growth of y-GT-positive liver foci was reported 
by other authors 10, too, and is in accordance with our own data 11 ,12. 
Di(2-ethylhexyl)phthalate and WY 14,643, two other potent peroxisome prolif
eration inducing compounds, showed also carcinogenic effects 6 ,24,25 and led to 
a suppression of y-GT in liver foci 26,27 • Clof was also found to have a 
suppressive effect on y-GT activity in biochemical assay, although this com
pound is able to stimulate slightly y-GT-positive foci (Tables 1-3). The 
hypolipidaemic effect of Naf is about 5 times as strong as that of Clof 28 , 
suggesting that suppression of y-GT activity in homogenates as well as in 
focal lesions might be related to the pharmacological potency of peroxisome 
proliferators. 
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Fig. 3. Activity after 6, 16 and 64 weeks of treatment with Afla/O (~), 
Afla/PB (~) and Afla/Naf (~) of NADP dependent ME, PK and 
Y-GT. a) Significantly different from control group (0--0). b) Sig
nificantly different from group pretreated with Afl. c) Significant 
difference between the groups receiving the respective drugs for 6 
and 64 weeks. 

The inhibitory effect of Naf on Y-GT activity, in focal lesions as well 
as in liver homogenate, was also observed in rats initiated by N-2-fluorenyl
acetamide (AAF), whereas Clof decreased this activity only in liver homog
enates 3: In accordance with our data, this study describes also a strong 
induction of AP after feeding of Naf but not after Clof administration3 • 

The comparison of carbohydrate metabolizing enzyme activities in rats 
treated with PB, Naf or Clof subsequently to an initiation with MNU or Afl 
reveals that the application of each of these compounds resulted in a de
crease of PK, FBPase and enolase activities but in an increase of ME activ
ity. Recently we have shown that the same alterations also occur in hepato
carcinomas of rats induced with NNM and followed by PB or Clof treatment 12 • 

In this previous study an interesting finding was observed with PK : Clof 
inhibited the activity of PK with and without initiation by NNM to nearly the 
same degree. In contrast PB showed a strong suppression of PK activity only 
when combined with NNM administration 12 • These data are in accordance with 
those presented in this study. While Naf led to an immediate and permanent 
decrease in PK, the inhibitory effect of PB was more pronounced with pro
longed application (Fig. 3). The latter effect may be due to occurrence of 
more and larger L-PK-negative foci 29 during the time course of PB administra
tion. A reduction of PK in nodules induced by DEN and followed by a selec
tion procedure with AAF and CC1 4 was also found 30 and confirm our data. 
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In our study an increase of G6PDH activity was observed with prolonged 
PB feeding whereas Naf induced activity within 6 weeks and no further in
crease was reached after treatment for 64 weeks. This is in accordance with 
the observation of other authors 32 that G6PDH activity increases in late but 
not in early liver foci. 

Previously it was shown by using histochemical methods that the ME is 
strongly induced in preneoplastic foci 31 , a result confirmed by our results 
of PB administration. Furthermore, Naf induced ME in the periveneous zones 
of the liver but no foci occurred. 

Normal liver produces triglycerides and cholesterol, from glucose or 
amino acids, in well fed animals, and glucose, from amino acids or glycerol, 
in starved animals (Fig. 4). The measured enzyme alterations in preneo
plastic foci should lead to changes in metabolite fluxes as indicated in 
Fig. 4. Glucose is channeled into the pentose-phosphate pathway to provide 
reducing potency (NADPH), needed for detoxification, and ribose-5-phosphate, 
supporting proliferative processes. The block in glycolysis at the level of 
pyruvate kinase leads to an accumulation of carbohydrate metabolites between 
glucose 6-phosphate and phosphoenol pyruvate, thus channeling increased 
amounts of glycolytic metabolites to serine and glycine syntheses 12. These 
data support that demonstration of alterations in ME, PK and FBPase activ
ities may be helpful to develop a short term screening assay for hepatic 
carcinogenes which also responds to hypolipidaemic drugs, which are negative 
in all other short term tests. 
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The hallmark of liver cancer research in recent years has been the de
velopment of experimental models by which initiation, promotion and progres
sion phases can be studied1-\ Even though several agents act as promoters, 
yet many of them are organ specific. Nonetheless, promotion by orotic acid 
is elegant in that by selecting the initiating carcinogen both cancer in the 
liver 5,6 as well as intestine 7 can be achieved. Being an intermediate in the 
de novo biosynthesis of pyrimidine nucleotides, orotic acid is rapidly me
tabolized by the liver to uridine nucleotides, which on accumulation creates 
an imbalance in the pool sizes of nucleotides. Interestingly, promotion by 
orotic acid can be reversed either by blocking the conversien of orotic acid 
into uridine nucleotides or by trapping the accumulated uridine nucleotides 8 • 
These observations suggest that the pool sizes of nucleotides may have an im
portant role in the promotion phase of the carcinogenic process. An under
standing of the metabolic principles underlying orotic acid induced tumor 
promotion therefore requires a study on the effect of an imbalance of nucleo
tides on macromolecular biogenesis involving a template process such as nu
cleic acid synthesis or a non-template process like glycosylation. Glyco
sylation being a non-template process is regulated by a number of factors 
including the level and availability of nucleotide sugars. 

It has become evident from a number of investigations that the biosynth
esis of N-linked carbohydrate units is initiated in the rough endoplasmic re
ticulum (RER) by co-translational transfer of oligosaccharides assembled on 
lipid carrier to polypeptide chain. This event is followed by a series of 
processing reactions which occur as the protein migrates from RER through the 
cisternae of Golgi complev. generating a variety of structures in N-linked 
saccharides. UDP-N-acetylglucosamine and UDP-galactose are involved as 
donors of sugar moieties in reactions involving the transfer of N-acetylgu
cos amine (Gn) and galactose (Gal) during the course of synthesis of complex
type structures termed bisected or non-bisected bi, tri, and tetra-antennary 
structures. A highly specific N-acetylglucosaminyl-transferase (GnTase) is 
required for each type of linkage9,1~ Consistent and striking changes have 
been found in the carbohydrate moieties of glycoproteins derived from trans
formed cells regardless of the means by which they are transformed whether by 
viruses, mutagens, transfection with DNA obtained from neoplastic cells or 
activated H-ras 11,2Z' Recently some of these changes were shown to be due to 
an increase ~the amounts of tri- and tetra-antennary structures 13 ,14. A 
second alteration in the oligosaccharide structure unique to ~-glutamyltrans-
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peptidase (Y-GT) isolated from carcinoma of the liver and pancreas has been 
the detection of bisecting Gn residues 15,1~ The molecular basis for these 
structural alterations in the carbohydrate moieties of N-linked glycans is 
perhaps due to an alteration in the concentrations of nucleotides and the 
relative amounts and activities of the various glycosyltransferases such as 
GnTases I, II, III, IV and V. 

In view of the foregoing considerations, we initiated studies on glycos
ylation of glycoproteins during hepatocarcinogenesis. In the present study 
the pattern of activities of GnTase I, II, III and UDP-galactose: N-acetyl
glucosamine 61-4 galactosyltransferase (GaITase) has been examined in hepatic 
nodules. The activities of GnTase I, II, III and GalTase are determined un
der optimal conditions for each one of them using total microsomal membranes 
as the enzyme source. The tissues that served as controls have been tissues 
surrounding the nodules, regenerating liver 24 h after 2/3 partial hepatecto
my and unoperated normal rat liver. The acceptors used in the assay are gly
copeptides having defined structures; the donors of sugar moieties are radio
labeled UDP-N-acetylglucosamine and UDP-galactose. The products of the reac
tions are characterised after purification by column chromatography on Con A 
and 360 MHz high resolution proton NMR spectroscopy. The methods used for 
the preparation of acceptors, assay of enzyme activities, and characteriza
tion of products were those described by Narasimhan and colleagues 17 - 21 • 

The data presented in Table 1 demonstrate that in hepatic nodules promo
ted by OA there is a significant activity of GnTase III. The negligible ac
tivity seen in surrounding, regenerating and resting liver represent radioac
tivity, resulting from pooling of the values from several fractions (Fig. 1). 
The most striking features of the study are the results shown in Table 2. In 
order to ascertain whether the expression of GnTase III is unique to nodules 
promoted by orotic acid or a property of nodules, GnTase III activity was as
sayed in nodules produced after promotion with choline deficient diet 22 and by 
resistant hepatocyte model. The data show that the nodules promoted by all 
the 3 models exhibited the activity of GnTase III. The expression of GnTase 
III activity by nodules promoted with different promoters taken together with 
the failure to detect in the liver surrounding the nodules suggests that the 
expression of GnTase III is more associated with either promotion or evolu
tion of nodules rather than an effect of promoters. A lack of GnTase III in 
regenerating liver is consistent with the explanation that expression of 
GnTase III is not relatable to an enhanced proliferative capacity normally 
seen in nodules. The induction of GnTase III in nodules is of interest since 
these are population of cells from which hepatocellular carcinoma can devel
op. The y-glutamyltranspeptidase (Y-GT) from hepatoma and pancreatic carci-
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Table 1. Activity of GnTase III in hepatic nodMles 
promoted by orotic acid 

Enzyme 
source 

Hepatic nodules a 
Surrounding liver 
Regenerating liver 

GnTase III Activity 
(nmoles/hr/mg protein) 

1.82; 1.75; 2.10 
0.02 
0.02 

The method used to assay the enzyme and characterize 
the product is described earlier 19. a l - 2 gms of no
dules were pooled from 3-4 rats; from each rat 2-5 
nodules were taken. 
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Fig. 1. a) Elution profiles on Con A-Sepharose(0.7 x 17cm). Total 14 C- pro_ 
ducts of hepatic nodules. Total radioactivity applied to the column 
was 2,800 cpm. The arrows indicate the point of application of 
buffer containing 0.2 M methyl ~-D-glucoside. Numbers near the peaks 
indicate the 7. radioactivity recovered in the peak relative to the 
total radioactivity recovered from the column. Recoveries from the 
column were greater than 877.. b) The same as a) except the total 
14C-products were obtained using surrounding liver as the enzyme 
source. 

noma display bisected Gn residue, which is absent in Y-GT present in normal 
liver or pancreas 15,16. The demonstration of the induction of GnTase III in 
preneoplastic cell population is consistent with the detection of bisected Gn 
residues in the glycoprotein of neoplastic cells. It is worthy to note that 
according to available literature, none of the proteins synthesised and se
creted by liver contain bisected Gn residue in their carbohydrate moieties of 
N-1inked glycans2~ The activity of GnTase III has been found in high levels 
in hen oviduct membrane and correspondingly, avian glycoproteins originating 
from this tissue contain bisected Gn residues1~ An induced activity of 
GnTase III was found in a lectin resistant cell line (Lec 10 CHO)24. It mer
its consideration whether the expression of GnTase III activity by hepatic 
nodules is related to its resistant phenotype. Hepatic nodules promoted with 
orotic acid acquire resistance to nucleotides imbalance inducable by orotic 
acid 25 , the nodules promoted by choline deficient diet are resistant to fat 
accumulation normally induced by choline deficiency22and the nodules promoted 
by resistant hepatocyte model are resistant to the mitoinhibitory effect of 
2-acetylaminofluorene 2 

The bisecting Gn residue introduced by GnTase III, in N-linked complex 
type carbohydrates seems to influence the intrinsic molecular and biological 
properties of these molecules 26,27. Bisecting Gn residue has been shown to 
exert a profound influence on the activity of glycosidases, glycosyltrans
ferases, and galactosyltransferases19,20. The decreased activities of GnTase I, 
II, and GalTase seen in nodules (Table 3) is consistent with these observa
tions. However, there may be several other explanations which cannot be 
ruled out. Being glycoproteins, glycosyltransferases besides their role in 
the synthesis of complex structures found in glycoproteins, may have other 
biological roles such as receptors at cell surface or carriers of antigenic 
determinants for various cell types. In consistence with these views it was 
found that Ga1Tase at the cell surface recognises lactosaminoglycan sub
strates on adjacent cell surface or in the extracellular matrix. Results 
also suggested that GalTase participates during contact inhibition of growth 
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Table 2. Activity of GnTase III in hepatic nodules pro
moted by orotic acid, choline deficient diet 
and by resistant hepatocyte model 

Promoting regimen 

1% orotic acid a 
choline deficient diet b 
Resistant 
hepatocyte model c 

GnTase III activity 
(nmoles/h/mg protein) 

Nodules 

2.0 
0.9 

1.0 

Surrounding liver 

0.02 
0.00 

N.D. 

The method of assay and characterisation of product is 
described earlier 19. N.D. not done. a Rats were initiated 
with 1,2-dimethylhydrazine(100 mg/kg i.p.) given 18 h 
after 2/3 partial hepatectomy. A week later they were 
promoted with 1% orotic acid. Rats were killed 32 wk 
later. b Rats were initiated with diethylnitrosamine 
(200 mg/kg i.p.) and promoted with a choline deficient 
diet. Twenty weeks after initiation, they were subjected 
to 2/3 partial hepatectomy and were killed 7 wk there
after. CRats were initiated with diethylnitrosamine 
(200 mg/kg i.p.) and promoted with 3 daily injections of 
20 mg/kg 2-acetylaminofluorene on 14,15,16th day follow
ing initiation. CCl 4 (2 ml/kg i.g.)was given on 16th day 
and PH 4 wk later. Animals were killed 32 wk after pro
motion. 

in fibroblasts and in the binding of cytosolic T lymphocytes to their target 
cells 28. 

The biological behavior of cancer cells are quite distinct from normal 
cells consisting of an impaired cell-cell communication, lack of contact 
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Table 3. Pattern of glycosyltransferases in hepatic 
nodules promoted by orotic acid 

Enzyme 
source 

Hepatic nodules 
Surrounding liver 

GnTase I GnTase II 
(nmoles/hr/mg protein) 

4.0 
11.1 

22.7 
29.8 

GalTase 

19.2 
37.8 

GnTase I, N-acetylglucosaminyltransferase I. GnTase II, 
N-acetylglucosaminyltransferase II. GalTase UDP-galac
tose:N-acetylglucosamine B-4 galactosyl transferase. The 
method of assay and characterization of products are 
described earlier 19 ,20. Other details are described in the 
legend to Table 1. 



inhibition of growth, capacity to metastasise and ability of anchorage indep
endent growth. More importantly glycoproteins with receptor functions are 
involved in signal perception, an alteration in glycosylation pattern can 
modulate their functions. The results described in this communication are 
consistent with the foregoing views and further provide a molecular basis for 
changes observable in cellular behavior during hepatocarcinogenesis. How
ever, an interesting aspect of the study has been the demonstration of both 
the induction of GnTase III (an enzyme not associated with liver) and altera
tions in other hepatic glycosyltransferases including galactosy1transferase 
in preneoplastic cell population. Since nodules can develop into malignant 
tumor, a detailed investigation on glycosyltransferases including cloning of 
these genes will be useful for understanding their role in hepatocarcinogen
esis. 
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It is well known that lipid peroxidation is strongly decreased in hep
atomas with respect to normal liver and the extent of this decrease is pro
portional to that of dedifferentiation 1,2. 

Hepatomas or cell lines with low dedifferentiation display sometimes 
normal peroxidation values, but these are not further stimulated by the 
addition of ADP-iron or ascorbate, as normal liver does. In the course of 
carcinogenesis, decrease of lipid peroxidation occurs as early as at the 
stage of reversible nodules, both in the ethionine3 and in diethylnitrosa
mine-(DEN)-partial hepatectomy model~. 

The decline in lipid peroxidation has been shown not only by measuring 
the amounts of thiobarbituric (TBA)-reacting substances accumulating in the 
tissue during incubation at 37°C, but even by evaluating the accumulation in 
the incubation medium of the whole aldehyde pool, including aldehydes belong
ing to the 4-hydroxy-2,3-trans-unsaturated series~. 

4-hydroxy-nonenal (HNE), the most studied member of this toxic series, 
has been shown to display a lot of biological and toxic actions5,~ Some of 
them take place at extremely low concentration (from 10-6 to 10-8 -10-9 M), 
suggesting the possibility for a biological role. Among the actions display
ed at low concentrations, the most important are: 1) the stimulation, follow
ed by inhibition, of plasmamembrane adenylate cyclase7 ; 2) the chemotactic 
power towards polymorphonuclear leucocytes 8 ; 3) the inhibition in the synthe
sis of mRNA for the oncogene c-myc, seen in a cultured erythroleukemic cell 
line9 ; 4) the re-expression by this cell line of genes for gamma-globin and, 
to a lesser extent, for beta globin 10. As these results seem to speak in 
favor of a possible effect of this aldehyde on cell differentiation, the real 
meaning of lipid peroxidation taking place in "normal" tissues becomes 
questionable. 

In the present paper, we studied the behavior of aldehyde-metabolism 
enzymes both in nodules and hepatomas at different stages of carcinogenesis, 
by using either the DEN-hepatectomy model previously used, as described by 
Solt et al. 11 or the DEN-CCI~ model as described by Roomi et al. 12. In fact, 
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the decrease in TBA-test, as well as in other aldehydes accumulation, could 
also have been produced by increase in the activity of the aldehyde-removing 
enzymes. 

Moreover, we studied the behavior of the same enzymes in HTC cells, a 
poorly differentiated line of rat hepatoma cells in culture. This line is 
compared to MH 1C1 , cell line displaying rather high differentiation. 

The studied enzymes were the NAD- and NADP-dependent aldehyde dehydro
genase (E.C. 1.2.1.3 and E.C. 1.2.1.5 respectively, ALDH) , the NADH-dependent 
alcohol dehydrogenase (E.C. 1.1.1.1 ADH), and the NADPH-dependent aldehyde 
reductase (E.C. 1.1.1.2 ALRed), the glutathione-S-transferase (E.C. 2.5.1.18, 
GST) . 

In rat liver the two reducing enzymes and GST are found mainly in the 
cytosolic fraction13- 15 ; whereas multimolecular forms of ALDH are present in 
cytosolic, mitochondria and microsomes 16 ,17. 

For these reasons GST, ADH and ALRed activities were studied in the cy
tosol, whereas ALDH was studied in the cytosol, as well as in mitochondria 
and in microsomes of normal liver, of nodules of different age and of hepato
ma. In HTC cells, all the enzymatic assays were carried out only in the 
cytosolic fraction. 

Moreover, we studied glucagon- and fluoride-stimulated adenylate cyclase 
as well as guanylate cyclase from plasmamembranes isolated from either normal 
liver or hepatomas obtained after DEN-CCI 4 treatment. 

MATERIALS AND METHODS 

Diethylnitrosamine Carcinogenesis 

Male F-344 rats, weighing 120-150 g at the beginning, were used. The 
schematic representation of hepatocarcinogenic procedure according to Roomi 
et al.1Z is explained in Fig. 1. The rats of each group were killed by de
capitation. Their livers were removed and rinsed in ice-cold isolation me
dium containing 70 mM sucrose, 220 mM mannitol, 20 mM Tris-HCI, 2 mM Tris
EGTA, 0.1% (w:v) bovine serum albumin (fraction 5, defatted). Preneoplasti( 
nodules were carefully dissected from perinodular liver as previously de
scribed 13. 

Histological specimens were prepared from each of used tissue, after 
fixation in a mixture containing 95% ethanol, 40% formaldehyde solution and 
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Iweek basal diet basal dict+O.02%AAF 

Fig. 1. Diagramatic representation of experimental (Ex) 
and control (C l ' CZ' C3 ) regimens: DEN, diethyl
nitrosamine 200 mg per kg body weight, i.p.; SAL, 
0.9% NaCI solution (equivalent volume i.p.); AAF, 
2-acetylaminofluorene; CCI 4 , 2 ml per kg body 
weight, diluted 1:1 with corn oil, i.g.; OIL, corn 
oil 2 ml per kg body weight, i.g. 



acetic acid (6:3:1 by vol.). Paraffin sections were routinely stained with 
hematoxylin and eosin. 

y-Glutamyltranspeptidase was demonstrated histochemically according to 
the method of Rutenburg et al. 18 

Monolayer Culture of MH1~1and HTC Cell Lines 

Hepatoma cell lines were obtained from the American Type Culture 
Collection (Rockville, Md, USA). 

MH1C1and HTC cells are clones isolated from Morris rat hepatoma 7795 19 
and 7288C 20, respectively. Cells were grown in plastic flasks at 37°C in 95% 
air and 5% CO2 atmosphere. MH 1C1 cell line was grown in the presence of Ham 
FlO medium supplemented with 10% horse serum and 7.5% new-born calf serum; 
HTC cell line was grown in the presence of MEM plus NEA medium supplemented 
with 5% fetal bovine serum. 

Media were additioned with 100 U/ml penicillin and 0.1 g mg/ml strepto
mycin. Confluent monolayers of MH1C1 and HTC cell cultures were washed with 
cold HBSS and then exposed to trypsin/EDTA (0.05-0.02%) solution for cell 
harvest. Cell suspensions were washed three times with HBSS and sedimented 
by centrifugation at 600 x g for 10 min. 

Isolation of Subcellular Fractions 

Rat hepatocytes were isolated as described elsewhere by Poli et al. 21 . 

Homogenates from tissues and cell lines were prepared in Potter
Elvehjem homogenizer with 3 strokes of tightly fitting pestle in a volume of 
isolation medium corresponding to 2.5 times their weight and were diluted to 
20% (w:v) with the same medium. 

Diluted homogenates were centrifuged at 10,000 gmin. From the collected 
supernatants the mitochondrial fraction was isolated at 133,000 gminand 
washed 3 times. 

Microsomes were isolated from the post-mitochondrial supernatant by 
centrifuging at 6 x 10 6 gmin. Mitochondrial and microsomal fractions were 
finally resuspended in a volume of medium containing 250 mM sucrose, 20 mM 
Tris-HCl, 1 mM Tris-EGTA so as to have 1 g of tissue per mI. 

Post-microsomal supernatants from 20% homogenates were used as cytosolic 
fractions. The purity of subcellular fractions was determined by specific 
enzyme markers. 

Enzyme Assays 

The activity of ALDH was determined as previously described 22 • NADH
dependent ADH and ALRed activities of the cytosolic fraction were measured in 
200 mM potassium phosphate buffer (pH 7) according to Scrivastava et al. 23 • 
The activity of GST was determined according to Alin et al. 24 • All enzymatic 
assays were carried out at 30°C by using HNE and benzaldehyde (BA) as 
substrates. 

Protein content was measured by a biuret procedure 25. 

Preparation of Plasmamembranes 

Liver and hepatoma were removed and homogenized in Hepes-glycylglycine 
buffer at pH 7.4. The homogenate was filtered through cheesecloth, diluted 
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in the homogenizing media and mixed with Percoll-2.5 M sucrose (9:1), which 
formed a continuous gravity gradient and centrifuged with a vertical rotor at 
17,000 g for 15 min. Only membranes floating at the top of the cellulose 
nitrate tubes were removed, resuspended, washed in the Hepes-glycy1glycine 
buffer and stored in liquid nitrogen. The resulting preparation allowed a 
recovery of 10% of the adenylate cyclase and guanylate cyclase activity with 
respect to the homogenate 7. The quality and the degree of purification of 
the isolated plasmamembranes were assessed by measuring the activities of the 
enzyme markers. The recovery was 60 to 80% of the original adenylate cyclase 
and guanylate cyclase activities. 

RESULTS 

Fig. 2 gives information on ALDH activities, as studied with 0.1 roM HNE 
as substrate, either with NAD+ or NADP+ as cofactors. It shows that the 
enzymatic activity increases with time in the cytosolic fraction of both 
preneoplastic nodules and hepatoma, independently of the cofactor used, 
whereas in the perinodular liver the enzyme activity returns soon to the 
control values. No change is evident in cytosol of rats receiving control 
treatments C, and C2 in comparison with C3 treatment. A similar behavior is 
also observed in the homogenates of the various tissues so far examined (data 
not shown). 

By using BA as substrate (Fig. 3), we got qualitatively similar results 
The values of the enzymatic activity, however, are higher with this substrate 
than with HNE. 

The extent of the increase in NADP+-dependent activity of both preneo
plastic nodules and hepatoma is higher than that of NAD+-dependent activity; 
in our hand this result was found to be independent of the substrate we used. 

No change is evident in the mitochondrial ALDH activity from nodules and 
hepatoma with respect to the same fraction obtained from the control liver, 
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Fig. 2. HNE-aldehyde dehydrogenase activity in cytosol from the liver of 
control rats and from hepatoma, preneoplastic nodules and perinodu
lar liver. a) Aldehyde dehydrogenase activity NAD+-dependent, b) al
dehyde dehydrogenase activity NADP+-dependent. The data are means ± 
standard deviation. The assay mixture (1 ml) contained 50 roM sodium 
pyrophosphate (pH 8.8), 1 roM pyrazole, 0.002 roM rotenone, 0.1 roM HNE 
and an appropriate amount of enzyme. The reaction was started by the 
addition of 1 roM NAD+ or 2.5 roM NADP+. No change from C3 is evident 
in liver of rats when C, and C2 treatments were used. A, control; 
B, perinodular liver; C, nodules; D, hepatoma. 
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Fig. 3. BA-aldehyde dehydrogenase activity in cytosol from the liver of con
trol rats and from hepatoma, preneoplastic nodules and perinodular 
liver. a) Aldehyde dehydrogenase activity NAD+-dependent, b) al
dehyde dehydrogenase activity NADP+-dependent. The data are means ± 
standard deviation. The assay mixture (1 ml) contained 50 roM sodium 
pyrophosphate (ph 8.8), 1 roM pyrazole, 0.002 roM rotenone, 0.1 roM BA 
and an appropriate amount of enzyme. The reaction was started by the 
addition of 1 roM NAD+ or 2.5 roM NADP+. No change from C3 is evident 
in liver of rats when C, and C2 treatments were used. A, control; 
B, perinodular liver; C, nodules; D, hepatoma. 

Table 1. Aldehyde dehydrogenase activity in mitochondria and 
microsomes from the liver of control rats and from 
hepatoma, preneoplastic nodules and perinodular liver 

Mitochondria Microsomes 

HNE BA HNE BA 

Control NAD 4.31 2.63 8.5J 2.47 
NADP 1. 91 1.24 4.17 1.86 

Perinodular NAD 4.40 2.21 9.29 2.11 
liver NADP 1.17 0.92 4.42 2.09 

Nodules NAD 4.25 3.49 8.54 7.55 
NADP 2.22 0.97 8.73 6.68 

Hepatoma NAD 2.68 4.07 9.89 8.12 
NADP 1. 99 1. 93 10.77 11. 31 

Data are expressed as nmoles of NADH or NADPH produced per min 
per mg of protein. The values are the mean of 2 experiments. 
Abbreviations : HNE, 4-hydroxy-2,3-nonenal; BA, benzaldehyde. No 
change from C3 is evident in liver of rats when C, and C2 treat
ments were used. 
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using either HNE or BA as substrates (Table 1). Microsomes from both nodules 
and hepatoma show a little increase in NAD+- and NADP+-dependent ALDH 
activity with both HNE and BA (Table 1). 

Table 2 shows the activities of NAD+- and NADP+-dependent ALDH in the 
cytosol obtained from normal rat hepatocytes, MH,C, and HTC cells. If 
compared with hepatocytes, the two hepatoma cell lines have higher enzymatic 
activities; this is particularly evident in the case of HTC cells using BA as 
substrate. 

Fig. 4 reports the behavior of NADPH-dependent ALRed in the cytosolic 
fractions. This activity increases 4-5 fold for HNE and 2 fold for BA both 
in preneoplastic nodules at 12 months and in hepatoma with respect to the 
control liver; no significant change for this enzymatic activity was found in 
the perinodular liver. 

No changes in NADH-dependent ADH activity were observed (Tables 3, 4). 
Table 5 gives results obtained for the activities of ADH and ALRed in hepato
ma cell lines. There is a decrease in the activity of ADH, more consistent 
in MH,C, than in HTC, whereas there is a decrease of ALRed activity in MH,C, 
and a significant increase of the same enzymatic activity in HTC. Fig. 5 
refers to GST activity in cytosolic fractions of various tissues, by using 
0.05 mM HNE as substrate. A significant increase was seen both in preneo
plastic nodules and in hepatoma. 

Table 6 shows a substantial decrease of GST in MH,C, and HTC cells with 
respect to normal hepatocytes. This result is in contrast with those obtain
ed for DEN-CCI 4 induced nodules and hepatomas. 

Table 7 shows that basal membrane-bound adenylate cyclase of control 
rat liver plamamembranes is stimulated by glucagon, GTP + glucagon and fluo
ride as previously shown 7. With DEN-CCI 4 induced hepatoma plasmamembranes, a 
large increase in basal adenylate cyclase activity was seen, whereas, hormo
nal stimulation, as exerted either by glucagon or by GTP + glucagon, is lower 
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Table 2. Aldehyde dehydrogenase activity in cytosol of hepatocytes, 
MHC cells and HTC 

NAD NADP 

HNE BA HNE BA 

Hepatocytes 7.67 6.86 1. 64 2.78 
± 1. 70 ± 1. 32 ± 0.29 ± 0.51 

MH,C, 10.12 23.60 3.87 20.76 
± 4.16 ± 5.81b ± 1.43 a ± 9.21 b 

HTC 27.66b 101.35 44.97 261.87 
± 4.09 ± 17.99b ± 14.91 b ±42.16 b 

Data are expressed as nmoles of NADH or NADPH produced per min per mg 
of cytosol protein. The values are the mean ± SD of 5-6 experiments. 
Abbreviations: HNE, 4-hydroxy-2,3-nonenal; BA, benzaldehyde. 

P < 0.05; P < 0.001 (hepatoma cells vs. hepatocytes). 
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Fig. 4. Aldehyde reductase activity in cytosol from the liver of control 
rats and from hepatoma, preneoplastic nodules and perinodular liver. 
a) HNE-aldehyde reductase; b) BA-aldehyde reductase. The data are 
means ± standard deviation. The assay mixture (1 ml) contained 200 
roM potassium phosphate buffer (pH 7.0), 0.1 roM HNE or BA and an 
appropriate amount of enzyme. The reaction was started by the addi
tion of 0.1 roM NADPH. No change from C3 is evident in liver of rats 
when C, and C2 treatments were used. A, control; B, perinodular li
ver; C, nodules; D, hepatoma. 

than that seen in control plasmamembranes. Fluoride-stimulation of adenylate 
cyclase activity is lacking in hepatoma plasmamembranes . 

Fig. 6 shows that basal guanylate cyclase activity of hepatoma plasma
membranes is about 40% lower than that of the normal liver. The addition of 
1 ~M HNE resulted in an inhibition of the same enzymatic activity in both 
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Fig. 5. Glutathione-S-transferase activity in cytosol from the liver of con
trol rats and from hepatoma, preneoplastic nodules and perinodular 
liver. The data are the means ± standard deviation. The assay mix
ture (1 ml) contained 100 roM sodium phosphate buffer (pH 6.5), 0.5 
roM reduced glutathione, 0.05 roM HNE and an appropriate amount of 
enzyme. No change from C3 is evident in liver of rats when C, and C2 
treatments were used. A, control; B, perinodular liver; C, nodules; 
D, hepatoma. 
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Fig. 6. Effect of HNE on guanylate cyclase activity in normal and hepatoma 
plasmamembranes. The values represent triple determinations of three 
experiments. Partially purified plasmamembranes (20-40 ~g of pro
tein) were incubated with 0.1 roM of GTP, [3 H]-GTP (at the concentra
tions indicated in Fig.) and 1 ~M HNE for 10 min at 37°C. The cGMP 
formed by guanylate cyclase was determined as described with some 
modifications 7. 

control and hepatoma plasmamembranes (for GTP amounts ranging from 14.4 to 
3.6 nmoles). 

DISCUSSION 

The results described in this paper show that ALDH is substantially in
creased both in nodules and hepatoma, as well as in the two studied hepatoma
derived cell lines. These results confirm those recently described by 
Lindahl et al. 26 who used, however, only BA as substrate. They explained 
their results suggesting a molecular change in the enzymes that would become 
more specific for aromatic aldehydes than for alifatic ones. Our results 
show, however, that a substantial increase (15 fold) occurs even with HNE as 
substrate, this increase being 34 fold with BA. 

ADH, however, is unchanged in preneoplastic nodules and the 
corresponding hepatoma, whereas it is strongly decreased in MH1 C1 cells and 
to a less extent in HTC cells. 

ALRed is strongly increased in both nodules and hepatoma with HNE as 
substrate, whereas it is practically unchanged with BA. As far as regards 
the hepatoma cell lines, ALRed is slightly decreased with both HNE and BA in 
MH 1C1 cells, whereas it is strongly increased in HTC cells with HNE and to a 
less extent also with BA. 

GST is increased in both preneoplastic nodules and hepatoma, whereas it 
is significantly decreased in the hepatoma cell lines, and especially in HTC 
cells using HNE as substrate. 

These results show that there are substantial differences in the behav
ior of aldehyde-removing enzymes in different types of cells and that there 
are also differences related to the two substrates. 
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It is remarkable, however, that the data found for preneoplastic nodules 
and hepatoma by using DEN-CCI4 carcinogenesis model are practically identical 
to those seen with the DEN-hepatectomy model. This might suggest that the 
study of carcinogenesis model is more suitable for this type of investigation 
than that of the hepatoma cell lines cultivated in vitro, where the general 
feature may be also dependent upon different reasons related to the in vitro 
growth. 

If it is true, the present experiments show a tendency towards a net in
crease of HNE removal, starting as early as at the stage of the preneoplastic 
nodules and continuing in hepatoma. 

In any case, the present data show that one cannot judge the behavior of 
lipid peroxidation in tumors by the single measurement of MDA accumulation or 
also by HPLC-estimation of the whole accumulated aldehyde pool and that an 
evaluation of the removal rate is always needed. 

As far as regards the behavior of plasmamembrane adenylate cyclase, the 
present data are still preliminary. It is, however, interesting to note that 
basal adenylate cyclase is increased in hepatoma plasmamembranes, whereas 
basal guanylate cyclase is decreased. Moreover, hormonal stimulation of 
adenylate cyclase by either glucagon or GTP + glucagon is decreased in hepa
toma plasmamembranes. Fluoride stimulation is practically suppressed in 
hepatoma. 
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INTRODUCTION 

The human adrenal cortex secretes three classes of steroid hormone: glu
cocorticoid, mineralcorticoid and the so-called adrenal androgens, dehydro
epiandrosterone (DHEA) and DHEA-sulfate. The term adrenal androgen is not 
strictly accurate since DHEA ~ se is not androgenic and only through me
tabolism to steroids such as testosterone does it exert such action. DHEA
sulfate is also a principal source of estrogen, through placental metabolism, 
in the pregnant female',Z However, in the normal male and female the propor
tion of sex steroids derived from adrenal DHEA is very small compared to the 
gonadal contribution, and the significance of the adrenal secretion of DHEA 
and DHEA-sulfate remains unclear 3 • 

DHEA AND BREAST CANCER 

DHEA and DHEA-sulfate plasma levels undergo a marked and progressive 
age-related decline beginning in the second decade and eventually fall to 
10-20% of their maximal values in the seventh decade~. In contrast, during 
the normal aging process basal plasma levels of cortisol and aldosterone show 
little change5,~ The stimulation of cortisol and aldosterone levels follow
ing ACTH administration also shows no apparent change with age, whereas 
stimulability of DHEA and DHEA-sulfate declines markedly 7. 

In 1962 Bulbrook et al. 8 reported that women with primary operable 
breast cancer excrete subnormal amounts of ll-deoxy-17-ketosteroids (derived 
primarily from DHEA and DHEA-sulfate) prior to mastectomy and suggested that 
this hormone abnormality might precede the onset of the disease. In order to 
test this hypothesis, Bulbrook et al. undertook a prospective study in which 
24- h urine specimens were collected from approximately 5000 women on the 
island of Guernsey with no apparent breast cancer and who were followed for 
nine years. At the end of that time 27 women had developed malignant breast 
tumors. The excretion of various urinary steroids in the women who had de
veloped breast cancer was compared with that of 187 carefully matched con
trols from the same population that had not developed a tumor, and it was 
found that the excretion of androsterone and etiocholanolone (two principal 
metabolites of DHEA) was lower in the women who had developed breast cancer9. 
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CANCER PREVENTIVE ACTION 

Over the past several years this laboratory and others have found that 
oral administration of DHEA to laboratory mice and rats produces a broad 
spectrum of cancer preventive action, inhibiting the development of sponta
neous breast cancer 10 and chemically-induced tumors of the lung 11 , colon 12 
and thyroid 13 , as well as pre-neoplastic foci in the liver 14 . Topical appli
cation of either DHEA or the synthetic steroid, 3 B-methyl-5-androsten-17-
one, to the skin of mice inhibits the development of 7,12-dimethylbenz(a)an
thracene (DMBA)-initiated and tetradecanoylphorbol-13-acetate (TPA)-promoted 
papillomas at both the initiation and promotion stage15 and also blocked the 
formation of skin papillomas and carcinomas produced by multiple topical 
application of DMBA16. 

DHEA is a potent uncompetitive inhibitor of mammalian glucose-6-phos
phate dehydrogenase (G6PDH), but not of algal or yeast enzyme17 ,18. G6PDH is 
the first enzyme in the pentose-phosphate pathway, a major source of extra
mitochondrial NADPH. NADPH is an obligate co-factor for specific biosyn
thetic processes, including fatty acid and cholesterol biosynthesis and the 
synthesis of ribonucleotides and deoxyribonucleotides. 

ANTI-INTITIATION BY DHEA 

In 1975 our laboratory demonstrated that DHEA protected cultured rat 
liver epithelial-like cells and hamster embryonic fibroblasts against DMBA
and aflatoxin B1-induced cytotoxicity and transformation, and inhibited the 
rate of metabolism of [3H]DMBA to water-soluble products 19 . Carcinogens such 
as DMBA and aflatoxin B1 require metabolic activation by mixed-function oxi
dases, NADPH-requiring enzymes, to reactive forms which are cytotoxic and 
carcinogenic2~ Very probably DHEA protected cultured cells against these 
carcinogens by reducing NADPH production that, in turn, inhibited their 
metabolic activation. 

Feo et al. 21 recently reported that cultured fibroblasts from individ
uals with the Mediterranean variant of G6PDH deficiency are less sensitive to 
the cytotoxic and transforming effects of benzo(a)pyrene (BP) and are less 
efficient in metabolizing [3H]-BP into water-soluble products than are 
fibroblasts from normal individuals. Treatment of normal fibroblasts with 
DHEA mimicked the effect of G6PDH deficiency. The authors also reported a 
marked deficiency in pentose phosphate shunt activity and a lowering of the 
NADPH/NADP ratio in the G6PDH deficient fibroblasts. Similar results were 
obtained with lymphocytes from G6PDH deficient individuals 22. 

In the mouse either topical application of DHEA to the skin at 100 ~g 
or 400 ~g15 or oral administration in the diet at 0.6% for two weeks 23 in
hibits the rate of binding of [3H]DMBA to skin DNA. Again, inhibition of 
[3H]DMBA-binding to skin DNA may result from depression of G6PDH activity 
and inhibition of carcinogen activation. Very probably the reduction in 
[3H]DMBA-binding to skin DNA by DHEA accounts for the anti-initiating activ
ity of the steroid against DMBA-initiated papillomas 15 as well as for the 
inhibition in development of DMBA-induced papillomas and carcinomas in the 
complete carcinogenesis model 16. 

INHIBITION OF DNA SYNTHESIS 

Topical DHEA treatment also inhibits papilloma formation when applied 
1 h before TPA treatment, indicating that the steroid also blocks tumor pro
motion. The following experimental evidence suggests that DHEA inhibition of 
tumor promotion may also result from G6PDH inhibition by the steroid. Tumor 
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promoters such as TPA produce diverse effects on mammalian cells, and the 
mechanism by which they enhance skin papilloma formation is not fully under
stood. TPA application to mouse skin stimulates epidermal DNA synthesis and 
hyperplasia24,2~ Kinzel et al. 25 have provided strong experimental support 
for the notion that the induction of DNA synthesis by TPA is a necessary con
dition for its tumor-promoting action. The tumor-promotion phase can be sub
divided into two stages. Stage I is brought about by a single application of 
TPA; it must be followed in stage II by repeated treatment with incomplete 
promoters such as 12-0-retinoylphorbol-13-acetate or mezerein. Kinzel et 
al. 25 produced tumors in mice by an initiating dose of DMBA followed by a 
single treatment with TPA (stage I) and then twice weekly applications of 
12-0-retinoylphorbol-13-acetate (stage II). They found that a single intra
peritoneal injection of mice with hydroxyurea, a reversible non-toxic inhibi
tor of DNA synthesis in mouse epidermis, given at different times before or 
after treatment with TPA interfered with tumor formation. Hydroxyurea treat
ment produced an almost complete inhibition of tumor formation if administer
ed 18 h after TPA application, i.e., at the time of maximal DNA synthesis. 

A single intraperitoneal injection of DHEA (10 mg/kg) into ICR mice im
mediately before TPA application also abolishes the TPA stimulation in epi
dermal [3Hlthymidine incorporation 26 The synthetic steroid, 16u-Br-epian
drosterone (Epi-Br), a compound that is 30 to 50 times more potent as an 
inhibitor of mammalian G6PDH 27 , is also much more active as an inhibitor of 
the TPA stimulation of [3Hlthymidine incorporation - an injected dose of 
0.4 mg/kg of Epi-Br was more effective than 10 mg/kg of DHEA26. Of the vari
ous sex steroids and a glucocorticoid that were tested, all of which are in
active G6PDHinhibitors, only corticosterone inhibited the rate of [3Hlthymi
dine incorporation. Glucocorticoids are known to inhibit epidermal DNA syn
thesis 28 . 

Specific 3T3 fibroblast clones can, under carefully defined conditions, 
be stimulated to undergo highly efficient differentiation into adipocytes2~ 
Adipocyte differentiation is a multistep process, the mechanism of which is 
unclear. Increases in thymidine incorporation, in cell number, and in trans
latable mRNAs precede the elevation of marker enzymes of lipid synthesis, and 
of increased incorporation of acetate into lipid 29 . Using the above assay of 
conversion of 3T3 preadipocytes to adipocytes, Gordon et al.3D found that DHEA 
and Epi-Br blocked the conversion to adipocytes of the 3T3-Ll and 3T3-F442A 
mouse embryo fibroblast clones. They also observed that Epi-Br was much more 
potent than DHEA in blocking conversion and suggested that G6PDH inhibition 
by these steroids very likely accounted for this effect. 

Two major functions usually ascribed to the oxidative branch of the pen
tose phosphate cycle are the generation of NADPH for reductive biosynthesis 
and other specific metabolic reactions as well as the formation of ribose-5-
phosphate, which is utilized in nucleotide biosynthesis via the intermediate 
5-phosporibosyl-l-pyrophosphate. Purine ribonucleotide and thymidylic acid 
biosynthesis are dependent upon tetrahydrofolic acid, which requires NADPH 
for its reductive synthesis from folic acid. Also the enzymatic formation of 
deoxyribonucleotide diphosphates from their corresponding ribonucleotide 
diphosphates by ribonucleotide reductase is NADPH dependent. 

If DHEA and related steroids repress DNA synthesis in cells by reducing 
ribonucleotide and deoxyribonucleotide synthesis as a result of G6PDH inhib
ition, then provision of these nucleosides would be expected to reverse the 
DHEA-induced inhibition. This was indeed shown to be the case with cultured 
HeLa TCRC-2 cells. DHEA at a concentration of 10-5 M inhibited the growth 
rate of these cells in culture, and this growth inhibition was almost com
pletely overcome by adding to the culture medium a mixture of the deoxynu
cleosides of adenine, guanine, thymille and cytosine 31 . Gordon et al. 32 have 
also found that the addition of the four ribonucleosides (uridiv p , cytidine, 
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adenosine and guanosine) to cultured 3T3-L1 cells almost completely prevented 
the blocking action of Epi-Br on the differentiation of these cells to adipo
cytes. 

Feo et al. have found that ribo- or deoxyribonucleosides are also effec
tive in vivo in overcoming an anti-promotional effect of DHEA in rat liver. 
Preneoplastic liver foci, which are y-glutamyltranspeptidase (GGT) positive, 
are produced in rats by an initiating dose of diethylnitrosamine followed, 15 
days later, by a ls-day feeding of a diet containing 2-acetylaminofluorene 
with a partial hepatectomy at the midpoint of this feeding and then two weeks 
of feeding a phenobarbital-containing diet. If DHEA (0.6%) was administered 
in the diet during the period of phenobarbital treatment, there was a 50% re
duction in the percent of liver occupied by GGT-positive foci and a 70% de
crease in the labeling index of foci cells. These inhibitory effects of DHEA 
were prevented by the i.p. injection of a mixture of the ribo- or deoxyribo
nucleosides of adenine, guanine, cytosine and uracil/thymine 33. 

INHIBITION OF SUPEROXIDE FORMATION 

In addition to an NADPH requirement for mixed function oxidase activity 
and for specific enzymatic reactions in the biosynthesis of ribonucleotides 
and deoxyribonucleotides, NADPH is a coenzyme for a membrane-bound oxidase 
found in granulocytes and macrophages which generates superoxide anion (02}3\ 
O2 and other forms of reactive oxygen can induce deletion mutations and chro
mosomal aberrations 35,36 and may exert critical effects in the tumor promotion 
process. X-irradiation of cultured hamster embryonic fibroblasts followed by 
TPA treatment induces malignant transformation, and this process can be 
blocked by treating with superoxide dismutase (SOD) along with TPA 37 . 
Kensler et al. 38 found that topical application of a low-molecular weight 
copper complex, bis[(3,s-diisopropyl-salicylato)(0,0)copper(II)1 that has 
SOD-mimetic action, together with TPA in the two-stage skin tumor system 
markedly inhibited papilloma formation. TPA rapidly stimulates 02 formation 
by granulocytes in vitro 39. DHEA inhibits this stimulation and the syn
thetic steroid, Epi-Br, is a more potent inhibitor, again suggesting that 
G6PDH inhibition and a reduction in NADPH pool size is the probable mechanism 
of inhibition~o. 

Thus three processes which contribute to tumor development: 1) metabolic 
activation of a carcinogen through the action of mixed-function oxidases, 
2) tumor promoter stimulation of cell proliferation, and 3) tumor promoter 
stimulation of O2 formation are all inhibited by DHEA, probably as a result 
of G6PDH inhibition and a lowering of the NADPH cellular pool. We have re
cently obtained evidence indicating that these first two processes may also 
be inhibited in mouse epidermis following a regimen of 40% food restriction 
for two weeks, suggesting a similarity in the mechanism by which underfeeding 
and DHEA inhibit tumorigenesis. Specifically, reducing the food intake of 
A/J mice (60% of ad libitum fed) for two weeks inhibits the rate of binding 
of [3H1DMBA to mo~e skin DNA by sO%~l. A similar reduction in [3H1DMBA 
binding to skin DNA is produced by topical application of DHEA immediately 
before DMBA treatment. The TPA stimulation in the rate of [3Hlthymidine in
corporation in mouse epidermis is also abolished in food restricted animals, 
an effect that is also seen with topical DHEA treatment~l. We found that 
mouse epidermal G6PDH activity was depressed by 60% following two weeks of 
food.restriction~\ and when consider~d with the evidence that the inhibition 
of [3H]DMBA binding to DNA and TPA stimulation in [3Hlthymidine incorporation 
by DHEA very possibly results from G6PDH inhibition, it is reasonable to 
assume that the depression in epidermal G6PDH activity following underfeeding 
may exert a similar effect. Similarly, Dessi et al. found that lead nitrate 
stimulation of rat hepatic G6PDH activity, DNA synthesis rate, and cell 
proliferation were all depressed in food restricted rats~2. Although further 
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experimental evidence in other organs on G6PDH activity levels follcwing food 
restriction is clearly needed, it is an intriguing possibility that under
feeding depresses G6PDH activity, with a consequent inhibition of initiation 
and promotion, and that this may contribute to the tumor preventive activity 
of this regimen. 

INHIBITION OF TPA STIMULATION OF PROSTAGLANDIN E2 LEVELS 

A fourth process important in experimental tumorigenesis is also blocked 
by treatment of mice with DHEA and specific structural analogs. Preliminary 
evidence suggests that this effect of DHEA, again, may result from G6PDH in
hibition. 

Stimulated production of various eicosanoid compounds, such as leuko
trienes and prostaglandins, is believed to play an important role in the en
hancement of tumorigenesis by tumor promoters, such as TPA in the skin43 and 
bile salts in the colon 44. Arachidonic acid is metabolized to different 
eicosanoids through both the 5-lipoxygenase pathway, which generates various 
leukotrienes, and the cyclooxygenase pathway, which is the source of specific 
prostaglandins, prostacyclins, and thromboxanes 45 ,46. Inhibition of lipoxygen
ase blocks TPA-induced tumor promotion in mouse skin 43 and the work of 
Fischer and Adams47 suggests that a major source of TPA stimulated reactive 
oxygen produced in isolated mouse epidermal cells is due to the metabolism of 
arachidonic acid via the lipoxygenase pathway. Flirstenberger and Marks 48 
have found that TPA-induced increase in prostaglandin E2 (PGE 2) content in 
mouse epidermis may be an obligatory event in the TPA enhancement of the DNA 
synthesis rate, which plays a central role in tumor promotion 25 • Indometha
cin treatment blocks both the TPA stimulation in epidermal PGE2 content as 
well as the stimulation in [3H]thymidine incorporation. 

Topical application of TPA to skin of CD-l mice stimulates epidermal 
PGE 2 levels 9-fold 24 h later. We have found that treatment of mice for 10 
days with a diet containing 0.2% of either 8354 or 8356, two synthetic DHEA 
analogs which are more potent G6PDH inhibitors than DHEA, prior to TPA appli
cation produces a IS-fold reduction in the TPA stimulation in PGE2 levels. 
Treatment with 0.2% DHEA containing diet reduces the stimulated skin content 
by 3-fold, and 0.2% eticholanolone, a weak G6PDH inhibitor, reduces it only 
1.3-fold 49 . The overall correlation with G6PDH inhibitory activity again 
suggests a possible role for G6PDH inhibition in the mechanism of action. 
One possible explanation is that these steroids reduce the rate of conversion 
of linoleic acid to arachidonic acid, a biosynthesis requiring NADPH 50 • How
ever, further work is needed to establish the mechanism of this biological 
action of the DHEA class of steroid. 
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A number of observations indicate that deficiency of glucose-6-phosphate 
dehydrogenase (G6PD), either genetically transmitted or caused by dehydroepi
androsterone (DHEA)1, or some related steroids, is associated with an anti
tumor effect. Some epidemiologial evidence of a decreased tumor incidence in 
G6PD-deficient subjects has been reported 2-5 . Although these observations, 
do not definitively prove the existence of clear relationships between G6PD
deficiency and tumor incidence, they suggest a negative correlation. In ac
cordance with this hypothesis retrospective studies have shown subnormal 
plasma levels of DHEA or DHEA-sulfate in women with breast cancer 6 ,7. More
over, in a prospective study a subnormal urinary excretion of the DHEA metab
olites androsterone and etiocholanolone has been found to be associated with 
enhanced breast cancer risk 8. DHEA mimics many of the effects of the gen
etically transmitted G6PD deficiency as concerns the resistance of in vitro 
cultured cells to the toxic and transforming effects of carcinogens. Follow
ing the first observation by Schwartz9 that long-term ~ ~ treatment with 
DHEA inhibits the formation of spontaneous tumors in mice, different other 
studies have shown that this treatment also prevents the development of chem
ically induced tumors in the same anima1 10- 13, as well as in the rat 14 . DHEA 
is known to exhibit an anti-obesity effect ~cf. ref. 15 for review). Even 
if in some rat strains DHEA causes a decrease in food intake, it has been 
suggested that the anti-obesity effect is linked to a decreased food util
ization more than to a reduced intake16 . Alternatively, an increased B-oxi
dation of fatty acids in peroxisomes, could represent an "energy wasting" 
pathway in DHEA-treated animals 17. Reduction in food intake is known to 
decrease the susceptibility of different tissues to cancer 18. However, the 
possibility that the DHEA anti-tumor action is linked to food restriction, is 
ruled out by the observation that topic application of DHEA, while not 
reducing body weight, greatly inhibits development of skin tumor in mice 12 . 

CARCINOGEN METABOLISM IN G6PD-DEFICIENT CELLS 

It has been hypothesized that the fall in NADPH pool consequent to G6PD
deficiency results in a decreased capacity of deficient cells to metabolize 
carcinogens by the NADPH-dependent mixed function oxygenases, this could lead 
to a decreased tumor initiation 19- 21 . In order to test the above hypothesis, 
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different studies have analyzed the metabolism of various carcinogenic com
pounds in G6PD-deficient cells. The results may be summarized as follows: 
(a) rat liver epithelial like cells, cultured in vitro in the presence of 
DHEA 19 , or in vitro cultured G6PD-deficient human lymphocytes and fibro
blasts 20-22 are more resistant than controls to the toxic effect of various 
carcinogens. (b) Lymphocytes carrying the Mediterranean variant of G6PD 
exhibit a lower aryl hydrocarbon hydroxylase activity, when this enzymatic 
activity is tested in a reaction system containing exogenous G6P and NADP+ 
and endogenous G6PD; the addition of exogenous G6PD restores the control 
values 22. Moreover, NADPH cytochrome c reductase is lower in homogenates 
of G6PD-deficient cells when tested in the above conditions. (c) In vitro 
cultured epithelial like cells produce lower amounts of total water-soluble 
metabolites of 7,12-dimethyl-benzo(a)anthracene (DMBA) when incubated with 
DHEA or epiandrosterone 19 . A decreased synthesis of BaP metabolites, mu
tagenic for his- Samonella typhimurium, occurs in lymphocytes carrying the 
G6PD variant. This effect is enhanced by further reducing G6PD activity by 
addition of DHEA to the deficient cells. (d) Isolation of single organic
soluble or water-soluble BaP metabolites produced by G6PD-deficient lympho
cytes and fibroblasts during incubation in vitro with BaP, has shown that the 
deficient cells do not undergo evident modifications of BaP metabolism, ex
cepting for a great fall in the metabolite production23,2~ G6PD-deficient 
lymphocytes show a decreased ability to form BaP-7,8-diol-9,10-epoxide and 
BaP-DNA adducts. Low DNA methylation has been found in the deficient fibro
blasts after incubation with dimethylnitrosamine 20 , while inhibition of 
[3H]DMBA binding to skin DNA has been obtained by oral administration of diet 
containing 0.6% DHEA25 or by topical application of DHEA to the skin12 . 

Recent evidence seems to indicate that NADPH liver content is rate
limiting in BaP oxidation by the mixed function oxygenases 24 . This suggests 
that a fall in NADPH pool may explain the reduced ability of G6PD-deficient 
cells to metabolize carcinogens. The possibility of a reduced carcinogenesis 
initiation in G6PD-deficient cells, which could explain the anti-tumor ef
fect of G6PD deficiency, may be thus envisaged. This hypothesis seems to be 
substantiated by Pashko et al.'s interesting observation of an anti-in
itiating effect of DHEA during DMBA-induced mouse skin carcinogenesis12 . 

EFFECT OF G6PD-DEFICIENCY ON TUMOR PROMOTION 

A clear anti-promoting effect of DHEA during the development DMBA-in
duced and 12-0-tetradecanoylphorbol-13-acetate (TPA)-promoted skin papillomas 
has also been shown 12. This observation is particularly important in view of 
the fact that preneoplastic and neoplastic lesions of the colon and breast26 , 
skin27, oral mucosa 28, and liver 29 exhibit an elevation in G6PD-activity. A 
high G6PD activity is crucial for rapid cell growth. Recent experiments, 
performed in the Ito's as well as in our laboratory, have extended the study 
of DHEA effect to liver carcinogenesis promotion14 ,30-33. Enzyme-altered foci 
(EAF), which develop in the liver after initiation with N-ethyl-N-hydroxy
ethylnitrosamine or after initiation with diethylnitrosamine and then 
selection according to the resistant hepatocyte (RH) model34 of experimental 
hepatocarcinogenesis, exhibit a large increase in G6PD, malic enzyme (ME) and 
isocitric dehydrogenase (ICD) activities~~. The administration of 0.6% DHEA 
with the diet, during the development of EAF, causes a great fall in liver 
and EAF G6PD activity as well as in the development of EAF14,30-33 , while it 
enhances the liver ME and ICD activities 33. A high histochemical reaction 
for ME activity has also been found in EAF of DHEA-treated animals 33 . Thus, 
EAF show a high NADPH-generating potential which presumably is not modified 
by DHEA. 

These observations indicate that, at least in the liver, the DHEA anti
promoting effect cannot be attributed to the production of NADPH amounts in-
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sufficient for NADPH-dependent functions, such as DNA and cholesterol syn
thesis which are particularly active in rapidly growing tissues. Alterna
tive explanations deal on an inhibitory effect of DHEA on DNA synthesis andl 
or free radical production. 

DHEA and some related steroids inhibit DNA synthesis of TPA-stimulated 
mouse skin cells 35. The potency in overcoming TPA-stimulated DNA synthesis 
is correlated to the capacities of different compounds to inhibit G6PD. 
Administration of 0.6% DHEA, during the development of EAF, in rats subjected 
to the initiation/selection treatments, causes a decrease in DNA synthesis 
in the focal cells 32 ,33,36 , associated with phenotypic reversion of these 
cells 33,36. In addition, DHEA slows the growth of different cell lines in 
culture37,3~ and inhibits in vitro differentiation of 3T3 fibroblasts to 
adipocytes, a phenomenon closely linked to cell proliferation, lipid syn
thesis and morphological changes 38. Interestingly, the addition of a mixture 
of four ribonucleosides of adenine, guanine, cytosine and uracil (RNs) to the 
reaction medium results in a partial reversal of DHEA inhibition of growth of 
cultured cells 37. A complete reversal has been observed with a mixture of 
four deoxiribonucleosides of adenine, guanine, cytosine and thymine (DRNs)37 . 
DRNs also prevent the inhibition by DHEA of in vitro differentiation of 3T3 
cells 38. 

These observations could indicate that ribose deficiency is crucial for 
growth inhibition by DHEA. In the attempts to evaluate if similar behavior 
occurred in vivo during hepatocarcinogenesis promotion, we have studied the 
effect of RNs and DRNs on the inhibition by DHEA of EAF development, after 
initiation/selection, according to the RH model. RNs or DRNs administered to 
rats together with DHEA, completely overcome growth inhibition of EAF by 
DHEA, while the DHEA-induced inhibition of G6PD and stimulation of ME ac
tivities are not affected 33. On the basis of these findings it has been 
concluded that reduced availability of nucleosides may be responsible for 
growth inhibition by DHEA and the DHEA anti-promoting effect is largely de
pendent on inhibition of DNA synthesis. Even though RNA synthesis has not 
been studied, a similar conclusion may also apply to this synthesis in DHEA
treated rats. Interestingly, RNs and DRNs equally reverse DHEA inhibition 33 . 
This indicates that hepatocytes of DHEA-treated rats, produce enough NADPH to 
ensure the reduction of RNs to DRNs. It may thus be hypothesized that growth 
inhibition by DHEA is largely linked to reduced availability of pentose phos
phates for DNA synthesis. Production of ribulose-S-phosphate is indeed de
creased in G6PD-deficient hepatocytes 33. 

Reactive species of oxygen have been implicated in the development of 
liver, skin and mammary gland carcinogenesis 39-41. The formation of 02 and 
its dismutation product H202seems to be critical for promotion by TPA42. 
This suggests that modulation of 02 production may influence promotion by TPA 
and, maybe, other promoters. G6PD-deficiency, either genetically trans
mitted or caused by DHEA or related hormones, markedly reduces the capacity 
of human polymorphonuclear leukocytes (PMNs) to produce 02 under TPA stimu
lation 43 ,44. This phenomenon is apparently correlated with the degree of G6PD 
deficiency. Interestingly, activation by promoters of human PMNs to produce 
H202 , and incubation of activated PMNs with DNA, causes the formation of 
modified thymine. The extent of this phenomenon is correlated with the pro
moting activitity of the various compounds tested 46 . In addition, in vitro 
exposure of mouse fibroblasts to human PMNs, stimulated to produce reactive 
oxygen species, causes the development of both malignant and benign tumors in 
nude mice injected with treated cells, but not in those receiving control 
cells 47 . These findings, considered together, seem to indicate that 02 pro
duction could be involved in different steps of carcinogenesis. Inhibition 
of the production of these intermediates by DHEA or related hormones, could 
be a mechanism through which these hormones prevent tumor development. 
Further work however is necessary in order to substantiate this hypothesis. 
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CONCLUSIONS 

Initiation, promotion and progression are the main steps in cancer 
development. Available evidence indicates that DHEA interferes with the 
first two mechanisms. Experiments are presently in progress in our labora
tory to analyze DHEA effect on the progression of stable preneoplastic 
nodules to cancer. The interference of G6PD deficiency with some steps of 
cancer development could explain its anti-tumor effect. Unfortunately, the 
absence of reliable epidemiological studies hinder any definitive conclusion 
on the susceptibility to cancer of subjects carrying the Mediterranean 
variant of G6PD. It should be noted that it is extremely difficult to assess 
this susceptibility, due to the relatively limited population carrying the 
variant enzyme and the difficult to control all the factors which modulate, 
positively or negatively, carcinogenesis in each individual, independently of 
G6PD activity. However, on the basis of available knowledge it may be 
envisaged that the use of hormones which inhibit G6PD activity could be a 
promising mean to inhibit development of most preneoplastic lesions. 

Different factors may modulate the various steps of the carcinogenic 
process. The use of experimental models to study positive modulation could 
be important in cancer prevention, especially if the same or analogous 
modulatory mechanisms may be expected to occur in man, so representing risk 
factors. Negative modulators may be used to prevent cancer development and 
obtain the reversion of preneoplastic tissue to normally differentiated 
tissue. Among the various substances which control various stages of tumor 
development, DHEA is particularly interesting due to the fact that it is a 
naturally occurring and non toxic compound. Additional work however is 
needed to really assess the therapeutic potentiality of this compound. 
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ADDITIVE EFFECT OF LOW-DOSE DIETHYLNITROSAMINE ON THE INITIATION 

OF LIVER CARCINOGENESIS IN RATS 

INTRODUCTION 

Masahiro Tsutsumi 1, Seiichi Takahashi 1 , Dai Nakae1, Kazumi 
Shiraiwa1, Tetsuo Kinugasa 1, Kenji Kamino 2, Ayumi Denda1 and 
Yoichi Konishi 1 

1Department of Oncological Pathology, Cancer Center, Nara 
Medical College, 840 Shijo-cho, Kashihara, Nara 634, Japan and 
2Institute of Pathology, University of Dusseldorf, Moorenstr 
5, 4000 Dusseldorf, German Federal Republic 

Simultaneous or exposure to low-dose carcinogens existing in the en
vironment is an important causal factor in human carcinogenesis. It is 
gener- ally accepted that carcinogenesis is a multi-step process consisting 
of two qualitatively different stages, initiation and promotion 1. Initiation 
is a transient "flash" phenomenon involving exposure to a carcinogen and may 
occur frequently in humans. 

It has been reported that the initiation of carcinogenesis by alkylating 
agents results from the formation of pro-mutagenic alkylating nucleotides in 
the DNA of target cells 2, after which it is necessary for the resulting DNA 
lesion to be fixed by cell proliferation 3• In rat liver carcinogenesis, an 
initiation assay has been established 3,4 , in which phenotypically altered 
enzyme foci can be delineated as putative preneoplastic lesions which will 
finally evolve into hepatocellular carcinoma. Also in animal experiments, 
inhibitory and additive 5 ,6 effects on cancer induction of continuous exposure 
to two different carcinogens have been reported. 

Previously, we described the persistent effect of low dose of preadmin
istered diethylnitrosamine (DEN) on the induction of enzyme-altered foci in 
rat liver and stressed the important role of low-dose carcinogen exposure in 
the establishment of initiation 7. In the present investigation, we studied 
the additive effects of pretreatment with various low doses of DEN and other 
carcinogens on a complete initiation consisting of the same various doses of 
DEN plus partial hepatectomy (PH), in order to assess the summation effect of 
low-dose carcinogen exposure in vivo. 

MATERIALS AND METHODS 

Animals 

Fully grown male Fischer 344 rats (Shizuoka Laboratory Animal Center, 
Shizuoka, Japan), 18-20 weeks old, weighing approximately 270 g each were 
used. The rats were housed in wire cages in an air-conditioned room at 22°C 
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and 60% humidity under a daily cycle of alternating 12-hour periods of light 
and dark. The rats were maintained on a commercial stock diet, Oriental MF 
(Oriental Yeast Co., Ltd., Tokyo, Japan), except when being subjected to the 
selection pressure described in the experimental regimen section, and given 
water ad libitum. All rats were killed under ether anesthesia when required. 

Chemicals 

DEN (Wako Chemical Co., Ltd., Osaka, Japan) was dissolved in 0.9% NaCl 
solution (saline,S mg/ml). 2-Acetylaminofluorene (AAF) was purchased from 
Tokyo Kasei Co., Ltd., Tokyo, Japan. Carbon tetrachloride (CCl~, Nakarai 
Chemicals Co., Ltd., Kyoto, Japan) and was diluted 1:1 with corn oil. 
Reagents for histochemical examination were obtained from Nakarai Chemicals 
Co., Ltd •• DHPN (Nakarai Chemicals Co., Ltd., Kyoto, Japan) was dissolved in 
0.9% NaCl solution (saline 5 mg/ml). B(a)P (Sigma Chemicals, Mo., USA) was 
dissolved in corn oil (30 mg/ml). MNU (Nakarai Chemicals Co., Ltd., Kyoto, 
Japan) was dissolved in 0.1 M sodium citrate buffer (pH 6.0, 10 mg/ml). DMH 
(Aldrich Chemicals, Wis., USA) was dissolved in 0.4 nM EDTA-saline (pH 6.6, 
20 mg/ml). MNNG (Nakarai Chemical Co., Ltd., Kyoto, Japan) was dissolved in 
DMSO (5 mg/ml). 

Experimental Regimen 

This study consisted of 3 series of experiments. The concept and 
details of the methods used for the complete initiation and selection 
pressure have been described previously 7. 

Dose-dependent Effect of DEN Pretreatment on a Complete Initiation. The 
experimental schedule used in this investigation (experiment 1) is schematic
ally illustrated in Fig. 1. The dose of preadministered DEN was 0, 1, 2, 5 
or 10 mg/kg body weight and that of postadministered DEN was 10 mg/kg body 
weight. Rats which had received intraperitoneal (i.p.) injection of the 
above doses of DEN were subjected to complete initiation consisting of i.p. 
injection of DEN postadministration and PH, followed by selection pressure 
with a diet containing 0.02% AAF plus CCl4 . Each complete initiation was 
performed 4 weeks after DEN preadministration. PH was performed using the 
method of Higgins and Anderson 8 4 h after DEN postadministration, and 
selection pressure was started 2 weeks after complete initiation. All rats 
were killed 9 weeks after DEN preadministration and liver foci were analyzed 
histochemically. 

Dose-dependent Effect of DEN Posttreatment on a Fixed DEN Pretreatment 
Dose. The experimental schedule used for this investigation (experiment 2) 
is schematically illustrated in Fig. 1. The dose of preadministered DEN was 
10 mg/kg body weight and that of postadministered DEN was 0, 1, 2, 5 or 
10 mg/kg body weight. Complete initiation followed by selection pressure 
were performed in the same manner as for experiment 1. All rats were killed 
9 weeks after DEN preadministration and liver foci were analyzed histochem
ically. 

Effect of Various Chemical Pretreatments on Complete Initiation. The 
experimental schedule used for this investigation (experiment 3) was essen
tially the same as that used in experiment 1 except that various chemicals 
were preadministered instead of DEN (Fig. 2). In various experimental 
groups, rats received 10 mg/kg b.w. DEN, 500 mg/kg b.w. DHPN, 200 mg/kg b.w. 
B(a)P, 60 mg/kg b.w. MNU, 100 mg/kg b.w. DMH or 80 mg/kg b.w. MNNG pretreat
ment prior to complete initiation consisting of single i.p. injection of 10 
mg/kg b.w. DEN plus PH 4 weeks later, followed by selection pressure. In the 
control groups, rats received the same carcinogen as pretreatment prior to 
saline injection plus PH 4 weeks later, followed by selection pressure. 
Liver foci were analyzed histochemically. 
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Various Doses 
of DEN 
(0 to 10 mg/kg) 

Experiment 1 ''----77/// 

10 mg/kg 
of DEN 

Experiment 2 ~// 

10 mg/kg 
of DEN CCl 4 

J ,H / / 1),/'7'i//J////A4 
Various Doses 
of DEN 
(0 to 10 mg/kg) CCl4 

J j'H / / I / / / / ~I / / / / I 
; / I I //) ) I ) ) 

~----~)~~/--~I ~1--77//~/-1~----------~----~ 

o 4 w 4 h 6 w 8 w 9 w 

Experimental period 

Fig. 1. Experimental schedule for effect of pre- and post-administered low 
doses of DEN on the induction of Y-GTP-positive foci in rat liver. 

