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Foreword 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however
lished papers are
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

XENOBIOTIC CARCINOPHOBIA, the fear of cancer resulting from foreign 
substances, has strongly influenced the public to demand regulatory 
action affecting pesticides that have been determined through established 
protocols to cause cancer. Many uncertainties exist, as discussed in this 
book, in the interpretation of data to predict whether a pesticide will 
induce cancer in humans. This is further complicated by the fact that 
carcinogenesis itself is no  completel  understood  Cance  i  indeed
serious affliction of concer
between the necessity to provide food and fiber for an expanding world 
population and our ability to avoid completely all health risks. 
Realistically, the production of food and fiber without pesticides is not 
possible in today's world. Thus, using our current state of knowledge, we 
must endeavor to establish a level of risk that will be acceptable in light 
of the benefits to be achieved. 

This book is based on a symposium that considered the process of 
carcinogenesis itself, the external factors, including pesticides, which 
influence the process, and how society should perceive and react to 
pesticides with respect to carcinogenicity. A broad set of topics is 
covered, ranging from theoretical to practical considerations. A historical 
perspective is also presented. 

We would like to express our appreciation to the Cooperative State 
Research Service of the U.S. Department of Agriculture for its interest 
and support of the symposium. We thank Elizabeth Weisberger, John 
Doull, and Christopher Wilkinson for their excellent advice in the 
planning phase. 

NANCY N . RAGSDALE 
U.S. Department of Agriculture 
Washington, DC 20250 

Current address: 
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University of Maryland 
College Park, MD 20742 

ROBERT E. MENZER 
University of Maryland 
College Park, MD 20742 
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Chapter 1 

Pesticide Carcinogenicity 

Introduction and Background 

John Doull 

Department of Pharmacology, Toxicology, and Therapeutics, University 
of Kansas Medical Center, Kansas City, KS 66103 

Although the focus of thi
also produce other types of delayed toxicity such as reproductive effects, fetal 
damage, delayed neurologic manifestations, possible immunologic disorders and 
other adverse health effects. We also need to consider the relative impact of 
cancer and other delayed effects of pesticide exposure on human health when 
compared with the problem of acute pesticide poisoning. Epidemiologic and 
occupational medicine data clearly indicate that acute pesticide poisoning is the 
most frequently encountered and best clinically documented adverse health 
effect associated with pesticide exposure. Despite this, the major concern of 
the media, the public, and most other groups seems to be focused on the 
carcinogenic effects of pesticides. Oncogenicity studies are required for the 
registration of pesticides, and since it is these studies which provide the basis 
for our predictions regarding pesticide carcinogenicity, we should consider 
whether we may be over-interpreting these results and neglecting other 
toxicologic findings. 

All of us are concerned about the relationship between pesticides and cancer. However, 
cancer is not the only adverse effect of pesticides. It is probably not even the most 
important adverse effect of pesticides. Furthermore, just because a pesticide causes 
cancer in rats or in mice does not necessarily mean that it will cause cancer in humans. 

Development of Pesticide Regulation 

The general approach for evaluating the potential adverse effects of pesticides in non-
target species was established over four decades ago by Lehman, Fitzhugh and Nelson 
at the Food and Drug Administration (FDA) which was responsible at that time for 
establishing pesticide tolerances on food in the United States. The approach, which was 
similar to that used for drugs, involved a case-by-case comparison of the risk/benefit 
ratio for each pesticide. The evaluation of risk was based primarily on two types of 
toxicity studies in animals: acute studies, which included LD50 determinations coupled 
with a description of the symptoms or adverse effects, and chronic studies, which were 
multidose 1-2 year rodent studies. The intent of this approach was to identify all of the 
potential adverse effects that could be produced by either acute or chronic exposure to 
the pesticide and to determine the exposure dose of the pesticide required to produce all 
such effects. Subchronic (90 day) studies were utilized to establish the dose levels for 
the chronic studies and additional kinetic, metabolism and mechanism of action studies 
were carried out if needed to characterize the toxicity of the pesticide. Both the acute 
and the chronic data were then used to establish thresholds for the adverse effects of the 
pesticide, and in most cases, the tolerances and other regulatory positions were 
established by dividing the lowest threshold by an appropriate safety factor. This 
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2 CARCINOGENICITY AND PESTICIDES 

approach, which was subsequently adopted as the acceptable daily intake (ADI) method 
for food additives, was and is used both in the U.S. and abroad for regulating pesticides 
as well as other classes of chemicals. 

During the subsequent two decades preceding the creation of the U.S. Environmen
tal Protection Agency (EPA) and the transfer of the major responsibility for regulating 
pesticides to EPA, there were several additions to the toxicity testing requirements for 
evaluating the hazard of pesticides. The discovery of organophosphate insecticide 
potentiation by Frawley at the FDA led to a requirement for testing of all new 
organophosphorus insecticides for such synergistic effects. A leghorn chicken test was 
also required for all new organophosphorus insecticides to detect any delayed neuromus
cular effects of these agents. The thalidomide episode stimulated the development of 
teratology as a part of the toxicologic testing procedures. Growing concern over other 
types of fetotoxicity stimulated the development of multi-generation protocols for 
evaluating fertility, post-natal, and other reproductive effects of pesticides. 

In more recent times methods for detecting and evaluating the genotoxic effects of 
pesticides were stimulated by the studies of Bruce Ames and his associates. Significant 
developments have occurred in the areas of neurotoxicology, behavioral toxicology, and 
immunotoxicology, but these have not yet resulted in validated protocols. Thus, they 
have not been incorporated
However, the EPA is activel
neurotoxicology, behavioral  immunotoxicology g
validated protocols. Although these changes in toxicologic methodology provided a 
broader data base for predicting potential adverse effects in non-target species, the basic 
approach in pesticide regulation continued to rely on both the acute and the chronic data 
for hazard evaluation and the setting of pesticide tolerances. 

The current approach to pesticide regulation differs from this earlier approach in 
two ways. First, it is focused on the chronic effects of pesticides rather than on the 
acute effects, and second, it is focused on a single chronic effect, namely cancer. 
Emergency room physicians who treat pesticide poisoning have pointed out that it is 
the acute effects of pesticides that are responsible for most of the actual morbidity and 
mortality associated with most types of pesticide poisoning. They argue that we should 
be more concerned about the acute effects which are "real-world" than about the cancer 
risks which are largely hypothetical. Further, the current protocol used for chronic 
studies on pesticides is based on the National Cancer Institute (NCI) oncogenicity 
bioassay rather than on the more holistic procedure which was previously required. The 
NCI protocol was designed to serve as a screening test for carcinogenicity. Consequently 
it is neither adequate nor appropriate as a bioassay for chronic toxic effects other than 
cancer. 

Another major difference between the current approach and the previous approach 
for evaluating the adverse effects of pesticide exposure involves the way in which the 
toxicity data are interpreted. In the current system, the carcinogenicity data from the 
chronic rodent studies are extrapolated using mathematical models which provide a 
numerical estimate of the upper bound of the cancer risk, and these numbers (Q* values) 
are then used for a variety of regulatory purposes. In essence, this approach substitutes 
mathematical guidelines for the scientific judgement that was the key element in the 
earlier approach. 

Since the basic purpose of conducting toxicity studies is to provide an accurate 
prediction of the potential adverse effects of a chemical in non-target, as well as in the 
test species, we need to ask whether the methodology that we use both for testing and 
for interpreting the test results is giving us answers that protect both the environment 
and public health. Based on the arguments presented in the preceding discussion, it is 
likely that our predictions regarding the adverse effects of pesticides on humans would 
be improved if they included a greater emphasis on the acute effects and on the non-
cancer chronic effects of pesticide exposure. Protocols for detecting both acute and 
chronic neurotoxicity and the behavioral effects of pesticides, including specific tests 
for neuronal dysfunction, should be part of the requirements for pesticide registration. 
Recent workshops devoted to these areas (LSRO [Life Science Research Office] report 
to FDA on "Predicting Neurotoxicity and Behavioral Dysfunction from Preclinical 
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1. DOULL Pesticide Carcinogenicity: Introduction and Background 3 

Toxicologie Data" and the "Workshop on the Effects of Pesticides on Human Health" 
which was organized by the Task Force on Environmental Cancer, Heart and Lung 
Disease) have recommended methods and test batteries that would detect sensory, motor, 
autonomic, cognitive and behavioral dysfunction. 

Endocrine and immunologic related adverse effects of pesticides are another 
example of an area where we need toxicologic testing methods that will detect both 
acute and chronic toxicity and provide a reliable basis for predicting human effects. 
Before we add new protocols to the current methodology, however, we need to evaluate 
the answers provided by our current methodology. 

Another area that would be of direct benefit to the medical personnel responsible 
for treating pesticide exposure in humans is the development of antidotal and 
symptomatic treatment for the various classes of pesticides. Although we have more 
specific antidotes available to treat pesticide poisoning than for any other single class of 
acute poisons, the number of antidotes is small for non-insecticidal pesticides and these 
cases must be treated symptomatically. The current acute toxicity protocols do not 
currently provide the kind of clinical information that is needed in such cases. 

Development of Data for Evaluation of Effects 

The two scientific disciplines
and all other human health hazards that may result from exposure to pesticides and all 
other toxic chemicals are epidemiology and toxicology. When these disciplines function 
in this "watch-dog" role, both have the same goal: to gather sufficient information about 
the potential adverse effects of exposure to the chemical so that we can reliably predict 
both the type of adverse effects that may occur and the exposure conditions that are 
likely to produce each of these anticipated adverse effects. Although the primary 
difference between these two disciplines is the research subjects (epidemiologists use 
humans whereas toxicologists use rodents), there are also major differences in how the 
problem is approached, the techniques used to generate the data, and how the data are 
used to predict the hazards. Toxicology and epidemiology start and end at the same 
place, but get there by different paths. 

It should be pointed out here that there is no disagreement between epidemiologists 
and toxicologists as to the priority of human data over rodent data. Toxicologists 
recognize that in those situations where sufficient human data exist, there is no need to 
do any type of toxicity studies, unless we are predicting for environmental or non-
human effects. The main reason why toxicology rather than epidemiology serves as the 
basis for most regulatory decisions involving cancer and other adverse health effects is 
that we do not have sufficient human data on most of the chemicals for which 
predictions are needed. In addition, there are ethical constraints on the use of humans 
as research subjects, particularly with chemicals which are not drugs, that often preclude 
the type of epidemiologic studies we need to make reliable predictions for risk in man. 
Since it is obvious that we will need to continue to rely on the toxicology data base for 
making hazard or risk predictions, it is important that, in addition to searching for new 
methods for obtaining and interpreting the toxicology data, we also ask whether our 
current approach is giving us correct answers. 

Laboratory Animal Tumor Data Extrapolation 

One approach to the question of whether risk assessment methods based on the results 
of oncogenicity studies in rodents are giving us the right answers is to compare the 
predictions from the epidemiologic studies with those from the toxicology data base. 
When we do this for those agents for which we have predictions from both sources, 
there are only a few cases of discrepancies. We do not have animal data demonstrating 
that asbestos causes mesothelioma or lung tumors, and there is only limited evidence that 
arsenic causes cancer in rodents, although the human evidence for these chemicals is 
clearly sufficient. More recently, epidemiologists have concluded that the herbicide 
2,4-D causes non-Hodgkins' lymphoma in exposed farmers (I) and that ethanol ingestion 
is associated with cancer of the esophagus, liver and possibly breast; but neither of these 
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4 CARCINOGENICITY AND PESTICIDES 

chemicals produces cancer in rodents. Although it has been argued that the epidemiolo
gic evidence in these cases is weak, since it is based on an association rather than on a 
cause/effect link, these findings are of particular concern to toxicologists. They are not 
like asbestos where our failure to produce lung tumors can be attributed to the lack of 
a good animal model and inadequate testing. We now have 18 negative rodent studies 
for ethanol. The 2,4-D oncogenicity study was considered by the EPA FIFRA (Federal 
Insecticide, Fungicide, and Rodenticide Act) Science Advisory Panel to be an excellent 
study. Neither 2,4-D nor ethanol are mutagenic. Acetaldehyde, which is the primary 
metabolite of ethanol in both rodents and man, is also not mutagenic, although it did 
produce lung tumors in an inhalation study in rats. While it is reassuring to find that 
in most cases the toxicologic data supports the epidemiologic predictions, it is also clear 
that the exceptions must be investigated and resolved in order to maintain the credibility 
of our animal tests as reliable predictors of cancer and other adverse effects of chemicals 
in man. 

We also need to look at the exceptions in the reverse situation in which the 
toxicology data are positive but the epidemiology is negative. Such exceptions can occur 
if the test species is more susceptible to the tumorigenic effect of a chemical than the 
target species. It has been suggested that the liver tumors produced by the halogenated 
hydrocarbons are an exampl
this group, such as chlordane
produce liver tumors in rodents,  epidemiologi  generally  suppor
findings. It can be argued, of course, that the epidemiologic studies are inadequate, and 
that is certainly true for some of these agents, but it can also be argued that in these 
cases the rodent studies are over-predicting the cancer risk for man. 

The B6C3F1 mouse, which is widely used as one of our rodent test species, does 
have a high incidence of liver tumors. It has been suggested by IARC that when positive 
results are only found in mice and not in other species, such results should not be used 
as a basis for classification as a probable carcinogen. Similar arguments have been made 
regarding the increased incidence of thyroid tumors in rats exposed to goitrogens, such 
as the sulfonamides. In this case the mechanism by which the thyroid tumors are 
produced appears to have a clear threshold (2). It has been recommended by an EPA 
Working Group that such agents be regulated on the basis of a no-effect level (NOEL) 
approach rather than with the conventional cancer models. 

Another example of a case where our rodent tests appear to be giving us the wrong 
answer, or at least over-predicting the human risk, is the production of kidney tumors 
in the male rat by gasoline, paradichlorobenzene, limonene and tetrachloroethylene. The 
mechanism by which these agents cause kidney tumors in male rats appears to involve 
conjugation with an alpha-2u-globulin and the formation of hyaline droplets in the P2 
segment of tubule. Since these droplets are not found in female rats, or other species, 
including humans, it is argued that male rat kidney tumors produced through this 
mechanism are not predictive for human carcinogenesis. On the basis of this argument 
and the lack of positive genotoxicity evidence for paradichlorobenzene, the Halogenated 
Organics Subcommittee of the EPA Science Advisory Board has recommended that the 
classification for this agent be downgraded from B2 to C in the new drinking water 
regulations for paradichlorobenzene. 

During the past few months, the EPA has held workshops on the predictive value 
of mouse liver tumors, rat kidney tumors, thyroid tumors induced by various goitrogens, 
and the use of pharmacokinetic parameters in risk assessment. Some of the recommenda
tions from these workshops are likely to be incorporated in the new Cancer Assessment 
Guidelines which the EPA is developing. One of the most common complaints about the 
use of mathematical models in risk assessment is that these models ignore the relevant 
biology. Partly in response to this criticism, a U.S. National Academy of Sciences/ 
National Research Council committee has issued a report which presents methods for 
incorporating pharmacokinetic data in risk assessment. When the recommendations of 
this committee were applied to the risk assessment of methylene chloride, the predicted 
carcinogenic risk was reduced by a factor of 7. 

An approach that is receiving considerable current attention is to identify and 
quantify all of the uncertainties that exist in the mathematical modelling process so that 
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1. DOULL Pesticide Carcinogenicity: Introduction and Background 5 

we can design and carry out the research needed to substitute hard data for these 
uncertainties. These procedures should improve both the relevancy and the accuracy 
of the model-based approach, but we must also consider the more basic issue, which is 
whether there is sufficient scientific or biologic justification for extrapolating the results 
of our high dose rodent studies to the low doses needed for prediction. 

Future Developments 

As was pointed out previously, the current protocol for conducting chronic toxicity 
studies is based on the NCI oncogenicity bioassay which was a screening test designed 
primarily to answer two qualitative questions: is the chemical oncogenic and what kind 
of tumors are produced? When this program was transferred to the National Toxicology 
Program, some additional features were added to make it more like the conventional 
chronic toxicity study, and an effort was made to obtain an indication of the dose-
response relationships. Basically, however, it is still a screening test for oncogenesis and 
the manipulation of the data with sophisticated mathematical models which generate 
finite risk estimates does not alter the quality of the input. The idea that these models 
somehow generate quantitative data which are valid far beyond the range of the actual 
data is an illusion. In any event
same time, we need to re-examin
in animals to determine whethe p procedure  provid  quantita
tive information that can either be used on a stand-alone basis or as input for the 
extrapolation models. 

Many of these issues are being considered by various scientific and regulatory 
groups, both in the United States and abroad. Some of the issues may be addressed in 
legislative proposals to revise the laws under which pesticides are regulated (HR 4737, 
HR 4739, the Pesticide Reform Bill, etc.). In this process of seeking remedies for actual 
or perceived deficiencies in the scientific methodology used to identify and quantify the 
hazards of pesticide exposure, we need to remember that the major problem is not 
methodological, but is, rather, the lack of data on which to base the prediction. 

The real reason we have a problem is that we simply do not have enough data. But 
also we need to keep in mind the two points: the fact that a chemical produces cancer 
in rodents does not prove that it is going to be a carcinogen in people, and there are 
other effects caused by pesticides that are probably more important than cancer. 
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Chapter 2 

Pesticide Regulation Related to Carcinogenicity 

James C. Lamb IV 

Jellinek, Schwartz, Connoll
500, Washington, DC 20005 

Pesticides are registered and canceled on the basis of 
risk-benefit balancing by EPA under FIFRA. New products 
are only registered after review of complete toxicology, 
residue chemistry, and environmental fate data that are 
developed by the registrant. Many old products must be 
reregistered because they were initially registered 
without f u l l toxicity testing. At its present pace, 
reregistration will not be completed and many old 
tolerances w i l l not be reassessed unt i l well into the 
21st century. EPA establishes tolerances for pesticides 
on food. Carcinogenic pesticides may be registered and 
tolerances may be set for the raw agricultural commodity 
if the levels are safe. However, if the concentration of 
a pesticide on food increases when it is processed, a 
food additive tolerance is required. The Delaney clause 
of the Federal Food Drug and Cosmetic Act (FFDCA) does 
not allow a food additive tolerance to be set if the 
compound has been shown to induce cancer in man or 
animal. A narrow interpretation of the Delaney clause 
has prevented registration of new products, even when EPA 
believes the compound is safe and the upper-bound risks 
are estimated to be much less than one in a mil l ion. The 
EPA's Cancer Risk Assessment Guidelines are very 
important to the determination of whether or not a 
pesticide will be granted a food additive tolerance. The 
regulation of pesticide residues in food, and other 
issues such as groundwater contamination, consumer or 
worker exposure, and Agency resources, w i l l profoundly 
affect the regulation of carcinogenic pesticides. 
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L A M B Pesticide Regulation Related to Carcinogenicity 

The U.S. Environmental P r o t e c t i o n Agency (EPA) i s r e s p o n s i b l e 
f o r a d m i n i s t e r i n g the Federal I n s e c t i c i d e , Fungicide and 
Rodenticide Act (FIFRA), p e s t i c i d e law. FIFRA a f f e c t s the use 
of many economically important products i n c l u d i n g f u n g i c i d e s , 
h e r b i c i d e s and i n s e c t i c i d e s , d i s i n f e c t a n t s and s t e r i l i z e r s , and 
ro d e n t i c i d e s . The key to p e s t i c i d e r e g u l a t i o n i s content of 
the p e s t i c i d e l a b e l and the claims made by the p e s t i c i d e 
r e g i s t r a n t . 

These products are considered v a l u a b l e to the pr o d u c t i o n of 
our food supply, f o r the c o n t r o l of disease, and f o r our 
general comfort. They a l s o , by t h e i r nature as poisons to some 
l i v i n g organisms, pose c e r t a i n r i s k s i f not p r o p e r l y c o n t r o l l e d 
or used. 

P e s t i c i d e R e g u l a t i o n 

The r e g u l a t i o n of p e s t i c i d e  c o n t r o l  th  d i s t r i b u t i o f 
p e s t i c i d e s through th
products are subjecte
EPA r e g i s t r a t i o n . The standards f o r r e g i s t r a t i o n are 
extensive, and the s a f e t y of new products i s r a r e l y brought 
i n t o question. The FIFRA provides EPA tremendous a u t h o r i t y to 
re q u i r e data p r i o r to r e g i s t r a t i o n , and the Agency attempts to 
answer a l l s i g n i f i c a n t questions r e l a t i n g to h e a l t h and s a f e t y 
before a product i s allowed to be marketed (see s e c t i o n on Data 
Requirements below). Even a f t e r r e g i s t r a t i o n , however, EPA can 
r e q u i r e the r e g i s t r a n t to generate and submit a d d i t i o n a l data 
to support the p e s t i c i d e r e g i s t r a t i o n . 

R e r e g i s t r a t i o n 

Many products were r e g i s t e r e d by e i t h e r USDA or EPA before 
modern t o x i c o l o g y and residue chemistry methods were developed. 
Therefore, many of the o l d e r p e s t i c i d e s are r e g i s t e r e d w i t h a 
less-than-complete database. The process of r e r e g i s t r a t i o n i s 
intended to b r i n g o l d e r p e s t i c i d e s up to modern standards. 
Once completed, the process should e s t a b l i s h confidence i n the 
s a f e t y of these b e n e f i c i a l agents, but, u n t i l t h a t process i s 
completed, complaints w i l l be a i r e d t h a t the p e s t i c i d e s are 
inadequately t e s t e d or i n s u f f i c i e n t l y r e g u l a t e d (e.g., Mott and 
Snyder, 1988). 

S p e c i a l Review 

Circumstances a r i s e when new data, or réévaluation of o l d data, 
l e a d the Agency to conclude that an already r e g i s t e r e d 
p e s t i c i d e may pose unreasonable r i s k s of adverse e f f e c t s based 
on t o x i c i t y and exposure data. The Agency can i n i t i a t e a 
S p e c i a l Review i f any of the f o l l o w i n g c r i t e r i a are met: acute 
t o x i c i t y i n humans or domestic animals, p o t e n t i a l adverse 
chronic e f f e c t s , hazards to nontarget organisms, hazards to 
threatened or endangered species, or other adverse e f f e c t s not 
a n t i c i p a t e d by the Agency (40 CFR 154.7). 

The Agency proceeds by announcing i t s d e c i s i o n to i n i t i a t e 
a S p e c i a l Review and d e s c r i b i n g the concerns t h a t w i l l be 
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reviewed i n a P o s i t i o n Document 1 (PD-1). Of the chemicals 
under review as of September 1987, most were being reviewed 
because of t h e i r p o t e n t i a l o n c o g e n i c i t y (Table I ) . Many of the 
S p e c i a l Reviews tha t have been completed a l s o concern 
o n c o g e n i c i t y as at l e a s t one of the c r i t e r i a t r i g g e r i n g review 
(Table I I ) . 

I f the Agency decides that the S p e c i a l Review should not 
proceed, i t may p u b l i s h a P o s i t i o n Document 2 (PD-2). These 
may be returned to the r e g i s t r a t i o n standard process to f i n i s h 
f i l l i n g data gaps (Table I I I ) . This was done i n the case of 
2,4-dichlorophenoxy a c e t i c a c i d (2,4-D) due to EPA concerns 
regarding p o t e n t i a l oncogenicity, but the S p e c i a l Review was 
stopped when the Agency concluded t h a t the data were not 
s u f f i c i e n t to demonstrate s i g n i f i c a n t r i s k to humans (1). The 
data showed that 2,4-D caused an e q u i v o c a l increase i n the 
incidence of b r a i n tumors i n r a t s . Mixed r e s u l t s from human 
st u d i e s were f i n a l l y judged as i n s u f f i c i e n t . 2,4-D was 
designated a group D
and the S p e c i a l Revie
r e g u l a t o r y proposal by EPA. 

When the Agency proceeds w i t h the S p e c i a l Review, i t 
conducts an extensive review of the r i s k s and the b e n e f i t s of 
the p e s t i c i d e . A proposed r e g u l a t o r y d e c i s i o n i s then 
developed and p u b l i s h e d i n the Federal R e g i s t e r as a "Draft 
Proposed Notice of Intent to Cancel," or P o s i t i o n Document 3 
(PD-3). The Agency e v e n t u a l l y publishes a f i n a l document, 
which i s a "Notice of Intent to Cancel" or P o s i t i o n Document 4 
(PD-4). 

The S p e c i a l Review process i s concluded i f the r e g i s t r a n t 
accepts the c o n d i t i o n s of the PD-4 and modifies the l a b e l 
a c c o r d i n g l y . This m o d i f i c a t i o n may i n c l u d e anything from minor 
l a b e l changes to v o l u n t a r y c a n c e l l a t i o n of some or a l l uses of 
a p e s t i c i d e . Examples of v o l u n t a r y c a n c e l l a t i o n s are given i n 
Table IV. I f the r e g i s t r a n t disagrees w i t h the PD-4, i t may 
request a c a n c e l l a t i o n hearing and appear before an 
a d m i n i s t r a t i v e law judge to argue the case. At the end of the 
S p e c i a l Review process, the c a n c e l l a t i o n order i s p u b l i s h e d by 
the Agency and the l a b e l changes are enforced by the courts i f 
necessary. 

Suspension and C a n c e l l a t i o n 

The use of the S p e c i a l Review process i s o p t i o n a l , and EPA can 
decide to immediately issue a c a n c e l l a t i o n order or, i n extreme 
cases, an emergency suspension order. I f EPA i s c o n f i d e n t that 
a d d i t i o n a l f a c t s would not change i t s u l t i m a t e d e c i s i o n and i t 
wants to expedite the r e g u l a t o r y a c t i o n , i t may p u b l i s h the 
n o t i c e of i n t e n t to cancel (NOIC) or n o t i c e of i n t e n t to 
suspend (NOIS) or an emergency suspension order without the 
steps of the S p e c i a l Review process. The Agency a l s o can 
combine v a r i o u s steps of the S p e c i a l Review process to expedite 
the r e g u l a t o r y a c t i o n . An emergency suspension, based on the 
r i s k s of developmental t o x i c i t y , was d e c l a r e d i n the case of 
dinoseb (2). P e s t i c i d e s suspended, i n p a r t , f o r o n c o g e n i c i t y 
concerns i n c l u d e 1,2-dibromo-3-chloropropane (DBCP) (3-6) and 
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TABLE I. S p e c i a l Reviews Pending 

Chemical 
40 CFR 162.11 C r i t e r i a 

P o s s i b l y Met or Exceeded 

A l d i c a r b 

A m i t r o l e 

C a p t a f o l 

Captan 

Carbofuran 

Chlordimeform 

1,3-Dichloropropene 

Daminozide 

Dichl o r v o s (DDVP) 

Ethylene 
Dithiocarbamates 
(EBDCs) 

Ethylene Oxide 
EtO 

TPTH 

T r i b u t y l t i n s 

2,4,5-Trichlorophenol 
(TCP) F e t o t o x i c i t y 

Acute T o x i c i t y 

Oncogenicity 

Oncogenicity 
W i l d l i f e E f f e c t s 

(acut d chronic) 

Mutagenicity 
Other Chronic E f f e c t s 

W i l d l i f e E f f e c t s 

Oncogenicity 

Oncogenicity 

Oncogenicity 

Oncogenicity 
L i v e r T o x i c i t y 

Oncogenicity 
Thyroid E f f e c t s 
T e r a t o g e n i c i t y 

Oncogenicity 
Mutagenicity 
T e s t i c u l a r E f f e c t s 

T e r a t o g e n i c i t y 

Acute and Chronic 
T o x i c i t y to Non-target 
and Aquatic Organisms 

Oncogenicity 

SOURCE: Data are from ref. 17. 
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TABLE I I . S p e c i a l Reviews Completed 

Chemical 
40 CFR 162.11 C r i t e r i a 

P o s s i b l y Met or Exceeded 

A l a c h l o r 

Amitraz (Baam) 

Benomyl 

Oncogenicity 

Oncogenicity 

Reduction i n 
Non-target organisms 

Reproductive E f f e c t s 
Hazard to W i l d l i f e 

Cadmium 

Carbon T e t r a c h l o r i d e 

C h l o r o b e n z i l a t e 

Oncogenicity 
Mutagenicity 
T e r a t o g e n i c i t y 
F e t o t o x i c i t y 

Oncogenicity 
Toxic E f f e c t s on 

L i v e r and Kidney 

Oncogenicity 
T e s t i c u l a r E f f e c t s 

Coal Tar and Creosote 
(non-wood use) 

Creosote (wood use) 

Cyanazine 

DBCP 
(1,2-dibromo-
3 -chloropropane) 

D i a l l a t e 

Oncogenicity 
Mutagenicity 

Oncogenicity 
Mutagenicity 

T e r a t o g e n i c i t y 

Oncogenicity 
Reproductive E f f e c t s 
Mutagenicity 

Oncogenicity 
Mutagenicity 

Diazinon Avian Hazard 

D i c o f o l E c o l o g i c a l E f f e c t s 
Continued on next page 
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TABLE I I . (cont'd) 

40 CRF 162.11 C r i t e r i a 
Chemical P o s s i b l y Met or Exceeded 

Dimethoate 

Dinocap 

Dinoseb 

EBDC's 
(Eth y l e n e b i s -
dithiocarbamates, 
maneb, maneοζeb, 
metiram, nabam, 
zineb, amobam) 

Endrin 

EPN ( E t h y l p - n i t r o 
phenyl thionoben-
zenephosphorate 

E t h a l f l u r a l i n 

Ethylene Dibromide 

Goal 

Inorganic A r s e n i c a l s 
(wood use) 

Lindane 

Oncogenicity 
Mutagenicity 
F e t o t o x i c i t y 
Reproductive E f f e c t s 

T e r a t o g e n i c i t y 

T e r a t o g e n i c i t

Oncogenicity 
T e r a t o g e n i c i t y 
Hazard to W i l d l i f e 

Oncogenicity 
T e r a t o g e n i c i t y 
Reduction i n Endangered 
Species and Non-target 
Species 

N e u r o t o x i c i t y 
Hazard to Aquatic 

Organisms 

Oncogenicity 

Oncogenicity 
Mutagenicity 
Reproductive E f f e c t s 

Oncogenicity 

Oncogenicity 
Mutagenicity 
T e r a t o g e n i c i t y 

Oncogenicity 
T e r a t o g e n i c i t y 
Reproductive E f f e c t s 
Acute T o x i c i t y 

Continued on next page 
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TABLE I I . (cont'd) 

Chemical 
40 CFR 162.11 C r i t e r i a 
P o s s i b l y Met or Exceeded 

Linuron 

PCNB 
(Pentachloro-
nitrobenzene) 

Pentachlorophenol 
and D e r i v a t i v e s 
(wood use) 

Pentachlorophenol 
(non-wood use) 

Pronamide 

Sodium Fluoro 
Acetate (1080) 

No An t i d o t e 

S t r y c h n i n e / 
Strychnine S u l f a t e 

2,4,5-T/Silvex 

Thiophanate Methyl 

Toxaphene 

T r i f l u r a l i n 
( T r e f l a n ) 

Other Chronic E f f e c t s 

Oncogenicity 

Oncogenicity 

Oncogenicity 

Oncogenicity 
F e t o t o x i c i t y 
T e r a t o g e n i c i t y 

Oncogenicity 

Reduction i n Non-target 
and Endangered Species 

Reduction i n Non-target 
and Endangered Species 

Oncogenicity 
T e r a t o g e n i c i t y 
F e t o t o x i c i t y 

M utagenicity 
Reduction i n Non-target 

Species (Rebutted) 

Oncogenicity 
P o p u l a t i o n Reduction i n 

Non-target Animal 
Species Organisms 
Acute T o x i c i t y to Aquatic 
Organisms 
Chronic E f f e c t s to W i l d l i f e 

Oncogenicity 
Mutagenicity 

SOURCE: Data are from ref. 17. 
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TABLE I I I . F i n a l Determination on P r e - S p e c i a l Reviews 
Returned to the R e g i s t r a t i o n Process 

Chemical 
40 CFR 162.11 C r i t e r i a 

P o s s i b l y Met or Exceeded 

Cacodylic A c i d 
and S a l t s 

C a r b a r y l 

Chloroform 
(Trichloromethane) 

Oncogenicity 
Mutagenicity 
T e r a t o g e n i c i t y 

Oncogenicity 

Oncogenicity 

D i c h l o r v o s 
(DDVP Mutagenicity 
2 , 2 - d i c h l o r o v i n y l 
dimethyl phosphate) 

N e u r o t o x i c i t y 

Diflubenzuron 
( D i m i l i n ) 

Oncogenicity 

Reproductive E f f e c t s 
F e t o t o x i c i t y 

Hazard to W i l d l i f e 

M a l e i c Hydrazide 
MH 

Methanearsonates 
(i n c l u d e s Amine 
Methanearsonate, 
Calcium A c i d 
Methanearsonate, 
Monoammonium 
Methanearsonate (MAMA), 
Monosodium Methane
arsonate (MSMA), 
Disodium Methane
arsonate (DSMA)) 

Oncogenicity 
Mutagenicity 
Reproductive E f f e c t s 

Oncogenicity 
Mutagenicity 

Naled Mutagenicity 
F e t o t o x i c i t y 
Reproductive E f f e c t s 

Continued on next page 
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Table III. (cont'd) 
40 CFR 162.11 C r i t e r i a 

Chemical P o s s i b l y Met or Exceeded 

OBPA (10,10'- A r s e n i c a l Compound 
Oxybisphenoxarsine) suspected: 

(some uses) Oncogenicity 
Mutagenicity 
T e r a t o g e n i c i t y 

Paraquat Emergency Treatment 
Chronic E f f e c t s 

P i p e r o n y l Butoxide Oncogenicity 

Rotenone 

T e r a t o g e n i c i t y 
Reproductive E f f e c t s 
Chronic T o x i c i t y 
S i g n i f i c a n t W i l d l i f e 

Populations Reductions 
Acute T o x i c i t y to Aquatic W i l d l i f e 

1081 (Fluoro-acetamide) Acute T o x i c i t y to Mammalian 
and Avian Species 

Reduction i n Endangered and 
Non-target Species 
Acute T o x i c i t y without 

A n t i d o t e 

Terbutryn Oncogenicity 
Mutagenicity 
Reproductive E f f e c t s 

T r i a l l a t e Oncogenicity 
Mutagenicity 

S,S,S-Tributyl N e u r o t o x i c i t y 
P h o s p h o r o t h r i t h i o a t e 

T r i b u t y l Phophoro- N e u r o t o x i c i t y 
T r i t h i o a t e 

T r i c h l o r f o n Oncogenicity 
Mutagenicity 
T e r a t o g e n i c i t y 
F e t o t o x i c i t y 
Reproductive E f f e c t s 

SOURCE: Data are from ref. 17. 
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TABLE IV. F i n a l A c t i o n s - - V o l u n t a r y C a n c e l l a t i o n s 

Chemical 

A c r y l o n i t r i l e 
(three products) 

A r s e n i c T r i o x i d e 

Benzene Oncogenicit
( a l l products) 

BHC 

Ca p t o f o l 

Carbon T e t r a c h l o r i d e 

C h l o r a n i l 

Chlordecone 
Kepone 
(Products of s i x 
formulators) 

Copper A c e t o a r s e n i t e 

Copper Arsenate (Basic) 

E n d r i n 

EPN 

40 CFR 162.11 C r i t e r i a 
P o s s i b l y Met or Exceeded 

Oncogenicity 
T e r a t o g e n i c i t y 
N e u r o t o x i c i t y 

Oncogenicity 
Mutagenicity 
T e r a t o g e n i c i t y 

Blood Disorders 

Oncogenicity 

Oncogenicity 

Oncogenicity 
Toxic E f f e c t s on 
L i v e r and Kidneys 

Oncogenicity 

Oncogenicity 

Oncogenicity 
Mutagenicity 
T e r a t o g e n i c i t y 

Oncogenicity 

Reduction i n 
Endangered Species and 
Non-target Species 

N e u r o t o x i c i t y 
Hazard to Aquatic 

Organisms 

Erbon Oncogenicity 
T e r a t o g e n i c i t y 
F e t o t o x i c i t y 

Continued on next page 
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TABLE IV. (cont'd) 

Chemicals 
40 CFR 162.11 C r i t e r i a 

P o s s i b l y Met or Exceeded 

Isocyanurates 
(some products) 

Monuron Oncogenicity 
(some products) 

N i t r o f e n (TOK) 

OMPA 
(Oc tame thylpyrο-
phosphoramide) 

Pentachlorophenol 

Perthane 

(many products) 

Phenarsazine C h l o r i d e 

Ronnel 
(many products) 

S a f r o l e 

Sodium A r s e n i t e 
(two products) 

Strobane 

Trysben 

Kidney e f f e c t s 

T e r a t o g e n i c i t y 

Oncogenicity 

Oncogenicity 
F e t o t o x i c i t y 
T e r a t o g e n i c i t y 

Oncogenicity 

None 

Oncogenicity 

Oncogenicity 
Mutagenicity 

Oncogenicity 
Mutagenicity 
T e r a t o g e n i c i t y 

Oncogenicity 

Oncogenicity 

SOURCE: Data are from ref. 17. 
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ethylene dibromide (EDB) (7). In both cases, the o n c o g e n i c i t y 
concerns were d e r i v e d from animal s t u d i e s . Other examples are 
provided i n Table V. 

Another p e s t i c i d e t h a t was suspended because of 
onco g e n i c i t y was chlordane (8-10). Chlordane was used on a 
number of crops, and the o r i g i n a l EPA a c t i o n was p u b l i c a t i o n of 
a NOIC ( t h i s a c t i o n preceded the development of the S p e c i a l 
Review procedures). The c a n c e l l a t i o n h e a r i n g , however, took so 
long t h a t the A d m i n i s t r a t o r decided t h a t suspending the uses 
was necessary w h i l e the c a n c e l l a t i o n h e a r i n g was i n progress. 
The crop uses of chlordane were e v e n t u a l l y v o l u n t a r i l y 
c a n c e l l e d so that the a c t i o n was ended without concluding the 
c a n c e l l a t i o n hearing. The crop uses of chlordane were 
c a n c e l l e d , but some other uses, i n c l u d i n g the t e r m i t i c i d e uses, 
remained. 

The o n c o g e n i c i t y concerns w i t h chlordane p e r s i s t e d u n t i l 
V e l s i c o l and EPA negotiated a v o l u n t a r y c a n c e l l a t i o n of most of 
the t e r m i t i c i d e uses i
he a r i n g . The c a n c e l l a t i o
fought, as the evidence of c a r c i n o g e n i c i t y was based on mouse 
l i v e r tumors, which provided evidence of a very d i f f e r e n t 
weight i n 1987 than i n 1979. 

P e s t i c i d e Data Requirements 

P e s t i c i d e r e g i s t r a t i o n i s a very d a t a - i n t e n s i v e process. EPA 
has more data on p e s t i c i d e t o x i c i t y than on any other type of 
chemical and, even though there are s i g n i f i c a n t data gaps f o r 
many p e s t i c i d e s , the database on p e s t i c i d e t o x i c i t y i s q u i t e 
l a r g e . The r e g i s t r a n t of a new food-use p e s t i c i d e i s expected 
to provide a complete t o x i c o l o g y , residue chemistry, and 
environmental f a t e data package. A new product w i l l not be 
r e g i s t e r e d without a complete data package. A p e s t i c i d e used 
on food crops w i l l not only need a r e g i s t r a t i o n under FIFRA, 
but a l s o w i l l need one or more tolerances f o r each crop under 
the Federal Food Drug and Cosmetic Act (FFDCA). 

The r e g i s t r a t i o n of a new product r e q u i r e s the development 
of data c o s t i n g m i l l i o n s of d o l l a r s p r i o r to s u b m i t t i n g the 
r e g i s t r a t i o n a p p l i c a t i o n to EPA. This means t h a t b r i n g i n g a 
new product onto the market i s very d i f f i c u l t and time-
consuming. By c o n t r a s t , many ol d e r p e s t i c i d e s s t i l l i n wide 
use today d i d not have a complete t o x i c o l o g y , r e s idue 
chemistry, or environmental f a t e database when they were 
r e g i s t e r e d by USDA. Even i f t e s t data are a v a i l a b l e , they were 
probably generated by now-obsolete methods. Therefore, many 
o l d products must be r e r e g i s t e r e d . R e r e g i s t r a t i o n i n v o l v e s 
b r i n g i n g the database f o r o l d e r p e s t i c i d e products up to modern 
standards. The data are a l l developed by, and at the expense 
of, the r e g i s t r a n t . The cost of r e r e g i s t r a t i o n alone has l e d 
to the l o s s of v a r i o u s p e s t i c i d e products of unknown t o x i c i t y . 
Other products are l o s t from the market as unfavorable data are 
developed. But i n the end we w i l l know more about the products 
t h a t remain and should be b e t t e r able to manage them s a f e l y . 

EPA i s o b l i g a t e d under the FIFRA to p u b l i s h the kinds of 
inf o r m a t i o n r e q u i r e d to r e g i s t e r a p e s t i c i d e (FIFRA Sec. 3). 
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TABLE V. Notice of Int e n t to Cancel/Suspend Issued 

Chemical 
40 CFR 162.11 C r i t e r i a 

P o s s i b l y Met or Exceeded 

A l d r i n 

Chlordane/Heptachlo

Chlordecone 
(Kepone) 

DBCP 

DDD (TDE) 

DDT 

D i e l d r i n 

D i nitramine 

EPN 

Mirex 

C a r c i n o g e n i c i t y 
Bio-accumulation 
Hazard to W i l d l i f e and 

other Chronic E f f e c t s 

Reductions i n Non-target 
and Endangered Species 

Oncogenicity 

Oncogenicity 
Mutagenicity 
Reproductive E f f e c t s 

C a r c i n o g e n i c i t y 
Bio-accumulation 
Hazard to W i l d l i f e and 

other Chronic E f f e c t s 

C a r c i n o g e n i c i t y 
Bio-accumulation 
Hazard to W i l d l i f e and 

other Chronic E f f e c t s 

C a r c i n o g e n i c i t y 
Bio-accumulation 
Hazard to W i l d l i f e and 

other Chronic E f f e c t s 

Oncogenicity 

Hazard to aquatic organisms 

C a r c i n o g e n i c i t y 
Bio-accumulation 
Hazard to W i l d l i f e and 

other Chronic E f f e c t s 

Continued on next page 
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TABLE V. (cont'd) 

Chemical 
40 CFR 162.11 C r i t e r i a 

P o s s i b l y Met or Exceeded 

Ronnel Oncogenicity 

2,4,5-T/Silvex Oncogenicity 
T e r a t o g e n i c i t y 
F e t o t o x i c i t y 

Toxaphene Oncogenicity 
Hazard to W i l d l i f e and 

other Chronic E f f e c t s 
Reduction i n Non-target 

SOURCE: Data are from ref. 17. 

The Agency has developed l i s t s of t y p i c a l t e s t requirements 
under 40 CFR 158 (Part 158) i n c l u d i n g t e s t i n g i n the areas of 
product chemistry; residue chemistry; environmental f a t e ; 
t o x i c o l o g y ; r e e n t r y p r o t e c t i o n ; a e r i a l d r i f t e v a l u a t i o n ; 
t o x i c i t y to w i l d l i f e , aquatic organisms, and nontarget i n s e c t s ; 
p l a n t p r o t e c t i o n ; and product performance. T e s t i n g f o r 
car c i n o g e n i c p o t e n t i a l i s only one of many areas of concern to 
EPA. S p e c i f i c t e s t s i n each of the c a t e g o r i e s may be re q u i r e d 
or waived f o r p a r t i c u l a r products. The Agency has reserved a 
great deal of d i s c r e t i o n i n the determination of which t e s t s 
may be r e q u i r e d f o r which products, but Part 158 serves to 
descr i b e the general minimum or t y p i c a l t e s t b a t t e r y . 

C a r c i n o g e n i c i t y T e s t i n g 

Oncogenicity (or c a r c i n o g e n i c i t y ) t e s t i n g i s one of the 
s p e c i f i c t e s t i n g areas under S u b d i v i s i o n F of the P e s t i c i d e 
Assessment G u i d e l i n e s : Hazard E v a l u a t i o n f o r Humans and 
Domestic Animals, which describe t y p i c a l d e t a i l s o f the 
experiments tha t are re q u i r e d . The t e s t i n g g u i d e l i n e s are more 
s p e c i f i c than P a r t 158. Par t 158 helps the r e g i s t r a n t know 
when a t e s t w i l l be req u i r e d ; the t e s t i n g g u i d e l i n e s help i t 
know how to conduct the t e s t . Part 158 i n d i c a t e s t h a t an 
oncog e n i c i t y t e s t i n g i s r e q u i r e d f o r p e s t i c i d e s t h a t w i l l be 
used on food crops. Oncogenicity t e s t i n g i s c o n d i t i o n a l l y 
r e q u i r e d f o r nonfood uses i f the use i s l i k e l y to r e s u l t i n 
repeated human exposures over a s i g n i f i c a n t p o r t i o n of the 
human l i f e s p a n , or i f the use r e q u i r e s a food t o l e r a n c e or a 
food a d d i t i v e r e g u l a t i o n . The t e s t i n g requirement f o r 
onc o g e n i c i t y i s s a t i s f i e d by t e s t i n g two spe c i e s , p r e f e r a b l y 
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the r a t and the mouse. The d e t a i l s of the t y p i c a l p r o t o c o l are 
provided i n the t e s t i n g g u i d e l i n e s . 

To a s s i s t the r e g i s t r a n t s i n conducting acceptable s t u d i e s , 
EPA has p u b l i s h e d guidance documents on how to s e l e c t a top 
dose l e v e l t h a t i s the maximum t o l e r a t e d dose (MTD) f o r cancer 
s t u d i e s (11). The guidance leads to e s t a b l i s h i n g very h i g h top 
dose l e v e l s by s e t t i n g r i g i d c r i t e r i a f o r t o x i c i t y , which must 
be observed f o r a study to be accepted by the EPA O f f i c e of 
P e s t i c i d e Programs. The top dose l e v e l must be j u s t below a 
l e v e l that would r e s u l t i n l i f e - t h r e a t e n i n g t o x i c i t y . Body 
weight decrements of 10 to 15% are r e q u i r e d to s a t i s f y the 
Agency tha t the MTD has been approached. An upper l i m i t of 1 
g/kg body weight/day has a l s o been e s t a b l i s h e d f o r most 
p e s t i c i d e s (2% or 20,000 ppm i n the d i e t f o r r a t s , 0.7% or 
7,000 ppm i n the d i e t f o r mice). 

Chronic t o x i c i t y and o n c o g e n i c i t y t e s t s have been r e q u i r e d 
on a l l o l d e r product  th a t d  food  F a i l u r  t
provide the data on a
i n the suspension of th
data are submitted. In some cases, the o l d e r products have 
been shown to cause cancer i n l a b o r a t o r y animals. Beyond the 
i n f o r m a t i o n generated through the t e s t i n g r e q u i r e d under FIFRA, 
very l i t t l e i n f o r m a t i o n e x i s t s about the c a r c i n o g e n i c i t y of 
p e s t i c i d e s . Almost no r e l i a b l e i n f o r m a t i o n on humans e x i s t s ; 
t h e r e f o r e , human cancer r i s k s are estimated from the animal 
data, and p e s t i c i d e s are r e g u l a t e d based on these data. As 
more chemicals are t e s t e d f o r c a r c i n o g e n i c i t y , as t o x i c i t y t e s t 
methods become more s e n s i t i v e , and as a n a l y t i c a l chemistry i s 
able to i d e n t i f y more products at lower l e v e l s , EPA w i l l be 
under even greater pressure: pressure from the p u b l i c to 
p r o t e c t h e a l t h , pressure from farmers to preserve a g r i c u l t u r a l 
chemicals, and pressure from the a g r i c u l t u r a l chemical i n d u s t r y 
not to overregulate. 
Assessment of Cancer R i s k s f o r P e s t i c i d e s 

As mentioned above, EPA has r e q u i r e d c a r c i n o g e n i c i t y (and other 
t o x i c i t y ) t e s t i n g on a l l the food-use p e s t i c i d e s . Any new 
food-use p e s t i c i d e and many new non-food use p e s t i c i d e s must be 
t e s t e d f o r c a r c i n o g e n i c i t y p r i o r to r e g i s t r a t i o n by EPA. EPA 
i s c u r r e n t l y r e q u i r i n g a d d i t i o n a l c a r c i n o g e n i c i t y t e s t i n g on 
n e a r l y a l l of the products that begin r e r e g i s t r a t i o n . This 
provides the Agency w i t h a tremendous database on the c a r c i n 
o g e n i c i t y of these p e s t i c i d e s i n r a t s and mice. The u l t i m a t e 
goal of EPA i s to determine the p o t e n t i a l human cancer r i s k s 
a s s o c i a t e d w i t h these products. The q u a l i t a t i v e r i s k s are 
evaluated according to the Agency's r i s k assessment g u i d e l i n e s 
(12). 

EPA Cancer R i s k Assessment G u i d e l i n e s 

The g u i d e l i n e s are w r i t t e n to provide guidance on Agency p o l i c y 
f o r a s s e s s i n g cancer r i s k . They draw h e a v i l y upon the N a t i o n a l 
Research C o u n c i l (13) approach to a s s e s s i n g r i s k by d i v i d i n g 
the r i s k assessment process i n t o four a c t i v i t i e s : Hazard 
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I d e n t i f i c a t i o n , Dose-Response Assessment, Exposure Assessment, 
and R i s k C h a r a c t e r i z a t i o n . The g u i d e l i n e s l a y out the c u r r e n t 
process i n d e t a i l and s t r e s s the importance of s c i e n t i f i c 
judgment i n the process and that the c l a s s i f i c a t i o n system was 
not intended to be a p p l i e d i n a mechanical manner. These 
g u i d e l i n e s are being reviewed and r e v i s e d by EPA at t h i s time 
and many of the perceived problems may be addressed. 

The c u r r e n t g u i d e l i n e s o u t l i n e a scheme that c l a s s i f i e s the 
weight of the evidence of c a r c i n o g e n i c i t y on a s c a l e from "A" 
f o r the g r e a t e s t evidence to "E" f o r the l e a s t evidence of 
c a r c i n o g e n i c i t y i n humans (Tables VI, V I I , and V I I I ) . The 
weight-of-the-evidence c l a s s i f i c a t i o n i s designed to determine 
how much a v a i l a b l e i n f o r m a t i o n shows that a compound causes 
cancer. The evidence need not come from humans, but human 
r i s k s w i l l be assessed. As described i n the n a r r a t i v e of the 
g u i d e l i n e s , the s c i e n t i s t s are encouraged to use t h e i r 
judgment, t r a i n i n g , and experience; to consider mechanism of 
a c t i o n ; to understand
d i s p o s i t i o n , and metabolism
chemical p r o p e r t i e s of the chemical and the s t r u c t u r e - a c t i v i t y 
r e l a t i o n s h i p s f o r the product; and to weigh other t o x i c o l o g i c 
e f f e c t s that may have been at work i n the study. 

The weight-of-the-evidence c r i t e r i a , however, were w r i t t e n 
and sometimes are a p p l i e d i n a f a i r l y p r e s c r i p t i v e and 
mechanical manner. The more st u d i e s t h a t show p o s i t i v e 
r e s u l t s , the greater the weight of the evidence; the greater 
the weight of the evidence, the higher the q u a l i t a t i v e cancer 
c l a s s i f i c a t i o n ; the higher the c l a s s i f i c a t i o n , the more l i k e l y 
a q u a n t i t a t i v e r i s k assessment w i l l be conducted, i n 
p a r t i c u l a r , u s i n g the l i n e a r i z e d m u l t i s t a g e model. Under the 
cur r e n t g u i d e l i n e s , EPA s c i e n t i s t s are r e l a t i v e l y l i m i t e d i n 
t h e i r freedom to adjust the cancer c l a s s i f i c a t i o n on the b a s i s 
of t h e i r judgment, r a t h e r than on the number of p o s i t i v e human 
or ( i . e . , e p i d e m i o l o g i c a l ) animal s t u d i e s . A l s o , once a 
q u a n t i t a t i v e r i s k assessment has been conducted, the r i s k 
manager i s l i k e l y to r e l y h e a v i l y upon the q u a n t i t a t i v e r i s k 
numbers r a t h e r than the q u a l i t a t i v e evidence. The r i s k manager 
i s a l s o i n c l i n e d to r e l y on the upper-bound estimate of r i s k . 
The g u i d e l i n e s d i r e c t s c i e n t i s t s to use the q u a l i t a t i v e 
category w i t h an q u a n t i t a t i v e assessment of r i s k and to present 
the u n c e r t a i n t i e s i n the u n d e r l y i n g database, but t h i s i s 
r a r e l y done. 

The d i r e c t r e l a t i o n s h i p between the weight-of-the-evidence 
c a t e g o r i e s and the cancer c l a s s i f i c a t i o n i s shown i n Table V I I 
(12). 

Although the chart reproduced i n Table V I I was i n c l u d e d i n 
the cancer g u i d e l i n e s as " I l l u s t r a t i v e , " the c l a s s i f i c a t i o n 
system appears to have become more r i g i d than may have been 
expected. Agency personnel have o f t e n been charged w i t h 
a p p l y i n g the weight of the evidence i n a f a i r l y automatic and 
mechanical manner. Although t h i s may l e a d to a simpler or more 
p r e d i c t a b l e process to f o l l o w when c l a s s i f y i n g the oncogenic 
p o t e n t i a l of a compound, i t does not n e c e s s a r i l y l e a d to more 
c o n s i s t e n t or r e l i a b l e r i s k management d e c i s i o n s . The r i s k 
assessment should not be conducted without c o n s i d e r i n g the r i s k 
management options. 

In Carcinogenicity and Pesticides; Ragsdale, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



CARCINOGENICITY AND PESTICIDES 

TABLE VI. EPA C l a s s i f i c a t i o n System f o r Weight of the Evidence 
of Human C a r c i n o g e n i c i t y 

From Animal Studies: 

No Evidence No increased neoplasms i n two w e l l -
designed animal s t u d i e s i n d i f f e r e n t 
species 

No data 

Inadequate 
Evidence Cannot be i n t e r p r e t e d as showing 

presence or absence of a ca r c i n o g e n i c 
e f f e c t due to major q u a l i t a t i v e or 
q u a n t i t a t i v e l i m i t a t i o n s 

L i m i t e d 
Evidence 

S u f f i c i e n t 
Evidence 

Data suggest a ca r c i n o g e n i c e f f e c t 
but are l i m i t e d because: (a) s t u d i e s 
i n v o l v e s i n g l e s p e c i e s , s t r a i n , or 
experiment; (b) inadequate dosage 
l e v e l s , exposure d u r a t i o n , follow-up, 
poor s u r v i v a l , too few animals, or 
inadequate r e p o r t i n g ; (c) benign 
tumors only 

Increase i n malignant or combined 
benign and malignant tumors: (a) i n 
m u l t i p l e species or s t r a i n s ; (b) i n 
m u l t i p l e experiments ( d i f f e r e n t 
routes or dose l e v e l s ) ; or (c) to an 
unusual degree i n a s i n g l e experiment 
w i t h regard to h i g h i n c i d e n c e , 
unusual s i t e or type of tumor, or an 
e a r l y age at onset 

SOURCE: Data are from ref. 12. 
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TABLE V I I . I l l u s t r a t i v e C a t e g o r i z a t i o n of 
Evidence Based on Animal 

and Human Data 

Human 

Evidence S u f f i c i e n t L i m i t e d Inadequate No Date Evidence 

S u f f i c i e n t A A A A A 

L i m i t e d B l B

Inadequate B2 C D D D 

No data B2 C D D E 

No evidence B2 C D D E 

SOURCE: Data are from ref. 12. 

TABLE V I I I . C a t e g o r i z a t i o n of O v e r a l l 
Weight of the Evidence f o r Human C a r c i n o g e n i c i t y 

Group A Human Carcinogen 

Group B l Probable Human Carcinogen w i t h Human Data 

Group B2 Probable Human Carcinogen without Human Data 

Group C P o s s i b l e Human Carcinogen 

Group D Not C l a s s i f i a b l e as to Human C a r c i n o g e n i c i t y 

Group Ε Evidence of Non - c a r c i n o g e n i c i t y f o r Humans 

SOURCE: Data are from ref. 12. 
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One p o t e n t i a l drawback w i t h a mechanical approach i s th a t 
the r i s k managers may design c e r t a i n r e g u l a t o r y responses 
around the q u a l i t a t i v e category (e.g., A, B, or C) and not 
consider the f u l l weight of the evidence. This has been the 
case i n the EPA O f f i c e of S o l i d Waste, such that the cancer 
c l a s s i f i c a t i o n determines the r e p o r t a b l e q u a n t i t y f o r a 
hazardous waste s p i l l w i t h no f u r t h e r s c i e n t i f i c e v a l u a t i o n . 

C l a s s i f i c a t i o n Scheme 

The group A carcinogen i s a "Human Carcinogen" t h a t must be 
supported by s u f f i c i e n t human stu d i e s (Table V I I I ) . A B2 
carcinogen i s described as a "probable human carcinogen" by the 
c l a s s i f i c a t i o n system. The d e c i s i o n to c l a s s i f y a chemical as 
a B2 carcinogen, however, i s made i n the absence of human 
cancer data and r e s t s e n t i r e l y on the weight of the animal 
carcinogenesis data. I f there i s more than one study showing 
an "increased incidenc
and malignant tumors (a
i n m u l t i p l e experiments (e.g., w i t h d i f f e r e n t routes of 
a d m i n i s t r a t i o n or us i n g d i f f e r e n t dose l e v e l s ) ; or (c) to an 
unusual degree i n a s i n g l e experiment w i t h regard to high 
in c i d e n c e , unusual s i t e or type of tumor, or e a r l y age of 
onset," then the Agency concludes there i s " s u f f i c i e n t evidence 
of c a r c i n o g e n i c i t y " (12). These c r i t e r i a f o r s u f f i c i e n t 
evidence f a i l to provide an opportunity f o r much s c i e n t i f i c 
judgment and make no reference to mechanism of a c t i o n , 
relevance to man, or q u a l i t y of s t u d i e s . S u f f i c i e n t evidence 
of c a r c i n o g e n i c i t y i n animals, however, a u t o m a t i c a l l y leads the 
Agency to a group Β c l a s s i f i c a t i o n and to the l a b e l "Probable 
Human Carcinogen." A B l carcinogen r e q u i r e s l i m i t e d human 
data, r e g a r d l e s s of the animal data a v a i l a b l e . Therefore, 
" l i m i t e d " human data l e a d EPA to conclude that a chemical i s a 
"probable" human carcinogen, r a t h e r than p o s s i b l e . 

I f there are animal data on a p e s t i c i d e t h a t suggest a 
carc i n o g e n i c e f f e c t , the evidence may be s u f f i c i e n t under the 
g u i d e l i n e s or i t may be " l i m i t e d " i f "(a) the s t u d i e s i n v o l v e a 
s i n g l e s p e c i e s , s t r a i n or experiment and do not meet c r i t e r i a 
f o r s u f f i c i e n t evidence. . .(b) the experiments are r e s t r i c t e d 
by inadequate dosage l e v e l s , inadequate d u r a t i o n of exposure to 
the agent, inadequate p e r i o d of follow-up, poor s u r v i v a l , too 
few animals, or inadequate r e p o r t i n g ; or (c) an increase i n the 
incidence of benign tumors only" (12). C a l l i n g the weight of 
the evidence as l i m i t e d leads to a group C - P o s s i b l e Human 
Carcinogen c l a s s i f i c a t i o n . 

Inadequate evidence leads to a group D - Not C l a s s i f i a b l e as 
to Human C a r c i n o g e n i c i t y c l a s s i f i c a t i o n . E i t h e r no data, 
i n s u f f i c i e n t data, or c o n f l i c t i n g s t u d i e s may l e a d EPA to 
conclude th a t the data cannot be i n t e r p r e t e d , and a D 
c l a s s i f i c a t i o n would be appropriate. I f "two adequate animal 
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s t u d i e s are both negative i n d i f f e r e n t species or i n both 
adequate e p i d e m i o l o g i c a l and animal s t u d i e s , " the group Ε -
Evidence of Non-Carcinogenicity f o r Humans i s appropriate (12). 

The u l t i m a t e r e s u l t of the current g u i d e l i n e s i s tha t the 
more a product i s t e s t e d , the greater i t s q u a l i t a t i v e cancer 
r a t i n g . The weight of the evidence increases w i t h any p o s i t i v e 
f i n d i n g s , even i f the s t u d i e s are o l d , of marginal q u a l i t y , 
exceed the maximum t o l e r a t e d dose, or are shown by mechanistic 
s t u d i e s to be i r r e l e v a n t to human cancer r i s k . 

Although mention i s made i n the g u i d e l i n e s of a d j u s t i n g the 
c l a s s i f i c a t i o n on the b a s i s of supporting i n f o r m a t i o n , i n 
r e a l i t y very l i t t l e guidance was provided on when adjustment i s 
allowed. Therefore, the (EPA) s c i e n t i s t s are r e l u c t a n t to 
diverge from a s t r i c t reading of the g u i d e l i n e s . The 
P e s t i c i d e s Program has diverged from a s t r i c t r eading of the 
g u i d e l i n e s i n some cases, but g e n e r a l l y complies w i t h the 
system o u t l i n e d i n the EPA Cancer R i s k Assessment G u i d e l i n e s . 
Many more p e s t i c i d e s hav
carcinogens than migh
reading of the g u i d e l i n e s . 

One consequence of the g u i d e l i n e s i s that they determine 
whether or not a q u a n t i t a t i v e r i s k assessment i s conducted. A 
q u a n t i t a t i v e r i s k assessment i s conducted on a l l B2 and most 
group C carcinogens, whether the data f i t the mathematical 
model or not. Data sets are o f t e n adjusted, f o r example, by 
dropping the r e s u l t s at the h i g h dose l e v e l , to f i t the 
p r e f e r r e d model. A l s o , because of the s t r u c t u r e of the 
c l a s s i f i c a t i o n system, many compounds are c l a s s i f i e d as group C 
or B2 carcinogens even i f there are data showing t h a t the 
compound i s metabolized d i f f e r e n t l y i n the t e s t species than i n 
humans, or the r e s u l t s do not appear to model human cancer 
r i s k s . The q u a l i t a t i v e ranking and q u a n t i t a t i v e assessment are 
used by the r i s k manager to e s t a b l i s h safe l e v e l s f o r worker 
and d i e t a r y exposure. The EPA Cancer R i s k Assessment i s very 
l i k e l y to undergo r e v i s i o n i n the near f u t u r e , but which areas 
w i l l be changed i s u n c e r t a i n . (14) 

The EPA P e s t i c i d e Programs has demonstrated a w i l l i n g n e s s 
to diverge from a s t r i c t a p p l i c a t i o n of the g u i d e l i n e s i n a 
number of cases. One recent example of t h i s i s the d e c i s i o n to 
terminate the S p e c i a l Review of l i n u r o n (15). Lin u r o n had 
increased benign t e s t i c u l a r tumors i n male r a t s and benign 
l i v e r tumors i n male and female mice. Conducting a 
q u a n t i t a t i v e r i s k assessment on the data would r e s u l t i n an 
upper-bound r i s k e s t i m a t i o n as hi g h as one i n a thousand based 
on worst-case d i e t a r y exposure and mixer/loaders without 
p r o t e c t i v e c l o t h i n g (7). A more r e a l i s t i c estimate of upper-
bound r i s k was s a i d to be one i n ten thousand because of 
d i f f e r e n c e s between the worst case and a c t u a l exposures. The 
Agency decided, however, tha t i t would not r e g u l a t e l i n u r o n on 
the b a s i s of oncogenicity . The Toxicology Branch Peer Review 
Group, the EPA Carcinogen Assessment Group, and the FIFRA SAP 
a l l agreed tha t l i n u r o n was a group C carcinogen, but they 
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determined th a t the q u a l i t a t i v e oncogenic p o t e n t i a l of l i n u r o n 
was so low t h a t r e g u l a t i n g on the b a s i s of o n c o g e n i c i t y would 
be i n a p p r o p r i a t e (15). 

P e s t i c i d e s on Food 

EPA e s t a b l i s h e s raw a g r i c u l t u r a l commodity (RAC) and food 
a d d i t i v e t o l e r a n c e s f o r p e s t i c i d e s on food. Carcinogenic 
p e s t i c i d e s may be r e g i s t e r e d and t o l e r a n c e s may be set f o r the 
raw a g r i c u l t u r a l commodity i f the l e v e l s are safe; however, i f 
the c o n c e n t r a t i o n of a p e s t i c i d e on food increases when i t i s 
processed, a food a d d i t i v e t o l e r a n c e i s r e q u i r e d . The Delaney 
clause of FFDCA does not a l l o w a food a d d i t i v e t o l e r a n c e to be 
s e t , even i f EPA b e l i e v e s i t i s safe, i f the compound has been 
shown to induce cancer i n man or animal. A narrow 
i n t e r p r e t a t i o n of the Delaney clause has prevented r e g i s t r a t i o n 
of new products i n circumstances where the upper-bound r i s k s 
were estimated to be

I n t e r a c t i o n s of FIFRA and FFDCA 

The r e g u l a t i o n of c a r c i n o g e n i c p e s t i c i d e s on foods depends upon 
how EPA i n t e r p r e t s and a p p l i e s FIFRA, FFDCA Sections 408 and 
409, and e s p e c i a l l y the Delaney clause i n the FFDCA. P e s t i c i d e 
r e g i s t r a t i o n s are granted or denied under the FIFRA 
r i s k - b e n e f i t standard. However, food use p e s t i c i d e s cannot be 
r e g i s t e r e d , unless a t o l e r a n c e or an exemption from a t o l e r a n c e 
f o r the RAC was a l s o granted under S e c t i o n 408 of the FFDCA. 
The standard a p p l i e d i n g r a n t i n g a t o l e r a n c e under FFDCA 
S e c t i o n 408 i s health-based; that i s , the r e g u l a t i o n must be 
set at a l e v e l t h a t i s not unsafe. B e n e f i t s are a l s o 
considered to some extent i n s e t t i n g the S e c t i o n 408 t o l e r a n c e . 

I f the RAC, which has been t r e a t e d w i t h a p e s t i c i d e , i s 
processed, and i f the concentrations of the p e s t i c i d e i n the 
f i n a l form of the processed food are greater than the 
concentrations found i n the RAC, then a food a d d i t i v e t o l e r a n c e 
must be e s t a b l i s h e d under S e c t i o n 409 of the FFDCA. L i k e the 
408 RAC t o l e r a n c e , a S e c t i o n 409 food a d d i t i v e t o l e r a n c e must 
be set at a l e v e l that i s not unsafe. But over and above the 
b a s i c requirement of s a f e t y , S e c t i o n 409 p r o h i b i t s e s t a b l i s h i n g 
a food a d d i t i v e t o l e r a n c e when the compound has been shown to 
induce cancer i n man or animals. This p r o h i b i t i o n i s the 
Delaney clause. 

The Delaney Clause 

The Delaney clause can prevent the establishment of t o l e r a n c e s 
and the r e g i s t r a t i o n of p e s t i c i d e s . To e x p l a i n the e f f e c t of 
the Delaney clause on r e g i s t r a t i o n , one can separate p e s t i c i d e s 
i n t o two groups: (1) where the p e s t i c i d e has been shown to 
induce cancer i n man or animal (an "oncogenic p e s t i c i d e " ) and 
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(2) where i t has not (a "non-oncogenic" or untested p e s t i c i d e ) . 
I f one a l s o assumes that the p e s t i c i d e s i n both groups a l s o 
otherwise pass the r i s k - b e n e f i t t e s t f o r FIFRA and FFDCA 
S e c t i o n 408, then i t i s p o s s i b l e to consider the i n f l u e n c e t h a t 
the Delaney clause has on p e s t i c i d e r e g i s t r a t i o n . 

F i r s t , EPA could apply the Delaney clause i n a r i g i d manner 
to a l l p e s t i c i d e s . No d i s t i n c t i o n would be made between new 
and o l d p e s t i c i d e s . For any oncogenic p e s t i c i d e , new 
toler a n c e s would not be granted, and o l d t o l e r a n c e s would have 
to be revoked. No c o n s i d e r a t i o n would be given to the l e v e l of 
exposure or r i s k , to the b e n e f i t s , or to the other hazards of 
that product or competing products. This would be very simple 
to administer. I t would ensure that EPA complies w i t h the 
Delaney clause, but i t i s not n e c e s s a r i l y c o n s i s t e n t w i t h the 
FIFRA. 

Second, on the other end of the spectrum, EPA c o u l d 
completely ignore the Delaney clause  EPA c o u l d r e g i s t e r 
p e s t i c i d e s and set foo
p e s t i c i d e s by co n s i d e r i n
r i s k - b e n e f i t b a l a n c i n g . The FIFRA standard would be complied 
w i t h and the FFDCA mandate that the food a d d i t i v e not be 
present at unsafe l e v e l s c o u l d a l s o be s a t i s f i e d , but i t i s not 
c o n s i s t e n t w i t h the Delaney clause. The f a c t t h a t a p e s t i c i d e 
was an oncogen would not, by i t s e l f , preclude r e g i s t r a t i o n f o r 
food uses where a food a d d i t i v e t o l e r a n c e was r e q u i r e d . New 
and o l d products would be t r e a t e d a l i k e w i t h a c t i o n s measured 
on a c o n s i s t e n t r i s k - b e n e f i t s c a l e . 

T h i r d , the Agency could leave o l d r e g i s t r a t i o n s and 
t o l e r a n c e s on the books, even i f the data demonstrated t h a t an 
oncogenic p e s t i c i d e needed a food a d d i t i v e t o l e r a n c e . New 
products co u l d be r e g u l a t e d i n a much more r i g i d manner than 
the o l d products, and no food a d d i t i v e t o l e r a n c e s would be 
granted f o r a new oncogenic p e s t i c i d e r e g a r d l e s s of how safe i t 
was or how low the r i s k s were. This would create a double 
standard f o r o l d and new p e s t i c i d e s . I t may a l s o leave 
products on the market w i t h higher r i s k s , when the product 
c o u l d be r e p l a c e d by one that posed lower r i s k s but f o r i t s 
o n c o g e n i c i t y . 

The t h i r d scenario g e n e r a l l y describes the c u r r e n t EPA 
approach to p e s t i c i d e r e g u l a t i o n under FIFRA and FFDCA. New 
products th a t are carcinogenic and need a 409 t o l e r a n c e are not 
r e g i s t e r e d because EPA w i l l not grant a food a d d i t i v e 
t o l e r a n c e . A l i e t t e i s an example of t h i s p o l i c y . Older 
p e s t i c i d e s t h a t are r e g i s t e r e d and e i t h e r need or have 409 
t o l e r a n c e s have not been c a n c e l l e d on the b a s i s of Delaney. 

Current EPA Approach to Tolerance S e t t i n g 

Many p e s t i c i d e s were r e g i s t e r e d before o n c o g e n i c i t y data were 
re q u i r e d . Tolerances were e s t a b l i s h e d whether or not the 
p e s t i c i d e was oncogenic, because the data were not a v a i l a b l e . 
Those tole r a n c e s have not been revoked and r e g i s t r a t i o n s have 
not been c a n c e l l e d simply because new data show th a t a 
p e s t i c i d e may be oncogenic. New tolera n c e s are not set once 
the r e r e g i s t r a t i o n process begins f o r an o l d product. But the 
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o l d e r r e g i s t r a t i o n s are e s s e n t i a l l y grandfathered by the 
p o l i c y , unless the Agency b e l i e v e s that the r i s k s may be 
unreasonable. I f the r i s k s are considered unreasonable, the 
Agency w i l l i n i t i a t e a S p e c i a l Review. But t h i s a c t i o n i s not 
taken under Delaney; i t i s measured under the FIFRA r i s k -
b e n e f i t standard. 

New products, i f shown to induce cancer i n man or animals 
and i f they need a 409 food a d d i t i v e t o l e r a n c e , are kept o f f 
the market. This i s true even i f they replace o l d e r and l e s s 
safe p e s t i c i d e s . No degree of demonstrated s a f e t y has l e d EPA 
to r e g i s t e r oncogenic p e s t i c i d e s at t h i s time. This i s true 
even where the b e n e f i t s of a new p e s t i c i d e s u b s t a n t i a l l y 
outweigh the r i s k s . The FIFRA r i s k - b e n e f i t p a r t of the 
equation i s not considered as p a r t of the equation i f an 
oncogenic food-use p e s t i c i d e needs a 409 t o l e r a n c e . Older, 
l e s s e f f i c a c i o u s , and r i s k i e r products remain on the market, 
however. 

F o s e t y l a l ( A l i e t t e ) an

For example, the p e s t i c i d e f o s e t y l a l ( A l i e t t e ) i s a f u n g i c i d e 
proposed f o r use on hops. Many f u n g i c i d e s have been shown to 
induce tumors i n animals and are considered to present 
oncogenic r i s k s to humans. A l i e t t e caused an increase i n 
bladder tumors i n r a t s , but only at very h i g h dose l e v e l s 
(40,000 ppm). A l i e t t e was c l a s s i f i e d as a group C carcinogen, 
and a q u a n t i t a t i v e r i s k estimate demonstrated upper-bound 
worst-case r i s k s were l e s s than one i n one hundred m i l l i o n . 
EPA f e l t no s i g n i f i c a n t human h e a l t h r i s k was posed from t h i s 
use. Even though A l i e t t e would replace other much more c l e a r l y 
c a r c i n o g e n i c f u n g i c i d e s , however, the presence of A l i e t t e on 
the processed food would have r e q u i r e d a food a d d i t i v e (409) 
t o l e r a n c e . The Delaney clause i n S e c t i o n 409 prevented 
e s t a b l i s h i n g a 409 t o l e r a n c e , because A l i e t t e had been shown to 
induce tumors i n animals. This s t r i c t d r a f t i n g and 
i n t e r p r e t a t i o n of FFDCA S e c t i o n 409 prevented the use of a 
b e n e f i c i a l and l e s s r i s k y product. 

EPA's P o l i c y Changes w i t h Respect to Delaney 

The c u r r e n t p o l i c y and l e g a l options were reviewed by the 
N a t i o n a l Academy of Sciences at the request of EPA. The r e p o r t 
R e g u l a t i n g P e s t i c i d e s i n Food: The Delaney Paradox (13) was 
then p u b l i s h e d by NAS and gives four s p e c i f i c conclusions and 
recommendations to the Agency aimed at implementing a 
reasonable p o l i c y on p e s t i c i d e residues i n food. The Agency, 
w h i l e c r i t i c i z i n g the r i s k analyses presented i n the r e p o r t , 
has p u b l i c l y embraced the recommendations of the NAS panel. 
The Agency does admit that s i g n i f i c a n t l e g a l impediments e x i s t 
to implementing them. 

The Agency i s c u r r e n t l y developing an implementation p l a n 
and w i l l p u b l i s h i t i n the Federal R e g i s t e r f o r p u b l i c n o t i c e 
and comment. I t i s expected to draw p r a i s e and f i r e . The p l a n 
i s expected to attempt to implement the four recommendations of 
the NAS r e p o r t . Those are: 
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1. " P e s t i c i d e residues i n food, whether marketed i n raw 
or processed form or governed by o l d or new 
t o l e r a n c e s , should be r e g u l a t e d on the b a s i s of 
c o n s i s t e n t standards. Current laws and r e g u l a t i o n s 
governing residues i n raw and processed food are 
i n c o n s i s t e n t w i t h t h i s g o a l . " 

2. "A n e g l i g i b l e r i s k standard f o r carcinogens i n food, 
a p p l i e d c o n s i s t e n t l y to a l l p e s t i c i d e s and to a l l 
forms of food, c o u l d d r a m a t i c a l l y reduce t o t a l d i e t a r y 
exposure to oncogenic p e s t i c i d e s w i t h modest r e d u c t i o n 
of b e n e f i t s . " 

3. "The committee's a n a l y s i s . . .suggests t h a t about 80 
percent of the oncogenic r i s k from 28 p e s t i c i d e s t h a t 
c o n s t i t u t e the committee's r i s k estimates i s 
a s s o c i a t e d w i t h the residues of 10 compounds i n 15 
foods. Logic argues that EPA should focus i t s 
energies on reducing r i s k from the most-consumed 
crops, and compellin
s t r a t e g y . " 

4. "The EPA should develop improved t o o l s and methods to 
more s y s t e m a t i c a l l y estimate the o v e r a l l impact of 
p r o s p e c t i v e r e g u l a t o r y a c t i o n s on h e a l t h , the 
environment, and food production. Rapid advances i n 
computer technology, as w e l l as the EPA's s u c c e s s f u l 
e f f o r t s to computerize major data sets l i k e the 
Tolerance Assessment System (TAS) make such progress 
r e a d i l y a t t a i n a b l e . " 

The Agency's implementation p l a n i s expected to describe 
ways to implement the recommendations of the NAS. The l e g a l 
o b s t a c l e s , however, have been h i g h l i g h t e d i n the NAS r e p o r t i n 
some cases. For example, the f i r s t recommendation p o i n t s out 
c u r r e n t laws are i n c o n s i s t e n t w i t h t r e a t i n g residues i n raw and 
processed foods the same. Furthermore, the use of s c i e n t i f i c 
evidence to demonstrate that a r i s k i s " n e g l i g i b l e " i s 
i n c o n s i s t e n t w i t h a s t r i c t i n t e r p r e t a t i o n of the Delaney 
clause. The implementation of the recommendations w i l l pose 
l e g a l r i s k s f o r EPA, and a c o n s i s t e n t standard may not be 
a t t a i n e d without congressional a c t i o n . 

N e g l i g i b l e R i s k 

With respect to recommendation 2, EPA apparently w i l l proceed 
w i t h a p l a n t h a t incorporates n e g l i g i b l e r i s k as the t a r g e t f o r 
s e t t i n g p e s t i c i d e t o l e r a n c e s . N e g l i g i b l e r i s k must be d e f i n e d 
by EPA as p a r t of the implementation p l a n . The NAS r e f e r r e d to 
n e g l i g i b l e r i s k i n terms of l e s s than one i n a m i l l i o n r i s k of 
cancer. The FDA used a s i m i l a r range but avoided p u t t i n g too 
p r e c i s e a p o i n t on the i s s u e . EPA i s c o n s i d e r i n g s e v e r a l 
d e f i n i t i o n s f o r de minimis or n e g l i g i b l e r i s k . One approach i s 
to consider the q u a l i t a t i v e nature of the cancer data. For 
example, c e r t a i n mechanisms of a c t i o n i n animals are not good 
models f o r human cancer and may, by d e f i n i t i o n , be termed 
n e g l i g i b l e r i s k even i f the q u a n t i t a t i v e r i s k assessment showed 
r i s k numbers greater than one i n a m i l l i o n (such as group C 
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carcinogens without a r i s k assessment or group D carcinogens). 
The q u a n t i t a t i v e r i s k e s t i m a t i o n would be f a c t o r e d i n t o the 
determination of n e g l i g i b l e r i s k i f the mechanism had not been 
shown to be i r r e l e v a n t and the animal data were s u f f i c i e n t f o r 
a q u a n t i t a t i v e r i s k assessment (group B2 or C carcinogens t h a t 
do r e q u i r e a q u a n t i t a t i v e r i s k assessment). 

R e g u l a t i o n of P e s t i c i d e Classes 

The Agency has r o u t i n e l y r e g u l a t e d p e s t i c i d e s on an a c t i v e 
i n g r e d i e n t by a c t i v e i n g r e d i e n t b a s i s . Although c o n s i d e r i n g 
c l a s s e s of chemicals would take longer, the Agency could be 
expected to r e r e g i s t e r or review c l a s s e s of chemicals. EPA has 
used a c l u s t e r approach f o r endangered species r e g u l a t i o n . I n 
the case of endangered species, EPA considered broad c a t e g o r i e s 
of products a t the same time (e.g., cropland uses, f o r e s t r y ) . 
The s e l e c t i o n of products reviewed under a p r o j e c t reviewing 
chemicals a f f e c t e d b
narrower i n scope (suc
seemed to accept the recommendation f o r a c a t e g o r i e s approach, 
i t s t r o n g l y disagreed w i t h the NAS r e p o r t ' s c h a r a c t e r i z a t i o n of 
the a c t u a l residues and r i s k s f o r v a r i o u s crops or p e s t i c i d e s . 

Use of Improved Exposure Models 

The l a s t recommendation c o n s t i t u t e d NAS's endorsement of the 
EPA t o l e r a n c e assessment system (TAS). The TAS i s a computer-
based system th a t can analyze r i s k s based on v a r i o u s use 
pat t e r n s f o r p e s t i c i d e s . The system g r e a t l y improves the 
p r e c i s i o n of the d i e t a r y exposure assessment. TAS i s already 
being used by EPA and provided the t o o l s used by the NAS i n i t s 
own r i s k analyses. 

I f the changes are implemented i n the Delaney clause then 
the door cou l d be opened to the r e g i s t r a t i o n of a number of new 
products. The products f a v o r a b l y a f f e c t e d by changes i n the 
p o l i c y would be those t h a t are p o s i t i v e i n animal 
c a r c i n o g e n i c i t y s t u d i e s , but are e i t h e r of very low potency, or 
caused tumors considered l e s s r e l e v a n t to human r i s k . The 
Delaney clause would not increase the chances of r e g i s t e r i n g a 
product that appeared to pose a s i g n i f i c a n t r i s k by d i e t a r y 
exposure. 

Changes i n the p o l i c y would probably a l s o r e s u l t i n the 
r e v o c a t i o n of tolerances f o r products on the market w i t h higher 
r i s k numbers. The Agency i s l i k e l y to e l i m i n a t e some o l d e r , 
r i s k i e r products, as i t r e g i s t e r s new products. The 
environmental groups w i l l l i k e l y a l s o w a i t f o r a good t e s t case 
and sue the Agency over the s e t t i n g of a to l e r a n c e f o r a 
car c i n o g e n i c p e s t i c i d e . 

Other Issues and Conclusion 

EPA has r e g u l a t e d many p e s t i c i d e s on the b a s i s of ca r c i n o g e n i c 
p o t e n t i a l . D i e t a r y residues command a great deal of a t t e n t i o n , 
but other i s s u e s , such as groundwater contamination, consumer 
or worker exposure, and Agency resources, a l s o profoundly 
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affect the regulation of carcinogenic pesticides. Worker 
exposure is often much greater than dietary exposure and public 
and Agency concern continues to grow about the presence of even 
low level carcinogenic pesticides in drinking water. As 
reregistration generates new data on carcinogenicity, i t w i l l 
remain the focus for future regulations as well . New and more 
sensitive analytical and toxicological data w i l l identify more 
compounds to which we are exposed. How EPA assesses and 
manages cancer risk in the future w i l l profoundly affect 
producers, users, and the public. Changes w i l l be required in 
Agency policy and in the pesticide laws to accommodate the 
regulation of pesticides. 
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Chapter 3 

Pathogenesis of Neoplasia and Influences 
of Pesticides 

Gary M. Williams 

American Health Foundation

The evolution of a neoplasm is a complex multi
-event and multi-stage process which proceedes 
through two sequences, the conversion of normal 
ce l l s to neoplastic ce l l s and the development of 
neoplastic ce l l s into tumors. These sequences 
have been documented experimentally to be 
similar in a number of tissues affected by 
chemical carcinogens. The ce l lu lar events in 
experimental carcinogenesis also have their 
counterparts in human cancer development. Chem
ica l s , including pesticides, affect the carcino
genic process in a variety of ways, both 
facilitory and inhibitory, in the sequences of 
neoplastic conversion and development. Some 
chemicals exert more than one efffect on the 
neoplastic process. 

The pathogenesis of chemically-induced cancer is complex, con
s ist ing of a series of events. The process can be divided into two 
dist inct sequences, neoplastic conversion, involving change in the 
genetic apparatus of ce l l s leading to generation of a neoplastic 
c e l l and neoplastic development in which the neoplastic c e l l 
evolves into a tumor (Fig 1). In experimental models, pesticides 
can influence both sequences, either enhancing or inhibit ing them. 

Chemical Carcinogens 

Chemical carcinogens are defined operationally by their ability to 
produce an increase in tumor incidence. Chemicals capable of 
eliciting a tumor response in experimental animals comprise a 
highly diverse col lect ion of structural types of chemicals (1) . 
Considering this fact alone, i t has seemed l ike ly that the 
tumorigenic effects of carcinogens could be exerted by several 
mechanisms. Evidence of this is provided by observations that, a l -
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Figure 1. Outline of the carcinogenic process. 
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though many carcinogens give r ise to reactive species that damage 
DNA, some carcinogenic chemicals, notably hormones, do not have 
these properties. 

In recognition of this fundamental difference, a mechanistic 
categorization of carcinogens into two main types, DNA-reactive and 
epigenetic, (Table I) has been developed (2). 

Table I . Class i f icat ion of Carcinogens 

Type of Carcinogen Example of type 

DNA-reactive (Genotoxic) 
Activation-independent Alkylating agent 
Act ivat ion-dependent Polycyclic aromatic 

hydrocarbon, nitrosamine 
Inorganic metal 

Epigenetic 
Promoter 

saccharin, drugs 
Hormone-modifying amitrole 
Immunosuppressor purine analog 
Cytotoxic n i tr i totr iacetate 
Peroxisome prol i ferator lactofen 

Unclassified methapyrilene 

The dist inct ion between DNA-reactive or genotoxic carcinogens 
and the epigenetic type is important to the understanding of the 
influences of pesticides on the pathogenesis of neoplasia, since 
there are major differences between the two types in chemical ac
tions and mechanisms. 

The Neoplastic Process 

The neoplastic phenotype is transmitted to the progeny of neoplas
t i c ce l l s and thus must involve a change in the structure or ex
pression of genetic information. DNA-reactive carcinogens are 
capable of effecting such an alteration direct ly through a muta
t ional event, either in base sequences or gene arrangement. In 
contrast, epigenetic agents may act either by fac i l i t a t ing expres
sion of a preexisting abnormal genome or by inducing an abnormal 
genome through: 1) spontaneous mutation during increased levels of 
induced c e l l prol i ferat ion; 2) induced mutation through impairment 
of the f i d e l i t y of DNA polymerases; 3) induction of a stable a l 
tered state of gene expression; or A) generation of intracel lu lar 
reactive species such as activated oxygen, which are in turn 
genotoxic. 

The sequence of events by which chemicals produce cancer from 
their action on normal ce l l s is outlined in Figure 1. 
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Biotransformation 

Certain synthetic DNA-reactive carcinogens have chemical 
reactivity inherent in their structures and are referred to as 
direct-acting, primary, or activation-independent carcinogens. 
Apart from these, most DNA-reactive carcinogens require 
biotransformation by host enzyme systems into reactive metabolites 
and, accordingly, are designated as indirect, secondary, procar-
cinogens or activâtion-dependent carcinogens. Biotransformation 
results from the operation of enzyme systems involved in the metab
olism of endogenous substrates, but which can also act on 
xenobiotics. The principal enzymes that biotransform chemicals are 
part of the cytochrome P-450 dependent monooxygenase system as
sociated with the endoplasmic reticulum. For a l l classes of 
genotoxic carcinogens, except nitrosamines, most metabolic steps 
generate detoxified water-soluble metabolites which can be ex
creted, usualy in the form of conjugates. Thus, the metabolism of 
carcinogens to activate
mation. 

One reaction, sulf©conjugation, is detoxifying for C-OH com
pounds, but activating for N-OH compounds. A few activation reac
tions, such as N-oxidation, acetylation, or nitro reduction can be 
performed by enzymes other than those of the cytochrome system. 
Most biotransformation takes place in the l i v e r , with other organs 
involved to varying degrees (3). 

Certain bacterial enzymatic actions, such as glucoside 
cleavge, nitro reduction, and azo reduction for certain tetrazo 
dyes, are involved in the activation of compounds in the intestine. 

For many epignetic carcinogens, such as hormones and or
ganochlorine pesticides, metabolism leads to detoxified products. 
However, an activation reaction metabolizes certain immunosuppres
sants to their cytotoxic forms. It has been suggested that induc
tion of a P-452 oxidation of fatty acids may underlie the a b i l i t y 
of agents to induce peroxisomes (4). The latter event, is believed 
to underlie the carcinogenicity of peroxisome proliferators (5), 
among which are some pesticides (6). 

Major differences exist between species in biotransformation 
processes. For example, most animal species display either rapid 
(e.g. hamster) or slow (e.g. rat) acetylation activity, whereas 
humans are endowed with a genetically determined polymorphism (7). 
Differences in biotransformation act i v i t i e s account for many dif
ferences in susceptibility to carcinogenesis. For example, i t has 
been demonstrated that differences in acetylation activity in
fluence the genotoxicity of aromatic amines (8). 

A variety of chemicals modify biotransformation processes 
(9). Among these are a number of organochlorine pesticides, such 
as DDT, which induce liver enzyme activités. In general, such pes
ticides inhibit the carcinogenicity to experimental animals of 
activâtion-dependent carcinogens. 
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Ultimate Carcinogen 

For organic direct-acting carcinogens and activated metabo
l i t e s of procarcinogens, the ultimate reactive form of these 
genotoxic carcinogens is an electrophilic reactant (10). For 
epigenetic carcinogens, i t is also possible that reactive species 
could be generated from normal cellular consitituents. Hydrazine 
has been reported to give rise a methylating species (11.). 
Peroxisome proliferators appear to lead to generation of reactive 
oxygen species as a result of production of H2O2 during oxidation 
of lipids in peroxisomes (5). 

Macromolecular Interactions 

The ultimate electrophilic forms of DNA-reactive carcinogens 
can react covalently with nucleophilic sites in protein, RNA and 
DNA (12). Glutathione is also a good nucleophile in competition 
with other molecules. Bindin
tive abundance in c e l l s
action of carcinogens. As a result of reaction with DNA, car
cinogens of this type are mutagenic and active in other short-term 
tests for carcinogens (13). 

The ultimate electrophilic reactants of carcinogens can bind 
to a l l four bases of DNA as well as to the phosphodiester backbone 
(14) . The base adducts are formed at several sites, with the most 
susceptible site appearing to be the purine nitrogen, e.g., 
nitrosamines alkylate guanine at the N7 position and, to a lesser 
extent, the 06 position. Aflatoxin B^ binds at the N7 position of 
guanine, 2-acetylaminofluorene interacts at the C8 and N2 posi
tions, and benzo(a)pyrene is bound to the N2 position. Biomonitor-
ing approaches have demonstrated DNA-bound products in humans ex
posed to enviornmental genotoxic carcinogens (13). 

Considerable evidence now indicates that binding to DNA is a 
c r i t i c a l reaction of carcinogens (1,14) as implied in the clas
si f i c a t i o n of such carcinogens as DNA-reactive or genotoxic. With 
alkylating agents, 06 alkylation appears to be highly relevant to 
the carcinogenic effect, and with benzo(a)pyrene the binding of the 
trans-7,8-dihydrodiol-9,10-epoxide to guanine seems to be the key 
reaction. The particular regions of DNA i.e., the specific genes 
whose modification is essential to i n i t i a t i o n of the carcinogenic 
process are begining to be identified, as discussed below. 

Several carcinogenic pesticides are known to be DNA-reactive, 
for example, ethylene dibromide. Most, however lack this activity 
(15) . 

For some types of epigenetic carcinogens, such as hormones 
(Table 1), noncovalent binding to specific cellular receptors is 
undoubtedly essential to their oncogenic effects. Effects on c e l l 
membranes may underlie the action of carcinogens that operate as 
tumor promoters. For the organochlorine pesticides that act as 
tumor promoters (see below), such effects on c e l l membranes may be 
c r i t i c a l . 
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DNA Repair 
The damage produced in DNA by genotoxic carcinogens can be 

corrected, primarily by repair process in which the damage or the 
region containing the damage is removed ( .14 ). 

In the excision type of repair, an incision is made by an en-
donuclease in the DNA strand in the v i n i c i t y of the DNA damage, a 
stretch of DNA containing the region of damage is excised, and a 
patch is synthesized, followed by rejoining of the strand. One 
type of excision repair, nucleotide excision is e l i c i t e d by the in
troduction of bulky adducts into DNA and may result in the removal 
of 80-100 nucleotides per adduct. Another type, base excision is 
provoked by smaller modification of bases such as alkylation and 
usually involves the removal of only 3-4 bases surrounding the 
damaged region. An additional type of repair is the removal the 
alkyl group from 06-alkylguanine by the 06-alkylguanine-DNA-
alkyltransferase system. 

Different types o
thus, the C8-guanine adduc
aromatic amines is removed at a considerably faster rate than the 
N2 adduct, perhaps because the latter does not lead to major 
denaturation of the double helix. In addition, significant species 
and tissue differences in rates of repair exist. For example, 
damage to liver DNA by dimethylnitrosamine is more slowly repaired 
in the hamster than in the rat. In mice and rats, the residues of 
06-alkylguanine produced by ethylnitrosurea in liver and kidney are 
rapidly removed, whereas alkylation is highly persistent in brain. 
The activity of the alkyltransferase system is inducible. 

In general, humans are more proficient in DNA repair 
processes than animals, although genetically-determined deficiency 
states, such as xeroderma pigmentosum, occur. 

Altered Effector 
Considerable evidence now indicates that the effector for 

neoplastic conversion of cells i s DNA. If the damage to DNA by a 
genotoxic carcinogen is not repaired and the affected region is 
used as the template for synthesis of new DNA, a permanent mutation 
can be introduced through mispairing of bases. Because of this 
rapidly proliferating tissues and those stimulated to proliferate 
are highly susceptible to carcinogens. Several types of damage to 
DNA are now known to be promutagenic (.16). For example alkylation 
of the 06 position of guanine results in base pairing with thymine 
rather than cytosine (17). 

The nature of the permanently altered effector that i s c r i t i 
cal to neoplastic conversion increasingly appears to involve ac
tivation of cellular oncogenes (14,18,19), see below. Specific 
mutations in oncogenes have been identified (19), as well as other 
changes. These occur in oncogenes isolated from neoplasms arising 
in both experimental animals and humans (20,21). 

Co-Carcinogenicity 

The phenonmenon of co-carcinogenicity is the enhancement of car
cinogenicity of a chemical by another concurrently administered 
chemical, which, under the test conditions, i s not i t s e l f car-
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cinogenic (22). Several mechanisms are possible for the action of 
co-carcinogens and i t seems like l y that different mechanisms 
operate in specific situations. A pesticide operating as a co-
carcinogen has not been described. 

Agents believed to operate as co-carcinogens in humans in
clude tobacco smoke and alcohol (23). No evidence exists for a 
co-carcinogenic action of pesticides in humans. 

Neoplastic Cells 

Neoplastic cells have an altered genome, including both DNA 
and chromosomal mutation. The essential biological abnormality in 
neoplastic cells is a loss of growth control. Certain lines of 
evidence suggest that the neoplastic state is a homozygous reces
sive condition (24), which may reflect inactivation of anti-
oncogenes. Other studies point to the activation of dominant cel
lular oncogenes (25). The function of anti-oncogenes is not under
stood, but i t is well-establishe
involved in cellular growt

The neoplastic c e l l may persist in a dormant state for 
months, in spite of genetic alterations, or, depending upon host 
conditions, grow to form a neoplasm. The elements which prevent ex
pression of initiated c e l l s as neoplasms are not understood, but 
may involve factors, such as chalones, which regulate growth and 
differentiation. Large molecules can be exchanged between cells 
through specialized membrane structures known as gap junctions. 
Thus, transmission of regulatory factors from normal to initiated 
cells may effect control of the latter. The cells of f u l l y 
developed neoplasms are deficient in gap junctions and possess 
other membrane abnormalities, indicating a limitation in their 
a b i l i t y to receive regulatory signals. 

Promotion 

The classical definition of promotion is the enhancement of the 
carcinogenicity of an agent by a second agent, not carcinogenic by 
i t s e l f under the test conditions, acting after exposure to the 
f i r s t has ended (22). In experimental animals, promotion has been 
shown to occur in most organs, including skin, l i v e r , stomach, 
colon, breast, and bladder (28). 

Although promoters are usually regarded as being noncar-
cinogenic, most w i l l in fact e l i c i t tumor formation albeit in small 
yield, when administered alone under conditions of prolonged ex
posure at high levels. This is probably the basis for the car-
cinogenicty of agents such as saccharin and certain organochlorine 
pesticides (Table I). 

A variety of effects have been suggested to underlie the 
promoting action of chemicals (9). Since initiated cells can 
remain dormant in tissues for many months, i t seems evident that 
these altered cells are being kept under some kind of growth 
regulation. As described above, cells exchange lare molecules 
through membrane gap junctions. If this kind of intercellular ex
change is involved in the regulation of differentiation and growth, 
then interference with this process could release dormant tumor 
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cells for growth into neoplasms. Thus, tumor promotion may be ex
plained by interference with the growth control suppression of 
latent tumor c e l l s . A large number of tumor promoters have now 
been demonstrated to have the a b i l i t y to inhibit intercellular com* 
munication (29), and therefore, this effect is assuming importance 
as one basis for tumor promotion. 

Several organochlorine pesticides have been documented to be 
liver tumor promoters in experimental animals (Table II). An in
teresting species difference i s that hamsters were found to be 
resistant to DDT promotion (32). 

Agents believed to operate as promoters in humans include 
tobacco smoke, hormones and bile acids (23). No evidence exists 
for a promoting action of pesticides in humans. 

Table II. Liver Neoplasm Promotion by Organochlorine 
Pesticides 

Pesticide Species Effect Reference 

DDT rat + 30 
mouse + 31 
hamster - 32 

Chlordane mouse + 31 
hepatchlor mouse + 31 

Progression 

Neoplasms can undergo permanent stable changes in their 
phenotype, a process referred to as progression (33). L i t t l e i s 
known about the basis for this alteration in the characteristics of 
neoplasms. It could result from gene amplification or a change in 
their chromosomal complement. Another hypothesis (34) is that 
decreased f i d e l i t y of DNA polymerases in tumor cells leads to er
rors in the replication of DNA, thereby introducing new mutations. 

Conclusions 

As detailed, the overall carcinogenic process is complex and 
involves a series of steps comparising two distinct sequences. 
Basically, the process is similar in experimental animals and in 
humans. In fact, several chemical carcinogens have been shown to 
exert similar effects, such as the type of DNA adduct and type of 
neoplasm, in both animals and humans. Nevertheless, there are 
definite quantitative differences between species of animals and 
between experimental animals and humans. These differences make 
simplistic mathematical extrapolation of animal data to potential 
human effects a non-scientific enterprise (35). 

Most chemicals that have caused cancer in humans are of the 
DNA-reactive type (35-37). Given sufficient exposure, i t seems 
likel y that any experimental carcinogen of this type would produce 
cancer in humans. Many have not (38), however, which may be due to 
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the defense mechanisms (i.e. chemical detoxification and DNA repair 
processes) with which humans are endowed. Regardless, carcinogens 
of this type should be regarded as qualitative hazards (36). 

Few experimental carcinogens of the epigenetic type have been 
associated with cancer in humans, these are mainly hormones or im
munosuppressants. Humans have been exposed to many pesticides 
known to cause cancer in experimental animals, but none has been 
linked to cancer in humans (38). The absence of effects in humans 
has been suggested to be due the fact that exposures of humans are 
below the threshold for the biological effect (e.g. peroxisome 
proliferation or membrane alteration and consequent promoting ac
tion) underlying carcinogenicity (36). Moreover, some of the con
ditions necessary for tumor induction in rodents may not be at
tainable or tolerable to humans. 
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Chapter 4 

Mechanisms of Chemical Carcinogenicity 
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Chemicals may cause tumors in animals via a 
number of very distinct mechanisms of action. 
Based upon the ability to interact with 
genetic material, a general classification 
scheme of chemical carcinogens has evolved. 
In general, these compounds fa l l into two 
broad categories: 1) genotoxic chemicals, 
which have potential to directly damage 
genetic material and cause mutations; and 2) 
nongenotoxic chemicals, whose primary 
mechanism(s) of action involve an interrelated 
sequence of identifiable physiological and 
biochemical changes. The practical and 
theoretical basis for this classification 
scheme, how several pesticides exhibiting 
different mechanisms of action f i t into i t and 
the significant impact that this information 
may have in terms of risk assessment is 
presented. 

Since the earliest observations of chemical 
carcinogenesis in animals a rather obvious question has 
confronted cancer biologists. What is the potential 
carcinogenic risk to humans from compounds, be they of 
"natural" or synthetic origin, which have been shown to 
cause cancer in other animal species? The answer to this 
question is of course dependent upon the 
interrelationship of exposure and toxicity. One without 
the other does not represent risk, in this case a 
carcinogenic risk to humans. This relatively simple 
principle is as true at the cellular/molecular level as 
i t is at the macroscopic, whole animal level where i t has 
particular significance for the application of 
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agrochemicals. However, assuming equal exposure, do a l l 
chemicals which have been shown to be tumorigenic i n 
animal bioassays pose the same c a r c i n o g e n i c r i s k ? The 
answer to t h i s question l i e s to a major degree i n the 
understanding of the mechanisms which d r i v e the 
n e o p l a s t i c process i t s e l f at the most fundamental l e v e l . 
T h i s knowledge, and the models e v o l v i n g to e x p l o i t i t , 
may have p r a c t i c a l a p p l i c a t i o n i n the r i s k assessment 
process. When coupled with appropriate metabolism and 
pharmacokinetic data, a more comprehensive, w h o l i s t i c 
c o n c e p t u a l i z a t i o n of chemical carcinogenesis may be 
achieved and u t i l i z e d i n the r i s k assessment of 
tumorigenic chemicals. 

T h i s paper explores the t h e o r e t i c a l and experimental 
b a s i s f o r both the p r a c t i c a l a p p l i c a t i o n of mechanistic 
data to the i n t e r p r e t a t i o n of rodent bioassay r e s u l t s as 
w e l l as the developmen
w h o l i s t i c , model of

STAGES OF NEOPLASIA 

Tumorigenesis i s g e n e r a l l y recognized as a complex, 
m u l t i - s t e p process i n v o l v i n g a multitude of i n t e r r e l a t e d 
changes i n gene expression, c e l l u l a r p hysiology and 
biochemistry. However, tumor b i o l o g i s t s t y p i c a l l y d e f i n e 
tumor development as o c c u r r i n g i n three d i s c r e t e stages 
based upon morphological and molecular c h a r a c t e r i s t i c s ; 
i n i t i a t i o n , promotion and p r o g r e s s i o n . B r i e f l y , the 
i n i t i a t i o n stage d e f i n e s the event(s) which begin the 
t r a n s f o r m a t i o n of a s i n g l e p r o g e n i t o r c e l l t o a 
m u l t i c e l l u l a r malignant tumor. I n i t i a t i o n i s b e l i e v e d , 
i n most instances, to i n v o l v e a permanent, i r r e v e r s i b l e 
change probably c o n s i s t i n g of a g e n e t ic mutation. The 
i n i t i a t e d c e l l now has the p o t e n t i a l t o develop i n t o a 
tumor p r o v i d i n g that the other e s s e n t i a l steps of 
c a r c i n o g e n e s i s take place, promotion and p r o g r e s s i o n . I f 
these events do not occur the i n t i a t e d c e l l may remain 
e s s e n t i a l l y dormant i n d e f i n i t e l y with no apparent adverse 
e f f e c t s t o the host. Promotion represents a p e r i o d during 
which, given the proper c o n d i t i o n s , there i s a c l o n a l 
expansion of the i n i t i a t e d c e l l ( s ) w i t h i n a given t i s s u e . 
Promotion can be thought of as i n c r e a s i n g the p o p u l a t i o n 
of t a r g e t c e l l s which are then a v a i l a b l e f o r the f u r t h e r 
changes t o take place which are necessary f o r the 
complete malignant conversion of the i n i t i a t e d c e l l . 
These changes demarcate progression, which can be viewed 
as a tumor e v o l u t i o n a r y event. A d d i t i o n a l g e n e t i c (point 
mutations, chromosomal rearrangements, a d d i t i o n s and 
d e l e t i o n s ) and nongenetic changes w i l l occur u n t i l the 
growing tumor c o n s i s t s of a heterogeneous p o p u l a t i o n of 
c e l l s . U l t i m a t e l y , one or more c e l l s may emerge from 
t h i s process having acquired a l l the necessary a t t r i b u t e s 
of a completely n e o p l a s t i c c e l l . 
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The multi-stage cancer model serves as a paradigm t o 
recognize the f u n c t i o n a l importance of the major c r i t i c a l 
events of tumorigenesis. Although promotion and 
pr o g r e s s i o n have been d e f i n e d as d i s t i n c t and separate 
events of carci n o g e n e s i s , they may not n e c e s s a r i l y occur 
i n a s e q u e n t i a l stepwise manner. It i s e n t i r e l y f e a s i b l e 
t hat biochemical and genetic changes a s s o c i a t e d with 
p r o g r e s s i o n may a l s o be o c c u r r i n g i n some c e l l s d uring 
the r a p i d c e l l u l a r p r o l i f e r a t i o n of the promotion phase. 

MECHANISM OF CARCINOGENESIS 

Somatic Mutation Theory. The i n i t i a l event ( i n i t i a t i o n ) 
i n the process of n e o p l a s t i c transformation of a c e l l 
which may u l t i m a t e l y lead to tumor formation i s widely 
h e l d t o i n v o l v e a mutation i n the DNA of a c r i t i c a l gene 
of the genome of tha
the "somatic mutatio
o u t l i n e d by Boveri i n 1929 (1), forms the l o g i c a l b a s i s 
f o r our present day understanding of the mechanism of 
chemical c a r c i n o g e n e s i s . Simply s t ated, t h i s theory 
d i c t a t e s that mutations i n c r i t i c a l s i t e s of the genome 
of a somatic c e l l ( i . e . DNA) as a r e s u l t of chemical 
i n t e r a c t i o n may, i n turn, r e s u l t i n the a n a p l a s t i c 
tr a n s f o r m a t i o n of the c e l l . The c l a s s i c example of t h i s 
" i n t e r a c t i o n " i s a f a i r l y s t r a i g h t forward chemical 
r e a c t i o n i n v o l v i n g the attack and a l k y l a t i o n of DNA bases 
by an e l e c t r o p h i l i c molecule or the i n t e r c a l a t i o n and 
hydrogen or covalent b i n d i n g of a more planer molecule 
w i t h i n the h e l i c a l matrix of the DNA. Several examples 
of r e a c t i o n products of DNA bases with h a l o - ( s h o r t -
chained) n i t r o s o u r e a s are shown i n Figure 1. The 
r e s u l t a n t changes i n the bases or p h y s i c a l d i s r u p t i o n of 
the h e l i c a l DNA s t r u c t u r e or both can r e s u l t i n 
mismatched base p a i r i n g during r e p l i c a t i v e s y n t h e s i s . 
Several examples of the mutations which can occur as a 
r e s u l t of DNA a l k y l a t i o n and t h e i r a l t e r e d phenotypic 
expression ( i . e . a l t e r e d amino a c i d i n c o r p o r a t i o n i n t o 
the p r o t e i n product) are shown i n Table 1. 
A m i t i g a t i n g f a c t o r i n t h i s process are the va r i o u s 
c e l l u l a r DNA r e p a i r enzyme systems which may remove the 
che m i c a l l y induced l e s i o n before or a f t e r DNA 
r e p l i c a t i o n . A number of these which a c t i v e l y r e p a i r 
damage as a r e s u l t of short-chained a l k y l a t i o n , much as 
would be expected t o occur as a r e s u l t of exposure t o the 
genotoxic p e s t i c i d e s methyl bromide or ethylene 
dibromide, are l i s t e d i n Table 2. However, the a c t i v i t y 
of r e p a i r enzyme systems does represent a s a t u r a b l e 
process and i n some instances may i t s e l f be the source of 
e r r o r s i n DNA base sequences, p o s s i b l y by an i n d u c i b l e 
error-prone DNA r e p a i r enzyme system analogous t o the so-

In Carcinogenicity and Pesticides; Ragsdale, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



46 CARCINOGENICITY AND PESTICIDES 

Table 1. Examples of chemically induced mutations 
(adapted from Topal (2)) 

Compound Base Change c Amino A c i d 

N-hydroxy-2-acetylaminofluorene 
C t o A 

7,8-dimethylbenz(a)anthracene 
A t o Τ 

v i n y l c h l o r i d e A t o Τ 
A to G 

1 1-hydroxy-2 1,3 1-dehydroestragole 
A to G 

glutamine to l y s i n e 

glutamine to l e u c i n e 
glutamine to l e u c i n e 
glutamine to a r g i n i n e 

glutamine to a r g i n i n e 

a D e f i n i t i o n s : C, c y t o s i n e ; T, thymidine; A, adenine; G, 
guanine 

c a l l e d SOS r e p a i r observed i n b a c t e r i a . Another f a c t o r 
i s the presence of innumerable n o n c r i t i c a l s i t e s w i t h i n a 
c e l l such as p r o t e i n s , sugars, f a t t y a c i d s and even DNA 
i t s e l f which o f f e r a l t e r n a t e t a r g e t s f o r a r e a c t i v e 
molecule. Covalent b i n d i n g of r e a c t i v e chemicals with 
these abundant molecules may, at best, r e s u l t i n l i t t l e 
or no change i n the f u n c t i o n of the a l k y l a t e d molecule 
and, at worst, r e s u l t i n c e l l death. These r e a c t i o n s i n 
t o t o , however, serve to e f f e c t i v e l y d i l u t e the c r i t i c a l 
t a r g e t s i t e s w i t h i n a c e l l . 

Table 2. Examples of r e p a i r mechanisms f o r a l k y l a t e d DNA 
bases and t h e i r substrate s p e c i f i c i t y (adapted from 
Ludlum and Papirmeister (3) ) 

R e p a i r Process Substrate 

E x c i s i o n Repair 
- uvrabc e x c i s i o n C r o s s l i n k s or h e l i c a l 

d i s t o r t i o n s nuclease* 
- DNA g l y c o s y l a s e s N7-substituted guanines 

(with or without r i n g 
opening) 

N3-alkyladenines 
- AP endonucleases Depurinated s i t e s 

T ransferase Repair 06-alkylguanines 
RecA-dependent Repair* Phos p h o t r i e s t e r s 

*prokaryote 
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C H 2 C H 2 X 

7-haloethyl guanine 

ÇH 2 CH 2 OH 

7-hydroxyethyl guanine 

O C H 2 C H 2 X 

0 6 - h a l o e t h y l guanine 

O C H 2 C H 2 O H 

2 Η 

0 e -hydroxye thy l guanine 

H M ^ ^ M \ C H a " C H 2 / H Y ^ M H ^ ^ C H 2 - C H 2 - N ^ S < \ 

Η Η 

1,2-bis-( 7-guanyl)-ethane 1 (3-cytos iny l) ,2-( 1 -guanyl )-ethane 

Figure 1. Examples of DNA base m o d i f i c a t i o n s which may 
occur as a r e s u l t of base a l k y l a t i o n s by h a l o - ( s h o r t -
chained) - a l k y l n i t r o s a m i d e s . 
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F i g u r e 2 d i s p l a y s the p o s s i b l e k i n e t i c s of DNA a l k y l a t i o n 
and r e p a i r based upon a model presented by Gehring and 
Blau (4). In t h i s model, a l l r a t e processes are 
considered to be saturable and dose-dependent; a c t i v a t i o n 
of the compound, e l i m i n a t i o n , covalent b i n d i n g to 
n o n c r i t i c a l and c r i t i c a l s i t e s , and r e p a i r of c r i t i c a l 
s i t e a l k y l a t i o n . I f each of the r e s p e c t i v e parameters 
were not dose dependent and thus not s a t u r a b l e , the 
l e v e l s of n o n c r i t i c a l b inding, r e p a i r e d molecules, and 
c r i t i c a l b i n d i n g to genetic m a t e r i a l escaping 
p r e r e p l i c a t i v e r e p a i r would be p a r a l l e l to the X-axis. 
Instead, i t can be seen that at a r e l a t i v e l y high, 
s a t u r a t i n g dose l e v e l , a d i s p r o p o r t i o n a t e i n c r e a s e i n the 
q u a n t i t y of covalent b i n d i n g of the a c t i v a t e d chemical to 
c r i t i c a l molecules occurs as r e p a i r becomes saturated. 
This s i m u l a t i o n serves to emphasize the r e l a t i v e l y 
s t r a i g h t forward i n t e r r e l a t i o n s h i p s of dose-dependent 
metabolism and r e p a i
t r u e l e v e l of r e a c t i v
m a t e r i a l . Indeed, i t has been suggested that the 
tumorigenic potency of animal carcinogens may be 
estimated based upon the q u a n t i t a t i v e covalent b i n d i n g of 
these chemicals to DNA i n v i v o (5) and that u t i l i z i n g a 
d e r i v a t i o n of t h i s data, c a l l e d the Covalent Binding 
Index, carcinogens may be c a t e g o r i z e d as to t h e i r 
p o t e n t i a l c a r c i n o g e n i c r i s k . Several examples 
demonstrating t h i s c o r r e l a t i o n are given i n Table 3. 

A l t e r n a t e Models. As reviewed by Trosko and Chang (6), 
there are considerable experimental data to support the 
mutational o r i g i n of tumorigenesis as a r e s u l t of 
chemical i n t e r a c t i o n . These data i n c l u d e f i n d i n g s 
regarding the c l o n a l nature of tumors, the b a c t e r i a l and 
e u k a r y o t i c c e l l mutagenicity of many carcinogens, the 
c o r r e l a t i o n of high c e l l u l a r mutation r a t e s and s k i n 
cancer i n i n d i v i d u a l s l a c k i n g normal DNA r e p a i r systems, 
and the experimentally demonstrated involvement of 
mutation i n the i n i t i a t i o n phase of some hydrocarbon-
induced c a r c i n o g e n e s i s . However, some experimental data 
do not support a d i r e c t mutational o r i g i n of 
c a r c i n o g e n e s i s . These data have i n c l u d e d the i n d u c t i o n 
of tumors i n animals f o l l o w i n g p l a s t i c or metal f i l m 
i m p l a n t a t i o n or hormonal imbalance (7), the apparent 
t o t i p o t e n c y of some tumor c e l l genomes (8-10), and the 
o b s e r v a t i o n t h a t not a l l carcinogens appear to be 
mutagenic i n standard short-term assays designed to 
detect such somatic mutations. 

S e v e r a l t h e o r i e s have been proposed which r e c o n c i l e these 
d i f f e r e n t mechanisms of carcinogenesis e i t h e r by 
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Table 3. C o r r e l a t i o n of h e p a t o c a r c i n o g e n i c i t y of 
chemicals i n the r a t with the covalent b i n d i n g index f o r 
r a t - l i v e r DNA (adapted from Lutz (5)) 

Compound £El a 

Strong Hepatocarcinogens 
A f l a t o x i n B l 17,000 
Dimethylnitrosamine 6,000 
Diethylntrosamine 42-430 

Moderate Hepatocarcinogens 

2-Acetylaminofluorene 560 
V i n y l C h l o r i d e 525 
N i t r o s o p y r o l i d i n e 180 
Ethylene Dibromide 18

Weak Hepatocarcinogens 

Urethane 29-90 
para-Aminoazobenzene 2 
Saccharin <0.005 

aCBI = (#alkylations/10E6 nucleotides) / (mmol/kg dosage) 

proposing an a l t e r n a t i v e t o mutagenesis or by 
accommodating both mutational and nonmutational 
mechanisms. Most notable among these has been the 
" i n t e g r a t i v e theory of c a r c i n o g e n e s i s " proposed by Trosko 
and Chang (6) which encompassed both mutational and 
nonmutational o r i g i n s of carcinogenesis and a model 
proposed by Moolgavkar and Knudson (11) which was a 
m u l t i - h i t , more mathmatically-oriented, theory f o r 
p r e d i c t i n g cancer r a t e s i n humans. Both provided u s e f u l 
paradigms f o r the study of the molecular events l e a d i n g 
to cancer. In Trosko and Chang's (6) theory i t was 
proposed that n e o p l a s i a may a r i s e ; 1) from a mutagenic 
event i n a r e g u l a t o r y locus alone i f a s s o c i a t e d 
s t r u c t u r a l genes are i n a t r a n s c r i b a b l e s t a t e , 2) from a 
mutagenic event i f there i s a coupled nonmutational 
a l t e r a t i o n of the genes i n t o a t r a n s c r i b a b l e s t a t e 
(promotion), or 3) by the "abnormal" derepression of 
genes during c r i t i c a l developmental s t a t e s which prevent 
normal gene r e g u l a t i o n (e.g. hormone-induced 
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10-6 10-5 10-4 10-3 10-2 10-1 10° 

Initial Concentration C 0 (mol/kg) 
F i g u r e 2. Simulated k i n e t i c s of b i n d i n g of a 
m e t a b o l i c a l l y a c t i v a t e d genotoxin to genetic m a t e r i a l 
(CaG) and t o t a l macromolecules (CaM). The k i n e t i c s of 
metabolite d e t o x i f i c a t i o n by a sa t u r a b l e r e p a i r process 
(CaD2) i s a l s o d i s p l a y e d . A l l values have been 
normalized t o the i n i t i a l c oncentration of the compound 
(C 0) . 
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c a r c i n o g e n e s i s ) . In c o n t r a s t , Moolgavkar and Knudson's 
(11) model was based upon e p i d e m i o l o g i c a l data f o r lung 
and breast cancer i n humans and i n c o r p o r a t e d the 
t r a n s i t i o n of t a r g e t stem c e l l s i n t o cancer c e l l s v i a an 
intermediate stage i n two i r r e v e r s i b l e steps. This model 
appeared to f i t the experimentally demonstrable two-stage 
car c i n o g e n e s i s model and was c o n s i s t e n t with the 
development of homozygosity at a "cancer gene" l o c u s . 
Further, i t provided a framework f o r understanding the 
e f f e c t s of age upon cancer incidence; the i n c r e a s e d 
s u s c e p t i b i l i t y of c e r t a i n populations and i n d i v i d u a l s 
( i . e . g e n e t i c p r e d i s p o s i t i o n ) ; and the r e s u l t s of animal 
c a r c i n o g e n e s i s bioassays. In both t h e o r i e s a c r i t i c a l 
s i t e w i t h i n the genome was s t i l l e n v i s ioned t o be a 
necessary t a r g e t f o r mutagenic chemicals i f they were t o 
cause tumors i n animals. An important advance has been 
the d i s c o v e r y of what appear to be these c r i t i c a l s i t e s 
w i t h i n the genome, proto-oncogenes

ONCOGENES, A UNIFYING FACTOR? 

Background. E f f o r t s to understand the molecular 
mechanisms of cancer were given a tremendous boost by the 
d i s c o v e r y i n the e a r l y 1980's of s e v e r a l genes which 
appeared to represent the long e n v i s i o n e d c r i t i c a l t a r g e t 
s i t e s f o r mutagenic a c t i v i t y w i t h i n the genome of 
mammalian c e l l s (12). Termed c e l l u l a r "proto-oncogenes", 
these genes appear to play an e s s e n t i a l r o l e i n normal 
c e l l u l a r p r o l i f e r a t i o n and d i f f e r e n t i a t i o n and have been 
h i g h l y conserved throughout e v o l u t i o n . However, 
q u a l i t a t i v e changes i n these genes, f o r example v i a p o i n t 
mutations, or q u a n t i t a t i v e changes, f o r example v i a 
chromosomal rearrangements r e s u l t i n g i n over expression, 
can f a c i l i t a t e the transformation of a normal c e l l i n t o a 
cancerous one (13, 14). An example of t h i s a c t i v a t i o n 
process i s the transformation of the Η-ras proto-oncogene 
to i t s oncogenic form. This a c t i v a t i o n i n v o l v e s p o i n t 
mutations w i t h i n s p e c i f i c regions of the gene. For 
example, i n human bladder cancer c e l l s t h i s mutation may 
occur i n codon 12 which r e s u l t s i n the amino a c i d 
s u b s t i t u t i o n of g l y c i n e f o r v a l i n e i n the gene product. 
In c o n t r a s t , the a c t i v a t i o n of c-myc proto-oncogenes i n 
Burkett's lymphoma p a t i e n t s i n v o l v e s a chromosomal 
t r a n s l o c a t i o n event. The c-myc gene normally r e s i d e s on 
chromosome 8 but i s found i n i t s a c t i v a t e d s t a t e upon 
chromosome 14. The rearrangement of t h i s gene leads to 
abnormal expression which plays an important e t i o l o g i c a l 
r o l e i n t h i s type of cancer. A d d i t i o n a l work upon the 
a c t i v a t i o n of c e l l u l a r proto-oncogenes by chemicals w i l l 
continue to e l u c i d a t e the s p e c i f i c r o l e that these agents 
p l a y i n the i n d u c t i o n of cancer. 

In Carcinogenicity and Pesticides; Ragsdale, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



52 CARCINOGENICITY AND PESTICIDES 

In vitro DNA t r a n s f e c t i o n s t u d i e s using NIH 3T3 c e l l s 
have detected a c t i v a t e d c e l l u l a r proto-oncogenes i n a 
v a r i e t y of human tumors and tumor c e l l l i n e s (15) . F i g u r e 
3 d i s p l a y s s e v e r a l of these genes along with t h e i r 
purported f u n c t i o n a l r o l e s i n the r e g u l a t o r y apparatus of 
the c e l l (where known). In t h i s scheme, s e v e r a l 
protooncogenes ( p o s s i b l y erbB, ras and s i s ) may p l a y key 
r o l e s i n the receptor-mediated a c t i v a t i o n of s o - c a l l e d 
"second messenger" molecules r e s u l t i n g i n the a c t i v a t i o n 
of p r o t e i n kinase C and subsequent m u l t i p l e c e l l u l a r 
e f f e c t s , i n c l u d i n g e f f e c t s on gene expression. It i s not 
hard t o see how the over expression of these gene 1 s 
products or the production of an a l t e r e d gene product may 
e f f e c t i v e l y " s h o r t - c i r c u t " c r i t i c a l r e g u l a t o r y pathways 
w i t h i n the c e l l r e s u l t i n g i n f u r t h e r phenotypic changes. 

A p p l i c a t i o n s . The i n s i g h t s i n t o the fundamental 
mechanisms of carcinogenesi
p r o v i d i n g w i l l no doub
upon the ca r c i n o g e n i c r i s k assessment and r e g u l a t i o n of 
agrochemicals. An example of how t h i s i n formation w i l l 
be i n t e g r a t e d i n t o t h i s process i s i n the i n t e r s p e c i e s 
e x t r a p o l a t i o n of rodent bioassay data to humans by 
h e l p i n g t o : 1) determine the appropriateness of the 
animal models used i n bioassays; and 2) by d e f i n i n g j u s t 
how many molecular "events" are r e q u i r e d t o transform a 
normal c e l l i n t o a f u l l y n e o p l a s t i c c e l l . T h i s l a t t e r 
i nformation, apart from h e l p i n g to e x p l a i n on a molecular 
l e v e l the various stages i n t h i s t r a n s f o r m a t i o n which 
have been observed experimentally, may a l s o i n f l u e n c e the 
choice of mathematical models which are used t o estimate 
r i s k based upon animal bioassay r e s u l t s f o r genotoxic 
chemicals. This type of mathematical e x t r a p o l a t i o n does 
not lend i t s e l f w e l l f o r use with nongenotoxic 
carcinogens (see below). 

A c e n t r a l i ssue to ca r c i n o g e n i c r i s k assessment revolves 
around the a b i l i t y t o i d e n t i f y animal carcinogens and the 
i n t e r p r e t a t i o n of t h i s data i n terms of human r i s k . The 
vast m a j o r i t y of data on which d e c i s i o n s are made to 
p r o t e c t the p u b l i c from undue exposure to p o t e n t i a l 
carcinogens are generated from animal bioassays. 
However, these assays are f r e q u e n t l y d i f f i c u l t to 
i n t e r p r e t , e s p e c i a l l y when animals e x h i b i t i n g a high 
spontaneous background tumor incidence are used. The use 
of such bioassay data i n human r i s k assessment i s o f t e n 
c o n t r o v e r s i a l (17-19). While considerable e f f o r t has 
been expended i n e v a l u a t i n g the r o l e of oncogenes i n 
human cancer, c h a r a c t e r i z i n g the presence or absence of 
c e l l u l a r oncogenes i n animals used f o r ch r o n i c 
c a r c i n o g e n i c i t y t e s t i n g has only r e c e n t l y been undertaken 
(20-22). One of the most e x t e n s i v e l y used t e s t species 
i n o n c o g e n i c i t y bioassays i s the h y b r i d B6C3F1 mouse 
which has an average spontaneous l i v e r tumor incidence i n 
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Figure 3. Intracellular localization of several protooncogene products and 
the involvement of at least some of these in the protein kinase C (PKC) 
activation by diacylglycerol (DAG) second messengers. (Abbreviations: 
PDGF, protein derived growth factor; PIP2, phosphotidylinositol bis-
phosphate; IP3, inositol triphosphate; G, "G-protein"; PLC, phospholipase 
C; EGF, epidermal growth factor; GTP, GDP, ATP, and ADP, nucleoside 
di- and triphosphates; sis, erbB, ras, fos, myc, jun, myb, ski are 
protooncogenes.) Data are from ref. 16. 
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males of over 30% (23). T r a n s f e c t i o n assays of DNA 
i s o l a t e d from spontaneously o c c u r r i n g h e p a t i c tumor 
t i s s u e from t h i s s t r a i n has revealed the presence of an 
a c t i v e Η-ras oncogene i n approximately 80% of the animals 
examined. DNA i s o l a t e d from nontumorigenic l i v e r t i s s u e 
of these animals was not a c t i v e i n the assay. S p e c i f i c 
mutations that occur i n t h i s oncogene i s o l a t e d from the 
tumor t i s s u e s of untreated (spontaneous tumors) and 
genotoxin t r e a t e d B6C3F1 mice have been reported to occur 
p r i m a r i l y i n the 61st codon (22, 24). As shown i n Table 
4 these changes have i n v o l v e d the t r a n s i t i o n or 
t r a n s v e r s i o n of s e v e r a l bases w i t h i n t h i s codon. I t has 
been suggested that the c o r r e l a t i o n of s p e c i f i c mutations 
or p a t t e r n s of mutations w i t h i n the codon f o r spontaneous 
and chemically-induced tumor t i s s u e may provide the 
u l t i m a t e , i n v i v o r means of i d e n t i f y i n g the nature of the 
chemical-DNA i n t e r a c t i o n (genotoxic vs nongenotoxic) 
(24). However, suc
between the d i r e c t o
chemicals upon DNA. Further research w i l l no doubt 
c l a r i f y these r e l a t i o n s h i p s . 

Table 4. The occurrence of mutations w i t h i n the 61st 
codon (CAA) of the Η-ras oncogene i n the B6C3F1 mouse 
(adapted from Wiseman et a l . (22); Reynolds et al.(26)) 

Treatment # Η-ras mutation/* exam. AAA CTA CGA 

Spontaneous 15/15 9 3 3 

N-hydroxy-2 -acetoaminofluorene 
7/7 7 0 0 

Vinylcarbamate 7/7 0 6 1 

l-Hydroxy-2 ,3-dihydroestragole 
10/10 0 5 5 

F u r a n a 5/9 4 0 1 

F u r f u r a l 3 6/9 5 0 1 

aMutations have a l s o been observed i n the 13th and 
117th codons f o r these compounds. 

The B6C3F1 mouse has a l s o been shown t o c a r r y a gene 
i n h e r i t e d from i t s C3H/HeJ parent which i s r e s p o n s i b l e 
f o r an enhanced s e n s i t i v i t y to chemical carcinogens 
r e l a t i v e to more r e s i s t a n t s t r a i n s of mice, even given 
the same l e v e l of DNA a l k y l a t i o n and r e p a i r (25, 2 6). 
C a l l e d Hcs f o r hepatocarcinogen s e n s i t i v i t y , t h i s gene 
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appears to have a profound impact upon the promotional 
phase of hepatocarcinogenesis by i n c r e a s i n g the 
p r o l i f e r a t i o n r a t e of both normal and p r e n e o p l a s t i c 
hepatocytes. Obviously, the i n t e r p r e t a t i o n of bioassay 
data from B6C3F1 mice r e l a t i v e t o human r i s k assessment 
i s confounded by the expression of t h i s gene. 

The mathematical modelling of animal bioassay data f o r 
the purpose of e x t r a p o l a t i n g r e s u l t s t o lower dose 
l e v e l s , u s u a l l y beyond experimental v e r i f i c a t i o n , i s an 
o f t e n c o n t r o v e r s i a l yet commonly used t o o l i n 
q u a n t i t a t i v e r i s k assessment procedures. The most 
appropriate model u t i l i z e d to estimate r i s k i s based, at 
l e a s t i n p a r t , upon an assumption about how many "events" 
are r e q u i r e d to cause a c e l l to become cancerous. These 
"events" are g e n e r a l l y regarded to be permanent i n 
nature, l i k e l y mutations  Two models of some n o t o r i e t y 
are the one-hit and th
as the names imply, d i f f e
assumption of how many chemically induced changes (hits) 
are r e s p o n s i b l e f o r tumorigenesis. The multistage models 
of Armitage and D o l l (27), Moolgavkar and Knudson (11) 
and others provided s u b s t a n t i a l e p i d e m i o l o g i c a l support 
f o r the involvement of at l e a s t two i r r e v e r s i b l e steps i n 
a v a r i e t y of human cancers. Subsequent oncogene research 
has a l s o provided support f o r the n e c e s s i t y of m u l t i p l e 
changes i n the transformation of a normal c e l l i n t o a 
f u l l y n e o p l a s t i c c e l l at the more b a s i c , c e l l u l a r l e v e l . 
S e v e r a l i n v e s t i g a t o r s have demonstrated that at l e a s t two 
oncogenes are r e q u i r e d to transform primary rodent 
c u l t u r e s t o a n e o p l a s t i c phenotype (28-30). However, i t 
i s important to note that much work remains before t h i s 
i s s u e i s s e t t l e d as i l l u s t r a t e d by the r e s u l t s of a 
recent study using t r a n s g e n i c mice which suggested that 
the number of a t l e r a t i o n s r e q u i r e d f o r t r a n s f o r m a t i o n may 
be t i s s u e s p e c i f i c (31). 

GENOTOXIC vs NONGENOTOXIC CARCINOGENS 

C a t e g o r i z i n g Carcinogens. The d i s c o v e r y of oncogenes 
appears t o have e s t a b l i s h e d the l i k e l y " t a r g e t " s i t e s f o r 
mutation w i t h i n the genome of a c e l l necessary to 
i n i t i a t e the c a r c i n o g e n i c process. However, as noted, 
not a l l chemical carcinogens appear to i n t e r a c t t o any 
s i g n i f i c a n t degree with DNA and are not mutagenic i n 
short-term assays which are very s e n s i t i v e t o t h i s 
i n t e r a c t i o n . Thus, there appears to be more than one way 
to get a mutational change i n , or a d e r e g u l a t i o n of, a 
proto-oncogene ( i . e . there's more than one way to get 
from p o i n t A to point B). The p r a c t i c a l a p p l i c a t i o n of 
t h i s f a c t has l e d to the establishment of two broad 
c a t e g o r i e s of carcinogens; genotoxic carcinogens, which 
are mutagenic or c l a s t o g e n i c or both, and nongenotoxic 
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carcinogens, which do not i n t e r a c t with the c e l l u l a r 
genome d i r e c t l y . Based upon a chemicals j j i v i t r o 
mutagenicity and a b i l i t y t o induce DNA r e p a i r , Weisburger 
and Williams (32) proposed that carcinogens be 
c a t e g o r i z e d as genotoxic ( d i r e c t a c t i n g or primary 
carcinogens, procarcinogens, i n o r g a n i c carcinogens) or 
e p i g e n e t i c ( s o l i d - s t a t e carcinogens, hormones, 
immunosuppressive agents, promotors and cocarcinogens). 
The terms e p i g e n e t i c and nongenotoxic have o f t e n been 
used interchangeably. 

Despite the f a c t that they may u l t i m a t e l y cause the same 
changes at the molecular l e v e l of the oncogene, the 
d i s t i n c t i o n between chemicals causing tumors v i a 
p r i m a r i l y a g e n e t i c mechanism and those causing tumors 
v i a p r i m a r i l y a nongenotoxic mechanism i s of great 
s i g n i f i c a n c e i n c a r c i n o g e n i c r i s k assessment  Genotoxic 
chemicals appear to
oncogenes v i a a d i r e c
causing i r r e v e r s i b l e i n i t i a t i o n of t a r g e t c e l l s even at 
l e s s than t o x i c dosages. Several n a t u r a l and s y n t h e t i c 
examples of these compounds are: the mycotoxin a f l a t o x i n 
B l , a common contaminant of g r a i n s , nutmeats and cotton 
seed meal and o i l ; the g r a i n fumigant methyl bromide; and 
the s o i l fumigant ethylene dibromide. In c o n t r a s t , the 
p h y s i o l o g i c a l and biochemical adaptations and/or c h r o n i c 
c y t o t o x i c i t y which are b e l i e v e d t o be r e s p o n s i b l e f o r the 
tumorigenic a c t i o n of many nongenotoxic chemicals d i s p l a y 
c h a r a c t e r i s t i c s of c l e a r t h resholds and are o f t e n 
r e v e r s i b l e i n nature. This may be t r u e even when 
nongenotoxic chemicals are found to b i n d to 
macromolecules since the primary molecular t a r g e t s of 
these compounds are the numerous n o n s p e c i f i c molecules of 
the c e l l , of which there are m u l t i p l e copies, r a t h e r than 
DNA. Examples of nongenotoxic animal tumorigens are; 
ortho-phenylphenol (OPP), a f u n g i c i d e ; d i e l d r i n , an 
organochlorine i n s e c t i c i d e ; and l a c t o f e n , a new 
n i t r o d i p h e n y l e t h e r h e r b i c i d e . 

It has become i n c r e a s i n g l y evident that both genotoxic 
and nongenotoxic compounds a l i k e may i n f l u e n c e a l l stages 
of the cancer process. However, because of the s p e c i f i c 
nature of t h e i r chemical and/or pharmacologic a c t i o n they 
have a greater p r o b a b i l i t y of involvement with some 
stages r e l a t i v e t o others. Genotoxic carcinogens have 
t h e i r g r e a t e s t impact on i n i t i a t i o n and p r o g r e s s i o n due 
t o t h e i r a b i l i t y t o induce mutational damage to the 
g e n e t i c m a t e r i a l . At c y t o t o x i c dose l e v e l s , however, 
these compounds w i l l a l s o produce c e l l u l a r t o x i c i t y and 
act as a promotional stimulus by inducing r e g e n e r a t i v e 
c e l l p r o l i f e r a t i o n . In c o n t r a s t , nongenotoxic 
carcinogens p r i m a r i l y exert t h e i r i n f l u e n c e at the 
promotional stage of c a r c i n o g e n e s i s . This may occur v i a 
i n c r e a s e d c e l l p r o l i f e r a t i o n or p o s s i b l y by d i s r u p t i o n s 
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of normal transmembrane and/or i n t e r c e l l u l a r 
communication. At high enough dosages these agents may 
a l s o i n f l u e n c e i n i t i a t i o n and p r o g r e s s i o n by i n d i r e c t l y 
damaging DNA, f o r example v i a increases i n r e a c t i v e 
oxygen species f o l l o w i n g chemically-induced p r o l i f e r a t i o n 
of peroxisomes. It i s a l s o important to note that the 
d e f i n i t i o n between these various mechanistic 
c l a s s i f i c a t i o n s of chemical carcinogenesis may not always 
be d i s t i n c t and may be dose-dependent. 

Spontaneous Mutations. C e n t r a l t o nongenotoxic 
mechanisms of chemical carcinogenesis i s the occurrence 
of a f i n i t e number of s o - c a l l e d "spontaneous" or 
" n a t u r a l l y " o c c u r r i n g mutational events w i t h i n the genome 
of a t a r g e t c e l l . These mutations represent the normal 
background incidence of mutational change seen i n 
b i o l o g i c a l systems.
processes which maintai
s u r p r i s i n g that there appears to be numerous means, i n 
the absence of d i r e c t DNA a l k y l a t i o n by a s y n t h e t i c 
exogenous compound, by which t h i s may occur. Spontaneous 
mutations may o r i g i n a t e i n one of s e v e r a l ways, among 
them; DNA thermodynamic degradation, " n a t u r a l l y " 
o c c u r r i n g endogenous or exogenous genotoxic agents, and 
r e p l i c a t i o n e r r o r s (see reviews by S t o t t and Watanabe 
(33) and Saul and Ames (34)). The DNA molecule and i t s 
maintenance does not represent a s t a t i c s i t u a t i o n i n v i v o 
i n the absence of a measurable challenge with a s y n t h e t i c 
genotoxicant, r a t h e r i t i s a dynamic s t r u c t u r e with 
constant degradation and r e p a i r . Such n a t u r a l l y 
o c c u r r i n g genotoxic challenges as cosmic r a d i a t i o n , UV 
r a d i a t i o n , endogenously produced compounds (e.g., 
formaldehyde), food and airborne exogenous compounds and 
l o s s of bases due to thermodynamic i n s t a b i l i t y and 
o x i d a t i v e damage r e q u i r e a constant DNA s u r v e i l l a n c e and 
r e p a i r process. The p o t e n t i a l a l s o e x i s t s f o r the 
spontaneous a l k y l a t i o n of bases by endogenous S-
adenosylmethionine (35). Degradation due to 
thermodynamic i n s t a b i l i t y alone has been estimated to 
account f o r over 11,000 depurinations and s e v e r a l hundred 
de p y r i m i d i n a t i o n s and base deaminations of DNA molecules 
i n a mammalian c e l l per day (36-38). Deamination of 5-
methylcytosine to form thymidine i n p a r t i c u l a r may r e s u l t 
i n some l o s s of gene r e g u l a t o r y c o n t r o l a s s o c i a t e d with 
t h i s base (39). Based upon the a n a l y s i s of o x i d a t i v e 
products i n the urine of humans, an a d d i t i o n a l few 
thousand l e s i o n s / c e l l / d a y have been a t t r i b u t e d t o the 
o x i d a t i v e degradation of DNA (40, 44). 

As reviewed by Saul and Ames (34), the sum of the v a r i o u s 
DNA dégradâtive "events" could number as high as 
200,000/human c e l l / d a y . Should these l e s i o n s be 
improperly r e p a i r e d p r i o r to r e p l i c a t i o n , a base 
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t r a n s v e r s i o n or t r a n s i t i o n may occur and the l e s i o n w i l l 
be " f i x e d " as part of the i n h e r i t e d g e n e t i c message. 
Indeed, i t has been demonstrated i n v i t r o t hat DNA 
polymerases may copy past a p u r i n i c s i t e s , and that the 
f i d e l i t y of DNA synthesis using an a p u r i n i c DNA template 
may be decreased p r o p o r t i o n a t e l y t o the degree of 
de p u r i n a t i o n (42). In a d d i t i o n , s o - c a l l e d p r o o f r e a d i n g 
r e p a i r enzyme(s) (exonucleases) do not appear t o 
recognize and remove the misincorporated bases at these 
a p u r i n i c s i t e s (42). A low frequency of DNA base e r r o r s 
may a l s o r e s u l t during DNA r e p l i c a t i o n or r e p a i r from 
base m i s p a i r i n g due t o base keto-enol and amino-imino 
t a u t o m e r i z a t i o n , and a n t i - s y n i s o m e r i z a t i o n about the 
g l y c o s y l bonds (43). These base a l t e r a t i o n s may a f f e c t 
bond-forming c a p a b i l i t i e s and c h a r a c t e r i s t i c s of the base 
p a i r s . 

The r e p l i c a t i o n proces
i n t o a growing DNA molecul
by Loeb et a l . (44) and Hartman (45), base mismatches may 
a r i s e from DNA polymerase base s e l e c t i o n e r r o r s and 
e r r o r s by pro o f r e a d i n g enzymes due to lack of r e c o g n i t i o n 
or m i s i n c o r p o r a t i o n . Estimates of i n vi v o 
m i s i n c o r p o r a t i o n during DNA r e p l i c a t i o n which escape 
p r o o f r e a d i n g r e p a i r range from 10E-11 to 10E-8 per base 
p a i r s y nthesized (44-46). When these sources of DNA base 
e r r o r and p o s s i b l e mutation a s s o c i a t e d with the c e l l 
r e p l i c a t i o n machinery are taken together with a l l other 
p o s s i b l e " n a t u r a l " sources of mutation (above), the end 
r e s u l t i n humans appears t o be an observable mutation 
r a t e of approximately 10E-6 to 10E-5 mutations per gene 
per generation (47, 48). Indeed, i t has been estimated 
th a t 10% of a l l human gametes contain at l e a s t one new 
mutation of t h e i r own as w e l l as s e v e r a l i n h e r i t e d 
mutations (49). 

Thus, i t does appear that spontaneous mutations may occur 
i n the absence of a measurable s y n t h e t i c exogenous 
genotoxic challenge. Conceivably, some of these 
mutations may occur i n c r i t i c a l r e g u l a t o r y s i t e s ( i . e . 
proto-oncogenes) which may u l t i m a t e l y r e s u l t i n 
spontaneous c e l l u l a r t ransformation. The occurrence of 
these spontaneous genetic l e s i o n s p l a y a c r i t i c a l r o l e i n 
the s o - c a l l e d c y t o t o x i c and promotional nongenotoxic 
mechanisms of c a r c i n o g e n i c i t y . 

E f f e c t of C y t o t o x i c i t y . Tissue degenerative/regenerative 
changes i n response t o a c y t o t o x i c dosage of a chemical 
are expected to have a profound impact upon the incidence 
and rate at which spontaneous mutations occur and the 
subsequent promotion of i n i t i a t e d c e l l s . A shortened 
c e l l c y c l e i n regenerating t i s s u e would leave l e s s time 
f o r DNA r e p a i r mechanisms to e l i m i n a t e misincorporated 
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bases, a p u r i n i c or a p y r i m i d i n i c s i t e s , and a l t e r e d bases 
(pre- and p o s t - r e p l i c a t i o n ) . Berman et a l . (50) have 
reported an increased mutation frequency ( f i v e - f o l d ) i n 
a c t i v e l y d i v i d i n g versus n o n d i v i d i n g r a t l i v e r e p i t h e l i a l 
c e l l s exposed t o the mutagenic chemical methyl 
methanesulfonate suggesting that DNA r e p a i r mechanisms i n 
the d i v i d i n g c e l l s had l e s s time to r e p a i r a l t e r e d DNA 
bases before the DNA r e p l i c a t e d . The r e s u l t was i n a 
higher mutation rate i n the a c t i v e l y d i v i d i n g c e l l s . 
Work by Maher et a l . (51) on the e f f e c t of UV i r r a d i a t i o n 
on human f i b r o b l a s t s has shown that c e l l s u r v i v a l i s 
lower and mutation ra t e s higher upon UV i r r a d i a t i o n i n 
DNA excision-repair-incompetent c e l l s than i n normal 
c e l l s . Normal c e l l s were a l s o observed to s u r v i v e a 
u s u a l l y l e t h a l and mutagenic UV dose upon being h e l d i n 
confluence (nondividing) f o r a p e r i o d of time p r i o r to 
assessment of s u r v i v a l and mutation r a t e  These r e s u l t s 
suggest that t h i s recover
time given DNA r e p a i
p r i o r to r e p l i c a t i o n . These workers have a l s o 
demonstrated that the a c t u a l number of DNA a l k y l a t i o n 
s i t e s removed from the DNA of benzo(a)pyrene exposed 
f i b r o b l a s t s by r e p a i r mechanisms i s d i r e c t l y r e l a t e d to 
c e l l s u r v i v a l (52). 