Histological and Histochemical Studies 

Immediately after the rats had been killed, the liver was removed and 
weighed. Tissue slices taken from three lobes of the liver were fixed in 
ethanol at 4°C for subsequent histochemical study and s~rial slices from the 
three lobes were fixed in 10% buffered formalin for histological study. His
tochemically, Y-glutamyltranspeptidase (y-GTP) activity was studied using the 
method of Rutenberg et al. 9 • The numbers and sizes of y-GTP-positive foci 
were analyzed with an image analyzer model HTB-c995 (Hamamatsu Television 
Co., Ltd., Shizuoka, Japan) connected to a Desktop Computer System-45 
(Hewlett-Packard Co., USA). The numbers of foci per unit volume of liver 
were calculated using the procedure of Campbell et al. 10. For histological 
study, fixed liver tissues were sectioned and routinely stained with 
hematoxylin and eosin. 

RESULTS 

Additive Effect of a Threshold Dose of Preadministered DEN and Complete 
Initiation in Experiment I 

The results of experiment 1 are shown in Table 1. Final body and liver 
weights of rats which received 0, 1, 2, 5 or 10 mg/kg body weight DEN as a 
pretreatment did not show any significant differences. No additive effect of 
pre-administered DEN at doses of 1, 2 or 5 mg/kg body weight, followed by 

Saline 
Carcinogen + PH CC1 4 

Controls I /~------LI-------------b/7~/~/~/~/~!~/~/~/~/~/I~ ____ ~ 't.---7'/ /' .- - - - -- - - - --,///// 1'1'/1' 

10 mg/kg DEN 
Carcinogen + PH CCl 4 

Experiments ~ )//4/~----~L-----------~I~I/~)~'7~/~)4~/~j~'7~4~~~'7~'7~/~1------~ 
~ __ )7~~/~ ____ ~ ____________ L-____ -L ____ ~~ ____ ~ 

o 6 8 9 w 

Fig. 2. Effect of various carcinogens preadministered 4 weeks before the 
initiation by DEN plus partial hepatectomy on the induction of 
y-GTP-positive foci in rat liver. 
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complete initiation, was observed. However, an additive effect of preadmin
istered DEN at 10 mg/kg body weight and complete initiation was observed, and 
the numbers and areas of Y-GTP-positive foci in the liver of rats which re
ceived 10 mg/kg body weight of preadministered DEN were increased signifi
cantly in comparison with those of foci in the liver of rats which received 
preadministration with 0, 1, 2 or 5 mg/kg body weight DEN. DEN at 10 mg/kg 
body weight is thus probably the threshold pretreatment dose necessary to 
produce an additive effect on complete initiation under the conditions used 
in this experiment. 

Additive Effect of a Threshold Dose of Postadministered DEN and a Fixed Dose 
of Preadministered DEN in Experiment 2 

The results of experiment 2 are shown in Table 2. Final body and liver 
weights of rats which received 0, 1, 2, 5 or 10 mg/kg b.w. DEN as a 
posttreatment did not show any significant differences. No additive effect 
of 10 mg/kg b.w. DEN as a pretreatment and 1, 2 or 5 mg/kg b.w. DEN as a 
posttreatment was observed. However, an additive effect of 10 mg/kg b.w. DEN 
as a pretreatment and the same dose of DEN as a post-treatment was observed, 
and the numbers and areas of Y-GTP-positive foci were increased significantly 
in comparison with those of foci in the liver of rats which received 0, 1, 2 
or 5 mg/kg b.w. DEN postadministration. DEN at 10 mg/kg b.w. is thus prob
ably the threshold posttreatment dose necessary to produce an additive effect 
with 10 mg/kg b.w. DEN pre-treatment under the conditions used here. 

Comparison of Additive Effect of Pre- and Post-administered DEN on the Induc
tion of Y-GTP-positive Foci in Experiments 1 and 2 

The results obtained with regard to the induction of Y-GTP-positive foci 
from the above two series of experiments are schematically illustrated in 
Fig. 3. The numbers of foci observed in the liver of rats which received 0, 
1, 2, or 5 mg/kg b.w. in experiment 1 were greater than those in experiment 
2, since complete initiation with 10 mg/kg b.w. DEN had been performed. It 
is clear from these two experiments that an additive effect for the induction 
of y-GTP-positive foci was recognized when 10 mg/kg b.w. DEN was employed as 
a pretreatment and the same dose of DEN was used as a posttreatment. A total 
dose of 20 mg/kg b.w. DEN is thus sufficient to induce Y-GTP-positive foci in 
rat liver under these conditions. 

Effect of Pretreatment with Various Chemicals on Complete Initiation in Ex
periment 3 

The results of experiment 3 are shown in Table 3. Doses of 500 mg/kg 
b.w. DHPN, 200 mg/kg b.w. B(a)P, 60 mg/kg b.w. MNU, 100 mg/kg b.w. DMH and 80 
mg/kg b.w. MNNG induced almost the same number of Y-GTP-positive foci without 
complete initiation, as was the case with 10 mg/kg b.w. DEN previously. An 
additive effect on complete initiation consisting of 10 mg/kg b.w. DEN and PH 
was shown for DEN, DHPN or B(a)P preadministration but not for MNU, DMH or 
MNNG preadministration. 

DISCUSSION 

The results of this study demonstrated that in order to produce and ad
ditive effect of pretreated DEN and complete initiation, definite doses of DEN 
are needed which are sufficient to induce Y-GTP-positive foci in rat liver. A 
DEN dose of 10 mg/kg b.w., as a pretreatment, and the same dose of DEN as a 
posttreatment were capable of inducing GTP-positive foci, but doses of less 
than 10 mg/kg b.w. DEN given as both pre- and post-treatment were not. 
Previously, we reported that DEN preadministered at 10 mg/kg b.w. had a 
persistent effect on long-delayed DEN treatment given as an initiator when PH 
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and selection pressure were applied 7• The present results confirm those 
obtained previously that DEN given as a pre- and post-treatment at a total of 
20 mg/kg b.w. produces and additive effect on the induction of y-GTP-positive 
foci. It is known that alkylating agents cause alkylation of DNA under 
physiological conditions, and extensive studies on the formation of DNA 
adducts, and their removal have been conducted 12. 06-Alkylguanine is inferred 
to be a principle component pro-mutagenic adducts1~ However, it has recently 
been suggested that 02- and O~-alkyldeoxythymidine might also be important in 
rat liver carcinogenesis since both species persist and accumulate in the 
lesions induced by DEN1~,15 in contrast with the relatively rapid removal of 
06_ethylguanine 16 . DNA synthesis increases the likelihood that a preformed 
repairable DNA defect with the potential for focus induction will become 
genetically fixed as an irreversible lesion. Either DNA synthesis occurring 
prior to repair, or error-prone repair during or following DNA synthesis 
could be instrumental in this fixation 17 . In the present study, DEN 
pretreatment might have induced insufficiently initiated cells which were 
unable to evolve into phenotypically altered enzyme foci through cell 
proliferation alone, but which would have been able to do so following DEN 
posttreatment and PH, i.e., the complete initiation. 

The effect of other preadministered carcinogens on this complete in
itiation consisting of DEN and PH was examined. Additive effects of respect
ively preadministered DHPN and B(a)P were observed on the complete initiation 
but preadministered MNU, DMH or MNNG had no effect. DHPN is known to induce 
alkylating adducts 18, B(a)P induces bulky adducts of DNA19, while MNU, DMH 
and MNNG induce methylating DNA adducts 20 ,21,22. The present results 
therefore suggest that additive effects of carcinogens might depend on the 
pattern of DNA damage they induce. Furthermore, these results might indicate 
that non-specific DNA damage by environmental chemicals is not generally in
volved in the establishment of initiation and that an additive effect of DNA 
damage sufficient to promote initiation may require the formation of a spe
cific type of adduct. 

The precise mechanisms involved in the additive effects are unknown. 
However, it is reported 23 that transient estrogen stimulation is sufficient 
to induce long-lasting alterations in the ability of a tissue to respond to 
subsequent hormonal treatment and that these altered response characteristics 
persist for several months. For this reason, this effect has been called the 
estrogen "memory" effect. Carcinogenesis is a multi-step process initiated 
by DNA damage, gene mutation, gene rearrangement and gene translocation, 
which ends in phenotypic transformation to cancer cells2~. It is possible 
that gene expression could be changed through heritable alterations in 
chromatin or DNA structure and that hormones could induce alterations in DNA 
and chromatin structure 23 ,25. Although further detailed studies will be 
required in this context it seems clear that low-dose DEN is able to induce 
alteration of gene expression and produce the type of additive effect 
occurring in carcinogenesis. 
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MODULATION OF RAT LIVER CARCINOGENESIS 

Modulation of Carcinogenesis 

Carcinogenesis is a complex progressive and multistep process in which 
phases have been identified mainly based on operational rather than on bio
logical evidences 1,2. 

It is generally admitted that an "initiation" is necessary for the in
duction of cancer. However, it is not known exactly what initiation is and 
what the relevant consequences of this initiation are. It is also well ac
cepted that, if initiation is necessary, it can either be sufficient or in
sufficient to induce cancer, so that after initiation, the carcinogenic pro
cess can either evolve naturally ~ ~ up to malignancy or need to be mod
ulated in order to induce the appearance of cancer. Indeed, it has been 
shown in many cases that treatments, whatever their nature is, can influence 
the carcinogenic process induced by an initiation leading to a modification 
of cancer incidence, cancer yield and/or latency period. 

We have recently reinforced the concept of modulation to account for 
these modifications of the carcinogenic process by variable treatments. 
Positive modulation is defined as a treatment that increases the incidence 
and/or the yield of cancer and/or shortens the lat~ncy period preceding their 
appearance whereas negative modulation is a treatment that decreases the in
cidence and/or the yield of cancer and/or enhances the latency period 2, 
(Fig. 1). 

Nature of the Modulating Factors of Liver Carcinogenesis 

While reviewing the modulation of liver carcinogenesis, it appeared that 
the nature of the modulating factors can be very different 3. Indeed, the 
modulating factors can be: 

1. Carcinogens 
2. Non genotoxic xenobiotics 
3. Endogenous compounds 
4. Dietary unbalance 
5. Surgery 
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Fig. 1. Representation of the concept of modulation. 

It is well known that prolonged exposure to carcinogen is more potent to 
induce tumor than a single or a short-term exposure4-~ The same observation 
applies to a treatment with a second carcinogen7,8. 

After an initiation, the chronic treatment with a non genotoxic can also 
lead to an increased incidence and/or yield of liver cancer and/or shortened 
latency period. Since the original observation by Peraino 9, that phenobarbi
tal (PB) fed chronically to rats after a short 2-acetylaminofluorene treat
ment, can promote liver cancer development, many reports confirmed this find
ing and extended it to other drugs, pesticides or food additives 10- 14 . The 
research on negative modulators or chemopreventive agents of liver carcino
genesis has not yet given very conclusive evidences. 

Endogenous compounds, when administered exogenously can also act as 
positive modulators of liver carcinogenesis. Indeed, estrogens 15 ,16, bile 
acids (Delzenne, personal communication 17 ) or orotic acid 18 , have been shown 
to promote cancer development when administered after an initiation. 

Dietary imbalances can also exert such a positive modulating effect. 
Choline methionine deficient diet 19 or high fat diet 20 indeed promote cancer 
development. 

We reported previously that a surgical operation such as a portacaval 
shunt also enhances liver cancer when performed after initiation 21 . The aim 
of the present paper is to analyze the effect of surgery on rat liver car
cinogenesis. It will focus on the effect of portal derivations and partial 
hepatectomy on the hepatocarcinogenic process induced by the Solt and Farber 
protocol 7 • 

Effect of the Modulating Factors on the Evolution of the Hepatocarcinogenic 
Process 

After the administration of a hepatocarcinogen, so called preneoplastic 
and neoplastic lesio~s develop in the liver parenchyma before the appearance 
of liver cancer. These lesions, foci and nodules, might very likely be the 
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precursors of hepatocellular carcinomas 22. The modulating factors can in
fluence the growth of foci into nodules and their transformation in hepato
cellular carcinomas. Indeed, it is generally admitted that positive modula
tors promote the development of the foci and nodules as well as the one of 
hepatocellular carcinomas so that most of the researchers analyzed the effect 
of the modulating factors in the early stages rather than at the end point, 
cancer 10,17-19,23-24. 

However, we have shown that the modulating factors can differently mod
ulate the carcinogenic process 3 • While comparing the effect of different 
xenobiotics, on the development of foci and nodules in early stages (1-3 
months) and cancer stage (6-7 months), we found that compounds like PB or DDT 
increase foci and nodules as well as cancer development whereas compounds 
like nafenopin inhibit foci and nodules development but strongly enhance the 
yield and incidence of cancer. Butylated hydroxytoluene promotes nodule de
velopment but has no effect on cancer formation 11,12. These results clearly 
indicate a lack of correlation between the number of premalignant lesions 
(foci and nodules) and the number of cancers which develop later on. 

Thus, the modulating factors can differently modulate the evolution of 
an initiated liver to cancer, the ratio number of foci and nodules/liver as 
well as the ratio number of foci and nodules in early stages/number of can
cers in the end stage 3 • 

EFFECT OF PORTAL DERIVATIONS ON RAT LIVER CARCINOGENESIS 

Since we reported earlier that portacaval shunt exerts a promoting ef
fect on liver cancer development 21, the effect of two portal derivations, 
portacaval shunt (PCS) and portacaval transposition (PCT) were compared in 
order to better understand the mechanism of action of PCS. 

As shown in Fig. 2, PCS is a surgical operation which consists in de
rivating the portal blood supply into the vena cava and ligaturing the portal 
vein. In PCT, the portal blood supply is also derivated into the vena cava 
but the caval blood goes into the portal vein. 

I Portacaval shunt I I Portacaval transposition I 
vel vel 

VP 

r---
vel 

Fig. 2. Schematic representation of the PCS and PCT. 
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Fig. 3. Experimental protocol used to analyze the effect of portal deriva
tions on rat liver carcinogenesis induced by the initiation/selec
tion protocol. 

Experimental Protocol 

The experimental protocol used to analyze the effect of portal deriva
tions on rat liver carcinogenesis is schematized in Fig. 3. 

Male Wistar rats weighing 180 g (ICO: Wi IOPSAF/Han) were injected with 
a single dose (i.p.) of 200 mg/kg of diethylnitrosamine (DEN) (Initiation I). 
2 weeks later, they were submitted to a selection (S) procedure 7 consisting 
in a 2-week-feeding with 0.03% of 2-acetylaminofluorene (2-AAF) and in the 
middle of this treatment, a necrogenic dose of 2 ml/kg of CC142~ One week 
after S, the animals were divided in 4 groups: group I received a basal diet 
(IS); group II received 0.05% of phenobarbital as a sodium salt in their 
drinking water (IS PB); group III was submitted to a PCS (IS PCS) whereas 
group IV was submitted to a PCT (IS PCT). 

Control groups were non-treated animals (group V), animals submitted to 
PCS (group VI) or PCT (group VII). 

8 to 10 animals were sacrificed after 13 weeks to analyze the effect of 
the treatment on the development of early lesions. The remaining rats were 
killed after 28 weeks to analyze the effect of portal derivations on the in
cidence, the yield and the histological type of liver cancer 11 ,12. 

Routine histological analysis of the liver were performed. Hepatic le
sions were classified according to Squirre and Levitt 26. 

Results 

When the rats were sacrificed 13 weeks after initiation, surprisingly 
20% of the rats already bore cancer in group III (IS PCS) whereas no cancer 
was observed in groups I (IS) and II (IS PB). This indicates that PCS has a 
positive modulating effect since it shortened the latency period and increas
ed cancer incidence as compared to the control group IS. 

As described previouslyll,25, the lesions observed in group I consisted 
mainly in clear and tigroid foci. In group II, they were mainly eosinophilic 
foci and mixed nodules. In group III, mixed nodules were predominantly seen. 
The histochemical pattern of the lesions is presently under study. 
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When the animals of group I were sacrificed after 28 weeks, no liver 
cancer was observed (Table 1). Foci and nodules, mainly with a mixed cell 
population predominantly clear, were detected in the parenchyma. 

In group II, the incidence of cancer was 63% since 12 rats out of 19 
bore cancer with a yield of 2 tumors per rat bearing tumors. The cancers 
were mainly well differentiated hepatocellular carcinomas. Mixed nodules 
were observed in the parenchyma. 

In group III, 11 rats out of 14 bore cancer (78% incidence) with a 
yield of 2.4 tumors. These cancers were well differentiated hepatocellular 
carcinomas or hepatocellular carcinomas with a glandular pattern. 

In group IV, 3 rats out of 10 bore 1 tumor which were well differen
tiated hepatocellular carcinomas. 

The statistical analysis (Table 1) indicates that after 28 weeks PB, 
pes and peT significantly increase the incidence of cancer as compared to the 
control group IS. It appeared also that pes and PB are more potent positive 
modulators than peT (p < 0.05). 

The liver parenchyma of rats submitted only to pes (group IV) showed no 
preneoplastic nor malignant lesions after 28 weeks. However its architecture 
and its histochemical pattern were modified. Zone I hepatocytes were smaller 
and contained glycogen whereas zone III hepatocytes were larger and had less 
if any glycogen. Some oval cells were seen in portal areas 21 • Very few al
terations were observed in group VII (peT). 

Discussion 

The experiment reported here confirms that surgery can positively mod
ulate liver carcinogenesis. It clearly shows that portal derivations such as 
pes or peT exert a promoting effect or positive modulating effect since as 
compared to the control group (IS), they significantly enhance the incidence 
and the yield of liver cancers (Table 1). pes also decreases the latency 
period preceding their appearance. If both portal derivations are positive 
modulators, it appears that pes is more potent than peT (Table 1). 

Therefore, modifications of the venous blood supply to the liver can 
modulate liver cancer development. A suppression of this venous blood supply 

Table 1. Yield, incidence and histological type of liver cancer observed 
in groups I (IS), II (IS PB), III (IS pes) and IV (IS peT) after 
28 weeks 

Treatment 

IS 
IS PB 
IS pes 
IS peT 

Yield of 
liver cancer 

0 
2 
2.4 
1 

Incidence of 
liver cancer 

0/20 
12/19 (63%)a 
11/14 (76%)a 
3/10 (30%)a,b 

a p < 0.05 versus IS; b p < 0.05 versus IS pes. 

Hepatocellular 
carcinomas 

1 26 IV 26 

12 2 
10 4 

3 

Other liver 
cancer 

1 
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is more efficient than a shift from portal to caval blood. The mechanism(s) 
by which changes in venous blood supply influence the process are unknown and 
difficult to determine because of the pleiotropic effects of PCS and PCT on 
the metabolism 27. 

The modulating treatments can influence the carcinogenic pathway by 
modifying the evolution of foci and nodules to cancers. Like PB, PCS belongs 
to the class of modulating factors which increase foci and nodules as well as 
cancer development 3 • However, PCS seems to be more efficient than PB since 
already 13 weeks after initiation, 20% of the rats bore cancers. 

EFFECT OF PARTIAL HEPATECTOMY (PH) ON LIVER CARCINOGENESIS 

Effect of PH Performed 8 Weeks before Initiation 

PH is known to enhance liver carcinogenesis when performed several hours 
before or after the administration of a carcinogen. This effect has been 
attributed to the cell proliferation induced by PH. This cell prolifer
ation seems to be a necessary step for the fixation of DNA damage leading to 
the initiation of carcinogenesis 28. 

Based on the observations of H. Bartsch (personal communication) indica
ting that a PH performed 10 weeks before chronic administration of DEN en
hanced cancer development when compared to a control group, we investigated 
whether PH could also exert such an enhancing effect when performed several 
weeks before the initiation-selection protocol. 

The experimental protocol designed to answer this question is schema
tized in Fig. 4. It consists in performing a 70% PH or a sham operation 8 
weeks before submitting the rats to a IS PB protocol described above 11 ,25, 
namely an initiation with 200 mg/kg of DEN, a selection with 2-acetylamino
fluorene and CCl4 followed by chronic PB administration. 

The results indicate that PH performed several weeks before initiation 
could enhance cancer development as compared to control rats since the in
cidence of liver cancer increased from 0% in sham operated rats to 70% in 
hepatectomized rats. It should be noticed that in the sham operated group 
the cancer incidence was lower than in former experiments 11-13,21. This could 
be explained by an increased age and weight which might reduce the sensitiv
ity to carcinogen. 

This experiment indicates that liver carcinogenesis can be premodulated 
since a surgical operation performed several weeks before the initiation can 
influence the carcinogenic process. It suggests that PH may have a "memory" 
effect on liver. Similar results were found in skin carcinogenesis when in
itiation-promotion sequence was inverted 29 and when wounding before initia
tion increased cancer incidence (Marks, personal communication). 

Effect of PH Performed after Initiation 

PH had little if any effect on the development of hepatocellular carci
nomas. when performed after chronic administration of carcinogen 30 ,31. 
However, in the view of the potential "memory" effects of PH on liver cells, 
we checked whether PH performed several weeks after initiation could exert a 
positive modulating effect on rat liver carcinogenesis. The experimental 
protocol used is schematized in Fig. 5. Again, the incidence of cancer was 
compared between a control group submitted to IS and a test group submitted 
to a 70% PH one week after the end of the selection (IS PH). 

The results show that PH had a slight enhancing effect when performed 
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Fig. 4. Experimental protocol used to analyze the effect of PH performed 
8 weeks before initiation/selection/promotion protocol. 

after initiation-selection since the cancer incidence was 40% in the IS PH 
group as compared to 10% in the IS group and 88% in the IS PB group. 

These two experiments reported here show that PH performed several weeks 
before or after initiation can positively modulate liver carcinogenesis. 
They suggest that cell proliferation could play a role in the modulation of 
liver carcinogenesis. 

GENERAL CONCLUSIONS 

1. The nature of the modulating factors of rat hepatocarcinogenesis can be 
very different. 

2. Surgery (portal derivation or partial hepatectomy) can positively modu
late liver carcinogenesis. 

3. The paradigm of "promotion" (increase in cancer incidence by a chronic 
treatment with a xenobiotic administered after initiation) could be 
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rethought since: (a) carcinogenesis can be modulated before initiation, and 
(b) a surgical operation having a relatively punctual effect can act as a 
positive modulator. 
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IN PRENEOPLASTIC FOCI IN THE LIVER IN MEDIUM-TERM BIOASSAY MODEL IN RATS 
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Recently a great deal of interest has been expressed in characterizing 
the altered enzyme phenotype of putative preneoplastic rat liver lesions. In 
particular, attention has been given to the changes in drug metabolizing po
tential, conferring physiological advantage to initiated cells, and their use
fulness as marker lesions for the analysis of the development of neoplasia 1- Z• 

The present study reports the effects of promoting and inhibitory agents 
on expression of multiple enzyme phenotypes of putative preneoplastic cells 
and their surrounding hepatocytes which were induced in a medium-term bioas
say system developed in this laboratory3-~ The levels of glutathione-S
transferase P-form (GST-P), glucose-6-phosphate dehydrogenase (G6PD), y-glu
tamyl transpeptidase (y-GT), adenosine triphosphatase (ATPase), cytochrome 
P-450PB 3a , and microsomal epoxide hydrolase with broad substrate specificity 
(mEHb) were compared along with cellular proliferation which was monitored by 
the incorporation of bromodeoxyuridine (BrdU) in the nuclei of hepatocytes 
(labeling index, L.I.). 

MATERIALS AND METHODS 

Six-week-old male F344 rats (Charles River Japan Inc., Atsugi, Japan) 
were initially given a single dose (200 mg/kg, i.p.) of diethylnitrosamine 
(DEN) (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan). Two weeks after the 
initial dose the animals were treate~ with 4 different test compounds for 6 
weeks, and were subjected to two-thirds partial hepatectomy (PH) in week 3. 
BrdU (Tokyo Chemical Industry Co., Ltd.) was injected continuously during the 
last week (week 8) using an osmotic minipump (Alza Corporation, Palo Alto, CA 
USA) implanted subcutaneously into the back of the rats (3 rats each). Con
trol rats were given DEN (+ PH) alone. The compounds tested were known pro-
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moting agents: 2-amino-3-methylimidazo(4,S-f)quinoline (IQ), a carcinogenic 
pyrolysis product, a gift from Dr. M. Nagao (National Cancer Center Research 
Institute, Tokyo, Japan)7, phenobarbital (PB) (Iwaki Seiyaku Co., Tokyo, 
Japan); and inhibitory agents: butylated hydroxyanisole (BHA)8 (Wako Pure 
Chemical Industries Ltd., Osaka, Japan) and di(2-ethylhexyl)phtalate (DEHP) 
(a peroxisome proliferator reported as a hepatocarcinogen which apparently 
caused a decrease in the appearance of Y-GT positive (Y-GT+) foci, Tokyo 
Chemical Industry Co., Ltd.)9. 

The rats were sacrificed at the end of week 8 and the livers were im
mediately frozen in isopentane cooled at -140°C, or fixed in ice-cold ac
etone. Complete serial 4-6 ~m sections were cut on a cryostat for the histo
chemical demonstration of G6PD, ATPase and y-GT and immunohistochemical 
demonstration of GST-P, P-4S0PB3a, mEHb and incorporated BrdU (Fig. 1). 

The antibodies, GST-p12, P-4S0PB 3a , mEHb14 , G6PD 15 and anti-BrdU (Becton 
Dickinson, Mountain View, CA, USA) were applied immunohistochemically using 
the avidin-biotin-peroxidase complex method 11 (Vectastain ABC kit, Vector 
Laboratories Inc., Burlingame, CA, USA). 

The localization and conformity of enzyme-altered foci were measured on 
a photograph enlarged approximately 10 times. 

RESULTS 

Quantitative values (number/cm 2 ) of all different phenotypes, except 
Y-GT, were largest in IQ-treated rats, followed by that of GST-P, G6PD and 
ATPase in PB-treated group. BHA and DEHP clearly inhibited the induction of 
foci positive for GST-P, G6PD and Y-GT, or negative for ATPase, when compared 
to the control group given DEN alone. Such modifying effects were not clear
ly observed in assays by P-4S0PB 3a and mEHb. Binding for P-4S0PB 3a was 
mostly (> 907.) positive (increased) in all treatment groups. 

Values in the number of BrdU positive (BrdU+) foci constituted approxi
mately 20 to 407. of the individual values for GST-P, G6PD, Y-GT and ATPase, 
all, except Y-GT, being proportional to that of respective phenotypes in PB
treated rats. The number of y-GT+ foci was greater in PB-treated rats than in 
IQ-treated rats; however, values of BrdU+ foci within y-GT+ foci were larger 
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in IQ-treated than PB-treated rats. Values for BrdU+ foci among P-450PB3a 
positive (P-450PB3;) and mEHb positive (mEHb+) foci ranged 34 to 64% 
(Figs. 2-4). 

L.I. of BrdU+ foci within each treatment group ranged from 41% (control) 
to 70% (BRA); however, that of surrounding hepatocytes did not show an obvi
ous difference (13 to 19%). 

The conformity class distribution clearly showed that total number of 
foci count decreased as number of conforming enzymes increased. Foci simul
taneously expressing two enzymes occurred most frequently in all treated 
groups (Fig. 5). In contrast, the incidence of BrdU+ foci conforming with 
the other six enzyme phenotypes clearly increased alone with the number of 
conforming phenotypes (Fig. 6). 

Among the foci expressing 2 enzyme phenotype, combination of GST-P + 
G6PD gave the largest number followed by G6PD + ATPase and GST-P + ATPase. 
The number of foci observed in BRA or DEHP-treated groups was too few to 
count for analisys, due to their potent inhibition in the development of 
foci. 

DISCUSSION 

Our results clearly show that modifying agents assayed in the current 
protocol caused an increase or decrease in the number of enzyme-altered foci, 
without any preferential effects on specific phenotypes such as GST-P, G6PD, 
y-GT and ATPase. However, modifying potential of the chemicals was not 
clearly shown, except in the IQ-treated group, when assayed by the expression 
of P-450PB3a or mEHb. 

It should be noted that the number of foci positive for BrdU was pro
portional to the total number of foci. However, the ratio of BrdU+ foci in 
individual phenotype was no more than 50% of their total number, indicating 
that all foci are not evenly undergoing proliferation (mitosis). 

Quantitative analysis of simultaneous expression of 6 different pheno-
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types showed that in animals given IQ or PB, foci expressing 2 enzymes gave 
maximum number. The number of foci gradually decreased as the number of 
conforming phenotypes increased. However this trend was not obvious in the 
group given inhibitory agents, BRA or DEHP. This may indicate that pheno
typic expression of foci induced by such inhibitory agents is variable. 

On the other hand, obvious increases in the incidence of BrdU+ foci 
among the higher range of conformity (4 to 6 phenotypes) strongly indicate 
that multiple expression of different phenotypes within individual lesions is 
closely related to the potential for neoplastic proliferation. When 
analyzing number of conforming phenotypes with respect to foci count (sensi
tivity) and their positivity to BdrU (proliferative potential), the combina-
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tion of GST-P + G6PD or GST-P + G6PD + ATPase were found to be most suitable 
(Fig. 7). 

We observed a large number of foci showing positive binding to P-4S0PB3a 

although binding of foci cells to cytochrome P-4S0 species was generally 
decreased 16,17. This observation may correspond to that noted in earlier
stage lesions induced by DEN or N-nitrosomorpholine 18 • However, further 
investigation of the altered expression of drug metabolizing enzymes, 
including that of cytochrome P-4S0 species, under different experimental 
conditions appears warranted. 
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INTRODUCTION 
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07100 Sassari, Italy 

The identification of several steps in the carcinogenic process, has 
permitted a new approach in the prevention of cancer development. It is 
conceivable that interference with one or more of the recognizable steps 
leads to the breakdown of the carcinogenic process. In recent years some 
attempts to interfere with carcinogenic promotion, at different levels, have 
been made using retinoids1,~ la.25-dihydroxyvitamin D3 , a hormonally active 
metabolite of vitamin D3, antioxidants4,~ a-difluoromethylornithine6,~ pu
trescine 8, indomethacin 9, protease inhibitors1~ inhibitors of arachidonic 
acid metabolism1\ protein kinase C inhibitors12 , dehydroepiandrosterone and 
some related hormones13- 16, and S-adenosylmethionine17- 21 (SAM). 

SAM is the most important lipotrope. Different reports have shown that 
it enters liver cells22-2~ and may be administered at relatively high doses 
without any toxic effect in rat (50% lethal dose, 1.5 g/Kg) and man 28 . Dif
ferent observations correlate hepatocarcinogenesis promotion and polyamine 
synthesis to the liver lipotrope content. In fact, chronic administration of 
a lipotrope-deficient diet enhances rat liver carcinogenesis induced by vari
ous carcinogens 29 ,3Q Moreover, recent evidence indicates that this diet, 
without any added carcinogen and with barely detectable levels of some car
cinogens, is associated with the development of liver tumors 31 -34. Treatment 
of rats with a lipotrope-deficient diet leads to an increase in ornithine de
carboxylase (ODC) and SAM decarboxylase activities 35 , two key enzymes of 
polyamine synthesis. This treatment leads to a fall in hepatic SAM con
tent 36 . A fall in SAM level is also caused by long-term feeding of phenobar
bital (PB)37, a known promoting agent 38 ,39 which induces ODC activity 40. 
Finally, recent studies in our laboratory have shown that in Wistar rats sub
jected to the initiation of hepatocarcinogenesis by diethylnitrosamine (DENA) 
followed by a selection treatment according to Solt and Farber 41 , the appear
ance of enzyme-altered foci (EAF) is coupled with a great fall in liver SAM 
content17- 21 . This effect is enhanced by the administration of PB for 16 
weeks after the end of the selection treatment. In more than 95% of rats 
persistent neoplastic nodules (NN) and hepatocellular carcinomas (HC) develop 
and exhibit a low SAM conten~9-2~ A great increase in ODC activity and in 
polyamine synthesis occurs in the liver of carcinogen-treated rats. These 
changes are further enhanced by PB 18 Evidence has been given indicating 
that the increase in polyamine synthesis is not a mere consequence of liver 
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regeneration, in rats subjected to a partial hepatectomy during the selection 
treatment, but it parallels the development of EAF. In addition, a high 
ODC activity and a low lipotrope content have been demonstrated in both NN 
and HC19- 21 . 

THE SAM ANTI PROMOTING EFFECT 

Growing tissues, either normal or preneoplastic, need relatively high 
amounts of SAM for nucleic acid, phospholipid and polyamine synthesis. In 
order to investigate the relationships between SAM liver content and carcino
genesis, we have attempted to reconstitute the liver SAM pool by administer
ing exogenous SAM to rats subjected to the initiation/selection treatments in 
accordance with Solt and Farber 41 , followed, or not followed, by the adminis
tration for 16 weeks of a diet supplied with 0.05% PB. We have studied, in 
these rats, the effects of SAM administration on the development of preneo
plastic liver. 

When high SAM doses (384 ~mol/Kg,day) were given to carcinogen-treated 
rats, starting at the end of the selections treatment, there was a great fall 
in liver ODC activity and polyamine content17~; associated with a great in
hibition of the development of EAF and a complete prevention of NN and HC 
development19- 21. These changes were coupled with accumulation of 5' -methyl
thioadenosine (5' -MTA) in the liver 20 ,21. 

5'-MTA is a SAM catabolite formed by direct cleavage of SAM, catalyzed 
by SAM hydrolase, or as an end product of polyamine synthesis 42 5'-MTA 
however, greatly reduces this synthesis since it is a strong inhibitor of 
spermine and spermidine synthetases43 ,44, ODC 18-20 and SAM decarboxylase 45. SAM 
does not inhibit ODC activity in vitro. Inhibition occurs after preincu
bation of liver homogenates with SAM, before preparing crude ODC (cytosolic 
fraction) 20. This effect is enhanced by adenine, an inhibitor of 5'-MTA 
catabolism 41. In contrast, 5'-MTA does not need preincubation to inhibit ODC 
activity in vitro20 It also inhibits in vitro growth of isolated hepato
cytes 21 . -rn addition, a low 5'-MTA content has been found in rapidly f,rowing 
tissues such as NN and HC, and in the liver of carcinogen-treated rats 0,21. 

These observations point to an antipromoting effect of SAM during 
hepatocarcinogenesis presumably caused by 5'-MTA accumulation and growth in
hibition during the treatment of rats with high SAM amounts. 

Mechanisms of disappearance of preneoplastic cells, during hepatocar
cinogenesis promotion include phenotypic reversion 46 ,47, and controlled cell 
death (apoptosis)48. Thus, it would be expected that these mechanisms are 
involved in the SAM antipromoting effect. Indeed we observed that SAM injec
tion during the development of EAF causes a great increase in phenotypic 
reversion of y-glutamyltranspeptidase (GGT)-positive foci (see also below) 
coupled with a significant fall in labeling index 21 . As known, PB inhibits 
remodeling47. This effect is completely prevented by SAM21. In view of the 
positive correlation between phenotypic complexity and growth capacity of 
EAF 49 , we examined if decrease in growth and redifferentiation, in SAM-treat
ed rats, are associated with reduction in phenotypic complexity of EAF. Three 
markers have been determined histochemically: GGT, glucose-6-phosphate de
hydrogenase and glucose-6-phosphatase. Three weeks after starting 2-AAF 
feeding in the rats subjected to the initiation/selection treatment, GGT
positive foci, those expressing a high glucose-6-phosphate dehydrogenase ac
tivity, and those characterized by the absence of glucose-6-phosphatase rep
resent, respectively, 15, 7, and 4 p. cent. At the 7th week these figures 
are 33, 22, and 15 p. cent. As shown in Fig. 1, EAF expressing respect
ively 1, 2 or 3 markers are 32, 46 and 22 p. cent at the 3rd week, and 41, 38 
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Fig. 1. Relative percentages of EAF showing 1, 2 or 3 markers. Male Wistar 
rats received a single initiating DENA dose (150 mg/Kg, i.p.) and, 
after 15 days, a selective regimen consisting of 0.03% 2-AAF in the 
diet for 2 weeks, with a partial hepatectomy at the midpoint of 
this treatment. They were then fed a diet supplemented with 0.05% 
PB. When indicated 384 ~mol/Kg,day of SAM were injected i.m. (6 
daily doses), starting at the end of 2-AAF feeding. The rats were 
sacrificed 3 and 7 weeks after starting 2-AAF. Enzyme markers were: 
GGT, glucose-6-phosphate dehydrogenase and glucose-6-phosphatase. 
Data are means of 5 different animals. Standard deviations were 
lower than 10% of the means. 

and 21 p. cent, at the 7th week. Clearly, SAM causes a grea~ rise in the 
number of foci exhibiting only one of the three markers used. 

The possibility that controlled cell death plays a role in the disap
pearance of preneop1astic cells, in SAM-treated rats, has also been con
sidered. The percentage of apoptotic bodies in preneoplastic liver is 
relatively low during promoter treatment, and a sharp increase occurs after 
arrest of this treatment~8. SAM injection causes a significant increase in 
apoptotic bodies in GGT-positive foci, either during or after PB adminis
tration 21 • In addition, SAM does not modify the relative percentages of 
intracellular and extracellular apoptotic bodies, which should rule out the 
possibility that SAM affects the endocytic phase So of the apoptotic process, 
nor does SAM modify food consumption by rats, which is another factor which 
regulates the apoptotic process so. However, controlled cell death is a rapid 
phenomenon. The histologically visible parts of it may last approximately 2.5 
h in the liverSo. So, an eventual slowing or accelerating effect of SAM on 
this process could result in, respectively, over- or under-evaluation of the 
phenomenon. 

On the basis of the above observations it has been concluded that SAM 
causes a decrease in DNA synthesis, an increase in phenotypic reversion and, 
apparently, in controlled cell death of putative-preneoplastic cells. Since 
rapid growth, low remodeling and apoptosis characterize promotionS1 , our re-
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suIts are indicative of an inhibitory effect of exogenous SAM on carcinogen
esis promotion. 

INHIBITION OF NODULE PROGRESSION BY SAM 

Male Wistar rats, subjected to the initiation/selection treatment, fol
lowed by 0.05% PB in the diet for 16 weeks, develop, 4-6 weeks after arrest
ing PB treatment, persistent neoplastic nodules19 ,20. Thirty-two weeks after 
the appearance of the first nodules, HC developm. A good deal of evidence 
(cf. ref. 52 for review) indicates that persistent NN are precursors of HC. 
Thus, the possibility that SAM inhibits the progression of persistent nodules 
to HC has been considered. The chance to prevent tumor development by 
blocking the development of preneoplastic tissue by SAM appears to be of 
interest, due to the existence of different human preneoplastic lesions whose 
progression to malignant neoplasia is well known (see ref. 53 for review). 

The data in Table 1 show the effect of SAM on the growth of NN. No dif
ferences in body weight and relative liver weight occur between rat groups. 
It appears that a prolonged treatment with SAM (56 days), started after the 
development of NN, causes 42-45% decreases in number and weight of visible 
nodules. These changes are paralleled by a 42% fall in labeling index. The 
data in Table 1 also show that there occurs a great decrease in SAM/S-aden
osylhomocysteine (SAR) ratio in NN. This depends on a substantial decrease in 
SAM content, with respect to normal liver, while SAR, a SAM catabolite formed 
during the methylation reactions, does not undergo any change. SAM treat
ment, by increasing the nodule SAM content, without affecting SAR content 
(data not shown), induces a significant rise in SAM/SAR ratio. 

Histochemical analysis has shown that under SAM treatment, NN undergo a 
decrease in size and progressively lose their uniformity for GGT reaction. 
Some nodules exhibit a very weak reaction for this enzymatic marker (data not 
shown) • 
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Table 1. Effect of SAM on the growth of neoplastic nodules 

Treatment Body wt RLW Nodules LI SAM/SAR 
(g) 

No/liver g/100 g 
of liver 

DENA/2-AAF/PH/ 391 5.98 58 33.1 5.57 0.95 
PB ± 8 ± 0.11 ± 8 ± 3.7 ± 0.81 ± 0.03 

DENA/2-AAF/PH/ 362 5.81 31 a 18.1a 3.23a 1.44a 
PB/SAM ± 16 ± 0.28 ± 6 ± 1.5 ± 0.83 ± 0.09 

The same conditions as in Fig. 1. SAM treatment (384 ~mol/Kg,day; 6 
daily doses, i.m.) was started 24 weeks after the beginning of the 
selection treatment and continued for 56 days. Then the rats were 
killed. To determine labeling index (LI) 45 ~Ci/day,100 g body wt. 
of l3H]thymidine (89 Ci/mmol) were injected continuously to rats dur
ing the last 7 days by osmotic minipumps implanted subcutaneously. 
LI was determined by counting 8,000 nodular cells per liver. SAM and 
SAR were determined by a hplc method as in 20. Data are means ± SD 
of 5 animals. RLW, relative liver weight (g per 100 g of body wt). 
a"t"-Test: with SAM vs without SAM, P < 0.001. 



It thus appears that SAM exerts an antiprogression effect for liver 
NN. Nevertheless, further experiments are needed to assess if this effect 
results in the prevention of the development of HC. 

COMPARATIVE EVALUATION OF SAM AND METHIONINE FOR ANTITUMOR EFFECT 

According to recent observations methionine supply partially prevents 
the growth and progression of ethionine-induced liver carcinomas 54 , and 
benzo(a)pyrene-induced skin carcinomas 55. Interestingly, dietary supplemen
tation of rats with 2% DL-methionine and 1% choline chloride prevents rapid 
increase in N-2-guanine tRNA methyltransferase II activity, otherwise seen in 
response to cancer promoting doses of 2-AAF 56 • In contrast with these find
ings, however, long-term administration of L-methionine to rats, during pro
motion of DENA-initiated hepatocarcinogenesis, was observed to not influence 
the yield of HC 57. 

We directly compared the effect of equimolar amounts of L-methionine 
and SAM, in vivo, on the development of the preneoplastic tissue. Either 384 
~mol/Kg,day of SAM or L-methionine were given i.m. to Wi star rats subjected 
to initiation/selection treatments, followed by PB. The lipotrope treat
ment was started at the end of the selection step and was continued for 5 
weeks. As shown in Table 2, at the end of this treatment, 26% of liver is 
occupied by GGT-positive foci in the rats that do not receive lipotropes. 
There is a significant decrease in the foci size and number in SAM-treated 
rats which leads to a 61% fall in the percentage of liver occupied by puta-

Table 2. Effect of SAM and L-methionine on the development of GGT-positive 
foci, ODC activity and 5'-MTA accumulation 

Treatments Foci Surface % of GGT- LI ODC 5'-MTA 
area positive activity (~g/g) 

(No/mmZ ) (mm z ) parenchyma 

2-AAF/PH/PB 0.60 
a 

39.41 1.05 
± 0.01 ± 3.41 ± 0.02 

DENA/2-AAF/PH/PB 0.62 0.43 26.06 1.98b 79.62b 0.70b 
± 0.12 ± 0.10 ± 2.02 ± 0.04 ± 3.90 ± 0.05 

DENA/2-AAF/PH/ 0.45c 0.21c 9.79c 0.78c 56.61c 1.54c 
PB/SAM ± 0.09 ± 0.03 ± 2.48 ± 0.05 ± 0.10 ± 0.04 

DENA/2-AAF/PH 0.63 0.46 26.46 1.94 79.54 0.89 
PB/Methionine ± 0.08 ± 0.04 ± 1.27 ± 0.02 ± 1.41 ± 0.08 

Male Wistar rats were subjected to the initiation/selection/PB treatments as 
shown in the legend of Fig. 1. When indicated the rats received 384 ~mol/Kg, 
day of SAM or L-methionine (6 daily doses i.m.). Rats were sacrificed 7 weeks 
after starting selection treatment. Data are means ± SD of 4-5 animals. 
Labeling index (LI) was determined in parenchymal cells for uninitiated rats, 
and in GGT-positive foci for other rat groups, as described in the legend of 
Fig. 1. LI in the surrounding of uninitiated livers was 0.25 ± 0.01. ODC ac
tivity was determined as in 18 and is expressed as pmol of 14coz released/h, 
mg protein from [14COzlornithine. 5'-MTA was determined by a hplc method as 
in 20. "t"-Test: aGGT-positive foci vs surrounding: P < 0.001. DInitiated vs 
uninitiated: P < 0.001. CWith vs without SAM: at least P < 0.01. 
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tive preneoplastic cells. Table 2 also shows a great rise in ODe activity 
and a fall in 5'-MTA content in the liver of initiated rats, compared to 
controls. As expected (cf. 21), SAM causes a great drop in ODe activity, 
accumulation of 5'-MTA, and a great fall in DNA synthesis in focal cells. 
However, when equimolar amounts of L-methionine are substituted for SAM in 
carcinogen-treated rats, no modification of any of the parameters studied 
takes place. Similarly, no modification occurs after administration of 
methionine plus adenosine (384 ~mol/Kg,day of each; not shown). The lack of 
L-methionine effect is also proved by the fact that SAM, but not meth
ionine, partially reconstitutes the SAM liver content, which otherwise under
goes a large decrease in rats subjected to the initiation/selection/PB treat
ments (not shown). In keeping with these observations we found that DNA 
synthesis of primary cultures of hepatocytes isolated from normal rats 
undergo a 85% decrease in the presence of 1 mM SAM, but it is not affected by 
the same amount of L-methionine 21 • 

Increase in hepatic SAM levels following methionine administration in 
vivo 58, or after liver perfusion with methionine 59, has been reported. O~ 
the other hand, conflicting data have been published as concerns SAM uptake 
by liver cells. Hoffman et al. 59 showed that low SAM concentrations are not 
utilized by in vitro perfused liver. However, other observations indicate 
that SAM enters liver cells in vitro 22 - 25 , and in vivo22 ,26,27. It should be 
considered that SAM uptake by perfused liver may be largely influenced by the 
relative rates of perfusion and SAM diffusion to extracellular and cellular 
spaces. 

Perhaps, conflicting results on SAM and L-methionine antitumor effects 
may be explained on the basis of variations of the SAM intracellular pool. 
In vivo studies have shown that SAM liver content undergoes a significant 
ris~ly in rats fed a diet containing not less than 3% methionine 58 The 
aforementioned inhibition of liver tumor progression has been observed in 
rats receiving, for 91 days, about 840 ~mol/Kg,day of L-methionine 54 , which 
represents a much higher total dose than 384 ~mol/Kg,day of SAM for 56 days 
(Table 1). Need for high methionine amounts to obtain an antitumor effect, 
is also proved by the results of recent work with NIH/3T3 cells, carrying the 
human Ha-~-l proto-oncogene stably integrated in their DNA and displaying a 
transformed phenotype~. These cells acquire a normal phenotype, are no 
longer tumorigenic when injected into nude mice, and lose the Ha-ras-1 gene 
when cultured with DL-methionine amounts as high as 25 MM. We could thus 
conclude that SAM is more efficient than methionine (or methionine plus 
adenosine) in contrasting tumor development. A higher SAM efficacy, as 
compared to the methionine efficacy, has been found for reconstitution of the 
liver SAM and GSH levels in ethanol intoxicated rats (Pascale et al., unpub
lished results). A corollary of these observations is that SAM does not 
undergo any splitting into methionine and adenosine before entering liver 
cells. Available data do not permit an explanation of the difference in 
efficiency of SAM and methionine. Perhaps, less SAM is available to hepato
cytes of rats treated with methionine than to those treated with SAM, since 
methionine is partially used for protein synthesis (see also ref. 27). In 
addition, we could hypothesize that product inhibition of SAM synthetase61 

limits the SAM liver level. The liver has an additional SAM synthetase which 
may not be product-inhibited 62. However, the product-inhibited enzyme may be 
induced by high methionine levels 61 • 

SAM TREATMENT, DNA METHYLATION AND GENE EXPRESSION 

A high SAH content competitively inhibits methylation reactions63- 65 • 

The recovery of SAM/SAH ratio, consequent to SAM treatment of rats bearing 
NN (Table 1), envisages the possibility that the reconstitution of SAM pool 
is coupled with an increased DNA methylation. 
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Choline-deficient diet causes a drop in the liver SAM content as well 
as in SAM/SAR ratio 36. This results in an undermethylated environment and 
in a fall in methylation reactions. Undermethylation of DNA 66-68, RNA69 , and 
phospholipidi'O,71 has been observed in liver during chronic treatment with a 
lipotrope-deficient diet. A large drop in the liver SAM content has also 
been documented during the development of EAF in the liver of rats subjected 
to the initiation/selection protocol, and in NN 17- 21 . Thus, we considered the 
possibility that DNA from preneoplastic tissue is undermethylated and that 
SAM treatment could influence DNA methylation. 

In the liver of rats subjected to the initiation/selection/PB treat
ments there is, between the 3rd and the 24th week after starting 2-AAF 
feeding, a significant decrease in the overall DNA methylation, with respect 
to uninitiated controls (Table 3). A greater fall occurs in NN. The 
maximum fall in liver DNA methylation was observed at the 7th and 16th week, 
which coincides with the maximun development of GGT-positive foci in Wi star 
rats, but not with the maximum value of DNA synthesis in GGT-positive 
cells 18-20. SAM administration for 16 weeks after the end of the selection 
treatment causes, at all doses used, a complete or near complete reversion of 
DNA undermethylation. A 25% increase in 5-mC content has also been observed 
in DNA from NN of rats which received SAM for 56 days after the appearance of 
NN (2.17 ± 0.25 p. cent of total cytosine; SD, n = 3). About the same 
degree of liver DNA undermethylation as in PB-treated rats occurs in the rats 
subjected to initiation/selection treatments without PB, which is completely 
reversed by SAM (not shown). This indicates that PB does not interfere with 
the changes in DNA methylation observed during development of GGT-positive 
foci. 

SAM antipromoting effect has been demonstrated using relatively high 
amounts of SAM which cause accumulation of 5'-MTA20 ,21, a strong growth inhi-
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Fig. 2. Effect of 5-AzaC on the development of GGT-positive foci. The rats 
were subjected to the initiation/selection treatments and, one week 
after the end of 2-AAF feeding, to 5-AzaC (2 ~mol/Kg) and/or the 
indicated doses of SAM (~ol/kg,day) for 10 days. 
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bitor. This renders it difficult to assess if DNA methylation is primarily 
involved in the SAM antipromoting effect. Since DNA methylation has also been 
observed with a SAM dose as low as 96 ~mol/Kg,day (Table 3), we evaluated the 
antipromoting effect of this SAM dose and the interference with this effect, 
of 5-azacytidine (5-AzaC), a known inhibitor of DNA methylation72 -74 . 

In the rats subjected to DENA/2-AAF/PH and then to the administration 
of low SAM doses (96 ~mol/Kg,day) for 3 weeks, the liver occupied by GGT
positive foci is 35% lower than in controls (Fig. 2). This largely depends 
on a decrease in the size without any significant change in foci number (not 
shown), and is coupled with a large rise in the percentage of foci showing a 
non-uniform pattern. A 70% fall in GGT-positive liver occurs in the rats 
subjected to a high SAM dose (384 ~mol/Kg,day). 5-AzaC, given to rats for 10 
days, starting one week after the end of 2-AAF feeding, causes a great in
crease in GGT-positive liver, largely linked to a rise in DNA synthesis of 
GGT-positive hepatocytes (not shown). The enhancing effect of 5-AzaC is sur
prlslng. 5-AzaC, at the dose used in this study, does not induce any change 
in body and liver weights. This dose does not appear to be toxic: all rats 
survived a 10-day treatment with 5-AzaC. 5-AzaC does not exhibit any 
selecting effect if given in place of 2-AAF in the initiation/selection 
protocol. Interestingly, non-toxic doses of 5-AzaC enhance mitotic activity 
and DNA synthesis in 24 h regenerating liver when given before partial hepa
tectomy74. In addition, a prolonged treatment of Balb/c mice with 2 mg/Kg of 
5-AzaC has recently been shown to induce a significant rise in the incidence 
of lymphomas, lung, and skin tumors, mammary carcinomas and a variety of 
other tumors 75. The data in Fig. 2 also show that 5-AzaC does not interfere 
with the antipromoting effect of high SAM doses, while it largely prevents 
the decrease in GGT-positive liver and the increase in non-uniform foci 
produced by low SAM doses. Biochemical analysis demonstrated that 5-AzaC 
does not modify SAM, SAH and 5'-MTA liver contents and liver ODC activity; 
nor does it interfere with the effect of SAM, at all doses used, on these 
parameters (not shown). However, 5-AzaC causes, as expected, a great fall in 
5-mC content of liver DNA (1.37 ± 0.09 p. cent of total cytosine; SD, n = 4) 
which is not modified by SAM treatments. 

These results indicate that the administration of SAM doses that do not 
cause 5'-MTA accumulation and do not inhibit ODC activity, is followed by an 
increase in SAM/SAH ratio, growth inhibition and a great increase in pheno
typic reversion. All of these effects are partially reversed by a hypomethyl
ating agent, which could indicate that DNA methylation may be involved in the 
antipromoting effect of low SAM doses. 

The relationships between DNA methylation and gene expression have 
been widely investigated (see ref. 76 for review). Even if various excep
tions do exist, a good deal of data indicate that undermethylation of some 
specific sites of DNA is a pre-condition necessary, even if not sufficient, 
for expression of some genes 76-78 Even if the role of this phenomenon in the 
promotion process is not yet fully clear, it could be of interest to assess 
if variations in the availability of methyl donor could influence 
proto-oncogene expression. 

We have studied the SAM effect on the expression of c-Ha-ras, c-Ki-ras 
and c-~ in NN induced by DENA following the So It and Farber protocol, 
followed by PB. The results of dot blot analysis (Fig. 3) clearly show that 
a 2-day treatment with 384 ~mol/Kg,day of SAM causes a small but significant 
decrease in the expression of c-Ha-~, c-Ki-~ and c-~ proto-oncogenes. 
A greater decrease in the expression of all three genes occurs after a 7-day 
treatment with SAM, and a much greater fall after a 60-day treatment. These 
results have been confirmed for c-Ha-ras by Northern analysis (Fig. 4), which 
shows a large decrease in the gene expression as a consequence of a 60-day 
treatment with SAM. 
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Fig. 3. Effect of SAM on proto-oncogene expression in NN. The rats were 
subjected to the initiation/selection/PB treatments as described in 
the legend of Fig. 1. SAM (384 ~mol/Kg,day) injection was started 
at the 24th week after starting the 2-AAF treatment and was con
tinued for 2 (II), 7 (~), or 60 ([]) days. Then the rats were 
killed. Total RNA was extracted and spotted on a nitrocellulose 
filter, and hybridized with oncogene-specific DNA. Radioactive 
spots were punched out and the radioactivity was evaluated in 
liquid scintillation computer. Absolute values for 10 ~g of RNA 
from untreated controls were: 13,249 ± 1,628, for c-Ha-ras, 16,852 
± 1,516, for c-Ki-ras, and 18,877 ± 2,305 for c-~. Results (means 
of 4 experiments) are expressed as percent of controls. The SD was 
lower than 107. of the means. "t"-Test: SAM vs control: c-Ha-ras, at 
2, 7, and 60 days, and c-Ki-~ and c-~, at 7 and 60 days, at 
least P < 0.05. 

CONCLUSIONS 

A good deal of evidence in favor of a SAM antipromotion and antipro
gression effect during DENA-induced rat liver carcinogenesis exists. At 
least two different mechanisms may explain this SAM effect. High SAM doses 
reconstitute the liver SAM pool, otherwise low in the liver during hepatocar
cinogenesis promotion and in NN, and cause accumulation of 5'-MTA, an inhi
bitor of polyamine synthesis and growth, in these tissues 19-21. Polyamine 
synthesis is high in the liver and in NN, during hepatocarcinogenesis pro
motion 20 5'-MTA accumulation could thus explain the inhibitory effect of 

\ ,4 kb-

Fig. 4. Effect of SAM on the constitutive expression of the c-Ha-ras gene 
in NN. The same conditions as in Fig. 3. RNA was isolated~om NN 
of rats treated 60 days with SAM (384 ~mol/Kg,day) or their con
trols, electrophoresed (10 ~g) on denaturating formaldehyde agarose 
gels, transferred to nitrocellulose membranes, and hybridized with 
a specific DNA probe. Lane 1, control; lane 2, SAM-treated. 
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high SAM doses. Low SAM doses cause: (a) a significant decrease in the 
growth of EAF coupled with a great increase in phenotypic reversion of EAF; 
(b) a near complete recovery of 5-mC content of liver DNA, otherwise reduced 
during the development of EAF, and of nodule DNA. All of these effects are 
reversed by 5-AzaC, while no interference of 5-AzaC with the effect of high 
SAM doses can be observed. This points to an antipromoting effect of low SAM 
doses and to a role of DNA undermethylation in the SAM antipromoting effect. 

Inhibition of c-Ha-~, c-Ki-ras and c-~ proto-oncogene expression by 
SAM has been observed in NN by using high SAM doses for a relatively short 
period of time (7 days). During this treatment no detectable nodule regres
sion occurs. Thus, in our experimental conditions inhibition of gene expres
sion precedes NN regression. The presence of activated c-Ha-ras, c-Ki-ras 
and c-~ proto-oncogenes has been widely described in experimental and human 
tumors 79-84, including hepatocarcinomas 85-87 . Proto-oncogene activation has 
also been found in liver nodules 88-90 as well as in early papillomas which de
velop during skin carcinogenesis promotion 91 ,92. DNA from skin papillomas in
duces foci of transformed NIH 3T3 cells 91 A point mutation in the 61st 
codon of one allele of the c-Ha-ras gene has been described in papillomas 92 . 
In addition, c-Ha-ras, c-Ki-ras, and c-~ proto-oncogenes, or some DNA sites 
near these oncogenes, are hypomethylated in tumors93-96 , and in nodules 89 . 

Reproducibility and specificity of proto-oncogene activation in neo
plasms has been thought to be suggestive of a significant etiological role 80 . 
Interestingly, Thorgeirsson et al. 97 have recently reported that transfection 
of v-raf, v-Ha-ras and, in particular, a combination of v-raf and c-~ 
oncogenes are efficient in inducing the development of GGT-positive foci of 
altered cells in cultured rat liver epithelial cells. Focal cells induced 
the development of rapidly growing tumors, after transplantation into nude 
mice. It should be noted, however, that an elevation in proto-oncogene tran
scripts does not demonstrate ~ ~ transforming activity. An elevation in 
c-Ha-ras, c-Ki-ras and c-~ transcripts, coincident with the peak of DNA 
synthesis, occurs in liver after partial hepatectomy 98 ,99. Mammalian ras 
genes acquire transforming-inducing properties by single point mutations 
within their coding sequences (see ref. 100 for review). ~ Oncogenes have 
been implicated in tumors as genes which are altered by chromosome rearrange
ments or DNA amplification10~ To our knowledge it has not yet been verified 
if these changes occur in liver preneoplastic nodules. It can be thus 
suggested that enhanced expression of the proto-oncogenes in liver nodules is 
linked to active proliferation of preneoplastic and neoplastic tissue. 
Indeed, a theme underlaying many researches is that proto-oncogenes control 
the molecular events that enable cells to grow 102 ,103. 

The maintenance of a high methylating environment, by injecting 
exogenous SAM, during the development of preneoplastic tis~ue, causes DNA 
methylation, inhibition of gene expression, as early as after a 7-day SAM 
treatment, and, at least after 56-60 days, inhibition of nodule growth and 
progression. Preliminary experiments, in which nodule DNA has been analyzed 
for methylation using isoschizomeric enzymes HpaII/MspI and 32P-labeled 
c-~ probe, showed hypomethylation of c-~ gene. A 7-day treatment with 
384 ~mol/Kg,day of SAM caused the disappearance of 0.38 and 0.87 Kb bands and 
the appearance of three bands of 0.63, 1.10 and 2.88 Kb in the HpAII digested 
DNA, which indicates the appearance of some methylated sites in the proto
oncogene DNA (Feo et al., unpublished results). Thus, our results envisage 
the possibility of modulating gene methylation and expression by maintaining 
a high SAM/SAH ratio in liver cells during hepatocarcinogenesis promotion. 
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DEVELOPMENT AND APPLICATION OF AN IN VIVO MEDIUM-TERM BIOASSAY SYSTEM ---
FOR THE SCREENING OF HEPATOCARCINOGENS AND INHIBITING AGENTS OF 
HEPATOCARCINOGENESIS 
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Shuji Yamaguchi and Mamoru Mutai 
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School, 1 Kawasumi, Mizuho-cho, Mizuho-ku, Nagoya 467, Japan 

INTRODUCTION 

The number of compounds which have been introduced into our environment 
is now far beyond our capacity to perform costly long-term carcinogenicity 
tests. For the purpose of performing mass-screening of compounds, in vitro 
short-term tests such as the Salmonella/microsome assay (Ames' testr-have 
been developed 1,2, and a variety of carcinogenic compounds have been shown to 
be mutagenic with an apparent good correlation 3- 6 • Recently, however, it has 
been shown that the mutagenicity results have not always correlated well to 
carcinogenicity 4. Therefore, the development of an appropriate in vivo 
medium-term assay system which could bridge the gap between mutagenicity and 
carcinogenicity tests has become an urgent necessity. Use of rat liver 
utilizing the two-step concept for such a screening assay has the particular 
advantage of relatively easy quantitative detection of preneoplastic enzyme 
altered foci 7- 10• Recent studies in this laboratory indicated that immuno
histochemically demonstrated GST-P+ foci show good conformity to previously 
used hyperplastic nodules or ~-glutamyl transpeptidase-positive foci with the 
advantage of having far less background hepatocyte staining due to non-spe
cific inductionll - 15 • 

The present report summarizes the development and application of this 
medium-term model for the assay of 132 compounds and their relation to 
available Ames' test and long-term carcinogenicity findings. 

MATERIALS AND METHODS 

A total of 5190 6-week-old male F344 rats (Charles River Japan Inc., 
Atsugi, Japan) were maintained on basal diet (Oriental M, Oriental Yeast Co., 
Tokyo) and housed in plastic cages in an air-conditioned room at 25°C. 
Chemicals used were purest grades available. 

Experiment I 

The rats (100 rats) were initially treated with DEN (200 mg/kg, i.p.), 
given basal diet for the following 2 weeks, and then divided into four 
groups. Groups 1-3 were given basal diet containing 0.02% 2-AAF (group 1), 
0.05% PB (group 2) or 2.0% BRA (group 3), respectively, for 6 weeks. Group 4 
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Table 1. Positive rate in the different category of compounds (%) 

Test compound Mutagen Nonmutagen Unknown Total 

Liver carcinogen 13/14 (92.9) 13/15 (86.7) 0/0 26/29 (89.7) 
Nonliver carcinogen 1/14 (7.1) 1/6 (16.7) 0/1 (0) 2/21 (9.5) 
Noncarcinogen 0/5 (0) 0/18 (0) 0/2 (0) 0/25 (0) 
Unknown 1/8 (12.5) 7/25 (28) 4/22 (18.2) 12/55 (21.8) 

was given basal diet only. All animals were subjected to two-thirds partial 
hepatectomy (PH) at the end of week 3. Three to four animals from each group 
were sacrificed 1, 2, 3 and 4 days and 1, 2, 3 and 5 weeks after PH. [3H]
Thymidine was injected intraperitoneally at a dose of 1 ~Ci/g body weight 1 h 
before sacrifice. The liver was excized and 2-3 mm thick sections were fixed 
in ice-cold acetone for immunohistochemical demonstration of GST-P and 
autoradiography. Antibody against GST-P was raised as described previously1~ 
The avidin-biotin-peroxidase complex (ABC) method described by Hsu et al.17 
was used to determine the localization of GST-P in the liver using Vectastain 
ABC Kit, PK-4001 (Vector Laboratories Inc., Burlingame, California, USA). 
The numbers and areas of GST-P+ foci more than 0.2 mm in diameter were 
measured using an image processor11 -1\ The labeling indices (LI) of 2000 
GST-P+ and negative hepatocytes were determined. 

Experiment II 

For the several chemicals evaluated, a total of 4969 rats were divided 
into 3 groups. Group 1 was given a single intraperitoneal injection of DEN 
(200 mg/kg) dissolved in 0.9% NaCI to initiate hepatocarcinogenesis. After 2 
weeks on basal diet, they received one of the test compounds administered 
either in the basal diet (D), drinking water (W), or by intraperitoneal 
(i.p.) or intravenous (i.v.) injection at the concentrations given in 
Table 1. Animals were subjected to PH at week 3 (total of 2454 rats). Group 
2 was given DEN and PH in the same manner as for group 1 but without adminis
tration of any test compound (total 606 rats). Group 3 animals were injected 
with 0.9% NaCl instead of DEN solution and then subjected to administration 
of test compound and partial hepatectomy (total of 1909 rats, not listed in 
Table 1). Rats in each group were killed for examination at week 8 (Fig. 1). 
Results from 29 series of experiments using this regimen are summarized in 
this presentation, including results previously published. 

Immunohistochemical staining and quantitative analysis for GST-P+ foci 
were done as in Experiment I. The results were assessed by comparing the 
values between groups 1 (DEN ~ test compounds) and 2 (DEN alone). Group 3 
served to evaluate the assay for the potential to induce GST-P+ foci without 
prior DEN (Fig. 1). Scoring of the results was made on the basis of the 
difference of Student's P-values between groups 1 and 2: positive was consid
ered an increase at P < 0.05 in either number or area of foci. 

Experiment III 

A total of 121 rats were divided into 3 groups in a similar protocol as 
in Experiment II. Clofibrate (0.3% in diet), a liver carcinogen 18 , was given 
as the test compound, but was administered continuously for 30 weeks. Seven 
to 27 rats were killed at each of weeks 3, 8, 20 and 32 after treatment with 
DEN. Liver sections were prepared as in Experiment II using serial sections 
for GST-P staining and H&E staining. 
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Fig. 1. Assay method. Group 1, DEN~test compound; group 2, DEN alone; 
group 3, test compound alone. All rats were subjected to partial 
hepatectomy at week 3 and killed at week 8. 

RESULTS 

Experiment I 

2-AAF (group 1) and PB (group 2) significantly enhanced the induction 
of GST-P+ lesions, and BHA (group 3) significantly inhibited their develop
ment (Fig. 2). 

The sequential changes in LI of the cells in GST-P+ foci and surround
ing hepatocytes are presented in Figs. 3 and 4. In group 1, 2-AAF almost 
completely inhibited proliferation of surrounding hepatocytes, whereas GST-P+ 
cells in the foci showed a high proliferative activity for at least 1 week 
after PH. In groups 2-4, the LI of the surrounding hepatocytes were higher 
than those of GST-P+ foci cells on day 1, then quickly decreased to resting 
values. In contrast, the LI of cells in the foci began to show slightly 
higher values than the surrounding liver beginning on day 2. 

Experiment II 

The summarized results with regard to the categories of positive comp
ounds are shown in Table 1. Most of chemicals which enhanced the induction 
of GST-P+ foci have known carcinogenic potential, and almost all include the 
liver as one of their principal target organs (26 of 29 test compounds). 
Twenty-one of 40 positive compounds in this assay system are not mutagenic. 
GST-P+ foci were also induced in group 3 rats given potent hepatocarcinogens. 
However, these values were far less than for group 1. No false-positive 
results were recorded; none of the tested chemicals without carcinogenic act
ivity (25 compounds) enhanced the induction of GST-P+ foci. Eleven of the 22 
chemicals showing an inhibitory effect are antioxidants. 

Experiment III 

The total number of GST-P+ and GST-P- foci at week 8 were significant
ly less in rats fed clofibrate after DEN than after DEN alone (Fig. 5). How
ever, the values showed a gradual increase and became significantly elevated 
at week 32. Furthermore it was found that the increase in the total number 
of foci was due to GST-P- foci, which could be recognized in H&E stained 
foci. Similar results were also observed for the values for area of foci. 
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Sequential changes in the areas of GST-P+ foci in rats fed 2-AAF 
(tt), PB (II), BRA ([J), and basal diet (control,C). Mean ± SD. 

DISCUSSION 

In experiment I, 2-AAF clearly inhibited the proliferation of surround
ing hepatocytes whereas the cells in foci had considerably higher LI. This 
observation is probably related to the differential toxic effect of 2-AAF on 
foci cells compared to normal hepatocytes 10- 19• PB also inhibited the prolifer
ation of surrounding hepatocytes to a much lesser extent than 2-AAF, but, 
unlike in previous observations2~ PB did not cause any stimulation of pro
liferation of foci cells. In contrast, BRA did not show any inhibitory ef
fect on surrounding hepatocytes, allowing them to proliferate continuously, 
but inhibited the proliferation of hepatocytes in foci. 

In a large series of assays of various compounds with known hepatocarc
inogenic effects or its inhibition, it is clear that the results obtained 
using the present medium-term bioassay model show a positive association with 
carcinogenicity but without obvious correlation to the results of Salmonella 
mutagenicity testing 1-6 CTable 1). As summarized 15 mutagenic and 21 non
mutagenic carcinogens were successfully detected as positive compounds in this 
assay. 

It is especially noteworthy that 26 of 29 (89.7%) hepatocarcinogens gave 
a positive result, irrespective of their mutagenicity, leaving only three 
compounds, 4,4'-diaminodiphenylmethane, di(2-ethylhexyl)phthalate and 
clofibrate as false-negatives 19 ,2\ As expected, positive results for non
liver carcinogens were not as clear as for hepatocarcinogens. Most import
antly is the fact that none of the compounds currently considered as 
non-carcinogens proved positive in this assay. In other words, the bioassay 
system did not generate false-positive results. 
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Fig. S. Sequential changes in the number/cm2 of GST-P+ and GST-P- foci in 
rats given clofibrate (CL). P < 0.05 (*), compared to the groups 
given DEN alone. Bar represents mean ± S.D. 