In a d d i t i o n to the above c o n s i d e r a t i o n s , there i s an 
experimental b a s i s f o r the r o l e of enhanced c e l l u l a r 
d i v i s i o n and DNA synthesis i n c a r c i n o g e n e s i s . Tumors 
f r e q u e n t l y develop i n c h r o n i c a l l y inflamed or s c a r r e d 
t i s s u e s . Examples i n humans includ e the development of 
colon cancer i n p a t i e n t s s u f f e r i n g from chro n i c c o l i t i s , 
the development of s k i n cancer i n burn s c a r s , and the 
a s s o c i a t i o n of chronic c i r r h o s i s of the l i v e r with l i v e r 
tumor development (53-55). Repeated t i s s u e damage with a 
p h y s i c a l agent (dry ice) and r e s u l t a n t t i s s u e 
regeneration has been observed to induce s k i n tumors i n 
mice (56). S i m i l a r l y , the repeated subcutaneous 
i n j e c t i o n of nonreactive compounds such as glucose, 
s a l i n e , and d i s t i l l e d water have been observed to induce 
tumors at the s i t e of i n j e c t i o n (57). P h y s i c a l trauma 
such as p a r t i a l hepatectomy has a l s o been shown t o 
enhance the tumorigenic e f f e c t of thioacetamide, 
dimethylnitrosamine, and d i e t h y l n i t r o s a m i n e (58, 59). 
F i n a l l y , i t has been reported by Slaga et a l . (60) and 
Weeks et a l . (61) that the promotion of 
dimethylbenzanthracene-induced s k i n tumors by the phorbol 
e s t e r s may be i n h i b i t e d by anti-inflammatory s t e r o i d s and 
r e t i n o i c a c i d s which i n h i b i t DNA s y n t h e s i s , c e l l 
p r o l i f e r a t i o n , and inflammation. 

C y t o t o x i c i t y accompanied by compensatory c e l l u l a r 
d i v i s i o n are f r e q u e n t l y observed i n c h r o n i c animal 
bioassays where the emphasis i s placed upon a t t a i n i n g a 
"maximum t o l e r a t e d dosage" i n an attempt to i n c r e a s e the 
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s e n s i t i v i t y of these assays by u t i l i z i n g the highest 
p o s s i b l e dose l e v e l s of a t e s t chemical. Consequently, 
i n d u c t i o n of c y t o t o x i c i t y i n t a r g e t organs may have a 
profound "cocarcinogenic" e f f e c t with low l e v e l s of 
endogenous carcinogens and a potent promotional e f f e c t 
upon spontaneously i n i t i a t e d c e l l s . This f a c t takes on 
added s i g n i f i c a n c e as most animals used i n bioassays have 
an a p p r e c i a b l e rate of spontaneous tumor development i n 
the absence of any s y n t h e t i c x e n o b i o t i c treatment (e.g. 
lung and l i v e r tumors i n the B6C3F1 mouse; leukemia and 
t e s t i c u l a r cancer i n the F i s c h e r 344 r a t ; and mammary 
tumors i n the Sprague-Dawley r a t ) . Thus, nongenotoxic 
compounds could increase tumor y i e l d without themselves 
" i n i t i a t i n g " any new tumors. Further, c y t o t o x i c dose 
l e v e l s of genotoxic chemicals could be expected to cause 
an a d d i t i o n a l , d i s p r o p o r t i o n a t e , increase i n the 
c a r c i n o g e n i c potency of these compounds with i n c r e a s i n g 
dose, by expanding th
c e l l s . 

To v i s u a l i z e the e f f e c t s that c y t o t o x i c dosages of 
chemicals may have on the tumorigenic process, a computer 
model d e r i v e d from the work of Gehring and Blau (4) and 
R e i t z and Watanabe (62) was developed by R e i t z (63) 
(Figure 4). This model contains a s e r i e s of simultaneous 
d i f f e r e n t i a l equations that were evaluated with ACSL 
( M i t c h e l l and Gauthier A s s o c i a t e s , Concord, MA) to 
c a l c u l a t e the number of c e l l s c o n t a i n i n g two c r i t i c a l 
s i t e mutations r e s u l t i n g i n the a c t i v a t i o n of one or more 
proto-oncogenes. This s i m u l a t i o n allows f o r the 
d e p l e t i o n of c r i t i c a l macromolecules through r e a c t i o n 
with a c t i v a t e d chemical (genotoxic or nongenotoxic) as 
governed by a homeostatic mechanism such as those known 
to c o n t r o l l e v e l s of c e l l u l a r components; the s a t u r a b l e 
s y n t h e s i s of the c r i t i c a l macromolecule; a c e l l u l a r 
r e p l i c a t i o n r a t e which was l i n k e d t o the c o n c e n t r a t i o n of 
the c r i t i c a l macromolecule, assuming i t has an important 
f u n c t i o n i n t h i s process; and d e t o x i f i c a t i o n and r e p a i r 
r a t e s . The c r i t i c a l molecule may be one of numerous 
molecules necessary f o r c e l l u l a r homeostasis (e.g. 
p r o t e i n s , mRNA, GSH, e t c . ) . S u f f i c i e n t d e p l e t i o n or 
a l t e r a t i o n of these molecules r e s u l t s i n c e l l death and 
the subsequent d i v i s i o n of s u r v i v i n g c e l l s t o replace 
those l o s t . The greater the rate of c e l l turnover, the 
g r e a t e r the r a t e of f i x a t i o n of chemically-induced or 
spontaneously-occurring DNA l e s i o n s as h e r i t a b l e 
mutations. The rate of formation of mutations may thus 
i n c r e a s e d i s p r o p o r t i o n a t e l y with i n c r e a s i n g dose at t o x i c 
l e v e l s of e i t h e r genotoxic or nongenotoxic compounds, but 
e s p e c i a l l y i n the case of the former with t h e i r added 
a b i l i t y t o a l t e r DNA d i r e c t l y . 

F i g u r e 5 presents a s i m u l a t i o n of the r e l a t i v e number of 
p o t e n t i a l l y n e o p l a s t i c c e l l s which would be expected t o 
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F i g u r e 4. Diagram of the computer model used to simulate 
the e f f e c t s of c y t o t o x i c i t y on the c a r c i n o g e n i c process. 
A b b r e v i a t i o n s : p r e f i x "k" defi n e s the rate constants f o r 
absorption (a), metabolic a c t i v a t i o n (ac), b i n d i n g to 
ge n e t i c m a t e r i a l (g), synthesis of MM (sMM), degradation 
of MM (dMM), b i n d i n g to MM (mm); p r e f i x "A" de f i n e s 
amount of chemical absorbed ( I ) , e l i m i n a t e d (Ε), 
a c t i v a t e d (CT), d e t o x i f i e d (D), bound t o MM (MM), bound 
to g e n e t i c m a t e r i a l (G), AG r e p a i r e d (GR), and DNA damage 
c o n s o l i d a t e d by r e p l i c a t i o n (G2); MM denotes 
co n c e n t r a t i o n of the c r i t i c a l macromolecule necessary f o r 
c e l l s u r v i v a l . The amounts of AE, AD and AGR are 
determined by sat u r a b l e (Michaelis-Menten) processes 
(denoted by Km and Vmax). 

In Carcinogenicity and Pesticides; Ragsdale, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



62 CARCINOGENICITY AND PESTICIDES 

1 10 100 1000 
Dose 

F i g u r e 5. Simulated values of the amount of r e p l i c a t e d 
g e n e t i c l e s i o n s (AG2) f o r nongenotoxic and genotoxic 
agents as a f u n c t i o n of dose. 
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occur over a thousand-fold dose range of a r e l a t i v e l y 
nongenotoxic chemical and a potent genotoxic chemical. 
In t h i s s i m u l a t i o n i t was assumed that the homeostatic 
mechanism c o n t r o l l i n g macromolecular s y n t h e s i s prevented 
s i g n i f i c a n t d e p l e t i o n of these molecules at dose u n i t s of 
<100. However, s a t u r a t i o n of d e t o x i f i c a t i o n and 
e l i m i n a t i o n mechanisms f o l l o w i n g a dose of 1000 u n i t s 
r e s u l t s i n a t r a n s i e n t d e p l e t i o n of the macromolecule and 
the death of a c e r t a i n percentage of the c e l l p o p u l a t i o n ; 
replaced, i n turn, by c e l l u l a r regeneration. The model 
p r e d i c t s that a s e r i e s of c y t o t o x i c doses of a 
nongenotoxic agent would be expected to produce the same 
e f f e c t as a s e r i e s of doses of a weakly genotoxic agent 
as a r e s u l t of the endogenous processes p r o v i d i n g a low 
background of a l t e r a t i o n s i n DNA. What i s a l s o s t r i k i n g 
about the r e s u l t s of t h i s e x e r c i s e i s the n o n l i n e a r i t y of 
the response obtained at higher dose l e v e l s , n e a r l y seven 
orders-of-magnitude
a l i n e a r e x t r a p o l a t i o
u n i t . This dramatic increase r e s u l t s from the f a c t t hat 
c e l l u l a r r e p l i c a t i o n , and thus c o n s o l i d a t i o n of 
macromolecular changes, has increased at the very time 
th a t DNA r e p a i r mechanisms are sat u r a t e d and/or provided 
l e s s time to f u n c t i o n and hence l e s s e f f i c i e n t i n 
removing DNA damage. 

While only a si m u l a t i o n , t h i s model s t i l l serves to 
i l l u s t r a t e : 1) the p o t e n t i a l impact of c y t o t o x i c i t y upon 
the dynamics of DNA turnover and the background r a t e of 
spontaneous mutation/proto-oncogene a c t i v a t i o n or, i n the 
case of genotoxins, the rate of chemically-induced 
mutation; and 2) the p o t e n t i a l l y large d i f f e r e n c e s i n 
potency, at a macromolecular l e v e l , which may e x i s t 
between these two c l a s s e s of carcinogens. One f a c t o r 
which t h i s model does not take i n t o account, however, i s 
the p o t e n t i a l impact of p u r e l y receptor-mediated 
promotional a c t i v i t y of a c y t o t o x i c compound. 

The a c t i v a t i o n of p r o t e i n kinase C and subsequent 
i n d u c t i o n of c e l l p r o l i f e r a t i o n by c y t o t o x i c chemicals 
has been suggested by Roghani et a l . (64). The 
i n a p p r o p r i a t e a c t i v a t i o n of t h i s enzyme by a chemical-
receptor complex i s b e l i e v e d to p l a y a r o l e i n the 
promotion process. The a c t i v a t i o n of p r o t e i n kinase C 
may subsequently r e s u l t i n the a c t i v a t i o n of a number of 
cytoplasmic p r o t e i n s through i n d u c t i o n a l p hosphorylation 
and set o f f a chain of events which i n c l u d e s enhanced 
c e l l p r o l i f e r a t i o n i n the absence of regenerative c e l l 
r e p l i c a t i o n . The d i s t i n c t i o n between c y t o t o x i c i t y and 
promotion may not always be c l e a r . As r e c e n t l y d i s c u s s e d 
by Trump and Berezesky (65), chemically-induced 
a l t e r a t i o n s i n the c e l l u l a r dynamics of calcium 
r e g u l a t i o n may r e s u l t i n a wide range of changes, many of 
which are s i m i l a r to those caused by p r o t e i n kinase C 
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a c t i v a t i o n . However, more research i s o b v i o u s l y needed 
before any f i r m conclusions can be drawn regarding the 
i n t e r r e l a t i o n s h i p of c y t o t o x i c i t y and p r o t e i n kinase C-
mediated promotion. 

An example of an agrochemical which appears to cause 
tumors i n rodents v i a c h r o n i c regenerative DNA s y n t h e s i s 
i n response to c y t o t o x i c i t y i s ortho-phenylphenol (OPP) 
and i t s sodium s a l t (SOPP). These compounds are used as 
f u n g i c i d e s and a n t i b a c t e r i a l agents f o r the post-harvest 
treatment of f r u i t s and vegetables (66). Hiraga and 
F u j i i (67, 68) reported that F i s c h e r 344 r a t s consuming 
d i e t s with >1% SOPP or OPP (approximately 700 mg/kg/day) 
developed tumors of the u r i n a r y t r a c t , e s p e c i a l l y bladder 
tumors. Yet, as shown i n Table 5, OPP has been found t o 
give a negative response when t e s t e d i n an impressive 
number of assays designed to detect any a b i l i t y of t h i s 
molecule or i t s metabolite
t a r g e t prokaryote o
R e i t z et a l . (69) could detect no covalent b i n d i n g of 
r a d i o l a b e l e d SOPP to the DNA of bladder t i s s u e of r a t s 
administered a r e l a t i v e l y high dose l e v e l of t h i s 
compound (Table 5). The weight of the evidence c l e a r l y 
i n d i c a t e s a lack of g e n o t o x i c i t y of OPP and i t s sodium 
s a l t . 

TABLE 5. Results of assays f o r p o t e n t i a l g e n o t o x i c i t y 
of OPP and SOPP (66, 69, 70) 

ASSAY RESULT 
s u b t i l i s H17 and M45 
rec-assay -

IL. c o l i WP2 her + and -
metabolic a c t i v a t i o n 
typhimurium TA1535, 1537, 
1538, 98, and 100 (with or 
without metabolic a c t i v a t i o n ) 

S ^ . typhimurium G4 6 host mediated 
i n mice -

Primary r a t hepatocyte UDS 
Bone marrow cytogenetics i n r a t s 

+ 
Chromosomal a b e r r a t i o n i n Chinese 

Hamster Ovary c e l l s 
Dominant-lethal and s p e c i f i c locus 

i n mice -
SCE i n Chinese Hamster Ovary c e l l s 
In v i v o covalent b i n d i n g to DNA 

(rat u r i n a r y bladder) 
( s e n s i t i v i t y = 1 alkylation/10E6 nucleosides) 
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R e i t z et a l . (69) s t u d i e d the metabolism of SOPP i n F344 
r a t s and found a pronounced dose-dependency i n the 
metabolic pathways. At low doses (3.3-33 mg/kg) most of 
the SOPP administered by gavage was e l i m i n a t e d as 
glucuronide or s u l f a t e conjugates of SOPP. However, when 
a higher dose of SOPP (326 mg/kg) was administered, 25-
30% of the u r i n a r y r a d i o a c t i v i t y was recovered i n the 
form of more h i g h l y o x i d i z e d s p e c i e s . These 
hydroquinones are hypothesized t o be r e s p o n s i b l e f o r the 
t o x i c i t y of OPP. 

R e i t z et a l . (71) subsequently found that i n v i v o 
macromolecular b i n d i n g of 14C-SOPP in c r e a s e d 
d i s p r o p o r t i o n a t e l y as the primary metabolic pathways were 
satu r a t e d (Table 6) and suggested that the t o x i c i t y of 
SOPP was r e l a t e d t o production o f the more h i g h l y 
o x i d i z e d metabolite of SOPP  Rates of c e l l u l a r d i v i s i o n 
i n bladder e p i t h e l i a
microautoradiography
a d m i n i s t r a t i o n of a high dose of 32 6 mg/kg SOPP (62). 
Therefore, only at high m e t a b o l i c a l l y s a t u r a t i n g doses 
does t o x i c i t y , h y p e r p l a s i a and t u m o r i g e n i c i t y occur. 

Table 6. I n v i v o macromolecular b i n d i n g i n t i s s u e s of 
male F i s c h e r 344 r a t s administered 1 4C-SOPP 

DOSE L i v e r Kidney Bladder 
(mg/kg/day) 

36 3.7± .6 4.9± .5 1.9 
73 9.0± .6 8.8± 2.4 2.4 

144 28.0± l l a 37.0± 5.5 24.0 
365 485.0± 210 a 200.0± 22 a 400.0 a 

a I n d i c a t e s s i g n i f i c a n t d e v i a t i o n from l i n e a r i t y by 
r e g r e s s i o n a n a l y s i s . 

P h y s i o l o g i c a l Adaptation. The tumorigenic a c t i v i t y of 
numerous nongenotoxic chemical carcinogens, i n c l u d i n g 
s e v e r a l h e r b i c i d e s and i n s e c t i c i d e s , has been found t o be 
c l o s e l y a s s o c i a t e d with very d i s t i n c t biochemical and 
p h y s i o l o g i c a l adaptations which occur i n response t o the 
administered chemical. Two major c l a s s e s of these 
compounds have emerged; those which induce the 
p r o l i f e r a t i o n of the s u b c e l l u l a r o r g a n e l l e , the 
peroxisome, and those inducing the a c t i v i t y of the 
cytochrome P-450 fs dependent mixed f u n c t i o n oxygenases of 
the smooth endoplasmic r e t i c u l u m (SER). Some members of 
the l a t t e r group of compounds e x h i b i t c l a s s i c a l 
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promotional a c t i v i t y which appears to govern t h e i r 
tumorigenic a c t i v i t y ( i . e . s o - c a l l e d "pure promotors"). 

Peroxisomes are s i n g l e membrane bound o r g a n e l l e s which 
co n t a i n a v a r i e t y of p r i m a r i l y c a t a b o l i c enzymes. 
Notable among them are s e v e r a l oxidases which generate 
hydrogen peroxide as a metabolic byproduct and c a t a l a s e , 
which degrades t h i s r e a c t i v e compound. A d i v e r s e group 
of chemicals have been found to cause the p r o l i f e r a t i o n 
of peroxisomes i n rodents and induce the a c t i v i t i e s of 
peroxisomal enzymes, sometimes as much as 10 to 2 0 - f o l d . 
S i g n i f i c a n t among these i s the i n d u c t i o n of the a c t i v i t y 
of peroxisomal f a t t y a c i d b e t a - o x i d a t i o n , a hydrogen 
peroxide generating enzyme system, which may f a r o u t s t r i p 
the i n d u c t i o n of the a c t i v i t y of peroxisomal çatalase, 
the enzyme r e s p o n s i b l e f o r the degradation of the 
peroxide formed. This r e l a t i o n s h i p , the strong 
q u a l i t a t i v e s t a t i s t i c a
p r o l i f e r a t i o n and tumorigeni
bioassays, and the nongenotoxicity of these chemicals 
have l e d J . Reddy and coworkers to propose t h a t 
peroxisome p r o l i f e r a t o r s form a "novel c l a s s of chemical 
carcinogens" (72). 

S e v e r a l important c h a r a c t e r i s t i c s of chemicals which 
induce the p r o l i f e r a t i o n of peroxisomes i n animals i s 
t h a t they d i s p l a y c l e a r t h resholds and species-dependency 
i n the i n d u c t i o n of p r o l i f e r a t i o n (see review by S t o t t 
(73) and references contained t h e r e i n ) . In rodent 
bioassays, no tumorigenic response i s observed at 
n o n p r o l i f e r a t i n g dose l e v e l s and higher mammalian species 
are q u i t e r e f r a c t o r y to the p r o l i f e r a t i v e e f f e c t s of 
these chemicals. Indeed primates, i n c l u d i n g humans, 
appear to be so r e f r a c t o r y to the chemically-induced 
p r o l i f e r a t i o n of peroxisomes that t h i s response, and any 
c a r c i n o g e n i c hazard a s s o c i a t e d with i t , i s g e n e r a l l y 
considered to represent a rodent s p e c i f i c phenomenon. 
The reason f o r t h i s pronounced species dependency does 
not appear to be s o l e l y r e l a t e d to species d i f f e r e n c e s i n 
the pharmacokinetics of the administered p r o l i f e r a t o r . 
Rather, species d i f f e r e n c e s have been speculated to be 
r e l a t e d t o d i f f e r e n c e s i n the concentration of an, as yet 
u n i d e n t i f i e d , s p e c i f i c c e l l r eceptor(s) and/or to an 
" i n i t i a t i n g " metabolic p e r t u r b a t i o n such as depressed 
m i t o c h o n d r i a l f u n c t i o n r e s u l t i n g i n substrate "overload" 
and subsequent substrate i n d u c t i o n of peroxisome 
p r o l i f e r a t i o n . 

A schematic r e p r e s e n t a t i o n of the peroxisomal 
p r o l i f e r a t i o n theory of chemical c a r c i n o g e n e s i s i n 
rodents i s presented i n Figure 6. In t h i s model, the 
c h r o n i c i n d u c t i o n of the a c t i v i t y of a normally o c c u r r i n g 
peroxisomal enzyme system i s b e l i e v e d to g r e a t l y 
a c c e l e r a t e the process of c e l l u l a r o x i d a t i v e damage. 
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F i g u r e 6. Schematic showing the theory of peroxisome-
mediated mechanism of carcinogenesis (PX, peroxisome; ER, 
endoplasmic re t i c u l u m ; FA, f a t t y a c i d ; FAOX, peroxisomal 
and m i t o c h o n d r i a l FA b e t a - o x i d a t i o n a c t i v i t y ) (modified 
from (74)). In t h i s scheme; 1) the p r o l i f e r a t i o n of 
peroxisomes i s i n i t i a t e d by a receptor-mediated or 
induced s u b s t r a t e - o v e r l o a d mechanism, 2) i n c r e a s e d 
expression of s t r u c t u r a l genes r e s u l t s i n de_ novo 
syn t h e s i s of peroxisomes and i n d u c t i o n of FAOX enzymes 
(in d u c t i o n of P-452 dependent omega-oxidation of FA not 
shown), 3) The r e s u l t a n t over production of hydrogen 
peroxide r e s u l t s i n membrane degradation, accumulation of 
l i p o f u s c i n and an increase i n o x i d a t i v e s t r e s s , 4) 
hydrogen peroxide or o x i d a t i v e products a l t e r gene 
expression r e s u l t i n g i n the a c t i v a t i o n of a protooncogene 
which may u l t i m a t e l y r e s u l t i n c e l l u l a r t r a n s f o r m a t i o n 
and tumor development. 
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I n i t i a l l y , an e f f e c t i v e dosage of a peroxisome 
p r o l i f e r a t o r , v i a a receptor or substrate mediated 
mechanism (shown as a r e s u l t of increased l i p o l y s i s ) , 
causes an increased expression of .peroxisomal s t r u c t u r a l 
genes r e s u l t i n g i n the ύ& novo syn t h e s i s of peroxisomes 
and a d i s p r o p o r t i o n a t e synthesis of peroxisomal enzymes. 
Upon repeated a d m i n i s t r a t i o n of the compound, the 
d i s p r o p o r t i o n a t e increase i n the a c t i v i t i e s of the f a t t y 
a c i d b e t a - o x i d a t i o n pathway and p o s s i b l y other oxidases 
r e l a t i v e to the c a t a l a s e a c t i v i t y of these peroxisomes 
r e s u l t s i n a s i g n i f i c a n t e l e v a t i o n i n peroxisomal l e v e l s 
of hydrogen peroxide. Hydrogen peroxide i t s e l f , or 
hydroxyl r a d i c a l s formed by i t s i r o n - c a t a l y z e d 
degradation, may subsequently escape e l i m i n a t i o n by 
defense mechanisms and react with peroxisomal or other 
s u b c e l l u l a r o r g a n e l l e membrane l i p i d s to i n i t i a t e the 
a u t o - o x i d a t i o n of f a t t y a c i d s . This may r e s u l t i n the 
generation of a v a r i e t
a u t o - o x i d a t i o n product
organoperoxides and conjugated d i e n e s ) . Some of these 
compounds and/or hydrogen peroxide i t s e l f are b e l i e v e d to 
i n t e r a c t with the genome of the c e l l r e s u l t i n g i n DNA 
damage and the p o s s i b l e a n a p l a s t i c transformation of the 
c e l l . 

While the exact molecular mechanism of inducing 
h e p a t o c e l l u l a r tumors i n rodents administered peroxisome 
p r o l i f e r a t o r s has yet to be e l u c i d a t e d , i t i s speculated 
that a l l stages of the carcinogenesis process may be 
i n v o l v e d . Any mitogenic e f f e c t s or prolonged 
regenerative DNA synthesis r e s u l t i n g from e i t h e r a d i r e c t 
e f f e c t of an administered peroxisome p r o l i f e r a t o r or as a 
r e s u l t of peroxisome p r o l i f e r a t i o n would be expected to 
e s p e c i a l l y i n f l u e n c e the l a t t e r stages of c e l l u l a r 
t r a nsformation of these c e l l s , p o s s i b l y enhancing t h e i r 
tumorigenic potency. In t h i s regard, i t i s important to 
note that s e v e r a l i n v e s t i g a t o r s have reported that 
mitogenic potency c o r r e l a t e s w e l l with the tumorigenic 
p o t e n t i a l of peroxisome p r o l i f e r a t i n g agents (75, 76). 
S t i l l others have suggested a s i g n i f i c a n t involvement of 
c h r o n i c regenerative DNA synthesis i n t h i s process (77-
79) . 

An example of an agrochemical which has been shown to 
cause tumors i n rodents v i a a peroxisome p r o l i f e r a t i o n 
mechanism of a c t i o n i s the broad spectrum diphenyl ether 
h e r b i c i d e , l a c t o f e n (80, 81). Lactofen has been shown to 
induce an increased incidence of l i v e r tumors i n r a t s and 
mice f o l l o w i n g chronic a d m i n i s t r a t i o n i n the absence of 
observable g e n o t o x i c i t y as determined i n numerous s h o r t -
term assays. As shown i n Table 7, tumorigenic l e v e l s of 
l a c t o f e n were observed to cause changes i n l i v e r weights, 
h i s t o l o g y , peroxisome numbers and peroxisomal enzyme 
a c t i v i t i e s c h a r a c t e r i s t i c of known peroxisome 
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p r o l i f e r a t o r s , i n t h i s case the p o s i t i v e c o n t r o l , the 
potent peroxisome p r o l i f e r a t o r nafenopin (80). 
Consistent with the extreme species-dependency of the 
a c t i v i t y of other peroxisome p r o l i f e r a t i v e agents, 
l a c t o f e n f a i l e d to induce the p r o l i f e r a t i o n of 
h e p a t o c e l l u l a r peroxisomes i n chimpanzees administered 
comparable dosages as those causing pronounced 
p r o l i f e r a t i o n i n r a t s (81). 

Table 7. E f f e c t of a c a r c i n o g e n i c dose l e v e l of l a c t o f e n 
on h e p a t i c parameters i n male CD-I mice (adapted from 
B u t l e r et a l . (80)) 

Group L i v e r Wt ENZYME ACTIVITY H i s t o - PX:Mito c 

(g/lQQg BW) (Units/mg Prot.) pathology R a t i o 
Çatalage c FAOX 

Co n t r o l 3.92 
±.35 ±160 ±.73 

Lactofen 7.67* 939* 40.0* Hypertrophy 1:1.5 
±.36 ±250 ±11 

Nafenopin 12.8* 695* 
(•control) ±.79 ±210 

48.7* Hypertrophy ND 
±23 

aU=umol. H202 hydrolyzed/min. 
^Peroxisomal b e t a - o x i d a t i o n of f a t t y a c i d s (U=umol. 

d i c h l o r o f l u o r o s c e i n / m i n ) . 
cPeroxisome:mitochondria r a t i o 
* S t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e r e l a t i v e t o 

c o n t r o l s (p<0.005). 

Another apparent nongenotoxic mechanism of c a r c i n o g e n e s i s 
has been i d e n t i f i e d by the a s s o c i a t i o n of the i n d u c t i o n 
of c l a s s i c h e p a t i c drug metabolizing enzymes and the 
formation of l i v e r tumors i n rodents. This group of 
chemicals encompasses numerous pharmaceutical and 
i n d u s t r i a l chemicals (e.g..phénobarbital, PCBs) and an 
important c l a s s of agrochemicals, the organochlorine 
i n s e c t i c i d e s . As reviewed by Tennekes (82) these 
compounds have been reported to cause tumors i n a v a r i e t y 
of rodent bioassays yet d i s p l a y l i t t l e or no genotoxic 
a c t i v i t y i n short-term and animal assays of mutagenicity 
or c l a s t o g e n i c i t y . Furthermore, the enzyme i n d u c t i o n and 
a s s o c i a t e d l i v e r hypertrophy which occur i n t r e a t e d 
animals are c l e a r l y r e v e r s i b l e and have w e l l d e f i n e d 
t h r e s h o l d s . I t was concluded by Tennekes (82) that t h i s 
group of compounds l i k e l y induced an i n c r e a s e d incidence 
of tumors i n s u s c e p t i b l e animal models ( i . e . mouse 
s t r a i n s having a r e l a t i v e l y high spontaneous incidence of 
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l i v e r tumors) v i a the promotion of e x i s t i n g 
"spontaneously" o c c u r r i n g i n i t i a t e d c e l l s . C onsistent 
with t h i s , DDT, PCBs and d i e l d r i n have been shown to 
promote the c a r c i n o g e n i c e f f e c t s of known genotoxic 
agents i n numerous i n i t i a t i o n - p r o m o t i o n bioassays much as 
phénobarbital does (83-86). Should the organochlorines 
f u n c t i o n much as phénobarbital ( i . e . as a c l a s s i c a l tumor 
promotor), than i t i s p o s s i b l e that these compounds may 
a l s o i n f l u e n c e the a c t i v i t y of p r o t e i n kinase C. The 
a c t i v a t i o n of t h i s enzyme may i n t u r n r e s u l t i n a great 
number of c e l l u l a r a l t e r a t i o n s i n c l u d i n g enhanced c e l l 
r e p l i c a t i o n , a s i g n i f i c a n t f a c t o r i n the a c t i v i t y of a 
tumor promotor. Consistent with t h i s has been the 
observation by Busser and Lutζ (87) that phénobarbital 
and s e v e r a l organochlorine i n s e c t i c i d e s ( a l d r i n , DDT) 
cause a roughly 3 - f o l d increase i n DNA syn t h e s i s at non-
n e c r o t i z i n g dose l e v e l s i n species and s t r a i n s of rodents 
which were s e n s i t i v
compounds. No i n d u c t i o
r e s i s t a n t species or s t r a i n s of r a t s or mice at dose 
l e v e l s tumorigenic i n s e n s i t i v e animals. 

An example of t h i s c l a s s of nongenotoxic carcinogens i s 
the organochlorine i n s e c t i c i d e d i e l d r i n . D i e l d r i n has 
been shown to cause a s i g n i f i c a n t increase i n the 
incidence of l i v e r tumors i n a v a r i e t y of mouse s t r a i n s , 
a l l of which r o u t i n e l y d i s p l a y a r e l a t i v e l y high rate of 
spontaneous tumor formation. Yet, as shown i n Table 8, 
d i e l d r i n does not appear t o be genotoxic as measured by 
s e v e r a l b a c t e r i a l and mammalian assays nor does i t 
c o v a l e n t l y b i n d DNA i n v i v o . This compound causes 
c h r o n i c h e p a t i c hypertrophy i n t r e a t e d animals; however, 
u n l i k e peroxisome p r o l i f e r a t i v e agents, t h i s e f f e c t 
appears t o be r e l a t e d to the p r o l i f e r a t i o n of SER and the 
i n d u c t i o n of the a c t i v i t i e s of cytochrome P-450 ,s 
dependent mixed f u n c t i o n oxygenases housed w i t h i n the 

Table 8. Short-term g e n o t o x i c i t y assays of d i e l d r i n 
(82) 

Assay R e s u l t s 
£. typhimurium Mutagenicity 

Mouse Host Mediated B a c t e r i a l 
Mutagenicity 

Mouse Dominant L e t h a l -

Rat, Mouse DNA Strand Damage -

DNA Covalent Binding rat-1.52/10E9 n u c l e o t i d e s 
mouse- 0.13 to 0.58/10E9 

n u c l e o t i d e s 
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SER. For example, the r e l a t i v e l i v e r weights were 
e l e v a t e d approximately 50% f o l l o w i n g 15 and 52 weeks of 
a d m i n i s t r a t i o n of 10 mg/kg/day d i e l d r i n v i a the d i e t . 
T h i s increase i n l i v e r weight c o r r e l a t e d to a roughly 9-
f o l d increase i n the s p e c i f i c a c t i v i t y of h e p a t i c p-
n i t r o a n i s o l e O-demethylase a c t i v i t y at both time p o i n t s . 

THE FUTURE: A BIOLOGICALLY-BASED APPROACH TO CHEMICAL 
CARCINOGENESIS 

As demonstrated by the above d i s c u s s i o n and examples, 
chemical carcinogenesis i s a complex, i n t e g r a t e d process 
i n v o l v i n g many h i g h l y interdependent events; the 
metabolism and pharmacokinetics of the chemical which 
d e f i n e the exposure of the t a r g e t t i s s u e t o the a c t i v e 
molecule, e f f e c t s upon c e l l u l a r and macromolecular 
dynamics, and proto-oncogene a c t i v a t i o n  A comprehensive 
model which encompasse
proposed by Conolly
T h i s model e s s e n t i a l l y embodies at the c e l l u l a r / m o l e c u l a r 
l e v e l the d e f i n i t i o n of c a r c i n o g e n i c hazard, the 
i n t e r a c t i o n of exposure and t o x i c i t y , at the macroscopic 
whole body l e v e l . It i s composed of three b a s i c 
s e c t i o n s : 1) a p h y s i o l o g i c a l l y - b a s e d pharmacokinetic 
p o r t i o n t o determine the rate of exposure of a t a r g e t 
c e l l t o the a c t i v e molecule f o l l o w i n g exposure of the 
whole animal; 2) a p o r t i o n designed to estimate the 
e f f e c t s of d i f f e r i n g b i o l o g i c a l mechanisms of a c t i o n 
(genotoxic or nongenotoxic or any mixture of the two); 
and 3) a two-stage cancer model i n which c e l l s may be i ) 
normal, i i ) c a r r y i n g one mutation i n a c r i t i c a l s i t e 
( i . e . i n a proto-oncogene) or i i i ) malignant ( c a r r y i n g 
two mutations). While s t i l l i n i t s i n f a n c y and with 
v a l i d a t i o n experiments s t i l l underway, t h i s model 
represents a b i o l o g i c a l l y - b a s e d , m o r e w h o l i s t i c , approach 
to q u a n t i f y i n g the e f f e c t s of chemical carcinogens upon 
animals and provides the framework necessary f o r the 
do s e - r e l a t e d , r o u t e - r e l a t e d , i n t e r s p e c i e s e x t r a p o l a t i o n 
of c a r c i n o g e n i c r i s k . 

CONCLUSION 

Thi s paper has examined the t h e o r e t i c a l and experimental 
b a s i s f o r the existence of d i f f e r e n t mechanisms of 
c a r c i n o g e n i c a c t i v i t y of chemicals w i t h i n the context of 
the b a s i c d e f i n i t i o n of what c o n s t i t u t e s a c a r c i n o g e n i c 
hazard. Examined i n t h i s way, the mechanism of 
c a r c i n o g e n i c a c t i o n of a chemical may encompass exposure, 
c e l l dynamics and gene a c t i v a t i o n as i n t e r r e l a t e d p a r t s 
of the process of oncogenesis. The balance of these 
e f f e c t s , or segments, of the mechanistic process d e f i n e 
the p o t e n t i a l c a r c i n o g e n i c a c t i v i t y of a chemical. Yet, 
as complex and incompletely understood In. t o t o as t h i s 
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External Dose or C o n c e n t r a t i o n 
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Figure 7. Schematic of the Pharmacodynamic Cancer Model 
(modified from (88)). Segment I i s composed of a 
p h y s i o l o g i c a l l y based d e s c r i p t i o n of the processes 
c o n t r o l l i n g carcinogen pharmacokinetics which converts 
e x t e r n a l dose t o a r e a l i s t i c t a r g e t t i s s u e c o n c e n t r a t i o n 
of the t o x i c a n t (parent chemical or m e t a b o l i t e ) . Segment 
II i s composed of biochemical mechanisms f o r genotoxins, 
c y t o t o x i n s and promotors r e s u l t i n g i n mutations or 
inc r e a s e d c e l l turnover or both. Segment I I I c o n s i s t s of 
a two-stage cancer model where c e l l s are e i t h e r normal (0 
c r i t i c a l s i t e mutations), intermediate (1 c r i t i c a l s i t e 
mutation) or malignant (2 c r i t i c a l s i t e mutations). The 
linkages between segments II and I I I def i n e how the 
d i f f e r e n t biochemical mechanisms a f f e c t the c e l l growth 
and mutation parameters of the cancer model. 
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process i s , knowledge about the l i k e l y mechanism of 
ac t ion may s t i l l have a very p r a c t i c a l and s i g n i f i c a n t 
app l i c a t i on i n the ranking of the carcinogenic r i s k of 
chemicals. Armed with the resu l t s of assays of 
genotox ic i ty , c y t o t o x i c i t y , and s p e c i f i c p h y s i o l o g i c a l 
adaptations ( e .g . , peroxisome p r o l i f e r a t i o n ) , i t i s 
poss ib le to d iv ide most chemical carcinogens in to general 
categories for which there i s overwhelming experimental 
evidence demonstrating major differences i n p o t e n t i a l 
carcinogenic r i s k . 

In contrast to genotoxic carcinogens, nongenotoxins: 1) 
are dependent upon spontaneous a l t e r a t i ons i n the genome 
or the effects secondary to some induced pharmacologic or 
t o x i c o l o g i c a l t e r a t i o n for i n i t i a t i o n to occur; 2) 
usua l ly require the chronic adminis t ra t ion of r e l a t i v e l y 
large dosages; 3) are most often associated with c l e a r l y 
i d e n t i f i a b l e biochemical
changes; and 4) hav
responses which appear to be necessary for tumor 
development to occur. Thus, i n a p r a c t i c a l app l i ca t i on 
of mechanistic data, nongenotoxic carcinogens such as 
OPP, d i e l d r i n and lactofen are not considered to pose the 
same carcinogenic threat to animals at lower dosages as 
the potent, na tu ra l ly occurr ing carcinogen a f l a t o x i n B l ; 
even i f each compound were observed to induce the same 
incidence of tumors i n a rodent tes t species at the same 
r e l a t i v e l y high dose leve l ( s ) ( i . e . have s i m i l a r 
potencies) . C l e a r l y , only by the judic ious app l i ca t i on 
of mechanistic data for chemical carcinogens may a more 
s c i e n t i f i c a l l y sound and defensible r i s k assessment of 
animal carcinogens be made. 
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Chapter 5 

Critical Events and Determinants in Multistage 
Skin Carcinogenesis 

Thomas J. Slaga 

University of Texas, M. D. Anderson Cancer Center, Science 
Park—Research Division

A large number of both natural and synthetic chemicals 
have been shown to induce cancer in experimental 
animals and more than likely some of these may play a 
role in the induction of cancer in man. It is generally 
recognized all chemical carcinogens are either 
electrophilic reactants or they are converted 
metabolically into a chemically reactive electrophilic 
form that reacts with some critical nucleophilic site(s) in 
macromolecules to initiate the carcinogenic process. 
There are a number of important modifying factors in 
chemical carcinogenesis such as genetic, aging, 
immunological, environmental and hormonal. 
Extensive data suggest that chemical carcinogenesis is 
a multistage process which can be divided into three 
general stages: initiation, promotion, and progression. 
The initiation stage appears to be an irreversible step 
that probably involves a somatic mutation in some aspect 
of growth control and/or differentiation. A good 
correlation exists between the carcinogenicity of many 
chemical carcinogens and their mutagenic activity. 
Several studies have demonstrated a good correlation 
between the skin tumor initiating activities of several 
tumor initiators and their ability to bind covalently to 
DNA. Tumor promotion appears to be reversible for a 
relatively long period but later becomes irreversible. 
There is quite a diversity of chemical agents that act as 
tumor promoters in the various systems where 
initiation-promotion has been shown to occur. In terms 
of mechanism of action most of the data has been derived 
from the use of the phorbol ester tumor promoters in the 
mouse skin two-stage tumorigenesis system. The skin 
tumor promoters are not mutagenic but bring about a 
number of important epigenetic events such as 
epidermal hyperplasia, increased dark cells, 
membrane changes, altered differentiation, inhibition 
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of cell-cell communication, embryonic phenotype, and 
increased prostaglandin and polyamine synthesis. The 
major effect of the promoters, regardless of the type, is the 
specific expansion of the initiated stem cells in the skin. 
This appears to occur by both direct and indirect 
mechanisms involving the loss of glucocorticoid 
receptors, differentiation alterations, a direct growth 
stimulation of the initiated cells and/or selective 
cytoxicity. The progression stage is characterized by 
high level of genetic instability which leads to a number 
of chromosomal alterations. These changes may be 
responsible for the large differentiation changes such as 
the loss of the high molecular weight keratin proteins 
and filagrin increase GGT activity and changes in 
oncogene expression in squamous cell carcinoma. 

Along with epidemiological
provided evidence that som
significant proportion of human cancers. The role of diet as an important 
environmental factor in the etiology of cancer will only be briefly discussed in this 
chapter and the reader is referred to other reviews (1-2). Shown in Table I are the 
chemicals that are generally recognized as carcinogens in the human and the sites 
where they cause tumors. In addition to the chemicals generally recognized as 
carcinogens in humans as a result of industrial, medical and societal exposures, a 
number of other chemicals in the environment, such as aflatoxin B, and certain N-
nitrosamines and N-nitrosamides are strongly suspected of causing cancer (3-4). 
It appears likely that additional chemical carcinogens of both natural and 
synthetic origin will be identified as cancer causing. 

Following a discussion of the importance of metabolic activation of 
chemical carcinogens, I will briefly review a number of general factors that play a 
modifying role in chemical carcinogenesis. Furthermore, information will be 
presented suggesting that chemical carcinogenesis is a multistage process which 
can be divided into three general stages: initiation, promotion, and progression. 
An important aspect of the multistage theory of cancer induction is that it has 
suggested that both genetic and epigenetic mechanisms are important in 
carcinogenesis. Altered growth control and differentiation leading to a more 
embryonic phenotype are important characteristics of all cancers which may occur 
by both genetic and epigenetic mechanisms. 

Importance of Metabolic Activation of Chemical Carcinogens to Electrophilic 
Intermediates 

A significant general unifying theory to explain the initial event in chemical 
carcinogenesis has been proposed by the Millers (3r5) which states that all chemical 
carcinogens that are not electrophilic reactants must be converted metabolically 
into a chemically reactive electrophilic form that then reacts with some critical 
nucleophilic site(s) in macromolecules to initiate the carcinogenic process (2*2). 
Although there have been extensive studies on the metabolic activation of many 
types of chemical carcinogens, emphasis in this review will be placed on the 
metabolic activation of polycyclic aromatic hydrocarbons, aromatic amines, and 
nitrosamines which appear to be highly relevant to human cancer. 
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Table I. Chemicals Considered as Carcinogens in the Human8 

Chemical Sites of Tumor Formation 

Industrial exposures 
2(orB )-naphthylamin
benzidine(4,4' -diaminobiphenyl) 
4-aminobiphenyl and 4-nitrobiphenyl 
bis(chloromethyl) ether 
bis(2-chloroethyl) sulfide 
vinyl chloride 
certain soots, tars, oils 
chromium compounds 
nickel compounds 
asbestos 
asbestos plus cigarette smoking 
benzene 
mustard gas 
Medical exposures 
N,N-bis(2-chloroethyl)-2-naphthylamine 
(chlornapthazine) 

di ethyl stilbe str ol 
estrogenic steroids 
Societal 
cigarette smoke 

betel nut and tobacco quids 

Urinary bladder 
Urinary bladder 
Lungs 
Respiratory tract 
Liver mesenchyme 
Skin, lungs 
Lungs 
Lungs, nasal sinuses 
Pleura, peritoneum 
Lungs, pleura, peritoneum 
Bone marrow 
Respiratory system 

Urinary bladder 
Vagina 
Breast and uterus 

Lungs, urinary tract, 
pancreas 
Buccal mucosa 

aReviewed in reference 4 
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The polycyclic aromatic hydrocarbon carcinogens, which are very 
ubiquitous, are metabolized by the microsomal mixed-function oxidase system of 
target tissues to a variety of metabolites such as phenols, quinones, epoxides, 
dihydrodiols and dihydrodiol-epoxides (£)· The major pathway of activation of 
benzo(a)pyrene (BP) leads to the formation of dihydrodiol-epoxide of BP which 
interacts predominantly with the 2-amino of guanine of DNA. The dihydrodiol-
epoxide of BP appears to be the major ultimate electrophilic, mutagenic, and 
carcinogenic metabolite of BP (£). Nevertheless, other metabolites such as certain 
phenols, epoxides and quinones may contribute to the overall carcinogenic activity 
of BP. In addition, a free radical mechanism may also be partly involved in its 
carcinogenic activity. 

Aromatic amines comprise a large family of compounds, both industrial 
and medicinal as well as consumer products. They possess reactive primary or 
secondary amine groups that play an active role in determining the 
carcinogenicity of the compounds (£). Examples of aromatic amine carcinogens 
are aniline, 2-naphthylamine, benzidine, p-dimethylaminoazobenzene (butter 
yellow), and N-2-fluorenylacetamide (2-FAA)  The metabolic activation of 2-FAA 
involves a N-hydroxylation
an ultimate reactive carcinoge
terms of DNA, the major adduct occurs at the C-8 of guanine (£). 

The nitrosamines and nitrosamides are an important class of chemicals 
since a large number have been found to be carcinogenic. Nitrosamines require 
metabolic activation by target tissue microsomal mixed-function oxidases. 
Unlike polycyclic aromatic hydrocarbons, nitrosamines require only the first 
activation step which forms a hydroxylated intermediate that is sufficiently 
unstable to spontaneously decompose and generate a reactive carbonium which can 
rapidly alkylate target macromolecules in the cell. In contrast, nitrosamides do 
not require metabolic activation because of inherent chemical instability in 
aqueous solution. Nitrosamides decompose at physiological pH nonenzymatically 
to produce the same class of reactive electrophiles as the nitrosamines. Although 
the actual target site for nitroso carcinogens is not yet elucidated, a number of 
alkylation sites in DNA are known such as 0 6-CH3-G, 7-CH3-G, and 3-CH3-A (2). 

Since the synthesis of N-nitroso compounds is accomplished through 
reaction of secondary amines and nitrous acid, it was demonstrated that 
nitrosamines could be produced biochemically by the naturally acidic conditions 
in the stomach with ingestion of secondary amines (2). The nitrosating agent 
would be formed by the reaction of gastric juice with nitrite compounds that are 
widely used as food preservatives and for food color enhancement (2). Vitamin C 
was found to be a potent inhibitor of this reaction (1). 

Modifying Factors of Chemical Carcinogenesis 

A number of factors have been shown to play a modifying role in chemical 
carcinogenesis in experimental animals, and more than likely, play similar 
roles in human cancer (Table II). Chemical carcinogens can have either an 
additive, synergistic, or an inhibitory effect on the carcinogenic activity of a given 
carcinogen (4). There are agents that can inhibit chemical carcinogenesis by 
counteracting the metabolism of the carcinogen as well as by increasing the 
metabolism of the carcinogen but favoring detoxification. This will be discussed 
in more detail later in this chapter when some anticarcinogenic agents are 
discussed. 
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Table II. General Factors or Modifiers of Chemical Carcinogenesis 

1. Other chemical carcinogens 
2. Metabolism of carcinogen (activation vs detoxification) 
3. Anti-carcinogenic chemicals 
4. DNA repair 
5. Age 
6. Sex 
7. Hormonal 
8. Immunological 
9. Trauma 

10. Radiation 
11. Viral 
12. Cocarcinogenesis and tumor promotion 
13. Diet, nutrition and life style 
14. Genetic constitution 

An important determinant of whether or not a cell becomes initiated by a 
chemical carcinogen is DNA repair. Inhibition of the excision repair system 
allows a greater chance that the carcinogenic damage will not be repaired, thus 
leading to the irreversible initiated carcinogenic state (4). Likewise, inhibition or 
induction of error prone DNA repair could lead to a drastic modification of the 
carcinogenesis process (4). 

An important modifying influence on carcinogenesis is age with the noted 
correlations between the incidence of cancer and aging of a population (&). Van 
Duuren and his associates demonstrated a small but general decrease in the rate of 
tumor production with an increasing age at the time of tumor promotion (£). On the 
other hand, when the mouse skin of both young and old animals was treated with 
several applications of 7,12-dimethylbenz(a)anthracene (DMBA) and then grafted 
to young recipients, a higher incidence of carcinoma developed in grafts from old 
donors than from young (10). These experiments suggest that adult tissue is more 
prone toward tumor initiation because of either a faulty DNA repair system or a 
greater DNA error prone system and is less susceptible to tumor promotion whereas 
the reverse appears to be true in newborn tissue. 

Tumor growth can be modified by sex hormones as well as hormones in 
general. Mammary tumors in rats are essentially always hormone dependent. 
For example, breast tumors in rats regress following the removal of the ovaries 
showing the cocarcinogenic effect of female sex hormones (11-12). A similar 
situation has been observed with prostate cancer and the male sex hormones (11). 
Besides the sex hormones, the pituitary is decisive in tumor growth. Instead of 
removing the ovaries, one can extirpate the pituitary in order to stop mammary 
carcinomas. It is also well known that the sex of the animal is important in 
carcinogenesis by certain chemicals. 2-FAA is a potent liver carcinogen in male 
rats but not females (2). If the testes and thyroid are removed from rats, they will 
not develop liver cancer; however, 2-FAA will induce hepatomas after 
supplementary dosing with testosterone and thyroxine (12). 

The immunological status of the animal is also an important factor in 
chemical carcinogenesis. It has been shown that Baccillus Calmette-Guerin (BCG) 
vaccination reduces the carcinogenic effect of both carcinogens and promoters (13-
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14). BCG vaccination may cause its effect on neoplasms through the nonspecific 
enhancement of the immunologic surveillance mechanism of the host (14). The 
establishment and proliferation of malignant neoplasms may result from the 
inability of the host to recognize the tumor immunologically as foreign and thus 
destroy it (IS). Experiments have shown that substances that alone cause cancer 
and substances that can act only to promote cancer, such as croton oil and phorbol 
ester, are immunosuppressive agents (16-18). The potent antipromoting steroids 
are also potent immunosuppressive agents (19). However, the antipromoting 
ability of glucocorticoids appears to be related to some early effect on tumor 
promotion not involving the immune system. In fact, if the glucocorticoids are 
applied topically to existing carcinomas and papillomas, they appear to enhance 
their progression (lâ). The demonstration of tumor associated transplantation 
antigens in the majority of the malignancies studied (15r18) and the presence in the 
tumor-bearing host of concomitant immune reactions against those antigens (12) 
have led to theories suggesting that the immune system plays a major role as a 
protection against malignancy (18). Thus, in all the presentations of the "immune 
surveillance" theory, the effects of immunodepression (thymectomy and other 
procedures and drugs) favorin
evidence that some sort of contro
immune system (12). Such immune surveillance theories would predict a high 
risk of tumor development in the athymic-nude mice. However, Stutman's results 
do not support that prediction, since tumor incidence after exposure to 3-
methylcholanthrene (MCA) at birth was similar in the immunologically normal 
nude hyterozygotes and the immunologically deficient athymic-nude homozygotes 
(12). 

Trauma appears to play an important role in cancer. Any long-lasting 
wound or sore is considered a potential site for cancer and is thus listed as one of the 
warning signs. It has been shown that wound healing alone can promote the 
formation of skin tumors initiated by DMBA (20). As pointed out later in this 
chapter, inflammation and cellular proliferation are related to chemically 
induced cancer. Chemical carcinogens and tumor promoters induce 
inflammation and hyperplasia in mouse skin, but it is also known that not all 
inflammatory-hyperplastic agents cause skin cancer or promote it (21). 

Radiation alone or in combination with carcinogenic chemicals has been 
known for a long time to be involved in the etiology of skin cancer. A correlation 
has been noted between the occurrence of skin cancer and ultraviolet light exposure 
with the incidence notably higher in sunny regions, among outdoor workers, and 
among people with fair complexions, especially on more exposed skin areas (22). 
The first report of a suspected interaction between radiation and chemical 
carcinogens in humans was related to the high incidence of skin cancer among 
sailors which was thought to be caused by a combination of the high doses of 
sunlight and coal tar to which they were exposed. Epidemiological studies of 
uranium miners have indicated an interaction between ionizing radiation and 
cigarette smoke (22). Both alone and to some extent in combination with chemical 
carcinogens and tumor promoters, the role of both ultraviolet and ionizing 
radiation in the induction of skin cancer, as well as other cancers in experimental 
animals, has been extensively studied (22.24-25). It is quite apparent from these 
studies that when either ultraviolet or ionizing radiation is combined with 
chemical carcinogens, the times of tumor appearance are accelerated and/or the 
tumor incidence are increased. Although both ultraviolet and ionizing radiation 
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have been shown to be either promoting or enhancing agents for chemically 
initiated tumors and initiating agents for chemically promoted tumors, their 
primary influence appears to be related to their tumor-promoting activities rather 
than initiation. 

Studies on the interaction between viruses and chemical carcinogens were 
carried out soon after the first tumor viruses were isolated (26). Such interactions 
generally result in a higher incidence of tumors in animals exposed to both agents 
as compared to animals exposed to either agent alone. Although studies of the 
induction of cancer by a combination of chemicals, viruses, and radiation have not 
been undertaken, such investigations may indeed reveal a closer relationship 
among chemical, viral, and radiation carcinogenesis. 

Important modifying factors of chemical carcinogenesis are diet and 
nutrition in experimental animals as well as in cancer in humans (2). Diet 
appears to be more a cocarcinogen and/or a tumor promoter in carcinogenesis 
rather than a causative agent. Epidemiological studies have revealed that there are 
notable differences in the incidence of specific cancers from country to country and 
even within countries (lr27). These differences in the geographic incidence of 
cancer do not appear to be primaril
patterns for migrants from on
characteristics of the mother country to those of the inhabitants of the new country. 

Although the above studies suggest that the genetic makeup of an individual 
appears not to be of primary importance in certain cancer patterns, it is well known 
that the genetic constitution of a person can make him prone to cancer. Not to be 
mistaken as a contradiction, the changing patterns of cancer related to migrants 
appear to be related to the diet and life style of the individual which act more as 
cocarcinogens and/or tumor promoters (28). If a migrant adopts the cancer-related 
diet of a country and is genetically prone to cancer, there probably will be a good 
chance that the migrant will develop the diet-related cancer; however, if the 
migrant was not genetically prone, he probably would not develop the diet-related 
cancer. In the above situation the new diet promoted the cancer. Since we are all 
more than likely initiated because of the large number of initiating agents present 
in our environment, promotion is probably the rate limiting factor in cancer. 

There are several genetically determined diseases such as xeroderma 
pigmentosum (XP), Fanconi's anemia, Bloom's syndrome, ataxiatelangiectasia 
and porokeratosis Mibelli in which individuals have an increased if not an 
invariable incidence of cancer (29). These diseases are associated with DNA 
repair defects, thought to be the cause of the cancer sensitivity (29). In the case of a 
person with XP, the oversensitivity of the skin to ultraviolet light is inherited and 
the condition leads to skin cancer. 

Mice can be bred with high and low sensitivity to chemical carcinogens. 
Boutwell QD accomplished this by stressing mice with a DMBA-promoted two-
stage system of tumorigenesis and then selecting for sensitivity and resistance to 
the carcinogenic treatment for eight generations. The outcome was a remarkable 
sensitivity and resistance to the chemical induction of cancer. These and other 
experiments lead us to conclude that the chemical induction of cancer is also 
dependent on the genetic constitution of the animal (29). As with spontaneous 
tumors, genetic constitution can mean many things, among them the loss of the 
capability to activate carcinogens, faulty DNA repair, an incompetent immune 
system, and an increased sensitivity to growth factors leading to a greater turnover 
of cells in a given tissue. 
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Multistage Carcinogfinfisis 

It is well known that chemical carcinogenesis is a two-stage or multistage process 
with one of the best studied models being the two-stage carcinogenesis system using 
mouse skin (4). Skin tumors can be induced by the sequential application of a 
subthreshold dose of a carcinogen (initiation stage) followed by repetitive treatment 
with a noncarcinogenic promoter (promotion stage). The initiation phase requires 
only a single application of either a direct or an indirect carcinogen and is 
essentially an irreversible step, while the promotion phase is initially reversible 
later becoming irreversible. A single large dose of a carcinogen such as DMBA is 
capable of inducing skin tumors in mice. Papillomas occur after a relatively short 
latency period (10 to 20 weeks) with carcinomas developing after a much longer 
period (20 to 60 weeks). If this dose is lowered, it becomes necessary to repeatedly 
administer DMBA in order to induce tumors. If progressively reduced, a 
subthreshold dose of DMBA is reached which will not give rise to tumors over the 
lifespan of the mouse. If either croton oil or a phorbol ester such as 12-0-
tetradecanoylphorbol-13-acetate (TPA) is subsequently applied repetitively to the 
backs of mice previously initiate
multiple papillomas will appea
appearance of squamous cell carcinomas after a much longer period. The 
repetitive application of the promoter, without initiation by DMBA, in general either 
does not give rise to tumors or produces only a few but never exhibiting a dose-
response relationship (20). If the mice are initiated with a subthreshold dose of a 
carcinogen such as DMA, there is an excellent dose-response using TPA as the 
promoter (30). Likewise, there is a very good dose-response with BP or DMBA as a 
tumor initiator when the promoter dose is held constant (31). If repetitive 
applications of the promoter are administered before initiation, no tumors will 
develop. The real hallmark of the two-stage carcinogenesis system in mouse skin 
relates to the irreversibility of tumor initiation. Even a lapse of up to one year 
between the application of the initiator and the beginning of the promoter treatment 
provides a tumor response similar to that observed when the promoter is given only 
one week following initiation (31). Unlike the initiation phase, the promotion stage 
is reversible and requires a certain frequency of application in order to induce 
tumors (31). 

Tumor Initiation. The skin tumor initiation stage appears to be an irreversible 
step that probably involves a somatic mutation in some aspect of epidermal growth 
control and/or epidermal differentiation (31). Extensive data have revealed a good 
correlation between the carcinogenicity of many chemical carcinogens and their 
mutagenic activities (31). Most tumor-initiating agents either generate or are 
metabolically converted to electrophilic reactants, which bind covalently to 
cellular DNA and other macromolecules (33r 31). Previous studies have 
demonstrated a good correlation between the skin tumor initiating activities of 
several polycyclic aromatic hydrocarbons and their abilities to bind covalently to 
DNA (21). Slaga and Klein-Szanto have recently found that skin tumor initiation 
probably occurs in dark basal keratinocytes since a good correlation exists between 
the degree of tumor initiation and the number of dark basal keratinocytes present 
in the skin (22). The dark basal keratinocytes are present in the skin in large 
numbers during embryogenesis, in moderate numbers in newborns, in low 
numbers in young adults, and in very low numbers in old adults suggesting these 
cells may be epidermal stem cells (33). The initiating potential of mouse skin 
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decreases with the age of the mouse to the point that it is very difficult to initiate 
mice greater than one year of age when the number of dark basal keratinocytes are 
extremely rare. Evidence also suggests that skin tumor initiators interact in a 
specific way with slowly cycling, self-renewing stem cells in the epidermis (24). 
These cells are also a very dense keratinocyte but the relationship with epidermal 
dark cells is presently not known. 

Tumor Promotion. The extensiveness of the data available as well as the 
multistage nature of tumor promotion suggests that this process, which is now 
thought to occur in most tissues where cancer can be induced or where it occurs 
spontaneously, may involve the interaction of a number of endogenous factors as 
well as environmental factors such as chemicals, radiation, viruses, and diet and 
nutrition, thus unifying all current areas of cancer research (4). In human 
cancer, smoking, asbestos, radiation, hormones, and diet and nutrition, to 
mention a few, are now thought to have more of a promotional influence in the 
multistage carcinogenesis process (4). 

A variety of chemical agents are known to act as tumor promoters in 
various systems. However
mechanisms of tumor promotio
tumor promoters in the mouse skin model and in various cell culture systems. 

Current information suggests that skin tumor promoters do not bind 
covalently to DNA and are not mutagenic but bring about a number of important 
epigenetic changes (30). Of the observed phorbol ester-related effects on the skin, 
the induction of epidermal cell proliferation, ornithine decarboxylase (ODC) and 
subsequent polyamines, prostaglandins and dark basal keratinocytes have the best 
correlation with promoting activity (31). In addition to the induction of dark cells, 
which are normally present in large numbers in embryonic skin, many other 
embryonic conditions appear in adult skin after treatment with tumor promoters. 
Most of the embryonic conditions which occur after tumor promoter treatment may 
be a consequence of the alteration in differentiation. 

Skin tumor promoters bring about a number of other important epigenetic 
changes in the skin such as membrane and differentiation alterations and an 
increase in protease activity, cAMP independent protein kinase activity and 
phospholipid synthesis (31). In addition, the skin tumor promoters cause a decrease 
in epidermal superoxide dismutase and catalase activities as well as a decrease in 
the number of glucocorticoid receptors (31). Some skin promoters appear to have a 
common mode of cellular action - via binding to the natural cellular substrate for 
diacylglycerol-a phospholipid, calcium-dependent kinase called protein kinase C. 
Promoters which interact with protein kinase C include 12-Q-tetradecanoylphorbol-
13-acetate and related phorbol agents, teleocidin and its analogs and aplysiatoxins 
(21). Other promoters such as benzoyl peroxide, lauroyl peroxide, hydrogen 
peroxide, anthralin, chrysarobin, and palytoxin do not interact with the protein 
kinase C and apparently act as promoters via some other mechanism, possibly 
their ability to generate free radicals. Even with the ability to classify promoters 
based on their interaction with protein kinase C, the mechanisms involved in 
promotion are not clearly understood. 

Ultimately, the major effect of all promoters, regardless of type, is the 
expansion of the initiated cell to form visible tumors. Table III lists possible 
mechanisms for the selection of initiated epidermal cells by tumor promoters. Of 
the four mechanisms mentioned, evidence supporting each can be found 
experimentally. Recent studies by Morris (34) have demonstrated that slowly 
cycling basal cells (thymidine label retaining cells) are induced to divide by a 
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single dose of TPA. Many skin tumor promoters increase the presence of dark 
basal keratinocytes in the epidermis which correlates well with the activity of first 
stage tumor promoters such as TPA, hydrogen peroxide, calcium, ionophore A23187 
(22). The significance of dark basal keratinocytes is not clear, but they appear 
normally in large numbers in embryonic skin, and their presence in promoted 
skin may reflect environmental changes within the epidermis which allow the 
expansion of cells (including initiated cells) similar to that observed in embryonic 
tissue (22). Tumor promoters are potent inducers of terminal differentiation (35) 
and mechanistically may cause the expansion of initiated cells via a decrease in 
negative feedback signals on cell proliferation. Tumor promoters, especially the 
free-radical generating promoters such as benzoyl peroxide and hydrogen 
peroxide, are highly cytotoxic and may promote by causing a regenerative 
hyperplasia in the skin similar to the response observed after wounding. 

Table III. Mechanisms of Selection of Initiated Epidermal Stem Cells by Skin 
Tumor Promoters 

1. Some tumor promoter
cells?) causing them to divide and expand in number. 

2. Tumor promoters convert some basal keratinocytes to an embryonic 
phenotype similar to the dark cells thereby supplying a positive 
environment for the dark cells to expand in number. 

3. Tumor promoters stimulate terminal differentiation of some epidermal 
cells and thus decrease a negative feedback mechanism on cell 
proliferation. 

4. Some tumor promoters have a selective cytotoxic effect which may cause 
initiated cells to expand in number. 

Tumor Progression. Although many studies have been directed toward 
understanding the mechanisms involved in skin tumor initiation and promotion, 
orly a few studies have been performed on the progression stage of skin 
carcinogenesis. Table IV summarizes some of the important characteristics of 
skin papillomas and carcinomas in order to emphasize events which appear to be 
critical in the conversion of papillomas to carcinomas and other aspects of tumor 
progression. As can be seen, there are several events which appear during tumor 
promotion that are continued or even exaggerated during tumor progression such 
as an increase in dark cells, loss of glucocorticoid receptors and an increase in 
polyamines and prostaglandins (36). 

A number of changes occur very late in the carcinogenesis process which 
are related to the conversion of benign to malignant tumors. We have found that 
all squamous cell carcinomas lack several differentiation product proteins such as 
high molecular weight keratins (60,000 - 62,000) and filaggrin but are positive for 
gamma glutamyl transferase (GGT), whereas only about 20% of the papillomas 
generated by an initiation-promotion protocol exhibit a similar condition (37-38). 
Before visible tumors are observed using the initiation-promotion protocol, these 
conditions appear normal suggesting that they are very late responses (2&). 

Balmain and coworkers (39) have recently found that a percentage of 
papillomas and carcinomas induced by DMBA-TPA contained elevated levels of 
Ha-iaa transcripts compared with normal epidermis. Furthermore, the tumor 
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Table IV. Characteristics of Skin Tumors 

Benign Papillomas 

1. Large number of dark cells. 
2. Loss of glucocorticoid receptors. 
3. High level of polyamine
4. Approximately 80%

high molecular weight keratins and filaggrin and are negative for GGT. 
20% have reverse conditions. 

5. Approximately 50% of papillomas induced by the two stage protocol express 
Ha-iau RNA 

6. Some papillomas are reversible while others are irreversible. 
7. Early papillomas (10 wks) during promotion are well differentiated 

hyperplastic lesions with either mild or no cellular atypia, whereas late 
ones (40 wks) are dysplastic, show atypia and are aneuploid. 

8. Sequential appearance of trisomy of chromosome 6 followed by trisomy of 
chromosome 7. 

Carcinomas 

1. Large number of dark cells. 
2. All lack glucocorticoid receptors. 
3. High level of polyamines and prostaglandins. 
4. All lack high molecular weight keratins and filaggrin. 
5. All are positive for GGT. 
6. Approximately 67% of carcinomas induced by two-stage protocol express 

Ha-raa RNA Complete carcinogenesis protocol by MNNG does not give 
increase in expression of Ha-ras RNA but increase expression of sr£ and 
ahl. 

7. All are aneuploid with some non-random chromosomal changes such as 
trisomy in chromosome 6, 7, and 2. 
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DNA was capable of malignantly transforming NIH 3T3 cells in DNA 
transfection studies (40). Studies in our laboratory (41) indicate that initiation 
alone or repetitive TPA treatments are insufficient to turn on the expression of the 
Ha-iaa oncogene in adult SENCAR mouse epidermis. Initiation followed by either 
one or six weeks of TPA treatment also failed to activate Ha-ras expression. Like 
Balmain, we observed elevated levels of Ha-ras RNA in a percentage of papillomas 
and carcinomas tested. We have also found that the expression of c-jsr£ and c-ahl 
are increased in the majority of carcinomas examined (42). It remains to be 
determined whether oncogene activation plays a critical role in multistage skin 
carcinogenesis. 

Hennings and coworkers (43) recently reported that if mice with 
papillomas are treated repetitively with &-methyl-&-mtro-a-nitrosoguanidine 
(MNNG), a significant increase in the conversion of papillomas to carcinomas 
occurs. We have also found similar results with limited treatment with MNNG as 
well as with ethylnitrosourea (ENU), benzoyl peroxide and hydrogen peroxide (44-
45). This type of treatment (initiation-promotion-initiation) produces a carcinoma 
response similar to complete carcinogenesis  i.e  the repetitive application of a 
carcinogen such as DMBA o
initiating and promoting influences
promoter, such as benzoyl peroxide, or a non-promoter, such as hydrogen peroxide, 
can increase the conversion of papillomas to carcinomas is presently not 
understood (46). 

The mechanisms involved in progression in the mouse skin system are 
unclear. The carcinogens, ENU and MNNG, and the peroxides are all genotoxic 
compounds. Chromosomal studies have shown that squamous cell carcinomas are 
highly aneuploid lesions often exhibiting hyperdiploid stem cell lines (4Z). 
Although early papillomas (10 wks of promotion) are diploid, they progressively 
show chromosomal changes and eventually all become aneuploid after 30 to 40 
weeks of promotion (47). Additional evidence does indicate specific chromosome 
alterations. Using a direct cytogenetic technique, we identified a non-random 
trisomy of chromosome 6 in 100% of aneuploid mouse skin papillomas and in 10 of 
11 squamous cell carcinomas induced by chemical carcinogenesis. The second 
most common abnormality observed was trisomy of chromosome 7 found in most 
dysplastic papillomas and 9 of 11 carcinomas (48). Trisomy of chromosome 6 
occurred before trisomy of chromosome 7 (48). Both trisomies were the only 
abnormalities found in all aneuploid papillomas and in several carcinomas (48). 
More progressed carcinomas also had trisomies of chromosome 2 and 13. Whether 
the genotoxic effects of the agents used in progression experiments are able to 
induce such specific alterations are presently unknown. 

In addition to chromosomal alterations, squamous cell carcinomas exhibit 
changes in protein expression, including the lack of high molecular weight 
keratins (42), filaggrin (50) and the presence of GGT. Possibly these phenotypic 
changes are the result of the gene alterations and rearrangements and can be 
induced by genotoxic agents. Histological and cytochemical studies of 
keratoacanthomas induced by both ENU and benzoyl peroxide, when these agents 
were used as "progressors", showed a high percentage of GGT-positive tumors 
possibly reflecting a novel expression of this enzyme in benign lesions (30. 51). 

A different mechanism of genetic alteration which could be relavent to 
progression is change in the methylation state of DNA Preliminary evidence 
from this laboratory has indicated that a gradient in DNA methylation exists from 
normal mouse epidermis to papillomas to carcinomas with carcinomas being 
highly under-methylated (La Peyre et al., unpublished results). Concerning the 
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agents used as "progressors" in these studies, both ENU and MNNG have been 
shown to inhibit methylation by blocking DNA methyltransferase activity (4£L52). 

An alternate hypothesis for the action of "progressor" agents relates to their 
high degree of cytotoxicity. In this model for progression, highly cytotoxic agents 
may 1) selectively or nonselectively kill cells within a tumor allowing the growth 
of more malignant cells and/or 2) kill normal cells reducing the constraints 
against expansion along the border between normal and tumor tissue. Both 
alternatives assume that cells capable of invasion either pre-exist within the 
benign tumor or that expansion of tumor clones increases the chance of the natural 
progression of cells toward malignancy. We are currently testing a number of 
cytotoxic agents for activity during the progression stage. 

Inhibitors of Carcinogenesis 

Although prevention of the exposure of man to carcinogens is theoretically the best 
way to reduce cancer incidence, such an approach is not practical for obvious 
reasons. Therefore, alternate means of modifying the process of carcinogenesis in 
man must be found and in vie
multistage process, a variet
of either the initiation or the promotion phases. Table V summarizes various 
general classes of chemicals used to inhibit chemical carcinogenesis, tumor 
initiation, tumor promotion and/or tumor progression (31). 

Table V. General Classes of Chemicals that Inhibit Chemical Carcinogenesis 

Antioxidants and free radical scavenging agents 
Vitamins (A, C, E) 
Protease inhibitors 
Retinoids 
Flavones 
Anti-inflammatory steroids 
Certain noncarcinogenic PAH and environmental contaminants 
Polyamine synthesis inhibitors (DMFO, retinoids) 
Prostaglandin synthesis inhibitors 
Chemicals that alter cyclic nucleotide levels 
Glutathione 

Using the skin tumorigenesis system, one can specifically study the effects 
of potential inhibitors on the initiation, promotion, and progression phases (21). 
Studies have been performed on many compounds that have the capacity to inhibit 
tumor initiation by either 1) alteration of the metabolism of the carcinogen 
(decreased activation and/or increased detoxification), 2) scavenging of active 
molecular species of carcinogens to prevent their reaching critical target sites in 
the cells, or 3) competitive inhibition. In addition, there have been a number of 
studies of compounds that inhibit the promotion or the progression of cancer either 
by altering the state of differentiation, by inhibiting the promoter-induced cellular 
proliferation or by preventing gene activation by the tumor promoters. Presently, 
only glutathione has been shown to effectively inhibit the tumor progression stage, 
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suggesting the involvement of free radicals. Figure 1 illustrates the potential sites 
of action of inhibitors of chemical carcinogenesis. 
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Figure 1: Illustration of potential sites of action of inhibitors of chemical 
carcinogenesis. Numbers 1 - 9 represent sites where inhibitors may 
be effective. 
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Chapter 6 

Pesticide-Induced Modulation of the Immune 
System 

Peter T. Thomas and Robert V. House 

IIΤ Research Institute, 10 West 35th Street, Chicago, IL 60616-3799 

The immune system
toxicologic effects of pesticides. Studies in animals 
have documented immune dysfunction following relatively 
short-term exposure to pesticides leading to an 
increased susceptibility to infection and, arguably, 
cancer. However, other than hypersensitivity 
reactions, the evidence in humans linking exposure to 
pesticides and adverse health effects associated with 
immune dysfunction is inconclusive at this time. 

Knowledge of the immune system's role in the maintenance of health 
has increased dramatically over the last decade. As a result, appre
ciation of the system as an important and sensitive target organ for 
toxicity has also grown. The immune system is composed of a complex 
set of cellular and soluble components that protect the individual 
against foreign ("nonself") agents while not responding adversely to 
"self" tissues. The distinction between self and nonself is made by 
an elaborate recognition system that depends on specific receptor 
molecules associated with certain immune cells including T- and B-
lymphocytes. Optimal functioning of the immune system requires that 
these cells, cell products, and regulatory proteins interact with 
each other in a sequential, regulated manner (Figure 1). Other cell 
types and nonspecific mechanisms that interact with and regulate T-
and B-lymphocyte functions are also important in the immune response. 
These cell types and nonspecific systems include mononuclear phago
cytes, natural killer cells, polymorphonuclear leukocytes, and the 
complement system. 

The immune system plays a major role in protecting the host from 
infectious disease and, arguably, from cancer. This is demonstrated 
by the association between the therapeutic use of chemical immuno
suppressants (i.e., in cancer chemotherapy or organ transplantation) 
and an increased incidence of infections (1) and certain cancers (2). 
This relationship is also illustrated by the Acquired Immune 
Deficiency Syndrome (AIDS), in which a loss of immune responsiveness 
is associated with infection with Pneumocystis carinii and other 
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Figure 1. Cellular and humoral interactions in acquired immunity. 
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opportunistic pathogens, as well as the development of a rare form of 
cancer known as Kaposi's sarcoma (3). 

A wide variety of chemicals and drugs have been shown to affect 
the immune system adversely, including pesticides (4). Studies with 
the polycyclic aromatic hydrocarbons (PAHs) have demonstrated that 
most carcinogenic PAHs are immunosuppressive, whereas their noncarci-
nogenic congeners are not (5); see review (6). Thus, i t follows that 
exposure to carcinogenic pesticides could potentially result in 
damage to the immune system. 

Within the last 10 years, investigative toxicology has expanded 
along organ- and system-specific l ines. The immune system is now 
regarded as one of these systems, although unti l recently its multi-
component nature prevented toxicologists from gaining a true 
appreciation of i t as an integrated target organ for potential toxic 
damage. In recent years the methodology for assessing immune 
function has become more standardized and has been validated to the 
point where routine testing requirements are now being considered by 
regulatory agencies. 

Because pesticides ar
concerns exist regarding their toxicity for nontarget organisms, 
including man. A large body of evidence has been gathered over the 
last 20 years in laboratory animal studies showing that exposure to 
environmental chemicals, many of which are pesticides or pesticide-
related, can produce immune dysfunction. This evidence has resulted 
from studies following acute or subchronic exposure regimens exposing 
animals to re lat ively high doses of test agents. The evidence has 
prompted the study of immune function in humans inadvertently exposed 
to some of these agents; see review (7). Although the results from 
several of these studies suggested that immune dysfunction had 
occurred, those of others were equivocal. In contrast to immune 
dysfunction, the most l ike ly health consequences to man following 
exposure to pesticides may be respiratory tract allergies (e .g . , 
asthma, rh in i t i s ) or a l lergic contact dermatitis. 

With respect to assessing health, there are several key issues 
associated with pesticide-induced immunomodulation which must be 
considered. This paper wi l l evaluate the data base on pesticide-
induced immunotoxicity, highlight the methodologies used to assess 
immune modulation, and discuss important issues associated with 
health assessment. 

Potential for Adverse Effects of Pesticides on the Immune System 

Exposure to pesticides can provoke a variety of immune reactions. 
These reactions can be c lass i f ied into (a) modulation of normal 
immune responses (immune dysfunction), characterist ical ly manifested 
as immunosuppression, and (b) pathological enhancement of the immune 
response, most often manifested as hypersensitivity or autoimmunity. 
The number of reviews on this subject underscores the interest in and 
concern for the potential of pesticides to alter immune function 
(8-15). The two general categories of immune alterations induced by 
pesticides are discussed below. 

Immune Dysfunction. As summarized in Table I, several classes of 
pesticides alter immune function and resistance to infection in 
laboratory animals. Although sufficient evidence exists that 
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pesticides affect immune function and host resistance in rodents, the 
data in humans are less clear. For example, even though hemato
logical changes were observed in humans exposed to pesticides in a 
greenhouse environment (where high concentrations of the agent are 
often present), there was no indication of altered immune status 
(38). However, in a study of pesticide workers exposed to combina
tions of four pesticides (malathion, parathion, DDT, and hexachloro-
cyclohexane), 73% demonstrated alterations of serum immunoglobulin 
(Ig) levels (39). In another study, increases in serum IgG but 
decreases in serum IgM and the C-3 component of complement were 
reported to occur in 51 men exposed to chlorinated pesticides, as 
compared with a 28-man control group (40). In the latter two 
studies, in spite of immune changes, a direct association between 
increased susceptibil ity to infection with changes in immune status 
was absent. 

Recent interest in the potential adverse effects of pesticides 
on the immune system has stemmed from studies in mice and humans 
exposed to low levels of
studies reported suppressio
for 34 days to levels of aldicarb as low as 1 ppb in drinking water 
(32). However, Thomas et a l . (41), using a similar exposure regimen 
and mouse strain but a more comprehensive testing protocol, observed 
no aldicarb-related effects on immunity or susceptibil ity to infec
t ion. In another study (33), women chronically ingesting low levels 
of aldicarb-contaminated groundwater had altered numbers of T-ce l l s , 
including a decreased CD4:CD8 helper/suppressor ce l l rat io . However, 
these individuals did not demonstrate any increased incidence of 
infection associated with aldicarb exposure. 

In addition to their active compounds, pesticide formulations 
often contain by-products of the manufacturing process and a quantity 
of inert ingredients. The potential contribution made by a l l known 
or potential additional components in any pesticide preparation must 
be considered in assessment of a pesticide for immunotoxic potential . 
For example, 0,0,S-trimethyl phosphorothioate (OOS-TMP), a contami
nant of malathion, has been shown to alter immune function (19, 
42-46). Mice exposed to OOS-TMP displayed reduced humoral responses, 
reduced cell-mediated immune responses, and altered macrophage 
function. 

L i t t l e work has been done concerning the immunomodulatory 
effects of pesticides on the developing immune system; see review 
(47). In some recent studies, mice exposed to chlordane in utero 
displayed a decreased contact sensit ivity response and an increased 
survival and antibody response to influenza as adults (25-28). 
Exposure of mice to this compound as adults, however, did not 
significantly alter cel lular or humoral immune functions (48). These 
results suggest that the developing immune system may be more suscep
t ible to immunomodulation by chlordane than the adult immune system, 
and are consistent with earl ier studies (49, 50) demonstrating a 
greater sensit ivity of mice to the effects of 2,3,7,8-tetrachloro-
d i b e n z o - £ - d i o x i n (TCDD) on developing than on adult immune systems. 

Hypersensitivity. In addition to inducing immune dysfunction, 
pesticides have the potential to exert immunomodulatory effects 
through the induction of a l lergic hypersensitivity and autoimmune 
disease. Pesticide-related hypersensitivity reactions generally are 
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Table I. Examples of Pesticides Reported to Modulate Immunity 

Pesticide Species Refs. Effects 

Organo s pho s pha tes 

Methylparathion 

Parathion 

Malathion 

Organochlorines 

DDT 

Mirex 

Hexachlorobenzene 

Dieldrin 

Chlordane 

Rabbit (16) Thymus atrophy and reduced 
delayed-type hypersensi
t iv i ty (DTH) response 

Mouse (AZ.) Decreased resistance to 
infection with typhimurium 

Mous  (18)  mortalit

Mouse (19) Suppression of cell-mediated 
Human (20) immunity, in vitro 

Rabbit (16>) Thymus atrophy and reduced 
DTH 

Chicken (21) Decreased IgG levels 

Mouse (22) Increased sensit ivity to 
endotoxin and malaria 

Mouse (23, Decreased humoral immunity 
24) and increased susceptibi l i ty 

to v ira l infection 

Mouse (2!5, Decreased contact hypersensi-
26) t i v i ty after _in utero 

exposure 
Mouse (27, Increased survival and ant i -

28) body response to influenza 
after in utero exposure 

Mouse (29) In vitro suppression of 
humoral- and cell-mediated 
immune responses 

Human (30) Decreased T-lymphocyte 
proliferat ion 

Continued on next page 
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Table I . Examples of Pesticides Reported to Modulate Immunity 
(continued) 

Pesticide Species Refs. Effects 

Chlorophenoxy Compounds 

2,4-dichloro- Mouse 
phenoxyacetic 
acid (2,4-D) 

(31) Enhanced T- and B-cel l 
responses following dermal 
application 

Carbamates 

Carbofuran 

Aldicarb 

Carbaryl 

Rabbi
Mous

9) Ŝ  typhimurium 

Mouse (32) Decreased humoral immune 
response 

Human (13) Increased in vitro responses 
to Candida antigen, increased 
suppressor cells and 
decreased helper/suppressor 
ce l l ratio 

Human (20) Decreased T-lymphocyte 
proliferation in vitro 

Mouse (34) Increased serum immuno
globulin levels 

Organotins 

Triphenyltin 
hydroxide 
(TPTH) 

Tributyl t in 
oxide (TBTO) 

Rat 

Rat 

Additives and Contaminants 

Butoxide 

Dicresyl 

Human 

Rat 

(35) Reduced DTH, decreased T-ce l l 
response 

(36) Reduced cell-mediated, 
natural k i l l e r c e l l , and 
macrophage responses and 
decreased resistance to 
T. spiral is 

(20) Decreased T-lymphocyte 
proliferation 

(37) Decreased resistance to 
E. co l i and S. aureus 
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confined to two of the four hypersensitivity responses as defined by 
Coombs and Gell (51)—namely, delayed-type (contact) and immediate 
hypersensitivity. Contact hypersensitivity is a T-lymphocyte 
mediated inflammatory response, the cutaneous c l in i ca l manifestation 
of which is a l lergic contact dermatitis. Immediate hypersensitivity 
is mediated primarily by IgE antibodies and mast ce l l s , with c l i n i c a l 
manifestations including al lergic r h i n i t i s , asthma, and (in rare 
instances), systemic anaphylaxis. Both hypersensitivity responses 
require i n i t i a l exposure to an allergen (sensitization) to induce the 
immune response. A subsequent (challenge) exposure then e l i c i t s the 
c l i n i c a l manifestations (52). 

A monograph on contact hypersensitivity (8) l i s t s over 40 
pesticides of various chemical cLasses which have been implicated by 
case reports as causal agents of contact dermatitis in humans. Other 
pesticides not included in Cronin's l i s t have also been reported to 
cause contact dermatitis episodes (53-55). In spite of the large 
number of such case reports  the incidence of documented a l lergic 
contact dermatitis to an
Winter and Kurtz (56) evaluate
ing the incidence of skin rashes in California vineyard workers. 
They reported the incidence of skin rash as 24 per 1,000 workers per 
year, a figure considerably higher than the reported incidences for 
the general (2.1 per 1000) or agricultural work force (8.6 per 1000). 
Despite this high incidence, the authors report l i t t l e correlation 
with any pesticide exposure. Most skin rashes were associated with 
exposure to high temperatures during thinning and harvesting opera
tions. Several investigators, however, have speculated that the 
actual occurrence of contact dermatitis is greater than the reported 
incidence (8, 57, 58). This may be due to the isolated nature of 
agricultural work (especially migrant workers), exposure to numerous 
chemicals, and lack of diagnostic follow-up. 

Reports that pesticide exposure causes the development of 
immediate a l lergic reactions such as r h i n i t i s , asthma, or anaphylaxis 
are also d i f f i cu l t to confirm. Many patients with underlying 
al lergic disease present with exacerbated symptoms following exposure 
to pesticides. Most investigators, however, consider such reactions 
i rr i ta t ive rather than a l lerg ic , although isolated case reports (59) 
suggest that a l lergic reactions to organophosphate pesticides do 
occur. 

Autoimmunity. Autoimmune diseases are disorders of immune regulation 
in which several different factors (e.g. v i r a l , genetic, hormonal, 
environmental) may each play a role . Autoimmune diseases may belong 
to any of the four Coombs and Gell classifications of hypersensi
t i v i t y and include the production of autoantibodies, destructive 
inflammatory ce l l inf i l trates in various organs, and deposition of 
immune complexes in vascular beds. Chemically induced autoimmunity 
may result from any of several possible mechanisms. These include 
the alteration or release of autoantigens, or the cross-reaction of 
the chemical with autoantigens, or alternatively a direct effect on 
the immune system via lymphocytes or macrophages (60). 

Pesticide-induced disorders resembling autoimmunity have been 
reported but are rare. The presence of ant i -die ldrin IgG antibody in 
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serum and coating red ce l l membranes was demonstrated in an i n d i v i 
dual with immunohemolytic anemia as reported by Hamilton et a l . (61 ). 
In other cases of pesticide exposure, general toxicity—rather than 
an autoimmune process—may have been responsible for several reports 
of aplastic anemia in humans (62-64). However, the presence of ant i 
bodies in experimental animals exposed to DDT or malathion conjugates 
(65) suggests that similar immunopathologic responses predisposing to 
autoimmunity might occur in man. Whereas current mammalian toxi
cology data requirements for pesticide registration should allow the 
detection of autoimmune-related hematological disorders and certain 
organ-specific changes, other autoimmune responses may be undetected. 
Furthermore, laboratory animal model systems for autoimmunity are not 
currently well-developed. 

Specific Issues Surrounding Pesticide-Induced Immunomodulation 

Testing Methodologies Used  There have been legal challenges based 
on the assumption that exposur
chemicals produces immunologi
c r i t e r i a for comparing immune function in normal and chemically 
exposed individuals, the potential exists for misuse or misinter
pretation of immunological data at these proceedings (62). The com
plex interactions among the various cel ls and tissues of the immune 
system are advantageous to the host but confound studies assessing 
the impact of pesticides on the immune system. To maximize testing 
accuracy and the ab i l i ty to make meaningful risk assessment deci
sions, one must evaluate the immune system at a variety of different 
levels . 

In experimental animals, several comprehensive approaches for 
immunotoxicity assessment have been proposed (68, 69). One generally 
accepted approach advocates using a systematic, tiered assessment in 
normal, healthy, young adult animals (69). The f i r s t t ier of assays 
provides a screening mechanism for identifying potential immuno
modulatory compounds. The methods focus on evaluating relevant 
pathological, hematological, and anatomical parameters associated 
with the immune system in addition to limited B- and T-ce l l function 
tests (e .g . , antibody plaque forming ce l l assays, mixed lymphocyte 
culture response). The second t ier provides information concerning 
the biological significance of effects observed in the f irs t t ier as 
well as elucidating the cel lular or molecular mechanism of action of 
the compound. This can be accomplished using in vivo host resistance 
models in which animals are challenged with infectious agents or 
transplantable tumor cel ls or more specific in vitro immune function 
assays. 

In the case of hypersensitivity testing, a number of guinea pig 
test methods are widely used for predicting contact al lergenicity in 
humans exposed to pesticides or to other chemicals. A description of 
these tests and their usefulness in predicting human contact hyper
sensit ivity incidence has been reviewed by Andersen and Maibach (70). 
Several human patch test methods are also ut i l ized for predictive 
skin sensitization testing of chemicals or formulations (7_1). Though 
not required by regulatory agencies, data from such testing are 
valuable in assessing sensitization risk to humans. 
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Public Perception of Risk. As a result of the AIDS pandemic, the 
public has become aware of the role of the immune system in host 
defense and recognizes the potential problems associated with a 
compromised immune system. Considering the limited scient i f ic 
evidence documenting immunosuppression in humans following low-level 
environmental exposure to pesticides, the laboratory observations in 
animals should be interpreted with caution and the relevance to 
humans placed in i ts proper perspective. The inabi l i ty to def in i 
t ively correlate pesticide exposure in humans with adverse health 
effects due to immunosuppression may be the result of several 
factors. A principal factor is the d i f f i cu l ty in pinpointing the 
health consequences of minor immunological perturbations resulting 
from low pesticide exposure levels. In this case, the actual level 
of human exposure may be significantly lower relative to the experi
mental animal models, making extrapolation of animal data to humans 
d i f f i cu l t or impossible. Other contributing factors could include 
the d i f f i cu l ty in defining "normal" immune status in humans, and the 
uncertainties regarding
appearance of disease. 

Status of Epidemiologic Studies. The usefulness of epidemiology in 
linking environmental exposure to pesticides or other chemicals with 
altered immune status and subsequent changes in resistance to 
diseases such as cancer remains questionable at present; see review 
(72). As stated above, var iab i l i ty among the population with respect 
to what is considered a normal immune response, the inabi l i ty to 
objectively measure immune status, and confounding factors involved 
in interpretation of these measures decrease the probability of using 
epidemiology to identify pesticides that may be responsible for caus
ing immune injury. Subtle perturbations in immune function following 
exposure to pesticides may not, in every instance, result in a rele
vant health effect. Conceivably, these changes could increase the 
likelihood of adverse immune-related health effects only during the 
brief period when they occur. On the other hand, minor health 
changes caused by alterations in immune function may nor. be detected 
in an epidemiological survey. However, current epidemiological data 
concerning exposure to some of the more toxic environmental chemicals 
do not support a strong l ink between subtle immunological perturba
tions and biological ly relevant changes in resistance to disease. In 
spite of this , i t cannot be ruled out that inherent problems asso
ciated with studies of this nature have prevented the detection of 
evidence for this l ink . 

Contact hypersensitivity accounts for a significant percentage 
of occupational adverse skin reactions and, though case reports are 
rare, is thought to be an important cause of skin reactions in 
pesticide-exposed workers (8). The epidemiological data must be 
improved, however, to confirm this association (12̂ ) since other 
causal factors may be involved (56). 

Animal-to-Human Extrapolation. Current data bases containing human 
and experimental animal data provide some interspecies correlation in 
comparisons of immune perturbations caused by exposure to pesticides 
and other chemicals. The same approaches used by toxicologists with 
other target organs for extrapolation from experimental animals to 
man are val id for the immune system. For example, the f i r s t choice 
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of an experimental animal is one in which the pesticide is absorbed, 
distributed, biotransformed, and excreted in a manner similar to man. 
The next choice for an experimental animal is one in which the 
desired endpoint can best be measured. The rodent has served as the 
principal animal model for man in delineating immune processes. 
Furthermore, the majority of compounds known to direct ly modulate the 
immune system in man do so in a fashion similar to the mouse and, 
based upon available data, also to the rat . When no information on 
pharmacokinetics of the pesticide exists for humans, i ts laboratory 
evaluation in more than one nonhuman species increases the likelihood 
of accurately predicting i ts immunotoxicological effects in humans. 

In the case of contact hypersensitivity, some d i f f i cu l ty arises 
in extrapolating from the animal sensitization test data to human 
sensitization r i sk . This is due to the fact that the published 
animal test data (primarily guinea pig maximization test results) 
generally indicate a sensitization potential far greater than the 
actual human experience would indicate  Lastly  methods for ident i
fying compounds capable
yet been validated. 

Conclusions 

The discipl ine of immunotoxicology represents a relat ively new area 
of toxicology. As a result , only a limited data base exists for 
pesticides which have been adequately examined in laboratory and 
epidemiological studies. However, based on the limited studies 
conducted in rodents, selected pesticides or their by-products can 
adversely affect the immune system through mechanisms which may 
include disruption of ce l l maturation, regulation, or cytotoxic 
processes, thus leading to altered host resistance and possible 
cancer. The animal data, along with the current knowledge about the 
pathogenesis of diseases associated with immune dysregulation, sug
gest that these and certain other pesticides (or related compounds) 
may affect the immune system in humans. With the exception of 
limited in vitro exposure studies and c l i n i c a l data demonstrating 
that certain pesticides induce hypersensitivity, no substantial 
evidence as yet exists that exposure to pesticides, either in the 
workplace or through casual contact, induces significant immune 
dysfunction in humans. 
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Chapter 7 

Dietary Inhibition of Cancer 

Diane F. Birt 

Eppley Institute for Research in Cancer, University of Nebraska Medical 
Center, 42nd Street and Dewey Avenue, Omaha, NE 68105-1065 

There is little dat
carcinogenicity by diet; however, it is anticipated 
that some of the mechanisms which will be identified 
for the interactions between nutrition and other 
dietary components will also apply to the interaction 
between dietary components and pesticides. Both 
nutrient and non-nutrient dietary factors have been 
found to modify chemical carcinogenesis. Nutrients 
generally act to alter the process of carcinogenesis 
and do not function as initiators or promoters of 
cancer. Current research on macronutrients is assess
ing the interactions between dietary fat, calories and 
fiber in cancer induction and promotion. The most 
promising leads for micronutrient inhibition of cancer 
are with vitamins A, C and Ε and with selenium. Non
-nutrient dietary factors are of particular interest 
because of negative associations between certain fruit 
and vegetable consumption and cancer rates. Examples 
of such factors include some flavonoids and terpenes. 
This paper will provide examples of how dietary 
components may function in the inhibition of cancer. 

Dietary factors have been investigated for their involvement in 
cancer etiology ever since the importance of environmental factors 
in cancer became apparent. However, an understanding of the in
volvement of dietary factors in the cancer process has developed 
very slowly. A prime reason for this slow progress is probably the 
elusive nature of the influence of diet in cancer etiology. For 
example, in comparison with the association between cigarette smok
ing and cancer, the association between diet and cancer is very 
weak. In considering different sites of cancer, dietary components 
often have conflicting effects, whereas smoking is associated with 
an increased rate of cancer at every site where it has an influence. 
However, diet is probably one of the most important means whereby 
nonsmokers can control their cancer risk. 
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108 CARCINOGENICITY AND PESTICIDES 

It is certainly reasonable to assume that dietary factors which 
have been studied for their ab i l i t y to prevent chemically-induced 
cancer may be useful in the prevention of cancer induced by pest i 
cides; however, I could not find recent studies which have explored 
the relationship between dietary factors and cancer induced by 
pesticides. The absence of this important data in the l i terature is 
probably due to the decision on the part of investigators studying 
the relationship of diet and cancer to use well-established, well-
defined models of chemical carcinogenesis for their dietary studies. 
I anticipate that diet w i l l be used to modulate pesticide carcino
genesis as our understanding of pesticides and their relationship to 
cancer expands. Furthermore, I am not aware of pesticides being 
studied as potential dietary inhibitors of cancer, although, as 
pointed out in the presentation by Dr. Gary Williams, pesticides 
such as DDT can influence the metabolism of certain carcinogens in a 
manner which would reduce the carcinogenicity of these agents. 

This chapter w i l l provide an overview of the factors which have 
been studied most extensivel
w i l l stress data in the
to the public (1,2). We w i l l begin with a discussion of the macro-
nutrients which have received the greatest attention for their po
tential for modifying cancer r i sk , dietary fat and f iber, and the 
relation of these nutrients to calorie intake. I w i l l then describe 
data suggesting that micronutrients such as vitamins A, C, and E , 
and the trace element selenium, may have some potential in the i n 
hibi t ion of cancer. F ina l ly , I w i l l present some recent data in 
support of cancer prevention by some non-nutrient components of 
fruits and vegetables. 

Dietary Fat, Fiber and Calories 

High fat diets are generally associated with an increased risk of 
cancer in people consuming such diets and an enhancement of carcino
genesis in animals fed such diets . The converse of this should also 
certainly be considered, a reduction in cancer risk in people con
suming low fat diets and an inhibit ion of cancer in animals fed low 
fat diets . In the massive compilation of data prepared by the 
National Research Council (NRC) on Diet, Nutrition and Cancer (J_), 
the number of studies showing a relationship between dietary fat and 
cancer was more impressive than the relationship between diet and 
any other nutrient. "The committee concluded that of a l l the die
tary components i t studied, the combined epidemiological and experi
mental evidence is most suggestive for a causal relationship between 
fat intake and the occurrence of cancer". 

People consuming low fat diets have been found to have lower 
rates of colon, breast, pancreas, and prostate cancer (1,2). 
Animals consuming low fat diets generally had reduced rates of 
cancers induced in the breast, colon, l i v e r , pancreas, lung and skin 
as shown in Table I [previously reviewed by B i r t , (3)] . This is 
part icularly true with diets containing fats high in W-6 fatty 
acids. Recent work indicates possible inhibit ion of cancer by W-3 
fatty acids. The primary d i f f i cu l ty in interpreting the studies of 
the effects of dietary fat on carcinogenesis is the problem of 
separating the effects of fat from the effects of calories . Diets 
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Table I . Summary of the E f f e c t s of D i e t a r y Fat on Turaorigenesis 

E f f e c t of 
h i g h ^ f a t 

S i t e Animal Agent d i e t 

Skin Mouse None (spontaneous) 
P o l y c y c l i c hydrocarbon 
U

+ 

Lung Mouse Non
Hamster Benzo(a)pyrene (BP) on f e r r i c oxide 

N-nitrosobis(2-oxopropyl)amine (BOP) 
Mammary Rat 7,12-dimethylbenz(a)anthracene 
gland Mice Spontaneous 

Rat Acetylaminofluorene (AAF) 
Rat M e t h y l n i t r o s o u r e a (MNU) + 
Rat X - i r r a d i a t i o n 

Colon Rat 1,2-dimethylhydrazine (DMH) 
Azoxymethane (AOM) 
methylazoxymethanol acetate (MAM) 
3,2'-diraethyl-A-amino-biphenyl (DMAB) 
MNU 

+ ,NE 
+ 

t,NE 

+ L i v e r Mouse None 
Rat Aminoazo dyes 
Hamster A f l a t o x i n Β (AFB) 

AAF 
A f l a t o x i n Β (AFB) 
AAF 
BOP 

Pancreas Hamster BOP + 
Rat Azaserine (AZA) 

Pro s t a t e Rat None (promoted wi t h testosterone) 
B r a i n Mouse None 
Ear duct Rat DMH NE 
Kidney Rat DMH Ε 

Hamster BOP + 

NE = no e f f e c t . Adapted from reference 3. 
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enriched i n f a t have an elevated c a l o r i c d e n s i t y . Thus, animals 
consuming these d i e t s may consume e x t r a c a l o r i e s , or they may 
u t i l i z e the c a l o r i e s consumed i n a more e f f i c i e n t manner. 

This i s important i n understanding the i n f l u e n c e of c a l o r i e s on 
cancer because i t i s w e l l known that reduced c a l o r i e i n t a k e can a l s o 
i n h i b i t carcinogenesis (3) and c a l o r i e i n take appears to be a f a c t o r 
i n human breast and colon cancer (4,5). Studies using the r a t 
mammary carcinogenesis system i n d i c a t e d that r e s t r i c t i o n of a high 
f a t d i e t to the l e v e l of energy consumption by the low f a t c o n t r o l 
r e s u l t e d i n considerable i n h i b i t i o n of tumorigenesis, suggesting 
that some of the i n f l u e n c e of d i e t a r y f a t on mammary tumorigenesis 
may be due to the i n f l u e n c e of c a l o r i e s ( 6 ) . However, recent i n v e s 
t i g a t i o n s i n my l a b o r a t o r y demonstrated that p a n c r e a t i c carcinogen
e s i s was enhanced i n hamsters fed a high f a t d i e t i r r e s p e c t i v e of 
whether d i e t s were fed at constant and s l i g h t l y r e s t r i c t e d c a l o r i c 
amounts or i n an ad l i b i t u m manner where excessive c a l o r i e s were 
consumed by the high f a t group (_7). 

D i e t a r y f i b e r ' s e f f e c t
of much debate ( 8 ) . Th
of f i b e r r e s u l t s i n reduced r i s k of colon cancer, yet data from case 
c o n t r o l s t u d i e s w i t h humans i n d i c a t e s that f i b e r consumption i s not 
s t r o n g l y a s s o c i a t e d w i t h reduced r i s k of colon cancer, and some 
st u d i e s have even shown an increased r i s k a s s o c i a t e d w i t h high f i b e r 
intakes (9)· Furthermore, data from s t u d i e s w i t h animals suggest 
that f i b e r can i n h i b i t , enhance or have no i n f l u e n c e on colon c a r 
c i n o g e n e s i s , depending upon the form of f i b e r g i v e n , when i t i s 
given r e l a t i v e to the carcinogen, and the type of d i e t i n which i t 
i s given (8). 

Vitamin and M i n e r a l I n h i b i t i o n of Cancer 

Vitamin A has been one of the most e x t e n s i v e l y s t u d i e d m i c r o n u t r i 
ents f o r the prevention of cancer (10). The n u t r i t i o n a l r o l e of 
v i t a m i n A i n c l u d e s r e g u l a t i o n of normal d i f f e r e n t i a t i o n . Cancer 
epidemiology suggested that the consumption of foods r i c h i n v i t a m i n 
A may be a s s o c i a t e d w i t h a reduced r a t e of a number of forms of 
cancer, i n c l u d i n g lung (11-14). Such r e s u l t s f u r t h e r suggest that 
v i t a m i n A or i t s precursors may be p a r t i c u l a r l y b e n e f i c i a l i n the 
prevention of lung cancer i n smokers (58). Animal i n v e s t i g a t i o n s 
have used a number of analogues of v i t a m i n A which possess reduced 
t o x i c i t y and were a n t i c i p a t e d to provide increased p r o t e c t i o n 
against cancer as w e l l as u s i ng v i t a m i n A i t s e l f . A summary of 
s t u d i e s w i t h v i t a m i n A d e f i c i e n c y i n c r e a s i n g cancer i n d u c t i o n and 
supplementation w i t h v i t a m i n A or i t s analogues ( r e t i n o i d s ) i n 
h i b i t i n g cancer i n d u c t i o n was r e c e n t l y published (10) , and the 
o v e r a l l e f f e c t s are shown i n Table I I . In g e n e r a l , vitamin A and 
analogues of v i t a m i n A were p a r t i c u l a r l y e f f e c t i v e i n preventing 
u r i n a r y bladder tumorigenesis i n a model using a nitrosamine c a r 
cinogen ( 1 5 ) , but not i n another model using a n i t r o f u r a n (16). 
Mammary gland carcinogenesis i n r a t s was i n h i b i t e d by v i t a m i n A and 
i t s analogues ( 17), but mammary tumorigenesis i n mice was not i n f l u 
enced (18). In g e n e r a l , r e t i n o i d s have shown v a r i a b l e e f f e c t s on 
tumorigenesis i n the s k i n , lung, l i v e r , c o l o n , and pancreas (10). 
More recent s t u d i e s w i t h r e t i n o i d s have assessed the p o t e n t i a l of 
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Table I I . Summary of the Influence ç f Retinoids on 
Chemical Carcinogenesis 

Site Species 
2 

Agent 
3 

Retinoid treatment Effect 3 

Skin Mice DMBA V i t . A analogues Ψ 
Mice DMBA + TPA Retinoic acid 
Mice UV l ight Retinoic Ac + 

Salivary Hamsters DMBA V i t . A def. NE 
glands DMBA 13 cis ret . Ac Ψ 

Mammary Rats DMBA Ret. acetate Ψ 
gland Rats MNU Ret. acetate + analogues Ψ gland 

Mice DMBA analogue NE 
Mice 

Forestomach Hamsters DMBA V i t . A palmitate Ψ 
Hamsters BP V i t . A palmitate Ψ 

Urinary Rats BBN V i t . A analogues Ψ 
bladder Mice BBN V i t . A + analogues Ψ 

Rats MNU 13 cis ret . Ac. Ψ 
Rats FANFT V i t . A def. 
Rats FANFT Ret. palmitate NE 

Lung Rats 3MC V i t . A def. \ 
Rats 3MC Ret. acetate NE 
Hamsters BP-Fe0 3 Retinyl acetate 

Trachea Hamsters MNU V i t . A analogues 

Liver Rats AFB V i t . A def. 
Rats DMAB Ret. acid Ψ 
Hamsters BOP V i t . A analogues + 
Rats AZA V i t . A analogues + ΝΕ 

Colon Rats AFB V i t . A def. t NE 
Rats MNNG V i t . A def. Ψ 
Rats DMH 13 cis ret . Ac Ψ 
Rats MNU V i t . A analogues \ NE 

Pancreas Hamsters BOP V i t . A analogues f NE 
Rats AZA V i t . A analogues Ψ 

References were published previously by Birt (10). 
Abbreviations are as in Table I and: DMBA « 7,12-dimethylbenz-

anthracene; TPA = 12-0-tetradecanoylphorbol-13-acetate; BBN = 
butyl(4-hydroxy)butyl-nitrosamine; FANFT = N-[4-(5-nitro-2-furyl)-2-
thiazolyl] formamide; 3MC = 3-methylcholanthrene; MNNG - N-methyl-
N'-nitro-N-nitrosoguanidine. 

Def. = deficiency; ret . Ac. » retinoic acid; NE » negative. 
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combining r e t i n o i d s w i t h other d i e t a r y agents such as selenium, 
v i t a m i n E, or v i t a m i n C which may prevent cancer. Such studies have 
had mixed r e s u l t s . For example, stud i e s by Ip i n d i c a t e d a 
p o t e n t i a t i o n of the i n h i b i t i o n of cancer i n r a t s t r e a t e d w i t h 
selenium and v i t a m i n A f o l l o w i n g carcinogen treatment (19), but 
r e s u l t s from our l a b o r a t o r y i n d i c a t e d an i n h i b i t i o n of s k i n tumori
genesis i n mice given the r e t i n o i d 4-hydroxy-retinamide but an a b l a 
t i o n of t h i s e f f e c t when selenium or selenium and v i t a m i n Ε were 
added to the d i e t ( P e l l i n g et a l . , unpublished o b s e r v a t i o n ) . 

A s c o r b i c a c i d has long been known to prevent n i t r o s a t i o n (20). 
I t i s q u i t e p o s s i b l e that d i e t a r y a s c o r b i c a c i d i s important i n 
preventing human cancer which i s caused by endogenous nitrosamine 
formation (21). There i s evidence, f o r example, that g a s t r i c cancer 
r i s k , which i s a form of cancer l i k e l y to be caused by endogenous 
nitrosamine formation under some c o n d i t i o n s , i s lower i n areas where 
the consumption of f r e s h f r u i t s and vegetables i s high (21). Animal 
i n v e s t i g a t i o n s c l e a r l y demonstrated that nitrosamine formation from 
n i t r i t e and morpholine wa
and f u r t h e r that cancer
i n h i b i t e d i n animals given a s c o r b i c a c i d (21). In a d d i t i o n , ascor
b i c a c i d has been shown to i n h i b i t cancer induced by a number of 
preformed carcinogens as reviewed p r e v i o u s l y (10) and shown i n Table 
I I I . 

Alpha-tocopherol has been shown to be u s e f u l i n the prevention 
of n i t r o s a t i o n i n non-aqueous systems (20,22). A d d i t i o n a l l y , c a r 
cinogenesis by preformed carcinogens has been i n h i b i t e d by alpha-
tocopherol, as i s shown i n Table IV. I n t e r e s t i n g l y , 7,12-dimethyl-
benz(a)anthracene (DMBA)-induced carcinogenesis i n the mammary gland 
was i n h i b i t e d only i n r a t s fed high f a t or high selenium l e v e l s w i t h 
the v i t a m i n Ε supplement (23,24). 

Selenium has been e x t e n s i v e l y studied f o r i t s a b i l i t y to 
i n h i b i t carcinogenesis (Table V ) . E p i d e m i o l o g i c a l s t u d i e s have 
suggested that elevated selenium i n the blood was a s s o c i a t e d w i t h a 
r e d u c t i o n i n cancer ra t e s at a number of s i t e s (25). I n v e s t i g a t i o n s 
using animal models have demonstrated a c o n s i s t e n t i n h i b i t i o n of 
mammary and colon carcinogenesis i n r a t s , but enhancement of c a r 
cinogenesis was reported i n the pancreas and s k i n of animals fed 
high selenium d i e t s and t r e a t e d w i t h chemical carcinogens (10,26). 
P a n c r e a t i c carcinogenesis of d u c t u l a r morphology, s i m i l a r to the 
most common forms of the human disea s e , was elevated only under 
s p e c i f i c c o n d i t i o n s , whereas pancreatic a c i n a r c e l l nodules were 
i n h i b i t e d (26,27), suggesting p o s s i b l e i n h i b i t i o n of a c i n a r pancre
a t i c tumorigenesis. Using the two-stage model of s k i n tumorigen
e s i s , we found an enhancement of s k i n tumor promotion i n mice fed 
d i e t a r y selenium supplements f o l l o w i n g a high dose of carcinogen. 
With lower doses of carcinogen no i n f l u e n c e was observed ( P e l l i n g et 
a l . , unpublished d a t a ) . 

Non-Nutrient, I n h i b i t o r s of Cancer from F r u i t s and Vegetables 

The consumption of f r u i t s and vegetables has been a s s o c i a t e d w i t h a 
r e d u c t i o n i n cancer r a t e at a number of s i t e s . Studies have r e p o r t 
ed reduced rates of g a s t r i c , colon and r e c t a l , bladder, prostate and 
breast cancer rates i n a s s o c i a t i o n w i t h c r u c i f e r o u s vegetables as 

In Carcinogenicity and Pesticides; Ragsdale, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



7. BIRT Dietary inhibition of Cancer 113 

Table III . Summary of the Influence ç f Vitamin C on Chemical 
Carcinogenesis 

Site Species Agent^ 
Vitamin C route 

(dosage) Effects 

Skin Mouse UV Diet (100 g/kg) Ψ 
Guinea pig 3M
Guinea pig 3M

Nose Hamster DEN + cigarette smoke Diet (10 g/kg) Ψ 

Trachea Hamster DEN + cigarette smoke Diet (10 g/kg) Ψ 

Lung Mouse DMN Diet (23 g/kg) Ψ 

Mammary Rat DMBA Water (2.5 g/kg) NE 

Colon Rat DMH Diet (2.5-10 g/kg) Ψ 
Rat DMH Diet (50 g/kg) + 
Mouse DMH Diet (<0.5 g/kg) Ψ 
Rat MNU Diet (2.5-10 g/kg) NE 

Kidney Rat DMH Diet (2-10 g/kg) Ψ 
Hamster estradiol Ψ 
Hamster DES Ψ 

Urinary Rat BBN Diet (50 g/kg) NE 
bladder Ascorbic acid 

BBN Diet (50 g/kg) + 
Sodium ascorbate 

MNU Diet (50 g/kg) 
Sodium ascorbate 

^References were published previously by Birt (10). 
Abbreviations are as in previous tables and: DEN = 

diethylnitrosamine; DMN = dimethylnitrosamine. 
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Table IV. Summary of the Influence yf Vitamin Ε on 
Chemical Carcinogenesis 

Site Species 
2 

Agent 
Vitamin Ε route 

(dosage) Effect 

Skin Mouse DMB

Skin Mouse DBP Diet (25-50 g/kg) NE 

Cheek pouch Hamster DMBA Oral (7 IV 2 χ wk) 
Oral (10 IV 2 χ wk) 

Ψ 
Ψ 

Forestomach Mouse DMBA Diet (10 g/kg) Ψ 

Colon Mouse 
Mouse 
Rat 

DMH 
DMH 
DMH 

Diet (0.6 g/kg) 
Diet (40 g/kg) 
V i t . E def. 

Ψ 

+ or + 

Mammary 
gland 

Rat DMBA 
DMBA 

ig (unclear) 
Diet (30 mg/kg) 

Ψ 
NE 

(low fat) 
>L 

DMBA Diet (50 mg/kg) 

Y 

(high fat) 
NE 

(low Se) 
*L 

DMBA Diet (2 g/kg) 

Y 

(high Se) 
NE 

2References were published previously by Birt (10). 
Abbreviations are as in previous tables and: DBP - 3,4,9,10-

dibenzpyrene. 
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Table V· Summary of the Influence o| Selenium 
on Chemical Carcinogenesis 

S i t e Species Agent^ E f f e c t 

Skin 
Mice 3MC 4-
Mice a-Pyrene Ψ 
Mice DMBA + TPA + 

L i v e r Rat DMAB 
Rat AAF Ψ 
Rat AFB 

Trachea Hamster MNU NE 

Lung Rat BOP Ψ 

Mammary gland Mice DMBA Ψ 
Rat DMBA Ψ 
Rat MNU Ψ 

Colon Rat DMBA Ψ 
Rat BOP Ψ 
Rat AOM Ψ 

Pancreas Hamster BOP + 

References were published p r e v i o u s l y by B i r t ( 1 0 ) · 
A b b r e v i a t i o n s are as i n previous t a b l e s . 
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reviewed previously (28). A recent case control study in China 
found an elevated rate of stomach cancer among people consuming less 
Chinese cabbage ( 2 9 ) · Animal experiments in which dried cruciferous 
vegetables are incorporated into diets have provided mixed support 
for the potential of these vegetables in cancer prevention (reviewed 
in 2 8 ) · Studies of mammary (30) and l iver (31) carcinogenesis and 
lung metastasis (32) indicated an inhibit ion; however, studies of 
skin (33), pancreas (33) and colon (34) cancer found an enhancement 
of cancer under some experimental conditions. Particular compounds 
reported to be present in or derived from those present in crucif 
erous vegetables, have been studied in recent years for their 
ab i l i t y to prevent carcinogenesis. Indole-3-carbinol has been 
extensively studied, and although there is evidence that this agent 
may be effective in inhibit ing cancer in i t i a t ion (35) i t appears 
that i t has the potential to increase cancer rates i f fed during 
tumor promotion (36). Other components of cruciferous vegetables, 
including dithiolthiones (37) and insoluble fibers (B ir t , 
unpublished results) ar

Since studies on particula
benefit in the prevention of cancer, many investigators in this area 
are studying a wide variety of natural dietary components which do 
not have known roles as essential nutrients but which have been 
identif ied in foods as potential inhibitors of cancer. In the 
limited space available here, I w i l l provide an overview of some 
selected agents and the types of studies being conducted on these 
compounds· 

Flavonoids. Flavonoids are ubiquitously distributed in vascular 
plants. Over 2000 members of the flavonoid class have been des
cribed (38). They serve many functions in the plant, including 
their act iv i t ies as potent antioxidants and metal chelators (39). 
Because of their wide distribution in plants, they are consumed in 
large quantities by people. It is estimated that we consume at 
least 1 gram (g) of plant flavonoid daily (40). L i t t l e is known 
regarding the biological effects of plant flavonoids in mammalian 
systems. An extensive survey of the mutagenicity of several 
flavonoids has been conducted and two common plant flavonoids, 
quercetin and kaempferol, were identif ied as being mutagenic (41). 
Because of this observation, quercetin, the most mutagenic of the 
two compounds, has been extensively studied for i t s carcinogenicity 
(42-47). Only one study has shown any carcinogenicity, and this 
report is suspect because other carcinogenic agents were used in the 
experiment and the yield of cancer in the quercetin group was very 
high (42). 

More recently, quercetin has been investigated for i ts a b i l i t y 
to prevent the promotion phase of carcinogenesis. Nishino et a l . 
(48) topically applied DMBA to the backs of mice and teleocidin, the 
promoter, was administered twice weekly beginning one week after 
i n i t i a t i o n . Quercetin was applied either 40 minutes before the 
teleocidin or concurrently. Potent inhibit ion of the tumor i n c i 
dence and prolongation of the latency period were observed after 
administration of the flavonoid. For example, after 20 weeks of 
promotion, an 83% reduction in the number of papillomas per mouse 
was observed. In investigations where the flavonoid was adminis-
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tered in the diet and skin tumorigenesis was investigated, no i n h i 
bit ion was reported (49). However, a recent report on mammary 
carcinogenesis induced by DMBA showed an inhibit ion with quercetin 
administered in the diet at a 1.0% level (50). 

Numerous laboratories have investigated the influence of 
flavonoids on biochemical events which respond to tumor promoters 
(51,52). For example, a well known effect of tumor promoters 
applied to the skin of mice is the induction of ornithine decar
boxylase (ODC). ODC is the rate l imiting enzyme in polyamine 
synthesis and i t s act iv i ty is elevated by agents which lead to 
ce l lu lar prol i ferat ion. Several laboratories have investigated the 
influence of flavonoids applied before or with tumor promoters on 
the induction of ODC. The promoters cause a substantial increase in 
ODC and the flavonoids quercetin, kaempferol, lu teo l in , morin, 
f i s e t in , apigenin and robinetin (49,53,54) have been shown to 
inhibit this induction to varying extents. ^ 

The influence of flavonoids on the incorporation of Ρ into 
phospholipids, another hallmar
determined. Quercetin blocke
tion in a dose responsive manner (48). F ina l ly , flavonoids were 
also effective in blocking promoter induced protein kinase C (PKC) 
induction as measured by the phosphorylation of HI histone or the 
phosphorylation of endogenous proteins ( 5 5 ) · 

Studies from this laboratory determined the influence of 
apigenin on tumor promotion by pre-treating mice with apigenin prior 
to treatment with 12-0-tetradecanoylphorbol-13-acetate (TPA) and 
preliminary results are shown in Table VI (Wei e_t a l . , unpublished 
data). A dose response inhibi t ion was observed in the incidence, 
and number of skin tumors and carcinomas were inhibited by both 
doses of apigenin. We have also determined that apigenin treatment 
inhibits the TPA-induced phosphorylation of epidermal proteins. Our 
aim is to develop a system to improve the uptake of apigenin to body 
organs and determine the influence of apigenin on tumorigenesis at 
other s i tes . 

Table VI. Inhibition of TPA-induced Promotion by Apigenin 
in SENCAR Mice Initiated with DMBA 

Apigenin 
dose 
(/imole) 

Number of 
effective 
mice 

% 
Papilloma 
incidence 

Number of 
papillomas/ 
effective 
mouse 

% 
Carcinoma 
incidence 

Number of 
carcinomas/ 
effective 
mouse 

0 30 93 7.5 53 1.3 

5 29 59 2.5 10 0.5 

20 28 39 1.8 14 0.3 

Unpublished data (Wei, H-C and B i r t , DF). Papilloma data from 29 
weeks after DMBA; carcinoma data from 40 weeks after DMBA. 
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Terpenes. Another class of compounds which holds considerable 
promise as inhibitors of cancer are the terpenes. D-liraonene, which 
is a component of citrus o i l s , is the terpene which probably has 
been studied most extensively as an inhibitor of carcinogenesis. 
Early studies reported that D-limonene, a mixture of D-limonene with 
i ts hydroperoxide, and orange o i l were similar in their ab i l i ty to 
prevent subcutaneous tumors induced by benzo(rst)pentaphene (DBP) 
(56) but that spontaneous and DBP-induced lung adenomas were reduced 
in mice fed D-limonene but not in those fed orange o i l or the hydro
peroxide of limonene. 

Studies on DMBA-induced mammary carcinogenesis in Sprague-
Dawley rats indicated that feeding diet containing 1 or 10 g/kg D-
limonene from 1 week before DMBA unt i l the end of the experiment 
resulted in decreased incidence and latency and increased regression 
of mammary tumors (57). D-limonene was most effective when adminis
tered during i n i t i a t i o n , but some inhibit ion was observed in rats 
fed D-limonene during progression (58)

A recent report o
showed impressive suppressio
ated, TPA-promoted model of skin tumorigenesis by topical applica
tion of these compounds (59). For example, application of 81 nmol 
18-a and 183~olean-12-ene-3, 323,28-triol inhibited the incidence of 
tumors by 80 and 60%, respectively, furthermore, these compounds 
also inhibited the incorporation of Ρ into phospholipids of ce l l s 
cultured with TPA as shown in Table VII. These results suggest that 
these compounds may hold particular promise for the prevention of 
c a n c e r · 

Table ^ 1 . Effects of Oleanane-Type Triterpenoids on TPA-Induced 
Pi incorporation into phospholipids of cultured cel ls 

Pi incorporation 
Cells Triterpenoid (% inhibition) 

C3HIDT1/2 I83--olean--12--ene-"36 ,23, 28-- t r i o l 50 
18a--olean-•12--ene-- 3 β , 2 3 , 28-- t r i o l 80 

Swiss 3T3 I83--olean--12--ene--33,23, 28-- t r i o l 59 
18a--olean-•12--ene--33,23, 28-- t r i o l 89 

SOURCE: Reproduced with permission from ref. 59. Copyright 1988 Cancer Research. 

Summary and Conclusions 

Dietary inhibit ion of cancer is being approached through the use of 
modifications in macronutrient intakes, micronutrient intakes and 
the consumption of non-nutrient components of diets . Current recom
mendations on dietary prevention of cancer emphasize reduction in 
the intake of fat and increased intake of fruits and vegetables. 
This chapter provides an overview of the type of data being col lect 
ed in support of these recommendations and the approach being taken 
to further our understanding of this area. In general, dietary 
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modification of cancer emphasizes inhibit ion of the later stages of 
the cancer process. It is assumed that we cannot avoid conditions 
which w i l l possibly result in the in i t i a t i on events of cancer. 
These events are caused by such a wide range of agents that i t w i l l 
probably not be possible to devise a diet which would prevent the 
in i t i a t ing event. Thus, dietary modification w i l l be most useful in 
preventing the development of tumors from ini t iated ce l l s . It is 
hoped that the types of dietary modifications being studied w i l l be 
applicable for the prevention of cancers potentially caused by 
pesticides as well as by other agents. 
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Chapter 8 

Impact of Chemical Interactions 
on the Development of Cancer 

Harihara M. Mehendale 

Department of Pharmacology and Toxicology, University of Mississippi 
Medical Center, 2500 North State Street, Jackson, MS 39216-4505 

Relatively few toxic chemical interactions of car
cinogenic consequence involving pesticide chemicals 
have been studied. Such interactions may result 
in a decreased, unaltered, or increased risk of 
cancer and all interactions are of interest in risk 
assessment. Decreased risk of cancer may be asso
ciated with increased mortality due to potentiated 
toxicity or due to the altered toxicokinetics of the 
carcinogen, resulting in an overall increase in 
risk. An increased risk of cancer may be evident in 
the form of increased incidence or severity, and may 
involve the same target organ or new target t i s 
sues. Examples of the types of interactions in
clude co-carcinogenicity, promotion or potentiation 
of cancer involving genotoxic or epigenetic mech
anisms. Understanding the underlying mechanisms 
is essential to developing strategies for predic
tion of notorious interactions as well as minimiz
ing the risks to public health. 

There is a significant and growing interest in the toxicology of 
exposure to combinations of chemicals (1-15). Human and animal 
populations are simultaneously or sequentially exposed to pure 
single- or multiple-component chemicals such as formulations. 
Even i f one considers a single-component chemical, the 
toxicological considerations are usually compounded by exposures 
to one or more other toxic chemicals in our environment (4). 
The most potent interaction of toxicological significance 
reported to date involves two known animal carcinogens (2). 
Whether this interaction between chlordecone and CCl4 results in 
amplified carcinogenicity has not been tested. The interaction 
represents a sequential exposure to a halogenated pesticide, 
chlordecone and a haloalkane, both at individually nontoxic 
doses (10). 

0097-6156/89/0414-0122$06.00/0 
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The primary objective of this chapter is to consider how 
other chemicals may influence carcinogenic response of pesticide 
chemicals. However, a broader consideration of how pest ic idal 
compounds may affect the outcome of the response to a known 
carcinogen is also of significant interest. Therefore, a 
general discussion of how the presence of pest ic idal compounds 
may affect the outcome of carcinogenic response regardless of 
the compound or agent in i t i a t ing the response w i l l be 
worthwhile. From the public health point of view, of primary 
interest are those interactions, which increase carcinogenicity. 
In the interest of unravelling the underlying mechanisms, 
interactions with pesticides or other chemicals resulting in 
unaltered or even decreased carcinogenic responses must also be 
studied. 

Mechanisms of Interactions 

Chemical agents enhanc
variety of mechamisms (Tabl
carcinogen ava i lab i l i ty , bioactivation, reactive interactions, 
depletion of cytoprotective ce l lu lar nucleophiles, and 
elimination processes. 

Table I. Mechanisms by which chemicals may alter 
carcinogenic response 

I. Carcinodynamic Modulation 

Altered b ioavai labi l i ty 
Altered bioactivation 
Depletion of protective nucleophiles 

II . Physiological modulation of the target 

Inhibition or induction of DNA repair 
Inhibition or enhancement of ce l lu lar 

prol i ferat ion 

Since these mechanisms involve alterations in the nature and 
quantity of the utimate carcinogen at the target tissue, these 
may be considered as carcinodynamic mechanisms. Modulation of 
the target of carcinogenic response may also be brought about by 
other chemicals. These include interference with DNA repair 
mechanisms, and at the ce l lu lar level , analogous effects on 
ce l lu lar prol i ferat ion. 

A chemical agent may alter the absorption of a cancer 
causing chemical at the point of entry or at the level of 
ce l lu lar uptake, can alter carcinogenicity. An example of 
altered absorption may be found in the latency period in the 
development of subcutaneous neoplasm by the same dose of 
benzo(rst) pentaphene applied in different vehicles. The 
latency period was 16 weeks in peanut o i l , 37 weeks in 
l ipoprotein, and 62 weeks in Ringer's solution (16). Likewise, 
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in a study of gastric carcinogenesis by N-methyl-N-nitro-N-
nitrosoguanidine (17), the incidence of gastric tumors with 
olive o i l was 70%, while with saline i t was 36%. 

The carcinogenicity of genotoxic procarcinogens can be 
increased or decreased by modification of the enzyme systems 
involved in their biotransformation (18-21). Several pest ic idal 
compounds known to induce drug metabolizing enzymes of the l iver 
have been reported to influence the outcome of carcinogenic 
effect of known carcinogens (Table II) . 

Table II . Influence of Enzyme Inducers or Inhibitors on 
Carcinogenicity 

Inducer Carcinogenic Effect 
( I n c r e a s e , Î or 
Decrease.4) 

Organ Authors 

DDT Dimethyl Benz(a
anthracene

Disulfiram Ethy leneÎ 
dibromide 

Liver 
Kidney 
Splean 

Wong et al.,1982 

Toxaphene Benzo(a)pyrenei Lung Triolo et a l . , 
1982 

Carbaryl Benzo(a )pyrene î Lung Triolo et a l . , 
1982 

Dietary pretreatment with DDT decreased the incidence of mammary 
tumors induced by dimethyl benzanthracene (21). Carcinogenicity 
of ethylene dibromide has been shown (18) to be increased by 
exposure to disulfiram. Induction of lung benzo(a)pyrene 
hydroxylase by carbaryl paralleled an increase in lung tumors 
induced by benzo(a)pyrene (19). In the same experiments, 
pretreatment with toxaphene decreased the incidence of lung 
adenomas (19) and this correlated with the inhibit ion of lung 
benzo(a)pyrene hydroxylase. 

Protection against the carcinogenicity of aminoazo dyes by 
r ibof lavin (20) is due to the action of azo reductase, which 
requires r ibof lavin as a cofactor. In the case of enzyme 
induction, the f ina l outcome of carcinogenic response may depend 
on the balance between activation and inactivation reactions 
(22). The balance in the case of activation-dependent 
carcinogens is usually, but not always, in the direction of 
inactivation. The induction of the conjugating enzymes such as 
uridine diphosphate-glucuronyl transferase and glutathione 
transferase that inactivate carcinogens appears to account for 
the observed inhibit ion (23,24). The anticarcinogenic effects 
of p h é n o b a r b i t a l , an inducer of drug metabolizing enzymes, 
against a variety of genotoxic carcinogens have been described 
(25-30). Although at f i r s t , such effects may appear to be 
paradoxical because of the well known promoter effect of 
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p h é n o b a r b i t a l , one may be able to explain these observations on 
the basis of the doses and other exposure-related factors (30). 
Such factors include, the dose of in i t ia tor and promotor, and 
the sequence of administration. For example, p h é n o b a r b i t a l can 
be shown to be cocarcinogenic, anticarcinogenic or a promotor 
depending on these exposure related factors. Administation of 
p h é n o b a r b i t a l prior to 3'-melthyl-4-(dimethyl amino) -
azobenzene (3' -Me-DAB) results in the anticarcinogenic effect 
owing to the induction of enzymes which metabolize 3' -Me-DAB to 
products less l ike ly to form DNA adducts. Simultaneous 
administration of 3'-Me-DAB (100 ppm) and p h é n o b a r b i t a l (20-500 
ppm) resulted in cocarcinogenic effect. When p h é n o b a r b i t a l was 
given in the in i t ia tor - promotor sequence, the promotor effect 
was observed (30). However, such interactions are complex and 
may result in increased carcinogenicity in another organ as 
exemplified by the butylated hydroxytoluene inhibit ion of l iver 
carcinogenicity and increased bladder cancer (31). 

Inhibitors of enzyme
can reduce the effect
The influence of toxaphene in decreasing the carcinogenic 
response of benzo(a)pyrene (Table II) is due to the inhibit ion 
of pulmonary benzo(a)pyrene hydroxylase (19). In some 
situations, however, inhibit ion of metabolism increases 
carcinogenic effects (32,33). Furthermore, enzyme inhibitors 
can produce an increase of neoplasms in secondary sites , 
presumably as a consequence of increased ava i lab i l i ty of the 
carcinogen in other organs resulting from inhibit ion of 
biotransformation in the primary organ for metabolism (18,34). 

Depletion of ce l lu lar substrates involved in activation of 
carcinogens can result in inhibit ion of carcinogenicity (35-37). 
In these studies, i t was shown that acetanilide decreased the 
l iver carcinogenicity of 2-acetyl aminofluorine (2-AAF) by 
decreasing the formation of the ultimate carcinogenic 
metabolite, the sulfate ester of 2-AAF, mainly through depletion 
of the available sulfate as a result of sulfation of ρ-hydroxy 
acetanilide (36,37). 

An important effect of chemicals on carcinogen metabolism 
is the permanent alteration of enzyme systems, known as 
imprinting, which is produced by exposures to chemicals during 
the developmental period (38,39). Rats exposed to synthetic 
hormones in the neonatal period have displayed altered 
carcinogenic responses to polycyclic hydrocarbons (40,41). The 
phenomenon of imprinting may also provide an explanation for 
cervical cancer in daughters of mothers who were administered 
diethyl s t i lbesterol during pregnancy. 

Modification of reactive intermediates is another 
mechanism for alteration of carcinogenic response. A reactive 
type of carcinogen is converted to an electrophile or radical 
cation, molecular species capable of binding to ce l lu lar 
nucleophiles eventually resulting in neoplastic response. DNA 
is a c r i t i c a l target for such reactions. In addition to 
producing neoplasia, genotoxic carcinogens may be capable of 
i n f l i c t i n g other genotoxic or cytotoxic effects resulting in 
selective prol i ferat ion of in i t iated ce l l s (13,42). 
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Nongenotoxic agents may indirect ly generate reactive species 
such as activated oxygen (43,44). Any agent that competes with 
the reactive carcinogen or radical species generated in the c e l l 
might be expected to inhibit carcinogenesis. Cel lular 
nucleophiles such as those containing sulfhydryl groups have 
been suggested to act in this manner (45). Glutathione, known 
to bind reactive metabolites of carcinogens has been reported to 
inhibi t the l iver carcinogenicity of aflatoxin Bi (46). 

DNA adducts of carcinogens can be removed by DNA repair 
systems and this mechanism reduces the mutagenic or carcinogenic 
effects. The repair of certain kinds of alkylation damage in 
DNA by carcinogens appears to be inducible (47,48), although 
whether this results in reduction of carcinogenic response is 
unclear. Cocarcinogens could produce their effects by 
interfering with DNA repair. 3-Aminobenzamide known to inhibit 
processes specific for DNA repair such as poly(ADP-ribose) 
polymerase (49) has enhanced the effect of a l i ver carcinogen 
(50). 

An additive or synergisti
carcinogens in neoplasm production is defined as syncar-
cinogenesis (51,52). Two variations of this type of 
interactions are, combination or sequential syncarcinogenesis 
(Table III) . This type of interaction has been demonstrated 
with many agents affecting many organs and a variety of 
mechanisms have been invoked (13). An interesting 
syncarcinogenic effect is that produced by a genotoxic and a 
nongenotoxic carcinogen. 

Table III. Distinction Between Types of Multiple 
Exposures in Chemical Carcinogenesis 

Process Operational Mechanistic 
Characteristics Differences 

Combination Two carcinogens Both carcinogens 
syncarcinogenesis acting together genotoxic 

Cocarcinogenesis Enhancer acting 
before or together 
with carcinogen; 
or when carcinogen 
effects s t i l l 
persist 

Enhancer f a c i l i t i e s 
neoplastic; conversion 
nongenotoxic and 
noncarc inogenie 

Sequential Two carcinogens Both carcinogens 
syncarcinogenesis acting in sequence; genotoxic 

sequence reversible 

Promotion Enhancer acting Enhancer fac i l i ta tes 
after effects of neoplastic development; 
carcinogens have enhancer may also be 
been completed a carcinogen, but is 

nongenotoxic 
Adapted from reference (13) with permission. 
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The nongenotoxic l i ver carcinogen, clof ibrate, which is a 
peroxisome prol i ferator, enhances the hepatocarcinogenicity of 
previously administered diethylnitrosamine (53,54). Pest icidal 
compounds of the phenoxy acetic acid class should undergo closer 
scrutiny for this type of interaction with genotoxic 
carcinogens. Similarly, the nongenotoxic l i ver carcinogen 
methapyrilene, an antihistamine known to induce mitochondrial 
prol i ferat ion, enhances the l iver carcinogenicity of 2-AAF 
(55,56). Thus, indirect genotoxic effect postulated to be 
produced by these types of agents can be amplified as enhanced 
DNA damage produced by genotoxic carcinogens (57,58). 

The progeny of the neoplastic ce l l s can remain latent for 
long intervals (59,60), indicating the control of prol i ferat ive 
act iv i ty by host homeostatic mechanisms. Hence, agents capable 
of enhancing differentiation of neoplastic ce l l s or f a c i l i t a t i o n 
of their control by tissue factors, could inhibi t neoplastic 
development. Vitamin A and related retinoids appear to inhibi t 
carcinogenesis through
factors known to modif
inhibitors (61), nonsteroidal anti-inflammatory agents such as 
indomethacin (62), and the immune system (63). Immunosuppres
sants such as azathioprine have increased the development of 
lymphomas and leukemias (64-66). Neoplasm promotion was 
or ig inal ly defined conceptually as the encouragement of dormant 
neoplastic ce l l s to develop into growing tumors (67) and ideally 
demonstrated by a promotor substance administered after the 
carcinogen (68). The phenomenon was f i r s t established in skin 
carcinogenesis (69-71); the most extensively studied promotors 
are phorbol esters such as phorbol myristate acetate 
(tetradecanoyl phorbol acetate; TPA)(68,72,73). A variety of 
promotors for organs such as breast, colon, l i v e r , and bladder 
have been described (74,75). In addition to TPA, other 
promotors are, an anti-seizure drug p h é n o b a r b i t a l , chlorinated 
hydrocarbons such as DDT, chlordane, heptachlor, polychlorinated 
biphenyls (PCBs), TCDD, the a r t i f i c i a l sweetener saccharin, and 
antioxidant butylated hydroxy toluene (BHT). A variety of 
ce l lu lar effects have been demonstrated for promoting agents 
(76,77). Table IV presents some of these possible effects (13). 

Table IV. Mechanisms of Promotion of Carcinogenicity 

Enhanced expression of neoplasm 
Inhibited differentiation 
Stimulated ce l lu lar prol i ferat ion 
Cytotoxic effects 
Hormonal effects 
Ce l l membrane effects 
Induction of proteases 
Inhibition of intercel lular Communication 
Immunosuppression 

Adapted from reference (13) with permission. 
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Recently, a hypothesis based on inhibit ion of c e l l - t o - c e l l 
communication has received considerable attention. According to 
this concept, neoplastic ce l ls are normally restrained by 
interactions with normal cel ls and disruption of these exchanges 
would thereby release dormant neoplastic ce l ls from tissue 
constraints allowing them to proliferate according to the 
altered genome (78,79). In support of this hypothesis, a 
variety of promotors have now been shown to produce inhibit ion 
of molecular transfer in culture (78,80-85). 

It is now established that some agents with promoting 
act iv i ty w i l l increase neoplasia in the absence of in i t i a t i on 
(86,87). Promotors that enhance l iver carcinogenesis are of 
particular interest because they include a number of 
pharmaceuticals, food additives, and pesticides (88-90). 
Exogenous hormones and other hormonally active substances are 
also important in this regard (91,92). 

Progression is often referred to in a restricted sense to 
denote the change of a
a low grade to high grad
progression defined as the stepwise development of a neoplasm 
through qualitatively different stages (86) includes in i t i a t i on 
and development of neoplasms. Proposed mechanisms for the 
evolution of new c e l l types within a neoplasm include in f ide l i ty 
of DNA polymerases (94) and hybridization of normal and 
neoplastic ce l ls (95). Since these events might be subjected to 
interference by other chemicals, this provides yet another 
mechanism for chemical modulation of the ultimate carcinogenic 
response. 

Examples of Pesticides Affecting Carcinogenic Responses 

Table V l i s t s the classes of pesticides of which some members 
are known to modify the induction of cancer. Halogenated 
pesticides are by far the most widely studied in this regard. 
Examples from insecticides, fungicides, herbicides and other 
types of agrochemicals f a l l into these broad chemical classes. 

Table V. Chemical classes of Pesticides Involving 
Carcinogenic Interactions 

Organochlorines 
Carbamates 
Organophosphates 
Metals 
Others 

Some important representative carcinogens involving carcinogenic 
interactions with a number of pesticides and other chemicals are 
l i s t ed in Table VI. 
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Table VI. Pesticides and 'Other' Chemicals Involved in 
Carcinogenic Interactions 

DDT 
α-Hexach lorocyc lohexane 
Die ldrin, Heptachlor, 
Chlordane, Toxaphene 
3 -Me-4(dime thy1amino)az obenz ene 
7,12,-dimethylbenz(a)athracene 
Copper, Mercury 
Others 

Diethylnitrosamine (DENA) 
2-Acetylaminofluorine (2-AAF) 
Benzo(a)pyrene (BaP) 

Ethylnitrosourea 
Malathion 
Ni tr i t e 
Virus 

Among the organochlorine pesticides, chlorinated insecticides 
such as DDT, die ldr in , chlordane, ûr-hexachlorocyclohexane (a 
component of BHC), lindane, provide the most widely studied 
examples. Relatively few studies are available on the 
carcinogenic interactions of carbamates and organophosphates
Carbaryl and malathion
organophosphates, respectively
Organometallics containing copper and mercury represent m é t a l l o 
fungicide class of pesticides, known to be involved in 
carcinogenic interactions. 

DDT and i ts metabolites (DDE,DDD) have been shown to be 
tumorigenic in the l iver individually (96-100) and in 
combinations (96) in a number of strains of mice and rats (101). 
DDT has also been shown to promote tumorigenic responses of 2-
AAF (102) and diethylnitrosamine (103,104) in rats and 
dimethylnitrosamine (105) in mice. In rats, previously fed a 
diet containing 2-AAF, both p h é n o b a r b i t a l and DDT were shown to 
promote tumorigenesis (102). Phénobarb i ta l and DDT both 
increased early tumor incidence rate and maintained an increment 
in tumor incidence rate over other groups treated with diphenyl 
hydantoin and amobarbital. In addition, although the spectrum 
of tumor types observed ranged from highly differentiated to 
poorly differentiated in a l l treatment groups, DDT and 
p h é n o b a r b i t a l selectively increased the incidence of highly 
differentiated tumors (102). Others (103) have also shown DDT 
to promote diethylnitrosamine-induced hepatocellular carcinoma 
in rats. In the same study, the incidence of lung tumors was 
decreased by DDT. Species differences exist in the promotor 
capability of DDT. Diethylnitrosamine-induced carcinogenesis 
was not enhanced by subsequent administration of p h é n o b a r b i t a l 
or DDT in hamsters (106). 

Evidence has accumulated in support of the hypothesis 
(78,79) that DDT inhibits metabolic cooperation (84,107) thereby 
causing a loss of control on c e l l prol i ferat ion. DDT was shown 
to inhibit c e l l - t o - c e l l communication between primary cultures 
of hepatocytes and an established adult rat l i ver epi the l ia l 
c e l l , 6-thioguanine resistant strain (84). Recently, DDT was 
compared with a phorbol ester and quercetin in the same system 
and the phrobol ester and DDT were found to be synergistic 
indicating that they may act by different pathways (107). The 
well established promotor action of DDT appears to be consistent 
with i ts capacity to inhibi t c e l l - t o - c e l l communication. 
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DDT pretreatment has been reported to decrease the 
tumorigenic response of 7,12-dimethylbenz(a)anthracene (21) and 
3-methyl-4-(dimethylamino) azobenzene (30). This effect appears 
to be mediated by the enhancement of the enzyme systems 
responsible for the inactivation of the carcinogens. Other 
inducers of drug metabolizing enzymes also share this property 
(13,30). 

An interesting study involving the pesticide ethylene 
dibromide and disulfiram provides a good example of the type of 
carcinogenic interaction (18), where aldehyde dehydrogenase, an 
enzyme involved in the metabolism of ethylene dibromide may be 
inhibited by disulfiram. Ethylene dibromide is a s o i l fumigant 
nematocide, and possible adverse effects after occupational 
exposure prompted this investigation in which disulfiram was 
employed. Male and female rats were exposed to ethylene 
dibromide by inhalation (20 ppm) up to 18 months and disulfiram 
was included in the diet at 0.05%  Acetaldehyde dehydrogenase 
plays a role in the metabolis
disulfiram is a known inhibito
histopathological findings are summarized in Table VII. 