This assay system also possesses the advantage that detection of inhibi
tory agents for hepatocarcinogenesis is possible. For example, a number of 
antioxidants (11 of 22 inhibitory agents), mostly naturally occurring, 
brought about a reduction of GST-P+ foci induction. BRA, ethoxyquin and 
~-tocopherol were previously reported as inhibitory agents for liver or colon 
carcinogenesis in long-term experiments22,2~ However, since some antioxidant 
species, such as BRA and sodium ascorbate, are also carcinogenic or exert 
promoting effects on other organs, investigations using protocols based on 
initiating agents with a wide spectrum of organ effects, such as N-methyl
N-nitrosourea, is necessary to clarify their potential as environmental 
hazards 24 ,25. 

Among the non-mutagenic carcinogens which demonstrated negative results 
in this study, the liver carcinogens di(2-ethylhexyl)phthalate and clofi
brate, which are also known as peroxisome proliferating agents, are particu
larly interesting since they are thought to induce preneoplastic lesions 
which are phenotypically at variance with those associated with other car
cinogens19,2~ To clarify the apparent discrepancy, quantitative analyses of 
foci positive or negative for GST-P were performed by continuous feeding of 
clofibrate after treatment with DEN as in the current model. The results 
clearly indicate that the apparent decrease of GST-P+ foci was caused by an 
increase of GST-P- foci. In other words, a large number of foci cells 
induced during the feeding of clofibrate were shown to be negative for GST-P 
rather than positive. Further investigation of the specific enzyme phenotype 
of such foci may help to solve this apparent disadvantage for use of our 
model system. 

In conclusion, it is proposed that the present experimental protocol is 
advantageous for medium-term screening of large numbers of chemicals which 
may possess hazardous potential for inducing cancer in man, particularly 
liver cancer. Although the results with non-hepatocarcinogens were less than 
satisfactory, the system could nevertheless be of practical use because 
approximately 60% of the environmental carcinogens which were rated to have 
"sufficient evidence" of capacity to cause cancer in man listed by the IARC 26 
are hepatocarcinogens in rats. 
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SECTION III 

REGULATION OF CELL GROWTH IN CHEMICAL CARCINOGENESIS 



NUCLEAR ALTERATIONS IN LIVER CARCINOGENESIS: THE ROLE OF NON-

POLYPLOIDIZING GROWTH 

INTRODUCTION 

Per O. Seglen, Per E. Schwarze and Gunnar Saeter 

Department of Tissue Culture 
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The Norwegian Radium Hospital 
Montebello, 0310 Oslo 3, Norway 

Polyploidization is a characteristic and dominant aspect of rat liver 
growth. As the animal matures, an increasing number of proliferating diploid 
hepatocytes undergo nuclear mitosis without cell division, resulting in the 
formation of tetraploid cells with two diploid nuclei. In the next cell 
cycle these binucleated cells form a single mitotic spindle and divide, 
yielding mononucleated tetraploid progeny. The latter may in turn undergo 
ordinary cell division, probably several times, or take one or two further 
steps along the polyploidization pathway, generating first binucleated, then 
mononucleated octoploid cells 1,2. 

Polyploidization is generally regarded as an irreversible process3,~ 
which implies that a polyploid hepatocyte cannot serve as precursor (stem 
cell) for a clonal cell population that includes diploid cells. All hepato
cellular tumors appear to be made up at least partially by diploid tumor 
cells; most are in fact predominantly diploid s- 10 . We have therefore 
suggested that liver tumors originate from diploid precursor cells, and that 
any treatment which reduces the extent of polyploidization in liver tissue 
may promote liver carcinogenesis by expanding the total diploid hepatocyte 
polulation, including the tumor precursor cell population. In addition, 
diploid hepatocytes would presumably be more susceptible towards mutagenic 
carcinogens than polyploid hepatocytes, since the quantitative dominance of 
normal alleles and suppressor genes in the latter would tend to prevent the 
expression of oncogenic mutations. Mutation-dependent carcinogenic progres
sion would therefore be favoured by the maintenance of diploidy in the 
precursor populations9-1~ 

A previous study of rat liver carcinogenesis, employing diethylnitrosa
mine (DEN) as initiator and 2-acetylaminofluorene (AAF) as promotor, demon
strated an increase in the fraction of diploid hepatocytes already in the 
preneoplastic livers. Similar observations have been made with other car
cinogen treatment regimens 5,6,11-14 , indicating that induction of non-poly
ploidizing growth may play a role during the early stages of liver carcino
genesis. The present report summarizes our recent work on ploidy development 
during liver carcinogenesis in Wistar Kyoto rats, with particular emphasis on 
the promoting action of AAF. Use of the inbred Kyoto strain has permitted 
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transplantation experiments which both illuminate the role of ploidy and the 
mechanism of action of tumor promoters. 

METHODS 

An Effective Initiation-Promotion Model of Liver Carcinogenesis 

Administration of DEN, 50 mg/kg, to young rats (70-80 g) 24 h after 2/3 
partial hepatectomy (PH) is a very effective initiation regimen 15 . About 
one-half of Kyoto rats subjected to such initiation developed hepatocellular 
carcinoma within eight months even without promotion. With an additional 
4 wk administration of dietary AAF (0.02%, starting one wk after PH), a pro
moting dose that by itself generated no carcinomas within this time period, 
90% of the animals contracted cancer, and the incidence of carcinomas (per 
liver) increased threefold. A promoting effect of AAF was also evident at 
the nodule stage (4 mo.) and in the preneoplastic liver (atypical hepatocytes 
at 6 wk) (Table 1.). 

Collagenase-isolation of Hepatocytes and Tumors as a Method for Quantitative 
Analysis of Liver Carcinogenesis 

Dispersion of the liver by two-step collagenase perfusion converts the 
normal parenchyma to isolated hepatocytes with an efficiency of 100% 16. The 
hepatocytes can be purified by differential centrifugation without any change 
in ploidy distributions or functional properties, while endothelial, connec
tive, biliary epithelial and oval cells are removed 17 . Microscope counting 
of individual hepatocytes in the suspensions permits precise quantitation of 
cytochemically detectable phenotypic changes (e.g. y-glutamyltranspeptidase 
-GGT- expression) and binuclearity; the suspensions are furthermore suitable 
for flow-cytometric analysis of DNA and protein 8. Neoplastic nodules and 
hepatocellular carcinomas are not completely dissociated by the primary col
lagenase treatment; they can therefore be isolated by filtration, counted and 
weighed. By slicing and secondary collagenase treatment, however, isolated 
parenchymal cells can be prepared (albeit at low yield) even from the tumors. 

Transplantation of Hepatocytes from Tumors and Preneoplastic Livers 

Since Kyoto rats are an inbred strain, we can transplant hepatocytes and 
tumor cells from one animal to another. We have developed a procedure for 
injection of cell suspensions into a portal tributary vein immediately after 
PH; this results in the permanent retention of some 20% of the injected cells 
in the recipient liver18. Normal transplanted hepatocytes produced no tu
mors, whereas hepatocytes from preneoplastic (carcinogen-treated) livers, or 
from hepatocellular carcinomas, produced tumors in the host animals with high 
efficiency. 

Flow-cytometric DNA Analysis and Calculation of Absolute Cell Numbers within 
the Hepatocytic Ploidy Classes 

Hepatocellular and nuclear ploidy distributions were assessed by flow
cytometric DNA analysis of mithramycin-stained whole hepatocytes and 
propidium iodide-stained hepatocyte nuclei (Fig. 1)8,19. While the nuclear 
fraction values could be used directly, the cellular values included aggre
gates and binucleated cells, accounting for the difference between histograms 
A and B in Fig. 1. Counting by fluorescence microscopy provided total binu
clearity values without distinguishing between tetraploid and octoploid binu
cleates; however, the ploidy analysis indicated that the relative rate of bi
nucleation was four times higher among the diploid than among the tetraploid 
cells. Including this ratio in an extensive set of equations, all ploidy 
classes (2N, 2x2N, 4N, 2x4N and 8N) could eventually be resolved. By meas
uring liver wet weights, and deducing the relationship between hepatocellu-
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Table 1. Promotion of phenotypic alterations and tumorigenesis 
by 2-acetylaminofluorene (AAF) at various times after 
initiation with diethylnitrosamine (DEN) 

Type of lesion DEN only DEN + AAF 

% GGT-positive hepatocytes 
6 wk 0.0 ± 0.0 (2) 29.1 ± 3.8 (4)a 

(6)b 4 mo 0.0 ± 0.0 (2) 15.2 ± 4.3 

No. of nodules (~lmm)/liver 
(ll)b 4 mo 1.4 ± 0.5 (5) 14 ± 3 

8 mo 69 ± 45 (5) 50 ± 14 (6) 

No. of hepatocellular car-
cinomas/liver 
4 mo 0.0 ± 0.0 (5) 0.4 ± 0.2 (ll)b 
8 mo 0.8 ± 0.3 (6) 2.4 ± 0.4 (8) 

a p < 0.001; b p < 0.02 for DEN+AAF vs. DEN according to the t-test. 
AAF (0.02%) was administered in the diet for 4 weeks, beginning 
one week after initiation (partial hepatectomy + DEN). Each value 
is the mean ± S.E. of the no. of animals given in parentheses. 

larity, cell size and ploidy 8,16,17, absolute cell numbers within each ploidy 
class could be calculated. 

RESULTS AND DISCUSSION 

AAF Promotion of Liver Carcinogenesis by a Non-cytotoxic Mechanism 

The ability of AAF to promote liver carcinogenesis (which appears to be 
independent of its initiating properties) is most often utilized according to 
the Solt-Farber protocol, i.e. by inducing regenerative growth during AAF ad
ministration subsequent to initiation by some other carcinogen (e.g. DEN 
given at a necrotizing dose) 20. It has been suggested that AAF in that mod-
el promotes carcinogenesis by selective cytotoxicity, suppressing the regen
erative growth of normal hepatocytes while permitting the outgrowth of abnor
mal cells rendered AAF-resistant by the initiating carcinogen 21 • 

In our model AAF exhibited, independently of liver regeneration (admin
istration was for 1-5 wk after PH), promoting effects at several stages of 
carcinogenesis as indicated by the early appearance of phenotypically abnor
mal (GGT-positive) cells; the accelerated outgrowth of neoplastic nodules, 
and the increased incidence of hepatocellular carcinoma (Table 1). AAF was 
apparently not hepatotoxic, since liver growth proceeded at a normal rate in 
its presence, even without prior initiation 10. Livers from AAF-treated rats 
thus had the same size, DNA and protein content as untreated livers (Table· 
2). AAF promotion in our model therefore must be due to some mechanism other 
than differential cytotoxicity. 

Induction of a Non-polyploidizing, Regeneration-like Liver Growth Pattern by 
AAF 

The previously reported changes in hepatocellular ploidy distributions 
during early carcinogenesis 8 were evident also in Kyoto rats, as a marked 
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Fig. 1. Cellular and nuclear ploidy distributions of hepatocytes from normal 
and carcinogen-treated Wistar Kyoto rats. DNA histograms were re
corded by flow cytometry of whole cells (A,C) and nuclei (B,D) from 
a normal (PH) control liver (A,B) or from the preneoplastic liver of 
a carcinogen-treated (PH + DEN + AAF) animal (C,D), 6 wk after PH. 

increase in the fraction of diploid hepatocytes and a virtual disappearance 
of octoploid cells and nuclei 6 wk after initiation of treatment with DEN + 
AAF (Fig. 1). Since these relative distributions did not provide information 
about the direction or magnitude of changes in absolute cell numbers, the 
latter were calculated on the basis of flow cytometric data, binuclearity 
counts and liver weight determinations, and followed during growth and devel
opment of normal and carcinogen-treated rats. 

Normal development was characterized by progressive polyploidization, 
observed as a decrease in the number of diploid hepatocytes (Fig. 2A) and an 
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Table 2. Lack of AAF hepatotoxicity in Wistar Kyoto rats 

Liver size and composition 

- AAF + AAF 

Liver wet weight (g) 9.74 ± 0.35 9.73 ± 0.35 
Dry weight (mg/g wet wt. ) 250.4 ± 16.3 242.7 ± 8.3 
Protein (mg/g wet wt. ) 189.1 ± 10.5 173.6 ± 5.6 
DNA (mg!g wet wt. ) 1. 62 ± 0.07 1. 57 ± 0.02 

Rats were given dietary AAF (0.02 %) 1-5 wk after partial 
hepatectomy; livers were sampled at 8 wk. Each value is 
the mean ± S.E. of three animals. 



increase in all other ploidy classes, exemplified here by the binucleated 
cells (Fig. 2B). Initiation with DEN did not affect this pattern materially. 
AAF, on the other hand, induced a dramatic change in the growth pattern both 
with and without prior initiation: instead of decreasing, the number of dip
loid hepatocytes increased markedly (Fig. 2A), while the formation of binu
cleated cells was virtually arrested (Fig 2B). 

Examination of the total ploidy distributions (Table 3.) made it evident 
that all types of mononucleated hepatocytes (2N,·4N and 8N) increased in num
ber at a similar rate in the presence of AAF, while binucleated cells (2x2N 
and 2x4N) did not. This would suggest that liver cell proliferation in the 
presence of AAF proceeded at an undiminished rate, with all ploidy classes 
participating, but that no new polyploidization (binucleation) took place. 
The same pattern - equivalent increases in all mononucleated cells; no binu
cleation - was observed during the initial week of regenerative growth 
(Table 3). AAF would thus seem to effect a switch, in all hepatocytes, from 
the normal polyploidizing, developmental growth mode to a non-polyploidizing, 
regeneration-like mode. The normal rate of binucleation was rapidy restored 
following AAF withdrawal 10, suggesting that the switch was reversible. 

The ability to induce non-polyploidizing growth in normal liver may be 
relatively unique to AAF. Phenobarbital (PB), which promoted primary carci
nogenesis as effectively as did AAF (our unpublished results), did not alter 
the ploidy distribution of normal hepatocellular nuclei (Table 4). Previous 
studies have similarly indicated that PB may stimulate normal liver growth 
without interfering with polyploidization22. 
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Effects of AAF and DEN on absolute numbers of diploid (A) and binu
cleated (B) rat hepatocytes during developmental liver growth. 
Young rats were subjected to PH only «()), PH + DEN (tt), PH + AAF (~) 
or PH + DEN + AAF (II) AAF (0.02 %) was given from 1 to 5 wk after 
PH. Absolute cell numbers (per liver) were calculated on the basis 
of flow-cytometric ploidy analyses of cells and nuclei, binuclearity 
counts and liver weight determinations. 
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Table 3. Net change in cell number (per liver) within each 
hepatocytic ploidy class during regeneration (0-1 wk 
after PH) and developmental growth (1-6 wk after PH) 

Change in cell number Fold increase 
(millions/liver) (x) 

2N 2x2N 4N 2x4N 8N 2N 2x2N 4N 2x4N 8N 

Regeneration 170 4 225 0 17 8.1 1.2 7.1 1.0 6.7 
Development 

PH control -105 61 169 96 60 0.5 3.4 1.6 12.3 4.1 
+ DEN - 56 108 221 78 69 0.7 7.5 2.0 20.6 2.7 
+ AAF 297 10 420 4 36 2.5 1.4 2.6 1.4 2.8 
+ DEN + AAF 537 30 292 4 14 3.4 2.8 2.4 2.0 1.4 

Constitutive Non-polyploidizing Proliferation of DEN-initiated Hepatocytes? 

In DEN-pretreated rats, the AAF-induced proliferation of diploid hepato
cytes tended to proceed at a higher rate than in the other mononucleated cell 
classes, and at a higher rate than with AAF alone (Fig. 2, Table 3). The 
fully carcinogen-treated animal thus maintained a higher fraction of diploid 
hepatocytes at all times. Eleven weeks after AAF withdrawal the fraction of 
diploid cells in rats treated with DEN + AAF was twice as high as in rats 
treated only with AAF, the percentage values being 24.2 ± 2.5 (9) and 12.3 ± 
1.8 (11), respectively (p < 0.02). (In addition, tumors developing at this 
time point would contain predominantly diploid cells). This difference could 
conceivably be due to the progeny of DEN-initiated cells in which non-poly
ploidizing growth had become constitutive, possibly secondarily to AAF
induction. 

Predominantly Diploid Phenotype of Hepatocellular Tumors 
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The relevance of non-polyploidizing growth to liver carcinogenesis 

Table 4. Effects of phenobarbital (PB) and 2-acetylamino
fluorene (AAF) on nuclear ploidy distributions in 
rat liver 6-15 wk after start of treatment 

Untreated control 
PB (continuously) 
AAF (4 weeks) 

Nuclear ploidy (% of total) 

2 N 

21.8 ± 2.4 (9) 
21.8 ± 1.4 (5) 
43.8 ± 2.7 (11) 

4 N 

69.6 ± 1. 7 
69.5 ± 1. 4 
52.2 ± 2.3 

8 N 

8.6 ± 0.8 
8.8 ± 1.0 
4.1 ± 0.4 

Treatment was begun one week after partial hepatectomy and 
continued for 4 weeks (AAF) or until the time of sacrifice 
(PB). Each value is the mEan ± S.E. of the no. of animals 
given in parentheses. 



is particularly indicated by the fact that all tumors generated in our model 
are predominantly diploid 8 - 10• Both hepatocellular carcinomas and large neo
plastic nodules contained, on average, about 80% diploid parenchymal cells. 
There were few binucleated cells in the tumors; nuclear and cellular ploidy 
distributions were therefore relatively similar, in contrast to the situation 
among normal hepatocytes (Table 5). 

Smaller nodules « 2.5 mm in diameter) were, on average, significantly 
less diploid than larger nodules harvested at the same time (Table 5). Since 
tumor development in this model proceeds with a certain degree of synchrony, 
tumor size at a given time point would be expected to correlate with tumor 
growth rate. The data would therefore seem to suggest a negative correlation 
between the rate of growth and the rate of polyploidization (= differentia
tion?). 

The development of diploid tumors was not restricted to our standard AAF 
promotion protocol. Hepatocellular carcinomas generated in the absence of 
promotion (DEN only), with PB promotion, or according to the Solt-Farber 
protocol were all predominantly diploid (Table 6). The diploidy of PB-pro
mated tumors, albeit somewhat lower than in the other groups, is of particu
lar interest, since very slow-growing, PB-promoted tumors were reported to 
contain a majority of polyploid cells 23. The present results suggest that 
the high degree of polyploidization in those tumors may be associated with 
their low growth rate rather than with PB promotion. 

Transplanted Hepatocytes from Preneoplastic Liver Yield Diploid Host Tumors 

Hepatocytes from preneoplastic livers of carcinogen-treated animals, 
transplanted to syngeneic recipients and promoted with PB 18, developed into 
hepatocellular carcinomas in the majority of the host animals within three 
months. Carcinomas were also formed in the absence of secondary promotion, 
but more slowly (no carcinomas at 3 mo., but 40% of the animals had cancer at 
8-9 mo.). Both promoted and non-promoted tumors were predominantly diploid 
(Table 6). Secondary promotion with AAF + PB (sequential treatment) gave the 
same result as with PB alone. These transplantation experiments show that 
non-polyploidizing growth is a constitutive property of developing tumors, 
not dependent on carcinogen-induced alterations in the surrounding tissue. 

Stimulation of Tumor Growth by AAF and Phenobarbital 

Since PB apparently does not interfere with hepatocytic polyploidiza
tion, its promoting effect would probably be to accelerate the outgrowth of 
constitutively non-polyploidizing cells. To see if such growth stimulation 
could extend to established tumors, cells were isolated from primary hepato
cellular carcinomas (induced by DEN + AAF) and transplanted to syngeneic 
hosts. As shown in Table 7, multiple tumors developed in the majority of the 
rats within two months. Both the number of detectable tumors and their total 
mass was significantly enhanced by treatment of the host rats with either PB 
or AAF. The ability of the promoters to stimulate the growth of already 
established carcinoma cells suggests that at least part of their promoting 
effect in primary carcinogenesis may simply be due to a growth factor-like 
action upon tumorigenic precursor cells. 

Both PB 22 and an AAF anologue with particularly low toxicity, 4-AAF2~, 
have been reported to function as stimulators of normal liver growth. The 
response of tumors and possible tumor precursor cells towards these growth 
promoters may therefore represent a general hyperproliferative ability that 
could be triggered even by phsiological growth stimuli, and thus account for 
the outgrowth of tumors even in the absence of promotion. Hyperproliferation 
seems to be a characteristic feature of the hepatocellular tumor phenotype, 
established already at initiation 25 . 
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Table. 5. Predominance of diploid cells and nuclei in 
carcinogen-induced hepatocellular tumors 

Normal liver 
Nodules <2.5 rom 
Nodules >2.5 rom 
Carcinomas 

7. Diploid cells 

8.2 ± 1.4 (8) 
64.3 ± 3.0 (2) 
80.5 (1) 
79.3 ± 2.8 (4) 

7. Diploid nuclei 

21.8 ± 2.4 
65.8 ± 2.4 
81.4 ± 2.4 
83.0 ± 2.3 

(9) 
(16)a 
(13)a 
(15) 

a p < 0.001 for difference between large and small nodu
les. All animals received complete carcinogen treatment 
(PH + DEN + AAF). Nodules were harvested at 4 months; 
carcinomas at 4-8 months. Each value is the mean ± S.E. 
of the no. of tumors given in parentheses. 

Possible Significance of Non-polyploidizing Growth in Liver Carcinogenesis 

Since AAF could stimulate the growth of tumors that were already di
ploid, its growth-promoting properties would appear to be at least partially 

Table 6. Effect of different promoting regimens on nuclear ploidy 
distributions in hepatocellular carcinomas developing during 
primary carcinogenesis or after transplantation of hepa
tocytes from preneoplastic livers 

Nuclear ploidy (7. of total) 

2 N 4 N 8 N 

Normal liver, 4-8 mo. after PH 21. 8 ± 2.4 (9) 69.6 ± 1.7 8.6 ± 0.8 
Primary hepatocellular carcinoma 

No promotion, 8 mo. 88.8 ± 1.6 (3) 10.4 ± 1.4 0.8 ± 0.2 
AAF promotion, 4-8 mo. 33.0 ± 2.3 (15) 15.1 ± 2.0 1.9 ± 0.3 
PB promotion, 4 mo. 73.2 ± 4.3 (3) 24.0 ± 4.6 2.8 ± 0.3 
Solt-Farber model, 4-8 mo. 74.1 ± 5-3 (4) 23.1 ± 4.7 2.8 ± 1.8 

Post-transplantation carcinoma 
No sec. promotion, 8-10 mo. 90.6 ± 0.7 (lL 9.1 ± 0.6 0.3 ± 0.1 
PB sec. promotion, 2-10 mo. n .1 ± 2.4 (41) 21.3 ± 2.2 1.6 ± 0.3 
AAF+PB sec. promot., 5 mo. 81.6 ± 2.3 (20) 17.2 ± 2.1 1.3 ± 0.3 

Primary carcinogenesis was initiated with PH + DEN (50 mg/kg) except in 
the Solt-Farber model, where DEN alone (200 mg/kg) was used. In the 
latter model AAF was administered for 2 wk with PH after 1 wk of AAF; 
in other regimens AAF (0.027.) was given for 4 wk both as primary and 
secondary promoter. PB (0.047.), when given, was administered continu
ously for up to 4 mo. both in primary and secondary promotion. Trans
plant recipients were subjected to PH and given an ~ntraportal injec
tion of hepatocytes isolated from carcinogen-treated (PH + DEN + AAF) 
donors 8 wk after initiation, or, in the last experimenL, from PH + 
DEN-treated donors 1 wk after initiation. Each "/alue is 1:he ~ean ± 
S.E. of the no. of tumors given i~ parentheses. 
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Table 7. Effect of tumor promoters (PB. AAF) on outgrowth of 
secondary (transplanted) hepatocellular carcinomas 

Secondary Tumor-bearing Pro- No. of tumors Total tumor 
treatment animals moted per liver (all mass per liver 

No. % rats included) (g) 

None (PH) 13/21 62 9.5 ± 6.3 31 ± 17 
+ AAF 18/20 90 15/20 42.0 ± a 398 ± 159 b 12.6 b 
+ PB 19/19 100 17/19 101.8 ± 35.1 1608 ± 721 a 

a p < b 0.05; P < 0.02 for significance of AAF or PB treatment. 
Host rats received intraportal transplants consisting of 500.000 
donor cells from collagenase-dissociated primary hepatocellular 
carcinomas. isolated 8 months after initiation of carcinogen 
treatment (PH + DEN + AAF). The recipients were subjected to PH 
immediately before transplantation. and were then given AAF for 
4 weeks or PB until the time of sacrifice (2 months after trans
plantation). Promotion with AAF or PB was regarded positive if 
both the number of tumors and the total tumor mass per liver was 
increased relative to untreated rats receiving the same donor 
cell suspension. 

independent of its ability to induce a non-polyploidizing growth pattern. In 
very early carcinogenesis. the combination of both of these AAF-effects may 
provide a particularly effective promotion of initiated. hyperresponsive 
cells. PB. which stimulates growth by a mechanism not involving ploidy al
teration. would presumably be a more effective promoter after the establish
ment of non-polyploidizing growth. Such a dual requirement may be reflected 
in the synergistic promotion of primary liver carcinogenesis upon sequential 
administration of AAF and PB 26• However. it cannot be excluded that the two 
promoters may simply act as synergistic growth stimulators by mechanisms that 
are unrelated to ploidy. and that non-polyploidizing growth conversely can 
become established independently of promotion. Our results in fact show that 
DEN-initiated tumors are predominantly diploid regardless of whether they are 
promoted by AAF. PB or not promoted at all. The non-polyploidizing phenotype 
may therefore be present already as a result of initiation. and would 
furthermore seem to be strongly favoured during tumor development. 

The probable importance of a large diploid cell fraction in terms of 
stem cell maintenance and carcinogenic (mutational) progression risk has al
ready been pointed out 8-10. Even more importantly. the negative correlation 
between tumor size and polyploidy suggests that non-polyploidizing growth may 
be intrinsically more rapid than polyploidizing growth (cf. also regenera
tion) and thus represent a tumor advantage. Whether the reduced rate of 
polyploidization is a cause or a consequence of rapid growth remains to be 
established. 
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GROWTH CONTROL OF HEPATOCYTES IN PRIMARY CULTUKE AND ITS ABERRATION IN 

CARCINOGENESIS 

INTRODUCTION 

Akira Ichihara 

Institute for Enzyme Research, University of Tokushima 
Tokushima 770, Japan 

Liver has diverse functions, and these functions are mostly carried out 
by mature parenchymal hepatocytes. These cells are usually quiescent in 
vivo, but after injury of the liver or partial hepatectomy, they grow ac
tively, and when the original mass of liver is restored, they stop growing. 
Therefore, problems of central interest in hepatology are how growth of 
hepatocytes is initiated, how it is stopped, and how hepatocytes function 
during liver regeneration. These problems are important not only in cell 
biology, but also in hepatic surgery and carcinogenesis. 

For studies on these problems, a simple, clear experimental system is 
desirable. Primary cultures of hepatocytes have been shown to be the most 
suitable for this purpose, because these cells express most liver functions 
and are regulated by various hormones in the same way as they are in vivo1-~. 
In primary cultures, differentiated hepatocytes are quiescent, even in the 
presence of serum, but they can grow actively when appropriate mitogens are 
added. This paper mainly describes recent work in our laboratory on the 
mechanism regulating hepatocyte growth in vitro. Many important findings in 
other laboratories have been omitted because space is limited, and the reader 
should refer to review articles on these findings1,~ 

PLATELET-DERIVED REGULATORS OF HEPATOCYTE GROWTH 

Mature hepatocytes have been shown to proliferate in vitro when insulin 
and epidermal growth factor (EGF) are added to the medi~. However, the 
serum of rats after partial hepatectomy contains a potent mitogen, and this 
blood-born mitogen has been thought to be a genuine hepatocyte growth factor 
(HGF). Recently, this HGF was purified from rat platelets and found to be a 
heterodimer protein with sub-units of 34 and 69 KD5,~ HGF had an additive 
effect with insulin and EGF in stimulating DNA synthesis of primary cultured 
rat hepatocytes. There have been several reports on serum growth factors for 
hepatocytes (see ref. 1, p.l) and although these factors have not been well 
characLerized, they are likely to be similar to HGF released into the serum. 
!1oreover, rat platelets also contain factors that inhibit HGF (platelet
derived growth inhibitors, PDGIs)7. These PDGIs were separated into two 
facLors, a and B, on Biogel P-60. PDGI-B was identified as transforming 
g::O'-'i'::.:l facT.or-,j ~':f'GF-~)8, which also stimulates colony formation of NRK49F 
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cells in soft agar, but PDGI-a did not show this activity. These PDGIs are 
present in latent forms in a platelet extract, and are activated by treatment 
with 6M urea or 1M acetic acid 9. Therefore, these PDGIs are bound to a 
masking protein (MP) and usually do not inhibit hepatocyte growth. But under 
as yet unknown physiological conditions, they are dissociated from the MP and 
exert their inhibitory action. This MP was also purified and found to be a 
glycoprotein consisting of a tetramer of 46 KD. MP is a double-negative reg
ulatory protein for hepatocyte growth (Fig. 1). Platelet-derived growth 
factor (PDGF) did not stimulate hepatocyte growth and HGF did not stimulate 
growth of mesenchymal cells. 

EFFECTS OF CELL-CELL AND CELL-MATRIX CONTACTS: EFFECT OF TISSUE ARCHITECTURE 
ON HEPATOCYTE GROWTH 

Hepatocytes in liver lobules are in contact not only with each other, 
but also with non-parenchymal liver cells (endo- and epi-thelial cells) and 
with the extracellular matrix (collagen, proteoglycan, fibronectin and 
laminin). DNA synthesis of hepatocytes is markedly influenced by contact 
with neighboring hepatocytes 10 : at high cell density, cell-cell contact in
hibits DNA synthesis, with enhancement of functions of mature liver. Co
culture with liver epithelial cells (putative immature bile duct cells) also 
has a similar effect (see ref. 1, p.259), while co-culture with endothelial 
cells stimulates DNA synthesis of hepatocytes 11 • These effects of other 
cells are mediated by the membrane fractions of these respective cells. 
Similarly, hepatocytes cultured on collagen IV or fibronectin showed higher 
synthesis of DNA when humoral mitogen was added. Some proteoglycan also 
stimulated expression of liver-specific characters, such as albumin synthesis 
and gap-junction formation (see ref. 1, p.225). 

These results suggest that, not only a specific signal from membranes 
in contact with hepatocytes, but also the hepatocyte shape, controlled in 
general by surrounding cells and the matrix, may be important for regulation 
of liver cell growth and expression of functions. Indeed, the cells become 
smaller and more compact in these conditions than in control cultures, in 
which they spread out very much. 

Based on these findings, several modifications of culture conditions 
were introduced, such as coating the dishes wit~. biomatrix and co-culture of 
the cells with non-parenchymal liver cells, which increased the functions of 

Hepatocyte 

Fig. 1. Effects of microenvironment on hepatocyte growth 
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the hepatocytes and prolonged their survival in culture (for over one month). 

AUTONOMOUS GROWTH AND DIFFERENTIATION OF EARLY NEONATAL HEPATOCYTES 

In contrast to adult hepatocytes, early neonatal hepatocytes showed 
marked proliferation in culture without added serum or hormones. A stimul
atory factor was found in the medium of O-day-old rat hepatocytes 12 • This 
conditioned medium also stimulated growth of 3T3 cells, but not DNA synthesis 
of adult hepatocytes. The secretion of this growth factor and the autonomous 
growth of neonatal hepatocytes decrease rapidly within one week after birth. 
In contrast to their active growth, neonatal hepatocytes are immature in 
ability to express liver-specific functions, but acquire this ability as 
their growth decreases during culture. For differentiation in vitro, neo
natal hepatocytes require contact with adult hepatocytes. W;-showed by 
immunostaining of tryptophan oxygenase (TO) that in culture autonomous growth 
of neonatal hepatocytes and acquirement of TO were segregated, and that 
contact with adult hepatocytes resulted in cascade spread of expression of 
differentiated characters and decrease of autonomous growth 13 • During this 
work on the development of expression of differentiated characters by neo
natal hepatocytes, we found that expression of albumin by neonatal hepato
cytes occurs from a very early stage, even by cells of rats at birth, whereas 
expression of TO does not occur until two weeks after birth 14. These ex
pressions are regulated by the amounts of the respective mRNAs. Therefore, 
it is better to use TO than albumin as a marker of differentiation in studies 
on terminal differentiation. In fact, many hepatoma cells still retain the 
ability to express albumin, but no cell line has been found to express TO or 
show its induction by hormones 15. Similarly, expression of tyrosine amino
transferase (TAT) has often been used as a differentiated liver character, 
but this marker is also unsuitable for use in studies on differentiation. 

MECHANISMS OF LIVER REGENERATION AND HEPATOCARCINOGENESIS 

These results on growth of hepatocytes in primary culture showed that 
platelets playa central role in liver regeneration. Mature hepatocytes in 
vivo are in the typical Go state, the cells being quiescent and expressing 
differentiated characters under tight contact with each other and with non
parenchymal materials (Fig. 1). However, in injured liver, their contact 
may be loosened and they may proceed to the G1 stage (Fig. 2). At this 
stage, platelets aggregate at the site of injury and secrete HGF to stimulate 
DNA synthesis of the hepatocytes. PDGIs are secreted similarly, and released 
from their complex with MP to exert fine regulation of cell growth. During 
the cell cycle, expression of differentiated functions is suppressed by the 
loose contact between cells. However, after one or two cell cycles, cell 
contact becomes tight, cell growth is suppressed, and the cells move back 
into Go state. PDGI may also participate in this process. Insulin and EGF 
may also participate, but HGF must be the most important mitogen for hepato
cyte growth, because it is secreted at high concentration at a specific site. 
This situation is also favorable for growth of non-parenchymal cells, because 
platelets also secrete PDGF, which stimulates growth of non-parenchymal 
cells, but not of hepatocytes. Therefore, HGF and PDGF may stimulate growth 
of the whole liver in a concerted way. 

It should be emphasized that, besides hormonal factors, many insoluble 
factors, such as the membranes of hepatocytes and non-parenchymal cells 
(epithelial and endothelial cells) and the extracellular matrix, regulate 
hepatocyte growth. These factors have specific negative and positive effects 
on growth and expression of liver functions (Fig. 1). In general their ef
fects on growth and differentiation are reciprocal: when growth is enhanced, 
differentiation is suppressed, and vice versa. The effects of these factors 
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Fig. 2. Diagramatic representation of hepatocyte growth in liver regener
ation and carcinogenesis. 

provide some idea of the significance of the architecture of the liver for 
the function and regeneration of the liver. Not only hepatocytes, but also 
many other cells and the matrix influence hepatocyte growth, and hepatocytes 
influence the growth of other cells. 

The mechanism of hepatocarcinogenesis can be understood in the light of 
this mechanism of growth regulation. During the normal cell cycle of hepato
cyte growth, if there is some carcinogenic condition, such as viral infection 
or a carcinogen that modifies DNA, hepatocytes may lose both their normal 
response to environmental growth-regulating factors and their differentiated 
characters. Thus they will not be able to return to the Go state, and will 
continue to grow with HGF (Fig. 2). 

This state may correspond to that of putative hyperplastic nodules. We 
found that in this precancerous state, glucose 6-phosphate dehydrogenase in
creased, while TO was lost16,1~ and that this dehydrogenase was a good marker 
of cell growth 10. As these irreversibly altered cells continue to grow, they 
progress to a more malignant state in which they lose differentiated func
tions, such as the expressions of albumin and TAT, and become typical he
patoma cells, showing no contact-inhibition of growth and no expression of 
differentiated characters 18. 

This state curresponds to that of Morris or Reuber hepatomas, which show 
various spectra of phenotypes. At this stage, the cells lose HGF-dependent 
growth, perhaps lose HGF receptor, and acquire autonomous growth. This 
autonomous growth somewhat resembles that of neonatal hepatocytes1~ Re
cently, Isom's group obtained transformed hepatocytes that had acquired im
mortalized growth, but retained various differentiated characters and closely 
resembled some hepatoma cells with differentiated characters1~ Therefore, 
there is a close relation among in vivo carcinogenesis, retrogression of de
velopment, and phenotypic change;-in culture1~ 
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INTRODUCTION 

Exposure of cells to heat or other stresses1 induces in the chromosomes 
the appearance of a new set of puffs2 and causes changes in gene structure 
and regulation that finally lead to the activation of synthesis of a distinct 
group of proteins. These proteins, known historically as heat-shock proteins 
(hsps), are now often referred to as stress proteins3- 5 The best evolution
arily conserved heat-shock protein, hsp 70, is coded by a multigene family 
whose members respond in different ways to temperature and are subject to 
different regulatory mechanisms; the heat-inducible and constitutive proteins 
have sometimes been confused 4. At least one of the members of the hsp 70 
group is also growth-regulated~7and the activity of the corresponding gene is 
induced by viral and cellular oncogenes8,1~ In previous studies we have 
examined the synthesis of hsp in injured liver cells11 and in some hepatomas 
of different growth rates 12 , and have shown that in these tumours hsp 89 and 
hsp 70 are expressed constitutively, while induction by heat, at least in the 
case of hSf 70, is progressively reduced from the slow to the fast-growing 
hepatomas1 . Later on we became aware of the fact that hsc 73, the major 
heat-shock related protein, rather than hsp 70 itself, is the main constitu
tively synthesized protein in unstressed cells; moreover recent data showed 
that hsc 73 is expressed at higher level in transformed cells than in their 
non-transformed counterparts1~ In the present paper we report the results of 
an investigation with a probe for hsc 73, which became recently available to 
us, on the constitutive expression of hsc 73 gene in liver cells submitted to 
a multistep carcinogenic treatment and in transplantable hepatomas, both 
solid and in ascitic form, of various growth rates. The main purpose of the 
investigation was to see if the constitutive expression of hsc 73 is an event 
occurring during the carcinogenic treatment, presumably associated with ini
tiation and/or promotion, or a relatively late outcome during the growth of 
the established tumour, presumably associated with tumor progression. 

MATERIALS AND METHODS 

Multistep liver carcinogenesis was induced according to the resistant
hepatocyte mode115 in Fisher 344 rats. Rats were utilized 16 h after partial 
hepatectomy (PH), performed after 1 week of feeding a diet containing 
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acetyl-amino fluorene (AAF) started 15 days after a single intraperitoneal 
treatment of diethylnitrosamine (DEN; 200 mg/Kg). 

Transplantable hepatomas of the Morris series, defined by the time 
between transplantation (t.t.), were the slow-growing 9618A, t.t 60-90 days 
and the fast growing 3924A, t.t. 20-25 days. Tumor-bearing rats were used at 
half the average, t.t. of the tumors. AH-130 Yoshida-ascites hepatoma, t.t. 
10-12 days, was used 5-6 days after transplantation, in the middle of the 
logarithmic phase of growth. When AH-130 cells were injected subcutaneously 
in the back their growth rate was remarkably reduced: a sizeable nodule 
appeared after 10-13 days and the tumor was taken for the experiment after 
20-25 days when the nodule reached a diameter of about 1 cm. RNA was 
extracted from livers, solid tumors and ascites cells with guanidium 
thiocyanate16 and subjected to: 1) functional analysis in a cell-free, mRNA 
dependent translation system. The proteins synthesized by this system were 
then separated by 2D electrophoresis and characterized according to their 
molecular weight (Mw) and isoelectric point 11 ; 2) Northern blot analysis17 
with the hsc 73 cDNA kindly provided by Dr. H. Pelham, MRC Laboratory of 
Molecular Biology, Cambridge, U.K. Southern blot analysis, DNA extraction, 
digestion and hybridization with the hsc 73 cDNA were performed according to 
Cairo et al. 18 

RESULTS AND DISCUSSION 

Two-dimensional electrophoresis of proteins synthesized by reticulocyte 
cell-free systems supplemented with exogenous RNAs reveals that liver cells 
of hyperthermic rats contain two stress proteins with molecular masses of 
68-73 Kd, and pI of 5.8-6.45. The more acidic polypeptide has the higher 
molecular weight (hsc 73), is barely detectable before heat-shock and is only 
moderately induced by hyperthermia: the second and more basic hsp, on the 
contrary, is highly inducible upon heat-shock (Fig. 1, a and b). In the 
present work we focused our attention on hsc 73 which is also barely 
detectable in liver subjected to DEN + AAF + PH, and in the slow-growing 
9618A Morris hepatoma. 

On the contrary, hsc 73 is well visible in AH-130 hepatoma, both in 
ascitic and in solid form and is highly expressed in the fast-growing 3924A 
Morris hepatoma (Fig. 1, c, d, e). Therefore a functionally competent mRNA 
for hsc 73 seems to be constitutively expressed at appreciable levels only in 
established tumors and in particular in the solid tumor with the highest 
growth rate. These results are confirmed by Northern blot analysis which 
allows a more direct quantitation of hsc 73 mRNA. Fig. 2 shows that the le
vels of expression of hsc 73 mRNA are very low in control liver, in liver 
subjected to the carcinogenic treatment and in the slow-growing transplant
able hepatoma. Due to the weakness of the signal the small increase observ
able in the carcinogen-treated liver cannot be taken as significant. Expres
sion of the hsc 73 mRNA is very strong in the fast-growing 3924A Morris hepa
toma, much stronger than in its slow-growing counterpart. The steady state 
level of hsc 73 mRNA is also very high in AH-130 ascites tumor. Differences 
in physical character and in nature between the latter tumor and the hepato
mas of the Morris series'make scarcely reliable any direct comparison between 
them. But comparison of AH-130 in ascites form with the same cells that grow 
as a solid tumor, and show a clearly reduced growth rate, seems to suggest 
that expression of hsc 73 is in some way connected to the rate of growth of 
tumors. It has recently been shown that the levels of hsc 73 mRNA are about 
five-fold higher in rapidly-growing tissue-culture cells than in cells whose 
growth has been arrested by serum starvation 19 . Our results do not give evi
dence of a constitutive expression of hsc 73 mRNA in a tissue subjected to a 
complete carcinogenic treatment, destined to originate a tumor after suitable 
lag phase. However, the technique used in the present study can reveal very 
small amounts of specific mRNA in a cell population, but does not exclude 

454 



A B • 
~ 

--
C -0 

• 

Fig. 1. Fluorograms of 2-D gel electrophoresis of the translational products 
of total RNA. A) Liver from normothermic control rat. B) Liver from 
hyperthermic control rat. C) Liver from normothermic rat subjected to 
DEN + AAF + PH. D) 9618A slow-growing Morris hepatoma. E) AH-130 
hepatoma in ascitic form. F) AH-130 hepatoma in solid form. G) 3924A 
fast-growing Morris hepatoma. Downward arrows indicate the migration 
position of hsc 73. Upward arrow indicates the migration position of 
the heat-inducible hsp 70. 

that the constitutive expression of hsc 73 mRNA would occur in an extremely 
limited number of cells, destined to become a visible tumor later on. 

The use of in situ hybridization will hopefully permit to overcome this 
difficulty in th~future. The technique of Southern blotting can reveal 
overall changes of gene structure, and justify further work. Analysis of DNA 
extracted from 3924A hepatoma, the fast growing tumor with a strong constitu
tive expression of hsc 73 mRNA, does not show appreciable changes in the 
overall gene structure with any of the enzymes tested (Fig. 3). Therefore 
the high level of expression of hsc 73 in the latter tumor is most probably 
dependent on the increased transcription and/or increased stability of a 
message transcribed from a gene of an essentially normal structure. 
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Fig. 2. Northern blot analysis of hsc 73 mRNA. 30 ~g of total cellular RNA 
were loaded in each lane of the gel that was then processed as de
scribed in Materials and Methods section and probed with the nick 
translated hsc 73 cDNA. Lane 1: rat liver, Lane 2: 9618A hepatoma, 
Lane 3: liver of carcinogen-treated rat, Lane 4: AH-130 hepatoma 
solid form, Lane 5: AH-130 hepatoma ascitic form, Lane 6: 3924A 
hepatoma. 
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Fig. 3. Southern blot analysis of hsc 73 in liver and 3924A Morris hepatoma. 
10 ~g of genomic DNA from rat l i ver (A) and 3924A hepatoma (B) were 
digested with the indicated restriction enzymes, separated on aga
rose gels, blotted to filters and hybridized to the nick translated 
hsc 73 cDNA. The migration position of DNA fragments of DNA digested 
with Hind III and run in a parallel slot of the gel is indicated on 
the left. 
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INTRODUCTION 
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The pathway for polyamine biosynthesis in its entirety thought to play 
a pivotal role in the regulation of the proliferation of eukaryotic cells, 
simultaneously provides the cells with two types of factors that regulate 
the growth and the differentiation of mammalian cells in opposite directions. 
These are the polyamines, which stimulate cell growth and differentiation, 
and the sulphur-containing purine nucleoside 5'-deoxy-5'methylthioadenosine 
(MTA), which strongly inhibits growth and differentiation of mammalian 
cells1-~ Therefore, the study of the key points in the polyamine biosynthet
ic pathway seems to be of paramount importance for better understanding the 
mechanisms regulating the proliferation of eukaryotic cells. 

S-Adenosyl-L-methionine decarboxylase (E.C. 4.1.1.50) (SAMD) is one of 
the two regulatory enzymes in the biosynthetic pathway of polyamines, the 
other being ornithine decarboxylase (ODC)2. SAMD provides decarboxylated 
S-adenosyl-L-methionine (Dec-SAM), which is used as an aminopropyl donor 
substrate and is needed by spermidine- and spermine-synthases 2• Mammalian 
SAMD recognizes putrescine as a physiological positive factor and Dec-SAM, 
spermidine and spermine as physiological negative regulatory factors 2,6-8. 
SAMD activity like ODC activity, can be easily induced by a wide variety of 
hormonal, developmental and cell growth-related stimuli, including liver 
regeneration following partial hepatectomy of the rat 2 • Conversely, various 
inhibitors of eukaryotic SAMD activity have been shown to have an antiprolif
erati ve effect on several cell lines 9-11. SAMD has been the subj ect of 
several recent review6-~ 

In the experiments reported here we compared the effects of several 
nucleoside-containing molecules, some produced in different steps of the 
polyamine biosynthetic pathway, i.e., Dec-SAM and MTA 2, and some not physio
logical, i.e., 5'-isobutylthioadenosine (SIBA) and 2-chloro-2'-deoxyadenosine 
(CdA), on the activity of SAMD purified from normal rat liver and of SAMD 
purified from regenerating rat liver. Our main aim was to see whether or not 
the regulation of regenerating liver SAMD by these molecules (chiefly Dec-SAM 
and MTA) might differ from the regulation of SAMD from normal liver by the 
same molecules. A previous and preliminary in vivo study in our laboratory 
indicated that it might be, since we observed differences between normal and 
regenerating liver of the rat in the degree of the SAMD inhibition in re
sponse to the administration of MTA and of Dec-SAM12. 
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We also had another ancillary goal of the present experiments. It was 
to investigate whether or not MTA and SIBA, whose strong antiproliferative 
effects 13 ,1\ are due also to inhibition of spermidine- and spermine-syn
thases 15 ,16, might inhibit another step in the polyamine biosynthetic pathway, 
namely SAMD. In addition, it is not known at present whether or not the 
antiproliferative effects of CdA17 - 19 might involve any step of the polyamine 
biosynthetic pathway. 

MATERIALS AND METHODS 

Animals 

Adult male non-inbred rats of the Sprague-Dawley strain, weighing about 
200 g, were obtained from Charles River, Calco, Italy and were used in this 
work. All rats were housed as previously described 20. 

Treatments of Animals 

Two-thirds partial hepatectomies were performed under light ether anes
thesia by the method of Higgins and Anderson 21. 

Tissue Preparation 

The rats were killed by decapitation, the livers were rapidly removed 
and weighed. For purification of SAMDs, the normal and regenerating livers 
were homogenized in 1 vol. of a medium whose composition has been published 
by Seyfried et al. 22 • 

SAMD Purification 

In preliminary experiments, whose results are not reported here, on the 
kinetics of hepatic SAMD activity after partial hepatectomy, we observed that 
the peak of the enzyme activity occurred at 96 h after operation. This re
sult is in keeping with what reported by Sturman and Gaul1 23 . Therefore, we 
chose that time to take the livers to purified SAMD from regenerating rat li
ver. Before beginning the purification of the SAMD from regenerating liver, 
the induction of SAMD activity was checked in the 20,000 x g supernatant, 
measuring SAMD activity as described later. The procedure for SAMD purifica
tion was essentially that reported by Seyfried et al. z2 , except that the 
MGBG-Sepharose chromatography was omitted. The final enzyme preparation from 
normal liver had a specific activity of about 400 pmol/mg protein and that 
from regenerating liver a specific activity of about 850 pmol/mg protein, 
under the standard assay conditions. The final preparations used in our ex
periments represented purifications of about 60-fold. All the purified SAMDs 
were stored for a short time (at maximum 1 week) at 0-2°C at a concentration 
of 4-8 mg of protein/ml, with practically no loss of enzyme activity. 

Assay of SAMD Activity 

Putrescine-activated SAMD activity was assayed by measuring 14COZ re
leased from carboxyl-labeled substrate. The experimental conditions were as 
published previously 20. The composition of the standard incubation mixture 
was that routinely used in our laboratory except that putrescine was 1.0 mM 
(final)20. Each sample contained an aliquot of enzyme preparation correspond
ing to about 300 ~g protein. All the assays were done in triplicate. The 
results are expressed as pmoles of C02 liberated per mg protein per 30 min 
incubation. The Km values of the two SAMDs in the absence of any inhibitor 
were also determined in an incubation mixture which differed from the above 
only in having a higfier putrescine concentration (2.5 mM, final). The higher 
putrescine concentration in the incubation mixture did not modify the values 
Kms to any appreciable extent (results not reported here). To obtain two 
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classical plots of enzyme kinetics, i.e., the double-reciprocal Lineweaver
Burk plot (in which l/V versus l/S is plotted)24 and the Dixon plot (in which 
l/V versus [I] is plotted 25,26) for each compound for each SAMD, enzyme ac
tivity was determined at a constant putrescine concentration (1.0 mM, final) 
with six different concentrations of S-adenosyl-L-methionine (SAM) (ranging 
from 0.02 mM to 0.4 mM, final concentration) in the absence (control) and in 
the presence of the compound tested at different fixed concentrations. The 
final concentration for each compound were: 0.01 mM, 0.05 mM and 0.1 mM for 
Dec-SAM; 1.0 mM and 1.5 mM f9r MTA; 2.5 mM, 3.5 mM and 5.0 mM for CdA; 0.5 
mM, 1.0 mM and 3.0 mM for SIBA. To obtain the two plots for each compound 
for each SAMD, the data of four to six experiments were collected. From the 
intersection point of the straight lines on the ordinate or on the abscissa 
in the Lineweaver-Burk plots 24, we established the type of SAMD inhibition 
for each compound. The Dixon plots allowed us to calculate directly the 
value of the inhibition constant (Ki) for each compound for each SAMD from 
the intersection point of the star of the straight lines 25 ,26. 

Protein Determination 

Protein concentrations were estimated by the method of Geiger and 
Bessman 27 , using crystalline serum albumin as standard. 

Statistical Analyses 

The Ki values were determined as described by Todhunter 28, using linear 
regression analyses to determine the slopes of the straight lines and a 
parallelism test 29,30. The estimates of the kinetics parameters were calcu
lated by the method of last-squares for a star of straight lines29,3~ We 
have developed a program for a personal computer that is available on 
request. In each statistical test used, an alpha-level of 0.05 or less was 
the limit of statistical significance. 

RESULTS 

The SAMD from normal and regenerating rat liver have very similar values 
of Km for SAM in the presence of putrescine. The Km value for SAMD from nor
mal liver was 25 ~M, which is in accordance with the values reported by other 
investigators for putrescine-activated SAMD from the rat liver and other mam
malian organs 31 ,32. The value of Km for SAMD from regenerating liver was 
33 ~M, which did not differ significantly from that observed for the other 
SAMD. 

The in vitro effects of several nucleoside-containing compounds struc
turally related to SAM on the activities of the two SAMDs were determined. 
The type of inhibition for each compound and the value of inhibition con
stant (Ki) for each compound for each SAMD are reported in Table 1. 

MTA is a non-competitive inhibitor of both the hepatic SAMDs and the 
values of KiS for the two SAMDs significantly differ. The Ki value for SAMD 
from normal liver is significantly lower than that for SAMD from regenerating 
liver. MTA is actually a more powerful SAMD inhibitor in normal liver than 
in regenerating liver. 

We confirmed that Dec-SAM is a potent competitive inhibitor for SAMD 
from normal liver (as earlier reported 31 ) and also for SAMD from regenerating 
liver. However, the Ki value for Dec-SAM for regenerating liver SAMD is 
significantly lower than that for normal liver SAMD. Parenthetically, the Ki 
value for Dec-SAM for normal liver SAMD is in good agreement with the value 
found by others 31. Dec-SAM is therefore a more potent SAMD inhibitor in 
regenerating rat liver than in normal rat liver. The Dixon plots for Dec-SAM 

461 



Table 1. Type of inhibition and inhibition constants for 
SAMD from normal and regenerating rat liver of 
some adenosine-containing molecules 

Compounda Type of b 
inhibition 

M T A 
Dec-SAM 
CdA 
SIB A 

non-competitive 
competitive 
competitive 
no inhibition 

Inhibition constant (K;)c for 

SAMD from SAMD from 
normal liver regenerating liver 

0.6 mM 
7.6 ~M 
4.7 mM 

1. 2 mM* 
3.3 ~M1' 
3.0 mM* 

aEach compound was added to the SAMD assays at the concen
trations indicated in the Materials and Methods section. 
bType of inhibition was established on the double-reciprocal 
Lineweaver-Burk plots2~ cThe K; values were calculated as 
described under Statistical analyses paragraph. K; values 
with * are different from K; values for normal liver SAMD at 
p ~ 0.05. 

for each of the two SAMDs are presented in Fig. 1, as paradigms of all the 
Dixon plots for all the compounds (not shown). It should be noted here that 
the concentrations that significantly inhibited both the SAMD activities 
were of the order of the millimolar for MTA and of the order of micromolar 
for Dec-SAM. This clearly means that Dec-SAM is a much more potent inhibitor 
of hepatic SAMD activities than MTA. Two other compounds, containing adeno
sine like those above but not formed in the polyamine biosynthetic pathway, 
were evaluated as inhibitors of the activities of the SAMDs. These molecules 
are CdA and SIBA. SIBA was shown to have no effect at all on either of the 
SAMDs (Table 1). On the contrary, CdA is a new competitive inhibitor of both 
SAMDs, with greater inhibition of SAMD from regenerating rat liver (the K; 
value for this last enzyme is significantly lower than the K; value for SAMD 
from normal rat liver) (Table 1). 

DISCUSSION 

The present results indicate that the sensitivity of SAMD prepared from 
regenerating rat liver (at that time after partial hepatectomy when hepatic 
SAMD activity reaches its peak) to some inhibitory nucleoside-containing 
compounds substantially differs from the sensitivity of normal rat liver SAMD 
to the same compounds. We have demonstrated that normal liver SAMD is inhib
ited more by MTA, whereas regenerating liver SAMD is inhibited more by Dec
SAM and CdA. The present results with MTA and Dec-SAM are in complete agree
ment with our previous results from in vivo experiments 12. Although Dec-SAM 
is a well known in vitro SAMD inhibitor~it is a new finding that MTA and 
CdA are also SAMD inhibitors. By analogy with other drugs that inhibit SAMD 
activity and have antiproliferative effects 9 ,1o, it is conceivable that one 
mechanism of CdA inhibition of mammalian cell proliferation is through inhi
bition of SAMD activity. 

Again, it is also a new finding that the intensity of the negative regu
lation of hepatic SAMD by these compounds differs according to the prolifera
tive or non proliferative status of the organ. 
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Fig. 1. Dixon plot of the effects of the different substrate (S-adenosyl
methionine, SAM) concentrations on the activity of S-adenosylme
thionine decarboxylase (SAMD) purified from normal rat liver (Panel 
A) or from regenerating rat liver (Panel B), in the absence and in 
the presence of different concentrations of decarboxylated SAM 
(Dec-SAM). The enzyme activity was determined as described under 
Materials and Methods section. The reciprocals were plotted as 
described under Materials and methods. 

At this stage of the research, although the greater sensitivity of re
generating liver SAMD to Dec-SAM than that of normal liver SAMD is not easy 
to explain, it seems to be of particular interest. Until now, in fact, it 
has been demonstrated that both putrescine-activated SAMD and putrescine
insensitive SAMD from various organisms are inhibited similarly by the prod
uct of the reaction, i.e., Dec-SAM 33. 

All these results raise the possibility that there are two different 
forms of SAMD, one in quiescent and one in proliferating liver of the rat. 
It is exceedingly difficult at this stage of the research to know whether or 
not there are two forms of SAMD. On the one hand, we have demonstrated that 
the two SAMDs have very similar values of Km for SAM, but on the other hand 
they also have clear and definite differences in sensitivity to the negative 
regulatory influences of some nucleoside-containing compounds. Different 
forms of SAMD have been demonstrated so far only in different organs (i.e., 
liver and skeletal muscles) of the rat 34 ,35_ It remains to be established 
whether or not these differences between normal and regenerating rat liver in 
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SAMD regulation are partially or totally cancelled after the complete resto
ration of the liver mass. In a previous study 36, we demonstrated that rat 
liver maintains abnormally high levels of SAMD activity (but not of ODC ac
tivity) even at those times after partial hepatectomy when the reconstitution 
of liver mass has been long completed, suggesting that certain derangements 
in hepatic SAMD regulation do not go away in "post-regeneration" rat liver. 
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DERANGEMENTS OF CATIONIC AMINO ACID TRANSPORT IN FIBROBLASTS 

FROM HUMAN DESMOID TUMOR 

INTRODUCTION 
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dei Tumori, Milano (Italy) 

An increased rate of amino acid uptake by System A has been considered a 
consistent feature of tumor cells 1. This inference is based on the following 
facts: (a) enhancements in the transport rates of site A-reactive amino acids 
are among the early events associated with cell transformation in vitr02; (b) 
increased uptake of some amino acid substrates of System A has been reported 
for virus- and chemically-transformed cell lines3'~and (c) rat fibroblasts 
made tumorigenic by ras transfection exhibit a somewhat faster uptake of 
2-(methyl)aminoisobutyric acid (a transport-specific substrate of System A) 
than non-transfected cells 5 • However, tumor cell lines have been described 
that do not exhibit this metabolic feature 6 ,7 and little is known on amino 
acid transport changes in cells from spontaneously occurring tumors 8. We 
therefore devised experiments to investigate the amino acid transport in 
cells from a spontaneous human tumor (desmoid tumor fibroblasts) as compared 
with their normal counterpart (skin-derived fibroblasts). To avoid variabil
ity among individuals for transport, the comparison was made between cell 
cultures obtained from the same donor. The present study concerns the six 
transport systems for amino acids so far characterized in human fibro
blasts9-1~ 

MATERIALS AND METHODS 

Explants of surgically excised extra-abdominal desmoid tumors and of 
skin biopsies obtained from 3 female patients (Z. R., S. V., M. L., respec
tively 8-, 19- and 42-years old) were cultured in Dulbecco's modified Eagle's 
medium (D-MEM) supplemented with 20% fetal bovine serum (FBS). Fibroblasts 
derived from desmoid tumors (DTF) and skin biopsies (HF) were routinely grown 
in the same medium supplemented with 15% FBS, penicillin (100 units/ml) and 
streptomycin (100 ~giml). Culture conditions were: pH 7.4; atmosphere 5% CO2 
in air; temperature 37"C. 

For the study of growth kinetics, cells were seeded in D-MEM onto 
12-well trays (COSTAR) and cultured for 11 days with medium changes every 
72 h. At daily intervals, cells were harvested in phosphate buffered saline 
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(PBS) containing trypsin (0.0115%) and EDTA (0.02%) and counted with a 
Coulter Counter ZM. 

The assay of transport activity was performed on cells (HF and DTF) cul
tured in 24-well trays (COSTAR) and used while still far from confluence (4-5 
x 10 4 cells/sq cm). The culture medium was renewed every 72 h and always 
24 h before the experiment. Amino acid inward transport was assayed as de
scribed by Gazzola et al. 14 • At the beginning of the experiment, cell mono
layers were washed twice in Earle's balanced salt solution (EBSS) and pre
incubated for appropriate periods in the same solution supplemented with 10% 
dialyzed FBS. Amino acid uptake was measured at 37°C in EBSS for 10 sec 
(initial entry rate) under discriminating conditions for each individual 
transport system9-1~ Cells were extracted in 0.25 ml ethanol. Scintillation 
fluid (2.5 ml) was added to cell extracts and radioactivity was measured with 
a liquid scintillation spectrometer Packard 460C. 

Transport activity was expressed as nmoles or ~oles/ml of cell water/ 
min. Cell water was estimated by measuring the distribution space of 
3-0-methyl-D-glucose and expressed as ~l/mg of protein. Kinetic analysis was 
performed with a BASIC program applying Marquardt's algorithm, a general pro
cedure for least squares estimation of non linear parameters. The equation 
used was 13: 

Vmax [S] 
v = + [S](l - e- KD ) 

Membrane potential (Em) was estimated by a null-point method, using the 
transmembrane distributions of the lipophilic cation tetraphenylphosphonium 
(rpp+) and of the amino acid L-arginine as Em-sensitive probes 15. Intracel
lular [K+] was measured with an atomic absorption spectrophotometer as de
scribed 15 and approached 170 mM both in HF and DTF. 

Fetal bovine serum (FBS), growth medium and antibiotics were purchased 
from Flow Laboratories. L-[5-3H]proline (30 Ci/mmol); L-[2,3-3H] aspartic 
acid (15 Ci/mmol); L-[2,3-3H]serine (35 Ci/mmol); L-[4,5-3H] leucine (61 Ci/ 
mmol) and tetra[3H]phenylphosphonium bromide (24 Ci/mmol) were from Amersham; 
L-[1- 14C]-glutamic acid (55.3 Ci/mol) and 3-Q-methyl-D-[U- 14C]glucose (329 
Ci/mol) were obtained from New England Nuclear. The source of all the other 
chemicals was Sigma. 

RESULTS 

Morphology and Growth Features of Desmoid Tumor Fibroblasts in Culture 

HF and DTF did not exhibit striking differences when grown in culture. 
Both cell types grew as mono layers without evidence of helter-skelter piling
up. However, DTF showed a less regular alignement in bundles. The most 
prevalent cells in DTF cultures were fusiform with a minority of quadrangular 
cells with ill-defined cytoplasmic processes. 

HF and DTF cultures showed a comparable growth dependence on serum con
centration in D-MEM (not shown). Cell growth kinetics of HF and DTF are pre
sented in Fig. 1. The growth rate of DTF was slightly lower than that exhib
ited by HF, the doubling time of cell population being 55 h for DTF and 49 h 
for HF. Cell density at confluence was 20 to 30% lower in DTF cultures. 

Activity of Amino Acid Transport Systems in HF and DTF 

Both HF and DTF are endowed with the six transport systems for amino 
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Fig. 1. Cell growth kinetics of HF and DTF. Skin-derived (e) and tumor
derived fibroblasts (_) were from the same patient, Z. R •. After 7 
passages in vitro, cells were plated at an initial density of 104 

cells/sq cm in 12-well trays. Cells from either strain were 
harvested and counted daily for an 11-day period. The points are 
means of triplicate determinations with bars indicating S.D. when 
greater than size of point. 

acids, formerly characterized in human fibroblasts9-1~ Operation features 
(Na+-dependence, sensitivity to pH, membrane potential-dependence, substrate 
recognition properties, specific kinetic behavior) of each system were re
markably similar in HF and DTF (not shown). The same was true for trans-ef
fects due to the presence of amino acids in the intracellular compartment 
(Fig. 2). As expected for a release from trans-inhibition, the activities of 
Systems A and XAC increased slightly as the cells were depleted. The activ
ities of Systems ASC, L, y+and x~ decreased with cell depletion as the trans
stimulation by internal amino acids declined progressively. The basal activ
ity of the various agencies, as estimated after a 90-min depletion of the 
intracellular amino acid pool9, was not consistently different in HF and DTF, 
except for System y+. The comparison between HF and DTF from the same donor 
showed that basal transport activity of System y+ was always reduced by about 
50% in tumor cells (Fig. 2). The kinetic analysis presented in Fig. 3 shows 
that in both cell types the inward transport of L-arginine (a y+ site-reac
tive substrate) can be described by the sum of a non saturable process (dif
fusion) and a saturable component tSystem y+). The diffusion coefficient 
(Ko) was not significantly different in HF and DTF and the decrease in the 
uptake of L-arginine by DTF was fully attributable to a lowered activity of 
System y+. This change was dependent upon a decrease in transport Vmax , in 
the absence of a substantial modification in the concentration for half-maxi
mal transport (K m). 

Membrane Potential in HF and DTF" 

Data given in Fig. 4 indicate that the null point, as measured with the 
distribution ratio of TPP+, is slightly higher for DTF than for HF (13.5 and 
9.2 mM external [K+], respectively). These values correspond to a membrane 
potential of -77 mV for HF and -67 mV for DTF (Table 1, left column). Compa
rable changes of Em were obtained with L-arginine distribution ratios either 
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Fig. 2. Changes in amino acid transport during depletion of the internal 
amino acid pool in HF and DTF. Skin-derived (e) and tumor-derived 
fibroblasts (_) were from the same patient, S. V .. Cells were incu
bated for 90 min at 37°C in EBSS containing 107. FBS. At successive 
intervals cells were washed and uptake of labeled amino acids was 
measured under conditions approaching initial entry rates (see 
Materials and Methods). The activity of the various transport sys
tems was assessed with the following amino acids: 0.1 mM L-proline 
in EBSS for System A; 0.01 mM L-serine in EBSS containing 5 mM un
labeled MeAIB for System ASC; 0.01 mM L-Ieucine in NaT-free EBSS 
for System L; 0.01 mM L-aspartate in EBSS for System XAG ; 0.05 mM 
L-glutamate in Na+-free EBSS for System Xc and 0.02 mM L-arginine 
in Na+-free EBSS for System y+. The points are means of triplicate 
determinations with bars indicating S. D. when greater than size of 
point. 

exploited in null point experiments or directly substituted in the Nernst 
equation (Table 1, middle and right columns). 

DISCUSSION 

The results presented above indicate that the basal activity of the 
transport systems for neutral amino acids (Systems A, ASC and L) and for 
anionic amino acids (Systems X;c and xc) does not change appreciably in des
moid tumor fibroblasts as compared with normal human fibroblasts obtained 
from the same donor. This observation supports the conclusion formerly at
tained for neutral amino acids in experiments with normal and neoplastic fi
broblasts derived from different individuals B and extends it to anionic amino 
acids. In contrast, all the DTF strains studied showed a consistent decrease 
in the basal transport activity for cationic amino acids (System y+). 

470 



" 
E 
"-
L 

Il loS ., 
'" 3 

OJ 1.0 
() 

E 
"-
'" OJ 0.S 
0 
E " 
:J 

~ 
1Ft" > 0 

2 4 6 8 10 

V/[L - RrgJ. mM 

~ig. 3. Kinetic behavior of L-arginine transport in HF and DTF. Skin-de
rived (e) and tumor-derived fibroblasts (_) from the same patient, 
S. V., were depleted of intracellular amino acids for 90 min (see 
Fig. 2). Transport was measured for 10 sec over a range of 0.005-2 
roM L-arginine in Na+-free EBSS. Entry rates of the amino acid are 
plotted against the ratio of velocity to medium concentration ac
cording to an Eadie-Hofstee graphical representation. The experi
mental data were best fitted by the sum of a single rectangular 
hyperbola and a linear (non-saturable) component (see Equation 
under Materials and Methods). Solid lines, L-arginine transport in 
HF; dashed lines, L-arginine transport in DTF. Kinetic parameters 
are:~or HF, Vmax = 1.180 ± 0.102 ~moles/ml cell water/min, Km 
0.101 ± 0.013 roM, KD = 0.195 ± 0.027 min- 1 ; (b) for DTF, Vmax = 
0.405 ± 0.061 ~moles/ml cell water/min, Km = 0.095 ± 0.008 roM, KD 
0.160 ± 0.035 min- 1 • 

This change was independent of the growth rate of the cultures and still de
tectable in cells made quiescent by serum withdrawal (not shown). System y+ 
operates as a facilitated diffusion agency driven by the membrane potentiall~ 
Therefore, the decreased transport activity of this system in DTF might be 
secondary to an impaired ability of the tumor cells to maintain the membrane 
potential at a normal value. Indeed, membrane potential was slightly lower 
in DTF than in HF (Table 1). However, the activity of System y+ is directly 
proportional to Em (unpublished results) and, therefore, the membrane poten
tial change in DTF is inadequate to account in full for the lowered amino 

Table 1. Membrane Potential in HF and DTF 

Membrane potential (Em)' mV 

Method Null point Null point Distribution ratio 
Probe TPP+ L-Arg L-Arg 

HF - 77 - 74 - 73 
DTF - 67 - 63 - 63 
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Fig. 4. Null-point experiment with TPP+ as a probe of Em. HF (left panel) 
and DTF (right panel) from the same patient, S. V., were depleted of 
intracellular amino acids for 90 min. Cells were then incubated for 
60 min with 3H-TPP+ (0.2 ~M, 0.5 ~Ci/ml) in EBSS containing 50 nM 
valinomycin at 5 roM [K+] (~) or 50 ~M valinomycin at variable [K+] 
(0). The points are means of triplicate determinations with bars 
indicating S.D .. 

acid transport. 
can be ascribed 
the capacity of 

Fig. 3 shows that the decreased activity of System y+ in DTF 
to a lowered transport Vmax . This suggests that a change in 
the System underlies the transport derangement. 