Table VII. Major Histopathological Findings in Rats Exposed to 
Ethylene Dibromide (EDB) Alone or in Combination with 
Disulfiram(DS) 

EDB EDB+DS 
Male Female Male Female 

No. of Animals Examined 46 48 48 45 
Liver 2 3 36* 32* 

hepatocellular 
tumors 

Mesentary or omentum 0 0 11* 8* 
Hemangiosarcoma 
Kidney 3 1 17* 7* 

adenoma and 
adenocarc inoma 

Thyroid 3 1 18* 18* 
f o l l i c u l a r 
epi the l ia l 
adenoma 

Mammary 25 --- 13* 
a l l tumors 

Lung 3 0 9* 2 
a l l tumors 

No. of Rats with Tumors 25 29 45* 45* 
No. of Rats with 10 8 37* 32* 
Multiple Tumors 
Adapted from reference (18) with permission 

Combined exposure resulted in decreased latency of tumori
genesis, greater incidence and tumors were found in most tissues 
in both the sexes. Mortality was also increased s ignif icantly 
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and death occurred much earl ier (18). The interaction not only 
increased the hepatocellular carcinoma, but presumably the 
inhibit ion of ethylene dibromide metabolism by disulfiram and 
possibly increased distribution to other tissues, resulted in 
increased tumor incidence at other sites as well (Table VII) . 

α -Hexachlorocyc lohexane causes hepatocellular carcinoma 
(99,108,109) and has been reported to promote the development of 
l i ver tumors from precarcinogenic tumors (110,111). The 
promoting action of this pesticide was also demonstrated with 
diethylnitrosamine-induced hepatocellular carcinoma (112). 
Schulte-Hermann and Parzell (111) have suggested that 
hexachlorocyclohexane is not a tumor in i t i a t ing carcinogen and 
that i ts tumorigenic capacity may simply be a ref lect ion of the 
promotion of "spontaneous" lesions. It exhibits speci f ic i ty for 
l i ver tumor promotion and this has come to l ight due to i ts 
fa i lure to promote dimethylbenz(a)anthracene-initiated skin 
tumors (112). 

Dieldrin, heptachlo
halogenated hydrocarbons
(105,113,114). In s imilari ty to hexachlorocyclohexane, d ie ldr in 
has also been considered to exacerbate or fac i l i ta te the 
expression of a preexisting oncogenic factor possibly of v i r a l 
or ig in (113,114). A recent report (115) indicates that d ie ldr in 
increases the susceptibi l i ty of peritoneal macrophages to mouse 
hepatitis v irus , supporting the suggestion by Tennekes et a l . 
(113) that the genetically linked carcinogenic factor might be 
of v i r a l or ig in . 

Hexachlorobenzene has been reported to be carcinogenic in 
hamsters (116). In mice, this compound enhances the 
carcinogenic response of polychlorinated terphenyls (117). 
Another fungicide, thiabendazole is also reported to enhance the 
bladder carcinogenic effect of sodium o-phenylphenate (118). 

Carbaryl, a carbamate insecticide has not been associated 
with carcinogenicity. However, the compound has been reported 
to increase the c e l l associated Varicella-Zoster virus (119). 
Virus repl ication occurred two ways. More virus was taken up by 
the ce l l s and the interferon response of the treated ce l l s was 
decreased. A dose-response study with carbaryl showed a 
decrease in v i r a l enhancement in ce l l s treated with decreasing 
carbaryl concentrations. Mice pretreated with carbaryl suffer 
subsequently from greater mortality rates when challenged with 
nonlethal doses of encephalomyocarditis virus (120). The 
organophosphate, malathion was shown to increase myelogenous 
leukemia induced by repeated administration of 7, 12-
dimethylbenz(a)anthracene (21). Animals given malathion had a 
higher mammary tumor incidence, shortened latency period, more 
tumors per rat , and more actively growing tumors (21). This 
effect is presumably due to the inhibit ion of the carcinogen 
inactivation resulting in greater tissue distribution of the 
carcinogen. 

Organometallics have been reported to increase 
carcinogenic responses of known carcinogens in several studies. 
Mercury chloride has been shown to increase the transplacentally 
induced tumors by ethyl nitrosourea (121). The latency period 
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for neurogenic tumors was shortened. Ependymomas was found only 
in progeny from rats given methyl mercury 
plus sodium n i t r i t e and ethyl urea, and the incidences of 
schwannomas of the cranial nerves were consistently higher in 
progeny from these rats. 

Piperonyl butoxide, a prototype of methylene dioxyphenyl 
synergists has been extensively tested for carcinogenicity 
(122,123) and the findings appear to be negative. 

A number of pesticides (124-127) have been examined in a 
variety of in vitro systems either alone or in combinations to 
examine their mutagenic potential . In a detailed study, 65 
pesticides were c lass i f ied into chemical structure profi les in 
accordance with the findings of batteries of in vitro 
mutagenesis assays. Three major classes were: a, those which 
cause DNA damage, gene mutation, and chromosomal effects; b, 
those causing mutation in mammalian cel ls and chromosomal 
effects; c, those causing DNA damage in eukaryotes. These 
studies w i l l not be discusse
direct ly predict carcinogeni
the qualitative and quantitative aspects of how those might be 
altered. A number of other compounds including herbicidal and 
insect ic idal carbamates, have been examined for the poss ib i l i ty 
of in vivo nitrosation after combined administration to animals 
(128-129). Although some evidence is available to suggest that 
in vivo nitrosation may occur giving rise to nitroso derivatives 
(128), the implication of these products for carcinogenic 
responses is far from clear. 

Pesticidal compounds may interact with carcinogens in a 
variety of ways. These mechanisms are l i s t ed in Table VIII. 

Table VIII. Proximal Mechanisms Involved in Carcinogenic 
Interactions of Pesticides 

Promotion: 
Init iated preneoplastic lesion is promoted by pesticides. 
Activation of preexisting factors; Oncongenes 

Ini t iat ion: 
Formation of product(s) capable of in i t i a t i on and 

promotion. 

Amplification of Haloalkane Toxicity by Chlordecone. 

An example of a pesticide shown to be carcinogenic in animal 
studies (131) potentiating the toxicity of known animal 
carcinogens such as CCl^ (132) and CHCl^ (133) has come to l ight 
(2,10). This interaction is highly unusual and the underlying 
mechanism is of significant interest. An ordinari ly nontoxic or 
subtoxic dose of haloalkane becomes highly hepatotoxic (134,135) 
by prior exposure to nontoxic levels of chlordecone (134,135). 
The remarkably amplified le thal i ty (Table IX; 2,10, 137-141) is 
unprecedented. The highly unusual aspect of the interaction is 
that mirex, a closely related structural analog does not 
potentiate haloalkane hepatotoxicity with nearly the propensity 
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displayed by chlordecone (135-137,142). The mechanism 
underlying this remarkable amplification of haloalkane toxicity 
has eluded a number of investigations (143-149). 

Table IX. Amplification of Lethal Effects of Several 
Haloalkanes by Subtoxic Dietary Levels of 

Chlordecone 

Dietary Haloalkane 48hr LD5Q 95% Decrease in 
Pretreatment ml/kg Confidence ^50 

Limits 
Female Rats 

Control c c i 4 1. 25 0.85-1.84 — 
Chlordecone 
(lOppm) 

c c i 4 0. .048* 0.03-0.07 26-fold 

Male Rats 
Control c c i 4 

Chlordecone 
(lOppm) 

c c i 4 0. .042* too low 
to calculate 

67-fold 

Phénobarb i ta l 
(225ppm) 

c c i 4 1. .7 1.2-2.3 1.6-fold 

Control BrCCl 3 0. .119 0.056-0.250 — 
Chlordecone 
(lOppm) 

BrCCl 3 0. ,027* 0.018-0.038 4.5-fold 

Control CHC13 0. ,067 0.65-0.70 — 
Chlordecone 
(lOppm) 

CHC13 0. ,16* 0.12-0.23 4.2-fold 

Mirex (lOppm) CHC13 0. ,70 0.46-1.22 No change 

Phénobarb i ta l 
(225ΌΌΠΟ 

CHC13 0. ,70 0.41-1.18 No Change 

Mechanisms such as induction of microsomal cytochrome Ρ-450 by 
chlordecone, whereby enhanced metabolic bioactivation of CC1 4 

could be invoked, and enhanced l i p i d peroxidation are inadequate 
to explain the remarkably powerful potentiation of toxicity and 
le thal i ty . Treatment with p h é n o b a r b i t a l , which results in a 3-
fold increase in the metabolism of CC1 4 is associated with a 40-
fold lesser potentiation of toxicity than prior exposure to 
chlordecone, which causes a lesser increase in the metabolism of 
CC1 4 (144,145). The extent of l i p i d peroxidation in the l iver 
tissue in the two instances is very similar. 

The overall toxicity manifested in animals receiving the 
chlordecone + CC1 4 combination is that of a massive dose of 
CC1 4 , even though an ordinari ly nontoxic dose of CC1 4 is 
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administered. A novel insight for the underlying mechanism was 
found in recent studies (2,10). Time-course histomorphometric 
studies in which l iver tissue was examined 1 to 36 hours after 
CCl^ administration revealed an answer to the question of "why 
is normally a low dose of CCl^ not toxic?" While the animals 
receiving normally nontoxic dose of CCl^ alone show limited 
hepatocellular necrosis by 6 hours, proceeding to greater injury 
after 12 hours, recovery phase ensues as revealed by greatly 
increased mitotic figures in the l iver tissue. Hepatocellular 
regeneration continues during the progressive phase of l imited 
injury u n t i l complete recovery is achieved well before 36 hours. 
During this recovery period, dead ce l l s are replaced by newly 
divided cel ls and this is also accompanied by a restoration of 
normal levels of glycogen and l i p i d . Therefore, the primary 
reason for the non-toxic nature of the low dose of CCl^ is the 
a b i l i t y of the l iver tissue to respond by hepatocellular 
regeneration followed by tissue repair. Stimulated 
hepatocellular regeneratio
administration of CCl
objectives: f i r s t , replacement of dead ce l l s with new healthy 
ce l l s ; second, the newly divided ce l l s are more resistant to the 
toxic action of CCl^. Both of these objectives are achieved by 
a single biological event of stimulated hepatocellular 
regeneration, constituting the recovery phase in i t ia ted early 
after the administration of CCl^ (2,10). 

Such regeneration and hepatic tissue repair processes are 
tota l ly suppressed in animals exposed to chlordecone prior to 
the administration of a same dose of CCl^ (150). Thus, the 
arrested hepatocellular regeneration and tissue repair play a 
key role in the uncontrollable progression and consequently, a 
remarkable potentiation of l i ver injury. These findings allow 
one to propose a novel hypothesis for the mechanism of 
chlordecone amplification of halomethane toxicity and le thal i ty . 
While limited injury is in i t ia ted by the low dose of CCl^ by 
bioactivation followed by l i p i d peroxidation, this normally 
recoverable injury is allowed to progress due to arrested 
hepatocellular regeneration and tissue repair processes. Recent 
studies designed to test this hypothesis have provided 
supporting evidence. Hepatocellular regeneration stimulated by 
par t ia l hepatectomy was unaffected by 10 ppm dietary 
chlordecone, while these animals were protected from the 
hepatotoxic and lethal actions of CCl^ i f administered at the 
time of maximal hepatocellular regeneration (150). The 
protection was abolished when CCl^ was administered upon 
cessation of hepatocellular regeneration (150-153). The 
s l ight ly increased bioactivation of CCl^ by prior exposure to 
chlordecone results in s l ight ly increased i n i t i a l injury. 
However, the primary reason for the highly amplified l iver 
injury, which culminates in greatly enhanced le thal i ty , is the 
progressive and irreversible phase of hepatotoxicity. This 
progression of hepatotoxicity is due to the suppression of the 
protective response of the l iver tissue, namely, early 
stimulation of hepatocellular regeneration. Since tissue repair 
and renovation cannot take place, injury progresses. 
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Furthermore, the a b i l i t y of the t i s s u e to overcome the i n i t i a l 
t o x i c i t y i s a l s o m i t i g a t e d by the l a c k of newly d i v i d i n g and 
r e l a t i v e l y r e s i s t a n t c e l l s . 

While the mechanistic i n q u i r y i n t o t h i s most unusual t o x i c 
i n t e r a c t i o n between two carcinogenic compounds r e s u l t i n g i n most 
severe t o x i c response of b i o l o g i c a l s i g n i f i c a n c e continues, the 
question of whether the carcinogenic response of the haloalkanes 
i s a l t e r e d by exposure to chlordecone has not been i n v e s t i g a t e d . 
Such an i n q u i r y i n f u t u r e s t u d i e s would be of i n t e r e s t s i n c e 
exposure to extremely low l e v e l s of the p e s t i c i d e and the 
haloalkanes would be r e q u i r e d to maintain s u r v i v a l of the 
animals long enough to permit d e t e c t i o n of any carc i n o g e n i c 
responses. 

In c o n c l u s i o n , i t can be s t a t e d t h a t a number of examples 
of p e s t i c i d e s a c t i n g as promotors are a v a i l a b l e . Some progress 
has a l s o been made i n understanding the mechanisms i n v o l v e d i n 
the promotion of neoplasms  There i s compelling evidence to 
suggest that c h l o r i n a t e
hexachlorocyclohexane migh
a c t i v a t e p r e e x i s t i n g carcinogenic f a c t o r s . Whether these 
compounds a c t i v a t e genetic f a c t o r s such as oncogenes or some 
v i r a l a c t i v i t y , remain to be i n v e s t i g a t e d . Carbamates represent 
one c l a s s of p e s t i c i d e s capable of forming products which have 
the p o t e n t i a l to i n i t i a t e c a rcinogenic a c t i v i t y . Whether t h i s 
i n f a c t occurs in vivo i s not e n t i r e l y c l e a r at t h i s moment. 
Unprecedented t o x i c o l o g i c a l i n t e r a c t i o n l e a d i n g to acute 
hepatotoxic response and l e t h a l i t y has been reported w i t h a 
c h l o r i n a t e d p e s t i c i d e , chlordecone and s e v e r a l haloalkanes at 
o r d i n a r i l y , i n d i v i d u a l l y subtoxic or nontoxic doses. Whether 
such an i n t e r a c t i o n a l s o leads to enhanced ca r c i n o g e n i c response 
remains to be i n v e s t i g a t e d . Future advances i n our 
understanding i n these and r e l a t e d areas w i l l undoubtedly enable 
us to evaluate p o t e n t i a l i n t e r a c t i o n s of carcinogenic r i s k 
i n v o l v i n g p e s t i c i d a l chemicals. 

Acknowledgment 

The author' s e f f o r t s were supported by the Burroughs Wellcome 
Fund and a grant from the A i r Force O f f i c e of S c i e n t i f i c 
Research, AFOSR-88-0009. The author i s the r e c i p i e n t of the 
1988 Burroughs Wellcome Toxicology Scholar Award. 

Literature Cited 

1. Yang, R.S.H. In Pesticides: Minimizing the risks; ACS 
Symposium Series, No. 336, Ragsdale, N.N., Kuhr, R. J. 
eds, American Chemical Society, Washington, D.C., 1987; 
Chap 3, 20-36. 

2. Mehendale, H. M.; Rev. Biochem. Toxicol. 1989, 10, 91-138. 
3. Sandhu, S. S., De Marini, D. Μ., Mass, M. J . , Moore, M. 

Μ., Manford, J. L. , Ed; Short-term Bioassays in the 
Analysis of Complex Environmental Mixtures V.; 
Environmental Science Series, Plenum Press, New York, NY, 
1987; Volume 36, pp 409. 

In Carcinogenicity and Pesticides; Ragsdale, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



136 CARCINOGENICITY AND PESTICIDES 

4. Bingham, E.; Morris, S. Fundam. Appl. Toxicol. 1988, 10. 
549-552. 

5. Scala, R. A. Fundam. Appl. Toxicol. 1988, 10, 553-562. 
6. Plaa, G. L. Fundam. Appl. Toxicol. 1988, 10, 563-570. 
7. Lewtas, J . Fundam. Appl. Toxicol. 1988, 10, 571-589. 
8. Carter, W. H. , Jr.; Carchman, R. A. Fundam. Appl. Toxicol. 

1988, 10, 590-595. 
9. Berndt, W. O. Fundam. Appl. Toxicol. 1984, 4, 293-294. 

10. Mehendale, H. M. Fundam. Appl. Toxicol. 1984, 4, 295-308. 
11. Ackerman, D. M.; Hook, J . B. Fundam. Appl. Toxicol. 1984, 

4, 390-314. 
12. Cohen, S. D. Fundam. Appl. Toxicol. 1984, 4, 315-324. 
13. Williams, G. M. Fundam. Appl. Toxicol. 1984, 4, 325-344. 
14. Sharma, R. P. Fundam. Appl. Toxicol. 1984, 345-351. 
15. Ritter, E. J . Fundam. Appl. Toxicol. 1984, 4, 352-359. 
16. Homburger, F. and Tregier, A. In Progress in Experimental 

Tumor Research: Homburger F. Ed.; Karger, New York, NY 
1969; Vol. 11, 86-99

17. Hirono, I. and Shibuyo
Carcinogenesis; Nakahara, W. Takayama, S., Sugimura, T., 
Odashima, S., Ed.; Univ. of Tokyo Press, Japan, 1972; 
121-131. 

18. Wong, L.C.K.; Winston, J . M.; Hong, C.B., Plotnick, H. 
Toxicol. Appl. Pharmacol. 1982, 63, 155-165. 

19. Triolo, A. J.; Lang, W. R.; Coon, J . M.; Lindstrom, D.; 
Herr, D. L. J . Toxicol. Env. Health 1982, 9, 637-649. 

20. Kensler, C. J.; Sugimura, K.; Young, N. F.; Halter C. R.; 
Rhoades, C. P. Science 1941, 93, 308-310. 

21. Silinskas, K. C.; Okey, Α. Β. J . Natl. Cancer Inst. 1975, 
55, 653-657. 

22. Weisburger J . H. and Williams, G. M. In Cancer Medicine: 
Holland, J . F. , Frei, F. Ed., Lea & Fabiger, Philadelphia 
1982; 2nd ed.; 42-95. 

23. Hesse, S., Jernstrom, G., Martinez, Μ., Moldeus, P., 
Christodoulides, L. and Ketterer, B. Carcinogenesis 1982, 
3, 757-760. 

24. Sparnins, V. L., Venegas, P. L . , and Wattenburg, L. W. J . 
Natl. Cancer Inst. 1982, 68, 493-496. 

25. Ishidate, M.; Watanabe, M.; Odasima, S. Gann Monogr. 
Cancer Res. 1967, 58, 267-281. 

26. Peraino, C.; Fry, R. J . M.; Staffeldt, E. Cancer Res. 
1971, 31, 1506-1512. 

27. McLean, Α. Ε. M.; Marshall, A. K. Br. J . Exp. Pathol. 
1971, 52, 322-329. 

28. Makiura, S.; Aoe, H.; Sugimura, S.; Haro, K.; Arai, M.; 
Ito, N. J . Natl. Cancer Inst. 1974, 53, 1253-1257. 

29. Maeura, Y . ; Weisburger, J . H.; Williams, G. M. Cancer Res. 
1984, 44, 1604-1610. 

30. Kitagawa, T. Toxicol. Pathol. 1986, 14, 309-314. 
31. Williams, G. M.; Maeura, Y . ; Weisburger, J . H. Cancer 

Lett. 1983, 19, 55-60. 
32. Kotin, P.; Falk, H. L . ; Miller A. J . Natl. Cancer Inst. 

1962, 28, 725-745. 

In Carcinogenicity and Pesticides; Ragsdale, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



8. MEHENDALE Chemical Interactions and the Development of Cancer 137 

33. Argus, M. F.; Hoch-Ligeti, C.; Arcos, J. C.; Conney, A. H. 
J. Natl. Cancer Inst. 1978, 61, 442-449. 

34. Fiala, E. S.; Weisburger, J. H.; Katayama, S.; 
Chandrasekharan, V.; Williams, G. M. Carcincogenesis 1981, 
2, 965-969. 

35. Puron, R., and Firminger, H. L. J. Natl. Cancer Inst. 
1965, 35, 29-37. 

36. Yamamoto, R. S.; Glass, R. M.; Frankel, H. H.; Weisburger, 
Ε. K.; Weisburger, J. H. Toxicol. Appl. Pharmacol. 1972, 
13, 108-117. 

37. Weisburger, J. H.; Yamamoto, R. S.; Williams, G. M.; 
Grantham, P. H.; Matsushima, T.; Weisburger Ε. K. Cancer 
Res. 1972, 32, 491-500. 

38. Einarson, K.; Gustofson, J . ; Steinberg, A. J. Biol. Chem. 
1973, 248, 4987-4997. 

39. Lucier, G. W. Environ. Health Persp. 1976, 29, 7-16. 
40. Weisburger, Ε. K.; Yamamoto R  S.; Glass  R  M.; 

Grantham, P.H.; Weisburger
685-692. 

41. Rustia, M.; Shubik, P. Cancer Res. 1979, 39, 4636-4644. 
42. Farber, E. In Molecular and Cellular Aspects of Carcinogen 

Screening Tests: Montesano, R., Barsch, H., Tomatis L. , 
Davis, W. Ed., Academic Press, New York, NY 1979; 143-151. 

43. Mason, R. P.; Chignell, C. P. Pharmacol. Rev. 1982, 33, 
1989-212. 

44. Moody, C. S.; Hassan, H. M. Proc. Natl. Acad. Sci. 1982; 
79, 2855-2859. 

45. Miller, E. C.; Miller, J. A. In Environment and Cancer. 
Twenty-fourth Annual Symposium on Fundamental Cancer. The 
University of Texas, M. D. Anderson Hospital and Tumor 
Institute, William & Wilkins, Maryland 1972; 5-39. 

46. Novi, A. M. Science 1981, 212, 541-542. 
47. Montesano, R.; Bresil, H.; Margison, G. P. Cancer Res. 

1979, 39, 1798-1802. 
48. Swenberg, J. Α.; Bendell, M.A. Billings, K. C.; 

Umbenhauer, D. R.; and Pegg, A. E. Proc. Natl. Acad. Sci. 
1982, 79, 5499-5502. 

49. Purnell, M. R. Whish, W. J. D. Biochem. J. 1980, 185, 775-
777. 

50. Takahashi, S.; Ohnishi, T.; Denda, Α.; Konishi, Y. Chem-
Biol. Interact. 1982, 39, 363-368. 

51. Nakahara, W. In Chemical Tumor Problems. Nakahara, W. Ed.; 
Japanese Society for Promotion of Science, Tokyo 1970; 
287-330. 

52. Schmahl, D. Arch. Toxicol. (Suppl.) 1980, 49, 29-40. 
53. Reddy, J. K.; Rao, M. S. Br. J. Cancer 1978, 38, 537-543. 
54. Mochizuki, Y.; Furukawa, K.; Sawada, N. Carcinogenesis 

1982, 3, 1027-1029. 
55. Furuya, K.; Williams, G. M. Toxicol. Appl. Pharmacol. 

1984, 74, 63-67. 
56. Furuya, K.; Mori, H.; Williams G. M. Toxicol. Appl. 

Pharmacol. 1983, 70, 49-56. 

In Carcinogenicity and Pesticides; Ragsdale, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



138 CARCINOGENICITY AND PESTICIDES 

57. Reddy, B. S.; Cohen, L. Α.; McCoy, G. D.; Hill, P.; 
Weisburger, J. H.; Wynder E. L. Adv. Cancer Res. 1980, 32, 
237-345. 

58. Rexnik-Schuller, H. M.; Lijinsky, W. Arch. Toxicol. 1981, 
49, 79-83. 

59. Wheelock, E. F.; Weinhold, K. L.; Levich, J. Adv. Cancer 
Res. 1981, 34, 107-140. 

60. Sporn, M. B. In Carcinogenesis: Modifiers of 
Carcinogenesis, Slaga, T. J. Ed., Raven Press, New York, 
1980; vol. 5, 99-109. 

61. Rossman, T. G.; Trol, W. In Carcinogenesis: Modifiers of 
Chemical Carcinogenesis. Slaga, T. J. Ed., Raven Press, 
New York, 1980; Vol. 5, 73-81. 

62. Kudo, T., Narisawa, T. and Abo, S. Gann 1980, 71, 260-240. 
63. Pollard, M.; Luckett, P. H. Cancer Treat. Rep. 1980, 64, 

1323-1327. 
64. Weisburger, Ε. K  Cancer 1977  40  1935-1951
65. Mitrou, P. S. Fisher

Holtz, G. Arzneim
66. Imamura, N.; Nakano, M.; Kawase, Α.; Kawamura, Y.; Yokoro, 

K. Gann 1973, 64, 493-498. 
67. Berenblum, I. In Carcinogenesis as a Biological Problem. 

Neuberger, Α., Tatum, E. L. Ed., Amer. Elsevier, New York, 
1974. 

68. Boutwell, R. K. CRC Crit. Rev. Toxicol. 1974, 2, 419-433. 
69. Twort, S. M.; Twort, C. C. Amer. J. Cancer 1939; 35, 80-

85. 
70. Rous, P., Kidd, J. G. J. Exp. Med. 1941, 73, 365-390. 
71. Berenblum, I. Cancer Res. 1941, 1, 807-814. 
72. Hecker, E. In Carcinogenesis: A Comprehensive Survey. 

Slaga, T. J., Sivak, Α., Boutwell, R. K. Ed., Raven Press, 
New York 1978, Vol. 2, 11-48. 

73. Diamond, L.; O'Brien, T. G.; Baird, W. M. In Advances in 
Cancer Research. Klein, G., Weinhouse, S. Ed.; Academic 
Press, New York 1980; Vol 32, 1-74. 

74. Slaga, T. J.; Sivak, Α.; Boutwell, R. K.; Ed., In 
Carcinogenesis: A Comprehensive Survey. Raven Press, New 
York, 1978; Vol. 2, 11-48. 

75. Hecker, E.; Fuseng, Ν. E.; Kunz, W.; Marks, F.; Thielmann, 
H. W., Ed.; Cocarcinogenesis and Biological Effects of 
Tumor Promotors. Raven Press, New York, 1982. 

76. Weinstein, I. B.; Yamasaki, H.; Wigler, M.; Lee, L. S.; 
Fisher, P. Β., Jeffrey, Α. Μ., and Grunberger, D. In 
Carcinogenesis, Identification and Mechanisms of Action. 
Griffen, A. C., Shaw, C. R. Ed., Raven Press, New York, 
1979; 399-418. 

77. Colburn, Ν. H. In Carcinogenesis. Modifiers of Chemical 
Carcinogenesis, Slaga, T. J. Ed.; Raven Press, New York, 
1980; 36-56. 

78. Trosko, J. E.; Yotti, L. P.; Dawson, B.; and Chang, C. C. 
In Short Term Tests for Chemical Carcinogenesis, Stich, H. 
F., San, R. H. C. Ed., Springer-Verlag, New York, 1981; 
420-427. 

79. Williams, G. M. Food Cosm. Toxicol. 1981, 19, 577-583. 

In Carcinogenicity and Pesticides; Ragsdale, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



8. MEHENDALE Chemical Interactions and the Development of Cancer 

80. Murray, A. W.; Fitzgerald, D. J. Biochem. Biophys. Res. 
Commun. 1979; 91, 385-401. 

81. Yotti, L. P.; Chang, C. C.; Trosco, J. E. Science 1979, 
220. 1089-1091. 

82. Umeda, M.; Noda, Κ.; Ono, T. Gann 1980, 71, 614-620. 
83. Williams, G. M. Ann. Ν. Y. Acad. Sci. 1980, 349, 273-282. 
84. Williams, G. M.; Telang, S.; Tong, C. Cancer Lett. 1981, 

11, 339-344. 
85. Telang, S.; Tong, C.; Williams, G. M. Carcinogenesis 1982, 

3, 1175-1178. 
86. Foulds, L. Ed., Neoplastic Development. Academic Press, 

New York, 1969. 
87. Williams, G. M.; Kayayama, S.; Ohmori, T. Carcinogenesis 

1981, 2, 1111-1117. 
88. Peraino, C.; Fry, R. J. M.; Grube, D. D. In 

Carcinogenesis, A Comprehensive Survey, Slaga, T. J., 
Sivak, Α., Boutwell  R  K  Ed.  Raven Press  New York
1978, Vol. 2, 421-432

89. Pitot, H. C.; Goldsworthy
Weeks, J. In Carcinogenesis, A Comprehensive Survey, 
Slaga, T. J., Sivak, Α., Boutwell, R. K. Eds, Raven Press, 
New York, 1982; Vol 7, 85-98. 

90. Williams, G. M. Environ. Health Persp. 1983; 50, 177-183. 
91. Williams, G. M. Lab. Inv. 1982, 46, 352-354. 
92. Yager, J. D. Jr. Environ. Health Persp. 1983, 50, 109-112. 
93. Pitot, H. C. Fundamentals of Oncology, Decker, New York, 

NY, 1978. 
94. Springgate, C. F.; Loeb, S. A. Proc. Natl. Acad. Sci. 

1973, 70, 245-249. 
95. Goldenberg, D. M.; Pavia, R. Α.; Tsao, M. C. Nature 

(London) 1974, 250, 649-651. 
96. Tomatis, L.; Turuslov, V.; Charles, R. T.; Boicchi, M.; J. 

Natl. Cancer Inst. 1974, 52, 883-891. 
97. Innes, J. R.; Ulland, B. M.; Valerio, M. G.; et al.; L 

Natl. Cancer Inst. 1969, 42, 1101-1114. 
98. Walker, A. I.; Thorpe, E.; Stevenson, D. E. Food Cosm. 

Toxicol. 1973, 11, 415-432. 
99. Thorpe, E.; Walker, A. I. Food Cosm. Toxicol. 1973, 11, 

415-432. 
100. Turuslov, V.S.; Day, N.E.; Tomatis, L. et al.; J. Natl. 

Cancer Inst. 1973, 51, 983-997. 
101. Barbieri, O.; Rossi, L.; Cabral, J. R. P.; Leonardo, S. 

Cancer Lett. 1983, 20, 223-229. 
102. Peraino, C.; Fry, M. R. J.; Staffeldt, E.; Christopher, J. 

P. Cancer Res. 1975, 35, 2884-2890. 
103. Shivapurkar, N.; Hoover, K. L.; Poirer, L. A. 

Carcinogenesis 1986, 7, 547-550. 
104. Nishizumi, M. Gann 1979, 70, 835-837. 
105. Williams, G. M.; Numoto, S. Carcinogenesis 1984, 5, 1689-

1696. 
106. Tanaka, T.; Mori, H.; Williams, G. M. Carcinogenesis 1987, 

9, 1171-1178. 
107. Warngard, L.; Flodstorm, S.; Ljungquist, S.; Ahlborg, U. 

G. Carcinogenesis 1987, 8, 1201-1205. 

In Carcinogenicity and Pesticides; Ragsdale, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



140 CARCINOGENICITY AND PESTICIDES 

108. Nagasaki, H.; Marugami, M.; Tomi, S.; Mega, T.; Ito, N. 
Gann 1971, 62, 431-437. 

109. Nigam, S. K.; Bhat, D. K.; Karnik, A. B.; Thakore, Κ. N.; 
Arvind Babu, Κ.; Lakkad, Β. C.; Kashyap, S. Κ.; 
Chatterjee, S. Κ. J. Cancer Res. Clin. Oncol. 1981, 99, 
143-152. 

110. Schulte-Hermann, R.; Ohde, G.; Schuppler, J . ; Timmermann-
Troisiener, I. Cancer Res. 1981, 41, 2556-2562. 

111. Schulte-Hermann, R.; Parzell, W. Cancer Res. 1981, 41. 
4140-4146. 

112. Munir, Κ. M.; Rao, Κ. V.; Bhide, S. V. Carcinogenesis 
1984, 5, 479-481. 

113. Tennekes, Η. Α.; Wright A. S.; Dix, K. M.; Koeman, J. H., 
Cancer Res. 1981, 41, 3615-3620. 

114. Tennekes, H. Α.; Elder, L.; Kunz, H. W. Carcinogenesis 
1982, 80, 397-408. 

115. Krzystynik, K.; Hugo  P.; Flipo  D.; Fournier  M F
Toxicol. Appl. Pharmacol

116. Cabral, J. R. P.
Nature (London) 1977, 191.363-366. 

117. Shirai, T.; Miyata, Y.; Nakanishi, K.; Murasaki, G.; Ito. 
N. Cancer Lett. 1978, 4, 271-275. 

118. Fuji, T.; Mikuriya, H.; Kamiya, N.; Hiraga, K. Food Cosm. 
Toxicol. 1986, 24, 207-211. 

119. Abrahamsen, L. H.; Jerrkofsky, M. Appl. Env. Microbiol. 
1981, 41, 652-656. 

120. Crocker, J. R. S.; Rozee, K. R.; Ozere, R. L.; Digout, S. 
C.; Hutzinger, O. Lancet 1974, ii, 22-24. 

121. Nixon, J. E.; Koller, L. D.; Exon, J. H. J. Natl. Cancer 
Inst. 1979, 63, 1057-1063. 

122. Fuji, K.; Epstein, S. S. Oncology 1979, 36, 105-112. 
123. Borzsonyi, M.; Pinter, A. Neoplasia 1977, 24, 119-122. 
124. Degrave, N.; Chollet, M. C.; Moutcshen, J . Environ. 

Health Perso. 1985, 60, 395-398. 
125. Segall, Y.; Kimmel, E. C.; Dohn, D. R.; Casida, J. E. Mut. 

Res. 1985, 158, 61-68. 
126. Decloitre, F.; Hamon, G. Mut. Res. 1980, 79, 185-192. 
127. Garrett, Ν. E.; Stack, Η. F.; Waters, M. D. Mut. Res. 

1986, 168, 301-325. 
128. Cardy, R. H.; Renne, R. Α.; Warner, J. W.; and Cypher, R. 

L. J. Natl. Cancer Inst. 1979, 62, 569-578. 
129. Borzsonyi, M.; Pinter, Α.; Surjan, Α.; Torok, G. Cancer 

Lett. 1978, 5, 107-113. 
130. Lijinksy, W. J. Env. Toxicol. Health 1984, 13, 609-614. 
131. Cueto, C., Jr., Page, N. P., and Saffiotti, U. Roport on 

Carcinogenesis Bioassay of Technical Grade Chlordecone 
(Kepone R), Natl. Cancer Institute, DHEW Publication, NIH-

76-1278 1978; 27pp. 
132. Della-Porta, G.; Terracini, B.; Shubik, P. J. Natl. Cancer 

Inst.. 1961, 26, 855-863. 
133. National Cancer Institute. Report on carcinogenesis 

bioassy of chloroform. 1976. 
134. Curtis, L. R.; Williams, W. L.; Mehendale, H. M. Toxicol. 

Appl. Pharmacol., 1979, 51, 283-293. 

In Carcinogenicity and Pesticides; Ragsdale, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



MEHENDALE Chemical Interactions and the Development of Cancer 141 

135. Hewitt, W. R.; Miyajima, H.; Cote, M. G.; Plaa;, G. L. 
Toxicol. Appl. Pharmacol., 1979, 48, 509-527. 

136. Hewitt, L. Α.; Caille, G.; Plaa, G. L. , Can. J. Physiol. 
Pharmacol.. 1986, 64, 477-482. 

137. Purushotham, K. R.; Lockard, V. G.; Mehendale, Η. M. 
Toxicol. Pathol., 1988, 16, 27-34. 

138. Mehendale, Η. M.; Purushotham, K. R.; Lockard, V. G., Exp. 
Mol. Pathol., 1989, 51, In Press. 

139. Klingensmith, J. S.; Mehendale, Η. Μ., Toxicol. Lett., 
1982, 11, 149-154. 

140. Agarwal, A. K.; Mehendale, Η. Μ., Toxicology. 1988, 26, 
231-242. 

141. Agarwal, A. K.; Mehendale, H. M. Fundam. Appl. Toxicol. 
1982, 2, 161-167. 

142. Curtis, L. R.; Mehendale, H. M. Drug Metab. Dispos. 1980, 
8, 23-37. 

143. Davis, M. E.; Mehendale  Η  Μ.  Toxicology  1980  15  91-
103. 

144. Klingensmith, J
1983, 11, 329-334. 

145. Mehendale, H. M.; Klingensmith, J. S. Toxicol. Appl. 
Pharmacol. 1988, 93, 247-256. 

146. Hewitt, W. R.; Miyajima, H.; Cote, M. G.; Plaa, G. L. Fed. 
Proc. 1980, 39, 3118-3123. 

147. Charbonneau, M.; Ijima, M.; Cote, M. G; Plaa, G. L. 
Toxicology. 1985, 35, 95-112. 

148. Glende, Jr., Ε. Α.; Lee, P. Y. Exp. Mol. Pathol., 1985, 
42, 167-174. 

149. Dolak, J. Α.; Britton, R. S.; Glende, Jr., Ε. Α.; 
Recknagel, R. O. J. Biochem Toxicol. 1987; 2, 57-66. 

150. Bell, A. N.; young, R. Α.; Lockard, V. G.; Mehendale, H. 
M. Arch. Toxicol. 1988; 61, 392-405. 

151. Kodavanti, P. R. S.; Joshi, U. M.; Young, R. Α.; Bell, A. 
N.; Mehendale, Η. M. Arch. Toxicol. 1989, 63, In Press. 

152. Kodavanti, P. R. S.; Joshi, U. M.; Lockard, V. G.; 
Mehendale, H. M. J. Appl. Toxicol., 1989. 9, In Press. 

153. Kodavanti, P. R. S.; Joshi, U. M.; Young, R. A.; Meydrech, 
E. F.; Mehendale, Η. M. Toxicol. Pathol., 1989; 17, In 
Press. 

RECEIVED July 13, 1989 

In Carcinogenicity and Pesticides; Ragsdale, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



Chapter 9 

Biological Issues in Extrapolation 

Raymond S. H. Yang1, James Huff1, Dori R. Germolec1, Michael I. Luster1, 
Jane Ellen Simmons2, and John C. Seely3 

1National Toxicology Program, National Institute of Environmental Health 
Sciences, P.O. Box 12233, Research Triangle Park, NC 27709 

2Health Effects Research Laboratory, U.S. Environmental Protection Agency, 
Researc

3Pathco Inc., P.O. Bo

Approximately 41% (26/63) of the pesticides evaluated 
in the chronic toxicity and carcinogenicity studies of 
the National Toxicology Program (NTP) showed varying 
degrees of carcinogenicity. Since those chemicals 
nominated to the NTP for carcinogenicity studies 
usually represent a sampling of potentially "problem" 
chemicals, this ratio ( i . e . , 41%) does not implicate 
the actual percentage of carcinogenic chemicals among 
all pesticides. In general, results from epidemiologi
cal studies are of limited value in prevention and have 
been done on few pesticides. Furthermore, i t is 
impossible to conduct chronic toxicity/carcinogenicity 
studies in humans. Therefore, laboratory animals must 
be utilized as surrogates, at least for the foreseeable 
future. To assess potential risks of chemicals to 
humans, extrapolation of the findings in laboratory 
animals to possible health effects in humans is inevi
table. Several important biological issues must be 
considered in such a process; these include extrapola
tion between doses, species (including strain and sex), 
routes of administration and exposure regimens (e.g., 
intermittent vs constant rate). While there is no per
fect surrogate for humans in the evaluation of car
cinogenic potential and other toxicities of chemicals 
and other agents, rodents s t i l l represent the best 
models. Any imperfection in such a process ( i . e . , 
hazard identification and risk assessment of any given 
chemical or other agent) must be taken into con
sideration during extrapolation. The state-of-the-art 
technique or tools, such as physiologically based 
pharmacokinetics/computer modeling, should be con
sidered and utilized judiciously to minimize the 
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intrinsic imperfections in the process. The continuing 
refinement and improvement of the entire process (from 
selection of chemicals for testing, experimental design 
and conduct, interpretation and analysis of data, 
interpolation and extrapolation, to risk assessment) is 
essential as scientific advances are made in these 
areas. Other important issues related to hazard iden
tification and risk assessment include multiple chemi
cal exposure as well as multiple route exposure; these 
must be incorporated into the process as information 
and tools become available. 

In a r e c e n t review a r t i c l e U ) , the C o u n c i l on S c i e n t i f i c A f f a i r s of 
the American Medical A s s o c i a t i o n r e p o r t e d t h e i r f i n d i n g s on the 
cancer r i s k of p e s t i c i d e s i n a g r i c u l t u r a l workers. T h e i r c o n c l u s i o n s 
were: (a) The primary hazard of p e s t i c i d e exposure i s the development 
of acute t o x i c r e a c t i o n
l a t i o n of a r e l a t i v e l
f e s t e d w i t h i n minutes or hours of c o n t a c t ; (b) E p i d e m i o l o g i c a l 
s t u d i e s o f f e r o n l y l i m i t e d evidence at best t h a t p e s t i c i d e s may be 
c a r c i n o g e n i c ; (c) A l a r g e number of p e s t i c i d a l compounds have shown 
evidence of g e n o t o x i c i t y or c a r c i n o g e n i c i t y i n animal and i n v i t r o 
s c r e e n i n g t e s t s , but no p e s t i c i d e s -- except a r s e n i c and v i n y l 
c h l o r i d e (once used as an a e r o s o l p r o p e l l a n t ) have been proved 
d e f i n i t e l y t o be c a r c i n o g e n i c i n man; (d) With few e x c e p t i o n s , the 
long term (e.g., c a r c i n o g e n i c ) e f f e c t s of p e s t i c i d e s on human h e a l t h 
have been d i f f i c u l t t o d e t e c t . Perhaps the h e a l t h r i s k s are s u f 
f i c i e n t l y small t h a t they are below the power of e p i d e m i o l o g i c s t u 
d i e s t o d e t e c t . But i t i s a l s o p o s s i b l e t h a t t h e r e are very few 
e f f e c t s to humans at a l l . While a comprehensive review of the e p i d e 
m i o l o g i c s t u d i e s conducted world-wide on p e s t i c i d e s , f e r t i l i z e r s , 
and/or a g r i c u l t u r a l p r a c t i c e s (e.g., p o u l t r y , hog, d a i r y p r o d u c t i o n ) 
y i e l d e d c o n f l i c t i n g r e s u l t s , the l i m i t a t i o n s of e p i d e m i o l o g i c s t u d i e s 
were a l s o given ( l 5 as shown i n the f o l l o w i n g q u o t a t i o n . 

" E p i d e m i o l o g i c a n a l y s i s of data i n man o f t e n f a i l s to y i e l d 
c o n c l u s i v e r e s u l t s because the s i z e of the study group i s too 
small ( s t a t i s t i c a l power i s inadequate t o d e t e c t a 
d i f f e r e n c e ) , exposure data are l a c k i n g , concomitant or p r i o r 
exposures t o o t h e r known o r suspected c a r c i n o g e n s may 
i n t e r a c t with the compound(s) in q u e s t i o n and confound the 
a n a l y s i s , or a proper c o n t r o l group cannot be i d e n t i f i e d . 
Then, to o , some w e l l - d e f i n e d s t u d i e s i n d i f f e r e n t groups 
under d i f f e r e n t circumstances may y i e l d t o t a l l y c o n f l i c t i n g 
f i n d i n g s . " 
Even i f t h e r e were no such l i m i t a t i o n s , e p i d e m i o l o g i c a n a l y s i s 

i s r e t r o s p e c t i v e study; i t cannot be depended upon f o r the d e t e c t i o n 
and p r e v e n t i o n of p o t e n t i a l h e a l t h hazards to the p u b l i c . In com
p a r i s o n to e p i d e m i o l o g i c s t u d i e s , animal b i o a s s a y s are s h o r t i n dura
t i o n , r e l a t i v e l y i n e x p e n s i v e , e a s i l y perfomed under c o n t r o l l e d 
c o n d i t i o n s , and are r e l i a b l e p r e d i c t o r s f o r known human c a r c i n o g e n s . 
T h e r e f o r e , from the p o i n t o f view of i d e n t i f y i n g and p r e v e n t i n g 
p u b l i c h e a l t h hazards, animal b i o a s s a y i s an i n v a l u a b l e t o o l . 
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As of A p r i l 1989, the N a t i o n a l T o x i c o l o g y Program (NTP) and the 
N a t i o n a l Cancer I n s t i t u t e (NCI; up t o 1981), have completed c h r o n i c 
t o x i c i t y / c a r c i n o g e n i c i t y s t u d i e s on 385 chemicals (2). Of the chemi
c a l s s t u d i e d , 63 were c o n s i d e r e d p e s t i c i d e s (General or U n c l a s s i f i e d ) 
( T a b l es I and I I ) . Approximately 41% (26/63) of the p e s t i c i d e s eva-

Table I. NCI/NTP C a r c i n o g e n i c i t y Study R e s u l t s f o r P e s t i c i d e s : 
C a r c i n o g e n i c P e s t i c i d e s Under the Experimental C o n d i t i o n s 

Chemcial Name TR No. Route 
C a r c i n o g e n i c i t y R e s u l t s 
MR FR MM FM 

A l d r i n 021 Feed Ε Ε Ρ Ν 
Captan 015 Feed Ν Ν Ρ Ρ 
Chloramben 025 Feed Ν Ν Ε Ρ 
Chlordane 008 Feed Ν Ν Ρ Ρ 
C h i o r o b e n z i l a t e 075 Feed Ε Ε Ρ Ρ 
3-Chloro-2-

methylpropene 
C h l o r o t h a l o n i l 041 Feed Ρ Ρ Ν Ν 
Daminozide 083 Feed Ν Ρ Ε Ν 
l,2-Dibromo-3-

chloropropane 028 Gav Ρ Ρ Ρ Ρ 
(DBCP) 206 Inh Ρ Ρ Ρ Ρ 

1,2-Dibromoethane (EDB) 086 Gav Ρ Ρ Ρ Ρ 
210 Inh Ρ Ρ Ρ Ρ 

1,4-Dichlorobenzene 319 Gav CE NE CE CE 
1,2-Dichloropropane 263 Gav NE EE SE SE 
1,3-Dichloropropene 

(Telone II) 269 Gav CE SE IS CE D i c h l o r v o s 342 Gav SE EE SE CE 
D i c o f o l 090 Feed Ν Ν Ρ Ν 
Ethylene oxide 326 Inh CE CE 
Heptachlor 009 Feed Ν Ε Ρ Ρ 
Mirex 313 Feed CE CE 
Monuron 266 Feed CE NE NE NE 
N i t r o f e n 184 Feed Ν Ν Ρ Ρ 

026 Feed IS Ρ Ρ Ρ 
P i p e r o n y l s u l f o x i d e 124 Feed Ν Ν Ρ Ν 
S u l f a l l a t e 115 Feed Ρ Ρ Ρ Ρ 
T e t r a c h l o r o v i n p h o s 033 Feed Ν Ρ Ρ Ρ 
Toxaphene 037 Feed Ε Ε Ρ Ρ 
2 , 4 , 6 - T r i c h l o r o p h e n o l 155 Feed Ρ Ν Ρ Ρ 
T r i f l u r a l i n 034 Feed Ν Ν Ν Ρ TR = NTP T e c h n i c a l Report; Gav = Gavage; Inh = I n h a l a t i o n ; MR = Male 
r a t s ; FR = Female r a t s ; MM = Male mice; FM = Female mice 
For experiments e v a l u a t e d by the NCI o r the NTP p r i o r t o June 1983, 
r e s u l t s are r e p o r t e d as " p o s i t i v e " ( P ) , " n e g a t i v e " (N), " e q u i v o c a l " 
( E ) , or "inadequate" ( I S ) . In June 1983, the NTP adopted the use of 
" c a t e g o r i e s of evidence": two of the f i v e c a t e g o r i e s correspond t o 
p o s i t i v e r e s u l t s [ " c l e a r e v i d e n c e " (CE) and "some evidence" (SE) of 
c a r c i n o g e n i c i t y ] , one i s f o r u n c e r t a i n f i n d i n g s ["equivocal e v i d e n c e " 
( E E ) ] , one i s f o r n e g a t i v e s t u d i e s ["no evidence" (NE)], and one i s 
f o r s t u d i e s t h a t cannot be e v a l u a t e d because of major flaws 
["inadequate s t u d i e s " ( I S ) ] . 
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Table I I . NCI/NTP C a r c i n o g e n i c i t y Study R e s u l t s f o r P e s t i c i d e s : 
Non-carcinogenic P e s t i c i d e s Under the Experimental 

C o n d i t i o n s 
C a r c i n o g e n i c i t y R e s u l t s 

Chemcial Name TR No. Route MR FR MM FM 
A l d i c a r b 136 Feed Ν Ν Ν Ν 
A n i l a z i n e 104 Feed Ν Ν Ν Ν 
Azinphosmethyl 069 Feed Ε Ν Ν Ν 
Calcium cyanamide 163 Feed Ν Ν Ν Ν 
2 - C h l o r o e t h y l t r i -

methylammonium 158 Feed Ν Ν Ν Ν 
c h l o r i d e 

C h l o r o p i c r i n 065 Gav IS IS Ν Ν 
C l o n i t r a l i d 091 Feed Ν Ε IS Ν 
Coumaphos 096 Feed Ν Ν Ν Ν 
D i a z i n o n 
D i c h l o r v o s 
D i e l d r i n 021 Feed Ν Ν Ε Ν 

022 Feed Ν Ν 
1,2-Dichlorobenzene 255 Gav Ν Ν Ν Ν 
D i c h l o r o d i p h e n y l -

d i c h l o r o e t h a n e (TUE) 131 Feed Ε Ν Ν Ν 
D i c h l o r o d i p h e n y l -

t r i c h l o r o e t h a n e (DDT) 131 Feed Ν Ν Ν Ν 
D i ( p - e t h y l p h e n y l ) 

d i c h l o r o e t h a n e (DDD) 156 Feed Ν Ν Ν Ε Dimethoate 004 Feed Ν Ν Ν Ν 
D i o x a t h i o n 125 Feed Ν Ν Ν Ν 
Endosulfan 062 Feed IS Ν IS Ν 
Endrin 012 Feed Ν Ν Ν Ν 
Fen t h i o n 103 Feed Ν Ν Ε Ν 
Fluometuron 195 Feed Ν Ν Ε Ν 
Lindane 014 Feed Ν Ν Ν Ν 
Malaoxon 135 Feed Ν Ν Ν Ν 
Malathion 024 Feed Ν Ν Ν Ν 

192 Feed Ν Ν 
Methoxychlor 035 Feed Ν Ν Ν Ν 
Methyl p a r a t h i o n 157 Feed Ν Ν Ν Ν 
Mexacarbate 147 Feed Ν Ν Ν Ν 
P a r a t h i o n 070 Feed Ε Ε Ν Ν 
P e n t a c h l o r o n i t r o b e n z e n e 061 Feed Ν Ν Ν Ν 

325 Feed NE NE 
o-Phenylphenol 301 SP NE NE 
Phosphamidon 016 Feed Ε Ε Ν Ν P h o t o d i e l d r i n 017 Feed Ν Ν Ν Ν 
P i c l o r a m 023 Feed Ν Ε Ν Ν 
P i p e r o n y l butoxide 120 Feed Ν Ν Ν Ν 
Rotenone 320 Feed EE NE NE NE 
2,3,5,6-Tetrachloro-4- 114 Feed Ν Ν Ν Ν 

n i t r o a n i s o l e 
T r i p h e n y l t i n hydroxide 139 Feed Ν Ν Ν Ν 
SP = Skin p a i n t ; For a l l o t h e r a b b r e v i a t i o n s , see Table I f o o t n o t e s 
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l u a t e d showed v a r y i n g degrees of c a r c i n o g e n i c i t y i n animal s t u d i e s 
(2^; these c a r c i n o g e n i c p e s t i c i d e s and those found to be non-
c a r c i n o g e n i c i n the t e s t systems are presented i n Tables I and I I , 
r e s p e c t i v e l y . The c r i t e r i a used to determine whether a p e s t i c i d e i s 
c a r c i n o g e n i c are a c c o r d i n g t o the NTP or NCI c o n v e n t i o n ; t h a t i s : one 
or more of the f o u r experiments ( i . e . , male r a t s , female r a t s , male 
mice, female mice) showed " c l e a r evidence", "some evidence" of c a r 
c i n o g e n i c i t y , or was r u l e d t o be " p o s i t i v e " f o r c a r c i n o g e n i c i t y 
(.3,4). A c a u t i o n must be made here t h a t the percentage ( i . e . , 41%) 
f o r p e s t i c i d e s t e s t e d p o s i t i v e as c a r c i n o g e n s does not mean t h a t the 
same percentage w i l l h o l d t r u e f o r a l l p e s t i c i d e s or a l l c h e m i c a l s . 
The f a c t t h a t these chemcials were nominated to the NCI or NTP f o r 
t e s t i n g means t h e r e was concern t h a t these chemicals c o u l d be poten
t i a l l y troublesome; thus the sampling i s s l a n t e d toward p o t e n t i a l 
c a r c i n o g e n s . 

As shown i n F i g u r e 1, the primary e f f o r t s of the NTP c e n t e r on 
chemical nomination, e v a l u a t i o n of the e x i s t i n g i n f o r m a t i o n , study 
d e s i g n and conduct, dat
p r e p a r a t i o n , p u b l i c peer-review
r e p o r t s . However, the i n f o r m a t i o n presented i n the NTP T e c h n i c a l 
Report i s f r e q u e n t l y used world-wide f o r hazard i d e n t i f i c a t i o n and 
r i s k assessment, o f t e n l e a d i n g toward r e g u l a t o r y d e c i s i o n s and 
a c t i o n s . Even though the NTP i s not d i r e c t l y i n v o l v e d i n the r e g u l a 
t o r y p r o c e s s e s , the data generated at the NTP p l a y an important r o l e 
i n these p r o c e s s e s . 

NTP Nomination 

Evaluation of Existing Information 

Experimental Design 

Study Conduct and Monitoring 

Technical Report 

Regulatory 
Agencies 

Risk Assessment 

F i g u r e 1. Flow c h a r t of the f u n c t i o n s of the NTP i n the t o x i c o 
l o g i c c h a r a c t e r i z a t i o n of chemicals and i t s r o l e i n r e l a t i o n t o 
r e g u l a t o r y a g e n c i e s . 
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Once a chemical i s demonstrated to have c a r c i n o g e n i c a c t i v i t y i n 
l a b o r a t o r y r o d e n t s , e x t r a p o l a t i o n s from "animal c a r c i n o g e n " to "human 
c a r c i n o g e n " and from "high dose" ( i . e . , the dose used i n animal s t u 
d i e s ) to "low dose" ( i . e . , the dose humans are exposed t o ) are i n e v i 
t a b l e i n the r i s k assessment p r o c e s s . Many b i o l o g i c a l i s s u e s are 
a u t o m a t i c a l l y brought i n t o the l i m e l i g h t . At l e a s t some of these 
i s s u e s had been "l o c k e d i n " as e a r l y as the experimental design 
stage. Those i s s u e s most o f t e n d i s c u s s e d are s p e c i e s , s t r a i n , sex, 
dose, r o u t e , and t o some extent exposure s c e n a r i o . Though important 
i n the r i s k assessment p r o c e s s , the i s s u e s o f t o x i c o l o g i c a l i n t e r a c 
t i o n s and the h e a l t h e f f e c t s of chemical mixtures have r e c e i v e d com
p a r a t i v e l y l i t t l e a t t e n t i o n . In t h i s paper, we w i l l o n l y d i s c u s s the 
c u r r e n t thoughts on a few s e l e c t e d i s s u e s with a s p e c i a l emphasis on 
t o x i c o l o g i c a l i n t e r a c t i o n s and chemical m i x t u r e s . 
Species E x t r a p o l a t i o n 
Are r a t s and mice good model
age-old q u e s t i o n and o p i n i o n
a good model f o r humans?" Assuming t h e r e are no e t h i c a l and moral 
c o n s i d e r a t i o n s and we, as a s o c i e t y , c o u l d perform t o x i c o l o g i c a l s t u 
d i e s i n c l u d i n g c a r c i n o g e n i c i t y b i o a s s a y s i n humans, would t h e r e be 
arguments? The answer i s most l i k e l y a ye s ! , because t h e r e are so 
many environmental and l i f e s t y l e d i f f e r e n c e s (e.g., d i e t a r y pre
f e r e n c e , smoking, c o f f e e d r i n k i n g , a l c o h o l indulgence, e x e r c i s e , 
e t c . ) among i n d i v i d u a l s t h a t the outcome of the r e s u l t s may e a s i l y be 
i n f l u e n c e d . Assuming f u r t h e r t h a t we b u i l t "human cages" with exer
c i s i n g machines, f o r m u l a t e d "NIH-07 Human Chow," and comp l e t e l y e l i 
minated a l l environmental and l i f e s t y l e v a r i a b l e s , would we then be 
more comfortable? The answer i s no because t h e r e are known human 
pharmacogenetic d i f f e r e n c e s such as f a s t a c e t y l a t o r s and slow a c e t y -
l a t o r s , and other biochemical and p h y s i o l o g i c a l d i v e r s i t i e s . There 
w i l l always be arguments such as "Why d i d n ' t you use a d i f f e r e n t 
s u b p o p u l a t i o n ? " 

The p o i n t i s t h a t t h e r e i s not and w i l l never be a p e r f e c t 
system and t h a t we have t o s e t t l e f o r l e s s than p e r f e c t . The r i g h t 
q u e s t i o n t o ask then i s "Given the f a c t t h a t t h e r e i s no p e r f e c t 
system, how good are r a t s and mice as models f o r humans i n 
t o x i c o l o g y ? " Reviewing the l i t e r a t u r e r e g a r d i n g the development of 
the c a r c i n o g e n i c i t y b i o a s s a y , one f i n d s such d i s c u s s i o n as the one 
given by Shimkin (J3) who proposed a general s e t of c r i t e r i a f o r the 
s e l e c t i o n of t e s t animals i n c a r c i n o g e n i c i t y s t u d i e s : (a) a v a i l a b i l i 
t y ; (b) economy; ( c ) s e n s i t i v i t y t o c a r c i n o g e n s ; (d) s t a b l e as to 
response; (e) s i m i l a r i t y t o human i n regard to metabolism; ( f ) s i m i 
l a r i t y t o human i n regard t o pathology responses. When a l l these 
c r i t e r i a are c o n s i d e r e d r e a l i s t i c a l l y , not too many l a b o r a t o r y animal 
s p e c i e s may be used f o r c a r c i n o g e n i c i t y s t u d i e s . Other examples i n 
the l i t e r a t u r e on the s e l e c t i o n of s p e c i e s f o r c a r c i n o g e n i c i t y 
b i o a s s a y i n c l u d e Sontag (6) and Weisburger and Weisburger (_7). On 
the b a s i s of c e r t a i n c r i t e r i a , Sontag (6) suggested t h a t the o n l y 
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s p e c i e s s u i t a b l e f o r l a r g e s c a l e , long term c a r c i n o g e n i c i t y b i o a s s a y s 
are the r a t , mouse, and hamster. Weisburger and Weisburger on 
the other hand, i n d i c a t e d t h a t when s p e c i f i c q u e s t i o n s are asked of 
the b i o a s s a y r a t h e r than the simple endpoint of the i n c r e a s e s of 
neoplasms, a v a r i e t y of s p e c i e s can be used. Thus, the NTP Ad Hoc 
Panel on Chemical C a r c i n o g e n e s i s T e s t i n g and E v a l u a t i o n suggested 
examples where the s p e c i f i c r e l a t i o n s h i p o f a h i g h l y d e f i n e d g e n e t i c 
background and the i n d u c t i o n of neoplasms i n animals h a r b o r i n g few 
oncogenic v i r u s e s may l e a d t o the use of f i s h or i n s e c t s ( 8 ) . In our 
o p i n i o n , c o n s i d e r i n g the s c i e n t i f i c as well as p r a c t i c a l i s s u e s , 
l a b o r a t o r y rodents are s t i l l the best models a v a i l a b l e t o p r o v i d e 
i n f o r m a t i o n r e g a r d i n g the p o t e n t i a l t o x i c o l o g i c a l consequences of 
chemicals i n q u e s t i o n . As r e s p o n s i b l e s c i e n t i s t s i n the p u b l i c 
h e a l t h arena, we do not have the l u x u r y t o ignore the r e s u l t s from 
animal s t u d i e s even i f they are l e s s than p e r f e c t models f o r humans. 
For i n s t a n c e , i n r e c e n t y e a r s , t h e r e has been higher p r e v a l e n c e of 
f i n r o t , tumors and o t h e r l e s i o n s i n Winter Flounders caught i n the 
Boston Harbor (9). Are
from nature and c o n s i d e
on the p o l l u t i o n i n the area, or simply ignore i t on the b a s i s t h a t a 
f i s h i s not a human? 

There i s abundant debate i n the l i t e r a t u r e about the use of 
l a b o r a t o r y rodents as models f o r humans; a recent example appeared i n 
S t a t i s t i c a l S cience (10-16). Some s c i e n t i s t s c o n s i d e r e d rodents v e r y 
good s u r r o g a t e s f o r humans i n p r e d i c t i n g c a r c i n o g e n i c i t y ; f o r 
i n s t a n c e , of the known human c a r c i n o g e n s , 86% t o 100% (depending on 
the data base used) were shown t o be animal carcinogens (12,17-19). 
Others (10), a p p a r e n t l y u s i n g the same data base but o n l y the 
" s u f f i c i e n t e v i dence" c a t e g o r y as d e f i n e d by the I n t e r n a t i o n a l Agency 
f o r Research on Cancer (IARC) (18) in t h e i r c a l c u l a t i o n , c o n s i d e r e d 
rodents t o be poor models f o r humans because the concordance was poor 
(59%). At i s s u e though i s not whether or not the concordance i s 100% 
or 59% between human and animal models because even a s e l e c t e d sample 
of humans probably do not have 100% concordance with the r e s t of the 
human p o p u l a t i o n . We know l a b o r a t o r y rodents are not p e r f e c t s u r r o 
gates f o r humans but they d e f i n i t e l y p r o v i d e v a l u a b l e s c i e n t i f i c 
i n f o r m a t i o n r e g a r d i n g the i n t r i n s i c b i o l o g i c a l a c t i v i t i e s of chemi
c a l s . 

I t i s important f o r s c i e n t i s t s i n t o x i c o l o g y to r e c o g n i z e the 
i m p e r f e c t i o n of the animal b i o a s s a y s and t o t r y to c o n t i n u a l l y deve
lop b e t t e r s c i e n t i f i c methods t o minimize the d i f f e r e n c e s i n the 
e x t r a p o l a t i o n between s p e c i e s and between high and low doses. As a 
case i n p o i n t , the i n c o r p o r a t i o n i n t o the r i s k assessment process of 
p h y s i o l o g i c a l l y based pharmacokinetics/computer modeling which takes 
i n t o c o n s i d e r a t i o n p h y s i o l o g i c a l c o n s t a n t s (e.g., body s i z e , organ 
and t i s s u e volumes, blood f l o w , and v e n t i l a t i o n r a t e s ) , biochemical 
c o n s t a n t s (e.g., m e t a b o l i c c o n s t a n t s , p a r t i t i o n c o e f f i c i e n t s f o r 
blo o d , t i s s u e s and a i r ) , and m e c h a n i s t i c f a c t o r s (e.g., t a r g e t 
t i s s u e s and m e t a b o l i c pathways) of v a r i o u s s p e c i e s , i n c l u d i n g human, 
r e p r e s e n t s a major s c i e n t i f i c advance i n recent years (20). 
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The importance of c o n t i n u i n g refinement and improvement of the 
hazard i d e n t i f i c a t i o n and r i s k assessment process based on newly 
developed s c i e n t i f i c i n f o r m a t i o n may be i l l u s t r a t e d by another 
example using a p e s t i c i d e , EDB or e t h y l e n e dibromide. C r i t i c s of 
cancer r i s k assessment based on animal bioassays f r e q u e n t l y make 
r e f e r e n c e t o a paper by Ramsey et ^1_. (21). In t h a t paper (21), 
Ramsey and coworkers questioned the v a l i d i t y of the EPA's es t i m a t e of 
100% l i f e t i m e i n c i d e n c e of cancer to be expected i n humans exposed to 
a c o n c e n t r a t i o n of 0.4 ppm (3.1 mg/m3) of EDB f o r 40 y e a r s . As 
p o i n t e d out by Ramsey et _aT_. (21), the r e l i a b i l i t y of such a p r e d i c 
t i o n i s dependent upon the v a l i d i t y of the c a r c i n o g e n e s i s model 
( o n e - h i t model i n t h i s case) as well as i t s e x t r a p o l a t i o n from r a t 
b i o a s s a y data t o human p o p u l a t i o n . To t e s t these hypotheses, Ramsey 
et _a]_. (21) compared the i n c i d e n c e of cancer p r e d i c t e d by the EPA 
o n e - h i t c a r c i n o g e n i c model with t h a t observed i n a group of 156 
workers employed i n the p r o d u c t i o n of EDB. While the o n e - h i t model 
p r e d i c t e d a t o t a l of 85 tumors above the normal background i n c i d e n c e 
(2.2 tumors expected base
m o r t a l i t y r a t e s ) in t h i
r a t e of 8 tumors was observed (21). Ramsey et ^1_. concluded t h a t use 
of the o n e - h i t model appears to r e s u l t i n " h i g h l y exaggerated" r i s k 
e s t i m a t e s . T h e i r r e s u l t s and c o n c l u s i o n s have been c i t e d as evidence 
t h a t e x t r a p o l a t i o n s from animal b i o a s s a y s to human r e a l - w o r l d expo
sures are i m p l a u s i b l e . A more re c e n t attempt by H e r t z - P i c c i o t t o e t 
a l . (22), however, has p r o v i d e d counter arguments. When cancer r i s k s 
f o r EDB among the cohort of workers used by Ramsey et al_. (^1) were 
estimated by f i t t i n g s e v e r a l l i n e a r nonthreshold a d d i t i v e models t o 
data from gavage and i n h a l a t i o n animal b i o a s s a y s (22), the p r e d i c t e d 
upper bound r i s k s were w i t h i n a f a c t o r of 3 of the observed cancer 
deaths (Table I I I ) . Thus, H e r t z - P i c c i o t t o e t a]_. (22) concluded t h a t 
the p r e v i o u s o v e r e s t i m a t e of r i s k t o workers o c c u p a t i o n a l l y exposed 
t o EDB was due t o f a i l u r e t o c o n s i d e r t h e i r age at s t a r t of exposure 
when e x t r a p o l a t i n g from an animal b i o a s s a y with an e x c e e d i n g l y s h o r t 
l a t e n c y p e r i o d . In the q u o t a t i o n from H e r t z - P i c c i o t t o e t ^1_. (22) 
below, the s p i r i t of c o n t i n u i n g improvement and refinement of the 
hazard i d e n t i f i c a t i o n and r i s k assessment process i s e l e g a n t l y 
r e f l e c t e d : 

"The f i e l d of c a r c i n o g e n i c r i s k assessment i s i n i t s i n f a n c y . 
The p r i m i t i v e n e s s of methodology echoes the l a c k of a c l e a r 
t h e o r y of c a r c i n o g e n e s i s . However, the gaps i n knowledge and 
the u n c e r t a i n t i e s i n methods do not c o n s t i t u t e s u f f i c i e n t 
j u s t i f i c a t i o n f o r abandoning e f f o r t s to p r o v i d e the p u b l i c 
with p l a u s i b l e upper bounds f o r cancer r i s k s due t o e n v i r o n 
mental chemical exposures. For a l a r g e number of such expo
s u r e s , these e s t i m a t e s w i l l n e c e s s a r i l y be based on animal 
d a t a . When q u a n t i f i e d human exposure data are a v a i l a b l e and 
are r e l a t e d to cancer r i s k , these data can be u s e f u l e i t h e r 
as a b a s i s f o r e x t r a p o l a t i o n or as a standard f o r a s s e s s i n g 
the p l a u s i b i l i t y of r i s k e s t i m a t e s based on animal data 
a l o n e . " 
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Maximum T o l e r a t e d Dose (MTD) 
Si n c e q u a n t i t a t i v e r i s k e x t r a p o l a t i o n i s presented i n another 
c h a p t e r , we d i s c u s s b r i e f l y here the i s s u e of maximum t o l e r a t e d dose 
(MTD). A c t u a l l y "maximum t o l e r a t e d dose" i s a r a t h e r nebulous term 
without s p e c i f i c q u a l i f i e r s . A g e n e r a l l y accepted d e f i n i t i o n does 
not e x i s t . The d e f i n i t i o n f o r MTD, given i n one source ( 8 ) , i s 
" . . . t h i s dose i s determined by p r e c h r o n i c s t u d i e s which a i d i n the 
i d e n t i f i c a t i o n of a dose l e v e l which, when given f o r the d u r a t i o n o f 
the c h r o n i c study as the h i g h e s t dose, w i l l not impair the normal 
l o n g e v i t y of the t r e a t e d animals from e f f e c t s o ther than the induc
t i o n of neoplasms. Such dose should not cause morphologic evidence 
of t o x i c i t y i n organs o t h e r than m i l d changes such as s l i g h t 
hypertrophy or h y p e r p l a s i a , inflammation or s l i g h t changes i n serum 
enzymes..." In a second source (23), MTD i s a t t r i b u t e d t o be the 
r e s u l t of "...the s i m p l i s t i c approach of the National Cancer 
I n s t i t u t e ' s B i o a s s a y Program  which i s to conduct a 3 month range 
f i n d i n g study with enoug
weight gain s l i g h t l y , i . e .
t o l e r a t e d dose (MTD) and i s s e l e c t e d as the h i g h e s t dose." In a 
t h i r d source (24), MTD i s d e f i n e d as "...a p r e d i c t i v e dose o b t a i n e d 
from a n a l y s i s of su b c h r o n i c study doses. In the o n c o g e n i c i t y study, 
the MTD should e l i c i t t o x i c i t y without s u b s t a n t i a l l y a l t e r i n g the 
normal l i f e span of the t e s t s p e c i e s from e f f e c t s o t h e r than tumor 
f o r m a t i o n . " In t h i s c a se, i t i s of course r e a l l y an e x e r c i s e a f t e r 
the f a c t ( i . e . , a f t e r the completion of the c h r o n i c t o x i c i t y study) 
to e v a l u a t e i f the doses s e l e c t e d were re a s o n a b l e . Examples i n such 
an e v a l u a t i o n f o r determinin g a MTD i n c l u d e body and organ weight 
e f f e c t s as we l l as c l i n i c a l and anatomic pathology ( 2 4 ) . Thus, MTD 
must be c o n s i d e r e d i n the co n t e x t of the t o x i c o l o g i c a l endpoints 
measured. 

In the e s t i m a t i o n of MTD and s e t t i n g doses f o r c h r o n i c 
t o x i c i t y / c a r c i n o g e n i c i t y s t u d i e s , one o f t e n hears a d v i c e a g a i n s t 
s e l e c t i n g any dose w i t h i n the range of " s a t u r a t i o n k i n e t i c s " (or 
" n o n l i n e a r k i n e t i c s " ) . The u n d e r l y i n g reason f o r such a d v i c e i s t h a t 
we, the experimenters, should not "overwhelm" the animals' c a p a c i t y 
of h a n d l i n g chemical i n s u l t s . T h i s i s once again debate or argument 
r e s u l t i n g from nebulous terms. I f one c o n s i d e r s t h a t any t o x i c i t y o r 
t o x i c o l o g i c a l r e s p o n s e ( s ) i s a m a n i f e s t a t i o n of the d i s r u p t i o n of 
homeostasis, then somewhere i n the body t h e r e must be a system(s) 
(e.g., s i t e s of a c t i o n , t r a n s p o r t mechanisms, m e t a b o l i c pathways, 
b i n d i n g s i t e s , r e p a i r mechanisms, e t c . ) being overwhelmed. In f a c t , 
i t has been suggested t h a t t o x i c o l o g y i s n o n l i n e a r pharmacokinetics 
(25). T h e r e f o r e , at the stage of s e l e c t i n g doses f o r c h r o n i c t o x i 
c i t y s t u d i e s based on p r e c h r o n i c t o x i c i t y d ata, i t i s ve r y d i f f i c u l t 
to t a l k about n o n l i n e a r pharmacokinetics or s a t u r a t i o n k i n e t i c s 
without d e f i n i n g p r e c i s e l y what parameters are i n v o l v e d . 

As t o the debate on the use of estimated MTD i n c h r o n i c 
t o x i c i t y / c a r c i n o g e n i c i t y s t u d i e s , r e c e n t i n f o r m a t i o n may be found i n 
two l e t t e r s by Abel son (26) and McConnell ( 2 7 K Abel son suggests 
t h a t the p u b l i c has been misinformed through "a media barrage" by the 
r e s u l t s of chemical c a r c i n o g e n e s i s s t u d i e s i n animals, p a r t i c u l a r l y 
i n rodents (26). One of the c r i t i c i s m s from Abel son was the use o f 
"massive doses" ( i . e . , MTD) which, i n h i s o p i n i o n , " v a s t l y exceed 
those t o which humans are l i k e l y t o be exposed" (_26). McConnell 
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(27), on the o t h e r hand, p o i n t e d out t h a t , i n at l e a s t t h r e e impor
t a n t i n s t a n c e s ( a s b e s t o s , benzene, and 1,3-butadiene), past occupa
t i o n a l exposures are not d i f f e r e n t from the l e v e l s used i n l a b o r a t o r y 
experiments. F u r t h e r , McConnell (27) defended the use of MTD i n c a r 
c i n o g e n i c i t y s t u d i e s because animaTs are a b l e to d e t o x i f y chemicals 
much f a s t e r than humans do, and to get an e q u i v a l e n t dose to the 
t a r g e t t i s s u e i n such a case would r e q u i r e much more of the chemical 
in animals. He i l l u s t r a t e d h i s p o i n t by using c i g a r e t t e smoke as an 
example; i t takes an u n u s u a l l y high exposure of c i g a r e t t e smoke to 
cause cancer i n l a b o r a t o r y aniumals as compared to humans (27). 
McConnell asked t h a t i f c i g a r e t t e smoke were an "unknown," would one 
assume tobacco was s a f e because the dose t o animals was h i g h e r than 
the average human r e c e i v e s ? (27). 
T o x i c o l o g i c I n t e r a c t i o n s 
T o x i c o l o g i c i n t e r a c t i o n has been d e f i n e d as "a circumstance i n which 
exposure t o two or more chemical
t i t a t i v e l y a l t e r e d b i o l o g i c a
from the a c t i o n s of the s i n g l e chemicals independently. The 
mu l t i p l e - c h e m i c a l exposures may be simultaneous or s e q u e n t i a l i n 
time, and the a l t e r e d responses may be g r e a t e r or s m a l l e r i n magnitu
de" (28). While most i f not a l l of the known examples of t o x i c o l o g i c 
i n t e r a c t i o n s c o n cerning p e s t i c i d e s (29) i n v o l v e r e s p e c t i v e chemicals 
at c o n c e n t r a t i o n s f a r above l e v e l s of environmental c o n t a m i n a t i o n , 
r e c e n t f i n d i n g s have uncovered t o x i c o l o g i c i n t e r a c t i o n s at low enough 
c o n c e n t r a t i o n s t o be r e l e v a n t t o environmental p o l l u t i o n s . Table IV 
i l l u s t r a t e s an example of t o x i c o l o g i c i n t e r a c t i o n o t h e r than the 
c l a s s i c a l i n s t a n c e s of i n s e c t i c i d e synergism (e.g., p y r e t h r i n and 
p i p e r o n y l b u t o x i d e ) . K l i n g e n s m i t h and Mehendale (30) and Mehendale 
(31) r e p o r t e d p r o b a b l y the f i r s t case where a p e s t i c i d e , Kepone, at 
an e n v i r o n m e n t a l l y r e a l i s t i c l e v e l ( i . e . , 10 ppm) caused a dramatic 
i n c r e a s e ( 6 7 - f o l d ) in the acute t o x i c i t y of carbon t e t r a c h l o r i d e . 
Although t h i s s y n e r g i s t i c e f f e c t of Kepone i s r a t h e r s p e c i f i c i n t h a t 
c l o s e s t r u c t u r a l analogs such as mirex and photomirex do not share 
t h i s p r o p e r t y (_31), one wonders whether o t h e r chemical (s) or chemical 
m i x t u r e s , at e n v i r o n m e n t a l l y low l e v e l s , might cause s i m i l a r 
s y n e r g i s t i c t o x i c i t y . Indeed, the NTP has obtained some p r e l i m i n a r y 
experimental r e s u l t s (presented l a t e r ) which may shed l i g h t upon t h i s 
q u e s t i o n . 

T o x i c o l o g i c i n t e r a c t i o n s may occur i n c h r o n i c t o x i c i t y and c a r 
c i n o g e n i c i t y s t u d i e s . For i n s t a n c e , Wong and c o l l e a g u e s (32) 
demonstrated a profound enhancement of m o r t a l i t y , tumor i n c i d e n c e s 
and the s h o r t e n i n g of l a t e n c y p e r i o d f o r neoplasms of a well-known 
fumigant, EDB, by d i s u l f i r a m (antabuse) i n a c h r o n i c t o x i c i t y study. 
As shown i n Table V, the numbers and the types of tumors i n c r e a s e d 
s i g n i f i c a n t l y when EDB and d i s u l f i r a m were given t o g e t h e r . Of 
cours e , the reason f o r such a s y n e r g i s t i c e f f e c t was due to the 
i n t e r f e r e n c e of m e t a b o l i c d e g r a d a t i o n of EDB by d i s u l f i r a m (_32). The 
rel e v a n c e of t h i s study, as was the o r i g i n a l purpose f o r the i n v e s t i 
g a t i o n C32), i s the concern of the p o t e n t i a l s y n e r g i s t i c hazard f o r 
people o c c u p a t i o n a l l y exposed t o EDB (e.g., p r o d u c t i o n workers, pest 
c o n t r o l a p p l i c a t o r s ) who might be s i m u l t a n e o u s l y p a r t i c i p a t i n g i n an 
a l c o h o l c o n t r o l program using antabuse as a t h e r a p e u t i c agent. 
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T a b le IV. Enhancement of Acute T o x i c i t y of Carbon T e t r a c h l o r i d e by 
Low Level D i e t a r y Pretreatment of Kepone 

D i e t a r y Pretreatment 48-hr LD50 
(ml CC14/kg) 

Increase i n 
M o r t a l i t y 

C o n t r o l d i e t 2.8 
Kepone (10 ppm) d i e t 0.042 6 7 - f o l d 

Condensed from K l i n g e n s m i t h and Mehendale (30) and Mehendale (31) 

These examples above demonstrate y e t another area of u n c e r t a i n t y 
in the e x t r a p o l a t i o n of animal t o x i c i t y s t u d i e s to the hazard i d e n 
t i f i c a t i o n and r i s k assessment of humans. Since the data base i n 
t h i s area i s extremely l i m i t e d  p a r t i c u l a r l y at chemical con
c e n t r a t i o n s which are e n v i r o n m e n t a l l
t h i s area are u r g e n t l y needed

Table V. Major H i s t o p a t h o l o g i c a l F i n d i n g s i n Rats Exposed to EDB or 
E D B / D i s u l f i r a m (EDB+DS) in the EDB/Disulfiram 

I n t e r a c t i o n Study 
TUB EDB+DS 

Male Female Male Female 
No. of Animals Examined 46 48 4δ 45 
L i v e r h e p a t o c e l l u l a r tumors 2 3 36* 32* 
Mesentary or omentum 

hemangiosarcoma 0 0 11* 8* 
Kidney 

adenoma and adenocarcinoma 3 1 17* 7* 
T h y r o i d 

f o i l i c u l a r e p i t h e l i a l adenoma 3 1 18* 18* 
Mammary 

a l l tumors — 25 — 13* 
Lung 

a l l tumors 3 0 9* 2 
No. o f Rats with Tumor 25 29 45* 45* 
No. of Rats with 

M u l t i p l e Tumors 10 8 37* 32* 
* P<0.05 

Condensed from Wong et a l . (32). 
and EDB i n h a l a t i o n exposure was at 20 ppm. The c o n t r o l and DS alone 
groups (not shown here) had, i n g e n e r a l , v e r y low or no tumor i n c i 
dence with r e s p e c t t o these organs; the o n l y e x c e p t i o n was t h a t the 
DS alone group had s t a t i s t i c a l l y h i g h e r i n c i d e n c e i n mammary tumors 
than d i d the c o n t r o l group. 
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T o x i c o l o g y of Chemical Mixtures 
Human exposure t o c h e m i c a l s , be i t o c c u p a t i o n a l or environmental, i s 
r a r e l y l i m i t e d t o a s i n g l e c h e m i c a l . Even i n a s t r i c t l y c o n t r o l l e d 
s i t u a t i o n such as a p r o d u c t i o n p l a n t f o r a s i n g l e c h e m i c a l , the expo
sure of workers t o a v a r i e t y of other chemicals i n f o o d , d r i n k , per
sonal hygiene, e t c . i s p a r t of d a i l y l i f e . As i l l u s t r a t e d v e ry 
c l e a r l y i n a re c e n t government p u b l i c a t i o n on human h e a l t h and the 
environment (33), "...Each of us i s exposed d a i l y t o m u l t i p l e chemi
c a l substances i n our environments. The food we eat i s a complex 
mixture of chemical substances. Our d r i n k i n g water c o n t a i n s hundreds 
of c h e m i c a l s , even when i t i s obtained from a municipal 
" p u r i f i c a t i o n " f a c i l i t y . The a i r we breathe and the t h i n g s we touch 
l i k e w i s e c o n t a i n a v a r i e t y of chemicals with an almost l i m i t l e s s 
range of c o m p o s i t i o n s . Moreover, our h a b i t s and l i f e s t y l e may add 
o t h e r chemical exposures. Tobacco smoke, f o r example, c o n t a i n s 
thousands of substances. A d d i t i o n a l l y , the American p u b l i c spends 
between $4 b i l l i o n and $
s e l f - a d m i n i s t e r e d drugs

In the l a s t few y e a r s , the NTP has been i n t e r e s t e d in the t o x i 
c o l o g y of a mixture of 25 f r e q u e n t l y o c c u r r i n g groundwater con
taminants d e r i v e d from hazardous waste d i s p o s a l s i t e s . The diagram 
in F i g u r e 2 i s a summary of the p r o j e c t s completed or ongoing at the 
NTP and neighbouring i n s t i t u t e s . The genesis of such a program, the 
f o r m u l a t i o n of a 25-chemical (19 o r g a n i c s and 6 i n o r g a n i c s ) mixture 
in d e i o n i z e d water, and the a n a l y t i c a l and i n i t i a l animal t o x i c o l o g y 
work have been r e p o r t e d (34-41). In most of our animal s t u d i e s , the 
h i g h e s t dose l e v e l , as shown i n Table VI, c o n t a i n s i n d i v i d u a l chemi
c a l c o n c e n t r a t i o n s c l o s e t o those d e t e c t e d i n the groundwater samples 
near hazardous waste d i s p o s a l s i t e s . When t h i s mixture i s given t o 
female B6C3Fi mice f o r 14 or 90 days, s u p p r e s s i o n of immune f u n c t i o n 
was seen i n 3 of the parameters examined (38); the r e s u l t s are sum
marized i n Table V I I . F i r s t , the s u p p r e s s i o n of bone marrow stem 
c e l l p r o l i f e r a t i o n , as expressed by the number of c o l o n i e s formed of 
the granulocyte-macrophage p r o g e n i t o r c e l l s i s p r e s e n t e d . Note the 
l a c k of response i n the paired-water c o n t r o l group i n the 14-day s t u 
dy; t h i s f i n d i n g suggests t h a t the immunotoxic responses seen had 
l i t t l e , i f a n y t h i n g , to do with the r e d u c t i o n of water consumption i n 
the t r e a t e d groups. A c l e a r dose-response r e l a t i o n s h i p was 
demonstrated i n the 90-day study r e s u l t s on the s u p p r e s s i o n of bone 
marrow stem c e l l p r o l i f e r a t i o n . The second immunological endpoint 
a f f e c t e d i s the s u p p r e s s i o n of antigen (sheep red blood eel 1)-induced 
a n t i b o d y forming c e l l s ( T able V I I ) ; s i m i l a r r e s u l t s as d i s c u s s e d 
above f o r the stem c e l l s u p p r e s s i o n are a l s o e v i d e n t f o r t h i s end-
p o i n t . Three host r e s i s t a n c e assays f o l l o w i n g c h a l l e n g e with i n f e c 
t i o u s agents ( L i s t e r i a monocytogens, PYB6 syngeneic tumor c e l l s , or 
Plasmodium y o e l i i ) were i n v e s t i g a t e d (38). A l t e r e d r e s i s t a n c e , as 
expressed by % p a r a s i t e m i a , o c c u r r e d i n the group c h a l l e n g e d with 
Plasmodium (Table V I I ) . These r e s u l t s c o l l e c t i v e l y suggest t h a t 
long-term exposure t o h e a v i l y contaminated groundwater may r e p r e s e n t 
a r i s k t o the immune system ( 3 8 ) . 

In another experiment ( F i g u r e 3), a c o l l a b o r a t i v e e f f o r t between 
the EPA and the NTP, we examined the e f f e c t s of pretreatment with the 
25-chemical mixture of groundwater contaminants f o r 14 days on the 
h e p a t o t o x i c i t y of carbon t e t r a c h l o r i d e i n male F i s c h e r 344 r a t s (39). 
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Health Effects: Subchronic 
and chronic studies 

Toxicological Interactions 

Chemistry Development 

Reproductive and 
Developmental Toxicology 

Immunotoxicology 

Mutagenicity 

Principal 
Investigator 

J Biochemical Toxicology 

Neurobehavioral 
Toxicity 

Pharmacokinetics 

Myelotoxicity 

Hepatotoxicity/ 
Nephrotoxicity 

F i g u r e 2. A program of t o x i c o l o g y of complex chemical mixtures 
of groundwater contaminants at the NTP. 
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Table VI. Comparison of C o n c e n t r a t i o n s of the Components of the 
25 Chemical Mixture Dosing S o l u t i o n with EPA 

Survey R e s u l t s 
A Β 

Ave EPA 
Survey High Dose R a t i o 

ppm C o n c e n t r a t i o n s (ppm) B/A 
Acetone 6.9 53 7.7 
A r o c h l o r 1260 0.21 0.01 0.05 
A r s e n i c 30.6 9 0.29 
Benzene 5.0 12.5 2.5 
Cadmium 0.85 51 60 
Carbon t e t r a c h l o r i d e 0.54 0.4 0.74 
Chlorobenzene 0.1 0.1 1 
Chloroform 1.46 7 4.79 
Chromium 
DEHP 
1,1-Dichloroethane 0.31 1.4 4.52 
1,2-Dichloroethane 6.33 40 6.32 
1 , 1 - D i c h l o r o e t h y l e n e 0.24 0.5 2.08 
1,2-trans-D i c h l o r o e t h y l e n e 0.73 2.5 3.42 
Ethylbenzene 0.65 0.3 0.46 
Lead 37.0 70 1.89 
Mercury 0.34 0.5 1.47 
Methylene c h l o r i d e 11.2 37.5 3.35 
N i c k e l 0.5 6.8 13.6 
Phenol 34.0 29 0.85 
T e t r a c h l o r o e t h y l e n e 9.68 3.4 0.35 
Toluene 5.18 7 1.35 
1 , 1 , 1 - T r i c h l o r o e t h a n e 1.25 2 1.6 
T r i c h l o r o e t h y l e n e 3.82 6.5 1.7 
Xylenes 4.07 1.6 0.39 

3 chemicals > 10X Average EPA Survey C o n c e n t r a t i o n 14 IX - 10X Average EPA Survey C o n c e n t r a t i o n 
8 < IX 

As Table VIII demonstrates, the d e i o n i z e d water c o n t r o l group and the 
d r i n k i n g water chemical mixture alone group showed no h i s t o p a t h o l o g i 
c a l changes i n the l i v e r . While the CCI4 alone group showed a m i l d 
c e n t r i l o b u l a r v a c u o l a r degeneration at the dose l e v e l a p p l i e d (0.075 
ml/kg), the mixture / C C l 4 group showed, i n a d d i t i o n t o the m i l d 
c e n t r i l o b u l a r v a c u o l a r d e g e n e r a t i o n , minimal c e n t r i l o b u l a r hepato
c e l l u l a r n e c r o s i s (Table V I I I ) . The n e c r o t i c changes i n the l i v e r i n 
the mixture / C C l 4 group a l s o c o i n c i d e d with the e l e v a t i o n of serum 
a s p a r t a t e a m i n o t r a n s f e r a s e (177% of c o n t r o l s ) and a l a n i n e aminotrans
f e r a s e (273% of c o n t r o l s ) . We are c u r r e n t l y conducting an experiment 
to determine the e f f e c t of p r i o r exposure to the 25-chemical mixture 
on the CCI4 dose-response curve and t o determine the i n f l u e n c e of the 
observed decrease i n water and f e e d consumption on the apparent 
enhancement of CCI4 h e p a t o t o x i c i t y . 
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Table V I I . Immune Fu n c t i o n s i n B6C3Fi Mice A f f e c t e d by Exposure 
to a Chemical Mixture of Groundwater contaminants 

Exposure CFU-GM PFC/Spleen P. y o e l i i 
Level 

(% Stock) / l Q J c e l l s i (X 101)2 % p a r a s i t e m i a 
14-day study 

0 59.8 + 6.0 172 + 16 14.2 + 1.2 
0.2 57.2 + 1.3 231 + 16 9.2 + 1.0 
2.0 55.4 + 3.2 157 + 24 19.8 + 2.9 

20.0 37.8 + 0.4** 96 + 16** 22.1 + 2.9* 
P a i r e d 50.5 +
water 

3-month study 
0 55.3 + 2.1 189 + 49 10.1 + 1.5 

1.0 52.6 + 2.9 120 + 19 9.4 + 2.9 
5.0 43.5 + 4.6* 144 + 21 12.7 + 1.9 

10.0 29.6 + 1.7** 93 + 15 20.8 + 2.9* 

1 The CFU-GM, granulocyte-macrophage c o l o n i e s , were assayed by 
i n c u b a t i n g femoral bone marrow c e l l s i n the presence of mouse 
lung c o n d i t i o n e d medium as a colony s t i m u l a t i n g f a c t o r at 37°C i n 
5% C02 f o r 7 days. C o l o n i e s of >50 c e l l s were enumerated using a 
s t e r e o m i c r o s c o p e . Values given r e p r e s e n t mean + SE of CFU-GM per 
1θ5 c e l l s f o r at l e a s t f i v e mice per group. 

2 The antibody response to sheep e r y t h r o c y t e s was determined by 
enumerating plaque-forming c e l l s (PFC) in s p l e n i c lymphocytes 4 
days a f t e r primary immunization. Values given r e p r e s e n t mean + 
SE of PFC per spleen f o r at l e a s t f i v e mice per group. 

3 I n f e c t i o n with the m a l a r i a l p a r a s i t e £ . y e o l l i was determined by 
q u a n t i t a t i n g the percent p a r a s i t e m i a on days 10, 12, and 14 
f o l l o w i n g i n j e c t i o n of 10& p a r a s i t i z e d e r y t h r o c y t e s . Only peak 
day, day 12, of i n f e c t i o n i s shown. Values given r e p r e s e n t mean 
+ SE of e i g h t mice per group. 

N.D. = not done; 
** S i g n i f i c a n t l y d i f f e r e n t from c o n t r o l at Ρ < 0.01; 
* S i g n i f i c a n t l y d i f f e r e n t from c o n t r o l at Ρ < 0.05 
SOURCE: Data are from ref. 38. 
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i= 

F 

F 

- D e i o n i z e d W a t e r -

- 2 5 - C h e m i c a l M i x t u r e · 

- 2 5 - C h e m i c a l M i x t u r e · 

V e h i c l e 

ι 
d a y s 0 14 15 

V e h i c l e 

d a y s 0 14 15 

ecu 

D e i o n i z e d W a t e r 

d a y s 0 14 15 

ecu 

d a y s 0 14 15 

F i g u r e 3. Experimental design of the t o x i c o l o g i c i n t e r a c t i o n 
study between a chemical mixture of 25 groundwater contaminants 
and carbon t e t r a c h l o r i d e . 
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The primary hazard of p e s t i c i d e exposure i s acute t o x i c i t y 
r e s u l t i n g from dermal c o n t a c t with or i n h a l a t i o n of a r e l a t i v e l y 
l a r g e dose U ) . However, the t o x i c o l o g y of chemical mixtures at the 
l e v e l of environmental contamination w i l l probably not i n v o l v e acute 
t o x i c responses. It i s most l i k e l y an i n s i d i o u s e f f e c t ( s ) d i s r u p t i n g 
the homeostasis of the organism. The exposed animals may appear 
t o t a l l y "normal" c l i n i c a l l y or based on c o n v e n t i o n a l t o x i c o l o g i c a l 
e n d p o i n t s . However, such a s u b c l i n i c a l s t a t e may p r o v i d e a b a s i s f o r 
enhancement or p o t e n t i a t i o n of otherwise m i l d t o x i c responses from an 
acute exposure(s) of c h e m i c a l , p h y s i c a l , and/or b i o l o g i c a l agents. 
In t h i s sense, the concept of a ge n e r i c "promotor" or "enhancer" f o r 
any p o s s i b l e t o x i c i t y may be advanced f o r the p o t e n t i a l t o x i c o l o g i c 
consequence of a mixture of environmental p o l l u t a n t s . These f i n d i n g s 
a l s o r a i s e the p o s s i b i l i t y f o r s y n e r g i s t i c i n t e r a c t i o n between a 
background long-term, l o w - l e v e l chemical mixture exposure and an sub
sequent acute dose r e s u l t i n g from a c c i d e n t a l exposure or drug i n t a k e 
i n c l u d i n g a l c o h o l abuse  A l l these i s s u e s are not o n l y r e l e v a n t but 
v e r y important i n the e x t r a p o l a t i o
Concluding Remarks 
Two years ago, i n the ACS symposium on " P e s t i c i d e s : M i n i m i z i n g the 
R i s k s " , the u t i l i z a t i o n o f p h y s i o l o g i c a l l y based p h a r m a c o k i n e t i c s / 
computer modeling f o r d e a l i n g with the complex i s s u e s of e x t r a p o l a 
t i o n , t o x i c o l o g i c a l i n t e r a c t i o n , and chemical mixtures was suggested 
(42,43). As shown i n F i g u r e 4, the Stage I e f f o r t has a l r e a d y been 

Physiological Pharmacokinetics/ ι Application of Special Computational 
Animal Scale-Up 

Bischoff et al. (1971) 
Dedrick (1973) 

Technology to Toxicology 

Clewell and Andersen (1986) 

STAGE I Risk Assessment 
Extrapolation between 

Routes 
Species 
Single and Multiple Doses 

STAGE II Extrapolation between 
Young and Old 
Healthy and Disease States 
Acute and Chronic Toxicity 
Administered and Delivered Doses 
Single and Multiple Chemicals 

STAGE III PREDICTION ? 

Figure 4. A suggested approach utilizing physiologically based pharmacokinetics and 
computer technology for the extrapolation and prediction of various situations in 
toxicology. (Reproduced from ref. 42. Copyright 1987 American Chemical Society.) 
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i n p r o g r e s s . Some s c i e n t i f i c a c t i v i t i e s a r e a l s o e v i d e n t f o r t h e 
e f f o r t o f S t a g e I I and b e y o n d ( 4 4 - 4 9 ) . In t h e l a s t two y e a r s , a 
g r e a t d e a l o f p r o g r e s s has b e e n made i n t h i s a r e a i n c l u d i n g a 
W o r k s h o p on " P h a r m a c o k i n e t i c s i n R i s k A s s e s s m e n t " o r g a n i z e d b y t h e 
N a t i o n a l R e s e a r c h C o u n c i l w h i c h r e s u l t e d i n t h e p u b l i c a t i o n o f v o l u m e 
8 o f t h e D r i n k i n g W a t e r and H e a l t h s e r i e s ( 2 0 ) . H o w e v e r , l i k e a n y 
o t h e r new t e c h n i q u e , t h e c o m p u t e r m o d e l i n g o f p h y s i o l o g i c a l l y b a s e d 
p h a r m a c o k i n e t i c s and i t s a p p l i c a t i o n t o r i s k a s s e s s m e n t i s g o i n g 
t h r o u g h an e v o l u t i o n a r y p h a s e . Much d e b a t e and c o n t r o v e r s y h a v e been 
a p p e a r i n g i n t h e l i t e r a t u r e . As a c a s e i n p o i n t , E P A ' s a d o p t i o n o f 
p h y s i o l o g i c a l l y b a s e d p h a r m a c o k i n e t i c s i n t h e i r r i s k a s s e s s m e n t p r o 
c e s s and t h e r e l a t e d c r i t i c i s m s and d e b a t e r e f l e c t t h e c u r r e n t s t a t e 
o f f l u x ( 4 8 , ^ 9 ) . N e v e r t h e l e s s , a l l t h e s e a c t i v i t i e s and d e b a t e s w i l l 
i n e v i t a b l y h e l p t o i m p r o v e and r e f i n e t h i s a p p r o a c h . E v e n t u a l l y , t h e 
s c i e n t i f i c c o m m u n i t y and t h e p u b l i c a t l a r g e w i l l h a v e a b e t t e r r i s k 
a s s e s s m e n t m e t h o d . 

A c k n o w l e d g e m e n t s 

Some o f t h e work m e n t i o n e d i n t h i s r e p o r t was s u p p o r t e d i n p a r t o r 
w h o l e by f u n d s f r o m t h e C o m p r e h e n s i v e E n v i r o n m e n t a l R e s p o n s e , 
C o m p e n s a t i o n and L i a b i l i t y A c t t r u s t f u n d b y i n t e r a g e n c y a g r e e m e n t 
w i t h t h e A g e n c y f o r T o x i c S u b s t a n c e s and D i s e a s e R e g i s t r y , U . S . 
P u b l i c H e a l t h S e r v i c e . Many c o l l e a g u e s i n NIEHS and EPA h e l p e d i n 
t h e s t u d i e s m e n t i o n e d i n t h i s p a p e r ; t h e i r e f f o r t and d e v o t i o n a r e 
g r a t e f u l l y a c k n o w l e d g e d . We t h a n k D r s . Ε . E . M c C o n n e l l ( r e t i r e d J u l y 
1988) and M . P . D i e t e r o f NIEHS and D r . D . M . D e M a r i n i o f EPA f o r 
r e v i e w i n g t h e m a n u s c r i p t and f o r t h e i r h e l p f u l s u g g e s t i o n s . 

D i s c l a i m e r 

T h e r e s e a r c h d e s c r i b e d i n t h i s a r t i c l e has been r e v i e w e d b y t h e 
H e a l t h E f f e c t s R e s e a r c h L a b o r a t o r y , U . S . E n v i r o n m e n t a l P r o t e c t i o n 
A g e n c y and a p p r o v e d f o r p u b l i c a t i o n . A p p r o v a l d o e s n o t s i g n i f y t h a t 
t h e c o n t e n t s n e c e s s a r i l y r e f l e c t t h e v i e w s and p o l i c i e s o f t h e A g e n c y 
n o r d o e s m e n t i o n o f t r a d e names o r c o m m e r c i a l p r o d u c t s c o n s t i t u t e 
e n d o r s e m e n t o r r e c o m m e n d a t i o n f o r u s e . 
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Chapter 10 

Quantitative Risk Assessment 

C. J. Portier 

Division of Biometry and Risk Assessment, National Institute 
of Environmental Health Sciences, Research Triangle Park, NC 27709 

Estimating risks from
levels represents a statistica
relevance to environmental research. Choosing an adequate model 
for estimating the relationship between the administered dose and 
the tumor response is critical to reducing potential bias in the risk 
estimation process. This chapter will discuss the various assumptions 
and models used in carcinogenic risk assessment. The emphasis will 
be on the need to determine the shape of the dose—response 
relationship as well as the magnitude of the potential risk. 

Estimation of Carcinogenic Risk 

The standard procedure for estimating carcinogenic risks 
from exposure to chemicals is outlined in Table 1 and 
illustrated in Figure 1. The f irst step is to review the 
evidence concerning the mechanism of carcinogenicity of a 
particular chemical to get some idea concerning what forms 
to use for the two classes of mathematical models needed. 
The f irst class of models, commonly referred to as "tumor 
incidence models", relates the exposure dose of the 
chemical to the probability of cancer. Recently, this 
class of models has been characterized using hypothesized 
mechanisms through which normal cells become malignant. 
However, the second class of models, commonly referred to 
as "species conversion models", is beginning to receive a 
much greater degree of attention. These models concern 
species differences in the relationship between the 
administered dose of the chemical compound and the active 
toxicant which induces carcinogenesis. This active 
toxicant may be the parent compound, some metabolite of 
the parent compound or some other derivative of the 
compound. The risk assessor should have some knowledge of 
these mechanisms prior to attempting to quantify the 
carcinogenic risks. In practice, we frequently estimate 
carcinogenic risk without any such knowledge using 
conservative tumor incidence models and administered dose. 

When possible, the next step is to actually estimate 
the relationship between the administered dose (D) and the 
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TABLE 1 : B a s i c Steps In E s t i m a t i n g A Safe 
Exposure L e v e l 

1. Consider Probable Mechanisms 
A. U t i l i z e a v a i l a b l e knowledge t o determine 

equ i v a l e n t dose (ED) or some dose surrogate 
B. Determine appropriate tumor i n c i d e n c e model 

2. Estimate the r e l a t i o n s h i p between the administere d 
dose and equi v a l e n t dose i n the experimental 
animal 

3. Express the administered doses i n the 
c a r c i n o g e n i c i t
e q u i v a l e n t dos

4. Estimate parameters of the tumor i n c i d e n c e model 
as a f u n c t i o n of the eq u i v a l e n t dose 

5. Determine a safe e q u i v a l e n t dose l e v e l 
6. Estimate the r e l a t i o n s h i p between the eq u i v a l e n t 

dose and the exposure dose i n humans. 
7. Express the safe equivalent dose i n u n i t s of 

exposure dose i n humans. 

Laboratory 
Animal — 
Dose 

\ 
\ 

Biological \ 
and 

Biochemical 
Processes 

Experiment 

Biologically 
Effective 

Dose 

Tumor 
Incidence 

/ 

/ Tumor 
^ Incidence 

Models 

Safe Dose In 
Humans 

F i g u r e 1: Determination of Safe Exposure L e v e l s from 
Cancer Bioassay Data 

In Carcinogenicity and Pesticides; Ragsdale, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



166 CARCINOGENICITY AND PESTICIDES 

"equivalent dose" (ED) i n the t e s t species (EPA, 1 9 8 6 ) . 
For the purposes of converting r i s k s observed i n one 
species t o r i s k s f o r another, i t i s assumed that the 
r e l a t i o n s h i p between the ED and the p r o b a b i l i t y of cancer 
i s the same i n a l l s p e c i e s . This assumption i s c r i t i c a l 
t o the e s t i m a t i o n of c a r c i n o g e n i c r i s k s s i n c e i t provides 
the framework making species conversion a l o g i c a l e x e r c i s e 
(that i s , i f there were no equivalent t o x i c compound i n 
both species, there i s no l o g i c a l reason to b e l i e v e t h a t 
tumor i n d u c t i o n i n the t e s t species w i l l r e s u l t i n tumor 
i n d u c t i o n i n humans). The e s t i m a t i o n of the ED has 
generated a considerable amount of i n t e r e s t because the 
r e l a t i o n s h i p between D and ED may be n o n l i n e a r (Hoel, 
Kaplan and Anderson, 1 9 8 3 ) . F a i l u r e t o c o r r e c t l y model a 
n o n l i n e a r r e l a t i o n s h i p c ould l e a d to an overestimate or an 
underestimate of the c a r c i n o g e n i c r i s k , a problem we w i l l 
d i s c u s s l a t e r i n t h i s paper

Se v e r a l measure
ED. The simplest i
p r o p o r t i o n a l t o the administered dose, i n which case no 
conversion i s needed. The EPA has been u s i n g the average 
d a i l y dose dose per u n i t surface area as the ED f o r most 
of t h e i r r i s k assessments (EPA, 1 9 8 6 ) . This value i s 
t y p i c a l l y c a l c u l a t e d by m u l t i p l y i n g the administered dose 
expressed i n average d a i l y dose per u n i t body weight by 
body weight to the 1/3 power, si n c e the average surface 
area i s p r o p o r t i o n a l to body weight r a i s e d t o the 2/3 
power. Some chemicals must be transformed t o r e a c t i v e 
metabolites which b i n d to DNA i n order to i n i t i a t e the 
c a r c i n o g e n i c process. In these cases, the l e v e l of DNA 
adducts would seem to be a reasonable choice f o r the ED 
(Hoel, Kaplan and Anderson, 1 9 8 3 ) . Another p o t e n t i a l ED 
would be the i n c r e a s e d r a t e of m i t o s i s or c e l l turnover 
induced by a chemical, u s u a l l y as a r e s u l t of chemical 
mitogenesis. Swenberg, Richardson, Boucheron and D y r o f f 
(1985) propose using a q u a n t i t y c a l l e d the " i n i t i a t i o n 
index", which i s the product of the c e l l r e p l i c a t i o n r a t e 
and the l e v e l of DNA adduct formation to allow f o r both 
types of b i o l o g i c a l l y e f f e c t i v e doses. For any of these 
ED fs, the parameters i n models which r e l a t e the 
administered dose to the ED are estimated from experiments 
i n pharmacology, physiology and biochemistry. 

Once the r e l a t i o n s h i p between the administered dose 
and the ED has been estimated f o r the experimental 
species, the doses given t o animals i n a c a r c i n o g e n e s i s 
bioassay can be converted from administered dose to ED. 
The tumor count data from the animal c a r c i n o g e n i c i t y 
experiment i s then used to estimate the r e l a t i o n s h i p 
between the ED and tumor incidence using standard tumor 
in c i d e n c e models. The most commonly used model i s the 
l i n e a r i z e d multistage model (Anderson, et a l . , 1 9 8 3 ) , 
which i s a modified v e r s i o n of the multistage model of 
Armitage and D o l l ( 1 9 5 4 ) . There are numerous other models 
tha t have been employed, some of which are based upon 
s t a t i s t i c a l arguments and some of which attempt t o mimic 
b i o l o g i c a l theory (see eg Krewski and Brown, 1980) . 
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The tumor incidence model i s then used t o estimate a 
safe ED d e f i n e d as tha t equ i v a l e n t dose which y i e l d s a 
n e g l i g i b l e i ncrease i n r i s k f o r the tumor over the 
background r i s k . For the purposes of r i s k e s t i m a t i o n , i t 
i s assumed that t h i s safe ED represents the safe ED i n 
humans. I t remains only t o convert t h i s safe ED i n humans 
i n t o a safe human exposure l e v e l . As before, a model 
r e l a t i o n s h i p i s assumed between the ED and exposure dose 
i n humans ( u s u a l l y the same conceptual model as was used 
i n the animal species) and parameter estimates are 
obtained. In a d d i t i o n t o o b t a i n i n g parameter estimates 
from the f i e l d s p r e v i o u s l y mentioned, a co n s i d e r a b l e 
number of parameters are estimated as simple a l l o m e t r i c 
formulae of parameters which are e a s i l y obtained i n 
animals, such as body weight. The complexity of these 
models, the number of parameters and the number of 
experiments used to estimate the parameters c o n t r i b u t e to 
the o v e r a l l u n c e r t a i n t

Tumor I n c i d e n c e Models and Low-Dose E x t r a p o l a t i o n 

In q u a n t i t a t i v e r i s k assessment, many d i f f e r e n t tumor 
inci d e n c e f u n c t i o n s have been proposed, most of which do 
an adequate job of f i t t i n g the data i n the experimental 
dose range. However, such models may d i f f e r c o n s i d e r a b l y 
i n the low-dose region, which i s u s u a l l y the c r i t i c a l 
r e g i o n f o r e s t i m a t i n g safe doses. This i s i l l u s t r a t e d by 
Fig u r e 2. In Figu r e 2, two d i f f e r e n t tumor i n c i d e n c e 
models are p l o t t e d along with a set of t y p i c a l bioassay 
data. I f a model i s chosen f o r which the slope of the 
dose-response curve i s p o s i t i v e at dose zero, then small 
i n c r e a s e s i n dose w i l l r e s u l t i n p r o p o r t i o n a t e i n c r e a s e s 
i n the r i s k of g e t t i n g a tumor. Models of t h i s type are 
r e f e r r e d t o as "low-dose l i n e a r " models and are 
i l l u s t r a t e d by the "Linear Model" i n Fi g u r e 2. Models f o r 
which the slope of the dose-response curve i s zero or 
negative at low doses would r e s u l t i n v i r t u a l l y no change 
i n c a r c i n o g e n i c r i s k f o r small amounts of dose. These 
models are t y p i c a l l y r e f e r r e d to as "nonl i n e a r " models and 
the "Non-Linear Model" shown i n Fig u r e 2 i s of t h i s type. 
I t i s c l e a r from Figure 2 t h a t i t i s d i f f i c u l t t o assess 
which model i s more appropriate f o r these data. Yet, i f 
we modify the y- a x i s t o look at added-risk over background 
and c o n s i d e r the low-dose regi o n of these dose-response 
curves ( d e t a i l e d i n Fi g u r e 2), there i s a dramatic 
d i f f e r e n c e i n the two curves. The "Linear Model" p r e d i c t s 
a s u b s t a n t i a l l y smaller safe dose than does the "Non-
Li n e a r Model". 

The economic and s o c i a l i m p l i c a t i o n s of an i n c o r r e c t 
model choice can be tremendous. Employing a "n o n - l i n e a r " 
model when i n t r u t h the response i s " l i n e a r " can r e s u l t i n 
an unacceptably l a r g e r i s k to the exposed p o p u l a t i o n . 
Employing a " l i n e a r " model when response i s "n o n - l i n e a r " 
c o u l d r e s u l t i n u n n e c e s s a r i l y r e s t r i c t i n g or banning the 
use of a p o t e n t i a l l y b e n e f i c i a l product. Thus, a major 
concern i n q u a n t i t a t i v e r i s k assessment i s t o a c c u r a t e l y 
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d e s c r i b e the shape of the dose-response curve i n the low-
dose r e g i o n . 

In recent years, research i n q u a n t i t a t i v e r i s k 
assessment has focused on the r o l e of mechanism i n 
es t i m a t i n g safe exposure l e v e l s . This work has 
concentrated on mechanistic models of car c i n o g e n e s i s which 
are c h a r a c t e r i z e d as having b i o l o g i c a l l y interprétable 
parameters. Because some mechanisms are low-dose l i n e a r 
and some are not, i t i s hoped that knowledge of the 
ca r c i n o g e n i c mechanism and the proper choice of a 
mechanistic model could r e s u l t i n an improved estimate of 
the shape of the dose-response curve. To f a c i l i t a t e a 
d i s c u s s i o n of these models, a simple four-stage model of 
car c i n o g e n e s i s w i l l be used (Anderson, 1987). This model 
i s i l l u s t r a t e d i n Figure 3. 

In the model i n Figure 3, there are f i v e c e l l types; 
normal c e l l s (Ν), intermediate c e l l s ( I )  malignant c e l l s 
(M) and two types o
(DN) and damaged intermediat
model, f o r a c e l l to become malignant, i t must pass from 
the normal s t a t e through each of the intermediate s t a t e s . 
The b i o l o g i c a l theory behind the model can be d e s c r i b e d i n 
simple terms as f o l l o w s . Normal c e l l s are allowed t o 
d i v i d e and d i e or d i f f e r e n t i a t e v i a a simple b i r t h and 
death process where βι represents the ra t e of c e l l 
d i v i s i o n ( b i r t h s ) and δι represents the rate of c e l l 
death. Normal c e l l s transform i n t o i n i t i a l damaged c e l l s 
v i a some type of genetic a b e r r a t i o n (e.g. formation of DNA 
adducts, s i n g l e s trand breaks, gene a m p l i f i c a t i o n , 
chromosomal t r a n s l o c a t i o n ) at a rate denoted by μι . The 
gen e t i c a b e r r a t i o n s i n i n i t i a l damaged c e l l s are assumed 
to p e r t a i n t o a s i n g l e s t r a n d and can be r e p a i r e d at the 
ra t e P2 r e t u r n i n g t o the normal s t a t e . Damaged c e l l s are 
a l s o allowed t o d i v i d e and die v i a a simple b i r t h and 
death process with r a t e s β2 and 82 r e s p e c t i v e l y . When 
c e l l d i v i s i o n occurs i n an i n i t i a l damaged c e l l , the DNA 
damage i s f i x e d i n one of the daughter c e l l s r e s u l t i n g i n 
the c r e a t i o n of a s i n g l e intermediate c e l l . The other 
daughter c e l l was d e r i v e d from the str a n d of DNA without 
damage and i s thus, a normal c e l l . 

In intermediate c e l l s , i t i s assumed that the DNA 
damage can no longer be r e p a i r e d so that the r e s u l t i n g 
mutation i s i r r e v e r s i b l e . Intermediate c e l l s f o l l o w a 
process i d e n t i c a l to the normal c e l l s ' process where they 
can d i v i d e , d i e or be damaged. The rate s of these events 
are β3, 83 and μ3 r e s p e c t i v e l y . When intermediate c e l l s 
are damaged, they become damaged intermediate c e l l s which 
can undergo r e p a i r ( r e v e r s i o n to the intermediate c e l l 
s t a t e ) , d e a t h / d i f f e r e n t i a t i o n or b i r t h ( r e s u l t i n g i n one 
intermediate c e l l and one malignant c e l l ) at ra t e s p 4 f δ 4 

and β4, r e s p e c t i v e l y . 
Given a model of the type shown i n Figure 3, our 

i n t e r e s t i s i n c a l c u l a t i n g the p r o b a b i l i t y of one or more 
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Figure 3: A Four-Stage Model of C a r c i n o g e n e s i s With 
C l o n a l Expansion and Repair 
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malignant c e l l s by a s p e c i f i e d time given a s p e c i f i e d 
exposure h i s t o r y . There e x i s t mathematical t o o l s (e.g. 
Whittemore and K e l l e r , 1978) and numerical t o o l s (e.g. 
Kopp and P o r t i e r , 1989) f o r determining t h i s p r o b a b i l i t y 
from these types of models. It remains f o r us t o consider 
how exposure to a chemical carcinogen might a l t e r t h i s 
time-course. Several mechanisms have been proposed f o r 
chemical c a r c i n o g e n e s i s which we w i l l c onsider i n the 
context of t h i s model, emphasizing the i m p l i c a t i o n s of the 
assumed mechanism on the slope of the dose-response curve 
at dose zero ( i . e . low-dose l i n e a r mechanisms vs low-dose 
n o n - l i n e a r mechanisms). 

One method by which chemicals may i n c r e a s e cancer 
r i s k s i n animals i s by modifying the r a t e of m i t o s i s of 
c e l l s i n a s p e c i f i c t i s s u e or organ. This m o d i f i c a t i o n 
c o u l d be due to numerous f a c t o r s . One assumed mechanism 
i s the i n d u c t i o n of regenerative h y p e r p l a s i a i n response 
to t i s s u e damage (e.g
i n c r e a s e i n the r a t
l i k e l y represent an i n c r e a s e i n the c e l l u l a r b i r t h r a t e , 
βΐ, f o r a l l stages of c e l l p r o g r e s s i o n . I t f o l l o w s that 
i n c r e a s i n g the b i r t h r a t e of i n i t i a l damaged c e l l s with no 
subsequent in c r e a s e i n the r e p a i r r a t e w i l l i n c r e a s e the 
p r o b a b i l i t y of the formation of an intermediate c e l l . The 
same phenomenon would occur f o r f i n a l damaged c e l l s , 
i n c r e a s i n g the p r o b a b i l i t y of seeing one or more malignant 
c e l l s . The r e l a t i o n s h i p between dose and the i n c r e a s e i n 
the b i r t h r ates i s g e n e r a l l y thought t o be n o n - l i n e a r , 
p o s s i b l y even having a t h r e s h o l d dose l e v e l below which 
there i s no increase i n b i r t h r a t e (see e.g. Swenberg et 
a l . , 1987). However, the shape of the dose-response curve 
i n t h i s s i t u a t i o n i s t i e d t o two events; (i) the 
r e l a t i o n s h i p between dose of the chemical and the degree 
of c y t o t o x i c i t y (e.g. increases i n the δι) and ( i i ) the 
r e l a t i o n s h i p between degree of c y t o t o x i c i t y and the 
i n c r e a s e i n b i r t h r a t e s . These phenomenon need t o be 
s t u d i e d i n more d e t a i l before shape of the r e s u l t i n g dose 
response curve can be determined. 

As mentioned e a r l i e r , the t r a n s f o r m a t i o n from normal 
c e l l s t o f i r s t - s t a g e c e l l s can r e s u l t from damage to 
c e l l u l a r DNA which i s not r e p a i r e d p r i o r t o m i t o s i s 
(Barrett and Wiseman, 1987). A mutation c o u l d r e s u l t from 
numerous mechanisms such as s i n g l e s t r a n d breaks t o DNA or 
the formation of DNA adducts. 

I t i s p o s s i b l e that some chemicals may s p e c i f i c a l l y 
a l t e r the r a t e at which intermediate c e l l s p r o l i f e r a t e 
without a l t e r i n g the p r o l i f e r a t i o n r a t e of the other c e l l 
types i n the model. Thorslund, Brown and Charnley (1987) 
contend t h a t chemicals which act i n t h i s manner are 
mitogens which increase the p o p u l a t i o n of f i r s t - s t a g e 
c e l l s through c l o n a l expansion. Prehn (1964) suggests 
other p o s s i b l e mechanisms r e s u l t i n g from s e l e c t i v e 
c y t o t o x i c i t y . These mechanisms are a l s o thought to r e l a t e 
dose to response i n a t h r e s h o l d - l i k e manner and thus 
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treatment e f f e c t s on these mechanisms might be model led 
u s i n g a n o n - l i n e a r change i n β3 as a f u n c t i o n o f dose . 

The f i n a l c l a s s i f i c a t i o n to be c o n s i d e r e d i s chemica ls 
which a l t e r the t r a n s f o r m a t i o n r a t e from i n i t i a t e d c e l l s 
to mal ignant c e l l s . Moolgavkar (1983) proposes one 
mechanism based upon the i n d u c t i o n of homologous 
chromosome exchange d u r i n g m i t o s i s . Very l i t t l e 
i n f o r m a t i o n e x i s t s on how chemicals might a l t e r the r a t e s 
f o r the second mutat ion , thus chemica l s a c t i n g i n t h i s 
manner c o u l d r e s u l t i n e i t h e r l i n e a r o r n o n l i n e a r dose-
response . The r o l e o f mutat ions i n the c a r c i n o g e n i c 
process i s d i s c u s s e d i n d e t a i l i n B a r r e t t , 1987) 

The model presented i n F i g u r e 3 a l lows f o r a v a r i e t y 
o f o ther e f f e c t s such as the i n h i b i t i o n of DNA r e p a i r 
a n d / o r m u l t i p l e e f f e c t s by a s i n g l e c h e m i c a l . I t i s 
u n c l e a r whether c h e m i c a l l y induced changes i n these r a t e s 
would be l i n e a r or n o n l i n e a

There are numerou
of m e c h a n i s t i c models i n q u a n t i t a t i v e r i s k assessment. 
One q u e s t i o n concerns whether a c h e m i c a l l y induced 
i n c r e a s e i n any of the r a t e s i n the model i n F i g u r e 3 are 
independent of the background r a t e or are adding t o the 
e x i s t i n g r a t e . The answer to t h i s q u e s t i o n can have a 
s e r i o u s e f f e c t upon the eventua l shape of the dose -
response curve (Hoel , 1980; P o r t i e r , 1987). Independent 
e f f e c t s , even i f they are l i n e a r l y r e l a t e d t o dose, can 
r e s u l t i n low-dose n o n l i n e a r b e h a v i o r . On the o t h e r hand, 
a d d i t i v e e f f e c t s are l i k e l y t o be low-dose l i n e a r . 

Another problem concerns the i d e n t i f i a b i l i t y o f 
c a r c i n o g e n i c mechanism u s i n g tumor i n c i d e n c e d a t a . Us ing 
a s i m p l e r model than tha t shown i n F i g u r e 3, P o r t i e r 
(1987) examined the a b i l i t y o f tumor i n c i d e n c e data to 
a c c u r a t e l y d i f f e r e n t i a t e between a low-dose l i n e a r 
c h e m i c a l l y induced i n c r e a s e i n the r a t e o f mutat ions from 
normal c e l l s t o i n i t i a t e d c e l l s and a low-dose n o n l i n e a r 
c h e m i c a l l y induced i n c r e a s e i n the b i r t h r a t e o f i n i t i a t e d 
c e l l s . I t was shown tha t the p r o b a b i l i t y o f i n c o r r e c t l y 
c l a s s i f y i n g one mechanism as the o ther was q u i t e h i g h , 
exceeding 50% i n some cases . 

One f i n a l problem concerns the e s t i m a t i o n o f 
v a r i a b i l i t y o f c a r c i n o g e n i c r i s k es t imates d e r i v e d from a 
m e c h a n i s t i c model whose parameters are developed from 
m u l t i p l e exper iments . To c o n s i d e r a l l sources o f 
v a r i a b i l i t y i n t h i s context i s a very d i f f i c u l t 
u n d e r t a k i n g . An i l l u s t r a t i o n of one p o s s i b l e approach i s 
g iven by P o r t i e r and Kaplan (1989). In t h i s case , a 
combinat ion of b o o t s t r a p p i n g techniques and Monte C a r l o 
s i m u l a t i o n techniques were used to resample from the 
observed data or to randomly sample from a d i s t r i b u t i o n of 
p o s s i b l e va lues f o r a p a r t i c u l a r parameter . The example 
c o n s i d e r e d by P o r t i e r and Kaplan (1989) concerned a 
p h y s i o l o g i c a l l y - b a s e d pharmacok ine t i c (PBPK) model f o r the 
d i s t r i b u t i o n and metabol ism of methylene c h l o r i d e i n mice 
and humans (Andersen, C l e w e l l , Gargas , Smith and R e i t z , 
1987). T h i s PBPK model was used by Andersen et a l . t o 
convert the a d m i n i s t e r e d dose i n t o an e q u i v a l e n t dose 
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based upon the average area under the d i s t r i b u t i o n - t i m e 
curve f o r a c e r t a i n m e t a b o l i t e o f methylene c h l o r i d e . 

The r e s u l t s of P o r t i e r and Kaplan i n d i c a t e t h a t t h e r e 
c o u l d be a s u b s t a n t i a l i n c r e a s e i n the v a r i a b i l i t y o f 
sa fe -exposure es t imates when u s i n g m e c h a n i s t i c models wi th 
a l a r g e number o f model parameters . F i g u r e 4 i l l u s t r a t e s 
t h i s r e s u l t . The l i n e l a b e l l e d "Bioassay Data Only" 
r e p r e s e n t s the frequency d i s t r i b u t i o n o f the safe human 
exposure es t imate when the o n l y source of v a r i a b i l i t y 
c o n s i d e r e d i s the v a r i a b i l i t y o f the tumor i n c i d e n c e data 
from the animal c a r c i n o g e n i c i t y experiment on methylene 
c h l o r i d e . T h i s i s c o n t r a s t e d wi th the o ther l i n e , 
l a b e l l e d " A l l Sources" where v a r i a b i l i t y i s accounted f o r 
i n a l l o f the data used i n the safe exposure e s t i m a t e s , 
such as body weights , p a r t i t i o n c o e f f i c i e n t s , m e t a b o l i c 
cons tants as w e l l as the tumor i n c i d e n c e data from the 
an imal c a r c i n o g e n i c i t y exper iment  I t i s c l e a r t h e r e i s a 
s u b s t a n t i a l amount o
tumor i n c i d e n c e data
es t imates i n c r e a s e s from l e s s than one order to magnitude 
to over 3 orders o f magnitude. For more d e t a i l s on how 
these d i s t r i b u t i o n s were d e r i v e d , see P o r t i e r and Kaplan 
(1989) . 

The i n c r e a s e d v a r i a b i l i t y noted by P o r t i e r and Kaplan 
(1989) i s a d i r e c t consequence o f r e f i n i n g the m o d e l l i n g 

process t o a l l o w a l l (or most) model parameters t o v a r y 
acros s i n d i v i d u a l s . T h i s i n c r e a s e d v a r i a b i l i t y i s not a 
shortcoming o f the use of these more c o m p l i c a t e d models . 
Ins tead , i t r epresen t s a more reasonable e s t imate of the 
p o p u l a t i o n v a r i a b i l i t y wi th respec t to the safe exposure 
l e v e l , v a r i a b i l i t y which should be e s t imated i n o r d e r t o 

-5 -4 -3 -2 - 1 
Log(Safe Human Dose) 

Figure 4: An Illustration of the Impact of Multiple 
Sources of Variability on the Overall Distribution of the 

Estimated Safe Exposure Level. (Data are from Portier and 
Kaplan, 1989.) 
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know not only the mean safe exposure l e v e l , but the e n t i r e 
d i s t r i b u t i o n of safe exposures i n the human p o p u l a t i o n . 

Summary 

This paper has concentrated on the procedures used by 
s t a t i s t i c i a n s and mathematicians i n e s t i m a t i n g r i s k s from 
exposure t o chemical carcinogens. A b a s i c o u t l i n e was 
given i n which the r o l e of mathematics and s t a t i s t i c s i n 
the r i s k e s t i m a t i o n process was reviewed. One c l a s s of 
mathematical models used i n t h i s context was s t u d i e d i n 
d e t a i l ; the multistage model of tumor inc i d e n c e with 
c l o n a l expansion. There are numerous other mathematical 
models used i n the r i s k e s t i m a t i o n process which i n c l u d e 
other tumor incidence models, models r e l a t i n g administered 
dose t o the b i o l o g i c a l l y e f f e c t i v e dose, a l l o m e t r i c 
formulae, e t c . In a l l cases  the current r e s e a r c h e f f o r t 
i n s t a t i s t i c s and mathematic
presumably have a highe
than those used p r e v i o u s l y . Because of t h i s , these models 
w i l l a l s o possess many of the problems d i s c u s s e d f o r the 
multi s t a g e model i n Fi g u r e 3; most notably: non-
i d e n t i f i a b i l i t y of model parameters, i n a b i l i t y t o 
d i s t i n g u i s h l i n e a r tumor incidence data from n o n - l i n e a r 
data i n the low-dose region and d i f f i c u l t y i n a s s e s s i n g 
the o v e r a l l v a r i a b i l i t y of r i s k estimates d e r i v e d from 
m u l t i p l e experiments. 

References 

Andersen, M., Clewell, H. , Gargas, F . , Smith, F . , and 
Reitz, R. (1987). Physiologically based 
pharmacokinetics and the risk assessment process for 
methylene chloride. Toxicology and Applied 
Pharmacology 87: 185-202. 

Anderson, E. and the Carcinogen Assessment Group (1983) . 
Quantitative approaches in use to assess cancer risk. 
Risk Analysis 3: 277-295. 

Anderson, M. (1987). Issues in biochemical applications 
to risk assessment: How do we evaluate individual 
components of multistage models? Environmental 
Health Perspectives 76, 175-180. 

Armitage, P. and Doll, R. (1954). The age distribution of 
cancer and a multistage theory of cancer. British 
Journal of Cancer 8: 1-12. 

Barrett, J . C. (1987) Genetic and epigenetic mechanisms 
in carcinogenesis. In Mechanisms of Environmental 
Carcinogenesis; Role of Genetic and Epigenetic 
Changes, Vol. I, pp. 1-15. J . C. Barrett, Ed. Boca 
Raton, CRC Press. 

In Carcinogenicity and Pesticides; Ragsdale, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



174 CARCINOGENICITY AND PESTICIDES 

Barrett, C. and Wiseman, R. (1987). Cellular and 
molecular mechanisms of multistep carcinogenesis: 
Relevance to carcinogen risk assessment. 
Environmental Health Perspectives 76, 65-70. 

EPA (1986). Guidelines for carcinogen risk assessment. 
51 Federal Register 33992, 1-17. 

Hoel, D., Kaplan, N. and Anderson, M. (1983). Implication 
of nonlinear kinetics on risk estimation in 
carcinogenesis. Science 219: 1032-1037. 

Hoel, D. (1980). Incorporation of background in dose-
response models. Federation Proceedings 39: 73-75. 

Kopp, A. and Portier, C. (1989). A note on approximating 
the cumulative distribution function of the time to 
tumor onset in multistage models. Biometrics, in 
press.. 

Krewski, D. and Brown, C. (1981). Carcinogenic risk 
assessment: A guide to the literature  Biometrics 
37, 353-366. 

Lewis, J . and Adams
DNA damage and carcinogenesis. Environmental Health 
Perspectives 76, 19-28. 

Moolgavkar, S. (1983). Model for human carcinogenesis: 
Action of environmental agents. Environmental Health 
Perspectives 50: 285-291. 

Portier, C. (1987). Statistical properties of a two-
stage model of carcinogenesis. Environmental Health 
Perspectives 76: 125-131. 

Portier, C. and Kaplan, N. (1989). The variability of 
safe dose estimates when using complicated models of 
the carcinogenic process. A case study: Methylene 
chloride. Fundamental and Applied Toxicology, in 
press. 

Prehn, R. (1964). A clonal selection theory of chemical 
carcinogenesis. Journal of the National Cancer 
Institute 32 (1) : 1-17. 

Swenberg, J., Richardson, F., Boucheron, J . and Dyroff, M. 
(1985). Relationships between DNA adduct formation 
and carcinogenesis. Environmental Health 
Perspectives 62: 177-183. 

Thorslund, T. , Brown, C. and Charnley, G. (1987). 
Biologically motivated cancer risk models. Risk 
Analysis 7: 109-119. 

Whittemore, A. and Keller, J . (1978). Quantitative 
theories of carcinogenesis. SIAM Review 20, 1-30. 

RECEIVED June 28, 1989 

In Carcinogenicity and Pesticides; Ragsdale, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



Chapter 11 

Role of Structure-Activity Relationship Analysis 
in Evaluation of Pesticides for Potential 

Carcinogenicity 

Yin-tak Woo and Joseph C. Arcos 

Office of Toxic Substances, U.S. Environmental Protection Agency, 

Structure-activity relationship (SAR) analysis 
is essential for the development of pesticides 
and for the evaluation of cancer hazard and 
risk assessment. The c r i t i c a l factors that 
should be considered in SAR analysis and the 
profile of typical potent carcinogens are 
discussed. A scheme combining structural and 
functional cr i ter ia for suspecting chemical 
compounds of carcinogenic activity is 
presented. Selected classes of pesticides with 
carcinogenic potential are reviewed to 
exemplify structural and/or functional 
features responsible for their carcinogenic 
activity. 

Structure-activity relationship (SAR) analysis is a 
critical tool in the research and development of new 
industrial and agricultural chemicals and is the f irs t 
line of approach in the cancer hazard evaluation of 
chemicals. Careful SAR analyses can spot or reveal 
potential health hazard of new chemicals early in the 
research and development stage. SAR considerations are 
also essential for designing and selecting appropriate 
batteries of tests to study the potential toxicity of 
chemicals and to elucidate their molecular mechanisms of 
action. 

There are various ways to approach SAR analysis. 
This chapter focuses on principles and concepts of 
mechanism-based SAR analysis along with an overview of 
the structural features and critical factors that should 
be considered in the evaluation of pesticides for 
potential carcinogenicity. Most of principles and 
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concepts o f SAR a n a l y s i s covered i n t h i s chapter 
r e p r e s e n t a d i s t i l l a t e based on a s e r i e s o f monographs 
(1-5) and reviews (6,7) on the chemical i n d u c t i o n of 
cancer by the authors. Readers are r e f e r r e d t o these 
sources ( p a r t i c u l a r l y the Cumulative Index i n r e f . 5) 
f o r the o r i g i n a l r e f e r e n c e s of s p e c i f i c SAR s t u d i e s . 

M u l t i - s t a g e and M u l t i f a c t o r i a l Nature o f Chemical 
C a r c i n o g e n e s i s 

The SAR a n a l y s i s of carcinogens r e q u i r e s a b a s i c 
understanding o f t h e i r b i o c h e m i c a l mechanisms of a c t i o n . 
Chemical c a r c i n o g e n e s i s may have many e t i o l o g i c a l f a c t o r s 
and i s a complex process t h a t may be d i v i d e d i n t o a t 
l e a s t t h r e e d i s t i n c t stages: i n i t i a t i o n (DNA damage 
which, i f u n r e p a i r e d or m i s r e p a i r e d  e v e n t u a l l y l e a d s t o 
the formation o f p r e n e o p l a s t i
promotion ( i n whic
i n t o i n d i v i d u a l tumor c e l l s ) and p r o g r e s s i o n ( i n v o l v i n g 
p r o g r e s s t o malignancy by h i s t o p a t h o l o g i c c r i t e r i a ) . A 
v a r i e t y o f endogenous (host) f a c t o r s such as immune 
competence, hormonal r e g u l a t i o n , and exogenous f a c t o r s 
such as d i e t , r a d i a t i o n , trauma/stress can p l a y important 
c o n t r i b u t o r y r o l e s . Chemical carcinogens can e x e r t t h e i r 
a c t i o n by d i r e c t l y a c t i n g on these t h r e e stages of 
c a r c i n o g e n e s i s as w e l l as i n d i r e c t l y through the 
endogenous (host) f a c t o r s . 

M e c h a n i s t i c C l a s s i f i c a t i o n of Chemical Carcinogens 

From the p o i n t of view of mechanism of a c t i o n , 
c a r c i n o g e n s can be l o o s e l y c l a s s i f i e d as: ( i ) g e n o t o x i c 
c a r c i n o g e n s , and ( i i ) e p i g e n e t i c c a r c i n o g e n s . Genotoxic 
c a r c i n o g e n s cause DNA damage d i r e c t l y , mostly through 
c o v a l e n t b i n d i n g t o DNA, and are a l s o c a l l e d DNA-reactive 
c a r c i n o g e n s . Despite t h e i r s t r u c t u r a l v a r i e t y , they have 
one f e a t u r e i n common — they are e i t h e r e l e c t r o p h i l e s 
per se or can be a c t i v a t e d t o e l e c t r o p h i l i c r e a c t i v e 
i n t e r m e d i a t e s . E p i g e n e t i c carcinogens do not b i n d 
c o v a l e n t l y t o DNA, do not cause DNA damage d i r e c t l y , and 
u s u a l l y produce n e g a t i v e or i n c o n s i s t e n t r e s u l t s i n 
sho r t - t e r m t e s t s f o r g e n o t o x i c i t y . They a c t by a v a r i e t y 
o f not c l e a r l y d e f i n e d extrachromosomal mechanisms such 
as peroxisome p r o l i f e r a t i o n , i n h i b i t i o n o f i n t e r c e l l u l a r 
communication, hormonal imbalance, c y t o t o x i c i t y , e t c . 
P r e d i c t i o n o f t h e i r p o s s i b l e mechanism o f a c t i o n i s 
important f o r meaningful SAR c o n s i d e r a t i o n s . 

Carcinogens which a c t as e l e c t r o p h i l i c r e a c t a n t s 
may be f u r t h e r c l a s s i f i e d as: ( i ) d i r e c t - a c t i n g 
c a r c i n o g e n s which are r e a c t i v e as such, and ( i i ) 
i n d i r e c t - a c t i n g carcinogens which r e q u i r e a c t i v a t i o n 
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c h e m i c a l l y (e.g., by a c i d o r base), p h o t o c h e m i c a l l y 
(e.g., uv) or m e t a b o l i c a l l y . In g e n e r a l , d i r e c t - a c t i n g 
c a r c i n o g e n s tend t o be l o c a l l y a c t i v e whereas those which 
r e q u i r e a c t i v a t i o n are u s u a l l y c a r c i n o g e n i c mostly toward 
t i s s u e ( s ) where a c t i v a t i o n o c c u r s . 

C r i t i c a l F a c t o r s f o r SAR C o n s i d e r a t i o n 

There are f o u r c r i t i c a l f e a t u r e s t h a t should be 
co n s i d e r e d i n SAR a n a l y s i s : ( i ) p h y s i c o c h e m i c a l , ( i i ) 
mo l e c u l a r geometric, ( i i i ) met a b o l i c , and ( i v ) 
me c h a n i s t i c . 

Physicochemical f a c t o r s : I r r e s p e c t i v e o f i t s 
chemical s t r u c t u r e or mechanism o f a c t i o n , the 
c a r c i n o g e n i c p o t e n t i a l o f a chemical compound i s 
dependent on i t
determine i t s " b i o a v a i l a b i l i t y "
r each t a r g e t t i s s u e s and c e l l s . The most s a l i e n t o f these 
p r o p e r t i e s a r e : 

(1) M o l e c u l a r weight: Compounds w i t h v e r y h i g h 
m o l e c u l a r weight (over 1,000-1,500) and s i z e have l i t t l e 
chance of bei n g absorbed i n s i g n i f i c a n t amounts; i n 
g e n e r a l , they do not pose any s u b s t a n t i a l c a r c i n o g e n i c 
r i s k . There are of course important e x c e p t i o n s t o the 
r u l e . High M.W. compounds which can be degraded i n the 
g a s t r o i n t e s t i n a l t r a c t (e.g., by h y d r o l y s i s o r m i c r o b i a l 
a c t i o n ) should be assessed c o n s i d e r i n g t h e i r probable 
d e g r a d a t i o n products. C e r t a i n h i g h M.W. pol y m e r i c 
substances (e.g., degraded carageenan) have l o c a l 
c a r c i n o g e n i c e f f e c t i f i n g e s t e d , i n h a l e d o r i n j e c t e d (see 
r e f . 5 ). 

(2) P h y s i c a l s t a t e : The p h y s i c a l s t a t e of a chemical 
compound may, t o some extent, a f f e c t i t s c a p a b i l i t y t o 
reach t a r g e t t i s s u e s . Compounds which are h i g h l y 
v o l a t i l e , o r which can be i n h a l e d as dust p a r t i c l e s , may 
have " d i r e c t a c c e s s " t o nasopharyngeal and/or pulmonary 
t i s s u e s . 

(3) S o l u b i l i t y : In g e n e r a l , compounds which are h i g h l y 
h y d r o p h i l i c are p o o r l y absorbed and, i f absorbed, are 
r e a d i l y e x c r e t e d . Thus, the i n t r o d u c t i o n o f h y d r o p h i l i c 
groups (e.g., s u l f o n y l , carboxyl) i n t o an otherwise 
c a r c i n o g e n i c compound u s u a l l y m i t i g a t e s and sometimes 
a l t o g e t h e r a b o l i s h e s i t s c a r c i n o g e n i c a c t i v i t y . 

(4) Chemical r e a c t i v i t y : Although many chemical 
compounds owe t h e i r c a r c i n o g e n i c a c t i v i t y t o t h e i r 
e l e c t r o p h i l i c chemical r e a c t i v i t y , compounds which are 
"too r e a c t i v e " are not c a r c i n o g e n i c . Compounds are 
co n s i d e r e d "too r e a c t i v e " i f they h y d r o l y z e o r polymerize 
spontaneously and i n s t a n t a n e o u s l y , o r r e a c t w i t h 
n o n c r i t i c a l c e l l u l a r c o n s t i t u e n t s b e f o r e they can reach 
t a r g e t t i s s u e s and r e a c t w i t h key macromolecules. For 
example, the c a r c i n o g e n i c a c t i v i t y o f the r e a c t i v e 
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e l e c t r c - p h i l e , β-propiolactone can be a b o l i s h e d by the 
i n t r o d u c t i o n o f an e x o c y c l i c double bond which makes the 
compound (diketene) "too r e a c t i v e " (see r e f . 3). I t i s 
important t o p o i n t out t h a t the r o u t e of exposure i s a 
key f a c t o r i n c o n s i d e r i n g whether the compound i s "too 
r e a c t i v e " . For example, b i s - c h l o r o m e t h y l e t h e r may be 
c o n s i d e r e d "too r e a c t i v e " i f a d m i n i s t e r e d o r a l l y i n 
aqueous s o l u t i o n ( t 1 / 2 approximately 40 seconds) , however, 
the compound i s a potent nasal/pulmonary c a r c i n o g e n i f 
i n h a l e d as vapor ( t 1 / 2 i n humid a i r may be as long as 25 
hours) (see r e f . 3). 

M o l e c u l a r geometric f a c t o r : M o l e c u l a r s i z e and 
geometry of a chemical compound a f f e c t i t s a b i l i t y t o 
reach t a r g e t t i s s u e and t a r g e t macromolecules and i t s 
chance t o be m e t a b o l i c a l l y a c t i v a t e d or d e t o x i f i e d . Many 
potent carcinogens/mutagens have a common f e a t u r e — they 
have a m o l e c u l a r
i n t e r c a l a t i o n i n t o DN
r e a c t i v e f u n c t i o n a l group. For example, i t has been 
c a l c u l a t e d (see réf. 1) t h a t most potent c a r c i n o g e n i c 
p o l y c y c l i c aromatic hydrocarbons have a p l a n a r s t r u c t u r e 
w i t h 4 - 6 r i n g s (of which not more than f o u r may be 
l i n e a r l y connected) and a m o l e c u l a r s i z e o f between about 
90 t o 180 A 2. T h i s s i z e requirement coupled w i t h the 
p o t e n t i a l t o be a c t i v a t e d t o e l e c t r o p h i l i c b a y - r e g i o n 
d i o l e p o x i d e r e p r e s e n t two c r i t i c a l f a c t o r s t h a t determine 
the c a r c i n o g e n i c a c t i v i t y of p o l y c y c l i c aromatic 
hydrocarbons. The potent carcinogens found i n overcooked 
food (e.g.. Trp-P-1, P-2 ; Glu-P-1, P-2) are mostly p l a n a r 
t r i c y l c i c compounds (8) w i t h amino group(s) t h a t can be 
a c t i v a t e d t o e l e c t r o p h i l i c n i t r e n i u m i o n s . Many ot h e r 
p o t e n t c a r c i n o g e n s and mutagens (e.g., a f l a t o x i n B w 

p s o r a l e n - 8 - g l y c i d y l e t h e r , a c r i d i n e mustard, 2-
a c e t y l a m i n o f l u o r e n e ) are p l a n a r molecules w i t h a 
f a v o r a b l e m o l e c u l a r s i z e b e a r i n g an e l e c t r o p h i l i c 
f u n c t i o n a l group (see r e f s . 2-5). 