The present study proves that an increased amino acid transport is not a 
constant feature of spontaneously occurring human tumors. The desmoid tumor, 
however, is not representative of a frank malignancy, being at the borderline 
between a stubbornly infiltrative fibroblastic proliferation and a low-grade 
fibrosarcoma. It will be of interest to extend these studies to sarcoma-de
rived fibroblasts. 
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The growth requirement of some cell types for preformed cholesterol, 
normally supplied by the serum, has been established1-~ Cholesterol, which 
is a major component in the plasma membrane of eukaryotes, modulates bilayer 
fluidity 6, and affects the activity of membrane-bound enzymes 7 • It can also 
modulate e.g. the characteristics of the beta-adrenergic receptor8. 

Brennemann et al.9 have shown that ascites tumor cells take up major 
amounts of cholesterol from the ascites fluid, and that their cholesterol de 
novo synthesis is rather low. Using the same cell line Haeffner et al.1o 
have demonstrated that cultured ascites cells need cholesterol for growth 
which cannot be replaced by precursors of the biosynthetic pathway or by some 
growth factor-like substances, and that this compound affects the properties 
of the plasma membrane in several aspects. It was further shown that the 
cholesterol biosynthetic pathway is blocked at the stage of lanosterol con
version to cholesterol. The same defect has also been observed for kidney 
cells 11 , human blood leukocytes 12 and human lymphocytes and granulocytes 13 . 

By what mechanism does cholesterol stimulate cell proliferation? Is it 
its properties as a necessary membrane constituent and modulator of membrane 
function? Does it act as a mitogen-like substance similar to phosphatidic 
acid1~, coupled to a receptor system which transmits its signals through the 
breakdown of inositol phospholipids. In a recent study on human erythrocytes 
M'Zali and Giraud 15 have observed that cholesterol can indeed affect the ac
tivity of phosphatidylinositol kinases and phosphodiesterases. In our system 
we have recently measured the phosphodiesterase activity acting against phos
phatidyl-4-monophosphate (PIP) and phosphatidyl-4,S-biphosphate (PIP2 ) and 
the PIP-specific kinase under cholesterol growth-promoting conditions. These 
enzymes are stimulated 2 to 4-fold supporting previous observations that the 
growth factor-like action of cholesterol may be explained by its modulation 
of enzyme activities involved in the synthesis and breakdown of polyphospho
inositides which is followed by a cascade of reactions ultimately leading to 
the initiation of DNA synthesis and cell proliferation. 
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MATERIALS AND METHODS 

Hyperdiploid ascites tumor cells, type Karzel, were cultivated in min
imum essential medium with Earle's salt, 1% HEPES, pH 7.4, and horse serum. 
Preparation of the cholesterol cocktai1 16 and the cell culture studies were 
performed according to Haeffner et al. 1o 

Plasma membranes were prepared and characterized from a 12.000 x g 
pellet by gel filtration on Sephacryl S-100017,18. Incorporation of [3H]-thy
midine into DNA and of [14C] acetate into the sterol fraction was performed 
as described by Haeffner et al.1o. Lipids were extracted according to Folch 
et al. 19 and quantitation of cholesterol was done by gas-liquid chromatogra
phy20. The water-soluble inositol metabolites were separated by anion 
exchange chromatography21. The PI, PIP and PIP2-specific phosphodiesterase 
was measured essentially as described by Wikiel and Strosznajder 22 , and the 
PI and PIP kinase according to the procedure of Garret and Redman 23 . 

RESULTS 

Initial studies about the relationship between serum concentration and 
ascites cell growth have shown that these cells can be cultivated at reduced 
serum concentrations (from 10% to 5%) without any significant reduction in 
growth properties. However, a reduction of the serum concentration below 5% 
results in a retardation and finally cessation of cell proliferation. Cells 
with 0.5% serum in the medium do not grow at all, whereas cells at 3% serum 
proliferate until about 5 days. Addition of some selected well-known growth 
factors such as insulin, transferrin and prostaglandins, either alone or in 
combination, have no stimulating effect. However, when cholesterol is added 
in a concentration of 2.50 mg/lOO ml of medium, then we observe some growth 
in the. case of 0.5% serum and nearly optimal growth in the case of 3% serum 
concentration. In the latter case, cells can be kept as long-term cultures 
(Fig. la). Supplementation of the medium with linoleic acid alone which is 
added in combination with cholesterol, does not stimulate cell growth at a 
substantial rate, which has also been found for normal and virus-infected 
chicken embryo fibroblasts 24. Furthermore, reduction of the linoleic acid 
concentration to one-tenth of the amount normally added does not have any ef
fect on cell growth. Also, the substitution of linoleic by other natural and 
unnatural fatty acids like oleic, palmitoleic, or linolelaidic acid, has no 
influence on the growth properties. The growth stimulation is specific for 
cholesterol. This has been investigated by replacing cholesterol with 
various precursors of the cholesterol-biosynthetic pathway such as mevalonic 
acid in mM concentrations, squalene and lanosterol. Neither of these pre
cursors can imitate the growth-stimulating effect of cholesterol, and it has 
also been shown that the rate of proliferation is dependent upon the choles
terol concentration in the medium (Fig. lb). 

We have also measured macromolecule synthesis by thymidine incorpor
ation into DNA in relation to the cholesterol concentration in the medium 
which is shown in Fig. 2. Saturation is obtained at about 50 ~g of choles
terol per ml of medium. Table 1 gives a summary of the effect of other 
stimuli such as insulin, phorbol ester (TPA), lanosterol and a diglycerid 
analog, 1-01eoyl-2-acetyl-glycerol (OAG), on the rate of thymidine incorpor
ation. DNA distribution within the cell cycle of cells cultured at 3% serum 
without and in the presence of cholesterol reveals an accumulation of cells 
,in the mitotic and G2 phase under the non-growth-promoting conditions. 

The feedback control of cholesterol synthesis is known to be a complex 
phenomenon. We have measured the rate of cholesterol de novo synthesis from 
labeled acetate of cells grown in 3% serum medium either with or without 
cholesterol added to the medium. The results (Fig. 3) indicate that the rate 
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A) Growth curves of ascites cells. A, medium with 10% serum (0-0); 
with 3% serum plus (~) and minus (0-0) cholesterol; the same as 
before but with 0.25 instead of 2.5~g fatty acid (~); with 3% 
serum plus either insulin, transferrin or prostaglandin (1 to 4 
~g/10 5 cells) (CHO) . B) Growth curves of ascites cells cultured 
at 3% serum concentration plus increasing amounts of cholesterol, 
0.4 mg (0-0), 1.25 mg (0-0), and 2.5 mg ( .... ) per 100 ml of medium . 
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Fig. 2. Incorporation of [3H]-thymidine into DNA in relation to the chol
esterol concentration in the medium. Cells were first cultured in 
low serum (24 h), then stimulated with cholesterol for another 
24 h p rior to thymidine labeling (30 min). 
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Table 1. Stimulation of DNA synthesis in quiescent ascites tumor 
cells 

[3 Hl- t hymidine Condition Stimulation 

2% serum 
+ cholesterol (25 ~g/ml) 
+ OAG (20 ~g/ml) 
+ insulin (2.5 ~g/ml) 
+ TPA (5 x 10-8 ) 

+ lanosterol (25 ~g/ml) 
10% serum 

incorporation 
cpm x 10 3 /10 6 

3.07 ± 1.6 
47.84 ± 20.8 
28.36 ± 2.1 

3.90 ± 2.8 
3.35 ± 2.1 
0.11 ± 0.03 

51.75 ± 6.2 

cells 
(fold) 

1.0 
15.6 
9.2 
1.3 
1.1 
0.04 

16.9 

Mean ± SD of at least 2 experiments. OAG = 1-oleoyl-2-acetyl
glycerol; TPA = 12-0-tetradecanoylphorbol-13-acetate. 

of acetate incorporation is depressed by a factor of about 6 in the chol
esterol-supplemented cells. Similar results are obtained for acetate incor
poration into the entire sterol fraction and the radioactivity distribution 
between cholesterol precursors and the products of the branched pathways, 
ubiquinone and dolichol, is shown in Fig. 4. Unlike in liver, the major 
labeled products are found to be lanosterol, followed by squalene, and the 

I I ~ 

T!me [h 1 

Fig. 3. Synthesis of cholesterol from labeled [14Clacetate of cells 
cultivated at 3% serum concentration in the presence (~) and 
absence (DHJ) of cholesterol. The curves represent the mean of 3 
individual experiment. 
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Fig. 4. [14C]Acetate incorporation into the non-saponifiable lipid frac
tion. A, at 3% serum concentration without and B, in the presence 
of cholesterol; 66.05 and 8.85 x 10 2 , total incorporated radioac
tivity in cpm. S, squalene; L, lanosterol; C, cholesterol; U, 
ubiquinone and D, dolichol. 

lanosterol-labeling is about 7-fold higher in the cholesterol-depleted com
pared to the cholesterol-rich cells. From these data, it becomes clear that 
a block exists in the sterol synthesis pathway at the stage of lanosterol 
conversion to cholesterol. This also explains why neither mevalonic acid nor 
squalene nor lanosterol added to the culture medium have a growth-stimulating 
effect. The data in Fig. 4 further show that the main compound of the iso
prenoid pathway does not seem to be cholesterol but ubiquinone. Surprisingly 
radioactive-labeled squalene is about the same under both growth conditions. 

Cholesterol is mainly localized in the plasma membrane, and therefore 
its content should be influenced by changing the cholesterol concentration in 
the culture medium (Table 2). Measurements of membrane fluidity with the 
fluorescence depolarization technique reveal no significant changes between 
the cholesterol-poor and cholesterol-rich membranes. 

Nevertheless, since cholesterol is known to modulate the activity of 
membrane-bound enzymes, we have investigated several enzymes which are in
volved in the synthesis and degradation of polyphosphoinositides. These com
pounds yield upon hydrolysis two second messenger molecules, 1,2-diacylgly
cerol and inositol-1,4,5-trisphosphate. Table 3 gives the data for PI and 
PIP kinase activity without and in the presence of extra cholesterol, and 
Table 4 shows the data for the phosphodiesterase activity measured with all 
inositol phospholipids as substrates. Significant stimulations of the PIP 
kinase and the PIP and PIP2 -specific phophodiesterase are found under 
cholesterol-supplemented conditions. For the latter enzyme a more than two
fold stimulation is also observed with GTP present ln the reaction mixture. 
From these data it should further be expected that the metabolites of the 
polyphosphoinositides, specially IP3 , are affected, which is shown in 
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Table 2. Cholesterol and phospholipid content, and the C/P molar ratio 
of the plasma membranes of ascites cells grown under normal and 
reduced serum concentrations (3%) without and with cholesterol 
supplementation 

Condition 

10% serum 
3% serum 
+ cholesterol 
(25 J..Ig/1 ml) 

Cholesterol 
(J..Ig/mg protein) 

19.6 
9.0 

25.2 

Phospholipid 
(J..Ig/mg protein) 

151.8 
108.0 

256.0 

C/p (M) 

0.29 
0.18 

0.25 

Data represent the average of at least 2 experiments with duplicate ana
lyses. 

Table 5. About twice as much IP3 is detected in the cholesterol-stimulated 
cells. 

DISCUSSION 

Our results clearly demonstrate that ascites tumor cells need preformed 
cholesterol for growth which normally is supplied by the serum. The obser

vation that cells at 0.5% serum plus exogenous cholesterol in the medium grow 
only to some extent indicates that other growth-promoting factors become 
limiting. These factors may be different from those growth factors which we 
have added to the medium and which have been shown to induce proliferation in 
ascites cells 25 and in others 26. It has been known that the physical state 
of the lipid-protein matrix of the plasma membrane undergoes profound changes 
after stimulation of cell division and that the changes are correlated in one 
way or another to the presence of cholesteroI 27 ,28. 

The regulation of cholesterol biosynthesis and the homeostatic control 
of the cholesterol level are very complex mechanisms, still far from being 
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Table 3. Plasma membrane-bound PI and PIP kinase ac
tivity in non-stimulated and cholesterol-stimu
lated ascites cells 

Condition 

2% serum 

2% serum 
+ cholesterol 
(25 J..Ig/ml) 

Kinase Activity 
(cpm/min/mg protein) 

PI 

869 ± 76.7 a 
(3) 
793 ± 146.7 
(3) 

PIP 

220.7 ± 
(3) 
705.0 ± 
(3) 

a Mean ± SD with number of experiments in parentheses. 

42.1 

57.2 



Table 4. Plasma membrane-bound phospholipase C activity acting on PI, 
PIP and PIP3 in non-stimulated and cholesterol-stimulated 
cells 

Condition 

2% serum 

2% serum 
+ cholesterol 
(25 ~g/ml) 

Phospholipase C 
(nmol/min/mg protein) 

PI PIP 

2.34 ± 0.28 a 3.31 
(3) (3) 
2.26 ± 0.18 5.95 
(3) (3) 

± 0.58 

± 0.36 

a Mean ± SD with number of experiments in parentheses. 

PIP 2 

15.67 ± 2.09 
(10) 
26.26 ± 3.0 
(8) 

resolved. For liver and also some hepatomas 29 , it is known that the 
B-hydroxymethylglutaryl coenzyme A reductase is the key enzyme in the sterol 
synthesis pathway which is controlled through a multivalent feedback mechan
ism, involving cholesterol itself and possibly also a nonsterol compound 30. 
With respect to the involvement of cholesterol, there are at least 3 indepen
dently operating negative-feedback mechanisms, which have been described by 
Sabine 31. Taking into account the low cholesterol-synthetic capacity of 
these ascites cells, feedback control by endogenous cholesterol can almost be 
excluded. It also remains to be investigated whether or not a nonsterol 
compound plays any role in this respect, or whether a second rate-limiting 
step exists besides the B-hydroxymethylglutaryl coenzyme A reductase 
controlled reaction, since the amount of radioactive squalene is about the 
same both in the presence and absence of cholesterol. 

Cultivation of our ascites cells under cholesterol-rich and -depleted 
conditions cause significant changes in the content of this molecule as well 
as in the C/P ratio of the isolated plasma membranes. The total lipid phos
phorus content is also affected, but the relative proportions of the indi
vidual phospholipids are not altered to a major extent between the two cell 
cultures (data not shown). In spite of some changes in the C/P ratio between 
the plasma membranes of the cholesterol-rich and cholesterol-poor cells, we 

Table 5. Radioactive labeling of inositol-1,4,5-trisphosphate (IP ) 
of growth-stimulated ascites cells 

Condition 

2% serum 
+ cholesterol 
(25 ~g/ml) 
+ OAG (20 ~g/ml) 
10% serum 

IP3 
cpm/5 

348 
691 

576 
2255 

a Mean ± SD of 3 to 5 experiments. 

± 
± 

± 
± 

Stimulation 
x 106 cells (fold) 

109 a 1.0 
160 2.0 

217 1.7 
525 6.5 
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could not find any significant alterations in membrane lipid fluidity. There 
is some tendency for a rigidifying effect of the extra cholesterol in the 
higher temperature range beginning at about 30°C. These results indicate 
that these membranes apparently have the ability to control their fluidity, 
e.g. by releasing phospholipids in the case of a low cholesterol supplementa
tion and vice versa. With respect to membrane lipid fluidity which was 
measured on the entire membrane, it cannot be excluded that differences do 
exist between the outer or inner mono layers since cholesterol is asymmetri
cally distributed between the two layers32. If this turns out to be the 
case, it can explain the stimulatory effect of cholesterol upon the PIP 
kinase and the phosphodiesterase. 
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The genetic factors underlining the susceptibility to cancer have been 
examined in a number of experimental 1 and clinica1 2 settings, and there is 
substantial evidence for the existence of such factors. Studies in both 
rats3 and mice 4 have provided evidence that genes linked to the major histo
compatibility complex (MHC) play an important role in the susceptibility to 
cancer following exposure to chemical carcinogens. Previously, we 3 showed 
that two strains that differ in their MHC's (RT1) and in the presence of the 
MHC-linked growth and reproduction complex (&!£) differed in their suscep
tibility ~o the chemical carcinogen N-2-acetylaminofluorene (AAF). The R10 
(RT1.An B~ D~ E- grc) and BY1 (RT1.A~ B~ D~ E- grc) strains were highly sus
ceptible to AAF, whereas the BI (An Ba Da E U grc+) and BY2 (AU BU DU E U grc+) 
strains were not. These findings indicated that genes in, or linked to, the 
MHC were involved in the increased susceptibility to preneoplastic changes 
and suggest that the presence of the &!£ is critical in determining this sus
ceptibility. 

Biochemical studies 5 suggested that changes in cholesterol synthesis, 
DNA synthesis and the hexose monophosphate (HMP) pathway, and the critical 
enzymes involved therein: 3-hydroxy-3-methyl-glutaryl coenzyme A (HMG-CoA) 
reductase, glucose-6-phosphate dehydrogenase (G6PD), and 6-phosphogluconate 
dehydrogenase (6PGD), may be important elements in the differential suscepti-
bility of the two strains. The more susceptible R10 strain had an increased 
cholesterol synthesis, increased DNA synthesis and stimulation of the HMP 
pathway compared to the less susceptible BI strain. An extensive body of 
work from our laboratory and by others has demonstrated enhanced de novo 
cholesterogenesis and HMP pathway activity in fetal tissues, regenerating 
normal pancreas and liver5,~ lead-induced hyperplasia 7,preneoplastic foci in 
the liver8,~ and malignant tissues5,1~ Since NADPH generated through the HMP 
pathway is utilized for cholesterol and DNA synthesis, G6PD appears to play 
an important role in cell proliferation1~ Indeed, increased levels of G6PD 
correlate with an increased incidence of cancer in experimental animals 3. On 
the other hand, inhibition of G6PD activity was shown to reduce susceptibil
ity to carcinogens in experimental animals 12, and G6PD deficiency may offer 
protection against the development of cancer in humans 13 ,14. 

The present study was undertaken to expand our initial observations 
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about the role of the &!£ in the differential susceptibility of rats to 
chemical carcinogens and to characterize various inbred strains of rats for 
their potential use in further investigation of the biochemical basis of 
carcinogenesis. The specific objectives were four-fold. First, a carcinogen 
other than AAF was used in order to test the generality of the difference in 
susceptibility between &!£-bearing rats and their wild type counterparts 
(&!£+). The system chosen was induction by diethylnitrosamine (DEN) and 
feeding either a choline-deficient (CD) or choline-supplemented (CS) diet, 
since the combination of a single necrogenic dose of DEN and a CD diet is an 
effective way of inducing preneoplastic foci, nodules and hepatomas in rats1~ 
Second, we wanted to determine whether the effect of the &!£ could be 
identified more clearly by comparing strains that had the same MHC but 
differed at the &!£. The strains so identified were R16 (Aa Ba Da E- grc) 
and ACP (Aa Ba Da E- grc+). Third, a variety of strains were analyzed in 
order to find one that would have the same biochemical level of activity in 
the HMP pathway as the R16 strain but did not carry the &!£ in order to use 
it for comparison in the induction of hepatocarcinoma in the R16 strain: the 
YO strain was identified as the appropriate one. Finally, the effect of 
MHC-linked genes on G6PD and 6PGD activities was tested using MHC-congenic 
strains in which the donor and background strains differed in the level of 
activities of these enzymes. 

MATERIALS AND METHODS 

Animals 

Male rats of 26 strains and 4 to 60 weeks of age from our colony at the 
University of Pittsburgh School of Medicine were used. For the hepatocarcin
ogenesis experiment four strains of rat were used: R16, which is a recombi
nant (Aa Ba Da E - grc) between RIO (An B R. DR. E - grc) and ACP (Aa Ba Da E
grc+); ACP, which is its normal counterpart; and BN and YO which have tissue 
G6PD activities comparable to the ACP and R16 strains, respectively. 

Two types of experiment were conducted. In the first experiment, a 
group of rats was fed laboratory chow throughout the experiment t9 months) to 
evaluate the response of different strains to the same carcinogen without any 
promotion. In the second experiment, the rats were fed laboratory chow until 
they were placed on a choline-deficient diet (CD) two weeks after initiation 
with diethylnitrosamine (DEN), in order to evaluate their response to a pro
moting regimen. They had free access to food and water and were housed in an 
air-conditioned room with a 12 h light (7 a.m. to 7 p.m.) and dark (7 p.m. to 
7 a.m.) cycle. At various times, the animals were weighed, anesthetized with 
fluorothane and sacrificed (at 9 a.m.) by bleeding through the abdominal 
aorta. 

Glucose-6-Phosphate Dehydrogenase and 6-Phosphogluconate Dehydrogenase Assays 

Blood was collected in ethylenediaminetetraacetate (EDTA), and the red 
blood cells (RBC) were separated immediately16. Livers were resected, 
washed, weighed and homogenized in 9 volumes of cold isotonic saline in a 
Polytron PT 10 Sonicator at setting 7 for 30 sec. The homogenates were 
centrifuged for 60 min at 100,000 x g, and the supernatants were used immedi
ately for the assay of G6PD and 6PGD as described 1~ The units of activity in 
all cases were expressed as nmoles of pyrimidine nucleotide produced per min, 
and the specific activities were expressed as units per 1010 RBC or per mg 
protein (liver). 

Induction and Promotion of Hepatocarcinogenesis 

Induction of preneoplastic and neoplastic lesions in the liver was 

486 



investigated after exposure of rats to a single necrogenic dose of DEN13. 
Six to eight week old R16, ACP, BN and YO male rats were injected intraperi
toneally (i.p.) with a single dose of DEN (200 mg/kg of body wt.). After two 
weeks, the rats were divided into two groups: one was fed a choline supplem
ented (CS) diet, and the other was fed a choline-deficient (CD) diet 18. The 
animals were sacrificed at different time intervals and complete autopsies 
were performed. Blocks of liver tissue and tumors were prepared for histo
logical examination (hematoxylin-eosin, H & E) and for histochemical staining 
with gamma-glutamyltranspeptidase (GGT)l~ Livers were examined microscopi
cally for cirrhosis, nodules, fatty infiltrate and tumors. Sections were 
scored for GGT-positive foci, bile duct proliferation, disruption of hepatic 
architecture and degree of cellular atypia using a scale of 0 to ++++19. 

Morphometric Measurements 

Foci of GGT-positive hepatocytes were readily distinguishable in liver 
sections histochemically as discrete areas of intensely orange-brown cells on 
a blue hematoxylin background. The areas of the sections and of the foci 
were measured by tracing their perimeters with the transverse arm of an 
electronic digitizer/planimeter interfaced with a computer by means of an 
acoustic coupler (Numonics Corp., Lansdale, PA). The area of the liver 
section was measured at 5x and that of the foci at 40x. The results were 
expressed as the diameter (mean ± SD) of the foci in nm and as their number 
(mean ± SD) per cm2 of liver section. 

Other Procedures 

Total protein was estimated by the method of Lowry et al. 20using bovine 
serum albumin as the standard. Statistical analysis of the data was per
formed using an analysis of variance, and the difference between means was 
considered significant if P < 0.05 21 . 

RESULTS 

A variety of inbred and congenic strains were artalyzed for G6PD levels 
in the liver and red blood cells and for 6PDG levels in the liver in order to 
identify those strains that would be useful for comparison with the R16 and 
ACP strains (Fig. 1, Table 1). There was approximately a four-fold variation 
in liver G6PD activity levels and a three-fold variation in red blood cell 
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Fig. 1. The specifiC activity of G6PD in the liver and red blood cells of 
the R16, ACP, YO and BN strains as a function of age. 
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Table 1. G6PD and 6PGD activities in liver and red blood cells of 12 to 16 
week old male rats a 

Strain Body weight (g) G6PD b 6PGD b 

Liver RBC Liver 

OKA 249 ± 4 3.8 ± 0.1 996 ± 17 13.6 ± 0.3 
BN 265 ± 7 4.0 ± 0.2 791 ± 61 11. 7 ± 0.3 
ACP 231 ± 3 4.5 ± 0.3 1333 ± 51 19.5 ± 1.2 
DA 278 ± 5 4.6 ± 0.3 779 ± 36 17.5 ± 1.6 
WF 267 ± 5 5.3 ± 0.3 820 ± 30 16.9 ± 0.8 
F344 372 ± 31 6.0 ± 1.4 961 ± 10 15.4 ± 2.4 
BUF 427 ± 64 6.3 ± 0.6 658 ± 38 18.2 ± 1.4 
KGH 281 ± 2 6.8 ± 0.3 560 ± 36 13.9 ± 1.3 
WKA 310 ± 19 6.9 ± 1.3 680 ± 41 14.6 ± 0.7 
PVG 299 ± 4 6.9 ± 0.1 968 ± 60 20.8 ± 0.8 
R16 190 ± 7 8.3 ± 0.8 1323 ± 80 16.9 ± 0.7 
MR 284 ± 11 8.9 ± 0.6 684 ± 30 20.7 ± 1.7 
NBR 268 ± 8 9.1 ± 0.7 852 ± 6 21.4 ± 1.4 
LEW 403 ± 5 9.9 ± 1.0 388 ± 40 18.8 ± 2.4 
TAL/K 292 ± 18 10.4 ± 1.1 494 ± 18 20.1 ± 0.6 
AUG 259 ± 1 13.8 ± 1.6 1189 ± 46 39.4 ± 3.3 
YO 325 ± 4 16.3 ± 1.8 704 ± 117 28.4 ± 2.4 

a Each value is the mean ± SEM of 7-12 animals. bValues are in units as de-
fined under Materials and Methods. G6PD, glucose-6-phosphate dehydrogenase, 
and 6PDG, 6 phosphogluconate dehydrogenase. 

G6PD activity levels and liver 6PGD activity levels when the strains were 
assayed at 12-16 weeks of age. The differences in the G6PD activity levels 
among the strains persisted with age in all of the tissues studied (liver and 
red blood cells) (Table 2). No significant G6PD deficiency was observed in 
any strain. 

The G6PD levels that were optimal for comparison with R16 and ACP were 
found in the YO and BN strains, and they were studied in greater detail. The 
growth patterns of all four strains showed the same trends but at different 
levels: the body weight and the liver weight increased rapidly for the first 
twelve weeks and then increased more slowly. The fastest growing strain was 
YO, and the ACP strain grew more rapidly than the R16 strain. The relative 
growth of the liver in the YO and R16 strains was greater than that in the BN 
and ACP strains, respectively. 

The response of RI6 and YO and their normal counterparts ACP and BN at 
9 months following a single necrogenic dose of DEN without promotion is pre
sented in Table 3. The number of GGT-positive foci per cm 2 and the area of 
the foci per area of the section were significantly increased in RI6 compared 
to ACP and was marginally increased in YO compared to BN. The average diam
eters of all the foci were the same. The number and size of GGT-positive 
foci in RI6 and ACP after initiation with a single intraperitoneal dose of 
DEN and 9 weeks of CD promotion are presented in Table 4. The R16 strain 
consistently showed a significantly greater number of GGT-positive foci, 
larger foci area/section area and increased diameter of foci both with 
promotion (CD) and without promotion (CS) when compared to the ACP strain. 
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Table 3. Interstrain difference by number and size of GGT 
positive foci in the liver at 9 months after DENa 
in{tiation. Rats fed laboratory chow 

Strain 

R16 
ACP 
YO 
BN 

Number of 
foci per 
cm 2 

49.3 ± 22.3 b 
2.4 ± 0.5 
6.6 ± 4.5 
2.7 ± 1.0 c 

Foci area Average 
per section diameter 
area (nm) 

2.95 ± 1. 3 b 265 ± 2 
0.16 ± 0.02 282 ± 13 
0.40 ± 0.20 278 ± 30 
0.10 ± 0.05 c 241 ± 32 

aValues are mean ± SEM for 4-6 animals. bSignificantly dif
ferent from R16 (p < 0.05). cSignificantly different from YO 
(p < 0.05). 

The morphologic and histologic findings are summarized in Table 5. The 
R16 strain showed severe cellular atypia, cirrhosis and hyperplastic nodules 
and finally hepatoma when fed a CD diet for 6 months. This response is mark
edly different from that of its normal counterpart, ACP. On the other hand, 
when fed a CS diet, the R16 strain showed only severe cellular atypia when 
compared to ACP. 

DISCUSSION 

In previous studies 3 we showed that rats carrying the &E£ genes (R10) 
were highly susceptible to the induction of GGT-positive foci in the liver 
after feeding a diet containing 0.02% N-2-acetylaminofluorene (AAF) for 4 
weeks. When compared with the normal &E£+ rats, they showed elevated G6PD 
activity, de novo cholesterogenesis and DNA synthesis in the liver. 

G6PD is a rate limiting enzyme in the HMP pathway of glucose metabolism 
and plays an important role in cell proliferation 8 . Elevated G6PD activities 
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Table 4. Number and size of GGT foci in the livers of R16 
and ACP rats given DEN and placed on a CD or a CS 
diet for 9 weeks a 

Strain Diet Number of Foci area Average 
foci per per section diameter 
cm2 area (nm) 

R16 CD b 12.9 ± 5.5 0.55 ± 0.17 231 ± 
ACP CD 4.8 ± 0.4 c 0.15 ± 0.05 c 195 ± 

R16 CS b 5.1 ± 1.1 0.23 ± 0.1 227 ± 
ACP CS 1.1 ± 0.3 c 0.02 ± 0.01 c 158 ± 

aValues are mean ± SEM for five animals each. bCD, choline
deficient; and CS, choline-supplemented. CSignificantly dif
ferent from R16 (p < 0.05). 

14 
6 c 

22 
12 c 
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were shown to occur in rapidly growing normal, as well as in preneoplastic 
and neoplastic tissues. Inhibition of G6PD activity has been shown to 
inhibit neoplastic growth 12 • Surveying several strains of rats disclosed a 
number of strains with high G6PD activity in the liver that appeared to 
correlate with the degree of cell proliferation. Since cell proliferation is 
a prerequisite for neoplastic growth 9, animals with high G6PD levels and a 
higher rate of cell proliferation should be more susceptible to cancer. 
Indeed, both the YO and Rl6 strains showed more GGT-positive foci in the 
liver even without promotion. The CD diet promotes the development of 
hepatocellular carcinoma 19, and this diet was used to test the role of the 
&I£ in susceptibility to cancer. On a CD diet, hepatocellular carcinoma 
developed 24 weeks after initiation in the R16 strain, while the ACP strain 
was free of tumor. 

The enhanced susceptibility of &I£-bearing rats to the development of 
preneoplastic hepatocellular nodules is now firmly established with two 
different carcinogens, AAF and DEN. The biochemical pathways that may be 
involved in the development of cancer are the HMP pathway and the synthetic 
pathway for cholesterol. The question being actively pursued involves the 
role of &I£ in modulating these two metabolic pathways. Another aspect of 
the work is the relationship between embryogenesis and carcinogenesis and the 
role of &I£ genes in growth and development 22. 
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LIPOPROTEINS, CELL PROLIFERATION AND CANCER 

INTRODUCTION 

Kalipatnapu N. Rao, Hoda F. Gabriel, Elhamey D. Eskander 
and Mona F. Melhem 

Department of Pathology, School of Medicine, University of 
Pittsburgh, Pittsburgh, PA 15261, and The Veterans 
Administration Medical Center, Pittsburgh, PA 15240 

In experimental animals, diets high in polyunsaturated fatty acids (USF) 
greatly promote tumorigenesis relative to the same animals fed saturated fat 
(SF)1-6. It appears that the tumor-promoting properties of a high fat diet 
are more a function of fatty acid composition than of fat content ~ ~ or 
total caloric intakes. Various mechanisms that were examined to explain the 
promotion of tumorigenesis by USF diet include: alterations in hormone lev
els, membrane fluidity, intracellular communication, prostaglandins, protein 
kinases, immune system and cell proliferations. In spite of studies by can
cer biologists and nutritionists, the exact mechanism(s) by which USF diets 
promote tumorigenesis is not well understood. It is likely that the tumor 
promoting properties of high USF diets may be related to their capacity to 
eliminate bile acids, stimulate de ~ cholesterogenesis and decrease serum 
cholesterol ester levels 7. Moreover, in various experimental tumor model 
systems 3- s and in epidemiological studies 8 , the serum cholesterol and tri
glyceride levels were found to be reduced. However, a cause and effect 
relationship between low serum low density lipoproteins (LDL) and promotion 
of cancer has not been explored thoroughly. Nonetheless, it is widely ac
cepted that there is a cause and effect relationship between serum LDL and 
coronary heart disease (CHD) and that a reduction in serum LDL will greatly 
reduce the risk of CHD9. 

We present evidence suggesting that serum lipoproteins not only trans
port cholesterol, phospholipids and triglycerides in the blood, facilitate 
movement of lipids between various tissues, and regulate lipid synthesis and 
catabolism, but also regulate immune function and cell proliferation. We 
suggest that reduced serum LDL levels may provide the mitogenic signal to 
promote tumorigenesis. 

LIPOPROTEINS AND IMMUNE FUNCTION 

Dietary lipids influence immune function as well as tumorigenesis, and 
by modifying the diet it is possible to alter the progression of lymphopro
liferative disorders as well as tumorigenesis1~ Relative to SF diets, diets 
high in USF are immunosuppressive 11 -14. Feeding USF diets results in the loss 
of an animal's ability to reject skin allografts 1S- 19. USF diets are used as 
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adjuvants for immunosuppression in renal transplant patients 13 ,16,20,21 and in 
patients suffering from multiple sclerosis 22. These diets also suppress 
delayed hypersensitivity reactions in cancer patients 23. Guinea pigs chall
enged with an antigen and fed USF diets show lower antibody titres than those 
fed saturated fat 24 . 

The immunosuppression by USF diets can be linked to changes in serum 
lipoproteins. Indeed various studies indicate that chylomicrons, very low 
density lipoproteins (VLDL), intermediate density lipoproteins (IDL) and LDL 
inhibit lymphocyte proliferation in increasing order and high density lipo
proteins (HDL) had no effect 25 ,26. The regulation of lymphocyte proliferation 
by LDL has been studied extensively 25,27-32, and these studies showed that LDL 
decreases proliferation of phytohemagglutinin (PHA)-stimulated lymphocytes by 
first inhibiting de novo cholesterogenesis and subsequently DNA synthesis 32 . 
LDL was found to affect clonal expansion but had no effect on subsequent 
events such as differentiation and maturation 32. 

The immune response to antigenic stimulation needs the cooperation of 
macrophages, T and B lymphocytes, and production of various differentiation 
and maturation factors, including interleukin-l and interleukin-2. 
Activation of B-lymphocytes by antigen has two consequences: proliferation 
that results in clonal expansion and differentiation and maturation that re
sults in antibody-secreting cells. In the first situation, the B-lymphocyte 
goes from the resting Go phase to the S phase. While activation by an anti
gen results from the direct contact between Band T cells, which is MHC re
stricted, the activation of B cells by T cell soluble factors does not re
quire direct cell contact. Overall, the sequence of events results in a 
series of clonal expansion and differentiation of lymphocytes to plasma cells 
that synthesize immunoglobins 23. The inhibition of mitosis of PHA-activated 
lymphocytes by LDL suggests that LDL plays an important role in controlling 
clonal expansion so that the activated lymphocytes can further differentiate 
and mature 27-32. At this stage, it can only be speculated that a decrease in 
serum LDL results in uncontrolled lymphocyte proliferation which consequently 
suppresses their differentiation and maturation. Preliminary experiments 
from our laboratory suggest that a drastic reduction in serum lipoproteins in 
experimental animals results in lymphoproliferative disorders, enhanced sus
ceptibility to infection, and development of cancer. 

LIPOPROTEINS AND CELL PROLIFERATION 

We have shown that cholesterol synthesis plays an essential role in 
cell proliferation33-3~ and synchrony between de novo cholesterogenesis and 
DNA synthesis has been suggested 34-37. Since NADPH generated through the 
hexose monophosphate pathway (HMP-pathway) is important for DNA, RNA and 
cholesterol synthesis, the HMP-pathway also plays a major role in cell prol
iferation6,3~ In PHA-stimulated lymphocytes, de ~ cholesterogenesis happens 
much earlier than DNA synthesis 38, and DNA synthesis and mitosis of these 
stimulated lymphocytes can be arrested by blocking cholesterol biosynthesis 
with LDL32. Our studies have shown that there are elevated cholesterol 
levels, enhanced cholesterogenesis, and stimulation of HMP-pathway in all 
rapidly proliferating normal as well as neoplastic cells 33 ,34. The rates of 
de novo cholesterogenesis and the activity of the HMP-pathway decrease as the 
cells cease to proliferate. In addition, the activity of acyl CoA: choles
terol acyl transferase increases during cell proliferation to convert newly 
synthesized cholesterol to cholesterol esters. Accompanying these changes, 
there is a decrease in serum cholesterol esters, and lecithin: cholesterol 
acyltransferase (LCAT) activity levels in serum3~ Thus, these findings 
indicate that enhanced de novo cholesterogenesis and reduced influx of serum 
cholesterol esters into~he cell are required during the cell cycle if the 
cells are to grow and divide3-~ 
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All nucleated cells in the body have genomic information for the syn
thesis of cholesterol 40, and all the tissues that have been examined show 
feed back control of cholesterol synthesis4~ In addition, extrahepatic rat 
tissues have functioning high affinity LDL receptors, and the rates of endo
genous cholesterol synthesis in a number of tissues can be increased by low
ering plasma lipoprotein levels. Intravenous infusion of LDL was shown to 
reduce the rates of cholesterol synthesis in some of the tissues examined 
towards control values4~ There is evidence to suggest that extrahepatic tis
sues take up mostly LDL cholestero14~ Since preneoplastic as well as neo
plastic tissues exhibit loss of feed back control of cholesterol synthesis, 
such deregulated cholesterol metabolism may be an adaptive phenomenon to 
achieve continuous cell growth4~ This view is supported by the observation 
that fetal and regenerating normal tissues express LDL receptors4~ whereas 
they appear to be reduced in tumor tissues 34,36. These observations suggest 
that influx of circulating cholesterol esters into the cell is reduced by 
lowering serum LDL during normal cell proliferation and by down regulation of 
LDL receptors in cancer cells in vivo 36-39. 

Phenobarbital (PB)45 and a choline deficient (CD) diet46 and diets high 
in USFl-6 all promote cancer and reduce serum LDL levels. Indeed, feeding a 
choline deficient diet alone was shown to cause cancer in rats. Moreover, 
rats carrying genes linked to the major histocompatibility complex (MHC) that 
control growth and development (grc) have reduced serum lipoproteins and 
enhanced de novo cholesterogenesis and DNA synthesis in the liver. These 
rats were~ound to be unusually susceptible to chemical carcinogens 6. A 
decrease in serum LDL levels leads to a reduced influx of circulating 
cholesterol esters which removes the inhibition of 3-hydroxy-3-methylglutaryl 
coenzyme A (HMG-CoA) reductase leading to enhanced de novo cholesterogenesis, 
DNA synthesis and cell proliferation 35 ,36. Since cell proliferation is a pre
requisite for the development of cancer 46 , a drastic reduction in serum LDL 
promotes cancer 35,36. 

LIPOPROTEINS AND CANCER 

Even though, PB45, CD diet 46 and USF diets l-6 reduce serum lipoproteins 
and promote cancer in experimental animals, they are also known to affect 
many other metabolic pathways. For this reason, it can be argued that a 
reduction in serum LDL may not be the primary mitogenic signal. We have 
solved this problem by utilizing a 4% cholestyramine diet and reduced serum 
lipoproteins. Such reductions in serum lipoproteins resulted in enhanced 
7,12-dimethylbenzanthracene (DMBA) induced breast cancer in female Wistar 
rats 35 . 

Fifty-day-old Wistar rats were initiated with a single intragastric 
dose of 5 mg of DMBA in 0.8 ml corn oil. Control rats received the vehicle 
alone. After 7 days on laboratory chow the rats were fed a control diet 
containing 5% corn oil (American Institute of Nutrition, AIN) prepared 
according to Berri et al.48. The experimental diets consisted of 4% choles
tyramine resin in AIN diet (CHST), a 2% corn oil plus 18% coconut oil diet 
(SF), a 20% corn oil diet (USF), and a 4% CHST in 20% corn oil diet (USF + 
CHST). The rats were sacrificed at the end of 100 and 200 days. A detailed 
histological evaluation of grossly normal mammary tissue as well as any tumor 
mass was done. Lipids in serum, liver, breast tissue and tumors were analy
zed 6. In addition, serum LCAT levels 39 and cholesterol biosynthesis in 
breast tissue and tumors 34 were measured. 

The length of feeding has a significant effect on serum lipid para
meters. At the end of 200 days, the total lipids (TL) decreased signific
antly in rats fed CHST when compared to the rats fed the AIN diet. Similarly 
the USF and USF + CHST groups had a significant decrease in serum TL when 
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compared to the rats fed the SF diet (Fig. 1A). Similar decreases were seen 
in cholesterol esters (Fig. 1B), triglycerides (Fig. 1C), and serum LCAT 
(Fig. 2A) levels. At the same time, the de Q2Y2 cholesterogenesis showed a 
significant increase in breast tissues of USF and USF + CRST groups at 100 
days and in CRST, USF and USF + CRST groups at the end of 200 days. Tumors 
in rats fed any diet showed a several-fold increase in cholesterol synthesis 
when compared to apparently normal breast tissue (Fig. 2B). The percent 
incidence of tumors and the size of adenocarcinomas increased many-fold in 
rats fed CRST, USF and USF + CRST diets when compared to rats fed AIN and SF 
groups. It is of interest to note that a combination of USF and CRST gave an 
aggressively growing tumor in one rat as early as 100 days (Fig. 2C). Both 
CRST and USF diets are known to reduce serum lipoproteins, eliminate bile 
acids and enhance de novo cholesterogenesis7,4~ Since dietary CRST is not 
absorbed through the gastrointestinal tract and cannot reach the target tiss
ue, it can be concluded that a reduction in serum LDL stimulates cells to 
enhanced de novo cholesterogenesis and DNA synthesis. These results support 
our contention that a reduction in serum LDL provides the mitogenic signal 
resulting in the promotion of cancer. 

RELEVANCE TO HUMAN CANCERS 

A decrease in serum LDL has two consequences: 1) suppression of immune 
function and 2) stimulation of cell proliferation. Besides these functions, 
a decrease in serum LDL results in decreased thromboxane A2 synthesis in 
platelets 50 resulting in reduced thrombosis and increased bleeding. All these 
effects of low serum LDL levels have relevance to the development of cancer 
in humans. For example, the Eskimos consume polyunsaturated fats derived 
from fish oils, and the incidence of CHD in Eskimos is low when compared to 
the population consuming a typical western diet. Rowever, a critical eval
uation of the epidemiological data reveals that Eskimos have a higher 
prevalence of infections and of cancer. Thus, reduced CHD and increased 
cancer prevalence can be correlated with their low serum lipoprotein levels51• 
Low serum LDL may also be the cause of the longer bleeding times in Eskimos 
for which records extend as far back as 500 years 52. 
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Cholesterol is one of the major components of animal cell plasma mem
branes. It plays a vital role in the maintenance of cell integrity and in 
the regulation of membrane fluidity; it regulates more or less directly 
many cellular functions including cell growth, in normal and malignant pro
cesses 1,2. 

It has been repeatedly shown by our laboratory that constant changes of 
cholesterol metabolism occur during different types of cellular proliferation 
irrespectively of the proliferative stimuli 3-8. 

Increase of cholesterol synthesis was observed not only in liver, a ma
jor organ of cholesterol production, but also in kidney, an organ devoid of 
any cholesterol synthesizing activity under normal resting conditions3 ,4. 
These observations were made following a single administration of lead ni
trate a potent mitogen for liver 9 and kidney 4. The increase of cholesterol 
synthesis was also observed in other types of cellular proliferation, during 
liver regeneration after partial surgical hepatectomy5, in liver hyperplasia 
occuring in diabetic rats given insulin and in fasted-refed rats6,~ and in 
hepatic nodules during rat liver carcinogenesis 8. In most of these models 
the increase of cholesterol synthesis preceded and accompanied DNA synthesis. 

A direct association between cholesterol and DNA synthesis has been pro
posed by several investigators in the last decade. Compact in , mevinolin and 
other inhibitors of 3-hydroxy-methyl glutaryl CoA reductase (HMGCoA), the 
rate controlling enzyme of cholesterol synthesis, were shown to inhibit in 
vitro DNA synthesis 10-12. -

The levels of HMGCoA reductase were found proportional to the degree of 
cell proliferation during fetal and neonatal development, in pancreatic re
generation after tissue loss as well as in tumors of different growth rates13. 

A role for cholesterol synthesis in regulating cell proliferation is 
also supported by the early report of Siperstein and Fagan on the loss of 
feedback inhibition on HMGCoA reductase in tumoral tissue14 and by more re
cent data on the possible effect of mevalonic acid and/or other isoprenoid 
units in the initiating phases of DNA synthesis15 ,16. 

Despite the overwhelming data concerning intracellular cholesterol syn-

505 



thesis during cell growth, the role of circulating cholesterol during such 
process has been so far neglected. 

Mammalian cells obtain cholesterol from exogenous source or through "de 
novo" synthesis, while a continuous exchange occurs between intracellular and 
plasma cholesterol pools in the whole organism; it is then predictable that 
the variation in the two pools can be reciprocally influenced. 

In humans a possible relationship between circulating cholesterol and 
cancer has been extrapolated from studies designed to examine the association 
between cholesterol and cardiovascular diseases. Those studies were not spe
cifically intended to measure cancer incidence and mortality. In most cases 
an inverse correlation between serum cholesterol levels and cancer incidence 
was found 17-20. The results however were sometimes contradictory and not al
ways consistent. In a clinical study on the relationship between colon can
cer and serum cholesterol, Rose et al. observed that the initial levels of 
serum cholesterol in colon cancer patients were lower than expected 21 • How
ever, the same Authors also reported that serum cholesterol levels were 
higher than in controls in patients with cancer of the stomach, pancreas, li
ver, bile ducts and rectum 22. Similarly, low serum cholesterol levels were 
found by Kark et al. in lung cancer patients 23, while Stamler et al. observed 
higher serum cholesterol levels in lung cancer cases compared to controls 24. 
Moreover, not always association was found between serum cholesterol levels 
and overall risk of death from cancer in epidemiological studies by Dier et 
al. 25 • The Authors reported an inverse correlation between serum cholesterol 
level and cancer death for sarcoma, leukemia and Hodgkin's disease but not 
for lung cancer, colon-rectal cancer, cancer of oral cavity, pancreatic can
cer, or all other cancer combined. The lowering of serum cholesterol by a 
diet rich in polyunsaturated fatty acids resulted in a higher incidence of 
cancer death 26. Similar results were obtained in epidemiological studies 
conducted in humans treated with hypolipidemic agents: the beneficial effect 
against hypercholesterolemia of clofibrate, the most widely used lipid-lower
ing drug in Europe and in USA, is counterbalanced by a probable higher risk 
of tumors of the gastrointestinal tract 27. 

Experimental studies have shown that cholestyramine, another widely used 
hypolipidemic agent that differs from other drugs since it is not absorbed by 
the intestine, was associated with cancer of the gastrointestinal tract 28 ,29. 
More recently, Melhem et al. have shown an increase in the incidence of 7,12-
dimethylbenzanthracene (DMBA)-induced breast cancer in rats fed a 4% cho
lestyramine diet 30. In the same study, the serum total lipids, cholesterol 
esters and triglycerides, decreased significantly in rats treated with DMBA 
and fed a 4% cholestyramine diet when compared with rats fed a control diet. 

Although the clinical and the epidemiological results on cholesterol and 
cancer are often contradictory and experimental evidences are far from being 
conclusive, the cumulative data provide enough support to suggest that cellu
lar proliferation and tumoral progression are characterized by peculiar 
changes of cholesterol metabolism not only in the proliferating tissues but 
also in the plasma compartment. 

However, on the basis of the available findings, at least three impor
tant points need to be better considered: 

1. Epidemiological data based on self-reported information need to be 
corrected, possibly by using more precise biological indicators. 

2. If a correlation between plasma cholesterol levels and cancer incidence 
and mortality does exist it still remains to be established whether 
alterations of plasma cholesterol is the cause or whether it reflects 
the metabolic consequences of cancer. 

3. Circulating cholesterol metabolism is too complex to be expressed 
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merely by plasma cholesterol levels. For this reason the different 
classes of lipoproteins in relation to the intracellular cholesterol 
synthesis and catabolism must be carefully investigated. 

In our laboratory, intracellular and circulating cholesterol as well as 
VLDL, LDL, HDLz and HDL3 lipoproteins were investigated in rats in two dif
ferent models of cell proliferation: liver regeneration after partial surgi
cal hepatectomy and liver hyperplasia induced by lead nitrate. These two 
different models were chosen since the first is a compensatory process subse
quent to loss of parenchyma while the latter is a process characterized by a 
net tissutal gain with no apparent sign of liver injury. In both models the 
"de novo" cholesterol synthesis was measured in vivo by the incorporation of 
3HzO into hepatic free and esterified cholesterol-.---

In liver regeneration after partial hepatectomy, no significant changes 
of labelling in free cholesterol and very high levels of labelled esterified 
cholesterol esters were observed (Fig. 1). The incorporation of tritiated 
water into free and esterified cholesterol increased after lead treatment, 
the percentage being higher in cholesterol esters than in free cholesterol 
(Fig. 2). A massive accumulation of cholesterol esters but not of free cho
lesterol was also found in both proliferating parenchymas (Fig. 3 and 4). 

These data were further confirmed by a study on the regulation of cho
lesterol esterification in two different growing (fast and slow) pancreatic 
tumors transplanted in nude mice 31 • Both tumors showed an increase in the 
activity of acyl GoA:cholesterol acyltransferase (AGAT), the intracellular 
esterifying enzyme of free cholesterol, during the active tumoral growth 
phase. The enzymatic activity was significantly higher in fast than in slow 

LEGEND 

~ free 

esters 

o 24 48 72 96 168 

hours 

Fig. 1. 3HzO incorporated into free and esterified cholesterol in liver re
generation after partial hepatectomy. All rats were injected i.p. 
with 10 ~mGi/lOO g b.w. of 3HzO 6 h before sacrifice. The values 
were expressed as the means ± S.E. of at least four determinations. 
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Fig. 2. 3HzO incorporated into free and esterified cholesterol after a single 
administration of lead nitrate. Lead nitrate was injected i.v. at 
the dose of 100 ~moles/Kg b.w .. All rats were injected i.p. with 40 
mCi of 3HzO 12 h before sacrifice. The values were expressed as the 
means ± S.E. of at least four determinations. 
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growing tumors. These results suggest that the newly synthesized cholesterol 
during massive cell proliferation is immediately esterified in order to ob
tain sufficient cholesterol storage, probably for the biogenesis of new mem
branes. On the other hand, cholesterol enrichment of cellular membranes was 
shown in mitochondria and in microsomes isolated from Morris hepatoma 32. 

Total plasma cholesterol levels did not change after partial hepatectomy 
(Fig . 5), while hypercholesterolemia was found in lead-treated rats (Fig. 6). 
In spite of this discrepancy a drastic decrease in cholesterol HDL levels 
(Fig. 5 and 6), accompanied by a reduced activity of lecithin:cholesterol 
acyl transferase (LCAT), the esterifying enzyme of free cholesterol in 
plasma, was observed in both experimental models 33,34 . A decrease of LCAT 
activity was also found in rats bearing pancreatic tumors 31. 

The analysis of serum lipoproteins by HPLC showed a decrease in HDL2 and 
a concomitant increase of HDL3 (Fig. 7 and 8), thus resulting in a very 
strong decrease in HDL2/HDL3 ratio (Fig. 9). No apparent differences in VLDL 
and a slight increase in LDL were also observed (Fig. 7 and 8). A recovery 
of the normal lipoprotein pattern was achieved together with the retrieve of 
hyperplasia (Fig. 8), thus showing that the changes in cholesterol metabolism 
are synchronous with the different phases of cell proliferation. 

Even if the interpretation of these data is rather difficult and needs 
further experimental support, we believe that cholesterol changes occurring 
in plasma are a consequence of intracellular cholesterol metabolism taking 
place in tissues during massive parenchymal proliferation. On the basis of 
our data some general conclusions can be drawn. It has been postulated that 
HDLs are involved in a process of reverse cholesterol transport 35 • According 
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Fig. 3. Free and esterified cholesterol during liver regeneration after par
tial hepatectomy. The values were expressed as the means ± S.E. of 
at least four determinations. 
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Fig. 4. Free and esterified cholesterol after a single administration of 
lead nitrate. Lead nitrate was injected i.v. at a dose of 100 
~moles/Kg b.w •. The values were expressed as the mean ± S.E. of at 
least four determinations. 
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Fig. 5. Total and HDL serum cholesterol during liver regeneration after par
tial hepatectomy. The values were expressed as the mean ± S.E. of at 
least four determinations. 
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Fig. 6. Total and HDL serum cholesterol after a single administration of 
lead nitrate. Lead nitrate was injected i.v. at a dose of 100 
~moles/Kg b.w .. The values were expressed as the mean ± S.E. of at 
least four determinations. 
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to this hypothesis, HDLs remove cholesterol from various tissues and other 
lipoproteins; cholesterol is then transported to the liver and excreted from 
the body. HDLs form a heterogenous group of particles which can be divided 
in subfractions, mainly HDL2 and HDL3, with different protein and lipid com
position. It is assumed that HDL3 are converted in HDL2 in the plasma com
partment by enrichment of cholesterol ester molecules, via LCAT reaction. 
Cell membranes and other lipoprotein fractions may be considered a potential 
source of free cholesterol for the conversion of HDL3 to HDL2, suggesting 
that HDL2 are directly implied in reverse cholesterol transport 36. The de
crease in HDL2 and LCAT activity and the concomitant increase in HDL3 found 
under our experimental conditions indicate a decrease of circulating choles
terol catabolism, probably for a decreased conversion of HDL3 to HDL2 in the 
plasma compartment. This could be explained by the fact that the reserve 
cholesterol transport process may be inhibited if cholesterol is needed dur
ing massive cellular growth. A recent study on mice bearing a' transplanted 
lymphoid tumor showed that the rate of cholesterol synthesis in the tumoral 
cells was extremely high when compared to various lymphoid cells in normal 
control mice 37 .. In contrast to tumoral cells, serum cholesterol content de
creased to very low levels in tumor-bearing mice. In the same work it was 
also shown that outgrowth of tumor cells was accompanied by a drastic altera
tion in the plasma lipoproteins: HDL became strongly reduced while LDL and 
VLDL were increased. A decrease in HDL was also found in mice bearing 
Ehrlich ascites tumor; however, in this model the total cholesterol levels 
were higher than normal 38. More recently a decrease in HDL levels was ob
served in patients with mieloproliferative disorders 39 as well as in patients 
with hepatic metastases of colorectal cancer and with primary liver cancer~o. 
Finally, a fall of cholesterol HDL has been reported under physiological con-

hours partiol hepatectomy 
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Fig. 7. VLDL, LDL, HDL2 and HDL3 lipoproteins at different time intervals 
after partial hepatectomy. Each point represents the relative area, 
expressed as a percentage of the total area of different fractions 
of lipoproteins separated by HPLC. Values were expressed as the mean 
± S.E. of at least three determinations. 
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Fig. 8. VLDL, LDL, HDL2 and HDL3 lipoproteins at different time intervals 
after lead administration. Each point represents the relative area, 
expressed as a percentage of the total area of different fractions 
of lipoproteins separated by HPLC. Each value represents the mean 
± S.E. of at least three determinations. 
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Fig. 9. HDL2/HDL3 ratios at different time intervals after partial and lead 
nitrate injection. Each value represents the mean ± S.E. of at least 
three determinations. 

ditions of extended cellular growth as occurring during fetal and neonatal 
development 41,42. 

In conclusion, although the available data are not sufficient to estab
lish the exact mechanism underlying changes of lipoprotein metabolism and 
cellular proliferation, they offer the possibility to hypothesize that a 
decrease in HDL, mainly in HDL2 fraction, rather than changes in serum cho
lesterol levels, may be a generalized phenomenon related to cell growth, in 
normal and malignant processes. On the basis of these considerations, we 
believe that it is also worthy to re-evaluate the epidemiological and 
experimental data on serum cholesterol levels and cancer. 
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MODIFYING INFLUENCE OF FASTING ON DNA SYNTHESIS, CHOLESTEROL METABOLISM 

AND HMP SHUNT ENZYMES IN LIVER HYPERPLASIA INDUCED BY LEAD NITRATE 

Sandra Dessi, Barbara Batetta, Donatella Pulisci, Annalisa 
Carrucciu, Marina Armeni, Maria F. Mulas and Paolo Pani 

INTRODUCTION 

Istituto di Farmacologia e Patologia Biochimica 
Via Porcell 4 
09124 Cagliari, Italy 

Previous studies by Columbano et al. 1 have shown that lead nitrate when 
injected intravenously as a single dose to rats, induces an hyperplastic re
sponse in the liver as indicated by an increased DNA synthesis and by an en
hanced mitotic index. Liver hyperplasia was accompanied by a stimulation of 
cholesterol synthesis and hexose-monophosphate (HMP) shunt enzymes 2 • 

The pathophysiological link between DNA, cholesterol synthesis and HMP 
shunt enzymes, is not completely known, but in a variety of experimental mo
dels, an increase of these metabolic pathways has been associated with hyper
plasia 3-6. 

If these biochemical changes have an essential role during cell prolif
eration, it is conceivable that the inhibition of these pathways could re
strain the proliferative capacity of the organ following a mitogenic stimu
lus. In fact, dehydroepiandrosterone, a non-competitive inhibitor of glu
cose-6-phosphate dehydrogenase (G6PD) has been shown to have a protective 
effect against chemically induced tumors 7. On the other hand, mevinolin, 
compactin, and other inhibitors of cholesterol synthesis are able in vitro to 
block DNA synthesis 8-10. - ---

In vivo, however, the inhibition of cholesterol synthesis is not easily 
obtai~d~rats 11. Since fasting is a metabolic condition unfavorable to 
growth, characterized by a very strong depression of both cholesterol synthe
sis and HMP shunt enzymes in the liver 12, aim of the present work was to 
verify whether the hyperplastic response and the associated metabolic changes 
can be modified by fasting. 

For this purpose, DNA and cholesterol synthesis as well as G6PD and 
6-phosphogluconate dehydrogenase (6PGD) activities were investigated in liver 
of fasted rats treated with the hyperplastic agent lead nitrate. 

In addition, since fasting is also characterized by a decrease in the 
activities of the key glycolytic enzymes and by an increasing rate of the 
opposing gluconeogenic enzymes, glucose-6-phosphatase (G6Pase) and pyruvate 
kinase (PK) were also investigated in this study. 
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MATERIALS AND METHODS 

Male Wistar rats weighing 200-250 g were used in these experiments. 
Lead nitrate (Carlo Erba, Milano, Italy), dissolved in distilled water, was 
injected i.v. under light ether anesthesia at the dose of 100 ~mol/kg body 
weight. Control rats received a corresponding amount of distilled water; 

The animals were divided into two groups (1 and 2). Group 1 was fed ad 
libitum and killed 36 h after lead injection. Group 2 was fasted 36 h before 
and 36 h after lead injection for a total period of 72 h of fasting; the rats 
of this group were sacrificed 36 h after treatment. 

DNA and cholesterol synthesis were measured by determining the incorpo
ration of 3H-thymidine into DNA and l~C-acetate into cholesterol respective
ly, as described previously 12. 

For the determination of the enzymatic activities, liver homoge~ates 
were centrifu~ed at 9000 g for 20 min and the supernatants were used to assay 
G6PD and 6PGD 3, G6Pase 1~ and PK 15. . 

RESULTS 

The effect of lead nitrate on DNA synthesis in fed and fasted animals is 
presented in Fig. 1. An increase of DNA synthesis was observed in both 
groups, however the rate of 3H-thymidine incorporation into DNA was very 
lower in fasted than in fed animals. An approximate 50% decrease of G6PD and 
6PGD activities and a very strong depression of cholesterol synthesis caused 
by fasting is shown in Fig. 2. Lead is able to revert these depressions 
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Fig. 1. Effect of lead nitrate on DNA synthesis in fed and fasted rats. Lead 
nitrate was injected intravenously at a dose of 100 ~mol/kg body 
weight. Fed and fasted controls received distilled water. Vertical 
bars represent mean ± SE of at least 4 animals. 
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inducing both cholesterol synthesis and HMP shunt enzymes. Also in this 
case however the reached levels were lower in fasted than in fed animals 
(Fig. 2). 

No change in G6Pase and a significant decrease in PK were found in 
lead-treated fed rats (Fig. 3), on the contrary a decrease in G6Pase and an 
increase in PK were observed in lead-treated fasted rats (Fig. 3). 

DISCUSSION 

A direct correlation between DNA, cholesterol synthesis and HMP shunt 
enzymes has been previously shown in our laboratory in different models in
volving hepatic cell proliferation2-~ 

Although the possible cause-effect relationship between these metabolic 
pathways during proliferating processes remains to be established, it was 
suggested that cholesterol synthesis, and not cholesterol itself, is needed 
during cell proliferation not only to produce cholesterol for new membrane 
biogenesis, but also mevalonic acid and/or other isoprenoid units that re
cently have been shown to have a rapid and an essential initiator function in 
DNA replication 9, 10. 

Cholesterol synthesis is an NADPH-consuming pathway and since HMP shunt 
is regulated by the intracellular NADPH/NADP ratio, the utilization of NADPH 
for cholesterol synthesis and the consequent decrease of NADPH/NADP ratio 
could be one of the possible mechanisms by which HMP shunt enzymes are 
induced in proliferating cells. 
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Fig. 3. Effect of lead nitrate on G6Pase and PK activities in fed and fasted 
rats. Lead nitrate was injected intravenously at a dose of 100 
~mol/kg body·weight. Fed and fasted controls received distilled 
water. Vertical bars represent mean ± SE of at least 4 animals. 
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6PDG, G6Pase and PK were investigated in liver of fasted rats treated with 
the potent mitogen lead nitrate. 

Fasting was chosen as an experimental model characterized by a strong 
depression of those metabolic pathways that we suggest related to liver 
hyperplasia 3, 12. 

Our results show that even if at minor extent, hepatic cell prolifera
tion induced by lead also occurs during fasting, and it is accompanied by a 
de-repression of cholesterol synthesis and HMP shunt enzyme activities which 
are inhibited during fasting. The levels of cholesterol synthesis and HMP 
shunt enzyme activities in lead-treated fasted rats, however, are lower than 
in fed rats. 

These data suggest that cholesterol synthesis and HMP shunt pathway in 
proliferating processes respond only partially to the regulatory factors that 
normally control these pathways, and add new support for the concept that an 
endogenous source of newly synthesized cholesterol and a suitable increase of 
HMP shunt enzymes positively correlated to the degree of DNA synthesis are 
needed during cell proliferation. 

Furthermore, the fact that G6Pase and PK activities are regulated dif
ferently during cell proliferation in fed and fasted conditions, while G6PD 
and 6PGD always increase, suggests a shift of glucose metabolism towards HMP 
shunt pathway during proliferating processes. 

Since acetyl-CoA, the precursor of cholesterol synthesis, is formed from 
pyruvate, the possibility that the observed changes in PK activity in fed and 
fasted animals, may be related to acetyl-CoA production available for 
cholesterol synthesis must be also considered. 
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REGULATION OF PROTEIN DEGRADATION IN NEOPLASTIC CELLS 

GROWTH 
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Changes in the overall rate of cell protein degradation (PD) were in
cluded by Hershko and co-workers in 1971 1 among the elements of the "pleio
typic response", which was categorized as "positive" if associated with 
growth stimulation or "negative" if accompanying growth suppression. Protein 
turnover modulations were thus regarded as instrumental in effecting growth
phase transitions. In 1977 Warburton and Poole 2 analyzed the relationship 
between cell growth and PD rates in tissue cultures exposed to serum depriva
tion or other manipulations. Moreover, in 1977 Gunn et al. 3 reported that 
basal PD rates in various transformed cells were lower than in their normal 
counterparts, hypothesizing that a reduction in intracellular proteolysis 
could play a role in neoplastic growth. Since then, many methodological 
advances have been developed to analyze PD in tissues or cells, particularly 
in tissue cultures. Nevertheless, studies on the relationship between cell 
protein turnover rates and growth or neoplastic transformation have generally 
relied on experimental models not adequately defined in terms of growth pro
perties and kinetics, not to mention the rather crude tools often used to 
elicit growth-phase transitions. 

Both abrupt serum deprivation and gradual shift to confluency and/or 
quiescence in unchanged growth medium have been the experimental protocols 
most frequently adopted to effect on tissue cultures the shift that can be 
categorized as "emergence from proliferation" or growth-to-quiescence trans
ition. Alternatively, "emergence from quiescence" or quiescence-to-growth 
transition has been investigated and most frequently brought about by re
plating cells or supplying cultures with fresh medium or serum2,~ With both 
kinds of approaches, however, far more than a single variable is affected, 
thereby precluding any univocal interpretation of results. It is impossible, 
indeed, to discriminate whether protein turnover shifts, whenever present, 
are inherent to the growth-phase transition or rather are merely concomitant 
phenomena due to changes in medium composition. 

These limitations notwithstanding, there is no doubt that many mammalian 
cells, though not all of them, show a rather stringent control of overall 
cell PD versus the growth state, as established for tissue cultures and for 
cells or tissues in the animal as weI1 5- 11. In principle, such growth-associ
ated modulations of PD appear quite reasonable, since a reduction in break
down rates is an economical and very effective way to determine or enhance 
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protein accumulation, i.e. growth. Of interest, the same strategy is adopt
ed during the development. Many developing organisms or tissues, indeed, 
have been shown to turn over their own protein constituents at rates quite 
lower than those set in during the adult life 11 

The growth-related restriction in PD is most commonly associated with 
enhanced protein synthesis, which probably is an even more general process 
occurring in proliferating cells or tissues. Therefore, growth is quite 
often the result of a double, convergent regulation: of protein synthesis, 
which is enhanced, and of PD, which is reduced. In spite of many efforts, 
the precise nature of the factor(s) and mechanism(s) associating reduced PD 
with growth or coordinating the accelerated synthesis with restricted PD in 
growing cells remains elusive (cf. 9). 

NEOPLASTIC TRANSFORMATION 

A spectrum of abnormalities has been reported for protein catabolic 
properties in transformed or tumoral cells. Most frequent is a quantitative 
difference, since the overall rate of protein turnover as well as the ampli
tude of protein catabolic modulations in response to environmental stimuli 
are lower in neoplastic than in normal cells 3,5,6,8,12,13. In this direction, 
Schwarze and Seglen 14 have reported that even hepatocytes isolated from the 
liver of rats under carcinogenic treatment with diethylnitrosamine are al
ready deviated from the normal pattern. On this basis, it has been hypoth
esized that cells developing relaxations in growth control may benefit of 
restrictions in protein turnover rates, being thus provided with selective 
metabolic advantage for growth 3,13,15. 

Gronostajski and Pardee 16 have addressed the issue by comparing overall 
proteolytic rates in different lines of Balb/c 3T3 cells. Four transformed 
lines were examined and, with respect to their normal counterpart, all ex
hibited lower rates of "basal" proteolysis as well as reduced proteolytic el
evations in response to serum deprivation. However, differences among trans
formed lines did not correlate with the tumorigenic potential and were also 
higher than those between transformed and normal cells. It was thus 
concluded that there was "no consistent change in any rate of protein deg
radation due to transformation to tumorigenicity". 

Whether tumorigenicity is the proper reference parameter in the above or 
similar studies remains to be assessed, however. For instance, it is not 
known whether tumorigenicity strictly correlates with proliferation or growth 
rates. Yet PD rates could well be related to rates of growth or cell birth 
(cf. 17). Unfortunately, such parameters are not evaluated in most investi
gations. The key issue, indeed, is whether for a given cell type the neo
plastic transformation modifies PD and its regulation in such a way as to de
termine or favor an anabolic attitude. Generally speaking, it is still un
settled whether alterations in overall protein catabolism inhere to the neo
plastic transformation or rather reflect differences in growth kinetic para
meters between neoplastic and normal cell populations. 

ASCITES HEPATOMA 

In view of the many problems arlslng in tissue culture studies, not to 
mention the difficulties to make any safe extrapolation from such in vitro 
studies to neoplastic growth in the animal, we have developed an in v~n 
vitro model based on the use of an ascites hepatoma of the rat. The Yoshida 
AH-130 tumor has been analyzed in many details with respect to growth kinet
ics and PD regulations associated with growth-state transitions 7,18,19. 
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Growth Properties 

Inoculating intraperitoneally 108 cells, derived from exponentially
growing tumors, the ascites hepatoma grows rapidly in rats for about a week, 
the growth fraction being close to 1 and the ld about a day. Thereafter 
growth slows down and eventually subsides; the tumor shifts to a guasi
stationary state, wherein the population size remains approximately constant 
until animals die, about two weeks after transplantation. 

Cell Protein Turnover 

Protein metabolism has been investigated 18 by monitoring over three days 
the decay of specific and total cell protein radioactivity since 24 h after 
labeling proteins with 14C-bicarbonate (at day 1 or day 8 of tumor growth for 
exponential and stationary tumors, respectively). The protein balance can be 
expressed in the form of an equation based on the fractional rates of protein 
accumulation (ka , estimated from the actual protein content of tumors; appar
ent ~~, calculated by difference between ~s and ~d)' synthesis (apparent ~s' 
calculated from the specific protein radioactivity decay), and degradation 
(apparent ~d' from the total protein radioactivity decay): 

The experimental data, expressed as %/h, were as follows: 

I. exponential tumors (days 2-4): 2.49 

II. stationary tumors (days 9-11): 0.06 

3.10 - 0.61 (ka 

1.49 - 1.43 (ka 

2.77) 

0.00) 

These results show that in AH-130 tumors the exponential growth is associated 
with high synthetic and low degradative rates, while cessation of growth is 
achieved by convergent reduction of synthesis and two-fold enhancement of 
breakdown (Fig. 1). The apparent average half-life of cell protein (slow
turnover pool) drops from 7-8 days in growing tumors to less than 2 days in 
growth-arrested tumors 18. 