M e t a b o l i c f a c t o r : Metabolism can both a c t i v a t e 
and d e t o x i f y chemical c a r c i n o g e n s . For d i r e c t - a c t i n g 
c a r c i n o g e n s , metabolism tends t o decrease the a c t i v i t y . 
Many p e s t i c i d e s are d i r e c t - a c t i n g e l e c t r o p h i l e s . Thus, 
an e s t i m a t e of the extent of m e t a b o l i c d e t o x i f i c a t i o n of 
the p e s t i c i d e s i s e s s e n t i a l f o r a c c u r a t e SAR p r e d i c t i o n . 
For i n d i r e c t - a c t i n g c a rcinogens, a d e l i c a t e balance 
between the a c t i v a t i o n and d e t o x i f i c a t i o n pathways 
determines the c a r c i n o g e n i c i t y o f the compound. Knowledge 
of the m e t a b o l i c pathways of these chemicals can 
s u b s t a n t i a l l y enhance the accuracy o f SAR a n a l y s i s . For 
example, f o r c a r c i n o g e n i c p o l y c y c l i c aromatic 
hydrocarbons, i n t r o d u c t i o n o f s m a l l s u b s t i t u e n t s (such 
as methyl o r f l u o r o ) a t the L - r e g i o n i n c r e a s e s the 
c a r c i n o g e n i c i t y , whereas any s u b s t i t u t i o n a t the s i t e of 
a c t i v a t i o n (the bay-region benzo r i n g ) decreases or 
annuls c a r c i n o g e n i c i t y (see r e f s . 1, 9, 15). 
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A v a r i e t y of o x i d a t i v e , r e d u c t i v e , h y d r o l y t i c and 
co n j u g a t i n g enzymes/enzyme systems a c t i v a t e chemical 
c a r c i n o g e n s (7). The mixed - f u n c t i o n oxidases are by f a r 
the most w e l l known a c t i v a t i n g system f o r most 
car c i n o g e n s (10). However, a t l e a s t two ot h e r 
enzymes/enzyme systems deserve a s p e c i a l mention here. 
One i s the r e l a t i v e l y l i t t l e known p r o s t a g l a n d i n H 
synthase (PHS) t h a t i s i n c r e a s i n g l y c o n s i d e r e d t o be the 
major a c t i v a t i n g system i n many e x t r a h e p a t i c t i s s u e s 
(11) . The PHS system has been shown t o a c t i v a t e a v a r i e t y 
o f chemical carcinogens i n c l u d i n g some t h a t were 
p r e v i o u s l y assumed t o be " e p i g e n e t i c " (see r e f . 7 ) . The 
h e r b i c i d e , a m i t r o l e ( 3 - a m i n o - l , 2 , 4 - t r i a z o l e ) , a t h y r o i d 
c a r c i n o g e n and g o i t r o g e n , f o r example, has been g e n e r a l l y 
assumed t o be an " e p i g e n e t i c " c a r c i n o g e n because o f i t s 
g o i t r o g e n i c a c t i v i t y and i t s i n a c t i v i t y i n a v a r i e t y o f 
short- t e r m m u t a g e n i c i t y assays (mostly u s i n g l i v e r 
microsomes as the
re c e n t s t u d i e s i n d i c a t
mutation and i n v i t r o c e l l t r a n s f o r m a t i o n i n S y r i a n 
hamster embryo f i b r o b l a s t s which are known t o c o n t a i n PHS 
a c t i v i t y . A m i t r o l e can be a c t i v a t e d by microsomes from 
ram seminal v e s i c l e s (high i n PHS a c t i v i t y ) t o r e a c t i v e 
i n t e r m e d i a t e s capable o f b i n d i n g c o v a l e n t l y t o DNA (12a). 
Another i n t e r e s t i n g enzyme i s g l u t a t h i o n e (GSH) S-
t r a n s f e r a s e which i s g e n e r a l l y regarded t o be a 
d e t o x i f y i n g enzyme. However, f o r d i h a l o a l k a n e s such as 
the fumigant, 1,2-dibromoethane, GSH S - t r a n s f e r a s e i s an 
a c t i v a t i n g r a t h e r than a d e t o x i f y i n g enzyme because the 
m e t a b o l i t e formed, a GSH conjugate, i s a c t u a l l y a h a l f 
s u l f u r mustard (GS-CH2-CH2-C1) which can undergo 
c y c l i z a t i o n t o y i e l d e l e c t r o p h i l i c e p i s u l f o n i u m 
i n t e r m e d i a t e (see r e f s . 7, 12b). 

M e c h a n i s t i c f a c t o r : Depending on the p r o j e c t e d 
mechanism o f a c t i o n , d i f f e r e n t approaches are needed i n 
SAR a n a l y s i s . However, s i n c e carcinogens o f t e n a c t by 
more than one mechanism, a l l p o s s i b l e mechanisms should 
be c o n s i d e r e d f o r e v a l u a t i o n of t h e i r a p p l i c a b i l i t y t o 
the chemical i n q u e s t i o n . 

P r o f i l e o f T y p i c a l Potent Carcinogens 

There are a number o f c h a r a c t e r i s t i c s t h a t are common t o 
most t y p i c a l potent c a r c i n o g e n s : 

(1) F i r s t , they must be abl e t o reach t a r g e t s i t e s a t 
s u f f i c i e n t l y h i g h l e v e l . As d i s c u s s e d e a r l i e r , the 
phy s i c o c h e m i c a l p r o p e r t i e s o f the chemical p l a y a 
determining r o l e . R e a c t i v e d i r e c t - a c t i n g e l e c t r o p h i l i c 
chemicals are o f t e n potent carcinogens i f they are e i t h e r 
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( i ) v o l a t i l e (e.g., b i s - c h l o r o m e t h y l e t h e r ) , ( i i ) 
ad m i n i s t e r e d by ro u t e s or c o n d i t i o n s a l l o w i n g d i r e c t 
access t o t a r g e t t i s s u e s , o r ( i i i ) r e s i s t a n t t o m e t a b o l i c 
d e t o x i f i c a t i o n (e.g., 1,2-dibromoethane which i s 
a c t i v a t e d r a t h e r than d e t o x i f i e d by GSH). 

(2) A c t i v a t i o n near o r a t the s i t e of t a r g e t i s one of 
the most e f f e c t i v e means of g e n e r a t i n g potent 
c a r c i n o g e n s . For t h i s reason, the l i v e r , the most 
important organ f o r metabolism, i s a most f r e q u e n t l y 
observed t a r g e t organ f o r carcinogens t h a t r e q u i r e 
m e t a b o l i c a c t i v a t i o n . A number of carcinogens (e.g., 4-
aminobiphenyl) can be a c t i v a t e d t o e l e c t r o p h i l i c 
i n t e r m e d i a t e s i n the l i v e r , t e m p o r a r i l y d e t o x i f i e d by 
forming conjugates (e.g., g l u c u r o n i d e ) , t r a n p o r t e d i n 
t h i s " p r o t e c t e d " form t o a second t a r g e t (e.g., u r i n a r y 
b l a d d e r ) , and r e a c t i v a t e d by t a r g e t - s p e c i f i c h y d r o l a s e 
(e.g., β-glucuronidase) or a c i d h y d r o l y s i s (see r e f s . 
2, 7, 12b). 

(3) A reasonable
t a r g e t macromolecules i s a l s o c r u c i a l . For r e a c t i v e 
c a r c i n o g e n s , t h i s means some ways t o s t a b i l i z e the 
r e a c t i v e i n t e r m e d i a t e (see d i s c u s s i o n under "SAR 
C o n s i d e r a t i o n o f Genotoxic Carcinogens") . For n o n r e a c t i v e 
c a r c i n o g e n s , t h i s means met a b o l i c s t a b i l i t y so t h a t the 
chemical may s t a y i n the body l o n g e r . 

(4) S e l e c t i v e , s p e c i f i c , and p e r s i s t e n t i n t e r a c t i o n 
w i t h DNA o r ot h e r t a r g e t macromolecules i s another 
c r i t i c a l f e a t u r e . For example, the potent c a r c i n o g e n , 
a f l a t o x i n B w a f t e r m e t a b o l i c a c t i v a t i o n b i n d s 
s e l e c t i v e l y t o c e r t a i n s p e c i f i c r e g i o n s of DNA. The DNA 
adducts thus formed undergo p o s t - b i n d i n g c o n v e r s i o n t o 
adducts t h a t are p e r s i s t e n t and r e s i s t a n t t o DNA r e p a i r 
enzymes (see r e f . 5) . Other potent carcinogens such as 
7,12-dimethylbenz[a]anthracene and N-nitrosomethylurea 
have been shown t o s e l e c t i v e l y b i n d t o s p e c i f i c DNA 
r e g i o n s t h a t encode oncogenes (13). For 2 , 3 , 7,8-TCDD, i t 
s e l e c t i v e l y b inds t o c y t o s o l i c Ah p r o t e i n . Although the 
b i n d i n g i s not c o v a l e n t , the p e r s i s t e n t nature of 
2,3,7,8-TCDD ensures m e c h a n i s t i c a l l y s i g n i f i c a n t 
i n t e r a c t i o n (14). 

(5) As d i s c u s s e d e a r l i e r , chemical c a r c i n o g e n e s i s i s 
a complex proces s i n v o l v i n g m u l t i p l e stages and many 
f a c t o r s . Most potent chemical carcinogens e x e r t e f f e c t s 
on m u l t i p l e s t e p s or stages o f c a r c i n o g e n e s i s . The 
s y n e r g i s t i c o r complementary combination o f these 
i n d i v i d u a l e f f e c t s determines the potency o f the 
ca r c i n o g e n . For example, the potent c a r c i n o g e n , 
benzo[a]pyrene, i s m e t a b o l i c a l l y a c t i v a t e d t o r e a c t i v e 
b a y - r e g i o n d i o l e p o x i d e t h a t binds t o DNA and i n i t i a t e s 
c a r c i n o g e n e s i s (15), i t i s a l s o m e tabolized t o p h e n o l i c 
d e r i v a t i v e s t h a t a c t as promotors (16), and i t i s a c t i v e 
as an immune s u p p r e s s i v e agent (17). 
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SAR C o n s i d e r a t i o n o f Genotoxic Carcinogens 

As d i s c u s s e d above, SAR a n a l y s i s i s more e f f e c t i v e i f we 
can p r e d i c t / p r o j e c t the p o s s i b l e mechanism of a c t i o n of 
the c h e m i c a l . For genotoxic carcinogens, SAR a n a l y s i s 
should i n c l u d e c o n s i d e r a t i o n o f : ( i ) the nature o f the 
e l e c t r o p h i l e p r e s e n t or t o be formed, ( i i ) p o s s i b i l i t y 
o f s t a b i l i z a t i o n o f the in t e r m e d i a t e , and ( i i i ) the 
molecule t o which the e l e c t r o p h i l e i s atta c h e d . 

The e l e c t r o p h i l e s o r e l e c t r o p h i l i c i n t e r m e d i a t e s 
t h a t are o r are p o s t u l a t e d t o be r e s p o n s i b l e f o r the 
c a r c i n o g e n i c a c t i o n o f chemicals i n c l u d e : ( i ) p o s i t i v e l y 
charged carbonium, n i t r e n i u m , oxonium and e p i s u l f o n i u m 
i o n s , ( i i ) f r e e r a d i c a l s , ( i i i ) p o l a r i z e d double bonds, 
(i v ) aldehydes, (v) s t r a i n e d r i n g s such as epoxide, 
a z i r i d i n e , l a c t o n e s and s u l t o n e s  and (vi ) quinone/ 
quinoid/quinoneimin
r e a c t i v i t y (Table I
" s o f t " t o "hard" s i m i l a r t o the concept of " s o f t " and 
"hard" a c i d s and bases (18). In g e n e r a l , s o f t 
e l e c t r o p h i l e s r e a c t p r e f e r e n t i a l l y w i t h s o f t n u c l e o 
p h i l e s whereas hard e l e c t r o p h i l e s r e a c t p r e f e r e n t i a l l y 
w i t h hard n u c l e o p h i l e s . Thus, s i n c e the n u c l e o p h i l i c 
s i t e s i n the p u r i n e and p y r i m i d i n e bases i n DNA are 
moderately hard n u c l e o p h i l e s , moderately hard 
e l e c t r o p h i l e s tend t o have the g r e a t e s t l i k e l i h o o d of 
c o v a l e n t b i n d i n g t o DNA. S o f t e l e c t r o p h i l e s o f t e n d e p l e t e 
the c e l l u l a r p o o l o f n o n c r i t i c a l s o f t n u c l e o p h i l e s (such 
as GSH) b e f o r e they can r e a c t w i t h DNA. 

Even when a c t i v a t e d near the t a r g e t s i t e , some 
e l e c t r o p h i l i c i n t e r m e d i a t e s a re s t i l l t oo r e a c t i v e t o 
t r a v e l from enzymic s i t e t o DNA. Resonance s t a b i l i z a t i o n 
o f t e n p r o v i d e s the needed l e n g t h e n i n g of l i f e t i m e f o r the 
r e a c t i v e i n t e r m e d i a t e t o reach i t s t a r g e t macromolecules. 
A comprehensive study of the SAR o f c a r c i n o g e n i c aromatic 
amines (2) b e s t i l l u s t r a t e s the p o i n t . F i g u r e 1 shows the 
p o s i t i o n ( s ) where attachment o f an amine or amine-
g e n e r a t i n g group (such as n i t r o , n i t r o s o group) can y i e l d 
c a r c i n o g e n i c aromatic amines. These p o s i t i o n s correspond 
t o the t e r m i n a l end(s) of the l o n g e s t conjugated system 
i n the molecule. I t i s a t these p o s i t i o n s t h a t the 
r e a c t i v e n i t r e n i u m i o n s , generated by me t a b o l i c 
a c t i v a t i o n , can be most e f f e c t i v e l y s t a b i l i z e d by 
resonance w i t h the aromatic r i n g system. 

The m o l e c u l a r segment a d j a c e n t / a t t a c h e d t o the 
e l e c t r o p h i l i c r e a c t i v e s i t e / g r o u p can a f f e c t c a r c i n o g e n i c 
p o t e n t i a l i n a v a r i e t y o f ways. In a d d i t i o n t o mol e c u l a r 
s i z e and resonance s t a b i l i z a t i o n , a number of ot h e r 
m o l e c u l a r parameters can modulate the c a r c i n o g e n i c 
p o t e n t i a l o f the e l e c t r o p h i l i c moiety. Attachment of 
normal c e l l u l a r c o n s t i t u e n t s o r t h e i r s t r u c t u r a l analogs 
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TABLE I 

T y p i c a l " S o f t " and "Hard" E l e c t r o p h i l e s and T h e i r 
P r e f e r r e d S i t e s of A t t a c k i n Macromolecules 

Examples of S o f t and Hard E l e c t r o p h i l e s 

S o f t Aldehydes, p o l a r i z e d double bonds 

Arylcarbonium ions 

B e n z y l i c carbonium i o n s , n i t r e n i u m 
ions 

Hard Alkylcarbonium ions 

N u c l e o p h i l i c S i t e s i n Macromolecules 

S o f t T h i o l groups of c y s t e i n y l r e s i d u e s 
i n p r o t e i n and g l u t a t h i o n e 

S u l f u r atoms of methionyl r e s i d u e s 
i n p r o t e i n 

Primary amino groups o f a r g i n i n e and 
l y s i n e r e s i d u e s i n p r o t e i n 

Amino groups of pur i n e and p y r i m i d i n e 
bases i n RNA and DNA 

Oxygen atoms of purine and p y r i m i d i n e 
bases i n RNA and DNA 

Hard Phosphoryl oxygen atoms i n backbone of 
RNA and DNA 

1 B r i a n Coles, p e r s o n a l communication. 
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F i g . 1. Role o f Resonance S t a b i l i z a t i o n i n 
C o n t r i b u t i n g t o C a r c i n o g e n i c A c t i v i t y o f Aromatic Amines. 
The lower diagram i n d i c a t e s t y p i c a l hydrocarbon m o i e t i e s 
p r e s e n t i n c a r c i n o g e n i c aromatic amines. The unconnected 
bond(s) i n these m o i e t i e s i n d i c a t e the p o s i t i o n where 
attachment o f (an) amine or amine-generating group(s) 
y i e l d s c a r c i n o g e n i c compounds. These p o s i t i o n s correspond 
t o t he t e r m i n a l end(s) of l o n g e s t conjugated system i n 
the molecule and are the most f a v o r a b l e p o s i t i o n s f o r 
resonance s t a b i l i z a t i o n of r e a c t i v e n i t r e n i u m i o n s 
generated by me t a b o l i c a c t i v a t i o n (see upper b l o c k e d 
diagram). 
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t o the e l e c t r o p h i l i c moiety can o f t e n i n c r e a s e 
c a r c i n o g e n i c i t y . In these i n s t a n c e s the m o l e c u l a r segment 
a t t a c h e d a c t s as a c a r r i e r t o f a c i l i t a t e e n t r y i n t o the 
t a r g e t o r g a n ( s ) . For example, the p a n c r e a t i c c a r c i n o g e n , 
s t r e p t o z o t o c i n , c o n t a i n s a N - n i t r o s o moiety and a sugar 
moiety. The former generates an e l e c t r o p h i l i c moiety 
whereas the l a t t e r a c t s as a c a r r i e r ( see r e f . 5) . 
A t t a c h i n g the r e a c t i v e mustard group t o u r a c i l y i e l d s a 
h i g h l y potent c a r c i n o g e n (see r e f . 3) , presumably because 
u r a c i l can be r e a d i l y taken up by c e l l s . The l o c a t i o n of 
the e l e c t r o p h i l i c m o i e t y ( i e s ) i n the molecule i s a l s o 
important. E l e c t r o p h i l i c m o i e t y ( i e s ) s i t u a t e d a t the 
t e r m i n a l ends has(ve) a b e t t e r chance of r e a c t i n g w i t h 
t a r g e t macromolecules than those s i t u a t e d a t or 
s t e r i c a l l y " b u r i e d " i n the middle of the molecule because 
of s t e r i c hindrance. Molecules c o n t a i n i n g more than one 
e l e c t r o p h i l i c moiety are more l i k e l y t o be c a r c i n o g e n i c 
than monofunctiona
e l e c t r o p h i l i c m o i e t i e
f a r a p a r t (see r e f . 3) . 

SAR C o n s i d e r a t i o n of E p i g e n e t i c Carcinogens 

In c o n t r a s t t o g e n o t o x i c carcinogens, e p i g e n e t i c 
c a r c i n o g e n s a c t by a wide v a r i e t y of mechanisms. Some of 
the p o s s i b l e e p i g e n e t i c mechanisms of chemical 
c a r c i n o g e n e s i s i n c l u d e : peroxisome p r o l i f e r a t i o n , 
i n h i b i t i o n o f i n t e r c e l l u l a r communication, m i c r o t u b u l e 
a l t e r a t i o n , hormonal imbalance, c y t o t o x i c i t y , 
immunomodulation, i n h i b i t i o n o f DNA m e t h y l a t i o n , e t c . 

The e v a l u a t i o n of p o t e n t i a l c a r c i n o g e n i c i t y based 
on e p i g e n e t i c mechanism, r e q u i r e s examination of the 
f o l l o w i n g q u e s t i o n s : ( i ) what i s the most l i k e l y 
mechanism(s)?, ( i i ) i s i n f o r m a t i o n a v a i l a b l e t o a l l o w 
SAR a n a l y s i s based on t h i s mechanism?, and ( i i i ) are 
p o s s i b l y o t h e r mechanism(s) in v o l v e d ? For example, a 
v a r i e t y o f peroxisome p r o l i f e r a t o r s w i t h d i f f e r e n t 
chemical s t r u c t u r e s have been shown t o be 
h e p a t o c a r c i n o g e n i c (19). At l e a s t f o r the c h l o r i n a t e d 
phenoxyacetic a c i d s (20), some SAR can be d i s c e r n e d ( F i g . 
2). I t appears t h a t the degree of branching a t the CO-1 
carbon p l u s the e l e c t r o n - w i t h d r a w i n g c a p a b i l i t y o f the 
c h l o r i n a t e d phenoxy moiety c o n t r i b u t e t o the peroxisome 
p r o l i f e r a t i v e a c t i v i t y . Among the c h l o r i n a t e d 
phenoxyacetic a c i d d e r i v a t i v e s t h a t have been t e s t e d f o r 
c a r c i n o g e n i c a c t i v i t y , two of the more potent peroxisome 
p r o l i f e r a t o r s ( c i p r o f i b r a t e and c l o f i b r i c a cid) are 
c a r c i n o g e n i c whereas f o r 2,4-D (a weak peroxisome 
p r o l i f e r a t o r ) t h e r e appears t o be no c o n v i n c i n g evidence 
f o r c a r c i n o g e n i c i t y (21; see a l s o r e f s . 3,4 and t h i s 
monograph). I t remains t o be s t u d i e d whether t h i s SAR of 
peroxisome p r o l i f e r a t i v e a c t i v i t y can be used t o p r e d i c t 
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Relative Peroxisome Proliferative Activity of Chlorinated 
Phenoxyacetic Acids and Related Compounds 

Compound 

Ciprofibrate 

Methyl clofenapate 

Clobuzarit 

S il vex 

Dichloroprop 

Clofibric acid 

2,4,5-T 

2,4-DB 

2,4-D 

MCPA 

CH3 

I 

CH3 

c,"i>-<S)-o-i:-cooH 

CH3 

ÇH3 

C I - ^ ^ - ^ ^ - 0 - C - C O O « C H 3 

C I H ^ ) - ( ^ - C H 2 - 0 - C - C O O H 

CI ( 

c i - Q - o - c 

CI C l 

C I — 0 - C - C O O H 

CI CH3 

C I ""^)~~ 0 "" C H 2 ~ C 0 0 H 

ÇH3 

-CH-COOH 

CH3 

-CH-COOH 

CH3 

CI 

Cl 

(CH2)3-COOH 

CH2-COOH 

-CH 2 -COOH 

R.P.* 

20.3 

12.4 

4.01 

2.59 

1.33 

1.00 

0.72 

0.43 

0.26 

0.22 

F i g . 2 . R e l a t i v e Peroxisome P r o l i f e r a t i v e A c t i v i t y 
o f C h l o r i n a t e d Phenoxyacetic A c i d s and R e l a t e d Compounds 
i n C u l t u r e d Rat Hepatocytes. (*R.P. = R e l a t i v e potency 
f o r i n d u c t i o n o f p a l m i t o y l CoA o x i d a t i o n . Data summarized 
from Lewis e t a l . [20]) 
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p o t e n t i a l c a r c i n o g e n i c i t y and whether the c a r c i n o g e n i c i t y 
o f c h l o r i n a t e d phenoxyacetic a c i d d e r i v a t i v e s can be 
t o t a l l y accounted f o r by t h e i r peroxisome p r o l i f e r a t i v e 
a c t i v i t y . In t h i s r e s p e c t , i t i s i n t e r e s t i n g t o p o i n t out 
t h a t t r i c h l o r o a c e t i c a c i d , a r e l a t i v e l y weak peroxisome 
p r o l i f e r a t o r (20) , has been shown t o be 
h e p a t o c a r c i n o g e n i c (see r e f . 5) . At l e a s t i n the case of 
t r i c h l o r o a c e t i c a c i d , i t appears t h a t peroxisome 
p r o l i f e r a t i o n alone cannot completely account f o r i t s 
c a r c i n o g e n i c a c t i v i t y . 

Scheme f o r Hazard I d e n t i f i c a t i o n 

Because of the complexity of SAR a n a l y s i s a f o r m a l i z e d 
scheme i s used f o r d e t e c t i n g p o t e n t i a l c a r c i n o g e n s , so 
as t o ensure t h a t a l l f a c t o r s are p r o p e r l y c o n s i d e r e d
One such scheme i s
of the p h y s i c o c h e m i c a
d e g r a d a t i o n p o t e n t i a l , metabolism and pharmacokinetics, 
t h r e e c a t e g o r i e s of c r i t e r i a should be used f o r 
s u s p e c t i n g chemical compounds of c a r c i n o g e n i c a c t i v i t y . 
These are: (1) s t r u c t u r a l c r i t e r i a , (2) f u n c t i o n a l 
c r i t e r i a , and (3) " g u i l t - b y - a s s o c i a t i o n " c r i t e r i o n . 

(1) S t r u c t u r a l c r i t e r i a are based on SAR a n a l y s i s . Two 
b a s i c approaches may be used: f i r s t l y , s t r u c t u r a l 
a n a l o g i e s w i t h e s t a b l i s h e d types of chemical c a r c i n o g e n s , 
and, secondly, c o n s i d e r a t i o n s of m o l e c u l a r s i z e , shape 
and symmetry, and of e l e c t r o n d i s t r i b u t i o n and s t e r i c 
f a c t o r s i n and around f u n c t i o n a l groups, independently 
from any p o s s i b l e analogy w i t h o t h e r compounds. Some of 
the s t r u c t u r a l c r i t e r i a (see Appendix V of r e f . 5 f o r 
d e t a i l s ) are l i s t e d below: 

1. The presence of an amino, dimethylamino, 
n i t r o s o or n i t r o group d i r e c t l y l i n k e d t o an 
aromatic conjugated double-bonded system, 
e s p e c i a l l y i f the amine or amine-generating 
group i s a t the t e r m i n a l end of the l o n g e s t 
conjugated double-bond arrangement of the 
molecule. 

2. P o l y c y c l i c s t r u c t u r e w i t h t h r e e t o s i x 
r i n g s t h a t mimic the angular r i n g d i s t r i b u t i o n 
o f c a r c i n o g e n i c p o l y c y c l i c hydrocarbons. The 
l i k e l i h o o d o f c a r c i n o g e n i c i t y i n c r e a s e s i f the 
molecule i s asymmetric, c o n t a i n s b a y - r e g i o n 
benzo r i n g , b l o c k e d L - r e g i o n , and f r e e p e r i 
p o s i t i o n a d j a c e n t t o the bay-region benzo 
r i n g . 

3. N-Nitroso, hydrazo, a l i p h a t i c azo, or 
a l i p h a t i c azoxy s t r u c t u r e s and a l l l - a r y l - 3 , 3 -
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d i a l k y l t r i a z e n e s and 1 , l - d i a r y l - 2 - a c e t y l e n i c 
carbamates. 

4. The presence o f a s t e r i c a l l y s t r a i n e d r i n g 
(e.g., epoxide, a z i r i d i n e , l a c t o n e s and 
sul t o n e s ) i n any type o f s t r u c t u r e . The 
l i k e l i h o o d of c a r c i n o g e n i c i t y may i n c r e a s e i f 
the compound c o n t a i n s two or more of these 
r e a c t i v e r i n g s t r u c t u r e s . 

5. Any s t r u c t u r a l type o f a l k y l a t i n g , 
a r y l a t i n g , o r a c y l a t i n g agent o r l a r g e r 
m o l e c u l a r assemblies i n c o r p o r a t i n g such agents 
as c h e m i c a l l y r e a c t i v e m o i e t i e s . The 
l i k e l i h o o d of c a r c i n o g e n i c i t y may i n c r e a s e i f 
( i ) the r e a c t i v e i n t e r m e d i a t e generated can be 
s t a b i l i z e d by resonance or by i n d u c t i v e o r 
mesomeric e f f e c t s
two or more of
( i i i ) the compound has a f a v o r a b l e m o l e c u l a r 
shape and s i z e f o r DNA i n t e r c a l a t i o n or i s a 
s t r u c t u r a l analog o f normal c e l l u l a r 
c o n s t i t u e n t s . 

6. Low molecular weight carbamate, t h i o -
carbamate, and t h i o u r e a d e r i v a t i v e s . 

7. The presence o f a h a l o a l k y l ( p a r t i c u l a r l y 
1 , 2 - d i h a l o ) , h a l o a l k e n y l (both v i n y l i c and 
a l l y l i c ) , o(-haloether, <X-haloalkanol, or 
o(-halocarbonyl grouping. 

8. Low mol e c u l a r weight a l i p h a t i c s t r u c t u r e s 
c o n t a i n i n g conjugated double bonds or i s o l a t e d 
double bonds s i t u a t e d a t the t e r m i n a l end o f 
an a l i p h a t i c c h a i n . 

9. Low molecular weight aldehydes. The 
l i k e l i h o o d of c a r c i n o g e n i c i t y i n c r e a s e s i f ( i ) 
the compound c o n t a i n s two t e r m i n a l aldehyde 
groups separated by l e s s than f o u r 
i n t e r c o n n e c t i n g atoms, and/or ( i i ) presence o f 
οΐ,β-double bond. 

10. B e n z y l i c , a l l y l i c o r p y r r o l i c e s t e r s i f 
the a c y l o x y moiety i s a good l e a v i n g group. 

(2) F u n c t i o n a l c r i t e r i a r e p r e s e n t the sum of 
pha r m a c o l o g i c a l and t o x i c o l o g i c a l c a p a b i l i t i e s which, 
i r r e s p e c t i v e o f s t r u c t u r a l type, have been c o r r e l a t e d 
w i t h c a r c i n o g e n i c a c t i v i t y . F u n c t i o n a l c r i t e r i a are used 
i n a complementary manner t o s t r u c t u r a l c r i t e r i a because 
s t r u c t u r a l c o n s i d e r a t i o n s alone cannot f o r e c a s t e n t i r e l y 
new s t r u c t u r a l types o f ca r c i n o g e n s . Some of the 
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f u n c t i o n a l c r i t e r i a a r e : 

1. agents t h a t b r i n g about i n v i t r o c e l l 
t r a n s f o r m a t i o n 

2. oncogene a c t i v a t o r s 

3. mutagens and c l a s t o g e n s (chromosomal 
a b e r r a t i o n ) 

4. a n e u p l o i d o g e n s / s p i n d l e poisons 

5. t e r a t o g e n s and i n h i b i t o r s of spermato
g e n e s i s 

6. agents showing e l e c t r o p h i l i c i t y and/or 
c o v a l e n t b i n d i n g t o macromolecules 

7. peroxisom
oxygen g e n e r a t o r s 

8. i n h i b i t o r s o f i n t e r c e l l u l a r communication 

9. s t r o n g i n d u c e r s of c e l l p r o l i f e r a t i o n 
and/or o f mixed-function oxidase(s) 

10. a n t i n e o p l a s t i c agents 

11. immunosuppressive agents 

12. agents c a u s i n g hormonal imbalance 

13. s t r o n g s u r f a c e a c t i v e agents, H-bond 
r e a c t o r s , o r c h e l a t o r s 

14. p e r s i s t e n t c y t o t o x i c agents 

15. agents c a u s i n g rough endoplasmic r e t i c u l u m 
d e g r a n u l a t i o n (detachment of ribosomes) 

16. c e r t a i n i n h i b i t o r s o f m i t o c h o n d r i a l 
r e s p i r a t i o n 

At l e a s t some o f these c r i t e r i a are so h i g h l y c o r r e l a t e d 
w i t h c a r c i n o g e n i c i t y t h a t they have been developed as 
sh o r t - t e r m t e s t s . One good approach t o improve the use 
of the f u n c t i o n a l c r i t e r i a i s t o c a r r y out a s y s t e m a t i c 
chemical c l a s s - b y - c h e m i c a l c l a s s study of the 
c o r r e l a t i o n between the p a r t i c u l a r f u n c t i o n a l c r i t e r i o n 
i n q u e s t i o n and c a r c i n o g e n i c i t y . Not a l l chemical 
c l a s s e s are expected t o demonstrate a c e r t a i n f u n c t i o n a l 
c r i t e r i o n endpoint. The c l a s s - s p e c i f i c approach should 
enhance the u s e f u l n e s s o f the f u n c t i o n a l c r i t e r i a 
approach i n p r e d i c t i n g p o t e n t i a l c a r c i n o g e n i c i t y . 
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(3) The " G u i l t - b y a s s o c i a t i o n " c r i t e r i o n p o i n t s t o the 
p o s s i b l e c a r c i n o g e n i c p o t e n t i a l i t y of compounds which, 
although found i n a c t i v e under some "standard" c o n d i t i o n s 
o f animal b i o a s s a y (and/or m u t a g e n i c i t y t e s t i n g ) , belong 
i n chemical c l a s s e s i n which s e v e r a l o t h e r compounds 
were found t o be potent and m u l t i - t a r g e t c a r c i n o g e n s , 
f o r example the 5 - n i t r o f u r a n type u r i n a r y 
a n t i b a c t e r i a l s . These compounds should be r e e v a l u a t e d t o 
determine i f r e t e s t i n g under more s t r i g e n t c o n d i t i o n s i s 
warranted. 

B r i e f Overview o f S t r u c t u r a l Features o f S e l e c t e d 
C l a s s e s o f C a r c i n o g e n i c P e s t i c i d e s 

1. Organophosphorus p e s t i c i d e s ; For v a r i o u s reasons, 
organophosphorus p e s t i c i d e s r e p r e s e n t a v e r y d i f f i c u l t 
group f o r t he e v a l u a t i o
based on SAR a n a l y s i s
of U.S. N a t i o n a l Cancer I n s t i t u t e / N a t i o n a l T o x i c o l o g y 
Program (NCI/NTP) b i o a s s a y s o f 13 organophosphorus 
p e s t i c i d e s . Of these, two ( t e t r a c h l o r v i n p h o s and, by 
gavage, d i c h l o r v o s ) gave p o s i t i v e r e s u l t s w h i l e f o u r or 
f i v e y i e l d e d e q u i v o c a l r e s u l t s . I n d u s t r y data submitted 
t o EPA i n d i c a t e t h a t a t l e a s t a number o f ot h e r organo
phosphorus p e s t i c i d e s are/may be c a r c i n o g e n i c (22). 
O v e r a l l , v i r t u a l l y a l l these p o s i t i v e o r e q u i v o c a l 
organophosphorus p e s t i c i d e s are methyl o r e t h y l e s t e r s 
of p h o sphoric or t h i o p h o s p h o r i c a c i d s . Most o f these 
p e s t i c i d e s a re e l e c t r o p h i l i c and/or mutagenic but the 
c o r r e l a t i o n between c a r c i n o g e n i c i t y and e l e c t r o -
p h i l i c i t y / m u t a g e n i c i t y seems t o be poor. 

At l e a s t f i v e c r i t i c a l f a c t o r s a f f e c t the p o t e n t i a l 
c a r c i n o g e n i c i t y o f organophosphorus p e s t i c i d e s (see F i g . 
4 ) . The a l k y l groups (R) are g e n e r a l l y b e l i e v e d t o be a 
major c o n t r i b u t o r t o the g e n o t o x i c i t y o f 
organophosphorus compounds although the r o l e o f the 
e l e c t r o p h i l i c phosphoryl moiety cannot be excluded. In 
ge n e r a l , the a l k y l a t i n g a c t i v i t y o f organophosphorus 
compounds decreases w i t h an i n c r e a s e of the s i z e of the 
R group. A l k y l e s t e r s o f t h i o p h o s p h o r i c a c i d s are not as 
e f f e c t i v e a l k y l a t o r s as the phosphates. They can, 
however, be m e t a b o l i c a l l y converted t o phosphates by 
o x i d a t i v e d e s u l f u r a t i o n o r by t h i o n o - t h i o l o 
r e a r r a n g e m e n t . The a l k y l a t i n g a c t i v i t y o f 
organophosphorus compounds can be i n c r e a s e d by 
i n c r e a s i n g the ele c t r o n - w i t h d r a w i n g c a p a b i l i t y o f the 
l e a v i n g group. However, the same parameter can a l s o make 
the phosphoryl moiety more s u s c e p t i b l e t o a l k a l i n e 
h y d r o l y s i s . Once the l e a v i n g group d e p a r t s , the 
r e s u l t i n g d i a l k y l phosphate i s no lo n g e r an a l k y l a t i n g 
agent. 
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Initial Hazard Identification 

Scheme f o r Hazard I d e n t i f i c a t i o n Based on 
F u n c t i o n a l and " G u i l t - b y - a s s o c i a t i o n " 

Organophosphorous Pesticides 

R0 . O ( o r S ) 

X RO' 
(or RS) 

Leaving 
Group 

Crit ical Factors: 

1. Nature of R group: size, branching, halogenation. 

2. Phosphate versus thiophosphate. 

3. Electron - withdrawing capability of the leaving group. 

4. Detoxification by hydrolysis or -SH compounds. 

5. Breakdown products. 

F i g . 4 . C r i t i c a l F a c t o r s A f f e c t i n g 
A c t i v i t y o f Organophosphorus P e s t i c i d e s . 

C a r c i n o g e n i c 
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TABLE I I 

Organophosphorus P e s t i c i d e s That Have Been T e s t e d by U.S. 
N a t i o n a l Cancer I n s t i t u t e / N a t i o n a l T o x i c o l o g y Program 

p e s t i c i d e 

AZINPHOSMETHYL 069 +w FEED Ε Ν Ν Ν 
COUMAPHOS 096 - FEED Ν Ν Ν Ν 
DIAZINON 137 - FEED Ν Ν Ν Ν 
DICHLORVOS 010 + FEED Ν Ν Ν Ν 
DICHLORVOS 342 + GAV SE EE SE CE 
DIMETHOATE 004 ++ FEED Ν Ν Ν Ν 
DIOXATHION 125 + FEED Ν Ν Ν Ν 
FENTHION 103 -+w FEED Ν Ν Ε Ν 
MALAOXON 135 - FEED Ν Ν Ν Ν 
MALATHION 024 - FEED Ν Ν Ν Ν 
MALATHION 192 - FEED Ν Ν 
METHYL PARATHION 157 + FEED Ν Ν Ν Ν 
PARATHION 070 +w- FEED Ε Ε Ν Ν 
PHOSPHAMIDON 016 + FEED Ε Ε Ν Ν 
TETRACHLORVINPHOS 033 - FEED Ν Ρ Ρ Ρ 

Code: t r = NCI or NTP t e c h n i c a l r e p o r t numbers; salm = 
Ames t e s t (+, p o s i t i v e ; +w, weakly p o s i t i v e ; -, n e g a t i v e ; 
ONT, on t e s t ) ; mr = male r a t s ; f r = female r a t s ; mm = 
male mice; fm = female mice; evidence f o r c a r c i n o g e n i c i t y 
(CE, c l e a r evidence; P, p o s i t i v e ; SE, some evidence; Ε o r 
EE, e q u i v o c a l evidence; IS, inadequate study; Ν o r NE, 
n e g a t i v e ) . 
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D e t o x i f i c a t i o n of organophosphorus p e s t i c i d e s 
b e f o r e they can reach t h e i r t a r g e t s i t e s i s p r obably the 
main reason f o r poor c o r r e l a t i o n between c a r c i n o g e n i c i t y 
and e l e c t r o p h i l i c i t y / m u t a g e n i c i t y . The problem i s 
f u r t h e r c o m p l i c a t e d by the f a c t t h a t s e v e r a l d i f f e r e n t 
enzymes are i n v o l v e d i n the m e t a b o l i c d e t o x i f i c a t i o n of 
organophosphorus p e s t i c i d e s . For example, paraoxon, 
t e t r a c h l o r v i n p h o s and dimethoate are p r e f e r e n t i a l l y 
d e t o x i f i e d by Α-esterase (paraoxonase), GSH-dependent S-
a l k y l t r a n s f e r a s e and c a r b o x y e s t e r a s e ( a l i e s t e r a s e ) , 
r e s p e c t i v e l y whereas c h l o r f e n v i n p h o s i s mainly 
d e t o x i f i e d by NADPH-dependent o x i d a t i v e d e a l k y l a t i o n 
(23). Furthermore, s i g n i f i c a n t s p e c i e s d i f f e r e n c e s have 
been observed i n the r a t e of d e t o x i f i c a t i o n ; f o r 
example, the r e l a t i v e r a t e s o f d e a l k y l a t i o n of 
c h l o r f e n v i n p h o s by r a t , mouse, r a b b i t and dog l i v e r s are 
1, 8, 24 and 88, r e s p e c t i v e l y (23)  A s y s t e m a t i c study 
o f d e t o x i f i c a t i o n p a t t e r
i s c r i t i c a l l y neede
p r e d i c t i o n from SAR a n a l y s i s . 

T e rminal o r v i c i n a l h a l o g e n a t i o n of the R group can 
be expected t o i n c r e a s e the e l e c t r o p h i l i c r e a c t i v i t y of 
the breakdown p r o d u c t ( s ) . Besides the a l k y l group, o t h e r 
breakdown produ c t s of organophosphorus p e s t i c i d e s may 
a l s o c o n t r i b u t e t o c a r c i n o g e n i c i t y . For example, i t has 
been suggested (24) t h a t the l e a v i n g group of 
t e t r a c h l o r v i n p h o s ( F i g . 5) can c o n t r i b u t e t o 
c a r c i n o g e n i c i t y by g e n e r a t i n g the e l e c t r o p h i l i c 
i n t e r m e d i a t e , chloromethyl 2 , 4 , 5 - t r i c h l o r o p h e n y l ketone. 

2. Carbamate/thiocarbamate p e s t i c i d e s ; C o n s i d e r a b l y 
l e s s i n f o r m a t i o n on carbamate p e s t i c i d e s i s a v a i l a b l e i n 
the open l i t e r a t u r e f o r e s t a b l i s h i n g a c l e a r SAR 
p a t t e r n . However, from s t u d i e s on urethan and i t s 
analogs (3,25), some s t r u c t u r a l f e a t u r e s t h a t f a v o r 
c a r c i n o g e n i c i t y / m u t a g e n i c i t y can be d i s c e r n e d (see F i g . 
6) . They a r e : ( i ) a s m a l l a l k y l group a t the carboxy 
end. V i n y l carbamate i s by f a r the most pote n t carbamate 
c a r c i n o g e n . Urethan ( e t h y l carbamate) has been 
p o s t u l a t e d t o be m e t a b o l i c a l l y a c t i v a t e d by 
dehydrogenation t o v i n y l carbamate. However, the 
demonstration of c a r c i n o g e n i c i t y of methyl carbamate by 
NTP ( T e c h n i c a l Report No. 328) suggests t h a t dehydro
g e n a t i o n i s not an o b l i g a t o r y r o u t e f o r carbamate 
a c t i v a t i o n . Two carbamate p e s t i c i d e s (asulam, benomyl) 
r e p o r t e d t o be c a r c i n o g e n i c (22) are N - s u b s t i t u t e d 
d e r i v a t i v e s of methyl carbamate, ( i i ) Some f o u r t e e n 1,1-
d i a r y l - 2 - a c e t y l e n i c carbamates of the s t r u c t u r e g i v e n i n 
F i g . 6 have been shown t o be c a r c i n o g e n i c . The a r y l and 
a c e t y l e n i c m o i e t i e s are probably i n v o l v e d i n s t a b i l i z i n g 
the carbonium i o n which would a r i s e a f t e r d e p a r t u r e of 
the carbamoyloxy moiety, ( i i i ) Replacement of the alkoxy 
group by c h l o r i n e y i e l d s a potent c a r c i n o g e n , 
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CH 3o 0 

chloromethyl 
Tetrachlorvinphos 2,4,5-trichlorophenyl 

ketone 

F i g . 5. Leaving Group as P o t e n t i a l E l e c t r o p h i l i c 
C a r c i n o g e n i c Intermediate o f the Organophosphorus 
P e s t i c i d e , Tetrachlorvinphos

CARBAMATES 

R2 
\ 
Ν - CO - Ο - R, 

/ 
R3 

S a l i e n t s t r u c t u r a l f e a t u r e s known t o c o n t r i b u t e t o or 
a f f e c t c a r c i n o g e n i c i t y / m u t a g e n i c i t y : 

1. C a r c i n o g e n i c i f R2, R3 = H; R1 = v i n y l , e t h y l o r 
methyl. 

2 . C a r c i n o g e n i c i f R2, R3 = Η o r a l k y l ; R1 = 

A r y l 

- C - C = C - H 

A r y l (or R) 

3. C a r c i n o g e n i c i f R2, R3 = CH 3; - 0R1 r e p l a c e d by - CI. 

4 . Ν,Ν-Disubstitution w i t h bulky group decreases 
c a r c i n o g e n i c i t y / m u t a g e n i c i t y . 

5. Mutagenic i f e i t h e r R 2 or R3 i s ac y l o x y . 

F i g . 6. S a l i e n t S t r u c t u r a l F e a t u r e s Known t o 
C o n t r i b u t e t o o r A f f e c t the C a r c i n o g e n i c i t y and/or 
M u t a g e n i c i t y o f Carbamates. 

In Carcinogenicity and Pesticides; Ragsdale, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



194 CARCINOGENICITY AND PESTICIDES 

dimethylcarbamyl c h l o r i d e , (iv) With the e x c e p t i o n of 
good l e a v i n g groups, Ν,Ν-disubstitution g e n e r a l l y 
decreases c a r c i n o g e n i c i t y / m u t a g e n i c i t y probably by 
d e c r e a s i n g the p o s s i b i l i t y of m e t a b o l i c a c t i v a t i o n of 
the amino end. (v) N - S u b s t i t u t i o n w i t h a good l e a v i n g 
group such as an a c y l o x y group can y i e l d a p o t e n t 
d i r e c t - a c t i n g mutagen. These r e s u l t s suggest t h a t t h e r e 
are t h r e e p o t e n t i a l e l e c t r o p h i l i c s i t e s i n carbamates: 
the a l k y l group, the carbamoyl group and the a c t i v a t e d 
amino end. These s t r u c t u r a l f e a t u r e s should be u s e f u l i n 
e v a l u a t i n g the p o t e n t i a l c a r c i n o g e n i c i t y of carbamate 
p e s t i c i d e s . 

A c a r c i n o g e n i c i t y concern of another type asso
c i a t e d w i t h carbamate p e s t i c i d e s i s t h e i r r e l a t i v e ease 
of N - n i t r o s a t i o n . N i t r o s a t i n g agents can be r e a d i l y 
found i n the environment (e.g.  n i t r i t e i n s a l i v a ) and 
the a c i d i c c o n d i t i o
n i t r o s a t i o n r e a c t i o n
n i troso-carbamate has a v e r y h i g h p r o b a b i l i t y of b e i n g 
c a r c i n o g e n i c . Bioassay s t u d i e s on N - n i t r o s o compounds 
i n d i c a t e t h a t , o f the c l o s e t o 400 N - n i t r o s o compounds 
t h a t have been t e s t e d , some 80-90% are c a r c i n o g e n i c . The 
s i g n i f i c a n c e o f p o s s i b l e i n v i v o formation of N - n i t r o s o 
compounds from carbamate p e s t i c i d e s r e q u i r e s more 
e x t e n s i v e c o n s i d e r a t i o n . 

A number of thiocarbamate and d i t h i o c a r b a m a t e 
p e s t i c i d e s have been shown t o be c a r c i n o g e n i c or 
mutagenic (3, 25). These i n c l u d e d i a l l a t e , t r i a l l a t e and 
s u l f a l l a t e . T h e i r common s t r u c t u r a l f e a t u r e appears t o 
be the presence of the S - c h l o r o a l l y l moiety t h a t can 
y i e l d c h l o r o a c r o l e i n as the most probable u l t i m a t e 
carcinogen/mutagen. A number of metal s a l t s of 
d i a l k y l d i t h i o c a r b a m a t e ( p a r t i c u l a r l y d i m e t h y l d i t h i o -
carbamates) and the c l o s e l y r e l a t e d t e t r a m e t h y l t h i r a m 
and t e t r a m e t h y l t h i r a m monosulfide have been shown t o be 
mutagenic i n the Ames t e s t (25) . S e v e r a l of these 
compounds were p o s i t i v e i n the NCI s c r e e n i n g t e s t (3, 
25) but thus f a r o n l y ζ iram (NTP T e c h n i c a l Report No. 
238) was found p o s i t i v e when r e t e s t e d i n a f u l l - f l e d g e d 
b i o a s s a y , i n d u c i n g t h y r o i d tumors i n male r a t s . 
B i s e t h y l e n e d i t h i o c a r b a m a t e s as a c l a s s are suspect 
c a r c i n o g e n s because they can a l l y i e l d e t h y l e n e t h i o u r e a , 
a proven ca r c i n o g e n , a f t e r metabolism (25). 

3. Organohalogen p e s t i c i d e s : A l a r g e number of 
organohalogen p e s t i c i d e s have been t e s t e d f o r c a r c i n o 
g e n i c i t y . T a b l e I I I shows t h a t , among the 28 organo
halogen p e s t i c i d e s t e s t e d by U.S. N a t i o n a l Cancer 
I n s t i t u t e / N a t i o n a l T o x i c o l o g y Program (NCI/NTP), 17 are 
p o s i t i v e i n a t l e a s t one animal s p e c i e s . Based on 
chemical s t r u c t u r e , they can be c l a s s i f i e d as 
h a l o g e n a t e d a l k a n e s , a l k e n e s , c y c l o a l k a n e s , 
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TABLE I I I 

Organohalogen P e s t i c i d e s That Have Been T e s t e d by U.S. 
N a t i o n a l Cancer I n s t i t u t e / N a t i o n a l T o x i c o l o g y Program 

p e s t i c i d e t r salm r o u t e mr f r mm fm 

ALDRIN 021 ONT FEED Ε Ε Ρ Ν 
CHLORDANE, TECHNICAL 008 FEED Ν Ν Ρ Ρ 
CHLOROBENZILATE 075 - FEED Ε Ε Ρ Ρ 
3-CHLORO-2-METHYLPROPENE 300 +w GAV CE CE CE CE 
CHLOROTHALONIL 041 - FEED Ρ Ρ Ν Ν 
p,p*-DDE 131 - FEED Ν Ν Ρ Ρ 
DDT 
1,2-DIBROMO-3-CHLOROPROPAN
1,2-DIBROMO-3-CHLOROPROPANE 028 + GAV Ρ Ρ Ρ Ρ 
1,2-DIBROMOETHANE 086 ONT GAV Ρ Ρ Ρ Ρ 
1,2-DIBROMOETHANE 210 ONT INHAL Ρ Ρ Ρ Ρ 
1,2-DICHLOROBENZENE 255 - GAV Ν Ν Ν Ν 
1,4-DICHLOROBENZENE 319 - GAV CE NE CE CE 
1, 2-DICHLOROPROPANE 263 +w GAV NE EE SE SE 
1,3-DICHLOROPROPENE 269 + GAV CE SE IS CE 

(TELONE II) 
DICOFOL 090 - FEED Ν Ν Ρ Ν 
DIELDRIN 021 - FEED Ν Ν Ε Ν 
DIELDRIN 022 - FEED Ν Ν 
ENDOSULFAN 062 - FEED I Ν I Ν 
ENDRIN 012 - FEED Ν Ν Ν Ν 
ρ,ρ 1-ETHYL-DDD (PERTHANE) 156 + FEED Ν Ν Ν Ε 
HEPTACHLOR 009 - FEED Ν Ν Ρ Ρ 
LINDANE 014 - FEED Ν Ν Ν Ν 
METHOXYCHLOR 035 - FEED Ν Ν Ν Ν 
MIREX 313 - FEED CE CE 
PENTACHLORONITROBENΖ ENE 061 - FEED Ν Ν Ν Ν 
PENTACHLORONITROBENZENE 325 - FEED NE NE 
PENTACHLOROPHENOL, DOWICIDE 349 FEED CE CE 
PENTACHLOROPHENOL, TECHNICAL 349 - FEED CE SE 
PHOTODIELDRIN 017 + FEED Ν Ν Ν Ν 
ρ,ρ 1-TDE 131 - FEED Ε Ν Ν Ν 
TOXAPHENE 037 + FEED Ε Ε Ρ Ρ 
2,4,6-TRICHLOROPHENOL 155 - FEED Ρ Ν Ρ Ρ 

Code: t r = NCI or NTP t e c h n i c a l r e p o r t numbers; salm = 
Ames t e s t ( + , p o s i t i v e ; +w, weakly p o s i t i v e ; -, n e g a t i v e ; 
ONT, on t e s t ) ; mr = male r a t s ; f r = female r a t s ; mm = 
male mice; fm = female mice; evidence f o r c a r c i n o g e n i c i t y 
(CE, c l e a r evidence; P, p o s i t i v e ; SE, some evidence; Ε or 
EE, e q u i v o c a l evidence; IS, inadequate study; Ν or NE, 
n e g a t i v e ) . 
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c y c l o a l k e n e s , aromatics, b r i d g e d aromatics, phenols and 
phenoxyacetic a c i d s . They can a c t by a v a r i e t y o f 
mechanisms. 

In g e n e r a l , lower halogenated alkanes and alkenes 
tend t o be gen o t o x i c carcinogens (see r e f . 4 ) . They can 
be d i r e c t - a c t i n g as w e l l as i n d i r e c t - a c t i n g . The 
s t r u c t u r a l f e a t u r e s t h a t are p r e d i c t i v e o f poten t 
c a r c i n o g e n s a r e : ( i ) presence o f a c t i v e halogen(s) i n 
t e r m i n a l p o s i t i o n ( s ) , ( i i ) presence o f a d d i t i o n a l 
e l e c t r o p h i l i c f u n c t i o n a l group(s) (e.g., another 
halogen, double bond t h a t can be epoxidized) , ( i i i ) 
v i c i n a l d i h a l o g e n a t i o n (e.g., 1,2-dihaloethane) which 
a l l o w s an a d d i t i o n a l mode o f a c t i v a t i o n by GSH 
c o n j u g a t i o n t o y i e l d r e a c t i v e e p i s u l f o n i u m i o n s , and 
(iv ) f a v o r a b l e p h y s i c o c h e m i c a l p r o p e r t i e s such as h i g h 
v o l a t i l i t y , low mo l e c u l a r weight, e t c . 

Halogenated aromatic
hydrocarbons tend t o be e p i g e n e t i c car ci no ge ns (see r e f . 
4) . Most o f these are c a r c i n o g e n i c p a r t l y because o f 
p e r s i s t e n c e i n the body, so t h a t s t r u c t u r a l f e a t u r e s 
t h a t i n c r e a s e metabolism can be expected t o decrease the 
c a r c i n o g e n i c p o t e n t i a l . For example, replacement of 
c h l o r i n e atoms a t ρ,ρ 1-positions of DDT w i t h the e a s i l y 
m e t a b o l i z a b l e methoxy groups y i e l d s a n o n c a r c i n o g e n i c 
compound, methoxychlor. Other s t r u c t u r a l f e a t u r e s t h a t 
may i n c r e a s e metabolism i n c l u d e r i n g para p o s i t i o n s t h a t 
are u n s u b s t i t u t e d and adj a c e n t u n s u b s t i t u t e d r i n g 
p o s i t i o n s . 

4. Other m i s c e l l a n e o u s c l a s s e s ; Besides the major 
c l a s s e s o f c a r c i n o g e n i c p e s t i c i d e s summarized above, 
s p e c i f i c s t r u c t u r a l f e a t u r e s may account f o r c a r c i n o 
g e n i c i t y o f some p e s t i c i d e s . For example, the amidine 
p e s t i c i d e , chlordimeform, i s c a r c i n o g e n i c most probably 

because o f i t s de g r a d a t i o n p r o d u c t s / m e t a b o l i t e s 4-
c h l o r o - o - t o l u i d i n e ( p o s i t i v e i n a NCI bioassay) and/or 
3-(2-methyl-4-chlorophenyl)-1,1-dimethylurea (an analog 
of monuron, a l s o p o s i t i v e i n a NTP bioassay) . I t i s 
i n t e r e s t i n g t o note t h a t chlordimeform i t s e l f i s not 
mutagenic i n s e v e r a l short-term t e s t s but i t s 
m e t a b o l i t e / d e g r a d a t i o n product, 4 - c h l o r o - o - t o l u i d i n e i s 
p o s i t i v e i n the Ames t e s t and a mammalian spot t e s t 
(27) . Based on chemical p r o p e r t i e s alone, the 

Chlordimeform 
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a c i d / m e t a b o l i c l a b i l i t y o f the amidine s t r u c t u r e should 
not be unexpected. A l l amidine p e s t i c i d e s should be 
e v a l u a t e d f o r the c a r c i n o g e n i c p o t e n t i a l o f t h e i r 
d e g r a d a t i o n p r o d u c t s / m e t a b o l i t e s . 

Captan and f o l p e t , two p h t h a l i m i d e f u n g i c i d e s , have 
been shown or r e p o r t e d t o be c a r c i n o g e n i c (see r e f s . 5, 
22) and mutagenic (see r e f . 28). While the mechanism of 

ο 9 

Captan Folpet 

t h e i r a c t i o n i s no
a c t i o n o f these compound
the N-S-CCL, moiety, a d i r e c t - a c t i n g e l e c t r o p h i l e which 
i s not e f f e c t i v e l y d e t o x i f i e d by n o n c r i t i c a l c e l l u l a r 
n u c l e o p h i l e s . C e l l u l a r t h i o l s (RSH) are expected t o 
r e a c t w i t h (the e l e c t r o p h i l i c ) s u l f u r i n the N-S-CC1 3 

moiety. However, the d i s u l f i d e (R-S-S-CC13) m e t a b o l i t e 
thus formed may rearrange and break down t o y i e l d 

S 
II 

C l > · R - s ~ C l + C l - C - C l 
r • C l 

-I 
R - S - r S - C -

O 1 
C l 

thiophosgene (C1-CS-C1), another e l e c t r o p h i l i c 
i n t e r m e d i a t e w i t h c a r c i n o g e n i c p o t e n t i a l . Another 
c l o s e l y r e l a t e d c a r c i n o g e n i c f u n g i c i d e , c a p t a f o l (an 
analog o f captan, w i t h N-S-CC12-CHC12) i s a l s o expected t o 
undergo the same type of r e a c t i o n t o y i e l d C1-CS-CHC12 as 
a p o s s i b l e e l e c t r o p h i l i c i n t e r m e d i a t e . 

A l a c h l o r and m e t o l a c h l o r , two c l o s e l y r e l a t e d p r e -
emergence o ( - c h l o r o a c e t a n i l i d e h e r b i c i d e s , have been 
r e p o r t e d t o be c a r c i n o g e n i c (see r e f . 5) . T h e i r 

Alachlor Metolachlor 
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c a r c i n o g e n i c a c t i v i t y i s most l i k e l y r e l a t e d t o the 
a c t i v e c h l o r i n e ( i n the o(-chloroketo moiety) which can 
dep a r t t o y i e l d an a l k y l a t i n g i n t e r m e d i a t e . 
A l t e r n a t i v e l y , the p o s s i b l e d e g r a d a t i o n products, o-
s u b s t i t u t e d a n i l i n e s , a re a l s o suspect c a r c i n o g e n s . 

A number o f other s t r u c t u r a l types o f p e s t i c i d e s 
are/may be a l s o of c a r c i n o g e n i c i t y concern. These 
i n c l u d e the b i p h e n y l e t h e r s , h y d r a z i d e s , s u b s t i t u t e d 
phenylureas and s u b s t i t u t e d a m i n o - s - t r i a z i n e s as 
re p r e s e n t e d by n i t r o f e n (NCI T e c h n i c a l Report No. 26), 
daminozide (NCI T e c h n i c a l Report No. 83), monuron (NTP 
T e c h n i c a l Report No. 266) and propazine (see r e f . 29), 

ci 
/ ο c h 

C I —(/ ν — 0 — ( / ^ )

Nitrofen Monuron 

C I 

C H 3 \ II N ^ " N 

N - N H - C - C H 2 - C H 2 C 0 0 H C H JT JJ. C H 3 

C H 3 ^ ^ C H - N H N H - C H ^ 

C H / ^ C H 3 

Daminozide Propazine 

r e s p e c t i v e l y . More SAR i n f o r m a t i o n i s needed t o c l e a r l y 
d e l i n e a t e the s t r u c t u r a l f e a t u r e s i n each o f these 
c l a s s e s . For example, although n i t r o f e n i s mutagenic i n 
the Ames t e s t (see r e f . 30), i t s c l o s e analog, l f -
( c a r b o e t h o x y ) e t h y l 5 - ( 2 - c h l o r o - 4 - [ t r i f l u o r o m e t h y l ] -
phenoxy)-2-nitrobenzoate ( l a c t o f e n , which a l s o c o n t a i n s 
the p o t e n t i a l l y e l e c t r o p h i l i c aromatic n i t r o group), 
appears t o be nongenotoxic and t o e x e r t i t s c a r c i n o g e n i c 
a c t i o n by i n d u c i n g peroxisome p r o l i f e r a t i o n (31) . 
Hydrazides as a c l a s s are r e l a t i v e l y weak o r m a r g i n a l l y 
a c t i v e c a r c i n o g e n s (see r e f . 3); the ease o f h y d r o l y t i c 
r e l e a s e o f hy d r a z i n e compounds (more c a r c i n o g e n i c ) from 
h y d r a z i d e s may be an important f a c t o r . 

C o n c l uding Comment 

SAR a n a l y s i s i s a complex process, and i s 
meaningful o n l y a f t e r c o n s i d e r a t i o n o f a l l f a c t o r s . With 
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s u f f i c i e n t s u p p o r t i v e data SAR a n a l y s i s i s a u s e f u l t o o l 
f o r d e t e c t i n g carcinogens among new and e x i s t i n g 
p e s t i c i d e s . SAR should be used as a g u i d i n g p r i n c i p l e i n 
p r i o r i t i z i n g t e s t i n g f o r c a r c i n o g e n i c i t y as w e l l as i n 
choosing e f f e c t i v e b a t t e r i e s o f t e s t s of t o x i c o l o g i c a l 
endpoints r e l e v a n t t o c a r c i n o g e n e s i s . 

D i s c l a i m e r : The c o n c l u s i o n s reached and s c i e n t i f i c views 
expressed i n t h i s chapter are s o l e l y those o f the 
authors and do not n e c e s s a r i l y r e p r e s e n t the views or 
p o l i c i e s o f the U.S. Environmental P r o t e c t i o n Agency. 
Mention o f trade-names, commercial products or 
o r g a n i z a t i o n s does not imply endorsement by the U.S. 
Government. 
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Chapter 12 

Sequential Assessment of Carcinogenic Hazard 
and Risk 

John Ashby 

ICI Central Toxicology Laboratory, Alderley Park, Macclesfield, Cheshire, 
England 

As for any other chemical, knowledge of the rodent carcinogenicity of a 
pesticide usually provides the most important piece of information for 
estimating its possible carcinogenic hazard to humans. In the case of a 
rodent carcinogen, the estimation of possible human hazard can be 
refined by considering the probable mechanism of carcinogenic action 
in rodents. This can be done using chemical, genetic, biochemical and 
metabolic data in conjunction with consideration of the extent and type 
of the carcinogenic response observed in rodents. Some rodent 
carcinogens will thereby be classed as presenting a possible human 
carcinogenic hazard while others will not. If a possible human hazard is 
recognized, the separate process of estimating the carcinogenic risk to 
humans can proceed. Among other factors, this will be influenced by 
the nature, level and duration of human exposure. Given that several 
separate steps are required to estimate a carcinogenic risk to humans, it 
is concluded that the unqualified phrase a "carcinogenic pesticide" is of 
little practical value. 

Two decades or so ago, carcinogens were a rarity. To anyone with but a passing 
interest in the subject the major carcinogens were well known. Almost without 
exception they were regarded as laboratory curiosities; they did not seem to be 
represented in normal life. Thus, with good faith and a reasonable amount of 
circumstantial evidence, it was usually assumed that drugs, food additives, pesticides 
and industrial chemicals were non-carcinogenic. The suspicion existed that there 
might have been further instances of chemically-induced carcinogenesis among 
workers in the chemical industry, but even there the trend to improve industrial 
hygiene reduced the chance of this happening. 

Major attention began to be focused on the subject of chemical carcinogenicity 
in the early 1970's. The discussion centered on the prospect that if chemical usage 
continued to grow at contemporary rates, then an increase in the incidence of human 
cancers could be expected to occur in the late 1980's. This implicitly endorsed the 
safety of those chemicals in use at that time; the danger was perceived to reside with 
new chemicals and products. 

During the past twenty years, two major trends of relevance to this symposium 
have become evident. First, the number of identified rodent carcinogens has increased 
more than could have been anticipated, almost to the point that non-carcinogens have 
now become the rarity. Second, the projected epidemic of chemically-induced cancers 
in man has not come to pass. Given the apparent conflict between these two trends, a 
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symposium on the carcinogenicity of pesticides would appear to be esoteric to the 
scientist, although the public continues to be deeply concerned about this issue. In 
fact, the conflict of the above two trends has not proven as damaging as it might. Two 
deeper realizations have occurred over the same period, and these continue to strain 
our ability to derive a balanced view of the subject. The first is that detailed bioassays 
of chemicals for carcinogenicity in rodents over the past decade have revealed subtle 
carcinogenic effects for many chemicals that otherwise give no indications of 
carcinogenicity. The extent to which some of these carcinogenic effects describe a 
property of the test species rather than of the test chemical is now being widely 
discussed. Second, great progress has recently been made in the science of risk 
estimation in chemical carcinogenicity. Thus, the primary point of interest is no 
longer whether a chemical is a rodent carcinogen, but rather, whether it is likely to 
present a carcinogenic risk in a given human exposure situation. The reconciliation of 
these two concepts presents a subtle challenge to toxicologists. 

The Perception of Carcinogenic Risk 

The seminal changes that have taken place in our perceptions of carcinogenic hazard 
and risk over the past few year
accepted that attention should
chemical might present a huma  carcinogeni  Quantitatio
might indicate an unacceptable risk. However, it is now also accepted that even an 
established human carcinogen can be handled by humans without a significant 
carcinogenic risk so long as adequate protective measures are taken, i.e., so long as the 
levels of exposure are sufficiently low. Equally, a body of evidence is growing that 
indicates exposure to some rodent carcinogens is unlikely to present any carcinogenic 
hazard to humans, regardless of exposure. 

The guiding principles in deciding on the regulatory course of action with 
respect to a suspect carcinogen must be based on an understanding of the mechanism 
of carcinogenic action of the compound in question. It is no longer useful to refer to 
the carcinogenicity of, for example, sweeteners or of pesticides in isolation. Rather, 
this must be qualified by some knowledge or estimation of the mechanism of 
carcinogenic action and the projected extent of exposure to the agent. Relating this to 
the carcinogenicity of pesticides yields the following primary categories of concern. 

a) Some pesticides will prove non-carcinogenic to both rodents and 
humans under any conditions of exposure. They may, of course, 
possess other toxicities that could present a possible human hazard, but 
that is not pursued herein. 

b) Some pesticides will prove carcinogenic to rodents, yet it will be 
possible to predict that no human carcinogenic hazard is likely to be 
present during their manufacture, use, or ingestion of residues in food. 

c) Some pesticides will prove carcinogenic to rodents, and by means of the 
consideration discussed later herein, it may be possible also to anticipate 
a human carcinogenic hazard from them. The risk associated with this 
hazard will be magnified or reduced dependent upon conditions of 
exposure. This suggests possibly different risks for the manufacture 
and dispensing of such agents, as compared to their ingestion by 
humans as residues. 

d) Some pesticides will prove to be human carcinogens and must be 
regulated accordingly. 

There are many hundreds of pesticides in use worldwide. For a minority of 
these there are adequate experimental data to enable their classification as either non-
carcinogens or animal carcinogens. It is tempting to relate the remainder of this paper 
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to a discussion of these agents, but this would be idly repetitive of current initiatives 
being taken on these agents by the major regulatory authorities. Rather, attention has 
been focused on the principles that are of importance when considering agents for 
which appropriate toxicological data do not exist. These principles are independent of 
the end-use of a chemical, so they are as equally applicable to fire-retardants as they 
are to pesticides. Risk estimations must utilize toxicological principles and data, where 
they exist, along with exposure levels experienced through the end-use of the 
compound. 

Sequential Assessment of Carcinogenic Hazard 

A range of studies is usually required before a confidant assessment of carcinogenic 
hazard to humans can be derived. If a possible human hazard is defined, a separate set 
of studies may be required in order to quantitate the risk associated with the hazard. 
The risk will vary with usage pattern, and some perception of acceptable risk will 
usually be required. The advantage of adhering to a sequence in the assessment of 
carcinogenic hazard and risk is that it can provide indications of where resources 
should be allocated. The alternative is to ignore major hazards while refining 
perceptions of a negligible or

In order to illustrate clearl
of four model organic chemical  possibl  pesticide
hypothetical conclusions at each stage of evaluation are realistic and representative, 
albeit the specific results suggested might be different were these chemicals actually to 
be prepared and tested as described. 

Four hypothetical organic chemicals based on the benzopyran nucleus have 
been selected for consideration. This nucleus has neither been associated with 
genotoxicity or carcinogenicity, nor are such properties expected. Therefore, the 
possible activity of substituents becomes the potentially important issue. The reader is 
asked to assume that compounds I-IV possess pesticidal properties, and that they are 
also carcinogenic to rodents; they are, therefore, "carcinogenic pesticides." 

The point of Table I is to illustrate how this epithet, "carcinogenic 
pesticides," can be qualified such that four quite distinct conclusions regarding 
carcinogenic hazard exist, with only one requiring regulatory action to prevent human 
exposure. The text in the table is contrived to illustrate principles, but it has been 
restrained so as to remain realistic. This table is entirely theoretical, but is 
representative of the types of assessments and conclusions which might be drawn from 
the data presented. The concepts implied are discussed in detail elsewhere (1-3). 

The sequence indicated in the table on evaluation for possible carcinogenic 
hazard to man involves first the assessment of genotoxicity. This includes evaluation 
for possible sites of DNA reactivity, genotoxicity studies in vitro, and genotoxicity 
studies in vivo. These would be followed by what is considered more traditional 
toxicologic studies, including sub-acute studies and cancer bioassay in rodents by 
gavage. Finally, the mechanism of carcinogenic action must be postulated, based on all 
available evidence. Then, risk of carcinogenic hazard to humans can be assessed. 

Compounds I and II represent chemicals for which there are data showing 
positive carcinogenicity in one highly sensitive rodent species, but these results 
probably uniquely relate to the physiology and biochemistry of these species rather 
than to the properties of the chemical itself. Thus, the conclusion for these two 
compounds is that risk estimation for humans is unnecessary. Compound III shows 
results indicating genotoxicity but the positive carcinogenicity results are such that 
they would probably not relate to the genotoxicity. Such a compound would need to 
be regulated in situations only where human exposure would be at elevated levels. 
Models for risk estimation of such compounds should accommodate the concept of 
thresholds. Compound IV is one in which all toxicologic evidence indicates positive 
carcinogenicity. Risk estimations need to be made and should be used in the 
regulation of such a material. 
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Table I . H y p o t h e t i c a l outcome of t e s t i n g f o u r h y p o t h e t i c a l p e s t i c i d e s 
c a r c i n o g e n i c hazard 

Stage of 
Evaluation for 

Possible Carcinogenic 
Hazard to Man 

CH 3 

C I ^ ^ O ^ C H a 3 

(I) 

L JL J<Ch3 

Ο CH2CH2CH3 

(Π) 

Evaluation for possible 
sites of DNA reactivity, 
based on historical 
precedents and chemical 
knowledge. 

No sites expected to be 
electrophilic ( D N A -
reactive). Not expected 
that metabolism in 
mammals would generate 

Similar comments as for 
(I). Hydrolytic opening 
of the a n h y d r i d e 
expected, yielding the 
corresponding di-acid. 