A 8 

Fig. 1. Rates of apparent protein accumulation (~~), synthesis (~s) and 
degradation (~d) in cells from exponential (A) and stationary (B) 
Yoshida ascites hepatomas. All rates expressed as percentage of the 
protein synthesis rate in exponential tumor cells, the value for 
which corresponds to the circle in A; synthesis rate for stationary 
tumor cells corresponds to the whole sector in B. [] Protein accumu
lation rate; ~ ammonia-resistant degradation rate; .. ammonia
suppressible degradation rate (acidic vacuolar proteolysis). 
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Lysosomal Proteolysis and Autophagy 

Proteolytic rates have also been measured in vitro, 24 h after labeling 
protein in the animal with 3H-Ieucine, on AH-130 cells incubated in ascitic 
fluid from unlabeled paired tumors 18 ,19. These in vitro rates are virtually 
identical to the degradation rates measured in the animal and thus allow 
moment-to-moment estimates of the latter. In addition, it has been possible 
to dissect in vitro the proteolytic mechanisms by using appropriate drugs. 
Energy metabolism inhibitors, such as rotenone, are quite effective in sup
pressing proteolysis in cells from growing tumors and, even more markedly, in 
those from stationary tumors. The residual activity is similar for cells in 
either growth state, indicating that energy-independent proteolytic processes 
do not contribute substantially to the growth-associated regulation of PD. 

Virtually all of the elevation of PD in stationary tumor cells is due to 
activation of the lysosomal mechanism from a state of virtually complete sup
pression in growing tumor cells, as shown by using inhibitors of the acidic 
vacuolar pathway for PD (Figs. 1 and 2). Moreover, as shown in Fig. 2, in
hibitors of the final hydrolytic step in this pathway, such as ammonia or 
leupeptin, are immediately effective on stationary tumor cells; in contrast, 
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Fig. 2. Kinetics of the effects of lysosomal inhibitors on endogenous pro
teolysis in AH-130 cells. Prelabeled cells from stationary tumors 
were incubated in ascitic fluid in the absence «()) or in the pres
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inhibitors of the early sequestrational or fusional steps, such as 3-methyl
adenine or cycloheximide, show a lag of about 30 min. Such difference is 
conceivably due to the time required for cells to break down those protein 
substrates they have already sequestered in the vacuolar system when exposed 
to the inhibitors. 

In collaboration with U. Pfeifer 20, the issue has been further investi
gated by morphometric analysis, in order to quantify autophagy. The frac
tional cytoplasmic volume occupied by early autophagic vacuoles (those con
taining recognizable cytoplasmic structures) increases from 0.31 x 10-4 in 
exponential tumor cells to 1.37 x 10-4 in stationary tumors. At a first 
sight, these data appear consistent with the above biochemical measurements 
in pointing to an elevation of the autophagic pathway in stationary tumors. 
Nevertheless the two sets of data show a remarkable quantitative discrepancy. 
Assuming for autophagic vacuoles a life span of the same order of that 
estimated in the case of hepatocytes 21 ,22, the 4 to 5-fold increase in morpho
logically recognizable autophagic vacuoles would only account for a minor 
part of the elevation of acidic vacuolar proteolysis occurring in stationary 
tumor cells. 

Triggers 

In a search for signals or factor(s) that might be responsible for the 
elevation of PD in stationary AH-130 tumors, or for its reduction in expo
nential ones, the composition of the ascitic fluid has been first considered. 
Exponential tumor cells have been incubated in liquid from unlabeled station
ary tumors and vice versa; both complementations result in only small altera
tions of proteolytic rates, far from accounting for the difference between 
tumors in the two growth states. Cells from exponential tumors have also 
been exposed to a complete stepdown, by incubation in purely saline media, or 
to classical inducers of autophagy, such as glucagon or cAMP; but the changes 
thus elicited are again quite narrow. All such data consistently show that 
PD in AH-130 cells is quite refractory to environmental factors or, what is 
more relevant to the present discussion, that growing tumor cells cannot be 
induced by a variety of environmental factors to elevate their PD up to the 
rates occurring in stationary tumors. 

Free Amino Acids 

Amino acids are thought to play a regulatory role on the lysosomal path
way for PD23,2~ Therefore, the tumoral ascitic fluid and the blood plasma of 
tumor hosts have been analyzed for free amino acid concentrations 19 . Rel
evant to the present discussion are three main observations, all of which are 
a bit surprising, indeed, and rather seem to support the view that "in the 
whole animal amino acid concentrations are regulated and not regulators"25. 

The total amino acid concentration in the ascitic fluid is much higher 
for stationary than for exponential tumors. Therefore, depletion of amino 
acids cannot be responsible for the elevation of PD in the plateau phase of 
tumor growth. 

On the whole, amino acid concentrations in the ascitic fluid from sta
tionary tumors do not notably differ from those in normal blood plasma. The 
main exceptions are provided by GIn and Ser, the concentrations of which are 
considerably lower in the ascitic fluid. Since their concentrations are ex
tremely low in the fluid from exponential tumors, it can be inferred that GIn 
and Ser are avidly consumed by tumor cells. 

The amino acid concentration in blood plasma is somewhat reduced in 
correspondence with the initial phases of tumor growth, yet it increases sub
sequently, in spite of the markedly negative nitrogen balance of the host. 
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The increase is largely due to a marked elevation in the concentration of 
branched-chain amino acids, namely, Ile, Leu and Val. Such an increase is of 
usual observation in starved animals. In AH-130 hosts, however, glycemia 
does not vary significantly over the course of tumor growth. It can thus be 
excluded that we are dealing here with a simple situation of starvation 
(cf.18,26). 

Hormones 

The plasmatic levels of different hormones have been measured in AH-130 
tumor-bearing rats. Insulin and glucagon show quite marked changes since day 
4, the sign of the shifts being compatible with the induction of a catabolic 
state. Yet these hormones are virtually ineffective on AH-130 cells in vitro 
and, in addition, their changes are already evident in correspondence of the 
exponential phase of tumor growth. For the latter reason, the changes ob
served for thyroid hormones should also have no relevance, while attention 
should be paid to the altered levels of corticosterone. Neither thyroid hor
mones nor corticosterone have been tested in vitro so far. 

Rather than on tumor cells, however, these hormonal changes are likely 
to play some role in the protein metabolic perturbations that develop in 
tumor hosts and lead to cachexia. An elevation of the host body temperature 
and an increase in the plasmatic level of triglycerides are also worth of 
being noted, since both changes might reflect an increased production of 
mediators such as interleukin-1 and cachetin 26 • In this regard, the tumor 
grows in rats which develop a markedly negative nitrogen balance since early 
after tumor transplantation. It has been shown that such metabolic perturba
tion mostly involves tissue protein breakdown rather than synthesis, at least 
in liver and gastrocnemius muscle 26. Therefore, the net host-to-tumor flux 
of metabolites in the present experimental model does not depend on simple 
competition between host and tumor cells. A decisive role is also played by 
changes in tissue protein metabolism, which is probably driven into a cata
bolic state by factors, not clearly identified as yet, to be included among 
those which mediate the host response to the tumor. 

Cell Turnover (cell loss) 

A convergent modulation of protein synthesis and degradation is operated 
by many cells to regulate protein accumulation, and neoplastic cells may show 
defects in such regulations. Yet even highly-deviated cells such as those of 
the Yoshida ascites hepatoma cease growth by reducing protein synthesis and 
enhancing PD. To evaluate properly the latter change, it is worthy noting 
that AH-130 cells in the plateau phase do not reach a real quiescence, as 
indicated by thymidine incorporation or DNA radioactivity decay and also 
inferred from DNA distribution by flow cytometry 18. In stationary tumors, 
rather than accumulating in Gl or in a putative GO, cells remain largely dis
tributed all along the cycle, although with a significant decrease in the 
proportion of cells in S phase. 

These data indicate that attainment of the stationary state in AH-130 
tumors involves at least two phenomena, on the degradative side: I. an in
crease in protein turnover, via activation of the acidic vacuolar pathway for 
PD; and II. an increase in cell turnover, which means cell loss. The rel
ative contributions of the two mechanisms remain to be assessed (cf. 17). 
While the acidic vacuolar proteolysis is undoubtedly activated, so far we 
don't know how much of it is related to, or even contributed for, by cell 
death. On one hand, the increase in PD might be instrumental in leading to 
cell death. On the other, dying cells or debris could be taken up and 
degraded by other cells; this heterophagic mechanism could closely mimic 
autophagy, both morphologically and biochemically. 
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CONCLUSIONS AND PERSPECTIVES 

Growth-state transitions in the AH-130 tumor are associated with marked 
changes in PD. The total amino acid concentration in the ascitic fluid is 
increased in stationary tumors, rather than decreased; thus changes in amino 
acid concentration do not seem to play any role in causing tumors to cease 
growth and to enhance PD. As far as known, growth of the ascites hepatoma 
AH-130 only subsides when the oxygen concentration becomes critical for cells 
engaging in DNA duplication 27 • In this regard, recent observations by 
Pettersen et al. 28 on NHIK 3025 cells are of considerable interest. These 
cells, a human line derived from cervical carcinoma, do not show any PD reg
ulation versus the growth rate 29 , yet they cease growth and protein 
accumulation through a marked elevation of PD when exposed to acute hypoxia. 

No environmental signal or factor that might directly account for the 
elevation of PD in stationary AH-130 tumors has been recognized so far. The 
acidic vacuolar proteolysis in cells from exponential tumors can not be act
ivated substantially in vitro by means such as complementation with ascitic 
fluid from stationary tumors or incubation in saline or addition of cAMP. 
Nor the reciprocal hypothesis, that environmental agents could suppress PD 
down to the level occurring in exponential tumors, is supported by any 
finding in the present work. 

Absence of evidence is not evidence of absence, yet AH-130 cells seem 
very little responsive to environmental stimuli, which are known to be very 
effective in elevating PD in cells of many types, hepatocytes included. In 
these tumor cells the pace for PD rates seems mostly controlled by intracel
lular rather than extracellular signals, which might be a further manifest
ation of the autonomous growth of the AH-130 tumor. 

Even cells exhibiting extensive defects in growth regulation such as 
those of the AH-130 tumor somehow still maintain an option to emerge from the 
proliferative cycle and to adjust accordingly their protein turnover state. 
However, rather than immediate environmental stimuli, the growth state itself 
seems to be what determines the protein turnover state of such tumor cells. 
In this direction, we are presently evaluating whether the enhanced proteoly
sis in stationary tumors preferentially involves cells in a specific phase of 
the cell cycle or reflects a generalized or random change in all cells. 
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Previous studies in our laboratories have suggested that some establish
ed cell lines, both in vitro and in vivo, show an increased rate of proteoly
sis as they attain high density1-5. Unusual was the observation that this in
creased proteolysis appeared to be associated with a unique type of selective 
cell death (SCD), while the remaining viable cells continued to show a low 
rate of protein turnover. The exact relationship between this increased 
proteolysis and SCD, however, has remained elusive. 

In this report we have re-evaluated the relationship between proteolysis 
and cell death in L-cell cultures, comparing the protein hydrolysis observed 
in TdR(thymidine)-induced SCD with that produced by GCN (general cell necro
sis) induced by chemical and physical agents. These experiments indicated 
that L-ce11s under conditions that induce SCD hydrolyze about 40% of the cell 
protein. GCN, in contrast, resulted in only minimal hydrolysis of cell pro
tein. The proteolysis associated with SCD was inhibited by NH~Cl, cyclohex
imide (CH), and was reduced when the number of viable cells remaining on the 
monolayer was reduced. These observations suggested that the TdR-induced SCD 
produced in L-cell cultures is apoptosis, which can be functionally distin
guished from GCN by the hydrolysis of the protein released from the apoptotic 
cell. 

METHODS 

Mouse L-cel1s were maintained in Eagle's mlnlmum essential medium 
(Gibco, Grand Island, NY, USA) supplemented with 10% (v/v) fetal-calf serum 
(Gibco) in 75 cm flasks (Falcon Becton-Dickenson, Rutherford, NJ, USA). For 
the experiments the cells were subcultured in 28 cm 2 Petri dishes (Falcon). 
Penicillin, streptomycin, kanamycin and mycostatin were added to the medium 
in all experiments. Cells were labeled for 3 days with 1~C-leucine (0.05 
~Ci/m1) and 3H-TdR (0.10 ~Ci/ml), as previously described 3. To clear the 
acid soluble radioactivity, we placed all cultures in a nonlabeled chase 
medium containing 4.0 roM leucine for 1 h before initiating the experiment. 
For the freeze-thaw experiments cell mono layers were placed in a -20°C 
freezer for 15 min, then rapidly thawed at room temperature; this procedure 
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was repeated twice more. Fresh chase medium was then added to each dish. 
For the experiments using a suspension of freeze-thawed cells on viable mono
layer, the labeled L-cells were freeze-thawed x3, scraped into chase medium, 
and the suspension placed over a monolayer of subconfluent non labeled 
L-cells. The protein in the labeled cellular debris/viable monolayer protein 
approximated a ratio of approximately 1:2. For the experiments with inhibi
tors (TdR, NH4CI and CH), the chase medium was changed daily. Daily assays 
of cell protein, DNA and radioactivity in cells and medium were as previously 
described1-~ Calculations of fractional accumulation, turnover and synthesis 
rates for protein and DNA were based on the changes in mass, radioactivity 
and specific activity1. The fractional degradation of cell protein and of 
DNA were also determined from the accumulation of radioactivity in the medium 
for each 24 h period: total turnover for the culture was calculated, based on 
total medium radioactivity; degradation was then calculated, based on the TCA 
(trichloroacetic acid) soluble fraction. 

RESULTS 

General Cellular Necrosis 

GCN was induced in L-cell cultures by treating the cultures with 10 roM 
NaCN. Most of the 14C-Iabeled cell protein was recovered in the medium within 
4 h, reflecting the rapid disintegration of the monolayer cells (Fig. 1A). 
By 24 h approximately 907. of the 14C was recovered in the medium. Only a small 
fraction of this label, however, was hydrolyzed to TCA soluble form, reaching 
approximately 8.57. by 24 h. Labeled DNA was released more slowly into the 
medium (Fig. 1B), reflecting the loss of nuclear material. In contrast to 
the protein, hydrolysis of labeled DNA in the medium continued throughout the 
experimental period, reaching 747. by 24 h. 

GCN was also produced by treating the cells with three freeze-thaw cy
cles over a period of approximately 1 h. As expected, a large fraction of 
the cell protein, 657., was found in the medium directly after the freeze-thaw 
cycles (Fig. 2A). This increased to approximately 857. by 2 h and reached 907. 
in 24 h. During the freeze-thaw period, the acid soluble fraction increased 
from less than 17. to 47.. During the next 24 h a further increase of 4-57. in 
acid soluble radioactivity was observed. This pattern of secondary proteol
ysis was initially slightly more rapid than that observed previously in 
L-cells treated with NaCN, though not different at the end of 24 h. Freeze
thawing also released the labeled DNA more rapidly into the medium, along 
with a more rapid hydrolysis of the labeled DNA. Again at 24 h the effects 
of freeze-thawing and CN were exactly the same (Fig. 2B). 

These data demonstrated that GCN was characterized by a small amount of 
secondary proteolysis, in the range of 87. over a 24 h period. Much of this 
appeared to occur shortly after cell death, while the cell structure was 
still partially intact. Secondary hydrolysis of DNA, however, was much 
higher, in the range of 60-707., suggesting that high neutral DNAase activity 
existed in the medium-cell debris suspension. 

We next considered the possibility that proteins in the cellular debris 
could be hydrolyzed by proteases in or from adjacent viable cells remaining 
in the monolayer. In this experiment, labeled L-cell cultures were killed by 
a triple freeze-thaw cycle and then added to the medium of nonlabeled L-cell 
cultures. The presence of viable cells increased slightly the hydrolysis of 
the protein debris from the freeze-thawed cells (Fig. 3A). This increase was 
observed only during the second phase of the experiment, extending from 3 to 
25 h. Total hydrolysis reached at most 157. of the labeled protein during the 
25 h experimental period. Hydrolysis of DNA was not affected by the presence 
of viable cells (Fig. 3B). Thus, even under circumstances designed to optim-
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Fig. 1. Medium radioactivity from L-cells treated with 10 mM NaCN. L-cells 
were labeled with leucine and TdR, as described in Methods Cultures 
were washed x3 with chase medium, incubated for 1 h to clear soluble 
radioactivity. Chase medium containing NaCN was added at TO. Total 
and TCA soluble radioactivity was measured, as derived from the cell 
protein (A) and DNA (B). 

ize the degradation of proteins in GCN, we could produce no more than a 15% 
hydrolysis of the total protein released into the medium. Under circumstan
ces in which cells would be dying progressively over a 24 h period, we would 
estimate that the hydrolysis rate would be significantly less. 

Thymidine-induced Selective Cell Death 

To effect a selective mechanism of cell death, we exposed cells to dif
ferent concentrations of TdR. Concentrations between 1.0 and 10.0 mM TdR ef
fected a substantial loss of labeled cell DNA, particularly after the first 
24 h of the experiment (Fig. 4). As expected, the loss of labeled cell pro
tein was also increased by TdR (data not shown). 

We then studied in detail the effects of 4.0 mM TdR on cell growth and 
proliferation. Protein accumulation was only slightly reduced by TdR during 
the initial 24 h of the experiment (Fig. SA). Beyond this point, however, 
further accumulation was blocked completely, with net loss of protein during 
the third day. DNA accumulation was blocked completely by 4 mM TdR on the 
first day of the experiment, with net loss on the second and third day of the 
experiment (Fig. 5B) . The result of these differential effects on protein 
and DNA accumulation was a 50% increase in cell size, measured by the 
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Fig. 2. Medium radioactivity from freeze-thawed L-cells. L-cells were 
labeled with leucine and TdR, washed and cleared of soluble label, 
as described in Methods. Monolayers were freeze-thawed x3 for a 
period of 1 h. Chase medium was added. Total and TCA soluble 
radioactivity was measured, as derived from cell protein (A) and 
DNA (B). 

protein/DNA ratio, with most of this change occurring on the first day of the 
experiment (Fig. SC). 

A differential rate of protein and DNA synthesis was sufficient to 
account for the increase in cell size induced by TdR. On the first day pro
tein synthesis was decreased slightly by TdR (0.66/d versus 0.82/d for con
trol), then dropping to about 1/2 of the control values on the next two days 
(Fig. 6A). In contrast, TdR reduced the rate of DNA synthesis by 2/3 on all 
days of the experiment (Fig. 6B). The ratio of the protein/DNA specific ac
tivities, demonstrated the rate of differential synthesis that was increasing 
cell size. TdR clearly affected protein and DNA synthesis differently on the 
first day of the experiment and resulted in cellular hypertrophy (Fig. 6C). 

Consistent with the pilot experiment, TdR at the concentration of 4.0 roM 
effected a significant cell death after 24 h of treatment, measured by re
lease of 3H-labeled DNA from the monolayer (Fig. 7A). This TdR-induced cell 
loss was also reflected in the excess loss of 1~C-labeled protein from the 
monolayer beyond the first day of the experiment (Fig. 7B). The ratio of 
cell protein radioactivity/DNA radioactivity measured protein turnover in the 
viable cells remaining on the monolayer. We could not detect any significant 
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Fig. 3. Medium radioactivity from freeze-thawed L-cells on a viable mono
layer. Cell cultures were labeled and killed by freeze-thawing, 
as described in Fig. 2. Cell debris was scraped into chase medium 
and placed over a monolayer of nonlabeled L-cells. Total and tri
chloroacetic soluble radioactivity was measured, as derived from 
cell protein (A) and DNA (B). 

effect of TdR on this ratio (Fig. 7C). Both controls and TdR-treated cells 
that remained viable showed cell protein turnover rates that average approx
imately 0.13/d, consistent with previously reported values 6 ,Z 

When the proteolysis was measured as the accumulation of TCA-soluble 
radioactivity in the medium, however, the data indicated that, with TdR 
treatment, proteolysis was significantly higher than 0.13/d measured in the 
viable monolayer. Based on medium values, controls showed an expected pro
teolysis rate of 0.13/d, while the TdR-treated cell cultures showed a rate of 
0.23/d on day 2 (Fig. 8B). Since approximately 18% of the cells died during 
this 24 h period (Fig. 7B), this indicated that just about half of the pro
tein released by cell death was hydrolyzed. This can be visualized by 
comparing the data in Figs. 8A and 8B: of the excess TdR-induced radioac
tivity from the cell protein (Fig. 8A), approximately 40% of this was recov
ered in the acid soluble form (Fig. 8B). Thus, SCD results in a signifi
cantly higher fraction of protein hydrolysis than observed with GCN. 

Two additional ~onclusions could be drawn from this experiment. 
Firstly, a small, but consistent increase in proteolysis could be detected on 
day 1, before we could detect any significant cell death, suggesting that the 
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Fig. 4. Effect of different concentrations of TdR on recovery of 3H-labeled 
DNA in cell monolayer. Labeled L-cell cultures were treated with 
chase medium containing different TdR concentrations, as indicated 
in the figure. Data for 10 mM TdR followed the same curve as shown 
for the 4.0 mM TdR and is not shown. Cells were assayed daily for 
label remaining in cell DNA. 

hydrolysis of the cell protein is initiated prior to release of labeled DNA. 
Secondly, the fraction of protein hydrolyzed was significantly less on the 
third day in the TdR-treated cultures, at a time when a number of residual 
viable cells was significantly reduced. 

Effect of NH4 on TdR-induced Proteolysis 

To evaluate the role of vacuolar proteolysis in SCD, we studied the 
effect of NH4Cl on the TdR-induced cell death and associated proteolysis. 
The proteolysis associated with TdR-induced cell death was largely inhibited 
by NH4 (Fig. 9A left), approaching the level seen in the corresponding NH4-
treated controls (Fig. 9A right). As previously reported 3 , NH4 has a small 
effect on proteolysis in growing L-cells. We could detect a consistent 
effect of NH4 neither on the release of total radioactivity from the labeled 
cell protein from cells treated with TdR (Fig. 9B left), nor on the release 
into the medium of 3H from cell DNA (data not shown). These observations 
suggested that most of the proteolysis associated with TdR-induced cell death 
was occurring in the vacuolar system, either the vacuolar system of the dying 
cells and/or the vacuolar system of the viable cells remaining on the mono
layer. However, NH4Cl did not reduce the rate of SCD induced by TdR. 

Selective Cell Death and Cycloheximide 

Since CH appears to be an inhibitor of cell death induced by agents 
blocking DNA synthesis8,~ we studied the effect of this agent on SCD, and, in 
particular, its effect on hydrolysis of cellular protein. Low concentrations 
of CH, sufficient to inhibit protein synthesis by 907., however, also effect a 
progressive and selective cell loss, when applied to cultures of L-cells 
(unpublished observations), in contrast to the relative stability of 
CH-treated cultures of rat embryo fibroblasts1~ Thus, in this experiment, we 
were able to evaluate the effects of an agent that inhibits SCD-apoptosis, 
while at the same time inducing a substantially different type of SCD. 

Addition of CH, 0.02 ~g/mL, to growing L-cell cultures immediately 
blocked the further accumulation of cell protein (Fig. lOA). This contrasted 
with the effect of TdR, which showed significant inhibition only after 24 h. 
The combination of agents, CH and TdR, showed that the CH effect was predomi-
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specific activity reflects protein synthesis. The plot of the ratios 
of the protein/DNA specific activity (C) reflects effect of unbal
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Fig. 8. Effect of TdR on medium radioactivity. Cells were treated and pro
cessed as described in 5. Cbase medium was changed daily. The total 
(A) and the TCA-soluble (B) radioactivity were assayed, as described 
in Methods. The rates of proteolysis for the controls averaged 
0.13/d. The proteolysis rates for the TdR-treated were 0.16, 0.23, 
0.21/d on days 1-3. Differences between controls and TdR-treated 
were significant (p < 0.05). 

nant. Similarly, CH immediately effected cell loss from the monolayer, as 
measured by loss of radioactive DNA, while the effect of TdR on cell loss was 
delayed for 24 h (Fig. lOB). The combination of agents again showed that the 
CH effect was predominant. The release of radioactivity from cell protein 
reflected the cell loss rates produced by these agents (Fig. 10C). 

Analysis of the medium radioactivity demonstrated striking differences 
in proteolysis rates. TdR, as expected, showed increased rates of proteol
ysis, starting from day I (Fig. IIA). CH, however, appeared to inhibit 
proteolysis, even though associated with some cell death from the first day. 
The combination of agents, CH and TdR, acted like CH alone, inhibiting the 
TdR induced proteolysis entirely. That both agents were effecting cell loss 
and death was clear from the amount of total radioactivity released into the 
medium, particularly on days 2 and 3 (Fig. lIB). Virtually all of this 
increase was in the form of acid insoluble radioactivity in the cultures 
treated with CH. These observations suggested that agents known to inhibit 
apoptosis will also inhibit the proteolysis associated with this SCD. CH 
alone, however, will induce a different type of SCD that is not associated 
with hydrolysis of cell protein. 
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Fig. 9. Inhibition of TdR-induced proteolysis by NH4Cl. Cells were labeled 
and processed as described in 5. Controls (Con) were placed in chase 
medium containing only 4 mM leucine; chase medium for TdR-treated 
(TdR) group contained leucine and 4mM TdR; medium for NH4Cl (NH 4 ) 

group contained leucine and lOmM NH4Cl; medium for combination 
(TdR/NH 4 ) group contained leucine, TdR and NH 4 • Media were changed 
daily. Assays of TCA-soluble (A) and total (B) radioactivity were 
performed daily. For TCA-soluble group, all values for the NH4-
treated cells were significantly lower than their corresponding con
trols. Release of acid insoluble was calculated as the difference 
between the total and the TCA-soluble radioactivity for each medium 
(data not shown). None of these differences were significant. 
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CH. Media were changed daily. Cells were assayed for protein (A), 
radioactivity in DNA (B) and radioactivity in protein (C). 
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Fig. 11. Inhibition of TdR-induced proteolysis by CH; medium analyses. Ex
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Assays of TCA-soluble (A) and total (B) radioactivity were perf
ormed daily. For TCA-soluble group, all values for the CH-treated 
cells were significantly lower than their corresponding controls 
(p < 0.01); there was no difference between the CH and the CH/TdR 
groups. 

DISCUSSION 

Selective Cell Death 

SCD induced by agents inhibiting DNA synthesis has been extensively 
studied, since this phenonemon forms the basis for the chemotherapy of neo
plastic diseases 11. Cells selected for death are generally cells actively 
involved in DNA synthesis. Since DNA synthesis is almost totally inhibited, 
while protein synthesis is only minimally affected by these agents, cell 
protein mass increases relative to the DNA mass by 50-100%11,12. Our results 
with high concentrations of TdR support this hypothesis, showing that protein 
synthesis was only minimally decreased during the first day of the experiment 
while DNA synthesis was severely compromised. Protein turnover was not aff
ected. Thus, the cellular enlargement produced by TdR was due entirely to an 
unbalanced synthesis of protein and DNA. 

After an 18-24 h period of cellular hypertrophy, cell death becomes 
evident in cultures treated with DNA synthesis inhibitors 11 ,12,13. The bio
chemical ntechanism by which these chemotherapeutic agents kill cells, 
however, remains unknown. Almost certainly cell death is not an inevitable 
consequence of the DNA synthesis inhibition, since removal of the inhibitor 
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prior to 18 h will for some cell lines completely prevent cell killing12. 
Further, protein synthesis is required to express this process leading to 
cell death, since CH treatment will also prevent cell killing 8. These obser
vations suggest that cell death induced by these agents is not a direct 
consequence of inhibition of DNA synthesis, but requires a significant period 
for further metabolic reactions, one of which may be protein synthesis and 
increased cell mass. 

The mechanism of cell killing has been related to the unbalanced growth 
of the cell. One hypothesis proposes that the hydro lases accumulate in these 
enlarging cells. These hydrolases are then released from the segregating 
compartments in the nucleus and cytoplasm, leading to a lytic cell death 14,1~ 
Unbalanced growth has also been proposed as a trigger to activate a high rate 
of autophagy in some cellsl~ Unregulated autophagy has been shown to also 
lead to cell death 17,18. 

The problem of cell killing by these agents involves much more than un
balanced growth, however. Hydroxyurea, while simultaneouly killing cells in 
intestinal crypts, has no effect on normally quiescent cells that have been 
induced to proliferate 19. Yet, after cessation of treatment with chemical 
agents that induce cellular proliferation, these same cells will show SCD as 
the organ regresses in size 20,21. Cell type and the state of the cell prior 
to the effect of the agent are obviously important factors in determining 
whether or not SCD will occur. 

The cell killing induced by these agents is associated with a distinct
ive morphological pattern termed apoptosis 22 ,23, observed in both solid 
tissues and ascites tumors. The cell death in intestinal crypts described 
above also follows this morphologic pattern. Nuclear changes involve frag
mentation and margination of chromatin 23,24, followed by release of cellular 
cytoplasmic constituents in membrane-bound bodies, termed apoptotic bodies. 
The morphology of apoptosis is associated with a rapid cleavage of DNA at 
internucleosomal sites, apparently by an activated endogenous endonuclease 24 . 
Again, agents blocking protein synthesis were shown to inhibit this process. 
Hydroxyurea produces an increase in a number of cellular hydrolases, includ
ing DNAase 1I14,1~ again associated with DNA fragmentation. The hypothesis 
has been proposed that the mechanism of cell death involves the activation of 
endonucleases, which inititiate DNA injury and triggers the apoptotic re
sponse and SCD. While it has been suggested that DNA fragmentation may be a 
primary event in the process, it is clear from our data that cell death in
duced by virtually any agent results in rapid DNA fragmentation. It remains 
to be seen whether the pattern of fragmentation of DNA in SCD-apoptosis is 
any different from that seen in GCN. 

Whatever the mechanism of cell death produced by these inhibitors of DNA 
synthesis, morphologic and biochemical evidence strongly suggests that these 
cytotoxic agents producing SCD-apoptosis should also be associated with 
significant hydrolysis of cellular protein. A number of hypotheses have been 
proposed that involve hydrolysis of cellular protein: a lytic cell death from 
release of hydro lases into the cytoplasm, an autophagic cell death, and 
finally a homophagic process in which adjacent viable cells degrade apoptotic 
bodies. 

Our data support the idea that SCD-apoptosis is characterized by in
creased hydrolysis of cellular protein. Approximately 407. of the released 
cellular protein is rapidly degraded with cell death, far more than would be 
expected with GCN. Further, this cell death-associated proteolysis appears 
to start while the cell is enlarging during the first 24 h of the experiment, 
is inhibited by NH 4Cl, and decreases at a time when cell death is highest and 
few viable cells remain in the culture. These observations are most consist
ent with the hypothesis that the SCD in these cultures is apoptosis, involv-
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ving release of apoptotic bodies and homophagy, rather than autophagy or 
lytic cell death. We have obtained similar data in studies on Yoshida as
cites tumor: a high rate of cell death and vacuolar proteolysis was seen as 
these ascites tumors reached high densi ty 5. 

The phenomenon of proteolysis associated with SCD may have been compli
cating the interpretation of many experiments studying protein turnover in 
L-cells 16,25,26,27,28. Studies in our laboratory have suggested a basis for 
many of these apparently descrepant observations: the observed protein turn
over in some L-cell cultures may be due to a high rate of proteolysis occur
ring in nonproliferating subfraction of the cells on the monolayer, whereas 
the rapidly proliferating cells showed relatively low rates of protein turn
over 1,2,6,7. Protein turnover in growing L-cells is at a relatively low rate, 
in the range of 0.12/d 6, consistent with data reported here. Though our in
itial estimates were biased downward by the residual labeled protein that re
mained on the monolayer 1 , it still appears that L-cells have an unusually low 
rate of protein turnover in monolayer culture, about 30-50% that usually ob
served in fibroblasts cultures 29. The relatively large amount of acid sol
uble radioactivity in the medium derived from cell protein reflects the high 
rate of proteolysis associated with the SCD that occurs in these cultures. 
Thus, the critical functional difference between GCN and SCD-apoptosis may be 
that the latter process efficiently recaptures the macromolecular constitu
ents in the dying cells, degrades them to elementary units and makes these 
units available for immediate reutilization by proliferating viable cells. 
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INTRODUCTION 

Rupert Earl, Heather Mangiapane, Daniel Tuckwell, 
Simon Dawson, Michael Landon, Michael Billet, James 
Lowe and R. John Mayer 

Department of Biochemistry, University of 
Nottingham Medical School, Queen's Medical Centre 
Nottingham, NG7 2UH, U.K. 

Coordinate stimulation of protein synthesis and inhibition of protein 
catabolism generally follows the addition of hormones or growth factors to 
cells bearing the requisite receptors. This anabolic effect may occur con
stitutively in transformed cells during exponential phases of growth. Cessa
tion of growth in certain tumor cell lines, e.g. at high density, can be 
achieved by a large increase in protein degradation together with a signifi
cant decrease in protein synthesis. It is even possible that tumor cell 
death is accompanied by high protein catabolic rates mediated by the acid 
vesicular system 1 • 

Clearly, to understand the relationship between protein synthesis and 
degradation in growth regulation, we must understand the mechanisms involved 
in both processes. While much is understood about the mechanism of protein 
synthesis, little is known about the mechanisms of intracellular protein ca
tabolism. The relationship between synthesis and degradation of proteins is 
contained in the notion of a protein turnover cycle with orthograde transport 
of newly synthesized proteins to functional sites and retrograde transport of 
proteins to degradative sites 2 • There are two major sites of protein catabo
lism. A cytosolic degradation system which may involve protein targeting via 
ubiquitination or involve multicatalytic large proteases 3 and also the acidic 
vesicular (lysosomal) degradation system. The results presented here will 
demonstrate a molecular biological mechanism by which proteins are fed into 
the acid vesicular system in rat hepatoma cells and a newly discovered novel 
role of ubiquitination in human astrocytomas. 

METHODS 

Methods for culturing Morris hepatoma 7288c cells (HTC cells) are de
scribed in 4. The procedures for the preparation of Sendai virus, reconsti
tuted Sendai virus envelopes (RSVE), virus-cell fusion and microinjections 
are described in 4, 5, 9. The methods for the preparation of fluorescein
conjugated virus and biotinylated virus are described in 6. The procedure 
for carrying out immunohistochemistry of cytoskeletal proteins is described 
in 6. 

553 



RESULTS 

Degradation Systems in HTC Cells 

We have previously shown that Sendai virus membrane haemagglutinin (RN) 
and fusogen (F) proteins are good probes for the degradation of one of the 
two groups of HTC cell plasma membrane proteins, i.e. the glycoprotein sub
group having ti's of 60-90h 4 • The RN and F protein probes are degraded like 
HTC surface glycoproteins in the acid vesicular system 4 . Therefore, HTC 
cells have an active protein degradation system involving the acid vesicle 
system which degrades plasma membrane4 and other endogenous proteins 7. The 
results in Fig. 1 show that microinjected 125I-human serum albumin-methotrex
ate complex is rapidly degraded to amino acids (t i , 35h) by a mechanism which 
is not susceptible to lysosomotropic agents (not ~hown) indicating that albu
min degradation is achieved by a cytosolic degradation system as we have 
shown in fibroblasts 8. Fig. 1 also shows that a significant proportion (42%) 
of [125I]-human serum albumin-methotrexate is not degraded but ejected from 
the cell: a similar proportion of HN and F proteins are ejected intact from 
HTC cells 6. The combined data show that both cytosolic and acid vesicular 
degradation systems exist in HTC cells. 
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Fig. 1. Fate of microinjected 1251 human serum albumin-methotrexate in HTC 
cells. Loss of radioactivity from cells (~), appearance of trichlo
roacetic acid-soluble (0) and insoluble (~) radioactivity in the 
culture medium. Albumin was microinjected by RSVE-cell fusion 4 ,5. 
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Mechanism of Viral Membrane Protein Sequestration in HTC Cells 

We have previously shown that Sendai HN and F proteins are rapidly se
questered «Sh) into a nuclear-intermediate filament (vimentin) fraction af
ter transplantation into HTC cells 5• The nuclear fraction containing viral 
HN and F proteins is enriched in multivesicular bodies 6 • Fig. 2 shows the 
behavior of cells in response to fusion with RSVE containing biotinylated HN 
and F proteins as detected with streptavidin-peroxidase. After RSVE-cell fu
sion the cytoplasm retracts as shown by phase microscopy (Fig. 2a) so that 
cells have a rounded appearance. However, fluorescence microscopy shows that 
the cell membrane does not retract: cells retain their triangular appearance 
as illustrated by distribution of actin stress-fibers (Fig. 3e) and microtu
buIes (Fig. 3f). After transplantation into the plasma membrane, Sendai HN 
and F proteins are rapidly pulled into the cell to form small perinuclear in
clusions «2h) which then appear «Sh) as large perinuclear dense bodies 
(Fig. 2a) as detected by streptavidin-peroxidase. Subsequently, the cytoplasm 
extends again (over 2-8h) so that cells assume their normal triangular ap
pearance by phase (Fig. 2b) or fluorescence (Fig. 3e) micros90py with large 
perinuclear viral protein inclusions (Fig. 2b, arrow). Perinuclear seques
tration of viral proteins is achieved by reversible vimentin intermediate 
collapse filament collapse as detected with anti-vimentin immunofluorescence, 
i.e. with rounded cells showing collapsed filaments 1-2 h after RSVE-cell fu-

a 

b 

10pm 

Fig. 2. Fate of biotinylated Sendai haemagglutin (HN) and fusogen (F) in 
HTC cells. Biotinylated-viral proteins were detected by streptavi
dinperoxidase reaction product 6• Cells were stained at 5 h (a) and 
18 h (b) after RSVE-cell fusion. 

555 



a b 
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Fig. 3. Response of vimentin intermediate filaments (a-d); actin stress
fibers (e) and microtubules (f) in HTC cells to heat-shock. (a) 
Immediately after heat-shock (1 h at 43°C); (b) 2 h later; (c) 8 h 
later (d) 13 h later. Cytoskeletal staining was by immunofluores
cence (a-d, f) or TRITC-phalloidin staining (e). 

sion (similar to Fig. 3a); extending intermediate filaments 2-8 h after fu
sion (similar to Fig. 3b and 3d respectively) and extended filaments in tri
angular-shaped cells 13 h after fusion (similar to Fig. 3c). No change in 
actin-stress fibres (Fig. 3e) or microtubules (Fig. 3f) occur to accompany 
the changes in distribution of intermediate filaments. The kinetics of in
termediate filament extension after contraction caused by virus are very 
similar to the kinetics of filament extension after cellular heat-shock which 
is shown in Figure 3a-d. 

The rapid sequestration of viral transmembranous HN and F proteins into 
pe~inuclear inclusions in HTC cells is therefore caused by specific revers
ible intermediate filament collapse with concomitant cytoplasmic retraction 
before viral protein degradation in the acid vesicle system~,50r protein 
ejection in vesicular- form from the cel1 6 Viral HN and F proteins serve as 
excellent probes of the mechanism of degradation of HTC cell surface glyco-
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Fig. 4. Immunoperoxidase staining of Rosenthal fibres in human astrocytomas 
stained with anti-GFAP (a) and anti-ubiquitin (b,c). Immunochemical 
methods as in 13. 

proteins 4 • Therefore, a similar mechanism of internalization, processing and 
degradation of HTC plasma membrane glycoproteins presumably occurs. 

Intermediate Filaments and Ubiguitination in Tumor Cells 

Inspection of the literature shows that vimentin intermediate filament 
inclusion bodies, often in juxtanuclear positions, are common, e.g. in tem
perature-sensitive Rous sarcoma virus transformed cells at the non-permissive 
temperature'Oor in Epstein-Barr transformed lymphocytes". Intermediate 
filament inclusions (Rosenthal fibres) are commonly observed in astrocytomas. 
Fig. 4 shows that Rosenthal fibres contain abundant glial fibrillary acid 
protein (GFAP, Fig. 4a) and are ubiquitinated (Fig. 4b) as detected by immu
noperoxidase staining. Fig. 4c shows the amorphous central region of a 
Rosenthal fibre and the intense ubiquitination of the periphery of the body. 

DISCUSSION 

Transplantation of Sendai HN and F4 ,5 and microinjection of (' 25 I]-human 
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serum albumin-methotrexate (Fig. 1) clearly demonstrate that HTC cells pos
sess both acid vesicular and cytosolic degradation systems respectively. In
terestingly, the data in Fig. 1 and in 6 also demonstrate that intact [1251 ]_ 
human serum albumin and intact HN and F proteins 6 can be ejected from the 
cell. The most likely possibility is that the viral membrane proteins 6 or 
albumin (Fig. 1) enter multivesicular bodies6 which fuse with the cell mem
brane to eject vesicular viral membrane proteins or vesicular albumin from 
the tumor cells. Such a process is of importance for the immune response to 
tumor cells in that intact fragmented oncogenic protein products (or inappro
priately expressed endogenous proteins) could be involved in the generation 
of the cytotoxic or humoral immune responses. 

Transplantation of viral HN and F proteins into the HTC cell surface 
invokes rapid reversible cytoplasmic withdrawal driven by reversible inter
mediate filament collapse. Viral proteins are subsequently degraded or 
ejected from the cell. Reversible intermediate filament collapse is also 
caused by heat-shock (Figs. 3,a-d) which implies that the phenomenon is gen
erally related to cellular insults, i.e. sequestration of foreign or endog
enous proteins for "inspection" and either destruction or ejection from the 
cell. Reversible vimentin intermediate filament collapse in cells of mesen
chymal origin may be the motor which drives organellar redistribution to 
eliminate unwanted or noxious agents from the cells. It might be expected 
that such a process would become deranged or inactivated during the cell 
transformation. This has been observed with a temperature serrsitive mutant 
of Rous sarcoma virus which only causes intermediate filament collapse at the 
non-permissive temperature 10. Furthermore, transformation of human lympho
cytes with Epstein-Barr virus results in the association of the transforming 
latent infection membrane protein with collapsed perinuclear filament11• Dur
ing virally induced cell transformation some transforming viral gene products 
may immobilize or inactivate intermediate filaments to prevent degradation or 
ejection of viral proteins. 

In human astrocytomas (Fig.4) intermediate filament inclusions (GFAP) 
are frequently found (Rosenthal fibres). We have recently found that 
Rosenthal fibres are ubiquitinatedl~ This raises the possibility that 
ubiquitination is acting as a marker for cytosolic degradation 3 of filaments 
or proteins trapped by collapsed filaments (cf. 10,11): alternatively, 
ubiquitination could be a signal for protein incorporation into multivesicu
lar bodies for eventual degradation or ejection from the cell. As indicated 
for virally transformed cells 10 ,11 the filament inclusions in human astro
cytomas may represent a "frustrated" attempt at filament-related "abnormal" 
protein processing. Such a process is not confined to astrocytomas being 
observed in Alzheimer plaques 13 , granulovacuolar degeneration, Parkinsonian 
Lewy bodies (containing neurofilaments) and alcoholic liver Mallory bodies 
(containing cytokeratins): each case being an example of a chronically 
stressed ce11 12 • 
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SECTION IV 

NUTRITIONAL CARCINOGENESIS AND ANTICARCINOGENESIS 



THE CHOLINE-DEVOID DIET MODEL OF HEPATOCARCINOGENESIS IN THE RAT 
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The notion that a choline-devoid (CD) diet is hepatocarcinogenic in the 
rat has already gone through two historical phases, and is at the beginning 
of its third (for a detailed account, see ref. 1). In 1946, Copeland and 
Salmon published the first of a series of papers showing the development of 
hepatocellular carcinomas (HCCs) in rats chronically fed a CD diet2,~ The 
finding attracted much attention at the time, since the modalities of the 
experiments involved no addition to the diet of, or treatment of the animals 
with, chemical carcinogens. However, subsequent studies by Newberne et al~,5 
cast doubts on whether the diet, and the diet alone, was responsible for the 
genesis of the tumors, and attributed the latter, instead, to a likely 
contamination of the diet with aflatoxin B1, a newly discovered 6 and most 
potent hepatocarcinogen in the rat 7 • In the last few years, the question was 
reopened by a repetition of the original findings of Copeland and Salmon in 
three different laboratories8-1~ In these instances, both diets and rat's 
environment were scrutinized for relevant contamination with chemical 
carcinogens, with negative results. At the present time, therefore, the 
conclusion seems unavoidable that CD diets are indeed hepatocarcinogenic, and 
that the genesis of the tumors resides in effects of these diets on rat 
liver. However, at least one primary issue awaits resolution, before the 
CD-diet model of hepatocarcinogenesis can be fully categorized; that is 
whether the diets act as complete carcinogens, able to initiate de novo liver 
cells, as well as to promote their evolution to cancer; or whether they 
merely promote the evolution to cancer of endogenous initiated cells. 

Comprehensive reviews of the pathology of dietary choline-deficiency, 
and of the interactions of CD or lipotrope-deficient diets with chemical 
carcinogens, have been recently madel,12,1~ This presentation, therefore, 
will be confined to a consideration of the CD-diet model of hepatocarcinogen
esis, even though much of what can be said at the present time, from a point 
of view of underlying mechanism(s), is either tentative or only of a 
speculative nature. In addition, only a few of the effects of CD diets on 
rat liver were selected for consideration. 

THE MODEL 

Choline 

Choline is a quaternary ammonium compound widely present in natural 
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foods and food products 14. It was described in 1849 by Strecker 15 , but it 
was only in the early 1930s that its role as a dietary factor was clarified, 
when Best and associates discovered that it is required to maintain the lipid 
homeostasis of rat liver 16 ,17. Rats fed CD diets were shown to accumulate 
fat in the liver, and to readily remove it after restoration of choline to 
their diet. The term "lipotropic phenomenon" was coined to refer to these 
effects of choline1~ The seminal work by Best and associates was instrumental 
in leading later to the discovery by others of similar effects by methionine, 
and of the role of folic acid and of vitamin B12 in the biosynthesis of 
methyl groups. These four compounds are therefore often referred to as 
"lipotropes" or "lipotropic factors". Choline acts also as donor of methyl 
groups (after oxidation to betaine), as a precursor of choline-containing 
phospholipids, and of the neurotansmitter acetyl-choline (for detailed 
historical and scientific accounts, see 1, 14). 

A condition of dietary choline-deficiency has not been identified in 
humans, even though use of choline has recently been advocated in the therapy 
of certain neurological disorders 19 . Such a condition, however, readily 
occurs in several animal species, in which it results in a variety of patho
logical processes involving the kidney, the cardiovascular system, the 
pancreas, the immune system, and most notably the liver (see 1, 12, 14). For 
this reason, it has been a good source of experimental models of human 
diseases, models which have been intermittently under active investigation 
during the past 50 years. 

Choline-devoid Diets 

Rats synthesize choline endogenously via transmethylation of phospha
tidylethanolamine to phosphatidylcholine (lecithin), S-adenosylmethionine 
acting as the donor of methyl-groups 20; choline is then obtained from leci
thin catabolism 21 . To achieve a dietary deficiency of choline, therefore, CD 
diets need to be not only as free as possible of choline, but to provide also 
a less than adequate supply of methionine. Both requireme~ts are best met by 
formulating the diets with mixtures of synthetic aminoacids, as was done in a 
few cases1,2~ This approach, though, has the disadvantage of cost, especial
ly for experiments of long duration. Hence the more frequent use of methio
nine-poor natural proteins, the source and content of which represent perhaps 
the most significant differences between the variety of refined CD-diets 
employed, through the years, by different investigators (see 14). Refined 
diets too have disadvantages, which include presence of residual choline in 
some of the purified proteins; less flexibility in setting the dietary level 
of methionine; and some batch-to-batch variability in the methionine (and 
choline) content of the purified proteins, as supplied by commercial sources. 

Table 1 shows the composition of the refined CD-diet originally formu
lated by Young et al. (basal B diet 23 ), that has been extensively used in 
this and other laboratories. This diet contains about 6 mg of choline and 
1.7 g of methionine per kg, or about 0.05 and 11.39 mmoles of labile methyl 
groups/kg, respectively1~ It is therefore essentially devoid of choline, 
and relatively deficient in methionine, since it supplies about 0.15% of the 
choline, and about 50% of the methionine requirements of young, growing 
rats 24. This diet provides an adequate amount (15%) of proteins and of es
sential amino acids, L(-)cystine being added as a supplemental source of or 
ganic sulfur. The vitamin mixture includes folic acid and vitamin B12, the 
two other lipotropic factors. The fat content is high (15%), but can and has 
been varied greatly, since the total content and the ratio of saturated to 
unsaturated fat both modulate certain consequences of dietary choline-defi
ciency in the rat 14 ,25. The remainder of the diet consists of carbohydrates, 
fiber and a mineral mixture. A control, choline-supplemented (CS) diet is 
prepared by replacing equivalent amounts of sucrose with choline chloride 
(0.2-0.8%). These CD and CS diets are well taken by rats and afford them 
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Table 1. Refined choline-devoid (CD) and choline-supplemented 
(CS) diets 

Component (g/kg) 

Alcohol-extracted peanut meal 
Water-washed soya protein 
Casein, vitamin-free 
L-Cystine 
Sucrose 
Corn starch 
Dextrin 
Alphacel 
Corn oil 
Hydrogenated fat 
Vitamin mixture 
Salt mixture 
Choline-chloride 

CD diet 

120.00 
80.00 
10.00 

2.00 
389.00 
100.00 
100.00 

10.00 
50.00 

100.00 
10.00 
29.00 
0.00 

CS diet 

120.00 
80.00 
10.00 
2.00 

381.00 
100.00 
100.00 

10.00 
50.00 

100.00 
10.00 
29.00 
8.00 

equally good growth, both being important requisites, since induction of cho
line deficiency depends on diet intake and the growth rate of the animals 14. 
Both diets are available commercially. 

There appear to be no marked differences in the sensitivity of different 
strains of rats to CD diets1,1~ The earliest responses, though, may be more 
severe in strains having a more rapid natural-rate of growth. On the other 
hand, males are distinctly more sensitive than females, a difference that , 
to my knowledge, has not been accounted for. The choline and methionine re
quirements of rats are greatest in the postweanling period, and diminish ap
preciably after active growth ceases1~ Rats should therefore be ideally 
placed under experimentation at weanling. In this case, though, an early 
loss of animals occurs, due to onset of a fatal hemorrhagic-kidney syndrome2~ 
The latter does not ensue if feeding is begun when the animals have grown to 
about 100 g of body weight, and this is the compromise choice frequently made 
by investigators interested in pathological consequences other than the kid
ney syndrome. 

THE LATENCY PERIOD OF TUMOR DEVELOPMENT 

Selected Liver Responses 

Lecithin and membrane changes. The effects of CD diets on rat liver 
stem from alterations in the biosynthesis of lecithins that lead, on one 
hand, to widespread changes in the structure and functions of the membranous 
organelles of hepatocytes, and, on the other, to a faulty synthesis and se
cretion of serum lipoproteins (27-29, and see 1, 12, 14). The transmethyla
tion pathway of lecithin biosynthesis has been already alluded to. Quantita
tively more important, though, is the Kennedy's pathway, which proceeds via 
conversion of choline to phosphorylcholine, CDP-choline and phosphatidylcho
line 30. This pathway utilizes and requires a sufficient availability of free 
choline, and is the one primarily affected by the dietary deficiency. Within 
a few days of feeding a CD diet, a marked decrease in the lecithin content of 
the liver ensues, due to depletion in microsomal, mitochondrial, and other 
cellular membranes. As a consequence, the overall phospholipid composition 
of the membranes changes, as indicated by a lowering of the ratio of leci
thins to phosphatidylethanolamines, the second major membrane-phospholipid 
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constituents. These structural changes are accompanied by distortions in the 
architecture of the endoplasmic reticulum, mitochondria and Golgi apparatus 
of hepatocytes3~ Integrated functions of the organelles, such as intracellu
lar transport and secretion of albumin and serum lipoproteins, become affect
ed32,3~ as are membrane-bound enzymes; among the latter, especially those 
that require a specific lecithin-microenvironment for their activity, such as 
cytochrome P-450 and associated drug-metabolizing enzymes, or the"mitochon
drial beta-hydroxybutyrate dehydrogenase 1,12. Significant changes are intro
duced also in the species heterogeneity of hepatic lecithins. The Kennedy's 
pathway synthesizes species containing prevalently saturated fatty acids, 
while species originating via the transmethylation pathway are particularly 
rich in arachidonic acid3~. In rats fed a CD-diet, the activity of the latter 
pathway increases, in a likely but abortive attempt to compensate for the 
overall reduced synthesis of lecithins. The net result, instead, is an 
abnormally high content of arachidonic acid in the membrane lecithins 35 ,36. 

A majority of the above described changes were observed in rats fed CD 
diets for relatively short periods of time; whether they persist in chroni
cally fed rats, or how they may evolve, has not been determined. 

Fatty liver. Development of a fatty liver is another early, and the 
most conspicuous consequence of the quantitative and qualitative changes in
duced by CD diets in hepatic lecithins 27-29. The changes lead to an impaired 
conjugation and secretion of VLD lipoproteins, the physiological vehicles 
that transport fat (triacylglycerols) out of the liver into the blood circu
lation2~ As a result, fat accumulates in the hepatocytes 37-39. The accumula
tion is initially in the form of small cytoplasmic droplets, but the latter 
steadily enlarge and fuse, as the accumulation progresses, and soon complete
ly fill the cells. The plasma membrane next ruptures; the fat within con
tiguous hepatocytes merges; and large extracellular collections (fatty cysts, 
lipodiastemata) are formed, a process which was first described and then 
studied in detail by Hartroft 40. Characteristic of CD diets is the extent of 
the induced fat-accumulation, which can reach 30-40% of the liver weight 14. 
Under conditions used in this laboratory, accumulation of fat was found to 
peak at 25-30% of liver weight within 2-3 weeks 41. The far content declined 
thereafter, and at the end of a 16-month feeding-period it was essentially 
the same as that in rats fed a CS diet 42 . While initially (after the peak), 
the decline may be underlined by the diet effects on the turnover of liver 
cells (see below), later on it is probably accounted for by the relationships 
between choline, methionine and rat's growth1~ During active growth, methio
nine is in all likelihood used mostly for protein synthesis; on the other 
hand, as growth slows down and then ceases, methionine becomes increasingly 
available for choline (and VLD lipoproteins) synthesis, and the accumulated 
fat is slowly removed from the liver. A transition of the liver from "fatty" 
to "nonfatty" has frequently been noted in rats chronically fed CD diets, a 
transition which seems to be marked also by increasing amounts of glycogen in 
hepatocytes 1-4, 10. 

Among the great number and variety of agents that can induce a fatty 
liver in the rat, formation of fatty cysts is almost unique to dietary 
choline-deficiency. The importance of this process resides in the fact that 
it results in hepatocyte death, upon rupture of their plasma membrane if not 
before43,4~. 

Liver cell death and proliferation. Whether CD diets are hepato
necrogenic has long been debated in the literature, since single hepatocytes 
or cluster of only a few cells are involved, which, in a liver heavily infil
trated and distorted by fat, are not easily recognizable as dead cells in 
histopathological examinations4~ On the other hand, several investigators 
noted, mostly in autoradiographic studies, high numbers of proliferating 
cells, which could De best accounted for only as being compensatory to liver 
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cell-death (see 1, 41). In one such study, MacDonald estimated that a CD 
diet reduces the life-span of liver cells to 26-60 days, from 191-453 days in 
control rats, life-span being defined as the time needed by a cell to either 
divide or die4~ Clear evidence that CD diets are hepatonecrogenic was re
cently provided by experiments in which liver DNA was (pre)labeled, before 
placing rats on the diet, and cell death was assessed from the loss of radio
activity in total liver-DNA41 ,47,48 . The loss was as much as 50% after a 
3-week feeding period, indicating that about that many original cells had 
died during that time interval. In one of these studies4~ estimates were 
made of cell half-life, and of the fractional rates of cell death, prolifera
tion and growth. Liver cells were estimated to die at a rate of about 4%/day 
during an initial 8-week feeding period, and of about l%/day during a second 
8-week period; corresponding t! were about 17 and 75 days, respectively. In 
contrast, in rats fed a CS control diet the t! was 292-818 days during the 
entire 16-week period. At the end of the latter, less than 10% of the origi
nal (pre)labeled cells remained in the liver of rats fed the CD diet. Thus, 
there can be no doubt left that cell death is a major consequence of this 
diet, since it has such a profound effect on the turnover of rat liver cells, 
and leads to an almost complete renewal of the organ within an initial 
16-week period. In the same study, however, further evidence was obtained 
that CD diets have also a primary mitogenic action vis a vis liver cells 1,49, 
besides those involved in the replacement of dead cells, and the normal 
accrual of the organ. 

In a follow-up experiment (Fig. 1), the extent of cell proliferation 
([3H]-thymidine incorporation into DNA) was assessed in rats fed a CD diet 
for 3-month incremental-periods, up to 16 months 42 • Liver-cell proliferation 
was found to be high after 3-6 months of feeding, and to decline steadily 

RATS FED CONSECUTIVELY CD AND CS DIETS HCC's INCIDENCE GGT(.)EAFs 

GROUP IA~ OCD DIET 

BI ~'N ~CS DIET 

C IL-_....n~~~:o.:l~~~~~:o.:l~03.~:o.::~.::o~~$:o.:l~~$~$l>.J~~03.~Jt.:~l>.J~03.~:O'::~'::O~""'~l>.JN>::I 

GROUP3ALI _______ ~ 

Bl~ _______ ~~~~~~~~~~~~ 

C~l __________ ~~Jt.:~l>.J~~~~~~~~~~~~~~~~~~~~u 

GROUP 4 A 1L-__________ .....I 

4C~1 ____________________ ~~~~~~~~~~~~~ 

GROUP5C~I __________________________ ~ 

GROUP6C~~'N 

MONTHS I I I 
o 3 6 9 12 16 

IA · 0/5 NONE 

lB ' 0/5 NONE 

IC ' 2115 (13%) 0 .2B 

2A '0/5 0 .19 

2B'0/5 NONE 

2C , 4115(27%) 0.41 

3A '0/5 0 .30 

39'0/5 NONE 

3C '5115(33%) 1.14 

4A'0/5 0 .36 

4C ' 11I15(73%) 2.42 

5C '5119(26%) 0 .64 

6C ' 0/20 0 .05 

Fig. 1. Effect of consecutive feeding of CD and CS diets on the incidence of 
HCC and GGT(+)EAF. 
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thereafter, attaining control levels by the end of the experiment. In the 
same experiment, other groups of rats were initially fed the CD diet for 
3-month incremental-periods, up to 12 months, followed by feeding a CS diet 
for 3 months, or for the duration of the experiment. The shorter feeding 
with the control diet was performed to probe whether a CD diet causes any 
change(s) that is not reversible upon restoring choline to the diet; feeding 
for the duration of the experiment had instead the primary objective of as
sessing the minimum length of CD-diet feeding that is required for tumor in
duction. Subsequent feeding the CS diet promptly removed any accumulated 
fat from the liver. On the other hand, cell proliferation was reduced but 
still at elevated levels after 3 months of CS diet feeding, with further sig
nificant reductions occurring when the latter was fed for the duration of the 
experiment. Thus, either restoration of choline to the rat's diet does not 
abolish completely liver cell death, and hence proliferation; or mitogenic 
stimuli generated by a CD diet persist for at least 3 months after its 
discontinuation. In this context, it appears indeed arguable48 whether 
accumulation of fat and formation of fatty cysts41,50can alone account for the 
rate of liver-cell death observed in rats fed CD diets. 

Preneoplastic lesions. Only very limited information is available as to 
the nature and type of preneoplastic lesions that might arise before develop
ment of HCCs in rats fed CD diets. Small numbers of foci of enzyme-altered 
hepatocytes (EAFs) have been observed. However, only one marker, gammaglu
tamyltranspeptidase (GGT), has been used for their detection in the studies 
so far reported. Given the unusual aspects of the CD-diet model, and the 
insufficient reliability of this marker in at least another mode15\ further 
studies with multiple markers will be needed to adequately assess the pres
ence and properties of this type of lesion. In one of the published stud
ies 52 , a mean of 5.0 EAF-transects/cm2 of section were noted after 15 months 
of feeding. In a second studyl~ EAFs were observed at mean transect numbers 
of 1.24/cm2 of section after 24 weeks, and 1.08 after 48 weeks of feeding. 
Fig. 1 shows the results obtained in the most recent experiment performed in 
this laboratory. In rats solely fed the CD diet, GGT(+) EAFs were seen only 
in rats fed for 6 months or longer (groups 2A, 3A, 4A and 5C). EAFs that 
developed after 6 and 9 months appeared to be contingent upon continuous CD 
diet feeding, since no EAF-transects were detected in groups 2B and 3B, 
subsequently fed the CS diet for 3 months. However, small but increasing 
numbers of GGT (+) EAF-transects were detected in all groups fed for 3-12 
months the CD diet, and the CS diet for the duration of the experiment. 
Taken together, these results suggest that a second population of EAFs, not 
contingent upon CD diet feeding, arose in rats kept under experimentation for 
over 9-12 months. As discussed below, these EAFs have the earmarks of having 
been generated by endogenous initiated cells. Occurrence of preneoplastic 
nodules has been also observed in two studies8,~ but not in another 10, nor in 
the stop-experiment depicted in Fig. 1. In the earlier literature, cirrhosis 
of the liver was the response most frequently observed in rats chronically 
fed CD diets (see 1). Actually, much of the work performed then on such rats 
was directed toward an elucidation of the histogenesis and pathogenesis of 
this condition 45• However, in recent experiments in which the refined diet 
of Young et al. 23 was used, only minor degrees of liver cirrhosis have been 
noted, with a great variability from animal to animal, and only in rats fed 
the diet for a year or 10nger9,l~ The reason(s) for this difference is not 
apparent, but most likely resides in diet formulations or other experimental 
conditions. At any rate, these recent observations suggest that onset of an 
overt cirrhosis may not be required for development of HCCs in the CD-diet 
model. CD diets have a striking ability to stimulate or enhance the prolif
eration of the nonparenchymal epithelial (NPE) cells of rat liver 53 ,54, and 
increasing numbers of these cells are seen as the length of CD-diet feeding 
increases2,1~ Recently, fairly conclusive evidence has been presented that 
these cells include a phenotype(s) which, under carcinogenic conditions, has, 
the ability to differentiate into hepatocytes and to generate HCCs 55-60 ; a few 

568 



of the resulting tumors were hepatoblastomas 61 , indicating that the pheno
type(s) has the potential of a stem cel1 62 , rather than merely of an epi
thelial progenitor cell committed to hepatocyte differentiation 63. NPE 
cells, therefore, deserve consideration as potential progenitors of preneo
plastic and neoplastic lesions also in this model of hepatocarcinogenesis. 

THE TUMORS AND TUMOR INCIDENCES 

The liver tumors induced by CD diets are mostly well- to moderately 
well-differentiated RCCs, of the trabecular, adenomatous, and mixed 
types l - 5,8-10. Cholangiocarcinomas have been also noted, underscoring an in-
volvement of NPE cells. In several instances, the tumors produced both local 
and distal metastases. Tumor incidences appear to bear a direct relationship 
to the length of the experiments. No tumors have been observed in rats fed 
control CS diets. 

In the most recent experiment performed in this laboratory, tumor inci
dences were as shown in Figure 1. No tumors developed in rats fed the CS 
diet throughout, or in rats killed after 12 months or less of experimen
tation. The incidence was 26% in rats fed the CD diet throughout, but almost 
3 times as large in rats fed the control diet for the last 4 months. This 
result clearly indicates that occurrence of a late event(s) is critical in 
this model, for the progression of any preneoplastic lesion to cancer; an 
event(s), whose occurrence is either hindered by the lack of choline in the 
diet, oOr is actually mediated by choline restoration to the diet64. The oc
currence coincides with the late transition of the liver from "fatty" to 
"nonfatty", a transition which is undoubtedly facilitated by feeding the con
trol rather than CD diet. The tumor incidence was 13% in rats fed the CD 
diet for 3 months, and the control diet for the duration of the experiment, 
while it rose to 26% and 33% in rats initially fed the CD diet for 6 or 9 
months. An unnecessary but fruitful period of promotion appears thus to be 
provided by the CD diet. Two of the 15 rats fed initially the CD diet for 3 
months developed carcinomas. This result could be statistically irrelevant, 
were it not for a similar finding previously made in rats fed a methyl
deficient diet for 15 weeks, and laboratory chow for the next 37 weeks6~ It 
is apparent, therefore, that a relatively short 3-4 month exposure to these 
diets is sufficient to yield carcinomas, and that initiated cells must be 
present in the liver within this time. It mayor not be coincidental that 
this is also the time during which the liver undergoes the most drastic 
changes in cell turnover. It is apparent, also, that during the same time CD 
diets must create local tissue and cellular conditions, able to mediate the 
evolution of initiated cells, and their neoplastic transformation, even in 
the absence of subsequent active promotion. 

As to the origins of the initiated cells, given the lack of evidence 
that chemical-carcinogen contaminants are involved in this model, only two 
choices remain: either CD diets initiate de novo liver cells, or endogenous 
cells are the precursors of the carcinomas. Plausible means whereby CD 
diets could effect initiation de novo are considered below. The case of 
endogenous initiated cells (EICs) will be instead argued here. This is un
doubtedly a difficult task at the present time, since so little is known 
about the biological nature, properties and significance of EICs, beyond the 
fact that they do exist, and that they have the constitutive ability to 
evolve, under natural conditions, into preneoplastic and neoplastic le
sions 66-80• Cells presumed to be EICs have been detected in the liver of 
rats as young as 6 weeks 81 ; they may therefore be present in this organ, and 
possibly in others, since birth if not before. Exposure of the mothers or 
pups to environmental chemical agents or to ionizing radiation; unknown en
dogenous factors; or a high rate of fetal and perinatal cell division in many 
tissues, could be postulated as possible causes of their initiation 77 ,82,83. 
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EICs appear to have extremely low rates of amplification and evolution, since 
under natural conditions they become overtly manifest as EAFs, adenomas, or 
carcinomas, only late in the life of the rat 66-70,76,78,79. They have however 
been shown to respond positively to promoters 72,74,75, albeit apparently not 
as strongly as do cells initiated by chemical carcinogens. Conjecturally, it 
could be that EICs are constitutively endowed also with a poor ability to 
metabolize and hence respond to xenobiotics, as the NPE cells of the liver 
are6~ With some notable exceptions, EICs are usually dealt with, in much of 
the pertinent literature, as being no more than background noise in the pro
cess of hepatocarcinogenesis, or are outrightly dismissed as being of no sig
nificance or consequence. Such a position may be indeed correct. However, 
it would seem to be at least premature, since the whole phenomenology of EICs 
has not as yet been subjected to close scrutiny and experimental analysis. 
At any rate, it seems hardly probable that EICs would remain completely unaf
fected by an intervening carcinogenic treatment, be the latter in the form of 
a CD diet or of a chemical carcinogen. Actually, some of the results obtain
ed in the above-described stop-experiment appear to strongly implicate EICs 
as the likely progenitors of the observed HCCs: small but increasing numbers 
of GGT(+)EAFs emerged in rats fed the control CS diet for 4-13 months before 
tumor detection; EAFs emerged late in the treatment, at a time overlapping 
the natural emergence of EICs in the liver of aging rats; the number of EAFs 
appeared to be directly related to the length of previous CD-diet feeding, 
and was the largest in the rat group with the highest incidence of HCCs; HCCs 
developed only in those groups that were kept under experimentation for 16 
months, and, thus, while tumor incidences varied greatly in the tumor-bearing 
groups, the latency period for tumor development did not; presence of EICs 
has been reported also in rat pancreas 85-88 , and while EAFs and carcinomas 
arose in the liver, acidophilic atypical acinar-cell nodules, adenomas and 
carcinomas in situ developed in the pancreas of the same animals8~ The last, 
of course, are not new findings, since not only HCCs, but also carcinomas of 
the pancreas, lung and mammary gland, as well as hemangioendotheliomas and 
sarcomas, have been shown to develop in rats chronically fed a CD diet2-~ In 
this respect, therefore, the CD-diet model of "hepatocarcinogenesis" is actu
ally a misnomer. At the same time, though, the probability that the diet may 
have the ability to initiate cells de novo, in such a variety of tissues, ap
pears to be remote, at least at the present time. In the case of the liver, 
on the other hand, one could visualize how EICs, after a 3-4 month period of 
diet-mediated amplification, could receive a second and diet-related hit, 
rather than the first (initiation), and thus be able to fully evolve to HCCs 
even after subsequent feeding with control diets. An involvement of EICs, in 
the genesis of HCCs, is indicated also by the results recently obtained by 
Newberne et al. in mice fed a CD diet 90. 

PLAUSIBLE MECHANISMS WHEREBY CD DIETS COULD LEAD TO A NEOPLASTIC TRANSFORMA
TION OF LIVER CELLS 

The Mitogenic Milieu Created by CD Diets in Rat Liver 

Feeding a CD diet can be viewed as a "nutritional partial-hepatectomy" 
that mimics, in several respects, events accompanying a surgical partial
hepatectomy (PH) in rats. As is in the case of the latter, the diet-induced 
cell-loss triggers cell proliferation and a compensatory regeneration. After 
a PH, proliferation of liver cells appears to be mediated more by paracrine 
or autocrine than endocrine factors 91, the cells losing for example surface 
receptors for epidermal growth factor 92 ,93. At the same time, endogenous 
growth-modulating factors such as HSS (hepatic stimulator substance 94 ), which 
is normally quiescent in young-adult and adult-rat liver, becomes very ac
tive, while an expressed chalone becomes inactive9~ Similar cytological and 
humorohomeostatic changes have been shown to occur in rats fed a CD diet 96-98 . 
However, there is at least one major and significant difference between the 
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two conditions: in the case of a PH, the changes are episodic, acute and 
transient, while in rats fed a CD diet they persist in various degrees for as 
long as the diet is fed, and some of them even after its discontinuation. 
Thus, when CD diets are fed for periods of 6-9 months or longer, a highly ab
normal condition arises in the liver, since its cells, normally fairly stable 
in adult rats, are instead forced to divide and renew themselves, repeatedly. 
Such a condition would appear to constitute a highly favorable ground for the 
occurrence of alteration(s) in the processes of cell division, growth or dif
ferentiation, that could contribute to a neoplastic transformation of cells. 

As postulated by Potter and by Scherer 99 ,100, promoters must create local 
conditions having at least two effects: I) to achieve an amplification of the 
finite number of cells that are initiated, as well as as that of their pro
genies; and II) to bring to fruition10\ or lead to, further genomic altera
tion(s) in one cell, among the progenies of initiated cells, conferring to it 
the neoplastic phenotype. The mitogenic milieu created in the liver by CD 
diets could very well fulfill the second requirement; by forcing cells to 
continuously divide, for example, it could increase the frequency with which 
mutational errors in DNA replication occur82,83. It obviously fulfills the 
first requirement, whether the diets are acting alone 1-5,8-10, or in the con
text of a chemical hepatocarcinogenesis modeI1,12,1~ At any rate, there seems 
to be no doubt that it is the primary factor underlying the promoting action 
of these diets 102. Reservations to this conclusion have been expressed 13 ,103, 
since inclusion of phenobarbital (PHB) in a CD diet leads to an inhibition of 
the diet-induced increases of [3Hl-thymidine incorporation into liver DNA, 
and of the mitotic index; yet, it results in a synergistic promotion of the 
emergence of diethylnitrosamine-initiated cells, as EAFs1~ However, subse
quent results obtained in this laboratory 104have shown that the principal ef
fect of PHB is to prevent instead, to a large extent, the hepatonecrogenic 
action of a CD diet; furthermore, induction of tumors by the diet was found 
to be not enhanced by PHB inclusion in it105. 

The forced renewal of liver cells, though, poses also questions that 
might require attention when considering the actions of CD diets vis a vis 
hepatocarcinogenesis in the rat. For example, within the overall population 
of hepatocytes are all cells sensitive to the necrogenic action of these 
diets, or is there a subpopulation, however small, that is constitutively re
fractory. In the former case, clonal evolution of initiated cells and their 
progenies would depend not only on the frequency with which relevant events 
occur 99 ,100, but also the frequency with which evolving cells escape eventual 
death. In the same case, relevant events might have to occur repeatedly with 
time, and the search for them might be more fruitful if made on livers ob
tained after medium- or long-, rather than short-term feeding-periods, as in
dicated by some of the results obtained in the above described stop-experi
ment. Histological analyses provide only an ambiguous answer to this ques
tion. Scattered hepatocytes free of fat, the latter being a good index of 
response to the diets, are consistently seen even in the most severe of the 
fatty livers induced by CD diets. Similarly, in studies in which these diets 
have been used as a promoter of chemical hepatocarcinogenesis, the observa
tion has been repeatedly made that cells, within emerging EAFs, are either 
completely or relatively free of fat, in contrast to hepatocytes in the sur
rounding parenchymal~ However, it is difficult to ascertain, from both ob
servations, whether they pertain to cells with a native or acquired resist
ance, or to hepatocytes which, having just divided, have as yet not had a 
sufficient exposure-time to respond, visibly, to the lack of choline in the 
diets. Assessment of the relevant importance of some of the diet's effects 
may also be hampered by the underlying high background of liver-cell death 
and proliferation, which forces the need to evaluate whether, or to what ex
tent, the effect is merely a manifestation of ongoing cell death, or of the 
presence of a sizeable number of regenerating cells, rather than an index of 
ongoing cell transformation. It seems finally likely that other agents, 
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shown to modulate the actions of CD diets2~ may do so, in part or completely, 
by modifying the underlying rates of liver cell death and regeneration, as is 
the case of PHB. 

Peroxidation of Liver Lipids 

Much attention has been recently given to the possibility that CD diets 
may lead to peroxidation of liver lipids. This is indeed an event which, if 
real, could go a long way in accounting for the hepatocarcinogenicity of 
these diets, since the generated lipoperoxide-radicals could contribute to 
liver-cell death 13 , on one hand, and be potentially genotoxic10~ on the 
other. Results indicating an ongoing peroxidation of hepatic lipids have 
been presented 1,13,107,108. The results consist of detection of diene conju
gates, by means of the spectrum difference between total lipids of liver nu
clei, mitochondria and microsomes109 from rats fed either a CD or a CS diet, 
for a few hours, days or weeks. This is a methodological approach which, in 
similar studies of other experimental conditions, has consistently proven to 
be reliable and completely satisfactory39,110. In this particular instance, 
though, it may overlook the possibility that the source of the diene conju
gates, detected in total lipids, may not be peroxidation of liver lipids, but 
rancid fat(ty acids) present in the diets; indeed, use of difference spectra 
does not allow to test whether diene conjugates are present in the lipids of 
rats fed the control diet. In a series of analyses just completed in this 
laboratory 111, absolute spectra were taken 112 of total lipids, neutral lipids 
and phospholipids, extracted either from liver microsomes, or intestinal 
mucosa homogenates of rats fed refined CD or CS diets. Diene conjugates were 
detected in the total and neutral lipids, but not in the phospholipids of 
both tissue preparations, and irrespective of which diet was fed to the rats. 
Were a CD diet to indeed trigger lipoperoxidation, it is hard to visualize 
how the latter could leave unscathed the phospholipids, especially those of 
liver microsomes, whose lecithins are so rich in arachidonic acid. On the 
other hand, the finding of diene conjugates in the intestinal mucosa neutral 
lipids, of rats fed both diets, clearly implicates dietary fat as their 
source. Indeed, as dietary fat is stored in adipose tissue113, diene conju
gates were detected also in the total lipids of the latter, and again in rats 
fed either diet. Furthermore, diene conjugates were detected not only in the 
fat of the diets themselves, but also in the layer that floats upon centrifu
gation of liver homogenates from rats fed a CD diet; this is the fat, most
ly of dietary origin, that has accumulated in the liver. The last finding 
could perhaps account for some of the discrepancies in previously reported 
results 108,109,114,115, concerning the intracellular si te( s) of the presumed 
ongoing peroxidation of liver lipids. The amount of fat that floats is a 
direct function of the centrifugal force that is applied to homogenates; the 
higher the force, the more fat-free is the resulting sediment. Widely dif
ferent forces are used in the preparation of subcellular organelles such as 
microsomes or nuclei; moreover, differences in the forces used by different 
laboratories, in the preparation of one and the same organelle, or in washing 
procedures, could result in different degrees of dietary fat "contamination" 
of the organelles, before extraction of their total lipids. At any rate, the 
above results underscore at least the need for a critical reassessment of the 
overall methodologies used in determining whether CD diets induce an active 
peroxidation of hepatic membrane-lipids. Whether effects ascribed to the 
inclusion in the diet of additional antioxidants1,114 may reflect an inhibi
tion of dietary fat rancidity, rather than of an active lipoperoxidation, may 
also need to be reevaluated. It seems then likely that other organs that 
utilize fatty acids, mobilized from the adipose tissue, may also show diene 
conjugates in their totallipids116. 

The initial results obtained in this laboratory pertain to rats fed the 
diets for up to two weeks; it remains to be established, therefore, whether 
CD diets fed for longer periods of time can lead to peroxidation of the phos-
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pholipids of hepatic microsomes, or of other hepatocyte-organelles. Cellu
lar metabolism involves a variety of oxidation-reduction reactions that pro
duce radical intermediates or metabolites capable of initiating lipid peroxi
dation 11Z It seems therefore conceivable, at least, that more chronic al
terations caused by the diet, in the structure and functions of hepatocyte 
organelles, could result in an increased oxidative stress in the cells, due 
either to an increased metabolic production of radicals, or to a decrease in 
the enzymatic, antioxidant or radical-scavenger, cellular defenses. The same 
results raise also other questions that will have to be addressed, such as 
what are the fate and disposition of rancid fat in the liver and other or
gans. A great variety of electrophilic and toxic compounds has been shown to 
result from active peroxidation of membrane lipids11~ Thus, to the extent 
that similar products may be generated from cellular breakdown of rancid fat
ty acids, they could still contribute to liver-cell death, and, conceivably, 
lead to cell-initiation de novo not only in the liver, but also in other or
gans, such as the pancreas. Obviously, much work lies ahead, before clarifi
cation of whether autooxidized or peroxidized fatty acids play any role in 
the CD-diet model of carcinogenesis. 

Methionine Versus Choline Dietary Deficiency, and Gene Undermethylation 

The question of the relative methionine-deficiency of refined CD diets, 
and of the extent to which it contributes to the pathology induced by them, 
has long attracted the attention of investigators 1,14,22. It has been however 
difficult to study, and still is, largely, unresolved. Diets formulated with 
synthetic amino acids, and devoid of choline and/or methionine, have been 
used in some of these studies. These diets reproduce much if not all the 
pathology of choline dietqry deficiency1,22; however, it seems probable that 
those devoid of methionine may induce also additional and unique responses, 
especially when fed to weanling rats. Refined CD and CS diets usually con
tain the same level of methionine. Since no overt pathology is observed in 
rats fed the control diet, the lack of choline, rather than the relative 
deficiency of methionine, would appear to be the critical factor. The growth 
rate of rats fed a refined CS diet 23 is nearly optimal, and that of rats fed 
the corresponding CD diet is equally good. These diets, therefore, seem to 
satisfy fairly adequately the overall methionine needs of the animals, in 
particular that for (liver)protein synthesis 32 ,33,118. Yet, decreased levels 
of free methionine have been found in the liver of rats fed a refined CD
diet ,and of S-adenosyl methionine (SAM) in that of rats fed a synthetic 
aminoacid-diet2~ The latter could obviously be a more critical consequence, 
since so many metabolic reactions require a methylation step, with SAM as the 
methyl-group donor11~ However, it is not known whether or to what extent 
either reduction is due to insufficient availability of methionine, defects 
in its activation to SAM, and/or an increased metabolic utilization of both 
methionine and SAM, as in the case of the transmethylation pathway of leci
thin biosynthesis. 

Undermethylation of liver t-RNA and DNA has been shown to occur in rats 
fed for 6 months- aminoacid-formulated diets, devoid of both methionine and 
choline (see 21). In contrast, no undermethylation of DNA was seen in rats 
fed a refined CD-diet for up to 12 months, even though it was present later 
on, just before the development of HCCs, and in some of the tumors as wel1120 
When the methylation state of the alphafetoprotein gene of the same tissues 
was analyzed, slight changes in its overall methylation, but not of its meth
ylation pattern, were observed in the livers, while both were affected in the 
tumors121. It seems therefore possible that alterations in gene methylation 
may mark or contribute to a neoplastic transformation122,123 of liver cells in 
this carcinogenesis model, also in view of some of the results obtained in 
the stop-experiment (Fig. 1). However, given the late occurrence of the ob
served changes, it seems unlikely that their cause can be ascribed to an 
undersupply of labile methyl groups of dietary origin. Recent evidence indi-
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cates that epimutations may result from gene undermethylation124. It may 
therefore be worthy of exploration whether gene undermethylation. or changes 
in the intragene methylation-pattern. rather than those of liver total DNA. 
occur earlier in rats fed a refined or aminoacid-formulated diet. 

Proto-oncogene Activation to Oncogenes 

Initial studies have been made in rats fed refined CD or CS diets for 14 
months125. K-~. H-ras and N-ras transcripts were found to be elevated in 7 
HCCs that developed in CD diet fed rats. but not in the liver from which they 
arose. nor in nontumor-bearing livers of CD or CS diet fed rats. Structural 
alterations of the ras genes were not detected by Southern-blot analyses. 
Since ras oncogenes generally differ from ras proto-oncogenes by point muta
tions 126 ,127. and elevated H-ras and K-ras transcripts occur after a PH12~ it 
seems likely that the observed elevations may simply reflect the high rate of 
proliferation of the tumoral cells. 

A-mutation in the coding domain of the gene. leading to expression of an 
abnormal product. is one way in which activation of proto-oncogenes to onco
genes occurs; another is by expression of a normal product, but either in ab
normal quantities. or at inappropriate times during the life span of a cell 
at cancer risk 129,130. Involvement of proto-oncogene products in the proces
ses of cell division. growth or differentiation has been shown130-133. and. as 
already mentioned. a transiently elevated expression of some of them occurs 
after a PH12~ Given the analogies between the latter. and the effects of a 
CD diet on the turnover of rat liver cells. it seems likely that expression 
of certain proto-oncogenes may increase. early in the liver of rats fed the 
diet; that it may persist elevated. for as long as the diet is fed; and/or 
that the elevation may occur at inappropriate time(s). in an organ whose 
cells are proliferatively quite stable for much of the adult life of the rat. 
It is worthy of note. also. that transforming-growth-factor beta. which can 
be considered as a proto-oncogene product132, is also involved in cell regen
erative processes 134 

CONCLUSIONS 

It is widely accepted today that neoplastic transformation of cells is a 
multistage process13~ transition of one stage to the next being mediated by 
the occurrence of genomic alterations 100 ,136,137 ranging from single point 
mutations to large scale chromosomal rearrangements131 . The CD diet model of 
hepatocarcinogenesis. therefore. poses a considerably greater challenge than 
models of chemical carcinogenesis, in trying to understand the nature of 
those genomic events. and how a diet. and diet alone. can generate them. The 
challenge. of course. goes beyond the question of whether CD diets act as 
complete carcinogens. or merely as promoters. At the same time. though. the 
model seems to offer some almost unique opportunities. such as that of 
probing deeper into the biology of endogenous initiated cells. in both liver 
and pancreas. at least. biology whose implications could extend to chemical
carcinogenesis models as well. It could serve as a "control" to the latters. 
and help to clarify whether any phenomenology seen in them reflects toxicolo
gical. rather than the carcinogenic properties of the chemicals used. 

The CD-diet model. moreover. may be more attuned to the human experience 
than many of the chemical hepatocarcinogenesis models presently under study. 
In humans. a high association exists between HCC. on one hand. and liver 
cirrhosis or viral hepatitides on the other 138,139. The latter entities are 
characterized by a chronic condition of heightened liver cell turnover 140 ,141 • 
much alike that seen in rats fed CD diets; in the viral diseases. it is still 
not clear whether insertion and expression of the viral genome. or hepatocyte 
turnover. is the crucial determinant of HCC development 14Z 
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Finally, CD diets and their hepatic consequences could be construed as being 
an example of severe malnutrition; and malnutrition, in contrast to undernu
trition, knows no boundaries within mankind's societies. On the other hand, 
one indeed wonders how high the probability or frequency are that humans, 
barring catastrophies, may undergo single or multiple exposures to chemical 
carcinogens, at dosages translated into a human scale from those employed in 
many carcinogenesis models143. The CD-diet model of hepatocarcinogenesis, 
therefore, would seem to deserve a wider-than-present adoption for study, not 
only in view of the challenges and opportunities it offers, but also because 
only its bare outlines have been so far recognized. 
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METHYL INSUFFICIENCY IN CARCINOGENESIS 

INTRODUCTION 

Lionel A. Poirier 

Division of Comparative Toxicology 
National Center for Toxicological Research 
Jefferson, Arkansas 72079 USA 

In 1946 Copeland and Salmon found that the chronic administration of a 
choline-deficient diet to rats led to the formation of liver cancer 1. Thus 
began one of the most prolonged and controversial areas of study in the field 
of chemical carcinogenesis. At first, such results were not regarded as sur
prising, for at the time other dietary deficiencies had also been shown to 
enhance carcinogenesis2,~ However, subsequent studies showed that the peanut 
meal diets used to obtain the choline deficiency were in fact contaminated 
with aflatoxin and that the original strain of rats used by Salmon's group 
appeared to undergo genetic drift such that the original results in tumor 
formation by choline deficiency alone could no longer be repeated4-~ Al
though the original observations became doubted, they did serve to focus in
terests of other groups on the possible role of labile methyl group deficien
cy in carcinogenesis. Thus, Farber et al. 7 showed that ethionine, an antago
nist of the labile methyl group donor methionine also caused liver cancer in 
rats. Together, methionine and choline constitute the chief dietary sources 
of methyl groups. The Millers 2 postulated that a labile methyl group insuf
ficiency might by involved in hepatocarcinogenesis by the monomethyl aminoazo 
dyes. However, from 1960 to 1975, with the exception of the group of P. 
Newberne 6, little research was conducted on the possible etiological role of 
dietary methyl donors in carcinogenesis. In the early 1970s, this group 
showed that several biochemical effects of hepatocarcinogens could be en
hanced by the administration of diets marginally deficient in lipotropes, 
including methionine and choline8 • Also, in the late 1970s, the group of 
Lombardi and Shinozuka showed that choline-devoid diets enhanced the activ
ities of several hepatocarcinogens 9- 11 (Table 1). 

TL~OR FORMATION 

In 1983 Mikol et al. 16 showed that an amino acid-defined diet lacking 
the methyl donors methionine and choline not only promoted liver tumor forma
tion in rats given a single initiating dose of diethylnitrosamine, but even 
induced liver carcinomas in the absence of such initiation. Similar observa
tions were made by Ghoshal and Farber 17 and by Yokoyama'et al. 18 who used 
choline-deficient diets containing alcohol-extracted peanut meal. Thus began 
a marked resurgence of interest in the role of physiological methyl donors in 
carcinogenesis. A series of studies were undertaken to extend the observa-
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Table 1. Hepatocarcinogens whose activities are inhibited by methyl 
donors or enhanced by methyl deficiency 

Hepatocarcinogen Species References 

2-Acetylaminofluorene Rat 6,9,11,12 
Ethionine Rat 11,12,13 
Diethylnitrosamine Rat, Mouse 6,11,12,14 
Aflatoxin B1 Rat 6,11,12 
Phenobarbital Rat, Mouse 12,15 
~-Dimethyl-4-aminoazobenzene Rat 2,12 
Dibutylnitrosamine Rat 6,11 
Azaserine Rat 10,11 

tions on the liver tumor promoting and hepatocarcinogenic activities of di
etary methyl deprivation. The hepatocarcinogens and liver tumor promoters 
whose activity has been shown to be enhanced by dietary deficiencies of me
thionine and/or choline or to be suppressed by increased administration of 
these compounds are listed in Table 1. This table also shows that the ef
fects of methyl donors on the activity of hepatocarcinogens can also be seen 
in mice. Later studies showed that B6C3Fl mice were also sensitive to the 
hepatocarcinogenic effects of methionine and choline deficiency 14. 

Consistent with the hepatocarcinogenicity of dietary methyl deprivation 
are its effects on the preneoplastic lesions commonly associated with such 
activity. For example, the formation of y-glutamyltranspeptidase-positive 
foci, commonly seen as an early lesion in liver tumor formation in rats, is 
enhanced in both initiated and uninitiated animals fed a diet severely defi
cient in methionine and choline 19. Also, the serum levels of a-fetoprotein, 
which are often elevated during the chronic administration of hepatocarcino
gens 20, are markedly elevated in rats receiving a methionine- and choline
deficient diet 21. Finally, subchronic treatment with either ethionine-con
taining or methyl-deficient diet led to strong elevations in the hepatic le
vels of the enzyme ornithine decarboxylase (ODC)22. The rises in liver ODC 
were shown to be proportional to the decrease noted in the hepatic contents 
of S-adenosylmethionine (SAM), the chief physiological methyl donor 22. 

S-ADENOSYLMETHIONINE 

The biological effects of dietary methyl deprivation in rodents served 
to increase emphasis on SAM insufficiency as a possible etiologic factor in 
carcinogenesis. SAM is the methyl donor for a host of biochemical methyla
tion reactions, including DNA and RNA methylations, as well as for the meth
ylation of phosphatidylethanolamine to form phosphatidylcholine. In addi
tion, SAM regulates the distribution of folate cofactors, is the source of 
the aminopropyl groups of the polyamines spermidine and spermine, and serves 
as a cofactor in the vitamin B12 -dependent pathway of methionine biosynthe
sis 23. Its product in methylation reactions, S-adenosylhomocysteine (SAR), 
is a potent inhibitor of methylases 24,25. -

Similarly, the ethyl analog of SAM, ~-adenosylethionine (SAE), the major 
metabolite of the methionine antagonist ethionine, is a potent inhibitor of 
methylase reactions 13. Thus, in cells and tissues a hypomethylating environ
ment may be produced by decreasing the levels of SAM or by increasing those 
of SAE and SAR 25. The chronic feeding of lipotrope-deficient or amino acid
defined, methyl-deficient diets to rodents decreases the levels of SAM in 
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Table 2. Hepatocarcinogens and liver tumor promoters suppressing the 
bioavailability of hepatic S-adenosylmethionine (SAM) dur
ing chronic administration 

Hepatocarcinogen 

2-Acetylaminofluorene 
Diethylnitrosamine 
Ethionine 
Phenobarbital 
DDT 

Species 

Rat 
Rat 
Rat, Mouse, Hamster 
Rat 
Rat 

References 

12,26 
28 
12,13,29 
12 
12 

their livers 12 ,26,27. The chronic administration of several hepatocarcinogens 
can also effect such changes. These are listed in Table 2. The carcinogenic 
activity of most is inhibited by dietary administration of either methionine 
or choline (Table 1). Recent studies by Feo et al. have produced strong evi
dence that the direct administration of SAM in vivo can suppress the preneo
plastic changes in the livers of rats undergoing an initiation/promotion 
regimen 30. 

HYPOMETHYLATION AND DIFFERENTIATION 

One expected consequence of a SAM insufficiency in vivo is hypomethyla
tion of macromolecules. Such indeed is the case of undermethylation of phos
pholipids, which has been observed in the livers of rats fed methyl-deficient 
or ethionine-containing diets 24. Undermethylation of tRNA has also been de
monstrated in the livers of rats fed methyl-deficient or ethionine-containing 
diets 31 ,32. Of possibly greater significance to the process of carcinogenesis 
on cell differentiation is DNA hypomethylation. The role of 5-methyldeoxy
cytidine (5-MC) on gene expression and cell differentiation has been widely 
investigated 33,35. The chronic administration of an amino acid-defined diet 
deficient in both methionine and choline to rats for 22 weeks led to a 15% 
drop in the proportion of 5-MC residues in liver DNA 36 • Similarly, the ad
ministration of 0.3% ethionine to rats for 10 weeks led to a drop of 8% in 
such DNA methylation 37. The C3H mouse, on the other hand, appeared to be in
sensitive to both the DNA hypomethylating and the hepatocarcinogenic effects 
of deprivation of both methionine and choline 27 . Thus, to the limited degree 
studied, a correlation can be seen between DNA hypomethylation in the livers 
of methyl-deficient animals and the subsequent formation of hepatocellular 
carcinomas. Cell culture studies extended such correlations. Rat liver epi
thelial cells could be transformed to tumor cells capable of giving rise to 
tumors when implanted into isologous hosts, following long-term treatment in 
culture by the methylation inhibitors ethionine, SAE and 3-deazaadenosine38,3~ 
The latter compound, which inhibits methylation through the accumulation of 
SAH, produced a 40% decrease in the extent of DNA methylation under the 
transforming conditions 39. 

CELL TRANSFECTION AND GENE HYPOMETHYLATION 

The transfecting activity in NIH 3T3 cells and the extent of oncogene 
hypomethylation was investigated with the DNA obtained from the tumors and 
preneoplastic livers of methyl-deficient rats and from the grossly normal li
vers of control rats fed a methyl-adequate diet. Both the control and the 
methyl-deficient groups were subdivided into uninitiated and those receiving 
a single initiating dose of 20 mg/kg diethylnitrosamine. The results are 
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Table 3. Cell transfection and c-H-ras and c-K-ras gene hypomethylation 
with DNA from the livers and liver tumors in rats fed methyl-
deficient diets a 

Diet Liver tissue DEN Transfecting Hypomethylation 
group Initiation Activity b 

c-H-ras c-K-~ 

Control Normal 0/4 0/4 0/3 
+ 0/3 0/3 0/3 

Methyl- Preneoplastic c 0/4 4/4 2/2 
deficient + 0/6 6/6 5/5 

Neoplastic d 0/6 4/4 3/3 
+ 4/22 21/21 13/13 

aMale, weanling F-344 rats were given a single initiating dose of di
ethylnitrosamine (DEN, 20 mg/kg) and subsequently placed on an amino 
acid-defined diet deficient in methionine and/or choline for 18 months~·4! 

Jj Towards NIH 3T3 cells. c Including neoplastic nodules. d Hepatocellular 
carcinomas. 

summarized in Table 3. The results show that the DNA from 4 of 28 hepatocel
lular carcinomas examined could transform NIH 3T3 cells in vitro; such trans
fecting activity was found to be accompanied by amplification of the c-H-~ 
oncogene in the transfected cells 40. All of the transfecting DNA samples 
were obtained from initiated animals, and none from the six liver carcinomas 
found in rats simply fed the methyl-deficient diet. No activated c-K-ras or 
c-~ oncogenes were found in the transfectants. The extent of hypomethyla
tion of the c-K-ras and c-H-ras oncogenes was studied using an isoschizomeric 
pair of restriction endonucl~es MspI and HpaII followed by gel electropho
resis. As shown in Table 3, no hypomethylation of either gene was seen in 
the livers from animals fed the control diet 4'. However, both genes were 
undermethylated in all livers, both neoplastic and preneoplastic, obtained 
from animals fed the methyl-deficient diets. DEN initiation exerted no dis
cernible effect on the extent of methylation of either gene. The results 
suggest that oncogene hypomethylation may be a predisposing lesion to subse
quent cell transformation. In specific in vitro systems, DNA methylation has 
been shown to diminish the ability of viruses and oncogenes to transform 
cells 42-44. 

In summary, evidence has been presented showing that chronic dietary 
methyl insufficiency leads to the formation of hepatocellular carcinomas in 
male F-344 rats and B6C3F1 mice. The administration of these diets also pro
duces a hypomethylating environment in the livers of such animals, with a 
concomitant undermethylation of hepatic DNA. Chronic hepatocarcinogen ad
ministration also produces each of these changes. Consistent with the hypo
methylation of total liver DNA seen in methyl-deficient rats is the hypo
methylation of the c-K-~ and c-H-~ oncogenes in the liver DNA of such 
animals. If increased gene expression is the consequence of such hypometh
ylation, a mechanism is provided by which dietary methyl deprivation may lead 
to tumor formation. 
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The two-stage model of carcinogenesis, originally demonstrated in the 
skin of mice and rabbits, has been extended to several other organ systems 
including the liverl,~ The importance of tumor promotion in the genesis of 
human cancers has been recognized 3, and the better understanding of the 
mechanism of tumor promotion would be critical in the formulation of the 
overall strategies for the prevention of human cancers. Considerable in
sights have been gained for the mechanisms of action of phorbol esters, the 
classical and perhaps most intensively studied skin tumor promoter 4 . Studies 
of liver carcinogenesis during the past 15 years have identified a number of 
promoters with diverse properties 1 , but the mechanisms of their action remain 
elusive. 

Phenobarbital (PB) and a CD diet serve as two prototype liver tumor pro
moting regimens, the former being the well known pharmacological agent and 
demonstrated as a liver tumor promoter over 15 years ago 5 , the latter being 
the well known nutritional regimen which modifies structure and functions of 
liver cells and was demonstrated as an efficient liver tumor promoting regi
men 6 • Ugazio et al. 7 and Wilson et al. 8 demonstrated lipid peroxidation of 
liver cells in rats fed a CD diet and linked it to the possible mechanism of 
the diet-induced fatty liver. Since there is some evidence to indicate that 
free radicals and enhanced lipid peroxidation may be involved in the promo
tion of tumor induction in some organs 9 , we extended the original studies of 
Ugazio et al. and demonstrated lipid peroxidation in microsomal membrane li
pids of liver cells in rats fed a CD diet 10. With the use of antioxidants or 
hypolipidemic agents and by modifying the dietary fat components of a CD 
diet, it was shown that the extent of CD diet-induced lipid peroxidation was 
positively correlated to its promoting activity 11. Rushmore and his associ
ates 12 demonstrated lipid peroxidatin in the nuclear fraction of hepatocytes 
of rats fed a CD diet. 

A causal role for lipid peroxidation in various pathological processes 
has not been definitively established 13. A number of pathological conse
quences can be envisioned resulting from cellular lipid peroxidation which 
may be relevant to the tumor promotion (Fig. 1). Each area listed in Fig.l 
has been under investigation in several different laboratories, and we 
focused our attention on the cell membrane receptor alterations and possible 
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Fig. 1. Possible pathological consequences of lipid peroxidation. 

changes in prostaglandin metabolism. Recently considerable attention has 
been focused on the possible involvement of cell surface receptors for growth 
factors in malignant transformation of cells 14 . Equally, the possible in
volvement of altered prostaglandin metabolism has been implicated in tumor 
promotion 15. Changes in both cell surface receptors and prostaglandin me
tabolism may have profound effects on cellular signal transduction and its 
aberation may trigger abnormal cell growth related to tumor promotion. In 
this paper, we will summarize our recent experimental data on the changes in 
rat hepatocyte surface receptors, and discuss the possible significance of 
these changes. 

HEPATOCYTE INSULIN RECEPTORS IN RATS FED A PB DIET 

In a recent report from our laboratory, the alterations in hepatocyte 
receptors for insulin and cellular glycogen biosynthetic response were de
monstrated in rats following feeding of a CD diet 16 . In order to determine 
whether the alterations in plasma membrane insulin receptors and insulin
mediated glycogen synthesis are unique to the CD diet and whether similar ef
fects can be induced by other known liver tumor promoters, effects of feeding 
PB on hepatocyte insulin receptors were examined. Male Sprague-Dawley rats, 
weighing 175-200 gm at the beginning of the experiments were fed the basal 
diet (Dyets Inc., Bethelhem, PA) or the same diet containing 0.06% PB for 4-
5 weeks. Hepatocytes were isolated by the collagenase perfusion techniques 
according to the method of Seglen17 and the binding of 125I-Iabeled insulin 
(200-250 mCi/mg) was assayed as described previously16. The competition 
curves and Scatchard plots for the control hepatocytes and hepatocytes of 
rats fed PB for 4-5 weeks are presented in Fig. 2. The number of high af
finity insulin receptors per cell and Kd for the control hepatocytes were re
spectively 183,000 ± 19,000 and 15.3 ± 2.5 nM (n = 8), while those for PB
treated hepatocytes were 47,000 ± 5,000 and 2.8 ± 0.3 (n = 5). Both the 
number of insulin receptors per cell and the Kd were significantly reduced in 
the PB-treat~d hepatocytes compared to the controls. 

The glycogen biosynthetic response for control and PB-treated hepato
cytes was measured as described previously 16, and Fig. 3a depicts the incor
poration of radiolabeled glucose into glycogen in the presence and absence of 
insulin. The basal amount of 14C-glucose incorporated into glycogen in PB
treated hepatocytes was 2.5 ± 0.2 nmol/l06 cells/60 min which was not sig
nificantly different from the basal rate of the control hepatocytes. The 
percent change in the glycogen synthesis (-6%) from the basal rate in the 
presence of insulin in the PB-treated hepatocytes was not significantly 
different either. The control hepatocytes, however, did respond to insulin 
stimulation of glycogen synthesis (+44%). Thus, hepatocytes from rats fed a 
PB diet did not respond to insulin. 
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Fig. 2. Insulin binding to hepatocytes of the control Ca, b) and phenobarbi
tal-treated (c, d) rats. a, c: percentage bound with increasing con
centration; b, d: Scatchard plot of the competitive binding data. 

HEPATOCYTE GLUCAGON RECEPTORS IN RATS FED A PB OR A CD DIET 

At tracer concentration of 300-400 pg, the binding of 1251-labeled glu
cagon to hepatocytes plateaued at 5 min, and remained constant up to 15 min 
at 30°C (data not shown). All experiments for the glucagon binding shown 
were carried out with 8 min incubation and with 1.5-2.0 x 10 6 cells/mI. Com
petition curves and Scatchard plots derived from the glucagon binding for the 
control hepatocytes and PB-treated hepatocytes are shown in Fig. 4. Although 
the Kd and number of high affinity glucagon receptors/cell were similar in 
both the control and PB-treated hepatocytes, the Scatchard plot for glucagon 
binding in the hepatocytes of PB-treated rats revealed the presence of only 
the high affinity receptors as indicated by the rectilinear plot, unlike the 
control hepatocytes. There is evidence to indicate that glucagon receptors 
on rat hepatocyte plasma membrane are a homogenous group of receptors with 
similar binding affinity 18, and that the curvilinear nature of such a plot is 
due to a two step dissociation process of the bound glucagon receptor complex 
rather than a noncooperative type of binding, or two class of receptors with 
high and low affinity binding. PB treatment is apparently altering the asso
ciation-dissociation process of glucagon receptor complex. Similar analyses 
of the glucagon binding between hepatocytes of rats fed a CS or a CD diet 
showed that neither the Kd nor number of high affinity glucagon receptors 
were significantly different between the two groups. 
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The effects of glucagon on the disappearance of 14C glucose from pre
labeled glycogen are shown in Fig. 3b for the control and PB hepatocytes and 
CS and CD hepatocytes. Glucagon enhanced glycogen degradation in all groups 
to the same magnitude. 

HEPATOCYTE EGF RECEPTORS IN RATS FED A PB OR A CD DIET 

In order to determine whether the hepatocyte membrane receptor altera
tions induced by liver tumor promoters are limited to the peptide hormone 
receptors or affect receptors for other types of peptides, we examined the 
binding of EGF to hepatocytes of rats fed a CD diet, PB diet and CD + PB 
diet. The EGF receptor assays were based on the method of Carpenter 19 and 
the assays were carried out with freshly prepared hepatocytes, at 4°C and at 
37°C. The former represents the surface binding and the latter the net 
intra-cellular binding of EGF. Fig. 5 shows the results of the effects of 
CS, CD, CS + PB and CD + PB diets on the number of EGF receptors. In our 
preliminary experiments, we found a lower number of EGF receptors on hepato
cytes of rats fed a CS diet than those on hepatocytes of rats fed a commer
cial purina chow. The differences in the composition of these two diets may 
account for this effect. Feeding a CD or PB diet for 3 days produced no sig
nificant effect. After 10 days feeding, a CD diet and PB induced 53% and 60% 
decreases respectively of the surface receptor number. While PB induced no 
further reduction in the receptor number after 28 days, rats fed a CD diet 
after 28 days showed a slight recovery in the EGF receptor number. The com
bination of a CD and PB diet produced a greater decrease in the receptor num
ber than that observed with either the PB or CD diet alone. A significant 
decrease was evident even at 3 days of feeding the combined diet when neither 
of the diets alone had any effect on the binding. The effect of the experi
mental diets on Kd of EGF receptor determined at 4°C is shown in Table 1. 
All the experimental diets, either alone or in combination produced a 50% de
crease in the Kd at 10 and 28 days. At 3 days, the changes in Kd were appar
ent only in the hepatocytes of PB and CD + PB-treated rats. The intracellu-
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lar binding of EGF as assayed at 37°C showed that both PB and CD + PB diet 
decreased the binding activity similar to the results of surface receptors. 
However, a CD diet alone induced no significant changes in the intracellular 
binding as compared to the control CS diet. 

DISCUSSION AND PERSPECTIVE 

The results presented here together with the findings of our earlier 
study 16 clearly show that two prototype liver tumor promoters, a CD diet and 
PB, induced a significant and selective alterations in the properties of 
hepatocyte surface receptors for a specific hormone and a growth factor. The 
findings are summarized in Table 2. Both PB and a CD diet induced the 
changes in insulin and EGF receptors but their effects on glucagon receptors 
were negligible. The insulin and EGF receptors have a common feature that 
both receptors are associated with tyrosin kinase activity, and the receptors 
are autophosphorylated preferentially at the tyrosin residue upon ligand-re
ceptor interaction 20. Glucagon receptor mediated actions involve activation 
of the adenylate cyclase-cyclic AMP system. Furthermore, when a PB and CD 
diet were combined, the decrease in the EGF receptor number was accentuated 
over that produced by either of the diets alone. In our recent studies, 
similar augmenting effect of the combined diet was observed in the decrease 
of the number of hepatocyte insulin receptors. Earlier we demonstrated that 
the combination of a PB and CD diet exerted a stronger promoting action than 
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each agent alone 21. The findings suggest that the overall changes of the 
hepatocyte receptors may be, in part, related to the promoting action of the 
two agents. Even though a PB and CD diet exert the common effect of liver 
tumor promotion, they often differ in their biological and biochemical ef
fects on the liver 22. The receptor alterations represent the first biochemi
cal effect shared by the agents. Both agents may alter the cell surface re
ceptors by changing the phospholipid composition of the cell membranes or by 
altering receptor production. Alternatively the receptor changes induced by 
a CD diet may be the pathological consequences of peroxidative damage of cell 
membrane lipids 10. 

An increasing number of reports indicate that changes in cell surface 
receptors for various growth factors are associated with cellular malignant 

Table 1. Effect of a CS, CD, CS + PB and CD + PB diets on dissociation 
constant of EGF receptor 

Treatment 

Chow 
Choline sufficient 
Choline deficient 
Choline sufficient 
plus phenobarbital 
Choline deficient 
plus phenobarbital 

Dissociation constant of EGF receptor (nM) 

3 days 10 days 28 days 

1.01 ± 0.12 1.72 ± 0.10 0.97 ± 0.15 
0.87 ± 0.18 0.81 ± 0.11 0.80 ± 0.22 
0.85 ± 0.21 0.52 ± 0.l3 0.47 ± 0.26 
0.46 ± 0.l3 0.44 ± 0.09 0.47 ± 0.08 

0.49 ± 0.14 0.43 ± 0.11 0.40 ± 0.12 

Data represent mean ± SD. Significant differences (p < 0.001) exist be
tween the control (CS) and the treatment groups by ANOVA test. 
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Table 2. Hepatocyte surface receptor alterations by liver tumor promoters 

Promoter 

Choline deficient diet 

Phenobarbital 

Choline deficiency 
plus phenobarbital 

Cell surface receptors 

Insulin Glucagon 

No. Kd. No. Kd. 

{- {-

{- {-

H {-

No changes; {- decrease; {-{- decrease over {- . 

EGF 

No. Kd. 

{- {-

{- {-

H H 

transformation 14. The structural homologies between certain cellular onco
genes and cell surface receptors, including EGF and insulin receptors, have 
been reported 23. Thus, the receptor alterations may be coupled with altered 
control of oncogene expression. The decrease in receptors for several lig
ands have been demonstrated in the liver after exposure to carcinogens 24 and 
to liver tumor promoters 25,26. EGF binding is decreased in several trans
plantable hepatomas 20 and the progressive decrease in EGF binding in normal 
liver, preneoplastic nodules and hepatomas during hepatocarcinogenesis has 
been reported 27. These observations suggest that the decrease in insulin and 
EGF binding induced by liver tumor promoters may alter the control of liver 
cell growth. A number of peptides other than insulin and EGF have been im
plicated to participate in the process 28. Several liver cell specific growth 
factors have been demonstrated 29 which may also exert their effects through 
the receptor mediated events. More recently the transforming growth factor B 
has been shown to be involved in the control of liver cell proliferation 30. 

It is conceivable that changes in anyone of the cell surface receptors in
volved in liver cell growth may lead to disturbances of the homeostatic 
growth control of the liver cells, and such changes may playa critical role 
in liver tumor promotion. In-depth analyses of the alterations of hepatocyte 
surface receptors may be a fruitful avenue to explore the mechanism of liver 
tumor promotion. 
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The role of diet in the modulation of carcinogenic process is known for 
several years. However, most of the emphasis was on how different macro and 
micro-constituents of diet can alter the biology of the system with respect 
to different carcinogens and modify the carcinogenic potential of the latter 
either by enhancing or diminishing the carcinogenicity to different organs. 
Recently, we and two other laboratories1- 5 have shown that about 50% of rats 
develop hepatocellular carcinoma when fed a diet which is devoid of choline 
and low in methionine (Cn) without any added carcinogen. The role of choline 
deficiency as a promoter in the carcinogenic process has been established 6-Z 
The recent demonstration that CD alone without any added carcinogens caused 
liver cancer strongly suggests that CD both initiates and promotes, i.e. it 
is a carcinogenic regimen. This observation raised a puzzling question as to 
how the absence of something can cause initiation. A hypothesis has been 
proposed 8 based on the following observations: (a) early hepatic nuclear li
pid peroxidation which occurs in choline deficiency 9 is followed closely by 
(b) DNA alteration 10 and (c) liver cell proliferation 11. These may represent 
the chain of events leading to initiation, promotion and eventually to cancer 
in this model where no known carcinogen is added. 

CHOLINE DEFICIENT DIET AS A COMPLETE CARCINOGEN 

The observation that rats exposed to a CD diet without any added car
cinogen develop a 100% incidence of hepatic nodules and 50% incidence of 
hepatocellular carcinoma 4 suggests that CD is a complete carcinogen regimen. 
The ability of the CD diet as a promoter when liver cells are initiated by a 
chemical carcinogen is well established 6 ,Z This observation is to be ex
pected, since we now know that CD is a complete carcinogen. 

CD diet can initiate rat liver 12. The generation of initiated hepato
cytes was monitored by the appearance of Y-GT positive foci with the imposi
tion of a strong selection procedure for resistant hepatocytes, a phenomenon 
induced by many chemical carcinogens 13 • These resistant hepatocytes are 
precursors of hepatocyte nodules and these in turn are at least one site of 
origin for hepatocellular carcinoma 14-1~ However, unlike many hepatocarcino
gens, it takes about 10 weeks of exposure for a CD diet to induce initiated 
hepatocytes 12. 
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INITIATION WITHOUT A CARCINOGEN 

The question that remains is how initiation can occur without the active 
participation of a carcinogen. There is evidence 16-17 that free radicals can 
cause DNA damage which coupled with proliferation can lead to initiation. 
Therefore it was logical to look for the generation of free radicals in the 
liver of rats on CD diet. 

Evidence for Free Radical Involvement in CD Model 

Diene Conjugates in Lipids. Current views favour the thesis that lipid 
peroxidation is due to the genesis of free radicals. We have demonstrated 
that hepatic nuclear lipid peroxidation can be detected within 24 h after the 
exposure to a choline deficient diet (Fig. 1). 

4-Hydroxyalkenals. Generation of 4-hydroxyalkenals from peroxidized 
lipid in livers have been demonstrated in carbon tetrachloride treated rats 
and in liver preparations with in vitro forced peroxidation 18 ,19. Fig. 2 
shows that within 2 days after the exposure to the CD diet, hydroxyalkenals 
can be detected histochemically in the rat liver using Schiff reagent. In 
contrast, livers from rats on the CS diet (control) for up to 5 days did not 
show any Schiff positive staining. 4-Hydroxyalkenals were also detected bio
chemically, 48 h after the exposure to the CD diet. 

Free Radical Trapping 

The next series of experiments was designed to provide additional evi
dence about the generation of free radicals on exposure to the CD diet. We 
argued that if free radicals can be trapped by a free radical trapping agent, 
e.g., N-tert-butyl-u-phenylnitrone (PBN), then such an agent should also pre
vent CD-induced nuclear lipid peroxidation. Free radicals generated fromCCl4 
can be trapped by PBN20. Accordingly, PBN prevented CCl4 induced microsomal 
lipid peroxidation 21. If CD diet causes free radical generation in the liver 
then challenging the rat with PBN would be expected to inhibit lipid peroxi
dation. The results shown in Fig. 3 clearly indicate that PBN, when given 
before the start of lipid peroxidation in the rat fed the CD diet totally 
prevented lipid peroxidation. Further generation of lipid peroxidation can 
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Fig. 1. Ultraviolet absorption spectra and difference spectrum (inset) of 
nuclear lipids recovered from the livers of rats exposed to the CD 
or CS diets for 24 h. The difference spectrum (inset) was obtained 
by subtracting the values at each wavelength for control (CS) from 
the values for experimental (CD). 
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Fig. 2. Shiff-positive staining (for hydroxy alkenals) in hepatocytes 1n 
zones 2 and 3 in a rat exposed to CD diet for 2 days. The ter
minal hepatic vein (central vein) is indicated by arrows, x 25. 

also be stopped when the rats are challenged with PBN while peroxidation is 
in progress 21. Interestingly, PBN did not inhibit CD induced hepatic ljpid 
accumulation. 

NATURE OF FREE RADICALS IN CD INDUCED LIPID PEROXIDATION 

Having established that CD induces free radical mediated lipid peroxida
tion, it became important to determine the mechanism by which CD increases 
the free radical status in hepatocytes. 
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Fig. 3. The prevention of nuclear lipid peroxidation in rats exposed to CD 
diet by PBN. (~) CD, killed at 50 h; (.--. ) CD + PBN at 12 
and at 24 h and killed at 50 h; (...--.) CD, killed at 12 h. 
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Table 1. Glutathione and free radical metabolism rel
ated enzymes in CD induced in rat liver 

Glutathione 

Glutathione peroxidase 
Glutathione reductase 
Superoxide dismutase 
Catalase 
DT-diaphorase 

increased significantly 
(2 to 3 times) 
No change 
No change 
No change 
No change 
No change 

There are several ways by which a free radical induced lipid peroxida
tion might be achieved: (a) a decrease in the free radical scavenging systems 
in the cell, (b) excessive generation of free radicals, e.g., superoxide, 
hydroxy radicals, etc., (c) excessive susceptibility of membranes for attack 
by normally generated free radicals or a combination of all the above three. 

STATUS OF FREE RADICAL SCAVENGING ENZYMES 

We measured glutathione peroxidase, glutathione-S-transferase, super
oxide dismutase, catalase and DT-diaphorase and could not detect any signi
ficant change in the level of these enzymes in the liver of rats fed the CD 
diet when compared with animals on the CS diet 22 • See also Table 1. 

GLUTATHIONE STATUS 

Glutathione has been implicated in protecting the hepatocytes against 
reactive oxygen species and free radicals 23. Glutathione levels both in the 
cytosol and whole liver homogenate from 1 to 8 days after exposure to CD diet 
were determined and it was found that glutathione content does not decrease, 
if at all it increases steadily from 1 to 8 days following exposure to CD 
diet 22. (See also Table 1). 

DISCUSSION 

The major question which emerges from this presentation is how a diet 
which is devoid of choline (CD) can cause liver cancer without any known 
participation of carcinogen. The diet used was nutritionally adequate in 
respect to growth of animals. The CD diet exposure to young adult rats does 
not cause any major alterations to any organs excepting some very early 
changes and eventual cancer in the liver. 

Emanating from here were three key questions. Firstly, does the process 
of initiation by this CD regimen take a totally novel pathway or follow the 
same pattern as present day paradigm accepted for chemical carcinogenesis? 
Secondly, what is the mechanism of initiation in this model in the absence of 
any exogenous carcinogens? Thirdly, if the CD regimen follows the same 
pattern of initiation then why unlike most of the chemical carcinogens does it 
take about 10 weeks for initiation? 

Our presentation amply justifies the hypothesis that this CD model 
follows the same pattern of DNA damage, cell proliferation and initiation. 
The observation that free radicals generated in vivo by metabolic imbalance 
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Table 2. Experiments suggesting "spontaneous" existence 
of initiated hepatocytes 

Observations 

Y-GT positive hepatocytes 
in zone 1 - exaggerated by 
exposure to phenobarbital. 
No preneoplastic nodules 
or cancer. 

Old animals or chronic 
treatment with phenobarbital, 
1-2 cm 2 Y-GT positive foci 
without any appearance of 
preneoplastic nodules or 
liver cancer. 

Six per cent incidence of 
hepatocellular nodules or 
carcinoma in aged rats. 
Phenobarbital treatment did 
not increase the incidence. 

References 

Kitagawa et al. 
Gann 71:362 (1980). 

Ogawa et al. ~ Natl. 
Cancer Inst. 67:407 
(1981).--
Schulte-Hermann et al. 
Cancer Res. 43:837 
(1981). 

J. M. Ward, J. Natl. 
Cancer Inst. 71:815 
(1983). 

the biological effects of which is of great significance. The generation of 
free radicals in the liver due to CD diet is detected by indirect evidence, 
which includes (a) lipid peroxidation in the nuclei, (b) the genesis of 
hydroxyalkenals in association with lipid peroxidation, and (c) prevention of 
lipid peroxidation by the free radical trapping agent PBN. Subsequent to 
lipid peroxidation, DNA alterations can be detected 10. The present challenge 
is that neither the genesis and nature of free radicals nor the cause of DNA 
alterations are known at present in this CD model. The important question to 
answer is how lipid peroxidation is initiated in this model without any ap
parent exogenous agent. Three possibilities by which CD diet might cause 
lipid peroxidation have been considered. (a) An increased generation of free 
radicals, (b) increased susceptibility of membranes to oxidative damage or 
(c) a decreased availability of free radical scavenger and enzymes. As shown 
in this study the status of various enzymes detoxifying oxygen radicals 
remains virtually unaltered during the period when active lipid peroxidation 
in the nuclei was in progress. Thus the third possibility that the increased 
susceptibility of hepatic nuclear lipid peroxidation in rats fed a CD diet is 
due to a deficiency of oxygen radical detoxifying machinery may be eliminated 
at least at the very early stages. Other two possibilities (a) and (b) as 
mentioned above are being investigated at present. 

Thus, it is clear that choline deficiency is a complete carcinogen with 
respect to liver. The possibility of "spontaneous" origin of initiated hepa
tocytes has been suggested from several laboratories. This suggestion has 
prompted some investigators to believe that liver cancer arising from a CD 
diet may be due to promotion of preexistent initiated hepatocytes. Table 2 
shows that some altered hepatocytes may exist in the very old animals but 
promoting agents e.g. phenobarbital treatment could not promote them further 
to hepatocyte nodules or to hepatocellular carcinoma. In our laboratories 
when rats not exposed to initiating treatments were kept on promoting agents 
like 1% orotic acid or 0.05% phenobarbital for nearly two years no cancer was 
observed in the liver. Furthermore, when a strong promoting regimen like 
0.02% 2-acetylaminofluorene coupled with partial hepatectomy 13 was applied to 
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rats without preinitiation by any carcinogen, no hepatocellular carcinoma 
developed within two years. 

Recently, we kept rats on a CD diet for 11 weeks (the time when liver 
cells are initiated by CD diet, see ref. 12), then CD diet was replaced by 
laboratory chow diet (No. 5001) for more than two years. Out of 15 rats not 
a single rat developed hepatocellular carcinoma. It should be pointed out 
that when rats are initiated with one of several carcinogens, feeding a CD 
diet for a period of 5 weeks as a promoting procedure generate many ~-GT 
positive foci2~,2~ Thus, the studies on the presumed presence of initiated 
hepatocytes without prior exposure to a carcinogen seem to remain specula
tive. 

Another important observation that merits consideration is the long ex
posure of 10 to 11 weeks required for CD to initiate hepatocarcinogenesis in 
spite of very early occurrences of DNA alterations and cell proliferation. 
Since exposure to a CD diet results in extensive liver cell necrosis, it 
could be that initiated hepatocytes are eliminated by CD-induced necrosis. 
It may be noted that CD is not the only treatment which takes a long time to 
initiate. There are other instances e.g. ethionine, aflatoxin 81 etc. 
Ethionine inhibits cell proliferation very effectively. Probably even the 
initiated cells are also prevented to proliferate for a long time. Aflatoxin 
8 1 on the other hand is a very potent hepatotoxic agent. Possibly, due to 
its toxicity it takes 10-12 weeks of multiple exposures for B1 to induce in
itiated hepatocytes. It is known that 50% of the liver cells die due to CD 
diet within 1 to 2 weeks 11,26. It is not unreasonable to suggest that like 
B1 cell death may be a determinant of delayed initiation by CD. Experiments 
are in progress to test this hypothesis. 
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MODULATION BY POLYUNSATURATED LIPID DIETS OF NITROSAMINE-INDUCED 

CANCERS IN RATS: EFFECTS ON PROOXIDANT STATE AND DRUG METABOLISM 

INTRODUCTION 
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Dietary lipids are associated with increased risks for certain types of 
cancer, especially those of the breast and colon. This enhancing effect has 
been documented in humans by epidemiological studies 1,2,3, as well as by stu
dies in experimental animals 4 ,5,6,7,B. Although the association between di
etary lipids and carcinogenesis has been known for a long time, the molec
ular mechanism by which lipids modulate tumor development remains largely un
known. 

We have studied the modulating effects of diets with various fat con
tents on nitrosamine-induced cancers in rats by monitoring simultaneously in
dicators of lipid peroxidation (LPO), antioxidant defence, drug-metabolizing 
enzymes, membrane composition and blood chemistry. These parameters were 
measured during the course and at the end of experiments, in different organs, 
blood, urine and exhaled air. The tumor yields in different treatment groups 
were related to the biochemical changes measured 9. A brief account of the 
major findings is given below. 

MATERIALS AND METHODS 

Animals, Diets and Carcinogen Treatment 

Experiment I: Male Wistar rats (n = 144) were taken into the experiment 
after weaning at the age of three weeks. Low fat (LF) and high fat (HF) diets 
were purchased from ICN Nutritional Biochemicals (Cleveland, OH, USA) as 0 and 
45% fat diets. During the first eight weeks of the feeding period, the HF 
diet contained 45% (w/w); for the rest of the experiment, it consisted of 
30% (w/w) polyunsaturated fat (cotton-seed oil). This diet was prepared by 
mixing the 45% and 0% fat diets. The LF diet was totally fat-free for the 
first 20 weeks; thereafter, to avoid symptoms of essential fatty acid defi
ciency, 2% sunflower oil was added. In order to ensure an equal energy in
take for rats in the two groups, they were pair-fed. Food intakes and week
ly weight gain were measured for the duration of the experiment. After two 
weeks on the diets, the groups were divided and one half was given N-nitroso
diethylamine (NDEA) (3 mg/kg bW) intragastrical1y on five days per week for 
ten weeks; the contr~l group received an equal volume of 0.9% NaC1. Some 
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rats in each group were killed at 4, 12, 30 and 40 weeks after the beginning 
of feeding, and samples were taken from all organs and tissues for histologi
cal analysis and biochemical assays. 

Experiment II: Groups of male Wistar rats (n = 73) were fed after wean
ing diets containing 2%, 12.5% or 25% by weight of either saturated fat (SF, 
lard) or polyunsaturated fatty acids (PUFA, sunflower oil). The diets, pre
pared by Usine d'Alimentation Rationnelle (Villemoisson, France), contained 
no added antioxidants; details of its composition are given elsewhere 9. Pos
sible auto-oxidation of dietary lipids was checked routinely by analyzing the 
malondialdehyde (MDA) content. One group of rats on the 25% polyunsaturated 
fat diet was also given indomethacin in the diet (50 mg/kg w/w). Another 
group of rats was fed standard laboratory chow (IARC diet). After ten weeks, 
each dietary group was divided, and one (n = 44) then received intragastric 
doses of N-nitrosodimethylamine (NDMA, 200 ~g/rat) dissolved in 1 ml of water 
on 5 days per week for 30 weeks, a dose expected to produce hepatocellular 
tumors in about half of the animals 10. Rats in all groups grew normally, and 
no difference was seen in weight gain between the groups. 

For short-term studies on LPO, male Wistar rats (6-10 weeks old) were 
used. NDMA was dissolved in water prior to intraperitoneal administration at 
the doses indicated in the text. 

For measurement of oxidative stress at the tissue level, rats were killed 
by decapitation 10-60 min or 24 h after dosing. The liver was removed and he
patic tissue fractions prepared by routine procedures immediately after sacri
fice. All analyses of LPO were carried out on freshly prepared tissue frac
tions. Lipids were extracted from tissue specimens by the conventional chlo
roform-methanol procedure. 

Lipid Peroxidation (LPO) 

The extracted lipid fraction was used to estimate the levels of diene 
conjugation 11 ,12 and fluorescent products of LP0 13 . The amount of thiobarbi
turic acid (TBA)-reactive material was measured in the S9 fraction of li
ver1~. NADPH-stimulated, lucigenin-dependent chemiluminescence in microsomal 
fractions was measured using a Wallac 1251 Luminometer 15 ,16. 

The rate of ethane exhalation of individual rats was measured as describ
ed by Wendel and Dumelin 17. Superoxide dismutase (SOD) activity (Cu/Zn form) 
was assayed as described by Flohe and Otting 18 . 

Cytochrome P450 concentration and drug-metabolizing enzymes were deter
mined using standard procedures, similar to those reported by Hietanen et 
al. 19 . The production of NADPH by the hexose monophosphate shunt (HMS), 
which is the sum of glucose-6-phosphate dehydrogenase and 6-phosphogluconate 
dehydrogenase activities, was determined as described by Clock and McLean 20. 
The fatty acid compost ion of liver microsomal phospholipids was analyzed by 
gas chromatography as described by Norred and Wade 21 . 

RESULTS AND DISCUSSION 

Major biochemical changes and tumor outcomes in different treatment 
groups in experiment I are summarized in Table 1. 

NDEA-induced Tumors in Rats Fed HF and LF Diets 

In NDEA-treated groups, there were more tumors in rats on the LF (18/23) 
than in those on the HF (13/22). However, the level of fat in the diet 
strongly affected the tissue distribution of tumors: rats on the HF diet had 
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almost exclusively liver tumors (12 hepatocellular carcinomas, 1 hemangiosar
coma), while only 9/23 rats on the LF diet did so (p < 0.1); LF animals had 
several extrahepatic tumors (eight of the nervous system and seven in the 
kidney) some animals having multiple tumors. 

Monooxygenase Activities 

Monooxygenase activities were measured using six different xenobiotic 
and endogenous substrates. Changes related to dietary fat were seen mainly 
at early time points and not in all monooxygenase activities: ethoxycoumarin 
O-deethylase, testosterone 62-hydrolase and NDMA demethylase activities were 
increased by the HF diet. Testosterone 7a- and 16a-hydroxylase activities 
were higher in rats of the LF group, and aryl hydrocarbon hydrolase and 
ethoxyresorufin Q-deethylase showed no diet-related alteration. 

NADPH Production by the HMS in Liver 

NADPH production by the HMS in liver cytosol was affected dramatically 

Table 1. Major biochemical changes induced by LF and diets with and 
without NDEA treatment, with tumor outcome 

Total no. of tumors 
Liver tumors 
Extrahepatic tumors 

Plasma b 

Total cholesterol 
Free cholesterol 
Triglyceride 
Glutathione-

peroxidase 

Exhaled ethane 

Liver 
P4SD b Cytochrome 

Monooxygenases 
NADPH production 
SOD 
MDA 
Chemiluminescence 
PUFA 
SF 

Extrahepatic organs b 

Renal glutathione 

a 
0, no treatment. b Data 

crease; f/J no change. 

HF/O a 
vs LF/O 

1-
1-
1-

f/J 

t 

t 
t 
1-
t 
t 
t 
t 
1-

t 

HF/NDEA 
vs LF/NDEA 

t 
t 
t 

f/J 
f/J 
f/J 

f/J 

f/J 

t 
t 
t 
t 
t 
t 
t 
t 

HF/NDEA 
vs HF/O 

t 
t 
t 

f/J 
t 
1-

t 

t 

f/J 
f/J 
f/J 
f/J 
f/J 
f/J 
f/J 
f/J 

f/J 

LF/NDEA 
vs LF/O 

t 
t 
t 

1-
1-
1-

f/J 

t 

f/J 
f/J 
f/J 
f/J 
f/J 
V> 
f/J 
f/J 

f/J 

not discussed in the text. 1- Decrease; t in-
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by the level of dietary fat: up to 12 weeks' feeding, the amount of NADPH 
produced was about 20 times higher in the LF than in the HF group, while the 
cytosolic protein concentration remained unaffected. After this period, the 
activity of the HMS in the LF group decreased, but a diet-related difference 
of about 2.5-3-fold remained at the end of the 40-week feeding period. NDEA 
treatment had no effect of NADPH production by the HMS. As rats in the LF 
and HF groups were fed equicaloric diets, different carbohydrate intakes 
cannot explain these large differences. Thus, it appears that the fat intake 
also controls HMS activity in the liver; however, it is not known whether 
such differences affect tumor outcome. In red blood cells, the amount of 
NADPH is important in controlling (indirectly, through the action of gluta
thione reductase) tissue levels of antioxidant defence, and an increased cel
lular prooxidant state has been linked to processes of carcinogenesis 22 • 

Membrane Composition and Lipid Peroxidation (LPO) 

When comparing the fatty acid compostion of phospholipids in liver 
microsomes of rats fed HF and LF diets (without NDEA treatment), significant 
diet-related differences were found: the HF diet enhanced the relative amount 
of PUFA. The relative amounts of palmitic, stearic and linolenic acids were 
smaller in the HF group, and oleic, linoleic and arachidonic acid levels were 
higher than in the LF group. 

LPO, as measured by TBA in hepatic microsomes, was increased several 
fold by the HF diet. No difference was found between NDEA-treated and un
treated animals. Similarly, measurement of chemiluminescence in liver micro
somes revealed an increase in lipid peroxidation by the HF diet (Table 2). 
In both the above assays, the microsomal lipid peroxidation was estimated 
after stimulation by ADP-Fe++ and/or NADPH. Thus, the results indicate that 
liver microsomal membranes of rats on a HF diet are more prone to LPO. 

Exhaled ethane was used as a measure of whole body LPO after 40 weeks on 
diet (Table 2). Ethane exhalation was elevated significantly in the HF/O 
group over that in the LF/O group. In both groups, NDEA treatment markedly 
enhanced ethane exhalation. On an individual basis, ethane exhalation was 
similar in rats with liver and extrahepatic tumors. On a group basis, ethane 
production was closely related to the prior NDEA administration. 

The level of Cu/Zn SOD activity was higher in animals on the HF diet up 
to 20 weeks of age. Between 20 and 45 weeks, however, SOD activity in the HF 
group declined by about 50%. No such decrease was seen in the LF group. 

The data summarized in Table 1 (experiment I) might explain both the 
higher rate of hepatic tumors in the HF/NDEA vs the LF/NDEA group, as well as 
the higher yield of extrahepatic tumors in LF/NDEA vs HF/NDEA. (I) The high
er hepatic monooxygenase activities in the HF/NDEA and HF/O groups in com
parison with LF/NDEA and LF/O groups suggest enhanced oxidative metabolism of 
NDEA, leading to more DNA damage. (II) Conversely, in the LF/NDEA group, 
higher levels of NDEA could circulate in the blood, as the first-pass clear
ance in the liver would be less effective; thus, NDEA would reach extrahepat
ic organs at higher concentrations. (III) As a result of the higher content 
of PUFA in phospholipids in liver-cell membranes, LPO is greatly enhanced in 
liver microsomes by the HF diet, and further by NDEA. The increased cellular 
prooxidant state linked to promotion/progression steps in carcinogenesis 22 

could explain the increased yield of liver tumors in the HF group. 

In experiment II, NDMA produced mainly hepatic hemangiosarcomas. Up to 
12.5% fat in the diet resulted in similar incidences of tumors, whether the 
diet contained SF or PUFA. However, when the dietary fat content was 25%, 
the group of rats on PUFA had more liver tumors (12/15) than the group on the 
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Table 2. Ethane exhalation in vivo, chemiluminescence and MDA production 
(TBA-reactive material) of hepatic microsomes (NADPH stimulat
ed) of rats after 40 weeks on various fat diets with and with
out NDEA treatment 

Diet/treatment a Ethane exhaled b 
(nmol/kg b.w. x h) 

LF/O 1.05 ± 0.30 
LF/NDEA 3.63 ± 0.63 ** 
HF/O 2.20 ± 0.36 'I~ 

HF/NDEA 3.76 ± 0.30 *"1: 

HF/NDEA (tumor) 

NADPH stimulated 

Chemiluminescence c 
(x 103 mV/nmol cyt. 
P450) 

6 960 ± 590 
7 070 ± 1 690 
7 660 ± 680 
9 560 ± 1 420 

28 670 ± 9 040 

MDA production 
[~mol/20 min x 
(g wet wtr 1 1 

2.2 ± 0.2 
3.2 ± 0.6 

12.9 ± 0.7 
12.5 ± 2.3 
7.2 ± 2.4 

aO, not treatment. bStatistical analyses are shown as compared to respec
tive dietary group without NDEA: **, P < 0.01; *, significantly higher 
(p < 0.05) than respective LF/O group. cUnder optimal conditions in 0.1 M 
Tris buffer, pH 7.4, in the presence of 0.25 mM (final conc.) lucigenin, 
0.2 mM NADPH, and 0.25 - 0.5 mg microsomal protein; peak values were 
recorded. Mean ± SEM from 4-6 animals. 

SF diet (5/12). In the group fed 25% PUFA, indomethacin at 50 mg/kg diet re
sulted in a decreased tumor incidence (9/14). 

Ethane exhalation in different groups of rats was monitored ten, 20-27 
and 43 weeks after the start of feeding (Fig. 1). When the amount of SF or 
PUFA dietary fat was raised from 2% to 12.5%, the rate of ethane exhalation 
increased. A further increase in the level of dietary fat did not, however, 
augment ethane production: animals receiving either 12.5% or 25% fat in the 
diet exhaled at similar rates. With the exception of rats on 2% dietary fat, 
animals consuming PUFA produced more ethane than those on SF diets. Within 
all dietary groups, administration of NDMA elevated ethane production by two 
to four times, and the increase brought about by NDMA was more pronounced 
than the variation in dietary lipid content. This increased LPO by NDMA was 
confirmed in short-term experiments (see below, 23, 24). 

The presence of 0.005% indomethacin in the 25% PUFA diet diminished 
ethane production to less than that seen with 2% fat (Fig. 1). Moreover, in 
rats treated with NDMA, indomethacin suppressed the increase in ethane exha
lation. 

Induction of LPO by NDMA was investigated further. A single intraperi
toneal administration of NDMA to rats increased the amount of ethane in ex
haled air in a dose-related manner (Fig. 2), and a dose of 6.7 ~mol/kg (the 
lowest dose tested) was sufficient to enhance ethane exhalation. The rate of 
ethane exhalation increased rapidly during the first 60 min after single ad
ministration of NDMA, and remained elevated for several days (Fig. 2B). 

As reported previously 23,2\ NDMA treatment rapidly enhanced LPO in liver 
tissue. The greatest increase was seen in the amount of diene conjugation 
and fluorescent products. These two measures of LPO, like microsomal NADPH
stimulated chemiluminescence, showed highest levels 20 min after dosing, 
whereas the production of TBA-reactive material was maximal 60 min after the 
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Fig. 1. Ethane production in rats on diets with different fat contents, 
with or without NDMA; mean (n = 3-5 rats). P, polyunsaturated fat; 
S, saturated fat; ind, indomethacin. 

dose. The values for fluorescent and TBA-reactive products were still above 
control levels 24 h after dosing. 

It was found earlier 24 that in isolated rat hepatocytes 1ucigenin-depen
dent chemiluminescence and hydrogen peroxidase release are increased by 
micromolar concentration of NDMA. NADPH-stimulated ethane production by he
patic microsomes (from untreated rats) was also increased in the presence of 
2-8 ~M NDMA. 

Two further carcinogenic nitrosamines were tested for their ability to 
induce oxidative stress in vivo. ~-nitrosodiethanolamine, which is hepato
carcinogenic to rats, enhanced ethane exhalation and LPO in the liver, al
though when compared to NDMA, a higher dose was required. N-Nitrosomethyl
benzylamine which is an esophageal but not a liver carcinog~n in rats, had no 
effect on LPO. Thus, the hepatocarcinogenic nitrosamines induce LPO in the 
target tissue, and this effect is not related to the acute toxicities of 
these compounds 23 • 

In summary, our results indicate, for the first time, that the amount 
and composition of dietary lipids modify the oxidative state in experimental 

animals in vivo, as measured by LPO. 

We found that the rate of LPO in vivo is raised more readily by PUFA 
than by SF in the diet. This finding is not unexpected, since only PUFA can 
serve as substrates in LPO reactions. Experimental studies have indicated 
generally that PUFA are more effective than fats containing mainly SF in 
enhancing chemically induced tumors 25 ,5,26, as we found in experiment II. The 
finding that the amount of LPO was similar in rats receiving 12.5% and 25% 
fat in the diet was unexpected. 

Administration of the hepatocarcinogens NDMA and NDEA at relatively low 
doses also markedly enhanced ethane production, independently of the level of 
fat in the diet. It has been demonstrated that the superoxide anion and hy
drogen peroxide form during normal cytochrome P450-mediated metabolism of 
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xenobioticS 27 • The results presented here suggest that reactive species ge
nerated during carcinogen metabolism increase the peroxidation of cellular 
lipids. The possible consequences of this effect in carcinogenesis remain to 
be investigated. 

A conspicuous finding in the present study was the suppression of LPO by 
indomethacin in vivo at doses that are comparable to those used for therapy 
in humans. The results cannot, however, elucidate the mechanism by which 
indomethacin blocks peroxidation induced by dietary lipid and NDMA. It may 
represent a further link between prostaglandin synthesis and LPO, since it is 
well known that products of LPO regulate prostaglandin synthesis 28 • 

In conclusion, our results suggest that dietary lipids regulate the car
cinogenesis process in a complex way, depending on both the quantity and the 
quality of dietary fats, and especially the degree of saturation. Under our 
experimental conditions, dietary fats appear to be strong modulators of ni
trosamine-induced tumors in rats, affecting both the incidence and distribu
tion of target organs. Of all the parameters examined, exhaled ethane ap
peared to be most closely related to the risk of developing tumors on a group 
basis. It may thus be useful to study its predictive power for cancer de
velopment longitudinally. 
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LIPIDS AND COLONIC CARCINOGENESIS: FACT OR ARTEFACT? 

INTRODUCTION 

Myriam Wilpart and Marcel Roberfroid 

Laboratoire de Biochimie Toxicologique et Cancerologique 
U.C.L. 73.69, B-l200 Brussels, Belgium 

Life style and dietary habits play an important role in the causation 
and development of a number of major human cancers1. This conclusion is 
partly supported by evidence from epidemiological and laboratory animal stud
ies. Investigators have attempted to study the mechanisms by which diet may 
influence carcinogenesis and to examine the ability of nutrients, food compo
nents or non-nutritive food additive components to enhance or to inhibit car
cinogenesis. Cancer of the colon is one of the most common tumors observed 
in the affluent western populations 2 for which the relationship between epi
demiological and laboratory findings and an overall assessment of the influ
ence of diet on carcinogenesis is not straight forward. 

THEORY OF CARCINOGENESIS: CONCEPT OF MODULATION 3 

The natural history of cancer development begins with the initiating 
treatment. If initiation is necessary and sufficient, the process progresses 
to malignancy even in the absence of further exogenous treatment. 

That progress can be modified by modulating treatments. If these treat
ments shorten the latency period before the appearance of the malignancy, 
they are said to induce a positive modulation, part of which is equivalent to 
what has been called up to now a "promotion". Such a positive modulation may 
be the consequence of dietary imbalances of surgery or of repeated doses of 
initiator. If these treatments increase the latency period for the appearance 
of malignancy, they are said to cause a negative modulation which is the ob
jective of cancer chemoprevention. Such a negative modulation can result 
from administrating free radical scavengers or antioxidants or by rebalancing 
dietary habits such as e.g. by increasing fiber and/or reducing fat intakes. 
The present report shows experimental evidence for a positive modulation of 
colonic carcinogenesis by dietary lipids. 

DIETARY FAT AND COLON CANCER: RESULTS FROM ANIMAL STUDIES 

Critical Evaluation 

During the last decade, many reports have been concerned with the influ-
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ence of dietary lipids on chemically initiated experimental carcinogenesis 
both in rats and in mice. However, interpretation of the data is difficult 
because they have been provided by various experimental protocols in which 
different fatty diets were administered to rats belonging to various strains 
treated by carcinogens differing in nature and doses. Knowing the differ
ences between rat strains with regard to the metabolism of the carcinogens it 
would be expected that such variable protocols would lead to important varia
tions in the tumor-modulating effect of fat. Moreover, in most cases, it was 
not stated whether injected dose of carcinogen was adjusted for the increase 
in weight of animals that occurs with aging. In some studies, the total dose 
of the injected carcinogen (mg/kg/rat) was so high that a cancer incidence of 
100% was observed in the control group of treated rats. Consequently, it was 
thus not possible to detect any influence of high fat diets on tumor inci
dence. 

The use of poorly defined diets of varying caloric density caused dif
ferent intakes of other nutrients which might have produced experimental ar
tefacts4,~ The number of tumorigenic parameters analyzed is often limited; 
indeed, only the number of rats bearing tumors and the number of tumors/rat 
are given in details. Few or none of the reports show the curves of cumula
tive incidence. Moreover, they do not indicate where the tumors were located 
they do not give their volume and they do not classify them according to his
tological or morphological criteria. Moreover, the terminology of the tu
morigenic parameters is usually confusing. For example, frequency is defined 
as the number of animals bearing tumors for some authors whereas it is the 
number of tumors/rat for others 4. The meaning of this last parameter is 
quite variable; in some papers, the mean number of tumors/rat, but in others 
it is the mean number of tumors/rat bearing tumors. Moreover, it is often 
not possible to know if this value refers to benign + malignant tumors or 
only malignant carcinomas. 

In order to fully evaluate the influence of lipids on experimental colon 
carcinogenesis, the following parameters need to be analyzed concomitantly6: 

Incidence (%): °number of rats bearing tumors/total number of rats. 

Intensity or frequency: °number of tumors per rat bearing tumors and/or 
tumor-bearing rats with multiple tumors (%). 

% of metastasis: ° number of rats with metastasis/number of rats with tumors. 

Location of tumors: °number or % of tumors in small bowel, large bowel, dif
ferent segments of large bowel (caecum + ascending, transverse, descending). 

Tumoral volume expressed in cm 3 /rat and/or tumor size: expressed in mm. 
Moreover the histological nature of the tumors should be indicated. 

Despite such limitations, the influence of the nature of fat as well as 
that of the amount of fat have been analyzed. 

Influence of the Nature of Fat 

Table 1 summarizes the results of experiments published between 1975 and 
1986 on the influence of the nature of fat on colonic carcinogenesis, studies 
chosen for their partly compatible experimental protocol. 

The protocols used mainly differed by the strain of rat as well as the 
nature of fat. The animal treated was almost exclusively the rat and the 
carcinogen used 1,2-dimethylhydrazine or its metabolite azoxymethane. Fat 
was most frequently given before, during and after exposure to the carcino
gen. Although this protocol may be analogous to the human situation, it does 
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not allow conclusions to be drawn concerning the influence of fat intake on 
the initiation or promotion of colon carcinogenesis. 

Analysis of the results shown in Table 1 demonstrates the discrepancy of 
these data. Indeed, in experiment 2, corn oil-vegetal oil, induces a similar 
effect to that observed with animal fats; on the other hand, in experiment 3, 
corn oil has a positive modulating effect significantly greater than that of 
high saturated lipids (like animal fats). 

In conclusion, although a great number of data are available on the re
lation between nature of fat in diet and colon cancer, no clear conclusion 
can be drawn from their analysis. The lack of consistent findings may have 
arisen from methodological differences between the studies. The question of 
whether the effect of dietary fat on carcinogenesis is due to the specific 
action of fat or to an associated caloric effect has been raised several 
times 10. 

Although the studies which have been done addressed the question of the 
role of caloric intake versus fat intake in carcinogenesis, the observed ef
fects might have been due to a reduction in body weight or to changes in 
other dietary components such as non-nutritive fiber, protein and micronutri
ents. A more systematic approach is required which would test the varying 
levels of caloric restriction while keeping the fat, micronutrier.t and non
nutritive fiber intakes constant. That kind of approach will separate the 
effect of fat, micronutrients and fiber from that of total calories 10. 

Influence of the Amount of Dietary Fat on Colon Carcinogenesis 

Up to now, it has been demonstrated that corn oil or beef fat content in 
diets given to rats after exposure to AOM increased either incidence and/or 
intensity of colonic tumors (Table 2). 

In Reddy's study 10, the positive modulating activity of corn oil on 
colonic carcinogenesis was only observed when the amount was increased from 
13.6% to 23.5% of food intake. No difference in colon tumor incidence was 
seen between 5 and 13.6% corn oil diet groups, suggesting a threshold effect. 
This observation is of first importance for cancer prevention and must there
fore be confirmed for other fats. Systematic dose effect relationship stud
ies are necessary. 

It is the reason why we studied the influence on intestinal tumorigene
sis of high dietary fat (10-15-20% wt./wt. of a mixture corn oil-palm oil 
50:50 containing equal proportions of saturated, monounsaturated and polyun
saturated fatty acids) given after a chronic treatment of male Wistar rats 
with 1,2-dimethylhydrazine (DMH). 

A diet containing 5% of such a fat mixture was given as a control. The 
experimental diets were isocalorically balanced to be equivalent with respect 
to the nutrient to calorie ratio (Table 3). 

Preliminary experiments (data not shown) during which various parameters 
such as food consumption, body weight, fecal outflow, fecal concentrations of 
water, Na+, K+ and free fatty acids were measured, has given us confidence 
that giving such isocaloric diets allows the animals to live in normal 
physiological conditions. The dosage schedule (30 mg/kg/rat of 1,2-dimethyl
hydrazine injected subcutaneously under chlorhydrate form once per week dur
ing 15 weeks) was chosen to produce tumors in 50% of the control animals 
allowing assessment of enhancing effects on tumors incidence and intensity as 
well as tumor yield. 

Table 4 shows the influence of the administration of these high fatty 

621 



O
l 

I\
)
 

I\
) 

T
ab

le
 

1
. 

In
fl

u
e
n

c
e
 o

f 
n

a
tu

re
 o

f 
fa

t 
on

 
c
o

lo
n

ic
 
c
a
rc

in
o

g
e
n

e
si

s 

S
tu

d
y

 
T

re
a
te

d
 

an
im

al
s 

a 

1
. 

D
M

H
-2

H
C

1 
M

 S
p

ra
g

u
e-

D
aw

le
y

 

2
. 

D
M

H
-2

H
C

1 
an

d 
M

NU
 

M
 S

p
ra

g
u

e-
D

aw
le

y
 

3
. 

AO
M

 
F

-F
34

4 
ra

ts
 

D
ie

t:
 

li
p

id
s
 

N
at

u
re

 

S
af

fl
o

w
er

 
o

il
 

C
o

co
n

u
t 

o
il

 

B
ee

f 
fa

t 
C

or
n 

o
il

 
C

ri
sc

o
 

Lo
w

 
tr

a
n

s 
fa

t 
in

te
rm

e
d

ia
te

 
tr

a
n

s 
fa

t,
 

h
ig

h
 
tr

a
n

s 
fa

t 
co

rn
 
o

il
 

A
m

ou
nt

 
(w

t/
w

t)
 

20
%

 

24
%

 

23
.5

%
 

P
er

io
d

 
b 

a
d

m
in

is
t.

 

B
E+

E+
PE

 

B
E+

E+
PE

 

PE
 

P
o

in
t 

o
f 

s
a
c
ri

fi
c
e
s

c 

35
 

55
 

37
 

R
e
su

lt
s 

E
n

h
an

ci
n

g
 e

ff
e
c
t 

o
f 

sa
ff

lo
w

e
r 

o
il

 

N
o 

d
if

fe
re

n
c
e
 

E
n

h
an

ci
n

g
 e

ff
e
c
t 

o
f 

co
rn

 o
il

 

R
ef

er
en

ce
s 

7 5
, 

8 

9 

aC
ar

ci
n

o
g

en
 

u
se

d
: 

D
M

H
-2

H
C

1:
 

c
h

lo
rh

y
d

ra
te

 
o

f 
1

,2
-d

im
e
th

y
lh

y
d

ra
z
in

e
; 

M
N

U
: 

m
e
th

y
ln

it
ro

so
u

re
a
; 

AO
M

: 
az

o
x

y
m

et
h

an
e;

 
se

x
 

o
f 

ra
ts

: 
M

 =
 m

al
e,

 
F 

= 
fe

m
al

e.
 

b
p

e
ri

o
d

 o
f 

a
d

m
in

is
tr

a
ti

o
n

: 
BE

 
= 

b
e
fo

re
 

ex
p

o
su

re
; 

E
 =

 e
x

p
o

su
re

; 
PE

 
= 

p
o

st
 

ex
p

o
su

re
 

to
 

ca
rc

in
o

g
en

. 
c
In

 w
ee

ks
 

fr
om

 
fi

rs
t 

in
je

c
ti

o
n

. 



O
l '" eN 

T
ab

le
 2

. 
In

fl
u

en
ce

 o
f 

am
ou

nt
 

o
f 

fa
t 

on
 

co
lo

n
ic

 c
ar

ci
n

o
g

en
es

is
 

S
tu

d
y

 

1
. 

2.
 

3.
 

T
re

at
ed

 
an

im
al

s 
a 

AO
M

 
F

-F
34

4 
ra

ts
 

AO
M

 
M

 S
p

ra
g

u
e-

D
aw

le
y 

ra
ts

 

AO
M

 
M

 S
p

ra
g

u
e-

D
aw

le
y 

ra
ts

 

D
ie

t:
 

li
p

id
s 

N
at

u
re

 

C
or

n 
o

il
 

P
u

ri
n

a 
ch

ow
 

B
ee

f 
fa

t 

B
ee

f 
fa

t 

A
m

ou
nt

 
(w

t/
w

t)
 

5
;1

3
.6

;2
3

.5
 

5
-3

5
 

5
-3

0
 

aC
ar

ci
n

o
g

en
 u

se
d

: 
AO

M
: 

az
ox

ym
et

ha
ne

; 
se

x
 r

a
t:

 
M

 

P
er

io
d

 
ad

m
in

is
t.

b 

PE
 

PE
 

PE
 

R
es

u
lt

s 

P
ro

m
ot

in
g 

e
ff

e
c
t 

a
t 

23
.5

%
 

P
ro

m
ot

in
g 

e
ff

e
c
t 

a
t 

35
%

 

P
ro

m
ot

in
g 

e
ff

e
c
t 

a
t 

30
%

 

R
ef

er
en

ce
s 

9 10
 4 

m
al

e;
 

F 
fe

m
al

e.
 

b
pE

: 
p

o
st

 e
x

p
o

su
re

 t
o

 
ca

rc
in

o
g

en
. 



Table 3. Diet composition 

Component Amount (g/IOOg) in function of 
the % of the lipidic fraction 

Caseine 
Corn starch 
Corn oil 
Palm oil 
Cellulose 
Mineral complex 
Vitamin complex 
Sipernatt a 
Caloric density (Kcal/g) 

5 

25 
50 

2.5 
2.5 
2 
7 
1 

10 
3.5 

aAdded to allow oil compression. 

20 

31 
22.5 
10 
10 

6 
9.2 
1.3 

10 
3.9 

diets on the tumorigenic parameters in DMH treated rats. In group 5/5, 54% 
of the rats had intestinal tumors. In group 5/20, that percentage was sig
nificantly (p < 0.01) increased up to 82%; that increase was mainly due to 
the fact that the number of rats with colonic carcinomas was going up from 
41% (group 5/5) to 59% (group 5/20). Although the incidence of intestinal 
and large bowel carcinogenesis was increased in rats fed the 20% lipids diet 
during the promotional phase, the intestinal and colonic tumor yields ex
pressed as the number of tumors/rat bearing tumors were not modified. Indeed 
the mean number of intestinal and colonic tumors/rat bearing tumors was 1.5 
in rats of group 5/5 whatever the localisation was and respectively 1.8 and 
1.5 in animals of group 5/20. The mean tumoral volume as well as the per
centage of rats with metastasis were significantly (p < 0.01) higher in rats 
of group 5/20 than in those of group 5/5. With regard to the localisation of 
colonic tumors, the fatty treatment changed the relative distribution between 
the transverse and the descending fragment since in group 5/20 most (71%) of 
the colonic carcinomas were found in the transverse whereas the ratio 
transverse/ descending was 2:3 (transverse, 32%; descending 56% in group 
5/5). All these data demonstrated a modulating effect of the high fatty diet 
on DMH initiated colon carcinogenesis. 

Nevertheless, increasing the amount of fat from 5% to 10% and 15% failed 
to enhance colonic carcinogenesis. Indeed, incidence, intensity, mean tumor
al volume as well as number of rats with metastasis did not differ in the 
animals of the first three experimental groups (5/5-5/10-5/15). 

In conclusion, increasing the amount of fat from 5% (wt/wt) up to 15% 
did not influence intestinal carcinogenesis but increasing that content from 
15% to 20% induced a positive modulation of colonic carcinogenesis in rats 
treated with DMH. 

In addition to the experiment described above, we applied the following 
protocol during which rats were exposed alternatively to 3 weeks of low fat 
diet and to 3 weeks of high fat diet for a total period of 18 weeks. Those 
regimens were given after the exposure to the carcinogen. 

The data obtained showed a dramatic increase of the incidence and in
tensity of the colonic carcinogenesis. Indeed, 100% of the rats had colonic 
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Table 4. Influence of the administration of high fatty diets on the tumori
genic parameters in DMH treated rats 

Tumorigenic 
parameters 

Number of rats 
in experiment 

% of survival 
rats a 

Incidence b of 
intestinal carci
nogenesis (small 
+ large bowel) 

Incidence of 
colonic carci
nogenesis 

IntensityC of 
intestinal carci
nogenesis 

Intensity of 
colonic carcino
genesis 

Mean colonic 
tumoral volume 
(cm3/rat) 

% of rats with 
metastasis d 

Localisation of 
colonic tumors: 

transverse 
descending 

Experimental groups 

5/5 

56 

98 

30/55 (54%) 

23/55 (41%) 

1.5 ± 0.2 

1.5 ± 0.1 

0.5 

15 

11/34 (32%) 
19/34 (56%) 

5/10 

56 

96 

32/54 (59%) 

26/54 (49%) 

1.6 ± 0.2 

1.5 ± 0.1 

0.4 

18 

18/42 (43%) 
20/42 (48%) 

5/15 

56 

100 

34/56 (60%) 

27/56 (48%) 

1.2 ± 0.1 

1.2 ± 0.1 

0.6 

20 

18/32 (56%) 
12/32 (37%) 

5/20 

56 

82* 

38/46* (82%) 

27/46* (59%) 

1.8 ± 0.4 

1.5 ± 0.4 

1.5* 

74* 

29/41 (71%) 
10/41 (24%) 

a % Survival rats at first sacrifices. bIncidence defined as number of rats 
bearing tumors/total number of rats. CIntensity defined as number of tumors/ 
rat bearing tumors. dNumber of rats with metastasis/number of rats bearing 
tumors. * Value significantly (p < 0.01) different from that obtained for 
group 5/5. 

tumors with metastasis. Moreover the intensity of colonic carcinogenesis ex
pressed by the number of tumors/rat bearing tumors was 3.2 ± 0.3. 

CONCLUSIONS 

Although a great number of data are available on the relation between 
nature of fat in diet and colon cancer, no clear conclusions can be drawn 
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from their analysis. The lack of consistent findings may have arisen from 
methodological differences between the studies. 

To date available reports demonstrate a promoting effect of increasing 
dietary fat content on colon carcinogenesis. Nevertheless, a threshold may 
exist for that effect, an observation of first importance for human cancer 
prevention. Repeated sequential changes in dietary fat content dramatically 
reinforce the positive modulating effect of dietary fat an observation which 
is also of first importance for cancer prevention. 

But since the consequence of such feeding protocols might be repeated 
changes in metabolic homeostasis of the animal, it is worth asking the 
question if the positive modulating effect of fat on colon carcinogenesis is 
a fact or not simply an artefact due to such changes in metabolism. 
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SECTION V 

MECHANISMS IN HUMAN CARCINOGENESIS 



MECHANISMS OF ENDOGENOUS NITROSATION 

INTRODUCTION 

Steven R. Tannenbaum 

Massachusetts Institute of Technology 
Department of Applied Biological Sciences 
77 Massachusetts Avenue, 56-311 Cambridge 
MA 02139, U.S.A. 

Substantial evidence has been assembled suggesting the possible health 
risk from exposure to N-nitroso compounds. Sander' originally proposed the 
concept of endogenous intragastric nitrosation, a process capable of genera
ting carcinogenic N-nitroso compounds in humans. It has also been demon
strated that N-nitroso compounds are formed endogenously in animals given 
nitrite and a suitable amine2,~ However, the initial research on endogenous 
synthesis of N-nitroso compounds in humans was complicated by the presence of 
numerous artifacts of the analytical methods and the collection procedures. 
A method proposed by Ohshima and Bartsch 4 was the first potentially suitable 
procedure for estimating daily human exposure to endogenously formed N-nitro
so compounds. The monitor~ng of urinary levels of N-nitrosoproline (NPRO) 
after dosing with nitrate and proline was utilized in a human volunteer with
out adverse biological effects. Since this publication, a number of other 
investigators have used this procedure to demonstrate the endogenous forma
tion of nitrosoproline as well as other nitrosoamino acids in humans. 

A summary of some mechanisms of nitrosation in biological systems is 
presented in Table 1. Endogenous nitrosation occurs via homogeneous chemical 
reaction or via cell mediated or catalyzed reaction. The source of nitrosa
ting agent for homogeneous chemical reaction may be atmospheric N0 2 (lipo
philic nitrosation) or nitrite formed in saliva or gastric juice. In the 
latter case, nitrosation will most probably be catalyzed by the presence of 
chloride and thiocyanate in the acidic environment of the stomach. In the 
case of N0 2, the reaction occurs indirectly through the preliminary interac
tion of NO with unsaturated lipids. 

Cell mediated nitrosation may occur via bacteria or macrophages. Bac
teria catalyze the nitrosation of amines via an enzyme catalyzed process in a 
neutral pH environment. Possible anatomical sites for this type of reaction 
include areas where bacteria are normally present in large numbers, e.g., the 
mouth or the intestinal tract, or areas where bacteria are present in large 
numbers due to a specific pathological condition, e.g., the hypochlorhydric 
stomach or the infected bladder. 

Another category of cell-mediated nitrosation occurs in macrophages. 
When macrophages are elicited in vivo with thioglycolate and stimulated in 
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Table 1. Mechanisms of nitrosation in biological systems 

Nitrosating agent Site Comments Ref. 

Nitrite stomach acid and thiocyanate 5 
catalyzed 

NOX (gas) lungs, skin reacts via products 32, 33 
with unsaturated lipids 

nitrite esters all phosphate catalyzed at 34 
neutral pH 

Macrophages possibly lung, requires infection 19 
intestine and/or inflammation 

Bacteria oral cavity, species specific 24, 25 
GI tract 

vitro with ~ coli lipopolysaccharide, copious amounts of nitrite and nitrate 
are formed. Amines present in the incubation medium are nitrosated by trap
ping a reactive nitrosating species prior to the formation of nitrite and 
nitrate. These results suggest that immunostimulated macrophages may be 
capable of nitrosamine formation under phsiological conditions and be related 
to the pathology of the inflammatory state. 

The measurement of these various types of endogenous nitrosation in both 
experimental animals and in humans poses a challenge to the investigator be
cause there is no suitable method for estimating the extent of cell-mediated 
nitrosation in the intact animal. In this paper I will briefly review the 
state of knowledge of different mechanisms of nitrosation in biological sys
tems and their possible significance for cancer etiology. 

Acid-Catalyzed Nitrosation 

A general scheme for acid-catalyzed nitrosation is shown in Fig. 1. The 
relevance of this scheme for nitrosation of various classes of nitrogen com
pounds has been reviewed 5 , so this subject will only receive brief attention 
here. 

The relative concentrations of the various nitrosating species depend on 
the pH and on the concentrations of halogens and pseudohalogens. In general, 
for a typical dialkylamine in a straightforward chemical situation, the maxi
mum initial rate for nitrosation will occur at about pH 3.4, resulting from a 
combination of increased concentrations of nitrosating species, and decreased 
concentration of the free amine (the protonated amine does not react) as the 
pH is lowered. Catalysts such as thiocyanate generally shift the position of 
the pH maximum and cause the rate to falloff more slowly as the pH decreas
es. Ascorbic acid, under anaerobic conditions, can usually react with N203 , 
H2NO~, and NOX with rates higher in each case than the corresponding nitrosa
tion rates for amides or dialkyl amines. Ascorbic acid can therefore gener
ally inhibit the in vitro nitrosation of these classes of compounds6,~ This 
property has been exploited to prevent nitrosamine formation in foods B, and 
to some extent, to inhibit in vivo nitrosation 9 ,10,11. 

Ascorbic acid thus appears to have potential importance as an in vivo 
nitrite scavenger. This potential, however, has yet to be completely re
alized; not only are the reactions that occur in live organisms more complex 
than might have been expected, but the in vitro model systems themselves, as 
noted earlier, are not straightforward.--The equilibria shown in Figs. 1 and 
2, for example, involve several nitrosating species that can react with 
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HN02 + HX ~ NOX + H20 

Fig. 1. Chemistry of acid-catalyzed nitrosation 

ascorbic acid to form NO, which does not nitrosate amines. Under anaerobic 
conditions these reactions can then exhaust the nitrosating capacity of the 
system. Oxygen, however, can react with NO to form N203 and N204, both of 
which are capable of nitrosation. Therefore, under the aerobic conditions of 
the stomach, ascorbic acid may be reduced in effectiveness as a nitrosation 
inhibitor 12,13,14. 

Ohshima and Bartsch, in 1981, developed the "nitrosoproline test" for 
endogenous nitrosation, in which proline and/or nitrate can be given to hu
mans and the resulting N-nitrosoproline can be detected in the urine 4. N-ni
trosoproline is not metabolized in humans and is consequently nontoxic and 
noncarcinogenic. Proline is a naturally occurring amino acid and can thus be 
administered safely to humans. Nitrate is nontoxic to humans, but can be re
duced endogenously by bacteria to nitrite. Levels of urinary nitrosoproline 
are then assumed to be related to endogenous nitrosation, and experiments 
based on this test have been carried out in many laboratories. Although the 
results have often been difficult to interpret because of confounding fac
tors, one immutable conclusion has emerged, i.e., virtually all humans tested 
thus far have been found to have N-nitrosoproline in their urine, and it is 
undoubtedly of endogenous origin. 

In the original form of the test, and the one subject to the least num
ber of variables, the system is swamped with nitrate and proline so that 
variations in the amount of nitrosoproline are dependent on other factors. 
Among the most important variables are the temporal relationships among the 
reactants and catalysts in the reaction compartment (presumably the stomach). 
The administered nitrate must be distributed throughout the body, taken up 
into saliva, converted to nitrite, and swallowed, prior to the reaction. 
Individual differences in rates of nitrate distribution, rates of conversion 
of nitrate to nitrite, and other factors such as rates of stomach emptying 
will be important determinants of nitrosoproline yield. These and additional 
parameters, e.g., concentrations of inhibitors and catalysts, will finally 
determine the overall amount of excreted N-nitrosoproline. 

_ ~ NITROSAMINE 
AMIN'Y 

( 
NO; ~ [NOX] ~ ASe --;J O2 

O2\( ~DHA 
NO NO 

24~\ 

O2 ~ PHYSICAL REMOVAL 

Fig. 2. Inhibition of nitrosation by ascorbic acid. 
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Despite the inherent complexity of the nitrosoproline test. it has been 
used successfully to demonstrate partial in vivo inhibition of endogenous 
nitrosation by ascorbic acid in humans. In some early experiments. ascorbic 
acid was simply administered prior to or concurrently with proline or proline 
and nitrate; the yield of N-nitrosoproline was lower in the presence of 
vitamin C 10. In other experiments. the effect of ascorbic acid on baseline 
nitrosoproline levels was studied. In these cases it was found that nitroso
proline is apparently synthesized in at least two physiological compartments. 
one that utilizes an endogenous nitrosating agent and is unaffected by ascor
bic acid. and another that can utilize exogenous nitrite and in which ascor
bic acid can inhibit nitrosation. The latter compartment is probably the 
stomach; the nature of the former is unknown. but could conceivably be re
lated to the macrophage-induced synthesis of nitrite and N-nitroso compounds 
which will be discussed in the next section. 

Macrophages 

In a recent series of papers. we have elaborated the mechanisms of ni
trate biosynthesis in mammalian animals and cells15 ,16. As a result of the 
experiments in cell culture it became apparent that stimulated macrophages 
produced nitrite and nitrate in a constant ratio (approximately 3:2 M/M). In 
whole animal experiments nitrite could not be observed. because of immediate 
oxidation of nitrite to nitrate by oxyhemoglobin. However. it is reasonable 
to assume that 60 % of the nitrate formed by endogenous processes in vivo was 
originally formed as nitrite. This could amount to 300 ~mol per day of ni
trite in the average infection-free person 17 and up to 2 or more mmole per 
day in the case of viral or bacterial infection 18 . 

By any standard. this is a large quantity of nitrite. If this nitrite 
participated in nitrosation reactions prior to conversion to nitrate. even a 
small yield of N-nitroso compound would represent a significant addition to 
the existing body burden. In this connection. it is not unreasonable to 
speculate that the basal. nongastric synthesis of N-nitrosoproline in man is 
related to nitrite synthesis by macrophages. We have estimated this basal 
level to be on the order of 20-30 nmol/day15. which would be approximately 
10-4 of the amount of nitite. 

Our results clearly show that stimulated macrophages. during synthesis 
of NOi and N03• will also produce N-nitrosamines from a variety of secondary 
amines 19 • Also. and importantly. the formation of these nitrosamines does 
not appear to be due to an acid-catalyzed solution reaction. since nitrosa
mines are formed only when the secondary amine is added to the cell culture 
medium during the time that the cells are being stimulated. The control 
reactions produce only background levels of NMOR. In addition. when N0i is 
added to the medium at a concentration similar to that expected at the end of 
a 48h synthesis. and MOR is added to non-stimulated cells. no formation of 
NMOR above background levels is observed. The implication then is that MOR 
or other amines are acting to trap out some intermediate in the pathway from 
the precursor to the final products. N0i and N03. 

Table 2 shows the results of nitrosation of various amines by the cell 
line RAW 264. What emerges from these studies is first that nitrosation of 
structurally diverse amines occurs and that there is a pKa dependence in 
which the lower pKa values correspond to higher yields of nitrosamine. This 
pKa dependence is analogous to that for bacteria-mediated nitrosation14 and 
for chemical nitrosation with N0i-derived nitrosating agents 8 • Other factors 
are certainly involved as evidenced by the the fact that diethylamine (DEA) 
and dibutylamine (DBA) which have the same pKa differ by 5-fold in the amount 
of nitrosamine produced suggesting a lipophilic effect. 

It is well known that leukocytes in general. and macrophages in particu
lar are capable of actively concentrating ascorbic acid from plasma to intra-
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Table 2. N-Nitrosation of amines by RAW 264 a 

Amine 

DU 
DBA 
MBA 
MOR 

Nitrite 
(~M) 

57 
77 
60 
60 

Nitrosamines 
(nM) 

4 
23 

255 
1680 

pKa 

10.7 
10.7 
9.5 
8.7 

aIncubations were carried out for 72 h and contained the 
listed amine (5 mM), LPS (10 ~g/ml) and IFN (500 U/ml). 

cellular concentrations in the mM range 20. The question we asked was whether 
ascorbic acid played a role in the biosynthesis of nitrite and nitrate and 
the concomittant formation of nitrosamines. 

The experiments were conducted with RAW 24 macrophages as described in 
our published work 19 • These cells normally grow in the complete absence of 
ascorbic acid, but actively concentrate ascorbate to the levels shown in 
Table 3. Experiments with a wide range of ascorbate concentrations in the 
medium revealed that formation of N0i + NO; was enhanced throughout the range 
up to and beyond normal levels in human serum. What was most interesting was 
that inhibition of nitrosamine formation is found at concentrations of 
ascorbate that correspond to normal physiological levels. Therefore, high 
intake of ascorbic acid enhances N02 formation but inhibits nitrosamine for
mation, a condition that best fits the needs of the host. 

From an etiological point of view it is not immediately obvious what the 
relevance of the synthesis of nitrosamines by macrophages is to human cancer. 
However, a long-standing problem in cancer etiology is the role of infection 
and inflammation. I have no intention of reviewing this vast field of lit
erature, and the effects of inflammation certainly include the critical steps 
of cell proliferation in the process of carcinogenesis. However, generation 
of nitrite and nitrosamines by macrophages may also playa role in special 
cases. For example, coeliac disease carries a higher (80-100 fold) risk of 
non-Hodgkin's lymphoma compared to the general population 21. Inflammatory 
bowel disease produces detectable colonic nitrite as has been shown by rectal 
dialysis experiments 22. I would like to conclude this discussion by specula
ting that there is a connection between these observations. We are currently 
trying to devise a test of this hypothesis. 

Table 3. Ascorbate levels in RAW 24 macrophages 

Ascorbate in medium, ~M 

5 
50 

120 
200 

Ascorbate in cell, mM 

0.5 
2.9 
3.2 
5.0 
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Bacteria 

The concept that bacteria might participate in nitrosation of amines 
(i.e. formation of an NNO bond to yield the N-nitroso derivative, NOX) has 
been considered to some extent in most hypotheses concerning the possible 
role of endogenous nitrosation in cancer etiology 23-27. As recently as 1981, 
it was felt that the major contribution of bacteria to nitrosation was the 
reduction of nitrate to nitrite, resulting in an increase in the concentra
tions of nitrosating species 28 • More recently, however, several groups have 
shown that bacteria can in fact participate directly in the nitrosation of 
amines, and this area has consequently gained renewed interest2~-25. 

A number of bacterial genera, including Neisseria, Pseudomonas, 
Escherichia, Klebsiella, Proteus, Alcaligenes and Bacillus, have been inves
tigated from several experimental perspectives and reported to have some 
ability to catalyze nitrosation 2~,25,29,30. This catalysis is generally 
believed to be an anaerobic process which occurs in intact r"esting cells. 
The mechanism of nitrosation of amines by bacteria is currently under inves
tigation in several laboratories, and may be related to the process of deni
trification. While the potential for this process has been demonstrated in 
vitro there is as yet no conclusive demonstration of its occurrence in vivo. 
Therefore I will briefly discuss some possible sites and consequence;-of this 
mechanism of nitrosation. 

Approximately ten years ago we demonstrated that nitrosamines can form 
in saliva at neutral pH 31. This strongly suggests that nitrosamine formation 
can proceed in the presence of the proper strains of bacteria. Calmels and 
coworkers2~ have shown that the rate of nitrosation is proportional to the 
concentrations of amine, nitrite and bacteria in the following manner: di
reclty proportional to concentration of bacteria" double-reciprocal for 
nitrite and amine. The apparent Km values for amine and nitrite were in the 
roM range. Under actual concentrations in the body, which would be ~M the 
kinetics would therefore be first-order in amine, nitrite and bacteria. 

Anatomical compartments which are likely to contain bacteria, amines and 
nitrite at concentrations yielding ng (or greater) quantities of nitrosamines 
include the oral cavity, hypochlorhydric stomach, intestinal tract and the 
infected bladder. While each of these sites has the potential for measurable 
rates of nitrosamine synthesis we do not necessarily have a good idea of 
which compounds to look for. Furthermore, nitrosamines synthesized in any 
particular compartment may be organ-specific for any tissue, including or ex
cluding the site of synthesis. 

In the light of all of this uncertainty, bacterial nitrosation remains a 
mechanism in search of a disease, and we must develop methods suitable for 
estimating amounts and types of compounds synthesized via this pathway. 

CONCLUSION 

The ultimate question remains whether or not endogenous nitrosation re
presents a human health risk and whether or not this risk can be significant
ly lowered. There is currently no direct answer to either aspect of this 
question. The uncertainty arises largely from the facts that human exposure 
to nitrosamines, whether endogenous of exogenous, generally involves chronic 
low-dose situations and is superimposed on countless other factors (e.g., 
exposure to other types of toxic substances or to modifiers of metabolism) 
that may enhance, inhibit, or mask the effects of the N-nitroso compounds. 
N-nitroso compounds have, nonetheless, been implicated in several human epi
demiological situations, including elevated risk toward gastric cancer in 
some well-defined geographical areas. Fig. 3 shows schematically some of the 
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characteristics of gastric cancer, along with some etiological hypotheses, 
based on available epidemiological and biochemical evidence. In virtually 
all cases, a well-defined progressive change in stomach physiology and mor
phology from chronic gastritis through atrophic gastric to apparently precan
cerous intestinal metaplasia is observed. As the stomach begins increasingly 
to resemble the intestine, the pH rises, leading to conditions that support 
or favor increased bacterial growth. This in turn leads to higher levels of 
gastric nitrate from reduction of nitrate by some of these bacteria. This 
could conceivably result in increased formation of N-nitroso compounds from 
amines present in the stomach either via the diet or from endogenous synthe
sis. If this is indeed the case, then it is also conceivable that the pro
cess could be interrupted at this point by the ingestion of ascorbic acid. 

As noted earlier in this report, however, the interactions of ascorbic 
acid with nitrosating agents in the stomachs are far from straightforward, 
and the clinical effectiveness of vitamin C in reducing a real human cancer 
risk still remains to be demonstrated. 

With regard to cell-mediated nitrosation, it remains to be demonstrated 
that this is an important mechanism for endogenous formation of N-nitroso 
compounds. If this mechanism can be demonstrated in animals (and possibly in 
humans) then attempts can be made to link this mechanism with the etiology of 
a carcinogenic process. Methods for inhibiting cell-mediated nitrosation 
must be developed, and then tested in vivo. 

Therefore there is much work remaining in the investigation of whether 
endogenous nitrosation plays a role in human disease. 
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THE ROLE OF N-NITROSO COMPOUNDS IN HUMAN CANCER 

INTRODUCTION 

William Lijinsky 

NCI-Frederick Cancer Research Facility 
BRI-Basic Research Program 
Frederick, MD 21701 

Only a small proportion of human cancers appear to be caused by exposure 
to carcinogenic agents of known nature, for example radiation and industrial 
chemicals. For the remainder, it is probable that no single cause is promi
nent, but that combinations of many carcinogenic agents, probably mainly at 
low concentrations, are responsible. Apart from the use of tobacco, which 
seems to be related to several types of cancer, especially lung cancer, there 
are no reasonable explanations for the most common types of cancer, including 
stomach, liver (in the non-industrial world), colon, nervous system, breast, 
uterus and cervix, prostate and pancreas; esophagus and bladder cancer are 
also unknown in this regard, but they seem to be particularly common in cer
tain locations and among certain groups. 

A lot of information has been obtained about a few types of carcinogen, 
such as polycyclic aromatic compounds and aromatic amines, but these are pro
bably not involved in most of the common types of human cancer, the exception 
being the skin cancer which is related to exposure of workers to coal tar and 
petroleum products. While the carcinogenic hydrocarbons are very potent in
ducers of skin cancer, in animals or humans, they are very weakly carcinogen
ic for other types of cancer, such as lung, and they have not been shown con
vincingly to induce cancer of other organs. Aromatic amines have induced tu
mors of the bladder and some other organs, in a quite species-specific man
ner, but large doses are required to induce cancer. Nevertheless, they are 
probable contributors to human cancer risk, but the types of cancer are not 
known. Aflatoxins and other carcinogenic mycotoxins almost certainly playa 
role in cancer in the non-industrial countries, and types of cooking seeming
ly related to particular types of cancer prevalent in certain communities, 
have been related to polyheterocyclic aromatic amines formed by pyrolysis. 
Again, the carcinogenic potencies of these compounds seems too low to 
consider them sole inducers of these cancers. Instead it seems likely that 
they contribute initiating activity, but the action of other substances is 
needed for cancer formation and progression. 

Experimental studies of many types of carcinogen have been extensive 
during the past 50 years or so, and many exotic compounds have been found to 
possess carcinogenic activity. This is most interesting intellectually and 
provides fascinating studies of mechanisms of cancer induction, but the prac
tical relevance of these compounds in understanding human cancer is small. 
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N-Nitroso compounds are exceptional carcinogens in that they are easily 
formed, are water soluble and soluble in organic solvents, so that they dif
fuse readily through the skin or other epithelia, and many of them are vola
tile. The precursors of nitrosamines are amines and nitrosating agents. The 
amines can be secondary or tertiary, the latter usually reacting more slowly 
than the former. Nitrosating agents include inorganic or organic nitrites, 
nitrogen oxides and some N-nitroso compounds; formation of nitrosamines from 
the latter is often called transnitrosation. The precursors of N-nitroso 
compounds are very common, both amines and nitrosating agents, so that human 
exposure to N-nitroso compounds is not rare, particularly at low concentra
tions. 

Because nitrites are used to preserve and color meats and fish, nitrosa
mines are usually present in such cured foods. The concentrations vary from 
a few parts per billion to approaching 100 parts per billion, in such foods 
as sausages and cooked bacon. Cooked bacon contains nitrosopyrrolidine 
formed by decarboxylation of nitrosoproline or by other processes that have 
been suggested'. The most common nitrosamine in the environment, nitroso
dimethylamine, is also found in beer and in some distilled spirits, the con
centrations being higher in some than others. It seems ~hat the source of 
this nitrosamine is reaction of certain alkloids, including the tertiary 
amines gramine and hordenine, in the grain with nitrogen oxides in the 
burning fuel used to heat it 2 • The nitrosamine concentration in the beer and 
spirits ranged from a few parts per billion to 50 parts per billion. The 
higher figures in the beer have been reduced considerably by changing manu
facturing procedures. Before the changes were made, it is likely that large 
numbers of people had considerable exposure to nitrosodimethylamine in beer 
(much more so than in spirits) because beer is drunk in such large quan
tities. That might have been one of the major sources of exposure of humans 
to nitrosamines. There are lesser quantities of nitrosamines in cheese and 
in smoked fish. 

Although many of these exposures are small, because the concentrations 
of nitrosamines are low, they tend to be continuous over a major portion of 
the life of many humans, so that the cumulative dose can be appreciable. 
Even small doses of nitrosamines can be important since they are among the 
most potent carcinogens known, and they are effective in all species in which 
they have been tested. For example, in Table 1. are listed several nitrosa
mines which have been evaluated in dose-response experiments, together with 
the lowest concentrations and the smallest cumulative doses which induced a 
significant tumor incidence. 

There are often considerable differences between species in the types of 
tumor induced by particular N-nitroso compounds, so that it can be quite in
correct to assume that an organ or cell type susceptible in the rat or ham
ster to a particular carcinogenic N-nitroso compound would also be suscep
tible in the human. There seem to be characteristic tumors induced in a 
'particular species by N-nitroso compounds, for example, rats and hamsters 
(Table 2). While this makes epidemiological studies of the response to ex
posure to nitrosamines difficult, it also suggests that any exposure to a 
N-nitraso c~und is likely to increase the overall cancer risk of people 
exposed. Several nitrosamines have induced significant incidences of tumors 
in animals such as rats after administration of doses of 2 to 5 milligrams 
per kil~ram hody weight during the 2 year lifetime of those species, which 
would translate to approximately 5 milligrams per year in a human to provide 
the same risk, assmning that humans are no more susceptible than rats or 
other labGratory animal. For example, the incidence of liver tumors in 
female ra.tsgiven nitrosomorpholine in drinking water increases from 6% at 
the lowest dose, 3 mg/kg, to 50% at 100 mg/kg (Fig. 1), 

The most likely sub-group of N-nitroso compounds contributing to human 
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Table 1. Lowest effective doses of nitrosamines in rats 

Concentration Total dose % rats with 
Compound in water (ppm) mg/kg tumors 

Nitrosodiethylamine 0.45 5 40 
0.45 20 90 

Nitrosoheptamethyleneimine 1 25 50 
Nitrosomethylphenylethyl-

amine 0.4 10 40 
Nitroso-1,2,3,6-tetrahydro-

pyridine 1 10 50 
Dinitrosohomopiperazine 1 33 20 
Nitrosomethyl-n-butylamine 6.3 30 100 
Nitrosomethylcyclohexylamine 5 50 100 
Nitrosomorpholine 0.07 3 6 
Nitrosodiethanolamine 28 1,100 26 

exposure are the nitrosamines, which require metabolic activation. There is 
no good evidence of human exposure to nitrosoalkylureas or other nitrosamides, 
which are directly acting carcinogens and mutagens, and it is difficult to 
propose likely sources of such compounds. However, there are many well estab
lished sources of nitrosamines. The number of nitrosamines that have been 
found in the environment is quite small, especially in comparison with the 
approximately 300 compounds in this category that have been tested for car-

Table 2. Target organs of N-nitroso compounds 

Rats (n 158) Hamsters (n 51) 

Liver 41% a Forestomach 53% 
Esophagus 39% Liver 51% 
Forestomach 30% Nasal Mucosa 43% 
Nasal Mucosa 30% Lung 29% 
Lung 28% Pancreas 27% 
Tongue 19% Spleen 20% 
Nervous System 9% Trachea 18% 
Bladder 9% Uterus 8% 
Mammary 8% Bladder 6% 
Uterus 8% 
Colon 8% 
Trachea 7% 
Mesothelioma 7% 
Thymus Lymphoma 6% 
Kidney 6% 
Thyroid 5% 
Intestine 5% 
Zymbal Gland 5% 
Duodenum 3% 
Glandular Stomach 2% 

aproportion of compounds tested inducing tumors in these 
organs. 
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Fig. 1. Increase in incidence 'of treatment-related tumors in female rats 
receiving increased doses of nitrosomorpholine in drinking water. 

cinogenic activity, of which perhaps 85% have been carcinogenic 3. Most of 
those relevant to human exposure are among the most potent of carcinogenic 
nitrosamines, although the remainder show a considerable range of carcinogen
ic activity, and induce in animals a variety of tumors, including some of the 
common human tumors. 

Apart from the occurrence of nitrosamines in some foods, there are other 
major sources of human exposure to nitrosamines. Principal among these are 
tobacco and tobacco products, including tobacco smoke, both active and pas
sive~. Concentrations of the several nitrosamines typical of tobacco are 
many orders of magnitude greater than those found in food, and the former 
might be responsible in major part for the several human cancers that have 
been associated with use of tobacco, such as lung, oral cavity, bladder and 
perhaps others. The source of most of the nitrosamines in tobacco seems to 
be nicotine, although nitrosodimethylamine and nitrosopyrrolidine are also 
present. Nitrosamines derived from nicotine are nitrosonornicotine and NNK 
(nitrosomethylamino-3-pyridyl-butanone), and these are commonly present in 
tobacco smoke~, as well as in tobacco itself, which is frequently used as 
snuff or chewing tobacco. Other nitrosamines analogous to nitrosonornicotine 
are the piperidine derivatives nitrosoanabasine and nitrosoanatabine, but 
these are weak carcinogens or nen-carcinogenic. 

Other nitrosamines associated with tobacco, although not derived from 
tobacco alkaloids, are nitrosodiethanolamine and nitrosomorpholine, the 
latter arising from the packaging of smokeless tobacco, the former from the 
use of tobacco on which agricultural chemicals containing diethanolamine 
salts had been applied. NNK and nitrosomorpholine are particularly potent 
carcinogens, inducing a variety of tumors in rats, including lung tumors in 
the case of NNK 5• Nitrosonornicotine is somewhat less potent than the two 
mentioned, and appears only to induce tumors of the esophagus and nasal 
mucosa in rats, but it is an important carcinogenic constituent of tobacco 
and ~obacco smoke because it is present in large concentrations. Through 
these carcinogenic constituents the contribution of tobacco use to the 
occurrence of many kinds of cancer in humans must be considered significant. 
Since it was found that unburnt, but processed, tobacco contains high concen
trations of several carcinogenic nitrosamines it becomes clearer why the oral 
cancer which is quite common in India and other areas is associated with the 
habit of keeping a mixture of tobacco and lime in the mouth; in these places 
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smoking of tobacco is not common. The lime facilitates the release of 
nitrosonornicotine and NNK (and other tobacco nitrosamines) which are bases. 

Another major source of human exposure to N-nitroso compounds at what 
must be considered high concentrations is various industrial processes and 
particular types of factory. Several surveys have shown that certain nitro
samines occur commonly in rubber factories 6 , leather works and machine shops. 
The latter, through the use of modern synthetic cutting oils, might represent 
the greatest exposure of humans to nitrosamines, since nitrosodiethanolamine 
is a common and large constituent of these cutting oils. Concentrations of 
nitrosodiethanolamine as high as 3% have been found, although most cutting 
oils contain substantially lower concentrations. The source of the nitroso
diethanolamine in cutting oils, like that in various cosmetic preparations, is 
the emulsifier triethanolamine, which invariably contains the easily nitrosat
ed diethanolamine as a component to react with the nitrite salts; triethanola
mine also reacts with nitrites 7. The concentrations in the cosmetics are 
very much smaller than in cutting oils. Smaller concentrat~ons of several 
other carcinogenic nitrosamines have been found in cutting oils and in toilet 
preparations, including nitrosobis-(2-hydroxypropyl)amine 8 (derived from tri
isopropanolamine), nitrosomethyl-n-tetradecylamine and nitrosomethyl-n-dodecyl
amine 9. The last two compounds have induced bladder tumors in rats 10. 

Nitrosodiethanolamine and other nitrosamines readily penetrate skin11, 
and nitrosamines, like many other types of carcinogen, act systemically to 
induce tumors in specific target organs, regardless of the route of admini
stration. There are differences in response to carcinogenic nitrosamines be
tween different dose rate~, which makes prediction of'target organs in man 
virtually impossible. The common nitrosamine nitrosodimethylamine, for ex
ample, induces only tumors of the liver when given to rats in drinking water 
at a wide range of concentrations. However, when small doses are given by 
gavage twice a week to rats tumors of the lung, kidney and nasal mucosa are 
induced, as well as liver tumors; only 50% of the rats had liver tumors in 
that experiment. In Syrian hamsters, on the other hand, nitrosodimethylamine 
given by gavage induces 100% incidence of liver tumors, but not tumors of 
lung or kidney and few of the nasal mucosa 12 . This pattern is not common 
with other types of carcinogen. 

Exposure to nitrosamines in factories in which rubber is manufactured or 
processed can be considerable, and there are a number of nitrosamines of con
cern. Not only are many nitrosatable amines, both secondary and tertiary, 
used in rubber manufacture, but the unstable nitrosamine, nitrosodiphenyla
mine, is also used and is a good nitrosating agent, in addition to being a 
weak bladder carcinogen itself13. There is, of course, exposure to nitroso
diphenylamine in those factories in which it is used. But of far greater 
concern is the reaction of nitrosodiphenylamine with a number of derivatives 
of morpholine, dimethylamine, diethylamine and di-n-butylamine to form the 
N-nitroso derivatives of those amines. Nitrogen oxides are also plentiful in 
rubber factories· and these "nitrous gases" can also form nitrosamines from 
the accelerators, a number of which are tertiary amines 14 . So much nitrosa
mine has been found in some rubber factories that they occur as deposits on 
floors and other surfaces. It is an inescapable consequence of the process 
of rubber manufacture that, not only are workers in the factories exposed to 
nitrosamines, but nitrosamines are present in rubber products such as tires 
or nipples for baby bottles, two products about which concern has been raised 
in the past few years. Even though the exposure of the general population to 
nitrosamines from this source is relatively small, because of the low concen
trations, the potency of the carcinogenic action of nitrosamines makes such 
exposures important. 

Another source of exposure to N-nitroso compounds, which might be as 
important as any other, is due to the chemistry of formation of N-nitroso 
compounds. They are formed, as has been known for more than a century, by 
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reaction of secondary or tertiary amines with nitrosating agents, which in
clude nitrogen oxides and nitrites, particularly inorganic nitrites. As has 
been stated earlier, sodium nitrite has long been used for preserving and 
curing meat and fish. Saltpeter (potassium nitrate) - used since antiquity 
for this purpose - is effective because the nitrate is reduced bacterially or 
chemically to nitrite, the active agent. Similar bacterial reduction of ni
trate in saliva to nitrite occurs in the mouth, resulting in a continuous 
flow of nitrite at low concentrations into the stomach of people. These re
actions are important sources of human exposure to nitrosamines because of 
the large variety of nitrosatable amines ingested by humans as drugs and 
medicines 15 , residues of agricultural chemicals 16 and components of food 
itself. Nitroso derivatives of several insecticides are potent carcinogens 1Z 
There is always nitrate in body fluids derived from plants in the diet or, as 
recently shown by MarIetta and others, formed in vivo by oxidation in 
macrophages 18 • For formation of N-nitroso compounds, nitrite in food is more 
effect~ve than nitrite in saliva because the concentration provided by the 
former is greater and more heterogeneous; the rate of nitrosation is propor
tional to the square of the nitrite concentration. Both sources of nitrite 
are important, however. The rate of reaction of most tertiary amines with 
nitrous acid is much slower than that of secondary amines 19 , although yields 
of nitrosamines can be appreciable if reaction times are long, as they can be 
in the stomach, where the essential acid environment is present to facilitate 
the reaction. The presence or absence of accelerators of nitrosation, such 
as carbonyl compounds and thiocyanate or halide ions, and of inhibitors of 
nitrosation, such as ascorbic acid or tocopherols, modulate the yields of 
nitrosamines from these reactions. However, the effects of the complex 
mixtures that might be present at any time in the stomach of a person are 
very difficult to model, so that any estimates of probable nitrosamine yields 
can be wildly inaccurate. 

One way out of the dilemma is the method used by Ohshima and Bartsch20to 
measure the formation of a model nitrosamine, nitrosoproline, after admini
stration of a large dose of proline. Proline is readily nitrosated and ni
trosoproline is excreted in the urine and can be measured; nitrosoproline is 
not carcinogenic and is not, as far as is known, metabolized. Unfortunately, 
there are two impediments to the acceptance of such a procedure as an accu
rate measure of nitrosation potential. One is that the yield of nitrosopro
line that is measured is exceedingly small; the second is that there is a 
back-ground level of nitrosoproline excretion that is variable, and that 
seems not to be inhibited by administration of ascorbic acid, whereas the 
quantity of newly formed nitrosoproline is reduced by ascorbic acid adminis
tration. It is possible that the recently studied formation and excretion of 
nitrosothioproline will provide a better measure of nitrosating potential 21 , 

since the rate of nitrosation of thioproline is much greater than that of 
proline, and the yields are higher. 

There is considerable experimental evidence that formation of nitrosa
mines in vivo can be a significant cause of tumor induction, apart from the 
chemical demonstration that the reactions can take place. A variety of 
secondary and tertiary amines has been administered to experimental animals 
together with nitrite, and formation of the expected nitrosamine has been 
measured in the gastric juice. Rats, rabbits, Guinea pigs and dogs have been 
used, as well as humans. In addition, chronic feeding of mixtures of amines 
and nitrite to rats and mice has led to induction of tumors expected to arise 
from the particular nitrosamine that is formed. The amines that have given 
positive results in such experiments are listed in Table 3, together with the 
nitrosamine expected and the type of tumor induced. Many other nitrosatable 
amines have given marginal or null tumor effects in these experiments and it 
must be assumed that, 'under the conditions used, insufficient nitroso com
pound was produced to induce tumors within the lifetime of the animal, al
though it can be assumed that formation of the N-nitroso compound predicted 
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from our chemical knowledge did occur. However, the differences in response 
in these experiments between one amine and another does enable us to rate the 
risk of ingestion of one amine compared with another. For example, the large 
tumorigenic response of rats to feeding of the tertiary amine aminopyrine 
(pyramidon)22 illustrates a much greater risk to humans than is posed by the 
tertiary amine chlorpromazine or the secondary amine chlordiazepoxide, which 
did not produce a significant tumorigenic response when fed to rats together 
with nitrite 23 

In conclusion, because of the great carcinogenic potency of many N-ni
troso compounds, and their broad carcinogenic activity across many species 
and organs, the exposure of humans to these compounds, exogenously or endog
enously formed, must be considered to contribute to our carcinogenic risk. 
Even though the concentrations are often small, they are quite variable from 
one group of people to another, depending on diet, habits and occupation, and 
can be continuous over a lifetime of 50 years or more. Although no specific 
human cancer has yet been associated with exposure to N-nitroso compounds, 
other than oral cancer in users of smokeless tobacco 24 it is precisely the 
fact that exposure to them at some level is almost universal that inhibits 
the application of the usual epidemiological procedures to this problem. It 
is important that we attempt to develop a more accurate method of assessing 
the seriousness of their potential for adverse health effects. 
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MODELS FOR COMBINED ACTION OF ALCOHOL AND TOBACCO ON RISK OF CANCER: 

WHAT DO WE REALLY KNOW FROM EPIDEMIOLOGICAL STUDIES ? 
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INTRODUCTION 

There is a considerable amount of literature on the subject of interac
tion or combined effect of etiological factors on the risk of cancer 1-Z It 
is, however, still uncertain which model - mUltiplicative or additive - is 
adequate for describing the combined effect of alcohol and tobacco on the 
risk of esophageal, laryngeal and pharyngeal cancer8-1~ even if there is 
convincing evidence that each factor increases "independently" the risk of 
these cancers. Even though many analyses of epidemiological data are based 
on the implicit assumption of a multiplicative model and a good fit is often 
obtained, the size of most studies does not permit the testing of interaction 
in the conventional way16,17. Therefore, the use of such statistical tools 
for inferring on the underlying biological process would be misleading. The 
complete understanding of the effect of alcohol on the risk of cancer is in 
addition complicated by the lack of carcinogenicity of ethanol or alcoholic 
beverages in animal experiments. As a consequence, there are divergent opin
ions on the role played by alcohol in increasing the risk of specific cancers 
among non-smokers. The latter issue has furthermore been confused with the 
problem of demonstrating a synergistic effect of the two factors because 
almost tautologically alcohol and tobacco would have a greater effect in 
combination than alone if the former had no effect in non-smokers. The pre
sent paper will deal only with the problem of distinguishing between additive 
and multiplicative joint effect of the two factors by reanalyzing the data of 
several epidemiological studies on oral, esophageal, laryngeal and hypophar
yngeal cancers with a method recently proposed by Breslow and Storer 8. 

MATERIALS AND METHODS 

The data of study on oral cancer 18 was taken from a paper by Rothman 4 

dealing with the estimation of synergy. 

The data on esophageal cancer are pooled data from two similar studies 
carried out in Calvados 19 ,20 and in Ille-et-Vilaine 21 , the latter being the 
example taken by Breslow and Storer 8 to demonstrate that both additive and 
multiplicative models could describe equally well the risk of esophageal 
cancer. 

The data on laryngeal and hypopharyngeal cancers came from an inter
national study 22 carried out in France, Italy, Spain and Switzerland to exam-
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ine, among other things, the combined effect of alcohol and tobacco. Alco
holic beverages are more widely consumed in these countries than in Anglo
Saxon populations and are in addition often consumed in large quantities by 
light and non-smokers. These features gave us a better opportunity to study 
these factors alone and in combination. 

The statistical analysis is based on the fitting of a family of 
relative risk functions having as particular cases additive and multiplicat
ive models 8 • More explicitly, the model to be fitted is described by the 
following equations linking the probability of disease (d) to the relative 
risk (R): 

logit (pr(dX)) a. + log R(X) (El) 

(l+XB/'-l 
log R(X) ; A tc 0 (E2) 

R(X) = 1 + XB ; A = 0 (E3) 

where a. is a stratum parameter (age and center of study in this instance), X 
is a vector of binary covariates characterizing the categories of alcohol and 
tobacco consumption, and B are parameters to be estimated and which will de
scribe the relative risk R(X) as a function of the class of consumption of 
alcohol and tobacco. When A = 1 the model is multiplicative, and when A = 0 
the model described by equation (E3) is obviously the additive model. Let R;j 
be the relative risk for smoking "i" and drinking "j"; the multiplicative 
model predicts that R;j = R; 1 ~'Rlj and the additive model R;j = R; 1 + R1j - 1. 
When A is comprised between 0 and 1 the relative risks R;l and R1j combine in 
a way which is intermediate between additive and multiplicative. When A is 
outside this interval the model is subadditive (A < 0) or supramultiplicative 
(A > 1). The maximum likelihood method was used to estimate A. The tests of 
hypotheses A = 1 and A = 0 were performed by calculating the difference in 
deviance of the best fitting model and of the model with a specified A. The 
latter statistics is distributed as chi-squared with one degree of freedom. 

RESULTS 

Esophageal Cancer 

A total of 903 cases is obtained when pooling the data from Calvados 
and Ille-et-Vilaine, and the evidence is no longer favoring the additive mod
el as suggested by a previous estimate 8 ; the present estimate is 0.52 and the 
additive model would be rejected by the test A = 0 (x 2 = 6.36) whereas the 
multiplicative model is compatible with the observed data (X 2 = 1.78). The 
risks for alcohol and tobacco at the lower level of the other factor implied 
by the various models are shown in Table 1. The observed combined effect of 
the two factors and the number of cases in each consumption category is shown 
in Table 2. The fitted combined effect may be obtained from equations (E2) 
and (E3). 

Laryngeal Cancer 

A total of 727 cases of cancer of the endolarynx was analyzed and the 
fit of the multiplicative model is almost perfect (A = 0.93). The test of 
the additive model would reject it very strongly (X2 = 26.1). Table 3 gives 
the relative risks for alcohol and tobacco implied by the various models and 
the observed combined effect may be found elsewhere 21. 
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Table 1. Relative risks of esophageal cancer implied by various models 

Model Alcohol (g/day)a Tobacco (g/day) 
b 

0-39 40-79 80-119 120+ 0-9 10-19 20-29 30+ 

Multiplicative 1 2.9 6.7 24.7 1 1.5 1.8 2.9 
(>.. = 1) 

Best fitting 1 3.6 8.4 33.8 1 1.9 2.3 4.1 
(>.. = 0.52) 

Additive 1 4.7 11.9 50.3 1 2.5 3.2 5.8 
(>.. = 0) 

aAssociated with a consumption of less than 10 g of tobacco/day. bAssocia
ted with a consumption of less than 40 g of alcohol/day. 

Hypopharyngeal Cancer 

A total of 409 cases of cancer of the hypopharynx and epilarynx was 
analyzed and the fit is again in agreement with a multiplicative model (>.. = 
0.78; X2 = 0.51 for the test of >.. = 1). On the contrary, the additive model 
would be strongly rejected (X2= 47.4). Table 4 gives the relative risks im
plied by the various models and the observed combined effect may be found 
elsewhere 22. 

Oral Cancer 

A total of 483 cases of cancer of the mouth and pharynx was analyzed 
using only two age strata as given by Rothman 4 • A slight residual confound-

Table 2. Observed joint effect of alcohol and tobacco 
on the risk of esophageal cancer (number of 
cases 

Alcohol (g/day) Tobacco (g/day) 

0-9 10-19 20-29 30+ 

0-39 1 2.9 2.7 4.4 
(26) (30) (17) (17) 

40-79 5.1 4.8 7.i 10.7 
(92) (58) (52) (34) 

80-119 8.1 15.5 18.5 23.8 
(54) (87) (57) (38) 

120+ 41.5 51.8 43.0 150.8 
(79) (110) (86) (66) 
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Table 3. Relative risks of laryngeal cancer implied by various models 

Model Alcohol (g/day)a Tobacco (g/day) b 

0-40 41-80 81-120 121+ 0-7 8-15 16-25 26+ 

Multiplicative 1 1.1 1.8 2.7 1 4.5 9.3 11.1 
(A = 1) 

Best fitting 1 1.1 1.8 2.8 4.6 9.5 11.4 
(A = 0.93) 

Additive 1 1.5 3.8 8.8 6.8 15.0 18.9 
(A = 0) 

aAssociated with a consumption of less than 8 g of tobacco/day. bAssociated 
with a consumption of less than 41 g of alcohol/day. 

ing may have occurred which can explain the minor differences from the re
sults provided in the above reference. A multiplicative model gives a good 
description of the data although the estimate of A suggests a supramultipli
cative effect (A = 3.37; X2 = 1.90 for the test of A = 1). The additive model 
would again be rejected (X 2 = 11.19). Table 5 gives the risks for alcohol and 
tobacco implied by the various models and Table 6 gives the observed combined 
effect as calculated from the data available in Rothman~. 

DISCUSSION 

This study of the joint effect of alcohol and tobacco suffers from a 
lack of individuals with "pure" exposure to the factors under consideration. 
In particular, one might think more appropriate to avoid mixing those not ex
posed with those with light exposure. This has not been possible for practi-

Table 4. Relative risks of hypopharynx implied by various models 

Model 

Multiplicative 
(A = 1) 

Best fitting 
(A = 0.78) 

Additive 
(A = 0) 

Alcohol (g/day)a 

0-40 41-80 81-120 121+ 

1 2.2 4.6 10.2 

1 2.6 6.1 14.6 

1 5.2 21.6 71.0 

Tobacco (g/day)b 

0-7 8-15 16-25 26+ 

1 4.9 7.2 7.3 

1 6.1 9.4 9.4 

1 11.6 24.0 17.5 

aAssociated with consumption of less than 8 g of tobacco/day. bAssociated 
with a consumption of less than 41 g of alcohol/day. 
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Table 5. Relative risk of oral a cancer implied by various models 

Model Alcohol (oz/day)b Tobacco (g/day)c 

0 0.1-0.3 0.4-1.5 1.6+ 0 1-19 20-39 40+ 

Best fitting 1 1.2 1.6 2.1 1 1.5 2.1 2.6 
().. = 3.37) 

Multiplicative 1 1.4 2.4 4.2 1 1.8 2.9 4.2 
().. = 1) 

Additive 1 1.4 3.6 8.2 1 1.8 3.1 5.6 
().. = 0) 

aMouth and pharynx, see 18;'b and no tobacco; c and no alcohol. 

cal reasons. In the French study of Ille-et-Vilaine the non-smoker cannot be 
separated from the light smoker, and it was thought useful to have the same 
approach for all sites examined. On the contrary, the data from Keller and 
Terris 18 was not published with sufficient details to permit the creation of 
a category of light smokers. Despite the fact that the choice of the base
line may have influenced the results of the analysis, our results clearly 
show that a joint effect of alcohol and tobacco on the risk of cancer of the 
aerodigestive tract is multiplicative rather than additive. The previously 
reported uncertainties8 ,13 were mainly caused by the small size of the studies 
which have been used to attempt to discriminate between the two models. The 
observed joint effect in larger studies is clearly incompatible with the 
large risk at low doses that would imply an additive model: the lack of fit 
becomes significant because a sufficient number of cases is then available 

Table 6. Observed joint effect of alcohol and 
tobacco on the risk of orala cancer 
(number of cases) 

Alcohol Tobacco (g/day) 
oz/day 

0 1-19 20-39 40+ 

0 1 1.5 1.3 3.9 
(10) (11 ) (13) (9) 

0.1-0.3 0.9 1.8 3.2 3.2 
(7) (16) (50) (16) 

0.4-1.5 1.2 4.2 4.8 7.4 
(4) (18) (60) (27) 

1.6+ 2.3 4.0 9.4 13.2 
(5) (21) (125) (91) 

aMouth and pharynx, see 18. 
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in these low dose exposure categories. It is therefore not surprIsIng that 
esophageal cancer, which is the site where the effect of alcohol at low dose 
of tobacco is the largest, is also the site for which the best fitting model 
is further away from the multiplicative one; this latter model could not, 
however, be ruled out on the basis of the present data. 

The method of statistical analysis used in this paper describes a family 
of models of risk combination which has mainly an operational purpose and 
which has no particular biological interpretation. Other families could have 
been used 23 ,24. Its main interest is to describe synergism with one parameter 
and to enable one-degree of freedom testing. From that point of view it 
appears to be more informative than the index proposed by Rothman 4. As a 
matter of fact, Walker and Rothman2Sproposed later an approach which in 
principle is equivalent to the present one in simpler situations. 

There has been a long debate at the end of the seventies on the meaning 
of interaction and on what should be understood by independent causes of dis
ease1-Z Rothman et al. s proposed four contexts in which the interaction 
should be evaluated. The statistical interaction is the best defined concept 
and using this concept in the present situation one may say that there is no 
significant departure from the multiplicative model for the joint effect of 
alcohol and tobacco on the risk of cancer of the upper aerodigestive tract. 
On the contrary, there is significant departure from the additive model. The 
practical consequence is that the relative risk for alcohol adjusted for tob
acco is a sufficient summary for describing the effect of alcohol, and it is 
worth noting that, given a multiplicative model, the knowledge of this rela
tive risk also permits the calculation of the proportion of cases attribut
able to alcohol exposure. On the contrary, the excess risks for alcohol and 
tobacco at low dose of the other factor are uninformative. Following Blot 
and Day1 it may be added that the rejection of the additive model implies 
synergism, which means that the excess incidence due to alcohol is far 
greater among heavy smokers than among light smokers. The latter concept is 
called public health interaction by Rothman et al. S 

The understanding of the mechanism by which alcohol and tobacco act 
together to produce cancer is probably not considerably improved by the 
present analysis; in other words, a better knowledge of the interaction of 
the two factors does not improve our knowledge of their biological inter
action. This latter rather fuzzy concept might be useful in the framework of 
initiation/promotion experiment or in the interpretation of epidemiological 
observation with the help of the multistage model: it has often been said 
that etiological factors acting interchangeably in the same step of the 
process would correspond to additivity, whereas those acting on different 
steps would combine multiplicatively. However, rejecting the hypothesis of a 
common step of action on the sole ground of non-additivity would be valid 
only if the two factors would act with the same linear dose effect relation
ship2. The evidence accumulated up to now would not support such a simple 
mechanism and would suggest, on the contrary, that both factors act on 
several steps of a possible multistage process. 
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IN HUMAN BLADDER CARCINOGENESIS 

INTRODUCTION 

Paolo Vineis and Benedetto Terracini 

Servizio di Epidemiologia dei Tumori, Dipartimento di 
Scienze Biomediche e Oncologia Umana, Ospedale Maggiore 
e Universita di Torino 
Via Santena 7, 10126 Torino, Italy 

In 1972, Doll et al.' suggested that the concentration of 2-naphthyl
amine in cigarette smoke was similar to concentrations found in coal plants, 
i.e. a setting where an elevated risk of bladder cancer was identified. Sub
sequent chemical analyses of tobacco smoke 2 showed that several aromatic 
amines were present, with higher concentrations in black (air-cured) tobacco. 
This suggested that in countries where prevalently black tobacco is smoked the 
relative risk for bladder cancer could be higher than in countries, such as 
the U. K. and U. S .. where blond (flue-cured) tobacco is used. 

Such hypothesis has been confirmed by a study in Italy and one in Argen
tina3,4 showing that black tobacco was associated with risks of bladder cancer 
2-3 times higher than blond tobacco. 

Further evidence was given by biochemical studies. Urines of black to
bacco smokers were slightly more mutagenic than urines of blond tobacco smok
ers in a pilot study in Italy (paper in preparation); in a German study,f a 
single subject switching from blond to black cigarettes showed higher urine 
mutagenicity when smoking the latter 5. Independently, the exceptionally high 
mutagenic activity in the urine of a single smoker was attributed to the iso
lation of an aromatic amine, 2-amino-7-naphthol (a metabolite of 2-naphthyl
amine) 6. Finally, the blood of black tobacco smokers was reported to contain 
a higher concentration of adducts formed by 4-aminobiphenyl with hemoglobin 
(288 pg/g),in comparison with blond tobacco smokers (175 pg/g) and non-smok
ers (51 pg/g)7. Interestingly, the levels of adducts among Italian blond to
bacco smokers was similar to the levels found in an investigation of American 
cigarette smokers 8. 

TEMPORAL ASPECTS OF BLADDER CARCINOGENESIS 

The different composition of black and blond tobacco smoke suggests the 
possibility that various stages of action in a multi-stage carcinogenic pro
cess may be differently affected by the two types of tobacco. In a recently 
published and wide study in the U. S., where blond tobacco is almost exclu
sively smoked, the risks following cessation of smoking clearly suggested 
that late-stage carcinogens were present 9 • This was consistent with a number 
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Table 1. Male smokers of black tobacco: role of time variables in bladder 
cancer risk (duration and cessation) 

Case/Controls Or a 95% CI Trend X2 

Duration 1-19 6/29 1.0 
20-39 68/77 3.4 (1.1-10.0) 2.9 (p=0.08) 
40+ 81/45 6.7 (1.7-26.1) 

Intensity 1-14 50/77 1.0 
15-29 93/62 1.8 (1.1-3.0) 
30+ 12/12 1.6 (0.6-4.0) 

Cessation Current 115/72 1.0 
<3 years 10/15 0.46 (0.19-1.15) 
3-9 years 11/25 0.32 (0.14-0.75) 0.03 (p=0.87) 
10+ years 19/39 0.59 (0.25-1.38) 

Model X2 50.36 (13 d.f.) 

aLogistic regression estimates; models including age at diagnosis/interview 

of previous investigations 10. The American study, in addition, was properly 
analyzed for the role of age at start of smoking, a variable which can indi
cate an early stage of action of the exposure 11 • However, in that study age 
at start was not clearly associated with the relative risk, although the sug
gestion of a decrease in the risk with increasing age at start was present. 
The previous literature on this subject is very sparse 10. 

The major problem with the analysis of time aspects is collinearity be
tween variables, particularly with a case-control design. Age at start, for 
instance, does not vary when duration, age at diagnosis and time since stop
ping are fixed 12. 

We have analyzed a case-control study in Torino for the role of time 
variables in black and in blond tobacco smokers, respectively. Since there 
is evidence that a greater content in 4-aminobiphenyl and, possibly, other 
aromatic ~ines might explain the greater bladder carcinogenicity of black 
tobacco, the latter could be associated with a more evident effect of age at 
start. In fact, aromatic amines are mutagenic 13 and covalently bind with 
macromolecules 8, thus suggesting a potential early-stage (initiating?) ac
tivity. 

Details on the study design and further analyses are reported else
where 3,14. 

AGE AT START AND TIME SINCE CESSATION: SMOKING OF BLACK OR BLOND TOBACCO 

Duration, age at start, age at diagnosis and time since cessation cannot 
be analyzed in a same statistical model. We have chosen, therefore, to 
analyze separately the effects of duration and, respectively, age at start, 
adjusting for age at diagnosis and time since cessation. Table 1 shows the 
logistic regression model including duration, and Table 2 the model including 
age at start for male smokers of black tobacco for most of their smoking lives 
(155 cases and 151 controls). A clearcut effect of cessation is evident, par-
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Table 2. Male smokers of black tobacco: role of time variables in bladder 
cancer risk (age at start and cessation) 

Case/Controls ~a 95% CI Trend XZ 

Age at start 25+ 6/16 1.0 
21-24 16/15 2.4 (0.7-S.7) 
17-20 63/63 2.3 (0.S-6.9) 2.9 (p=O.OS) 
<17 70/57 2.S (0.9-S.3) 

Intensity <15 50/77 1.0 
15-29 93/62 1.9 (1.1-3.3) 
30+ 12/12 1.5 (0.6-4.0) 

Cessation Current 115/72 1.0 
<3 10/15 0.45 (O.lS-l.ll) 
3-9 11/25 0.27 (0.11-0.61) S.9 (p=0.003) 
10+ 19/39 0.27 (0.14-0.53) 

Model XZ 45.S6 (14 d.f.) 

aLogistic regression estimates; models including age at diagnosis/interview 

ticularly when age at start is included. The differences between duration 
and age at start are due to the different categories which have been used; 
both suggest the presence of an early stage effect, although the role of age 
at start is not statistically significant. 

Since only 27 male cases and 76 controls smoked blond tobacco for most 
of their smoking lives, and the distribution by categories of age at start was 
sparse, it is premature to draw any conclusion in this group of smokers. The 
effect of cessation, however, is clear, with a relative risk of 0.36 (95% c.l. 
0.1-1.2) among former smokers compared to current smokers. 

A comparison is possible between those who smoked black tobacco through
out life (S7 cases and 109 controls) and those who switched from black to 
blond (Table 3). Apparently it makes no difference stopping smoking black 
tobacco or switching to blond before stopping; a very slight difference is 
suggested, among current smokers, between those who never quit black tobacco 
and those who switched to blond. 

A possible interpretation of these data, which require confirmation, is 
that black tobacco acts at early stages of carcinogenesis; the role of blond 
tobacco at the same stages cannot be solved because of paucity of data; both 
types of tobacco seem to have a late stage effect, suggested by a decrease in 
the relative risk after smoking cessation. 

CONCLUSIONS AND PERSPECTIVES 

In the case of smoking and lung cancer, both an early and a late stage 
of action have been proposed 10 The literature on bladder cancer is limited, 
at least as far as the effect of age at start is concerned, by the paucity of 
data and methodological problems. Previous studies on the subject either did 
not adjust the estimates concerning time variables for the confounding role of 
other tobacco-related variables or did not consider properly the strong 
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Table 3. Odds ratios and 95% confidence intervals according to duration and 
cessation among smokers of black tobacco throughout life and among 
smokers switching from black to blond tobacco, males a 

Black tobacco throughout Black tobacco switching to 
life blond b 

Duration Current Former Former black Formerly black, 
Current blond later blond, 

then quitting 

1-19 2.1 0.8 3.3 1.3 
(0.2-22.9) (0.2-3.0) (1.0-10.3) (0.1-12.6) 

20+ 6.6 2.2 5.7 2.6 
(3.5-12.6) (1.0-4.9) (3.3-10.0) (1.2-5.6) 

All durations 6.2 2.1 5.5 2.5 
(3.3-11.7) (1.1-4.0) (3.2-9.5) (1.3-5.0) 

Cases/Controls 65/47 22/62 151/127 30/45 

:AII odds ratios are age-adjusted, reference category: non-smokers. 
Including 68/42 subjects smoking mostly black, 13/14 smoking mostly blond 

tobacco, and 100/116 mostly mixed smokers 

collinearity between time variables. 

An apparent early-stage effect of black tobacco is suggested by the 
present analysis, and is coherent with the biologic properties of aromatic 
amines. Future studies should include a sufficient number of subjects who 
quit temporarily and then started smoking again, in order to disentangle ef
fectively between age at start and duration. In addition, biochemical 
studies are warranted to confirm the relevance to bladder carcinogenicity of 
the aromatic amines found in tobacco smoke. A particularly interesting ques
tion is whether the level of adducts formed by aromatic amines with hemoglo
bin (and, possibly, DNA) is influenced by the phenotype for N-acetyltransfer
ase; this has been suggested by a small investigation 15 and is consistent 
with the hypothesis that slow acetylators exposed to aromatic amines are at 
higher risk of bladder cancer than fast acetylators 16. 
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CONCLUDING REMARKS 

Peter Bannasch 
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The Fourth Sardinian International Meeting on Models and Mechanisms in 
Chemical Carcinogenesis was a great challenge for all participants. In 
rather a tight and exhausting schedule, recent advances in carcinogenesis re
search were presented in numerous reviews, short oral presentations and po
sters. Both the oral presentations and the posters stimulated a lively and 
fruitful discussion. It is virtually impossible to summarize the plethora of 
information given during the five days of the meeting within a few minutes. 
I will, therefore, pick out some aspects which I felt to be of particular in
terest. This selection will certainly be biased by my specific interests in 
some research areas and my ignorance in others. 

How do chemical carcinogens interact with their target cells, and how do 
they induce the persistent intracellular changes which eventually lead to 
neoplastic cell transformation? Many contributions dealt with these crucial 
questions and provided interesting new information. It is now well estab
lished that the majority of chemical carcinogens require metabolic activa
tion, and it has been shown that the cytochrome P-450 enzyme system plays an 
important role in this process. Elegant new tools for studying the cyto
chrome P-450 enzymes have been developed recently. Monoclonal antibodies to 
the cytochrome P-450 enzymes, which inhibit the specific individual isoen
zymes, can be used for reaction phenotyping of this enzyme system and may 
help to further analyse the mechanisms of metabolic activation of chemical 
carcinogens. Another promising approach to studying this mechanism is the 
production of viral vectors by inserting P-450 DNA coding sequences into a 
vaccinia virus. 

Examples for the formation of reactive metabolites from chemical car
cinogens and their subsequent interaction with chromosomal DNA were given for 
a number of compounds such as aromatic amines, nitroaromatic hydrocarbons, 
polycyclic hydrocarbons and some chemicals which appear to be of particular 
interest as environmental pollutants (alipathic halocompounds, methyl hal
ides). The importance of species differences and alternative metabolic path
ways in the activation of chemical carcinogens has been emphasized, especial
ly with respect to the extrapolation from data obtained in animals to the 
situation in man. Detoxicating metabolic processes mediated, for example, by 
the glutathione system, and DNA repair processes may counteract the formation 
and accumulation of DNA-adducts and hence exert "antigenotoxic" and anticar
cinogenic effects. It is evident, however, that there are still many gaps in 
our understanding of the possible role of DNA-adducts in initiation of chemi-
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cal carcinogenesis. Thus, in vitro studies of the methylation of calf thymus 
DNA by three different N-nit;osoalkylamines revealed that the reactive inter
mediates did not react with DNA in a manner which led to any specificity of 
DNA methylation. The results rather suggested that methylation of DNA occur
red via a common diazonium ion entermediate. It is still unclear whether al
kylation due to chemical carcinogens and subsequent repair of DNA are distri
buted in the genome in a random or non-random fashion. In combination with 
modern methods of molecular genetics, antibodies to DNA-adducts may be used 
as powerful tools to further elucidate the role of DNA-alterations induced by 
chemical carcinogens and their potential significance for preventive meas
ures. Interestingly enough, in contrast to the surrounding liver tissue, 
preneoplastic hepatic foci produced in rats by continuous administration of 
AAF did not react with antibodies to AAF-DNA-adducts. 

In this context, I would like to stress that the popular phrasing "DNA
adducts (or other phenomena) are necessary but not sufficient" for neoplastic 
cell transformation is problematic. Whereas this may be true, as long as we 
do not understand the whole process of carcinogenesis, we have to keep in 
mind that such changes may be irrelevant. Some other possibilities of pri
mary DNA-alterations like DNA-hypomethylation or oncogene activation were 
discussed, and it was explicitly stated that changes in genetic regulation 
may eventually turn out to be more important than structural differences in 
genes. 

As to the induction of tumours by compounds which have not been shown to 
interact with DNA, it has frequently been postulated that "spontaneously" in
itiated cell populations are always present and may give rise to tumours 
under the additional exogenous influence of chemicals usually called promo
ters. This speculation can neither be proven nor disproven at present. I 
wonder, however, why only so-called promoters but not carcinogens per se 
should use such "spontaneously" initiated cells as targets? Are we able to 
identify "initiators" at all under these conditions? It was mentioned just 
in time during our discussion that there is most probably no animal available 
which has not been exposed to exogenous carcinogens. 

The developmental stages of carcinogenesis induced by chemicals have 
been studied in considerable detail in a number of tissues such as the liver, 
skin and kidney. In liver and kidney, characteristic phenotypic cellular 
changes were detected which apparently follow an ordered sequence during neo
plastic development. In comparison to the frequently studied role of cell 
proliferation for carcinogenesis, the significance of cell death for this 
process has been neglected for a long time. At this meeting, several speak
ers emphasized the importance of a better understanding of the balance be
tween cell death and cell proliferation during tumour development. The chal
lenging idea has been proposed that hyperplasia due to mitogens is biologic
ally different from hyperplasia due to necrosis. The concept of "apoptosis" 
as a genetically programmed cell death is also attractive. However, so far 
no specific morphological or biochemical criteria have been described which 
would allow us to clearly distinguish "apoptosis" from cell death due to 
other factors such as toxic effects or haemodynamic alterations. 

Many laboratories earlier showed that partial hepatectomy enhances hepa
tocarcinogenesis induced by various chemicals. Regenerative cell prolifera
tion and "fixation" of carcinogen-induced DNA lesions were usually made re
sponsible for this effect. This interpretation is questioned, however, by 
the observation reported at this meeting that partial hepatectomy performed 
ten weeks before administration of the carcinogen apparently also increased 
the incidence of liver tumours. Decades ago pathologists postulated that 
"hyperplasiogenic tumours" may appear in certain tissues, particularly in 
endocrine organs. Today, it is difficult to accept that cell proliferation 
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as such can lead to neoplasia since some persistent cellular alterations 
appear to be a prerequisite to neoplastic transformation. During hepatocar
cinogenesis, early appearing phenotypic cellular changes are not associated 
with an appreciable increase in cell proliferation but there is a slow 
progression to phenotypic alterations characterized by a high cell turnover. 

In some models of hepatocarcinogenesis, diploid cell populations appear 
to be the precursors of hepatocellular tumours but this observation should 
not be generalized, neither for the liver nor for other tissues. There is no 
doubt that tetraploid, polyploid and aneuploid preneoplastic and neoplastic 
lesions may occur under other experimental conditions or in man. The 
controversial discussion on the significance of diploid "oval" cells for he
patocarcinogenesis goes back to the early fifties when a paper coauthored by 
the Millers appeared implicating that the oval cells might be precursors of 
hepatocytes and hepatoma cells. In the meantime, many workers have tried to 
substantiate this idea. However, as far as I can see, no convincing evidence 
has been provided up to date which would prove this postulated transition. 
On the contrary, in a number of experimental models it has clearly been shown 
that hepatocellular tumours arise without any preceding proliferation of oval 
cells. The majority of oval cells, which appear early after repeated admini
stration of sublethal doses of hepatocarcinogens, die later on. There is 
little doubt that those which survive may progress to cholangiofibrosis and 
to cholangiocellular tumours, but this histogenetic relation is frequently 
neglected in the ongoing debate on the origin and fate of the oval cell. 

I was most impressed by the large number of contributions dealing with 
metabolic aberrations in preneoplastic and neoplastic lesions produced or 
promoted by chemical carcinogens. There is no time to go into the details, 
but I would like to list some of the topics discussed: 

alterations in drug metabolism 

- relation of oncogene activation to metabolic aberrations 

- changes in carbohydrate metabolism concerning glycosyltransferases, nucleo
tide sugars, glycogen, the hexose monophosphate shunt and glycolysis 

- alterations of lipid metabolism during tumour promotion 

- cholesterol metabolism and cell proliferation 

- changes in signal transduction during neoplastic transformation including 
the role of proteinkinase C in tumour promotion 

- anticarcinogenesis induced by dehydroepiandrosterone 

A central position in the discussion on metabolic aberrations during 
neoplastic transformation has been given to the key enzyme of the hexose mo
nophosphate shunt, the glucose 6-phosphate dehydrogenase (G6PDH), and the 
possible relation of the anticarcinogenic effect of dehydroepiandrosterone, 
which has been shown earlier to be an inhibitor of the G6PDH, to the activity 
of this metabolic pathway. 

The influence of nutrition (choline deficiency, administration of orotic 
acid, caloric restriction, dietary fat) on chemical carcinogenesis described 
by many speakers, was in line with the concept that metabolic aberrations are 
closely related to neoplastic transformation. 

In the last session of the meeting, some chemical risk factors for human 
cancer were discussed, including nitrosamines which have been shown to induce 
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cancer of nearly all sites in various animal species, endogenous nitrosation 
processes, alcohol and tobacco. It was evident from the discussion that con
siderable progress has been made in this research area. 

We have certainly heard many excellent presentations, but the most per
fect presentation was that of Franco Maggio Ormezowski playing the Sonata for 
solo cello composed by Zoltan Kodaly. I am convinced that I can speak on 
behalf of all participants when I thank Professor Feo for this unforgettable 
concert and ask him to convey our gratitude to Mr. and Mrs. Ormezowski. 

In my guide book for tourists I found two remarkable Sardinian sayings: 

- "Sa domu est minore, su coru est mannu" 
This means: "His house is small but his heart is great" 

Having experienced your most generous hospitality and your friendship, we can 
confirm this saying. 

The second saying is more complicated and may need some explanation: 

- "Furat chie venit da'e su mare" which means "He who comes over the sea will 
always steal something from our country". 

I am afraid that this saying is also true. When we share with you the 
beauty of this island, when we accept your warm hospitality, when we drink 
your delicious wines and eat your food, and when we, after all, also take 
with us some of the original scientific ideas developed in your laboratories, 
then we are undoubtedly thieves. However, I hope that we can compensate to 
some extent what we have taken away with us by bringing you the best possible 
present sc:entists can give, namely the results which came out of hard work
ing and thinking for many years, frequently for a lifetime. Thus, our meet
ing may be of mutual advantage. Many thanks to you, Francesco, to your wife 
and to your staff who had been working so efficiently to make the days in 
Alghero as pleasant and fruitful as possible for all of us. 
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INDEX 

AAF, see N-2-acetylaminofluorene 
AAS, see trans-4-acetylaminostil-

bene 
AB, see apoptotic body(ies) 
l'-Acetoxysafro1e, 191, 192 
Ac-1,2-dihydrodiol, 21 
2-acetylaminofluorene, see 

N-2-acetylaminofluorene 
-DNA, see carcinogen-DNA adducts 

Acid phosphatase, 211 
Acidophilic cell tumor(s), 213, 214 
Acidophilic renal epithelioma(s), 

209, 212, 213 
Acidophilic hepatocytes, 204 
AcO-safro1e, see l'-acetoxysafrole 
ACP rats, 486-488 
Actin stress-fibre(s), 555, 556 
Actinomycin D, 30, 32, 318 
Active oxygen species, 220 
Acyl CoA:cholesterol acyltrans-

ferase, 496 
Acylhalides, 53 
Ad12-SV40, see adenovirus 12-SV40 
Adduct(s), see carcinogen-DNA ad-

ducts 
Adenine, 371 
Adenosine, 462 

triphosphatase, 104, 284, 283, 
399, 400-402 

Adenovirus 12-SV40, 180 
Adenylate cyclase, 345, 350 

-cyclic AMP system, 595 
ADH, see alcohol dehydrogenase 
Adipocyte differentiation, 363 
ADP-ribosyltransferase, 76, 80-83, 

225 
ADPRT, ~ ADP-ribosyl transferase 
Adrenal cortex, 361 
AF, ~ aminofluorene 
AF-DNA, ~ aminofluorene-DNA ad

duct 
Aflatoxin B1, 75, 120, 137, 324, 

325, 331, 362, 563, 583, 
606, 639 

Aflatoxins, 4, 8 
AH-130 tumor, see AH-130 Yoshida 

ascites hepatoma 
AH-130 Yoshida-ascites hepatoma, 454, 

526, 527, 530, 531 
Ah-receptor, 247 
AHH, see aryl hydrocarbon hydroxylase 
Alcohol, 649, 650, 652, 654 

dehydrogenase, 138, 346, 350, 352 
Alcoholic beverages, 650 
Aldehyde 

dehydrogenase, 138, 346, 348-351 
reductase, 346, 350, 352 

Alkaline phosphatase, 211, 324, 325, 331 
Alkylating agent(s), 137, 385 
Alpha-hexachlorocyclohexane, 265 
Amino acid transport, 471, 472 
Amino azo-dyes, 3 
Aminofluorene, 103, 125, 129, 246 
Aminofluorene-DNA adduct, see carcino-

gens-DNA adducts 
Amynopyrine, 8, 45 

N-demethylase, 259 
Aminostilbene, 246 
Anchorage-independent growth, see growth 
Androsterone, 369 
Aniline hydroxylase, 8, 10 
Anogenital cancer, 173 
Anti-BADE, ~ anti-benzo(a)anthracene

diol-epoxide 
Anti-benzo(a)anthracene-diol-epoxide, 71 
Anti-BPDE, see anti-benzo(a)pyrene-7,8-

diol-9,10-epoxide 
Anti-BAPDE, ~ anti-benzo(a)pyrene-

7,8-diol-9,10-epoxide 
Anti-benzo(a)pyrene-7,8-diol-9,10-

epoxide, 25, 30, 67-69, 71 
Anti-CDE, see anti-chrysene-diol

epoxide(s) 
Anti-chrysene-diol-epoxide(s), 37, 43, 

67, 71 
Anti-chrysene-1,2-diol-3,4-oxide, see 

anti-chrysene-dio1 epoxide(;) 
Anti-initiating effect, 362 
Antioxidant(s), 75, 228, 407, 430, 573, 

591, 609, 619 
Anti-promoting effect, 364, 408, 413, 

415 
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Antipyrine, 8 
Aplysiatoxins, 301 
Apoptosis, 167, 168, 224, 225, 256, 

263-289, 535-549 
Apoptotic body(ies), 269, 409 
Apoptotic index, 252, 254, 256 
Arachidonic acid, 222, 223, 407, 

572 
metabolism, 226, 228 

Aromatase, 12 
Aromatic amine(s), 4, 17-19, 120, 

125, 137, 138, 243, 246, 
639, 657, 660 

Aryl hydrocarbon hydroxylase, 6, 
87, 370 

Arylamines, 18, 137 
AS, ~ aminostilbene 
Asbestos, 228 
Ascorbic acid, 76, 77, 79, 82, 

159, 630-635 
Aspirin, 228 
Astrocytomas, 557 
ATPase, see adenosine triphospha-

tase 
Atrophy, 263, 266 
Autocrine growth factors, 257 
Autophagy, 531 
Azo-dye carcinogenesis, 206 
Azo-dyes, 203 
Azoxymethane, 317 

BA, ~ benzaldehyde 
Balb/c 3T3 cells, 526 
BaP, ~ benzo(a)pyrene 
B(a)P, see benzo(a)pyrene 
BaPDE-tetrols, see benzo(a)pyrene-

7,8-diol-9,10-epoxide
tetrols 

BaP-7,8-diol, see benzo(a)pyrene-
7,8-diol 

BaP-7,8-diol-9,10-epoxide, see 
benzo(a)pyrene-7,8-diol-
9,10-epoxide 

BaP-triol, see benzo(a)pyrene-
tri~ 

Basophilic areas, 204 
Basophilic cell tumor, 209, 213 
Basophilic epitheliomas, 211 
Basophilic hepatocyte(s), 203-206 
Bay region, 25 
BBN, ~ N-nitrosobutyl(4-hydroxy

butyl) amine 
B6C3F1 mice, 584, 586 
Bp-7,8-diol, ~ benzo(a)pyrene-

7,8-diol-9,10-epoxide 
BEAS-2B cell line, 181 
Benz(a)anthracene, ~ benzo(a)-

anthracene 
Benz(a)pyrene, ~ benzo(a)pyrene 
Benzaldehyde dehydrogenase, 260 
Benzo(a)anthracene, 67, 88, 123 
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Benzo(a)pyrene, 25, 32, 37, 40, 67, 75, 
87, 120, 122, 362, 411 

-7,8-diol, 29, 40, 62, 90 
-7,8-diol-9,10-epoxide, 26, 32, 41, 

87, 370 
-tetrols, 28, 123 
-triol, 43 

Benzo(c)phenanthrene, 123 
Beta-adrenergic receptor, see 

receptor(s) 
Beta-hydroxybutyrate dehydrogenase, 566 
BHA, see butylated hydroxyanisole 
BHT, see butylated hydroxy toluene 
BI strain, 485 
Bile 

acids, 188, 257, 390, 495 
salts, 365 

Bisecting Gn residues, 338, 339 
Bladder 

cancer, 137, 657, 659, 660 
tumors, 643 

BN rats, 487, 488 
Bombesin, 180 
BP, see benzo(a)pyrene 
BP-7~diol, see benzo(a)pyrene-7,8-

dio1 
BP-7,8-diol-9,10-oxide, ~ benzo(a)

pyrene-7,8-diol-9,10-epoxide 
BPDE-tetro1(s), see benzo(a)pyrene 

tetrols 
Breast, 497, 609, 639 

cancer, 362, 497 
Bromobenzene, 153, 154, 160 
Bromodeoxyuridine, 293 
Buthionine-S,R-sulfoximine, 50 
Butylated hydroxyaniso1e, 400, 425-430 
Butylated hydroxy toluene, 146, 391 
BYl strain, 485 
BY2 strain, 485 

c-abl Proto oncogene , see protoonco
gene(s) 

c-fos Protooncogene, see protoonco
gene(s) 

c-H-ras Protooncogene, ~ proto
oncogene(s) 

c-K-ras Proto oncogene , ~ proto
oncogene(s) 

c-Ki-ras Protooncogene, ~ proto
oncogene(s) 

c-myc Protooncogene, see protoonco
gene(s) 

c-sis Protooncogene, see proto
oncogene(s) 

C3H lOT 1/2 Murine fibroblasts, 188, 
223 

C57bl mice, 7 
Cachexia, 530 
Calcium, 185, 186 

calmodulin dependent proteinkinase, 
221, 229, 301 



Calcium (continued) 
cycling, 146, 149 
homeostasis, 154 
-Mg++-dependent DNase, 225 
pumps, 156 
transport, 147, 149 

Calmodulin, 229 
-dependent enzymes 185 

Cancer(s), 389, 609, 642 
of mouth, 651 

colon, 619 
oral cavity, 506 
rectum, 506 
bile ducts, 506 
liver, 506 
pancreas, 506 
stomach, 506 

Carbocation, 140 
Carbamylphosphate, 318 
Carbon tetrachloride, 53, 143, 

147, 263, 333, 378, 392, 
394, 602 

Carbonyl compounds, 644 
Carcinogen-DNA adducts, 20, 104-

108, 122, 123, 125, 194, 
195, 224-248, 333, 378, 
385, 436-441, 443, 657, 
660 

Carcinoma(s) 
in situ, 570 
of'liver, 338 

lung, 180 
pancreas, 338 

Catalase, 604 
Catecholamines, 220 
CD diet, see choline-devoid diet 
Cell(s), 180, 224, 340 

death, 154, 168, 225, 263, 265, 
275-278, 289, 409, 531, 
544, 547, 548, 553, 567, 
572 

differentiation, 585 
division, 574 
growth, 525 
loss, 167, 168, 170, 540, 544 
proliferation, 168, 188, 211, 

245, 264, 270, 278, 293, 
384, 385, 395, 475, 567, 
604, 633 

surface receptors, see 
receptor(s) 

turnover, 256, 530 
Cellular growth, 513 

control, 187 
Cellular hypertrophy, 538 
Cellular necrosis, 210 
Cellular oncogenes, see onco-

gene(s) -
Cellular proliferation, 515 
Cervical cancer, 177 
Cervical neoplasia, 176 

CH, see cycloheximide 
Chalc;n;, 571 
Chicken embryo fibroblasts, 476 
Chlorinated hydrocarbons, 93, 287 
Chloroacetaldehyde, 93 
Chloroxirane, 93 
Cholangiocarcinomas, 569 
Cholesterol, 4, 333, 475-482, 490, 495, 

497, 499, 505, 506, 513 
esters, 495-497, 507 
synthesis, 362, 476, 485, 496, 497, 

499, 519, 520, 522 
Cholestyramine, 497, 506 
Choline, 390, 411, 583-585, 563-566, 

569, 572, 583-585 
deficiency, 565, 566, 583, 601, 605 
devoid diet, 195, 236, 238, 338, 413, 

486, 566-575, 583, 591-595, 602, 
604, 605 

Chromatid exchanges, 222 
Chromophobic cell tumors, 209, 213 
Chromophobic epitheliomas, 210 
Chromophobic lesions, 210, 211 
Chromosomal aberrations, 222 
Chromosomal damage, 223 
Chromosomal fragile sites, 176 
Chromosome rearrangements, 417 
Chronic lymphocyte leukemia, 177 
Chrysene, 37, 43, 67, 123 
Chrysene-1,2-diol-3,4-oxide(s), 37 
Chylomicrons, 496 
Cigarette smoke, 17, 137, 657 

condensate, 75 
Cimetidine, 76 
Ciprofibrate, 105, 106 
Cirrhosis, 120, 143, 489, 568 
Clastogenic factors, 223 
Clear cell tumors, 209, 214 
Clear renal epitheliomas, 213 
Clofibrate, 323-327, 331, 426-430,506 
Clonal nodules, 167 
Coal plants, 657 
Collagens 

type I, 179 
type III, 179 

Colon, 17, 362, 609, 639 
cancer, 621, 624 
carcinogenesis, 188, 620, 621, 626 

Colonic carcinogenesis, see colon car-
cinogenesis 

Colonic tumor, see colon cancer 
Colorectal cancer, 506, 513 
Compactin, 505, 519 
Conjugated dienes, 148 
Contact inhibition, 340, 450 
Conversion, 217-219, 222-224, 227-229 
Corticosterone, 530 
CPA, ~ cyproterone acetate 
Cyclic adducts, 244 
Cyclic AMP-dependent protein 

kinase, 187 
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Cycloheximide, 318, 319, 535, 
540, 544, 548 

Cyclooxygenase, 365 
pathway, 223 

Cyclophosphamide, 75 
Cyclosporine, 222, 228, 229 
Cyproterone acetate, 169, 236, 265, 

267, 269 
Cystadenomas, 45 
Cytochrome P-450 system, ~ mixed 

function monooxygenases 
Cytochrome(s) 

-P448, 56 
-P450, 3, 4, 8-10, 17-19, 20, 21, 

32-34, 46, 48, 53, 56, 76, 
138, 259, 260, 402, 566, 
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-Pl-450, 10, 12 
-P3-450, 10-12 
-P450-BNF-B, 18 
-P450-ISF-G, 18 
-P450j, 13 
-P450-PB, 399 
-P450-PB-3a, 400 
-P450-PB-B, 18 
-P450-PB-D, 18 
-P-450 isozymes, 30 
-P450-dependent monooxygenase(s), 

see mixed function monooxy
genases 

Cytoplasmic calcium, 185 
Cytosine, 371 
Cytotoxicity, 362 

D2 mice, 8 
DAG, see diacylglycerol 
DBA strain, 7 
DDT, ~ dichloro-diphenyl-tri

chloroethane 
De ~ cholesterogenesis, 485, 

496, 497, 507 
Debrisoquine, 9 

gene, see gene(s) 
Dec-SAM, ~ decarboxylated 

S-adenosyl-L-methionine 
Decarboxylated S-adenosyl-L

methionine, 459, 462 
Dehydroepiandros"terone, 361, 369, 

407, 519 
DEN, ~ diethylnitrosamine 
DENA, see diethylnitrosamine 
Deoxyguanosine, 27, 67 
Deosyribonucleosides, 371 
Deoxyribonucleotide diphosphates, 

363 
Deoxyribonucleotides, 362 
DES, see diethylstilbestrol 
Desmoid tumor fibroblasts, 467-470 
Dehydroascorbic acid, 160 
dGuo-8-AF, ~ N-(deoxyguanosin-

8-yl)-2-amino-fluorene 
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DHEA, see dehydroepiandrosterone 
Di-(2-ethylhexyl)phtalate, 287, 331, 

400, 428, 430 
Di-n-butylamine, 632, 643 
Diacylglycerol(s), 185-188, 220, 301, 

479 
Dibutylamine, see D-n-butylamine 
Dichloro-diphenyl-trichloroethane, 391 
Dichloroethane, 58 
Didemnin, 228 
Diene(s), 145 

conjugates 572, 602 
conjugation, 610, 613 

Diethylamine, 632, 643 
Diethylmaleate, 75 
Diethylnitrosamine, 105, 106, 195, 236, 

239, 251, 259, 281, 287, 288, 
294, 297, 298, 345, 364, 365, 
377, 378, 381, 384, 392, 399, 
406, 407, 425, 427, 430, 435, 
436, 438, 440, 441, 454, 585, 
487, 488, 490, 486 

Diethylastilbestrol, 272, 274, 276 
Differentiation, 263, 363, 449, 574 
Dihydrofolate reductase, 318 
Dimethylamine, 643 
7,12-dimethylbenzanthracene, 362, 363, 

506 
Dimethylhydrazine, 385 
Dimethylnitrosamine, 12, 13, 131, 132, 

281, 370 
Direct-acting mutagen(s), 45, 76 
DL-1-(2-nitro-3-methyl-phenoxy)-3-tert

butylamino-propan-2-ol, 129, 
131, 132 

DL-ZAMI 1305, see DL-1-(2-nitro-3-
methyl-phenoxy)-3-tert-butyl
amino-propan-2-ol 

DMBA, ~ 7,12-dimethylbenzanthracacene 
DMH, see dimethylhydrazine 
DMNA, ~ dimethylnitrosamine 
DNA, 4, 9, 10, 20, 30, 33, 43, 94, 99, 

103, 111, 112, 116, 119, 120-
131, 138, 173, 174, 176, 180, 
186, 192, 195, 223, 224, 235-
239, 246, 266, 268, 269, 281-
283, 319, 337, 362-364, 385, 
387, 409, 412-413, 415, 417, 
136, 137, 450, 475, 476, 496, 
519, 522, 530, 531, 536-538, 
540, 544, 567, 573, 574, 586, 
601, 605, 606, 660 

adduct(s), see carcinogene-DNA 
adduct(s) 

amplification, 417 
binding indices, 244 
conformation, 196 
damage, 71, 129, 131, 133, 195, 197, 

244, 394, 602, 604 
fragmentation, 131, 195-201 
hydrolysis, 536 



DNA (continued) 
hypomethylation, 585 
integration, 176 
lesions, 243, 248 
methylation, 45, 116, 370, 412-

415, 584, 585 
protein cross1inks, 244 
repair, 76, 119, 195 

test, 75 
single strand breaks, 222 
strand breaks, 224, 246 
synthesis 198, 221, 338, 363, 

364, 371, 448, 449, 485, 
496, 497, 499, 505, 519, 
520, 538, 548 

DNAase II, 548 
Dolichol, 478 
Dormant tumor cells, 218 
Doubles minutes, 176 
DRNs, see deoxiribonucleosides 
Drug-metabolizing enzymes, see 

mixed function mono
oxygenases 

DT-diaphorase, 284, 604 
DTF, see desmoid tumor fibroblasts 

EAF, see enzyme-altered foci 
EBV, see Epstein-Barr virus 
EF-2, see elongation factor-2 
EGF, see epidermal growth factor 
EGF receptor, see receptor(s) 
Eicosatetrainoic acids, 223 
EICs, see endogenous initiated 

cells 
ElF, see Epstein-Barr-virus-

inducing factor 
E1lipticine, 198, 201 
Elongation factor-2, 228 
Endogenous initiated cells, 569, 

570 
Endogenous promoters, 257 
Endogenous promotion, 248 
Endolarynx cancer, 650 
Enolase, 324, 325 
Enzyme-altered foci, 104, 108, 

235, 283, 285, 287, 370, 
371, 377, 391, 394, 401, 
406-408, 408, 416, 425, 
427, 568, 570, 571 

Epidermal chalone, 220 
Epidermal G1-chalone, 228 
Epidermal growth factor, 236, 238, 

447, 449, 571, 594-597 
Epidermal growth factor receptor, 

see receptor(s) 
Epidermal transglutaminase, 226 
Epoxide(s), 53, 122 

hydrase, see epoxide hydratase 
hydratase~l, 67: 71, 122, 153, 

259 
hydrolase, see epoxide hydratase 

Epstein-Barr virus, 180, 558 
-inducing factor, 223, 224 

Erlich ascites tumor, 513 
Esophageal cancer, 650 
Estrogen(s), 275, 385, 390 
Ethionine, 345, 411, 583-585, 606 
Ethoxycoumarin O-deethylase, 6, 11, 

259, 611 
Ethoxyquin, 430 
Ethoxyresorufin O-deethylase, 11, 62, 

259, 611 
Etiocholanolone, 369 

F-344 rats, 586 
Famotidine, 76-79, 82, 83 
Fatty acid omega hydroxylase, 12 
Fatty cysts, 566, 568 
FBPase, ~ fructose-1,6-biphosphatase 
Fibroblast(s), 181, 222, 362, 370, 554 

cultures, 549 
proliferation, 224 

Fibronectin, 314, 448 
Fibrosarcoma, 472 
Flavin containing monooxygenase, ~ 

mixed function monooxygenases 
Flavoproteins, 20 
Folic acid, 363, 564 
Food additives, 390 
Formaldehyde, 45 
Free radical(s), 223, 246, 573, 591, 

602, 604 
scavenger, 573, 605 

Fructose-1,6-biphosphatase, 323, 325 

G6Pase, ~ glucose-6-phosphatase 
G6PD, ~ glucose-6-phosphate dehydro

genase 
G6PD-deficient cells, see glucose-6-

phosphate dehydrogenase defi
cient cells 

G6PD-deficiency, ~ glucose-6-phos
phate dehydrogenase deficiency 

G6PDH inhibitors, see glucose-6-phos
phate dehydrogenase inhibitors 

Galactosyltransferases, 339 
Gamma-glutamyltransferase, see gamma

glutamyltranspeptid~ 
Gamma-glutamyltranspeptidase, 104, 203, 

260, 281, 284, 487, 568 
positive foci, 76, 83, 282, 288, 415, 

488, 489 
Gangliosidosis, 212 
Gastrin-releasing peptide, 180 
Gene(s), 485 

alphafetoprotein, 573 
amplification, 176, 223 
c-Ha-ras-1, 115 
debrisoquine, 12 
expression, 185, 188, 222, 297, 387, 

585, 586 
grc, 490 
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Gene(s) (continued) 
mutation, 223, 387 
ornithine decarboxylase, 222 
rearrangement, 387 
suppressor, 222 
structure, 453 
T antigen, 180 
thymidine kinase, 10 
translocation, 223, 387 

Genetic polymorphisms, 125 
Genital dysplasias, 177 
GGT, ~ gamma-glutamyltranspepti

dase 
Glucagon, 350, 530, 593, 594 

receptors, ~ receptor(s) 
Glucocorticoids, see glucocortico

steroids 
Glucocorticosteroid(s), 225, 228, 

264 
Glucose-6-phosphatase, 104, 212, 

213, 523 
Glucose 6-phosphate dehydrogenase, 

76, 211-213, 324, 325, 333, 
362, 364, 365, 369-371, 
399-402, 408, 450, 485-489, 
519, 522, 523, 610 

deficiency, 369, 372 
deficient cells, 370, 388, 391 
inhibitors, 365 

Glucuronic acid, 137 
Glutamate-pyruvate transaminase, 

158 
Glutathione, 46, 48, 53, 604 

peroxidase, 160, 604 
reductase, 612 
-S-transferase(s) (P-form), 53, 

67, 69, 71, 94, 99, 153, 
260, 283, 284, 293, 346, 
350, 352, 399, 400-402, 426 

-S-transferase-P positive foci, 
425-427 

hepatocytes, 297 
nodule(s), 293, 294, 297 

Glyceraldehyde-3-phosphate dehydro
genase, 211-213 

Glycogen 
phosphorylase, 212, 231 
storage cells, 212 
synthase, 212, 213 

Glycoproteins, 341 
Glycosyltransferase, 338, 339 
GnTase, I, III, IV, V, see 

N-acetyl-glucosaminyl
transferases 

grc Gene(s), see gene(s) 
grc, ~ growth reproduction 

complex 
Growth, 574 

anchorage-independent, 314, 340 
factor(s), 179-181, 185, 217, 

441, 476, 480, 553, 591, 
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Growth (continued) 
factor(s) (continued) 597 
receptors, see receptor(s) 
rate, 441 
regulation, 553 
reproduction complex, 485-490 

GSH, see reduced glutathione 
depletion, see reduced glutathione 

depletion 
peroxidase, see glutathione peroxidase 
-S-transferase, see glutathione-S

transferase 
Guanine, 115, 125, 371 

methylation, 111 
Guanine-8-arylamine(s), 125 

DNA adducts, 120 
Guanylate cyclase, 351 

H2-blockers, 76 
H-301 line, 275 
H-ras oncogene, see oncogene(s) 
Haloaldehydes, 53 
Haloalkanes, 93, 99 
Haloethane, 54 
Halogenated hydrocarbons, 53 
Hamster 

embryonic fibroblasts, 362 
kidney tumor cell line, 275 

HDL(2,3), see high density lipopro
tein(s) 

Heat-shock, 453, 556, 558 
proteins, 453 

HeLa cells, 176, 177 
Hemagiosarcoma, 611 
Hemangioendotheliomas, 570 
Hemorrhagic-kidney syndrome, 565 
Hepatic foci, 288 
Hepatic hemangiosarcomas, 612 
Hepatic microsomes, 612 
Hepatic nodule(s), 235, 239, 288, 505, 

601 
Hepatitis, 263 
Hepatoblastomas, 569 
Hepatocarcinoma, see hepatocellular 

carcinomaW 
Hepatocarcinogenesis promotion, 371, 

407, 416 
Hepatocellular carcinoma(s), 167, 203, 

207, 251, 259, 317, 333, 345, 
348, 350, 352, 391, 394, 406-
408, 410, 411, 417, 436, 437, 
441, 486, 489, 513, 553, 563, 
575, 585, 601, 611 

Hepatocyte 
foci, 251-257, 260 
growth factor, 447, 449 
receptor, see receptor(s) 
primary cultures, 447 
proliferation, 206 
nodules, 169, 259 

Hepatoma, ~ hepatocellular 



carcinoma(s) 
Hepatotoxin, 293 
Heterocyclic amines, 18 
Hexachloroethane, 98 
Hexose monophosphate pathway, 87, 

211, 213, 333, 363, 485, 
489, 496, 519-523, 610, 
611 

Hexose monophosphate shunt, ~ 
hexose monophosphate 
pathway 

HFL, see hepatocyte foci 
HGF, see hepatocyte growth factor 
High density lipoprotein(s), 496, 

509, 513 
High fat diet, 390 
Histamine H2-receptor, see recep-

tor(s) 
HNE, see 4-hydroxy-nonenal 
Hodgkin's disease, 506 
HPV, see human papilloma viruse(s) 
Human astrocytomas, 553, 558 
Human BK virus, 173 
Human bronchial epithelial cells, 

179 
Human JC virus, 173 
Human keratinocyte lines, 174 
Human lymphocyte(s), 87, 180 
Human papilloma virus, 16, 174-177 
Human renal carcinomas, 212 
Human skin fibroblasts, 87 
Hydrocarbon hydrolase, 611 
4-hydroxy-nonenal, 348, 352 
Hydroperoxydienes, 144 
Hydroxy radicals, 143 
Hydroxyalkenals, 605 
Hyperdiploid ascites tumor cells, 

476 
Hyperplasia, 168, 170, 210, 219, 

263, 265, 282, 328, 509, 
519 

Hyperplastic foci, 83 
Hyperplastic nodules, see nodules 
Hyperplastic response, 519 
Hyperplastic transformation of 

skin, 220-222 
Hypertrophy, 327, 547 
Hypolipidemic agents, see hypo

lipidemic drugs 
Hypolipidemic drugs, 287, 325, 506, 

591 
Hypomethylation, 573, 585, 586 
Hypopharyngeal cancer, 651 

Incomplete promoters, 363 
Indomethacin, 228, 307, 365, 615 
Inducers of differentiation, 179 
Ingenol, 301-306 
Initiating lesions, 244 
Initiation, 25, 129, 167, 180, 199, 

217, 218, 222, 227, 235, 

Initiation (continued) 
244, 248, 251, 281, 282, 337, 
364, 371, 372, 377, 385, 389, 
394, 436, 453, 570, 601, 604, 
619, 654 

Inositol phospholipids, 475 
Inositol-1,4,5-trisphosphate, 185, 479 
Insulin, 238, 476, 530, 591, 597 

receptor(s), see receptor(s) 
Interleukin-1, 496, 530 
Interleukin-2, 496 
Interleukin-3, 198, 199 
Intermediate filament(s), 556, 558 
Intermediate density lipoproteins, 

496 
Intracellular communication, 221 
Ionizing radiation, 228 
IP3-DAG, 220, 221 
Isocitric dehydrogenase, 370 
Isoschizomeric enzymes HpaII/MspI, 417 

L-buthionine-S,R-sulfoximine, ~ 
buthionine-S-R-sulfoximine 

L-cell(s), 535, 536, 540, 549 
L-methionine, see methionine 
Lactate dehydrogenase, 247, 324, 327, 

496 
Laminin, 448 
Lanosterol, 475, 476, 478, 479 
Laryngeal cancer, 650 
LCAT activity, see lecthin-cholesterol 

acyltransferase 
LDH, see lactate dehydrogenase 
LDL receptor(s), ~ low density lipo-

protein(s) receptors 
LDL, see low density lipoprotein(s) 
Lead nitrate, 282, 288, 364, 507, 519 
Lecithin:cholesterol acyltransferase, 

496, 497, 499, 509, 513 
Leukotrienes, 4, 365 
Leupeptin, 529 
Linoleic acid, 476 
Linolelaidic acid, 476 
Lipid peroxidation, 45, 46, 143-145, 

148, 153-158, 160, 345, 572, 
573, 591, 601-605, 609-615 

Lipid radicals, 225 
Lipoperoxide-radicals, 572 
Lipophilic nitrosation, 629 
Lipoprote"in(s), 507, 509, 565 

metabolism, 515 
Lipotrope(s), 407, 564, 583 

-deficient diet, 407, 413 
Lipoxygenase pathway, 223, 228 
Liver 

cancer, 583, 390 
carcinoma(s), 411, 583 
cell death, 472 
cell proliferation, 601 
cirrhosis, 575 
epithelial-like cells, 362 
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Liver (continued) 
foci, 169 
growth, 439, 441 
hyperplasia, 278, 287, 505, 507 
islands, 169 
necrosis, 153 
neoplasms, 20 
nodules, 417 
regeneration, 203, 287, 437, 

449, 507 
tumors, 129, 244, 407, 569, 612, 

643 
Low density lipoprotein(s), 495, 

497, 509, 513 
receptors, see receptor(s) 

Lung 
adenomas, 313 
cancer, 228, 506, 639, 659 
carcinoma, 180 
neoplasms, 20 

Lymphatic system neoplasms, see 
lymphomas 

Lymphomas, 20, 415 
Lysosomes, 143 

Malic enzyme, 323-325, 333, 370, 
371 

Malondialdehyde, 610 
Mammary carcinomas, 415 
Mannosidases, 339 
ME, see malic enzyme 
mEH, see microsomal epoxide 

-hydrolase 
Membrane 

-bound oxidase, 364 
fluidity, 479, 481 
potential, 146 
receptors, ~ receptor(s) 

Methionine, 390, 411, 412, 564-
566, 583, 585 

-deficient diet, 584 
Methyl 

-bromide, 45 
-chloride, 45-49 
donors, 583 
-halides, 45 
-iodide, 45 
-deficient diet, 585, 586 

Methylases, 584 
Methylated guanines, 112 
Methylating 

-DNA adducts, 385 
agents, 45, 111, 112 

Methylation(s), 112, 116, 584, 585 
Methylmethane sulfonate, 129, 223, 

246 
4,4'-Methylene-bis-(2-cholorani

line), 19 
Methy1nitrosourea, 281, 325, 331, 

385 
5'-Methylthioadenosine, 460, 462 
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Mevalonic acid, 476, 479, 522 
MFO system, see mixed function mono

oxygenases 
MH1C1 ce1l(s), 347, 350, 352 
Mice 

B6C3F1, 45-47 
C3B5F1, 46, 47 
C3H, 47 
C57BL6, 47 

Microsomal epoxide hydrolase, 399, 400 
Microsomal calcium pump, 156 
Microsomes, 8, 349, 509 
Microtubules, 555 
Mieloproliferative disorders, 513 
Mitochondria, 146, 147, 212, 509 
Mitochondrion, see mitochondria 
Mitochondrial calcium pump, 156 
Mitochondrial membranes, 145 
Mitotic index, 253, 256, 571 
Mixed function monooxygenase(s), 3, 4, 

17, 19, 46, 53, 67, 71, 99, 
122, 132, 138, 369, 609 

MNNG, ~ N-methyl-N-nitro-N-nitroso
guanidine 

MNU, see methylnitrosourea 
Moca,~e 4,4'-methylene-bis-(2-chlo-

---;oaniline) 
Monoclonal antibody(ies), 5-8, 11 
Morpholine, 643 
Morris hepatoma(s), 347, 350-358, 450, 

454, 509, 553 
mRNA, 188, 363, 454, 455 
MTA, see 5'-methylthioadenosine 
Mucopolysaccharide storage disease, 212 
Multistage carcinogenesis, 179, 185, 

223, 228, 229, 654, 657 
Murine leukemia virus, 187 
Myc oncogene, see oncogene(s) 

N-[4-(5-nitro-2-furyl)-2-thiazolyl)
formamide, 137 

N-(deoxyguanosin-8-yl)-2-amino-fluo
rene, 119, 121, 122, 124 

N-(deoxyguanosin-8-yl)-1-amino-pyrene, 
120 

N-2-acetylaminofluorene, 76, 129, 331, 
485 

N-2-fluorenylacetamide, see N-2-acetyl
aminofluorene 

N-2-guanine tRNA methyl transferase II, 
411 

N-acetoxy esters, 17 
N-acetoxy-2-acetylaminofluorene, 180 
N-acetyl glucosamine Bl-4 galactosyl-

transferase, 338 
N-acetyl-L-cysteine, 50, 75 
N-acety1g1ucosaminyl-transferase, 150, 

337-339 
N-acety1g1ucosamine, 337 
N-acety1transferase, 660 
N-AcO-AGlu-P-3, see 3-N,N-acetoxy-



acetylamino-4,6-dimethyl
depyrido[l,2-a:3' ,2-d]
imidazole, 

N-alkylaylamines, 17 
N-ethyl-N-hydroxyethylnitrosamine, 

370 
N-hydroxy-6-AC, ~ N-hydroxy-6-

aminochrysene 
N-hydroxy-5-aminochrysene, 21 
N-methyl-N-nitro-N-nitrosoguanidine, 

75, 76, 79, 82, 385 
N-methyl-N-nitrosourea, 129, 137, 

430 
N-nitrosamides, 641 
N-nitrosamines, 4, 10, 120, 138, 

139, 211, 630, 632, 640-644 
N-nitroso-bis-(2-hydroxypropyl)

amine, 643 
N-nitroso-butyl(4-hydroxybutyl)

amine, 138 
N-nitroso-methyl(4-hydroxybuty1)

amine, 137 
N-nitroso compound(s), 79, 82, Ill, 

112, 116, 137, 529, 632, 
634, 640, 643 

N-nitroso demethylase, 7, 8, 611 
N-nitrosodibuty1amine, 138 
N-nitrosodiethanolamine, 209, 643 
N-nitrosodiethylamine, 209, 210, 

612, 614 
N-nitrosodimethylamine, 116, 129, 

609, 610, 614-15, 640-643 
N-nitrosodiphenylamine, 643 
N-nitrosomethylamino-3-pyridyl

butanone, 642 
N-nitrosomethylbenzylamine, 116, 

614 
N-nitrosomorpholine, 8, 169, 209, 

210, 212, 233, 402, 640 
N-nitrosoproline, 629, 631, 640, 

'644 
test, 631 

N-nitrosopyrrolidine, 640, 642 
N-nitroso-N-methyldodecylamine, 643 
N-nitroso-N-methyltetradecylamine, 

643 
N-sulfonyloxy esters, 17 
NAC, see N-acetyl-L-cysteine 
NADPH cytochrome c reductase, 370 
Nafenopin, 265, 287, 324, 324, 327, 

333, 391 
NAL1A cell(s), 313, 314 
NC, ~ t-nitrochrysene 
NC-1,2-dihydrodiol, see nitro-

chrysene-1,2-dihydrodiol 
NDEA, ~ N-nitrosodiethylamine 
NDMA demethylase, see N-nitroso-

dimethylamine demethylase 
Necrosis, 263 
Neonatal hepatocytes, 450 
Neoplastic growth, 525 

Neoplastic nodule(s), 407-416, 441, 436, 
437 

Neoplastic renal lesions, 213 
Nervous system, 639 
NHBE cells, 180 
NHIK 3025 cells, 531 
Nifedipine, 12 
NIH 3T3 cells, 177, 191, 586 
Nitroaromatic hydrocarbons, 17, 19, 

120 
Nitro-polycyclic aromatic hydrocarbons, 

see nitroaromatic hydrocarbons 
6-Nitrochrysene, 21 

-1,2-dihydrodiol, 21 
Nitrosamides, see N-nitrosamides 
Nitrosamine(s), see N-nitrosamines 
Nitrosation, 82, 629, 633 
Nitrosoalkylureas, 641 
Nitrosoanabasine, 642 
Nitrosoanatibine, 642 
Nitroso-bis-(2-hydroxypropyl)amine, 

~ N-nitroso-bis-(2-hydroxy
propyl) amine 

Nitrosodiethanolamine, ~ 
N-nitrosoethanolamine 

Nitrosodimethylamine, see 
N-nitrosodimethylamine 

Nitrosodiphenylamine, ~ 
N-nitrosodiphenylamine 

Nitrosomethyl-n-dodecylamine, see 
N-nitroso-N-methyl-dodecylamine 

Nitrosomethyl-n-tetradecylamine, see 
N-nitroso-N-methyl-tetradecyl
amine 

Nitrosomethylamino-3-pyridyl-butanone, 
see N-nitrosomethylamino-3-
pyridyl-butanone 

Nitrosomethylbenzylamine, see N-nitro
somethylbenzylamin;-

Nitrosomorpholine, see N-nitrosomor-
pholine ---

Nitrosonornicotine, 642 
NMRI mouse, 223 
3-N,N-acetoxyacetylamino-4,6-dimethyl-

depyrido[1,2-a:3',2-d]imidazole, 
191, 194 

NN, ~ neoplastic nodule(s) 
NNM, ~ N-nitrosomorpholine 
Nodule(s), 170, 235, 281-284, 293, 297, 

338, 345, 350, 352, 391, 394, 
441, 487, 489 

persistent, 167, 168, 297, 407, 410 
Non 

-Hodgkin's lymphoma, 633 
-small cell carcinoma(s) of the lung, 

180 
-steroidal antiphlogistica, 228 
-uniform foci, 415 

Nude mice, 174 

O-alkylguanine, 281 
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O-aminoacyl derivatives, 17 
O-glucuronides, 17 
Oi, ~ superoxide radical 
02-alkyldeoxythymidine, 385 
04-alkyldeoxythymidine, 385 
06-alkyldeoxyguanosine, 126 
06-alkylguanine, 384 
06-ethylguanine, 385 
OA, see orotic acid 
ODC,-see ornithine decarboxylase 
ODC-g~, ~ gene(s) 
1-0Ieoyl-2-acetyl-glycerol, 188 
Oncocytic cell tumor(s), 209, 213, 

214 
Oncogene(s), 185, 453, 574 

activation, 219 
cellular, 597 
expression, 597 
hypomethylation, 585 
raf, 181, 417 
ras, 111, 181, 467 

Oral cancer, 649, 651 
Ornithine decarboxylase, 220, 228, 

235, 247, 317-319, 407, 
408, 412, 415, 459, 462, 
584 

Orotic acid, 195, 197, 199, 225, 
235, 238, 269, 317, 318, 
320, 337, 338, 390, 605 

Oval cells, 203, 204, 206, 393 
Oxidative stress, 154, 162 
Oxidized glutathione, 246, 247 

P-448, see cytochrome P-448 56 
P-450 monooxygenases, ~ mixed 

function monooxygenase(s) 
P-450, see cytochrome P-450 
P-450-dependent mixed function 

oxidase system, see mixed 
function monooxygenase(s) 

P-450J, see cytochrome P-450j 
P-450PB3S:-see cytochrome P-450PB3a 
p-Bromophenol, 153 
PAH, see polycyclic aromatic hydro

-carbon(s), 69, 70 
PAH-DNA adducts, ~ polycyclic 

aromatic hydrocarbon-DNA 
adducts, 

Pancreas, 570, 639 
Pancreatic cancer, 506-509 
Pancreatic regeneration, 505 
Pancreatic tumors, ~ pancreatic 

cancer 
Papilloma(s), 174, 219, 222, 227, 

362, 417 
viruses, 173, 174, 177 

Papova viruses, 173 
Paracetamol, 246 
Partial hepatectomy, 104, 104, 168, 

169, 195, 203, 204, 236, 
238, 239, 247, 338, 345, 
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Partial hepatectomy (continued) 
377, 378, 385, 390, 394, 395, 
399, 408, 415, 436, 437, 459, 
460, 463, 570, 571, 574, 606 

PB, ~ phenobarbital 
PCS, ~ portacaval shunt 
PCT, see portacaval transposition 
PD, see protein degradation 
PDGF, see plateled-derived growth factor 
PDGls, see platelet-derived growth in-

hibitors 
Pentose phosphate 

pathway, see hexose monophosphate 
pathway 

cycle, ~ hexose monophopsphate 
pathway 

shunt, ~ hexose monophosphate 
pathway 

Pentoxyresorufin O-dealkylase, 56, 62 
Peroxidation, 572 
Peroxisome(s), 211 

proliferating agents, 430 
Persistent nodule(s), ~ nodule(s) 
Pesticides, 390 
PH, ~ partial hepatectomy 
Phagocytosis, 267 
Pharyngeal cancer, 649, 651 
PHB, see phenobarbital 
Phenacetin, 19 
Phenobarbital, 6, 20, 62, 94, 105, 106, 

269, 236, 237, 265, 270, 287, 
323, 325, 327, 328, 391, 400, 
407, 410, 415, 425, 427, 428, 
441, 443, 571, 572, 591, 593, 
594, 605 

Phenols, 42, 122 
Phenotypic reversion, 408, 415, 416 
Phenotypically altered enzyme foci, 377 
Phorbin, 188 
Phorbol(s), 301-306 

ester(s), 220, 222, 476, 591 
receptors, see receptor(s) 

Phospatidic acid, 475 
Phosphatidylethanolamine, 564, 565 
Phosphatidylcholine, 564, 565 
Phosphatidyl-4,5-biphosphate, 185, 475 

specific phosphodiesterase, 476 
Phosphatidyl-4-monophosphate, 475, 476 
Phosphatidylinositol, 185, 476, 477 

kinases, 475 
Phosphodiesterase(s), 185, 475, 479, 482 
Phospholipase 

A2, 222 
C, 185 

PI, ~ phosphatidylinositol 
PIP, ~ phosphatidyl-4-monophosphate 

kinase, 476, 479, 492 
PIP2, ~ phosphatidyl-4,5-biphosphate 

-specific phosphodiesterase, ~ 
phosphatidyl-4,5-biphosphate 
specific phosphodiesterase 



PK, see pyruvate kinase 
PKC, see protein kinase C 
PKC-catalyzed protein phosphoryla-

tion, 221 
Plasmamembrane(s), 348, 350, 475, 

476, 479, 505, 591, 593 
Platelet-derived growth factor, 

188, 217, 448, 449 
Platelet-derived growth inhibitors, 

447 
Polyamine(s), 220, 319, 497, 408, 

416 
biosynthesis, 459 

Polycyclic aromatic compound(s), 
639 

Polycyclic aromatic hydrocarbon(s), 
3, 18, 20, 25, 43, 67, 122, 
137, 138 

Polymorphonuclear leukocyte(s), 
223, 371 

Polyoma, 174 
virus, 173 

Polyphosphoinositide(s), 479 
Polyploidization, 435, 438, 439, 

441 
Polyunsaturated fatty acid(s), 495, 

506, 610, 612-614 
Portacaval shunt, 390-394 
Portacaval transposition, 391-394 
Preneoplastic cell(s), 180, 409 
Preneoplastic foci, 270, 333, 362 
Preneoplastic intestinal metapla-

sia, 635 
Preneoplastic lesions, 108, 213, 

243, 247, 372, 377, 390, 
399, 568 

Preneoplastic liver(s), 435, 436, 
441 

Preneoplastic nodules, 259, 348, 
372, 352, 417, 450 

Preneoplastic tissue(s), 272, 275, 
410 

Preneoplastic tubular lesions, 209, 
210 

Primary liver cancer, 513 
Progesterone, 4 
Programmed cell death, see 

apoptosis 
Progression, 129, 167, 217, 219, 

227, 235, 281, 337, 372, 
395, 453, 612 

Promoter(s), 185, 219, 228, 238, 
270, 301, 304, 435, 441, 
570, 571, 594, 601 

Promoting 
action, 596 
effect, 224, 391 
regimen, 244 

Promotion, 129, 167, 180, 188, 195, 
198, 217, 218, 220, 222, 
227, 228, 229, 235, 236, 

Promotion (continued) 
238, 247, 281, 282, 287, 301, 
308, 317, 337, 362, 364, 372, 
377, 318, 371, 437, 441, 443, 
453, 495, 601, 605, 612, 619, 
654 

Prostacyclins, 365 
Prostaglandin(s), 4, 8, 220, 365, 592 

E2, 228 
F2 , 223, 228 
synthesis, 615 

Protease(s), 220, 553 
inhibitors, 407 

Protein 
catabolism, see protein degradation 
degradation,-s25, 526, 528-531, 535-

537, 539, 540, 544, 549, 553, 
554 

kinase-C, 185-188, 220, 301 
kinase(s), 185, 495 
synthesis, 526, 530, 540, 547, 548, 

553 
thiol(s), 154, 156, 158 
turnover, 526, 530, 535, 539, 547, 

549, 553 
Proteolysis, see protein degradation 
Protooncogene(;), 176, 185, 217, 248, 

574 
c-abl, 177 
c-fos, 222, 319 
c-H-ras, ~ C-Ha-ras 
c-Ha-ras, 115, 181, 187, 220, 319, 

415, 417, 574, 586 
c-K-ras, see c-Ki-ras 
c-Ki-ras,~5, 417, 586 
c-myc, 177, 222, 319, 345, 415, 476, 

586 
c-sis, 177 

PUFA, see polyunsaturated fatty acid(s) 
Putrescine, 307, 461 
Pyruvate kinase, 323-325, 327, 333, 519, 

523 

Quinones, 88 

R10 rat strain, 485 
R16 rat strain, 486-488 
Radical(s), see free radical(s) 

scavengers, see free radical(s) 
scavengers 

Raf oncogene, see oncogene(s) 
Ranitidine, 76-83 
Ras gene, ~ oncogene(s) 
Ras protooncogene(s), ~ protoonco

gene(s) 
Rat 6 fibroblast cell line, 187 
Reactive oxygen, 246 

species, 75, 143 
Receptor(s), 243, 341 

beta-adrenergic, 475 
cell-surface, 592 
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Receptor(s) (continued) 
epidermal growth factor, 168, 

314, 594-597 
glucagon, 593, 595 
growth factor, 185 
hepatocyte growth factor, 450 
insulin, 238, 592, 595, 597 
low density lipoprotein, 497 
membrane, 180 
phorbol esters, 107 

Redifferentiation, see remodeling 
Reduced glutathione:-75, 153, 158, 

160 
Regenerating liver, see liver re-

generation 
Remodeling, 169, 256, 288, 408 
Renal adenomas, 45 
Renal oncocytoma, 211 
Resistant hepatocyte model, 106, 

108, 168, 193, 239, 293, 
338, 453, 586 

Restriction fragment length poly-
morphism, 15 

Retinoids, 407 
Retinoylphorbolacetate, 222-224 
Reuber hepatoma, 450 
Ribonucleosides, 371 
Ribonucleotide(s), 362, 363 

reductase, 319 
Ribose-5-phosphate, 333, 363 
Ribosomal elongation factor, 221, 

228 
Ribulose-5-phosphate, 371 
RNA, 123, 176, 180, 187, 246, 264, 

371, 413, 454, 496 
methylation, 584 
synthesis, 173, 211 

Rous sarcoma virus, 557, 558 
RPA, ~ retinoylphorbolacetate 

S-adenosylethionine, 585 
S-adenosylhomocysteine, 410, 412, 

415, 584, 585 
S-adenosylmethionine, 407-417, 463, 

573, 584 
decarboxylase, 407, 408, 459-464 
hydrolase, 408 
synthetase, 412 

S-methylcysteine, 46 
Saccharomyces cerevisiae test, 58 
SAE, see S-adenosylethionine 
Safrole, 194 
SAB, see S-adenosylhomocysteine 
Salmonella test, 55 
SAM decarboxylase, ~ S-adenosyl

methionine decarboxylase 
SAM hydrolase, ~ S-adenosylme

thionine hydrolase 
SAM synthetase, ~ S-adenosylme

thionine synthetase 
SAMD, see S-adenosylmethionine 
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decarboxylase 
Sarcoma(s), 45, 570 
Sendai virus, 553, 554 
Serine protein kinase, 185 
Serum LeAT, ~ lecithin:cholesterol 

acyltransferase 
Serum 

lipoproteins, 496 
transaminases, 247 

Simian vacuolating virus-40, 173, 174 
T antigen, 181 

Skin 
cancer, 639 
carcinogenesis promotion, 417 
carcinomas, 217, 411 
papillomas, 363, 370 
tumors, 415 
tumor promotion, 220 
-derived fibroblasts, 467 

Spermidine, 112, 584 
synthase, 408, 459, 460 

Spermine, 584 
synthase, 459, 460 

Squalene, 476-481 
Squamous cell carcinomas, 45 
Squamous differentiation, 180 
Stop experiment(s), 210, 212 
Streptozotocin, 209, 211 
Succinate dehydrogenase, 211, 212 
Superoxide anion, ~ superoxide radi-

cal 
Superoxide 

dismutase, 364, 604 
radical, 143, 364, 371, 614 

SV40, see Simian vacuolating virus-40 
SV40 T~tigen, see Simian vacuolating 

virus-40 T antigen 
SW756 cells, 176 

T antigen gene, see gene(s) 
TAT, see tyrosine aminotransferase 
Te1eocidin(s), 301-304, 308 
Testosterone, 12 

7n-hydroxylase, 611 
16n-hydrolase, 611 
6B-hydrolase, 611 

Tetrachloroethane, 58 
12-0-tetradecanoy1phorbol-13-acetate, 

180, 181, 186-188, 195, 222, 
223, 226, 304, 306, 362, 364, 
370 

Tetrahydrofolic acid, 363 
Tetrols, 67 
TGF-n, see transforming growth factors 
TGF-B, see transforming growth factors 
Theophyllin, 8 
Thioacetamide, 251, 259 
Thiobenzamide, 251-257 
Thiocyanate, 644 
Thiols, 75-83 
Thioproline, 644 



Thiouracil, 129 
Thromboxane(s), 365 

A2 synthesis, 499 
Thymidine kinase gene, ~ gene(s) 
Thyroid, 362 

hormones, 131, 132, 530 
Tigroid foci, 392 
Tobacco, 649, 652, 657-659 

smoke, 228, 642, 660 
Tocopherols, 644 
Tocopheroxy radical reductase, 160 
Topoisomerase II, 198, 201 
TPA, see 12-0-tetradecanoyl-

phorbol-13-acetate 
Trans-4-acetylaminostilbene, 243 
Trans-4-aminostilbene, 247 
Transaminase, 153 
Transforming-growth-factors, 180, 

217, 220, 224, 226 
Transglutaminase, 269 
Transmethylation pathway, 564-566 
Transport activity, 470 
Tryptophan oxygenase, 449 
Tumor 

growth, 272, 441 
initiation, ~ initiation 
progression, ~ progression 
promoter(s), ~ promoter(s) 
promotion, ~ promotion 
suppressor genes, ~ gene(s) 

Tyrosin kinase, 595 
Tyrosine aminotransferase, 449, 

450 

Ubiquinone, 478, 479 
UDP-galactose, 337, 338 
UDP-glucuronyl transferase, 259 
UDP-N-acetylglucosamine, 337, 338 
Undermethylation, ~ hypomethylation 
Uracil, 371 
Urea cycle, 317 
Urethane, 76, 313, 314 

v-Ha-ras oncogene, see oncogene(s) 
v-raf, see oncogene(;) 
V79 cel~ 40, 42, 58 
Very low density lipoproteins, 496, 513 
Vinyl chloride, 53, 137 
Viral hepatitides, 575 
Vitamin 

B12, 564 
C, 82 
D, 4 
E, 154, 159, 160 

VLDL, ~ Very low density lipoproteins 

Wound hormones, 223 
WY 14.64, 3, 331 

Yeast, 222 
YO rats, 486-488 
Yoshida AH-130 tumor, see AH-130 

Yoshida-ascite;-bepatoma 
Yoshida ascites hepatoma, ~ AH-130 

Yoshida-ascites hepatoma 

Zymbal gland tumors, 83 
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