Genotoxicity in vitro. 
Salmonella (Ames) 
Clastogenicity (Lymph.) 
DNA damage (UDS) 

(3 tests selected that are 
acceptable by regulatory 
authorities) 

- w+ 

(w+ only at high doses: 
possible pH or osmolarity 
effect) 

Genotoxicity in vivo. 
Bone marrow M N assay 
Liver UDS test (2 in vivo 
tests used consistent with 
some recent regulatory 
guidelines) 

(-) 
(-) 

(Some investigators would 
not conduct in vivo 
experiments on this 
chemical, but results 
shown) 

(-) 
(-) 

(Same comments as for I) 

Sub-acute toxicity 
studies (28 day) 

Non-toxic up to dose-
levels of 5 g/kg, in mice 
or rats. Evidence of 
hyalin droplets in male 
rat kidney at higher dose-
levels. 

Non-toxic, but evidence 
of liver enlargement at 
dose-levels of 1 g/kg. 

Carcinogenicity bioassay 
via oral gavage. 
(F344 rats and B6C3F1 
mice, as conducted by 
the US NTP) 

+ 
Some evidence (kidney) 
No evidence 
No evidence 
No evidence 

+ 
No evidence 
No evidence 
Clear evidence (liver) 
Clear evidence (liver) 

C o n s i d e r a t i o n o f 
m e c h a n i s m o f 
carcinogenic action, 
given the total database 
and the extent of 
current knowledge in 
these matters. 

Male rat kidney tumors 
may be a male rat 
s p e c i f i c response. 
Genotoxicity unlikely to 
be implicated. 

The mouse liver tumors 
may be uniquely related 
to the effect of the di-
acid on fat metabolism in 
the mouse liver, and the 
subsequent mitot ic 
activity. 

Risk assessment for 
carcinogenic hazard to 
humans. 

Probably no hazard, 
carcinogenic effect 
probably ο rat-specific. 
R i s k e s t i m a t i o n 
unnecessary. 

Probably no hazard, 
carcinogenic effect 
probably rodent specific. 
R i s k e s t i m a t i o n 
unnecessary. 
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f o r c a r c i n o g e n i c p o t e n t i a l w i t h a view to d i s c e r n i n g the r e l a t i v e 
to exposed humans 

^ v ^ N H A c 

ΓΎΎ°Η3 

(III) 

N 0 2 

(IV) 
Conclusions drawn 

The aromatic -NHAc 
group could prove D N A -
reactive after metabolism. 
The - C H 2 O H group may 
oxidize to the corres
ponding acid (-COOH), 
thereby aiding excretion 
in vivo. 

The aromatic - N 0 2 

groups could prove 
D N A - r e a c t i v e after 
metabolism. The epoxide 
group expected to be 
DNA-reactive

Compounds III and IV alerted as 
possible genotoxins and carcino
gens. 

+ (with liver S9) 
+ (with liver S9) 

W+ 

+ (S9) 
+(-S9) 

W+ 
(Active in Ames test with 
NR" strains suggesting 
epoxide also active) 

Compounds III & IV confirmed 
as in vitro genotoxins. Weak clas-
togenicity of II may be artefact. I 
confirmed as non-genotoxic. 

(second test justified be
cause some arylamines 
are primarily active in 
the rodent liver) 

+ 
(+) 

(second test would not 
normally be conducted, 
the agent being genotoxic 
in vivo) 

Compounds I—III of low carcino
genic potential. Compound IV a 
confirmed potential carcinogen. 

Effects on body weight 
gain at doses of 1.5 g/kg. 
Evidence of minimal thy
roid gland hyperplasia at 
top dose-level. 

Effects on body wt gain 
at doses of 500 mg/kg. 
Liver hypertrophy, & hy
perplasia in non-glandu
lar stomach. Depression 
of white blood count 
above 200 mg/kj>. 

Compound IV remains a potential 
genotoxic rodent carcinogen. 
Compounds I—III may induce 
non-genotoxic carcinogenic ef
fects in rodents after lifetime 
exposure. 

+ 
Some evidence (thyroid) 
Clear evidence (thyroid) 
No evidence 
No evidence 

+ 
Clear evidence (stomach) 
Clear evidence (stomach) 
Clear evid.(liver,ovary) 
Clear evid-.(liver,ovary) 

Compounds I-IV are carcinogenic 
to rodents. 

Many genotoxic and non
genotoxic arylamines are 
hyperplastic to the rat 
thyroid. The relevant 
carcinogenic effects seen 
are probably not related 
to genotoxicity (2). 

The rat stomach tumors 
are probably due to the 
epoxide function. The 
mouse ovary/liver tumor 
may be related to the ge
notoxic - N 0 2 subst. 

Compounds I—III probably non
genotoxic rodent carcinogens, 
effects will probably not be ap
plicable to man at the dose-levels 
likely to be encountered. Com
pound IV is a genotoxic rodent 
carcinogen, and as such, a pos
sible human carcinogen. 

The carcinogenic effects 
in rodents probably only 
relevant to man at eleva
ted dose-levels. The in 
vitro genotox suggests 
that estimations of human 
exposure are worth deri
ving, leading to risk esti
mations using models that 
accommodate thresholds. 

Assume carcinogenic ha
zard to exposed humans. 
Conduct appropriate risk 
estimations using avail
able data and conserva
tive models for extrapola
tion. 

Distinct and graded risk estima
tions indicated. For two of the 
rodent carcinogens (I and 11) 
probably no human hazard exists, 
at any exposure level, and there
fore no risk. 
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Conclusions 

Agrochemicals, including pesticides, are distinguished by the fact that they are 
purposely introduced into the environment in measured amounts. Further, information 
is often available concerning their residence time in the soil or on crops, including 
their average concentration in environmental products such as food and milk. 
Inevitably, these levels are very low, usually in the ppb-ppm range. If such an agent is 
defined as a rodent carcinogen, or if it is classified as a probable rodent carcinogen 
based on surrogate studies, three mutually dependent questions arise. First, is the 
agent likely also to present a carcinogenic hazard to humans? Second, if a human 
hazard is considered likely, what is the extent of the human carcinogenic risk at the 
levels of exposure anticipated? Third, is that risk commensurate with the advantages 
attendant to its use when considered alongside the more obvious risk factors in life? 
The fact of rodent carcinogenicity of a pesticide is not an assessable unit of 
toxicological information if that fact remains unqualified by other experimental data. 
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Chapter 13 

Epidemiological Studies of Cancer and Pesticide 
Exposure 

Allan H. Smith and Michael N. Bates 

Department of Biomedical and Environmental Health Sciences, School 
of Public Health, University of California  Berkeley  CA 94720 

Epidemiological studies concerning human cancer 
risk and pesticides were reviewed. The most 
persuasive evidence for a human cancer risk 
was for the inorganic arsenic pesticides. There 
was reasonably consistent evidence of an increase 
in lung cancer risk for professional pesticide 
applicators, although it was not clear that 
this could be attributed to pesticides. Several 
studies have found farmers to be at increased risk 
for multiple myeloma, non-Hodgkins lymphoma and 
leukemia, but no clear association with exposure 
to pesticides has emerged. Some studies, 
particularly in Sweden, have reported strong 
associations between exposure to phenoxy herbicides 
and malignant lymphoma and soft tissue sarcoma. 
However, these associations have generally not been 
supported by studies undertaken elsewhere and their 
biological plausibi l i ty is questionable. Few 
studies have examined the carcinogenic potential of 
DDT and other organochlorine insecticides. There is 
a need to do more epidemiological studies, particu
larly of the most highly exposed group - pesticide 
applicators. 

Since the discovery in the Eighteenth Century of scrotal cancer 
in young chimney sweeps caused by exposure to soot, 
epidemiological studies have identified a considerable number of 
human carcinogens. The l i s t includes cigarette smoke, asbestos, 
benzene, vinyl chloride, nickel, chromium, cadmium, alcohol, 
ionizing radiation, radon, benzidine and arsenic (1). Many of 
these discoveries have come from studies of workers in various 
industries. 

Epidemiology is an observational science and, therefore, 
causal inference involves a somewhat different approach to that 
which is generally used in laboratory-based sciences. Since the 
epidemiologist cannot usually conduct controlled experiments, 
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bias in the ascertainment of the relationship between exposure 
and cancer may arise due to errors in exposure assessment or in 
ascertainment of cases or from confounding by other causal 
factors. For these reasons, epidemiologists use several c r i t e r i a 
for causal inference in assessing exposure-disease relationships. 
Foremost amongst these are the strength of an observed 
association (the magnitude of the relative r i sk ) , the l ikel ihood 
that the association is spurious, the biological p laus ib i l i ty of 
the association and i ts consistency from study to study. The 
latter is a part icular ly important cr i ter ion , since i t is 
unlikely that a spurious association would be found in several 
different studies, especially i f they are conducted by different 
investigators on different populations. 

The purpose of this paper is to review epidemiological 
studies concerning pesticides and human cancer. The review 
commences with arsenical pesticides since they present the 
strongest evidence for a group of pesticides causing human 
cancer. No other pesticid
convincingly identif ie
strongest association is that reported between pesticide 
applicators and lung cancer, although no specific pesticides have 
been identi f ied as causal. Studies in different parts of the 
world have reported excess rates of lymphopoietic cancers among 
farmers and agricultural workers. However, our review of these 
studies suggests that pesticide exposure is unlikely to be the 
cause. 

The phenoxy herbicides, including 2,4-D and 2,4,5-T (which 
was invariably contaminated with 2,3,7,8-tetrachlorodibenzo-p-
dioxin formed during the manufacturing process), have been 
postulated as possible causes of increased risks of malignant 
lymphoma and soft tissue sarcoma among farmers. However, 
considered col lect ive ly , the available studies provide only weak 
evidence that these herbicides may be carcinogenic to humans. 

ARSENICAL PESTICIDES 

It has been well established by a variety of epidemiologic 
studies that inorganic arsenic can cause human cancer. This is 
in spite of the fact that animal studies have not yet shown 
arsenic to be carcinogenic. Evidence comes from studies of 
smelter workers, which have demonstrated increased lung cancer 
risks (2.3). In addition, ingestion of arsenic has been shown 
to cause cancer of the skin and other sites in studies of 
exposure to naturally occurring arsenic in drinking water in 
Taiwan (4.5), and studies of patients who have consumed medicinal 
arsenic (6.7). 

Studies involving arsenical pesticides include that of 
Mabuchi et a l (8) who studied mortality of a cohort of 1393 
persons who had worked during the period 1946-77 in a plant in 
Baltimore, Maryland, which manufactured and packaged various 
pesticides, including inorganic arsenicals. Key results are 
shown in Table I. There were 47 cancer deaths with 39.4 expected 
based on Baltimore City rates (SMR=1.19; 90% confidence 
interval: 0.92-1.52). Among the cancer deaths, 23 were from lung 
cancer, 13.7 being expected (SMR=1.68; 90% CI: 1.15-2.38), with 
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the g r e a t e s t r i s k found f o r workers w i t h 25 or more years of 
employment (SMR=6.78; 90% CI: 3.54-11.83). These f i n d i n g s 
demonstrate a s i g n i f i c a n t increase i n lung cancer r i s k w e l l 
beyond tha t which co u l d be a t t r i b u t e d to confounding by smoking 

Table I . Cancer Findings from Two Studies I n v o l v i n g Persons 
Exposed to A r s e n i c a l P e s t i c i d e s 

Reference 

Mabuchi et a l (8) 
manufacture 

25+ years employed 

Lu c h t r a t h (9) 
a r s e n i c exposed 
wine growers 

a l l deaths 
a l l cancer 
lung cancer 

lung cancer 

90% 
confidence 

S MR i n t e r v a l 

0.97 0.86-1.09 
1.19 0.92-1.52 
1.68 1.15-2.38 

OR 
14.7 9.0-24.0 

Lu c h t r a t h (9) reported a study of m o r t a l i t y among German 
wine-growers a f f e c t e d by c h r o n i c a r s e n i c p o i s o n i n g , e i t h e r 
through use of a r s e n i c - c o n t a i n i n g i n s e c t i c i d e s or from d r i n k i n g 
Haustrunk, a w i n e - s u b s t i t u t e made from an aqueous i n f u s i o n of 
already-pressed grapes and having a h i g h a r s e n i c content. He 
s t u d i e d post-mortem f i n d i n g s f o r 163 winegrowers who had been 
diagnosed as s u f f e r i n g from chronic a r s e n i c p o i s o n i n g , comparing 
them w i t h f i n d i n g s f o r another post mortem s e r i e s of 163 men of 
s i m i l a r age. T h i r t y of the arsenic-poisoned cases had s k i n 
cancer compared w i t h none of the c o n t r o l s . A c t u a l r e l a t i v e r i s k 
estimates were not given but v a r i o u s estimates can be c a l c u l a t e d 
from data presented i n the paper. Of the arsenic-poisoned 
growers 108 had lung cancer compared w i t h only 14 of the 
c o n t r o l s . This gives an estimate of the r e l a t i v e r i s k f o r lung 
cancer of 20.90 (90% CI: 13.12-33.3). This estimate i s 
e x t r a o r d i n a r i l y h i g h and, i n view of the l i m i t e d d e t a i l s on the 
process of s e l e c t i n g both cases and c o n t r o l s , i s open to the 
s u s p i c i o n of s e l e c t i o n b i a s , p a r t i c u l a r l y w i t h the cases. 

Such a b i a s may be l e s s l i k e l y to be present i n the m o r t a l i t y 
data obtained from the trade a s s o c i a t i o n , which was a l s o 
presented by L u c h t r a t h . Among 417 deaths of wine growers, 242 
had lung carcinomas. Using the same post-mortem comparison group 
as above leads to a r e l a t i v e r i s k estimate f o r lung cancer of 
14.7 (Table I ) . This estimate i s lower than that c a l c u l a t e d 
before, but s t i l l gives c l e a r evidence of markedly increased lung 
cancer r i s k s , w e l l beyond anything which might be a t t r i b u t a b l e to 
smoking, or other sources of b i a s . 

Although e p i d e m i o l o g i c a l s t u d i e s of people exposed to 
a r s e n i c a l p e s t i c i d e s are l i m i t e d i n number, the two reviewed 
above provide evidence of increases i n cancer r a t e s a t t r i b u t a b l e 
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to a r s e n i c . The evidence i s convi n c i n g because of the st r e n g t h 
of the r e l a t i o n s h i p s (high r e l a t i v e r i s k estimates) and because 
other s t u d i e s have c o n v i n c i n g l y demonstrated that i n o r g a n i c 
a r s e n i c i s a human carcinogen. Although there i s a l a c k of 
e p i d e m i o l o g i c a l s t u d i e s to j u s t i f y a d e f i n i t i v e statement on the 
matter, organic a r s e n i c a l p e s t i c i d e s are not n e c e s s a r i l y 
c a r c i n o g e n i c . I f they are, i t would be reasonable to expect th a t 
they would be be l e s s potent than i n o r g a n i c a r s e n i c p e s t i c i d e s 
s i n c e organic a r s e n i c a l s are g e n e r a l l y excreted much more r a p i d l y 
and t i s s u e concentrations would, t h e r e f o r e , be lower than f o r 
in o r g a n i c a r s e n i c exposure. 

PESTICIDE APPLICATORS AND LUNG CANCER 

Considering the widespread concern about p o s s i b l e cancer r i s k s 
from p e s t i c i d e s , there have been few st u d i e s of p r o f e s s i o n a l 
p e s t i c i d e a p p l i c a t o r s , the most h i g h l y exposed group. The most 
c o n s i s t e n t f i n d i n g s fro
concern in c r e a s e d lun
r e l a t i v e r i s k estimates were not s u f f i c i e n t l y h i g h to t o t a l l y 
discount smoking d i f f e r e n c e s as an expl a n a t i o n . 

Table I I . Lung Cancer Standardized M o r t a l i t y R a t i o s (SMRs) 
from P e s t i c i d e A p p l i c a t o r M o r t a l i t y Studies 

90% 
confidence 

Reference SMR i n t e r v a l 

Wang & MacMahon (10) a l l deaths 0. 84 0. 76-0. 92 Wang & MacMahon (10) 
a l l cancer 0. 83 0. ,66-1. 04 
lung cancer 1. 15 0. ,79-1. 61 

MacMahon et a l (11) a l l deaths 0. ,98 0. .93-1. .03 
a l l cancer 1. ,11 1. .00-1. .23 
lung cancer 1. .35 1. .14-1. .58 

B a r t h e l (12) a l l cancer 0. ,82 0, .55-1. .20 
lung cancer 1. ,08 0, .62-1. .75 

R i i h i m a k i e t a l (13) a l l deaths 0, .74 0 .61-0, .89 
a l l cancer 0. .82 0, .55-1, .20 
lung cancer 1. .08 0 .62-1, .75 

B l a i r et a l (14) a l l deaths 1, .03 0 .94-1 .12 
a l l cancer 1 .14 0 .94-1 .37 
lung cancer 1 .35 1. .00-1 .80 
lung cancer 2 .89 1 .44-5 .21 

The f i r s t study was by Wang and MacMahon (10) and found a 
small increase i n lung cancer m o r t a l i t y r a t e s among a cohort of 
over 16,000 p r o f e s s i o n a l p e s t i c i d e a p p l i c a t o r s . The updated 
r e p o r t of the same cohort (11) confirmed an increase i n lung 
cancer r a t e s (SMR=1.35; 90% CI: 1.14-1.58). The excess r i s k 
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was c o n f i n e d to p e s t i c i d e a p p l i c a t o r s who had not been employed 
i n t e r m i t e c o n t r o l work (SMR=1.58; 90% CI: 1.29-1.90). The 
animal carcinogens chlordane and heptachlor, w i d e l y employed f o r 
term i t e c o n t r o l , were t h e r e f o r e thought u n l i k e l y to be i n v o l v e d . 
I t was a l s o noted th a t the excess lung cancer cases were l a r g e l y 
c o n f i n e d to a p p l i c a t o r s who had been employed l e s s than 5 years 
i n such work. This i s evidence against a c a u s a l r o l e f o r 
p e s t i c i d e s . 

A m o r t a l i t y study by B a r t h e l of 1658 German men who had been 
employed i n a g r i c u l t u r a l work i n v o l v i n g use of p e s t i c i d e s found 
50 lung cancer cases when 27.5 were expected (SMR=2.1; 90% 
CI: 1.6-2.8) (Table I I ) (12). A dose-response r e l a t i o n s h i p was 
demonstrated by years of exposure. However i t was not p o s s i b l e 
to l i n k the increased lung cancer r i s k to any p a r t i c u l a r 
p e s t i c i d e or group of p e s t i c i d e s . A random sample of study 
subjects d i d not smoke more than a general p o p u l a t i o n sample. 

A study of F i n n i s h p e s t i c i d e a p p l i c a t o r s by R i i h i m a k i (13) 
(Table I I ) focused on
There was no evidence
r e l a t i v e l y s m a l l study. Twelve cases of lung cancer were found, 
w i t h 11.1 expected (SMR=1.08; 90% CI: 0.62-1.75). 

The f i n a l study i n t h i s s e c t i o n i n v o l v e d 3827 male l i c e n s e d 
s t r u c t u r a l p e s t i c i d e a p p l i c a t o r s i n F l o r i d a (14). The lung 
cancer SMR was 1.35, i n c r e a s i n g to 2.89 f o r those who had been 
l i c e n s e d f o r at l e a s t 20 years (Table I I ) . A r e l a t i v e r i s k of 
t h i s magnitude i s u n l i k e l y to be due s o l e l y to confounding by 
smoking. However, there was some increase i n deaths from 
emphysema, p a r t i c u l a r l y i n a p p l i c a t o r s who had been l i c e n s e d f o r 
10 years or more, i n d i c a t i n g that smoking cannot be e n t i r e l y 
discounted as a source of b i a s . Again, i t was not p o s s i b l e to 
i d e n t i f y s p e c i f i c p e s t i c i d e s which might have been i n v o l v e d . 

Taken as a group, the s t u d i e s of p e s t i c i d e a p p l i c a t o r s 
provide l i m i t e d , but reasonably c o n s i s t e n t , evidence of increased 
lung cancer r i s k s , p a r t i c u l a r l y i f the F i n n i s h study i s regarded 
as a study of a s p e c i a l type of a p p l i c a t i o n ( a g r i c u l t u r a l use of 
phenoxy h e r b i c i d e s ) . However, i t i s not c e r t a i n t h a t p e s t i c i d e s 
are i m p l i c a t e d and, i f they are, the s t u d i e s give no i n d i c a t i o n 
as to which p e s t i c i d e s might be i n v o l v e d . Nonetheless, these 
f i n d i n g s h i g h l i g h t the need f o r s t u d i e s of a p p l i c a t o r s w i t h at 
l e a s t some i n d i v i d u a l exposure data, however crude. I t i s 
p o s s i b l e t h a t there might be considerable increases i n lung 
cancer r i s k s a t t r i b u t a b l e to p a r t i c u l a r p e s t i c i d e s , but i n a 
manner that leaves the o v e r a l l r e l a t i v e r i s k s r a t h e r low. 

INCREASED CANCER RATES IN FARMERS 

Increased r a t e s of hemolymphopoietic cancers among farmers have 
been report e d i n s t u d i e s from s e v e r a l d i f f e r e n t c o u n t r i e s (15-
29). Table I I I gives o v e r a l l r e s u l t s f o r s t u d i e s concerning 
m u l t i p l e myeloma, non-Hodgkin's lymphoma, and leukemia. I f the 
reported excesses were a t t r i b u t a b l e to p e s t i c i d e s , then one would 
expect to f i n d c o n siderable increased r i s k s among those farmers 
and a g r i c u l t u r a l workers most h e a v i l y exposed. Yet no c l e a r 
a s s o c i a t i o n s have emerged. I t , t h e r e f o r e , seems u n l i k e l y t h a t 
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Table I I I . R e l a t i v e R i s k Estimates f o r Farming and M u l t i p l e 
Myeloma (MM), non-Hodkin's Lymphoma (NHL) and 

Leukemia (L) w i t h 95% Confidence I n t e r v a l 

Reference L o c a t i o n RR estimate 
Confidence 
I n t e r v a l 

F a s a l (19) C a l i f o r n i a MM 1. 00 0.74-1.32 
NHL 0. 79 0.53-1.14 
L 1. 14 0.94-1.36 

Milham (25) Oregon & Wash. MM 1. 79 1.13-3.00 
Oregon L 1. 35 1.00-1.78 

B l a i r (28) 

Buesching (18) I l l i n o i s NHL 2. 65 < 0.05 Buesching (18) 
L 2. 00 < 0.05 

Cantor (26) Wisconsin NHL 1. ,22 0.98-1.51 

Burmeister (20) Iowa L 1. .24 1.09-1.42 

Burmeister (15) Iowa MM 1, .48 < 0.05 
NHL 1 .26 < 0.05 

Gallagher (16) Canada MM 2 .2 1.2-4.0 

Cantor (27) Wisconsin MM 1 .4 1.0-1.8 

D e l z e l l (23) N. C a r o l i n a MM 0 .9 (W) 0.7-1.2 
1 .0 (B) 0.9-1.1 

NHL 1 • 0 (W) 0.6-1.5 
1 .2 (B) 0.4-3.9 

L 0 .8 (W) 0.7-1.1 
1 .9 (B) 1.1-3.1 

Schumacher (24) Utah NHL 1 .3 0.9-2.3 

Pearce (22) New Zealand MM 2 .22 1.31-3.75 
NHL 1 .38 0.94-2.03 

Steineck (21) Sweden MM 1 .2 1.09-1.33 

Wiklund (29) Sweden NHL 0 .97 0.89-1.06 

Note: The D e l z e l l study gave separate r e s u l t s f o r whites (W) 
and b l a c k s (B). 
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the f a i r l y consistent, but small, excess of these cancers among 
farmers is primarily attributable to pesticides. 

The most extensively investigated causal hypothesis involves 
the phenoxy herbicides. However, the studies which address the 
phenoxy herbicide hypothesis, reviewed in the next section, do 
not support the view that exposure to these chemicals is the 
explanation of the findings among farmers. 

One possible explanation of the elevated cancer risks in 
Table III is infection by zoonotic oncoviruses. However, this 
hypothesis is not yet supported by evidence of human 
seropositivity to such viruses, although a number of New Zealand 
studies have provided evidence of an elevated r isk for non-
Hodgkins lymphoma and soft tissue sarcoma in abattoir workers 
(30-33). The significance of this finding is that such workers 
are not l ike ly to have been greatly exposed to pesticides, 
whereas they w i l l have had ample opportunity for exposure to 
animal viruses. 

MALIGNANT LYMPHOMA AN

The f i r s t study to report an association between malignant 
lymphoma and phenoxy herbicides was conducted in Sweden (34) 
(Table IV). A relative r i sk estimate of 4.8 was obtained for 
persons who had ever sprayed phenoxy herbicides, mainly 2,4,5-T 
and 2,4-D. Relative r i sk estimates were 4.3 for those with less 
than 90 days total exposure and 7.0 for those with more than 90 
days exposure. These were remarkable findings since, with one 
exception, no occupational exposure had previously been reported 
to cause such increases in cancer r i sk after such short 
exposures. The particular exception was a study of asbestos-
factory workers in which relative risks of almost 2 were reported 
for 3 months of very heavy exposures (35). 

A relative r i sk of 4.3 from very short-term pesticide 
exposures would be expected to be associated with an overall 
increase in cancer r i sk amongst agricultural workers. However, 
Wiklund et a l (29) found a relative r i sk of 0.97 for non-Hodgkins 
Lymphoma (NHL) and land/animal husbandry (95% CI: 0.89-1.06) for 
non-Hodgkins Lymphoma (NHL) in a study of 354,620 Swedish male 
agricultural and forestry workers involving linkage between 
census and national tumor registry data (Table IV). Also, no 
increased risks were found in forestry workers. Moreover, in a 
study of 20,245 registered Swedish pesticide applicators (36) the 
relative r i sk for NHL was found to be 1.16 (95% CI: 0.66-1.86) in 
the group which was f i r s t licensed in 1965/66. No satisfactory 
explanation has been put forward to explain the discrepancy 
between the results of the case-control study and the two cohort 
studies, and one is le f t with questions concerning possible 
biases in the case-control study which reported the i n i t i a l 
association. 

In contrast to Sweden, a study in New Zealand reported an 
overall increase in rates of malignant lymphoma in farmers (Table 
III) (22). However, a case-control study revealed no association 
with phenoxy herbicide use, even though 2,4,5-T and 2,4-D have 
been used extensively in New Zealand since the late 1940s (31). 
The relative r i sk estimates for ever using phenoxy herbicides was 
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1.3 when u s i n g other cancer c o n t r o l s , and 1.0 when us i n g general 
p o p u l a t i o n c o n t r o l s (Table I V ) . 

Table IV. Studies Concerning Non-Hodgkins's Lymphoma and 
Exposure i n the Use or Manufacture of 

Phenoxy Herbic i d e s 

90 or 95% 
confidence 

Reference RR i n t e r v a l 

SWEDEN 
H a r d e l l et a l (34) 4. 8 2. 9-8.1 
Wiklund et a l (36) 1.01 0. 6-1.5 

NEW ZEALAND 
Pearce et a l (22) 1 ,3 0. ,7-2.5 

UNITED STATES 
Hoar et a l (37) 2, .3 1. .3-4.3 
Woods et a l (38) 1. .1 0. .8-1.4 

>15 years 1. .7 1. .0-2.8 
Hoar et a l (39) 1, .5 0, .9-2.4 

>20 days/year 3, .3 0, .5-22.1 

PHENOXY HERBICIDE MANUFACTURING 
Lynge (40) 1, .3 0, .5-2.7 
Ott et a l (41) 1, .9 0 .6-4.5 

A study i n Kansas (.37) has produced evidence supporting an 
a s s o c i a t i o n between exposure to 2,4-D and malignant lymphoma. A 
r e l a t i v e r i s k of 2.3 (95% CI: 1.3-4.3) was found f o r those who 
had used phenoxy h e r b i c i d e s (almost a l l 2,4-D) (Table I V ) . 
However, a r e l a t i v e r i s k of 6.0 (95% CI: 1.9-19.5) was found f o r 
those who had used any h e r b i c i d e (not n e c e s s a r i l y 2,4-D) f o r 
more than 20 days per year. This a s s o c i a t i o n was l a r g e l y 
c o n f i n e d to e a r l y years of h e r b i c i d e use when no independent 
c o n f i r m a t i o n of exposure was a v a i l a b l e . There was no a s s o c i a t i o n 
w i t h number of years of h e r b i c i d e use a f t e r adjustment f o r days 
of h e r b i c i d e use per year, which tends to reduce the l i k e l i h o o d 
of a r e a l a s s o c i a t i o n . 

A subsequent study i n Washington State i n v o l v i n g 576 cases of 
NHL reporte d a r e l a t i v e r i s k of 1.07 (95% CI: 0.8-1.4) a s s o c i a t e d 
w i t h any past exposure to phenoxy h e r b i c i d e s (38)· This estimate 
increased to 1.7 (95% CI: 1.04-2.8) f o r exposure of more than 15 
years during the p e r i o d p r i o r to 15 years before diagnosis (Table 
IV ) . 

I n a case c o n t r o l study of NHL i n Nebraska, Hoar Zahm et a l 
(39) examined the a s s o c i a t i o n w i t h exposure to v a r i o u s 
p e s t i c i d e s . A small increase i n NHL (0R-1.5; 95% CI: 0.9-2.4) 
was a s s o c i a t e d w i t h use of 2,4-D. The odds r a t i o i ncreased to 
3.3 (95% CI: 0.5-22.1) f o r exposure to 2,4-D of more than 20 days 
per year. S i g n i f i c a n t a s s o c i a t i o n s w i t h use of chlordane, 
d i a z i n o n , dyfonate and malathion were a l s o found. 
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Two s t u d i e s have reported malignant lymphoma m o r t a l i t y f o r 
the chemical manufacturing i n d u s t r y (Table I V ) . Lynge (40), i n 
a study of cancer incidence i n a cohort of 4,459 persons who had 
been i n v o l v e d i n phenoxy h e r b i c i d e manufacture i n Denmark, found 
7 cases of malignant lymphoma among males, whereas 5.4 would have 
been expected (RR=1.30; 95% CI: 0.52-2.69). None of the 7 cases 
were recorded as having p a r t i c i p a t e d i n the manufacture or 
packaging of phenoxy h e r b i c i d e s . 

Ott et a l (41) i n a study of a cohort of 2192 workers who had 
manufactured chlorophenols (and, t h e r e f o r e , had p o t e n t i a l 
exposure to c h l o r i n a t e d d i o x i n s ) found 5 deaths due to malignant 
lymphoma, when 2.6 would have been expected (SMR=1.92; 95% CI: 
0.62-4.49). However, there was no i n c r e a s i n g trend f o r r i s k 
a s s o c i a t e d w i t h i n c r e a s i n g o pportunity f o r exposure. 

Taken o v e r a l l , s t u d i e s to date have not confirmed an 
a s s o c i a t i o n between phenoxy h e r b i c i d e s and malignant lymphoma. 
In f a c t , i t seems u n l i k e l y t h a t phenoxy h e r b i c i d e s are the 
e x p l a n a t i o n f o r increase
i n s e v e r a l s t u d i e s . Fo
a s s o c i a t e d w i t h NHL i n New Zealand, where there i s an excess NHL 
m o r t a l i t y among farmers, w h i l e the major evidence f o r an 
a s s o c i a t i o n w i t h phenoxy h e r b i c i d e s comes from Sweden where there 
i s no o v e r a l l excess of NHL m o r t a l i t y i n a g r i c u l t u r a l workers. 
As d i s c u s s e d below, the a s s o c i a t i o n a l s o l a c k s b i o l o g i c a l 
p l a u s i b i l i t y . 

SOFT TISSUE SARCOMA AND PHENOXY HERBICIDES 

The hypothesis th a t phenoxy h e r b i c i d e s are a cause of s o f t t i s s u e 
sarcoma (STS) a l s o commenced i n Sweden. Three c a s e - c o n t r o l 
s t u d i e s conducted by the same i n v e s t i g a t o r s reported r e l a t i v e 
r i s k s of 3.3 to 5.7 f o r such an a s s o c i a t i o n (Table V) (42-44). 
However, as w i t h malignant lymphoma, i t i s d i f f i c u l t to e x p l a i n 
such dramatic r i s k s a s s o c i a t e d w i t h short term exposures. 
Moreover, Wiklund and Holm (45) found no o v e r a l l r i s k increase 
from STS among Swedish a g r i c u l t u r e and f o r e s t r y workers (RR=0.9; 
95% CI: 0.8-1.0). 

In the study by Lynge, (40) mentioned above, of workers 
i n v o l v e d i n the manufacture of phenoxy h e r b i c i d e s i n Denmark, 
f i v e male STS cases were found compared to 1.84 expected 
(RR=2.72; 95% CI: 0.88-6.34). However, only one of the p a t i e n t s 
had worked i n the manufacture and packaging of phenoxy 
h e r b i c i d e s , one probably had a h e r e d i t a r y p r e d i s p o s i t i o n to 
neurofibrosarcoma and another appeared to have been diagnosed 
w i t h STS before beginning employment at the p l a n t . Moreover, 
three of the p a t i e n t s had been employed f o r 3 months or l e s s . 

Studies i n New Zealand, where phenoxy h e r b i c i d e s , 
p a r t i c u l a r l y 2,4,5-T, have been e x t e n s i v e l y used, have not found 
evidence f o r a r e l a t i o n s h i p between use of these h e r b i c i d e s and 
STS (Table V) (46-47). 

Studies i n the U.S. have a l s o not found an a s s o c i a t i o n w i t h 
STS (37-38) . although one study d i d f i n d a r e l a t i v e r i s k of 2.8 
a s s o c i a t e d w i t h having a Scandinavian surname (95% CI: 0.5-15.6) 
(38)· In a d d i t i o n , there has been no c o n s i s t e n t l i n k w i t h STS 
i n Vietnam Veterans, some of whom were exposed to the phenoxy 
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Table V. R e s u l t s of Studies Concerning Sof t Tissue Sarcoma 
and Exposure to Phenoxy Her b i c i d e s 

90 or 95% 
confidence 

Reference RR i n t e r v a l 

SWEDEN 
H a r d e l l and Sandstro
E r i k s s o n et a l (44) 
Wiklund and Holm (45) 
H a r d e l l and E r i k s s o n (43) 

6.8 
0.9 
3.3 

2.6-17.3 
0.8-1.0 
1.4-8.1 

NEW ZEALAND 
Smith et a l (46) 
Smith and Pearce (47) 

Combined s t u d i e s 

1.6 
0.7 
1.1 

0.7-3.3 
0.3-1.5 
0.7-1.8 

UNITED STATES 
Hoar et a l (37) 
Woods et a l (38) 

Swedish surnames 

0.9 
0.8 
2.8 

0.5-1.6 
0.5-1.2 
0.5-15.6 

DENMARK 
Lynge (40) 2.72 0.88-6.34 

AGENT ORANGE, U.S. VIETNAM VETERANS 
Greenwald et a l (48) 
Lawrence et a l (49) 
Kang et a l (51) 
Kang e t a l (50) 

M i l i t a r y Region 3 
Lathrop et a l (54) 

Kogan and Clapp (55) 

0.53 0.21-1.31 
1.15 0.61-2.17 
0.83 0.63-1.09 
0.85 0.54-1.36 
8.64 0.77-111.84 
1/1016, Ranch Hand 
1/1293, non-Ranch Hand 
5.16 2.4-11.1 
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h e r b i c i d e mixture Agent Orange (Table V) (48-52). Elevated r a t e s 
have been reporte d f o r Massachusetts Veterans (53.) and i n a study 
i n v o l v i n g West V i r g i n i a Veterans (which i n v o l v e d only 3 exposed 
cases) (52). However, e l e v a t e d r i s k s were not found i n the 
l a r g e r s t u d i e s (48. 49. 51. 54). In a d d i t i o n , the servicemen who 
served i n Operation Ranch Hand had much higher exposures to Agent 
Orange than most Veterans, but so f a r no excess of STS has been 
found i n t h i s group (Table V) (54). 

One c a s e - c o n t r o l study i n I t a l y has reported an increased 
r i s k of STS f o r women who worked i n r i c e f i e l d s (55). While i t 
has been suggested tha t t h i s study provides evidence i m p l i c a t i n g 
phenoxy h e r b i c i d e s , at best the evidence i s very weak, since the 
a s s o c i a t i o n was based on 3 women who worked i n the r i c e f i e l d s 
d u ring the 1950s. There i s no suggestion t h a t they had any 
d i r e c t contact w i t h phenoxy h e r b i c i d e s , although i t was 
p o s t u l a t e d t h a t they may have had i n d i r e c t exposure i n the r i c e 
paddies from p r e v i o u s l y - a p p l i e d h e r b i c i d e s . 

When the STS s t u d i e
i m p l i c a t i n g phenoxy h e r b i c i d
which provide the strongest evidence are from Sweden, and the 
absence of an o v e r a l l r i s k increase i n a g r i c u l t u r e and f o r e s t r y 
i n t h a t country has not been s a t i s f a c t o r i l y explained. 

BIOLOGICAL PLAUSIBILITY OF PHENOXY HERBICIDES CAUSING CANCER 

The i n i t i a l hypothesis t h a t phenoxy h e r b i c i d e s were a cause of 
human cancer was prompted by the f a c t t h a t 2,4,5-T was 
contaminated w i t h 2,3,7,8-TCDD, a potent animal carcinogen. 
However, the epidemiologic evidence does not support t h i s 
hypothesis. Before about 1970 2,4,5-T was contaminated w i t h 
about 1 ppm of 2,3,7,8-TCDD (47)(56). Studies i n d i c a t e t h a t a 
2,4,5-T sprayer g e n e r a l l y absorbs l e s s than 0.2 mg/kg/workday of 
2,4,5-T (57). Assuming a d i r e c t l y p r o p o r t i o n a t e amount of 
2,3,7,8-TCDD contaminant i s c o n c u r r e n t l y absorbed, then 0.2 
ng/kg/day of TCDD would be absorbed at a 2,4,5-T contamination 
l e v e l of 1 ppm. Making the f u r t h e r assumption tha t the human 
cancer potency of TCDD i s s i m i l a r i n man to animals, i t can be 
shown that i t i s u n l i k e l y that increases i n human cancer r i s k 
would be e p i d e m i o l o g i c a l l y detected (58). 

I t i s a l s o noteworthy that 2,3,7,8-TCDD has a very long h a l f -
l i f e i n humans, and e l e v a t e d l e v e l s have been reported many years 
a f t e r exposure i n the blood of Ranch Hand servicemen and workers 
who had been i n v o l v e d i n t r i c h l o r o p h e n o l manufacture (59). 
However, s t u d i e s i n Sweden i n v o l v i n g cases of s o f t t i s s u e sarcoma 
and malignant lymphoma have not found increased l e v e l s of 
2,3,7,8-TCDD i n f a t (60). This provides evidence aga i n s t the 
i m p l i c a t i o n of 2,4,5-T, sin c e s i g n i f i c a n t exposure to t h i s 
h e r b i c i d e should l e a d to long term increases i n l e v e l s of 
2,3,7,8-TCDD i n adipose t i s s u e . 

I t i s p o s s i b l e that the phenoxy h e r b i c i d e s themselves may 
cause cancer. However, t h i s hypothesis l a c k s b i o l o g i c a l 
p l a u s i b i l i t y s i n c e the uncontaminated phenoxy h e r b i c i d e s are not 
animal carcinogens, nor are they genotoxic. The example of 
a r s e n i c shows that one should not a u t o m a t i c a l l y conclude th a t 
non-animal carcinogens would not cause cancer i n humans. 
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However, the human c a r c i n o g e n i c i t y f i n d i n g s f o r a r s e n i c are 
co n v i n c i n g , i n p a r t because exposures were h i g h and over a long 
p e r i o d , producing other t o x i c e f f e c t s as w e l l as cancer. By 
c o n t r a s t , those s t u d i e s which have produced increased cancer 
r i s k s w i t h phenoxy h e r b i c i d e exposure have i n v o l v e d short low 
i n t e n s i t y exposures. This tends to reduce the b i o l o g i c a l 
p l a u s i b i l i t y of such f i n d i n g s . 

ORGANOCHLORINE PESTICIDES 

I t i s w e l l e s t a b l i s h e d t h a t organochlorine p e s t i c i d e s , such as 
DDT, d i e l d r i n , a l d r i n , h eptachlor and chlordane, can cause tumors 
i n rodents, p a r t i c u l a r l y l i v e r cancer i n mice. A number of 
i n v e s t i g a t i o n s have sought to determine whether these p e s t i c i d e s 
are c a r c i n o g e n i c to humans. 

Considering i t s r e l a t i v e l y long h i s t o r y of widespread use, i t 
i s remarkable t h a t e p i d e m i o l o g i c a l s t u d i e s of cancer r i s k focused 
on DDT exposure are almos
s t u d i e d m o r t a l i t y i n worker
manufacturing p l a n t s , one of which had s o l e l y manufactured DDT 
si n c e 1947. Cohorts were def i n e d as a l l workers who had been 
employed f o r at l e a s t s i x months p r i o r to 1965 and v i t a l s t a t u s 
was a s c e r t a i n e d up to 1976. For the DDT p l a n t a t o t a l of 6 
cancer deaths were found l e a d i n g to the c a l c u l a t i o n of an SMR of 
0.68 (95% CI: 0.25-2.47) f o r a l l cancers combined. The u t i l i t y 
of t h i s study i s l i m i t e d because of the small number of workers 
i n v o l v e d . 

O r t e lee (62) s t u d i e d a t o t a l of 40 men employed i n the 
manufacture or f o r m u l a t i o n of DDT f o r up to 8 years and concluded 
t h a t , w i t h the exception of some minor s k i n and eye i r r i t a t i o n s , 
no i l l n e s s was a s s o c i a t e d w i t h exposure to DDT i n t h i s group of 
workers. 

Laws et a l (63.) s t u d i e d a group of 35 men who had been 
employed i n the p r o d u c t i o n of DDT f o r more than f i v e years. The 
authors concluded th a t they had found no i l l e f f e c t s , i n c l u d i n g 
cancer, a t t r i b u t a b l e to exposure to DDT. 

N e i t h e r of the l a t t e r two s t u d i e s has e i t h e r s u f f i c i e n t 
s u b jects or s u f f i c i e n t time of follow-up f o r any conclusions 
to be drawn regarding the human cancer r i s k of DDT. 

In a r e t r o s p e c t i v e cohort study of 1403 male p e s t i c i d e 
workers employed i n the manufacture of chlordane and heptachlor 
between 1946 and 1976, Wang and MacMahon (64) found no 
s t a t i s t i c a l l y s i g n i f i c a n t excess of cancer m o r t a l i t y e i t h e r 
o v e r a l l (SMR=82; 95% CI: 54-120) or at any p a r t i c u l a r cancer 
s i t e . However, the SMR f o r lung cancer was 1.34 (95% CI: 73-
228), but there was no p a t t e r n i n r e l a t i o n to e i t h e r exposure 
l e v e l or l a t e n c y which would suggest a causal r o l e f o r heptachlor 
or chlordane. 

D i t r a g l i a et a l (61) a l s o s t u d i e d m o r t a l i t y experience i n 
workers from the two p l a n t s i n v o l v e d i n the study by Wang and 
MacMahon as w e l l as two a d d i t i o n a l p l a n t s , one of which had 
manufactured a l d r i n , d i e l d r i n and endrin. The other, discussed 
above, had manufactured only DDT. M o r t a l i t y from a l l malignant 
neoplasms was l e s s than expected, w i t h SMR's from 0.73 to 0.91 
f o r the three p l a n t s which had not manufactured DDT. Although 
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SMR's for some individual cancer sites exceeded 1, the observed 
numbers of cancers were small. 

Austin et a l (65) performed a case-control study using 80 
hepatocellular cancer patients and 146 matched hospital controls. 
Relative risks for exposures to herbicides and other pesticides 
were 1.0 and 2.1 (95% CI: 0.6-6.9), respectively. 

In conclusion, epidemiological evidence has not indicated an 
association of organochlorine pesticides with increases in human 
cancer incidence rates. However, in regard to DDT at least, 
there is no adequate epidemiological evidence on which to base a 
judgement of human carcinogenicity. Any conclusion regarding the 
other organochlorine pesticides must be tempered by the low 
numbers of exposed subjects (and consequent low power to detect 
moderate increases in relative risk) in the studies which have 
been performed so far. 

[Note added in proof: A recently published study reported 
results of a prospective follow-up study of 1,708 adult residents 
of Charleston, S. Carolin
selected on the basis
Blood samples were taken in 1974-75 and analysed for DDT and DDE. 
V i t a l status of the cohort was ascertained in 1984-85. No 
elevation of r i sk for overall cancer mortality was found, 
although there was a non-significant increasing trend for 
respiratory cancer deaths with increasing blood DDT leve l ] . 

AMITROLE 

Amitrole, a tr iazole herbicide and plant growth regulator, has 
been shown in toxicological studies to be carcinogenic to both 
rats and mice, but not hamsters (66.). Axelson and Sundell (67) 
found an SMR for cancer of 3.6 (4 observed, 1.11 expected; 90% 
CI: 1.2-8.2) for exposure to amitrole with a latent period of at 
least 5 years in a cohort of Swedish railway workers. 

In a further study which extended the follow-up period by 6 
years Axelson et a l (68) obtained an SMR of 1.5 for amitrole 
exposure (5 observed, 3.34 expected; 90% CI: 0.6-3.1). The 
observed tumors were of a range of types, with two being lung 
cancers. The authors also noted excess cancers for those exposed 
to both phenoxy herbicides and amitrole and suggested that the 
phenoxy herbicides may be responsible for the observed cancers. 

CONCLUSION 

With the exception of the inorganic arsenicals, epidemiological 
studies have not consistently demonstrated increased cancer risks 
with the use of pesticides, although findings of increased lung 
cancer risks amongst applicators warrant further study and 
further investigatation of phenoxy herbicides is needed. The 
epidemiological studies to date are reassuring for the general 
population, which is exposed to much lower levels of pesticides 
than the occupational groups studied. However, studies of 
pesticide users are very limited and pr ior i ty should be given to 
studies among professional pesticide applicators, the most highly 
exposed group, including prospective cancer incidence 
surveillance. 
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Chapter 14 

Pesticide Residues and Cancer Causation 

Bruce N. Ames 

Department of Biochemistry, University of California, Berkeley, CA 94720 

There are many sources of natural mutagens and 
carcinogens in the environment, such as natural toxic 
chemicals present in all plants as defenses against 
insects, chemicals formed on cooking or preparing food, 
and mold products and other dietary components. Since 
natural carcinogens appear to be extremely common, 
priority setting is required to separate important from 
trivial hazards. We discuss mechanisms of 
carcinogenesis and the implications of this for doing 
risk assessment. We also discuss reasons why animal 
cancer tests cannot be used to predict absolute human 
risks. Such tests, however, may be used to indicate 
that some chemicals might be of greater concern than 
others. Possible hazards to humans from a variety of 
rodent carcinogens are ranked by an index that relates 
the potency of each carcinogen in rodents to the 
exposure in humans. This ranking suggests that 
carcinogenic hazards from current levels of pesticide 
residues (or water pollution) are likely to be of 
minimal concern relative to the background levels of 
natural substances, though one cannot say whether these 
natural exposures are likely to be of major or minor 
importance. 

Many Chemicals are Carcinogens and Reproductive Toxins, and We Cannot 
Eliminate All of Them 

Over 50% of the chemicals tested to date in rats and mice have been 
found to be carcinogens at the high doses administered (1,2), the 
maximum tolerated dose (MTD). The exhaustive database of animal 
cancer tests developed by my colleagues and me (3,4) listed 392 
chemicals tested in both rats and mice at the MTD. Of these, 58% of 
the synthetic chemicals and 45% of the natural chemicals were 
carcinogens in at least one species (.1,2). We concluded that the 
proportion of chemicals found to be carcinogens is strikingly high, a 
conclusion reached by others with smaller compilations. The earlier 
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224 CARCINOGENICITY AND PESTICIDES 

Innés et a l . study (5) is sometimes cited to support the conclusion 
that the proportion of carcinogens is low. The Innes study was a 
much smaller dataset (120 chemicals, 11 posit ive) , and the tests, 
though appropriate for their time, used only one species and were 
less thorough than modern tests (2). 

Even when one considers that some chemicals are selected for 
testing because they are suspicious, the high proportion of positives 
is disturbing. From considerations of carcinogenesis mechanisms, i t 
is plausible that a high proportion of a l l chemicals we test in the 
future, both natural and man made, w i l l prove to be carcinogens (1̂ ; 
see section on Extrapolating Risks). 

High proportions of positives are also reported for teratogenic 
tests. Ful ly one-third of the 2800 chemicals tested in laboratory 
animals have been shown to induce birth defects at maximum tolerated 
doses (6). Thus, i t seems l ike ly that a sizeable percentage of both 
natural and man-made chemicals w i l l be reproductive toxins when 
tested at the MTD. The world is f u l l of carcinogens and reproductive 
toxins, and i t always ha
exposure dose, and, fortunately
tiny. 

The major preventable risk factors for cancer causation, such as 
tobacco, dietary imbalances (Z~I2)> hormones (ΙΑ), and viruses 
(ljSjljO, have been discussed by us ( 1,17-22) and others (7,14,23-25). 

Man-Made Chemical Pollutants Do Not Appear to be Present in 
Significant Amounts 

We have attempted to address the issue of pr ior i ty setting among 
possible carcinogenic hazards ( ! ) · Since carcinogens dif fer 
enormously in potency in rodent tests, a comparison of possible 
hazards from various carcinogens ingested by humans must take this 
into account. Our analysis makes use of an exhaustive database of 
animal cancer tests (currently 3500 experiments on 975 chemicals) 
(2>4) that calculates carcinogenic potency, the T D 5 0 , essentially the 
dose of the carcinogen to give half of the animals cancer. The T D 5 0 

is close to the high dose (MTD) actually given and thus involves a 
minimal extrapolation. To calculate our index of possible hazard we 
express each human exposure (daily lifetime dose in mg/kg) as a 
percentage of the rodent T D 5 0 dose (mg/kg) for each carcinogen. We 
c a l l this percentage HERP (Human Exposure dose/Rodent Potency dose). 
As rodent data are a l l calculated on the basis of lifetime exposure 
at the indicated daily dose rate (3 .»4) , t n e human exposure data are 
s imilarly expressed as l i felong daily dose rates even though the 
human exposure is l ike ly to be less than daily for a l ifetime. The 
HERP values are not r isk assessment, because i t is impossible to 
extrapolate to low doses (see section on Extrapolating Risks), but 
are a way of comparing possible hazards of exposures to put them in 
perspective and to set pr ior i t i e s (Table 1). 

This analysis suggests that the amounts of pollutants that 
humans are ingesting from pesticide residues or water pollutants 
appear to be t r i v i a l relative to the background of natural, and 
tradit ional (e .g . , from cooking food) carcinogens (1,22). 

Nature's Pesticides. Americans ingest in their diet at least 10,000 
times more by weight of natural pesticides than of man-made pesticide 
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residues (22). These natural "toxic chemicals" have an enormous 
variety of chemical structures, appear to be present in a l l plants, 
and serve as protection against fungi, insects, and animal predators 
(21,22). Though only a few dozen are found in each plant species, 
they commonly make up 5 to 10% of the plant's dry weight (22). There 
has been relat ively l i t t l e interest in the toxicology or 
carcinogenicity of these compounds u n t i l quite recently, although 
they are by far the main source of "toxic chemicals" ingested by 
humans. 

Most chemicals tested for carcinogenicity in rodent bioassays 
are synthetic compounds; however, the proportion of positive tests is 
about as high for natural pesticides as for synthetic chemicals 
(roughly 30%). Since over 99.99% of the pesticides we ingest are 
"nature's pesticides" (1 ,̂21 ,̂22), our diet is l ike ly to be very high 
in natural carcinogens. Their concentration is usually in parts per 
thousand or more rather than parts per b i l l i o n , as is usual for 
synthetic pesticide residues or water pollutants (1_)  The known 
natural carcinogens in mushrooms
pepper, celery, f igs, mustard
carrots, pineapple, and citrus juices are undoubtedly just the 
beginning of the l i s t of natural carcinogens, since so few of 
"nature's pesticides" have been tested (1^,21,22). For example, a 
recent analysis (26) of lima beans showed an array of 23 natural 
alkaloids (those tested have biocidal act ivity) that ranged in 
concentration in stressed plants from 0.2 to 33 parts per thousand 
fresh weight. None appear to have been tested for carcinogenicity or 
teratogenicity. 

Man-made Pesticide Residues. Intake of man-made pesticide residues 
from food in the United States, including residues of industrial 
chemicals such as polychlorinated biphenyls (PCBs), has been 
estimated by FDA. They assayed food for residues of the 70 compounds 
thought to be of greatest importance (27 )̂. The human intake averages 
about 150 μ g / d a y . Most (105 ug) of this intake is composed of three 
chemicals (ethylhexyl diphenyl phosphate, malathion, and 
chlorpropham) shown to be noncarcinogenic in tests in rodents (1). 
Thus, the intake of carcinogens from residues (45 yg/day i f a l l the 
other residues are carcinogenic, which is unlikely) is extremely tiny 
relat ive to the background of natural substances (1,22). 

The latest figures from the FDA about actual exposures don't 
include every known man-made pesticide, but they are a reasonable 
attempt at doing so. In a recent NRC/NAS report, Regulating 
Pesticides in Food (28), i t is suggested that some of the pesticides 
not covered by the FDA sampling, part icularly those used on tomatoes, 
should have their allowable l imits lowered and presumably should be 
added to the FDA sampling program. Nevertheless, the estimate of 45 
\xg of possibly carcinogenic pesticide residues consumed in a day is 
l ike ly to be a reasonable estimate, as is our conclusion that the 
possible hazards from these residues are minimal compared to the 
background of nature's pesticides. To put the amounts of man-made 
pesticides in perspective (1_), there are about 500 μg of carcinogens 
in a cup of coffee (hydrogen peroxide and methylglyoxal), 185 yg of 
carcinogenic formaldehyde in a s l i ce of bread, about 2,000 \ig of 
formaldehyde in a cola, 760 \ig of carcinogenic estragole in a bas i l 
leaf, and a gram of burnt material from cooking our food. 
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An Alternative to Using Synthetic Pesticides is to Raise the Level of 
Natural Plant Toxins by Breeding. It is not clear that the latter 
approach, even where feasible, is preferable. One consequence of 
disproportionate concern about tiny traces of synthetic pesticide 
residues, such as ethylene dibromide (_1), is that plant breeders are 
developing highly insect-resistant plants, thus creating other r i sks . 
Two recent cases are instructive. A major grower introduced a new 
variety of highly insect-resistant celery into commerce. A f lurry of 
complaints to the Centers for Disease Control from a l l over the 
country soon resulted, because people who handled the celery 
developed a severe rash when they were subsequently exposed to 
sunlight. Some detective work uncovered that the pest-resistant 
celery contained 9000 ppb psoralens (l ight-activated mutagenic 
carcinogens) instead of the level of 900 ppb psoralens present in 
normal celery (29,30). It is unclear whether other natural 
pesticides in the celery were increased as well . 

Solanine and chaconine (the main natural alkaloids in potatoes) 
are cholinesterase inhibitor
human diet about 400 year
from the Andes. They can be detected in the blood of a l l potato 
eaters. Total alkaloids are present in potatoes at a level of 15,000 
Ug per 200-g potato, which is only about a s ix-fold safety margin 
from the toxic level for humans (_1). Neither alkaloid has been 
tested for carcinogenicity. By contrast, the pesticide malathion, 
the main synthetic organophosphate cholinesterase inhibitor present 
in our diet (17 ug/day), has been thoroughly tested and is not a 
carcinogen in rodents. Plant breeders have produced an insect-
resistant potato; however, i t had to be withdrawn from the market 
because of i t s acute toxicity to humans, a consequence of higher 
levels of solanine and chaconine. 

There is a tendency for laymen to think of chemicals as being 
only man-made, and to characterize them as toxic, as i f every natural 
chemical was not also toxic at some dose. Even a recent NRC/NAS 
report (28) states: "Advances in c lass ica l plant breeding. . .offer 
some promise for nonchemical pest control in the future. Nonchemical 
approaches w i l l be encouraged by tolerance revocations i f more 
profitable chemical controls are not available. . . . " The report 
was part icularly concerned with some pesticides used on tomatoes. Of 
course, tomatine, one of the alkaloids in tomatoes, is a chemical 
too, and was introduced from the new world 400 years ago. It has not 
been tested in rodent cancer bioassays, is present at 36,000 μg/100 g 
tomato, and is orders of magnitude closer to the toxic level than are 
man-made pesticide residues found on tomatoes. 

The idea that nature is benign and that evolution has allowed us 
to cope with the toxic chemicals in the natural world (31) is not 
compelling (20) for several reasons: ( i ) There is no reason to think 
that natural selection should eliminate the hazard of carcinogenicity 
of a plant toxin that causes cancer past the reproductive age, though 
there could be selection for resistance to the acute effects of 
particular carcinogens. For example, aflatoxin, a mold toxin that 
presumably arose early in evolution, causes cancer in trout, rats , 
mice, and monkeys, and probably people, though the species are not 
equally sensitive (18,32). Many of the common metal salts are 
carcinogens (such as lead, cadmium, beryllium, n ickel , chromium, 
selenium, and arsenic) despite their presence during a l l of 
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evolution. ( i i ) It is argued by some that humans, as opposed to rats 
or mice, may have developed resistance to each specific plant toxin 
or chemical in cooked food (3_1). This is unlikely, because, as 
discussed (1^,21,22), both rodents and humans have developed many 
types of general defenses against the large amounts and enormous 
variety of toxic chemicals in plants (nature's pesticides). These 
defenses include the constant shedding of the surface layer of ce l ls 
of the digestive system, the glutathione transferases for detoxifying 
alkylating agents, the active excretion of hydrophobic toxins out of 
l iver or intest inal ce l l s , numerous defenses against oxygen radicals , 
and DNA excision repair. The fact that defenses usually are general, 
rather than specific for each chemical, makes good evolutionary sense 
and is supported by various studies. Experimental evidence indicates 
that these general defenses are effective against both natural and 
synthetic compounds (33 )̂, since basic mechanisms of carcinogenesis 
are not unique to either. ( i i i ) Most natural pesticides, l ike man-
made pesticides, are re lat ive ly new to the modern diet , because most 
of our plant foods wer
from the Americas, Afr ica
argument that plants contain anticarcinogens which protect us against 
plant carcinogens is irrelevant: plant antioxidants, the major known 
type of ingested anticarcinogen, do not distinguish whether oxidant 
carcinogens are synthetic or natural in or ig in , and thus help to 
protect us against both. (v) It has been argued that synthetic 
carcinogens can be synergistic with each other. However, this is 
also true of natural chemicals and is irrelevant to the argument that 
synthetic pesticide residues in food or water pollution appear to be 
a t r i v i a l increment over the background of natural carcinogens. 

TCDD (Dioxin) Compared to Alcohol and Broccoli . Common sense 
suggests that a chemical pollutant should not be treated as a 
significant hazard i f i t s possible hazard level is far below that of 
common food items. TCDD is a substance of great public concern 
because i t is an extremely potent carcinogen and teratogen in 
rodents, yet the doses humans are exposed to are very low relat ive to 
the effective level in rodents. It is analyzed in some detai l below 
to i l lus trate this point. TCDD can be compared to alcohol, as an 
example. Alcohol is an extremely weak carcinogen and teratogen, yet 
the doses humans are exposed to are very high relative to the 
effective dose in rodents (or humans). Indeed, alcoholic beverages 
are the most important known human teratogen, and the effective (5 
drinks/day) dose level of alcohol in humans in mg/kg is similar to 
the level causing birth defects in mice. By contrast, there is no 
convincing evidence that TCDD is carcinogenic or teratogenic in man, 
though i t is in rodents. If one compares the teratogenic potential 
of TCDD to that of alcohol for causing birth defects, after adjusting 
for their potency in rodents (1_), then a daily consumption of the EPA 
"reference dose" (formerly "acceptable dose limit") of TCDD, 6 
fg/kg/day, is equivalent in teratogenic potential to the amount of 
alcohol ingested daily from 1/3,000,000 of a beer, the equivalent of 
drinking one beer (15 grams ethyl alcohol) over a period of 8,000 
years. A daily s l ice of bread, or glass of orange juice , contains 
much more natural alcohol than this . 

Alcoholic beverages in man are c learly carcinogenic, though only 
one of several tests on ethyl alcohol in rats was positive (12,13). 
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This test should be replicated as confirmation that ethyl alcohol is 
the active ingredient, though the evidence for that is f a i r l y strong 
(12). A comparison of the carcinogenic potential of TCDD with that 
of alcohol, adjusting for potency in rodents, shows the equivalence 
for the TCDD reference dose of 6 fg/kg/day is 1 beer every 345 years. 
Since the average consumption of alcohol in the U.S. is equivalent to 
more than one beer per day per capita, the great concern over TCDD at 
levels in the range of the reference dose seems unreasonable. 

The assumption of a worst-case linear dose response, often used 
for carcinogens, is not plausible for TCDD, yet extrapolations to man 
using those assumptions have generated great concern. TCDD binds to 
a receptor in mammalian ce l l s , the Ah receptor, and the evidence 
suggests strongly that a l l of the TCDD effects are through this 
binding (34). Moreover, there is a wide variety of natural 
substances that bind to the Ah receptor, and as far as they have been 
examined they have a l l of the properties of TCDD. A cooked steak 
contains polycyclic hydrocarbons  which bind to the Ah receptor and 
mimic TCDD. In addition
other substances from plants
most interesting of such substances is indole carbinol (IC), which is 
present in large amounts in broccoli (500 mg/kg), cabbage, 
cauliflower, and other members of the Brassica family (35). IC 
induces the same set of enzymes as TCDD (36). When given before 
aflatoxin or other carcinogens, i t protects against carcinogenesis, 
as does TCDD (37). However, when i t is given after aflatoxin or 
other carcinogens, i t is a strong promoter of carcinogenesis, as is 
TCDD (38). This stimulation of carcinogenesis has also been shown 
for cabbage i t s e l f (39). When IC is exposed to acid pH (equivalent 
to that of the stomach), i t is converted to a series of dimers and 
trimers that are similar to TCDD in size and shape. These bind to 
the Ah receptor, and induce the set of TCDD-inducible enzymes, thus 
mimicking TCDD (36) (Bradfield, C ; Bjeldanes, L . , University of 
Cal i fornia , Berkeley, personal communication, 1988). The 360 fg of 
TCDD/day EPA "reference dose" should be compared with 50 mg of IC per 
100 g of broccol i , (one portion). Since the af f in i ty of the indole 
derivatives in binding to the Ah receptor is less by a factor of 
about 8,000, the broccoli portion might be roughly 20 mil l ion times 
the possible hazard. Though these IC derivatives appear to be much 
more of a possible hazard than TCDD, i t is not clear whether at these 
low doses either is any hazard. 

Another study (40) also shows that when sunlight oxidizes 
tryptophan, a normal amino acid, i t converts i t to a variety of 
indoles (similar to the broccoli IC dimers), which bind to the Ah 
receptor and mimic the action of TCDD. It seems l ike ly that many 
more of these "natural dioxins" w i l l be discovered in the future. 

Teratogens. The trace amounts of man-made pesticides found in 
polluted wells or on food should be a negligible cause of birth 
defects, when compared to the level of the background of known 
teratogens such as alcohol. Most agents causing birth defects would 
also be expected to be harmless at low doses. Important risk factors 
for birth defects in humans include: age of mother, alcohol, smoking, 
and rubella v irus . 

Cooking Food. The cooking of food generates a variety of mutagens 
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and carcinogens. The tota l amount of browned and burnt material 
eaten in a typical day is at least several hundred times more than 
that inhaled from severe outdoor a ir pollution (22). Nine 
heterocyclic amines, isolated on the basis of their mutagenicity from 
proteins or amino acids that were heated in ways that reproduce 
cooking methods, have now been tested; a l l have been shown to be 
potent carcinogens in rodents (41,42). Many others are s t i l l being 
isolated and characterized (41,42). Three mutagenic nitropyrenes 
present in diesel exhaust have now been shown to be carcinogens (43), 
but the intake of these carcinogenic nitropyrenes has been estimated 
to be much higher from g r i l l e d chicken than from air pollution 
(41,42,44). 

Gas flames generate N0 2 , which can form both the carcinogenic 
nitropyrenes (1J3,15) and the potently carcinogenic nitrosamines in 
food cooked in gas ovens, such as f i sh . It seems l ike ly that food 
cooked in gas ovens may be a major source of dietary nitrosamines and 
nitropyrenes. 

Occupational Exposures. Pesticide
to chemical workers or applicators. Occupational exposures to 
chemicals can be high and can often be significant (jL,45). The 
potential carcinogenic hazards to U.S. workers has been ranked using 
the PERP index (analogous to the HERP index (1) except that U.S. OSHA 
Permitted Exposure Levels replace actual exposures) (45). The PERP 
values differ by more than 100,000 fold . For 12 substances, the 
permitted levels for workers are greater than 10% of the rodent T D 5 0 

dose. Pr ior i ty attention should be given to reduction of the 
allowable worker exposures that appear most hazardous in the PERP 
ranking. 

We Cannot Extrapolate Risks Without Understanding Mechanisms of 
Carcinogenesis 

Extrapolating Rodent Cancer Test Results to Humans. It is prudent to 
assume that i f a chemical is a carcinogen in rats and mice at the 
maximum tolerated dose (MTD), i t is also l ike ly to be a carcinogen in 
humans at the MTD. However, u n t i l we understand more about 
mechanisms, we cannot re l iably predict r isk to humans at low doses, 
often hundreds of thousands of times below the dose where an effect 
is observed in rodents. Thus, quantitative r isk assessment is 
currently not sc i ent i f i ca l ly possible (1,17,20). 

Carcinogenesis Mechanisms and the Dose-Response Curve. The f i e l d of 
mechanisms in carcinogenesis is developing rapidly and is essential 
for rational r isk assessment. Both mutations and c e l l prol i ferat ion 
( i . e . , promotion) are involved in carcinogenesis (_1,46). There is an 
enormous spontaneous rate of damage to DNA from endogenous oxidants 
and methylation, which we have discussed in relation to cancer and 
aging (47-50). There is also a basal spontaneous rate for c e l l 
prol i ferat ion ( Ζ Ί Δ ) · Thus, increasing either mutation or c e l l 
prol i ferat ion should frequently be carcinogenic. Additional 
complications are that several mutations appear necessary for 
carcinogenesis, and there are many layers of defense against 
carcinogens. These considerations suggest a sub-linear dose-response 
re lat ion, which is consistent with both the animal and human data 
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(51), and that multiplicative interactions w i l l be common in human 
cancer causation. Most importantly, administering chemicals in 
cancer tests at the MTD might commonly cause c e l l prol i ferat ion 
(1^,46,52,53). If a chemical is non-mutagenic and i ts carcinogenicity 
is due to i t s toxic i ty causing c e l l prol i ferat ion resulting from 
near-toxic doses, one might commonly expect a threshold (1,46,52). 

The fact that high doses of a chemical cause tumors doesn't 
necessarily mean that small doses w i l l . Most chemicals may, in fact, 
be harmless at low levels. A l i s t of carcinogens i sn' t enough. The 
main rule in toxicology is that the "dose makes the poison": at some 
level , every chemical becomes toxic, but there are safe levels below 
that. In dealing with carcinogens, a sc ient i f ic consensus evolved in 
the 1970s that we should treat carcinogens differently, that we 
should assume that even low doses could possibly cause some harm, 
even though we don't have the methods to measure effects at low 
levels. This idea evolved because most carcinogens appeared to be 
mutagens, agents that damage the DNA  The precedent of radiation
which is both a mutage
that there possibly coul

The idea that most of the c lass ica l carcinogens were mutagens 
damaging DNA (about 90% in our studies) (54,55) and work on oncogenes 
(56) reinforced the mutagen-carcinogen connection. However, in 
recent years there has been a change in the picture. About half of 
a l l chemicals tested in animals are carcinogens, and only about half 
of these appear to be mutagenic. It is now standard in cancer tests 
to be rigorous about giving the maximum tolerated dose of the 
chemical for the lifetime of the animal, and this factor, or the 
poss ib i l i ty that c lass ica l carcinogens comprised a special group, may 
account for the change in percentages. It seems quite reasonable 
that non-mutagens cause cancer because dosing at the MTD accelerates 
the promotional step of carcinogenesis (57,58). 

Promotion, or c e l l prol i ferat ion, can also be accelerated by 
viruses, such as the human carcinogenic viruses hepatitis B, a major 
cause of l iver cancer in the world (16), or human papilloma virus 16 
(HPV16), a contributor to cancer of the cervix (15). Both cause 
chronic c e l l k i l l i n g and consequent c e l l prol i ferat ion. Promotion 
can also be caused by hormones, which cause c e l l prol i ferat ion. 
Hormones appear to be major r isk factors for certain human cancers 
such as breast cancer (14). The promotional step of cancer causation 
can also be accelerated by chemicals. Alcohol, for example, causes 
cirrhosis of the l iver leading to cancer. The c lass ica l chemical 
promoters such as p h é n o b a r b i t a l and tetradecanoyl phorbol acetate 
would be expected to be, and are in fact, carcinogens in animals when 
tested thoroughly (58). There is increasing evidence to show that 
low doses of promoters are not active (46^,52). It seems l i k e l y , 
therefore, that a high percentage of a l l of the chemicals in the 
world, both man-made and natural, w i l l be c lass i f ied as carcinogens, 
but most of these may be acting as promoters and therefore may not be 
of interest at doses much below the toxic dose ( .1 ). 

Epidemiological Fal lacies: Storks Bring Babies and Pollution Causes 
Cancer and Birth Defects 

The number of storks in Europe has been decreasing for decades. At 
the same time, the European birth rate has also been decreasing. We 

In Carcinogenicity and Pesticides; Ragsdale, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



14. A M E S Pesticide Residues and Cancer Causation 233 

would be foolish to accept this high correlation (59) as evidence 
that storks bring babies. The science of epidemiology tr ies to sort 
out from the myriad chance correlations those that are meaningful and 
involve cause and effect. However, i t is not easy to obtain 
convincing evidence by epidemiological methods because of inherent 
methodological d i f f i cu l t i e s (24). There are many sources of bias in 
observational data and chance variation is also an important factor. 
For example, because there are so many different types of cancer or 
birth defects, by chance alone one might expect some of them to occur 
at a high frequency in a small community. Toxicology provides 
evidence to help decide whether an observed correlation might be 
causal or accidental. 

There is no convincing evidence from epidemiology or toxicology 
that pollution is a significant source of birth defects and cancer. 
For example, the epidemiological studies on Love Canal, dioxin in 
Agent Orange (60,60, Contra Costa County refineries (62,63), S i l icon 
Valley (64), Woburn (.1,20  or DDT provide no convincing evidence 
that in any of thes
cause of human harm. Eve
next to a toxic waste dump, the epidemiological evidence for an 
effect on public health is equivocal. Analysis of the toxicology 
data on many of these cases suggests that the amounts of the 
chemicals involved were much too low relative to the background of 
natural and tradit ional carcinogens to be credible sources of 
increased cancer to humans ( 1). A comparative analysis of teratogens 
using a HERP-type index expressing the human exposure level as a 
percentage of the dose level effective in rodents would be of 
interest, but i t has not been done in a systematic way. 

Environmental exposure to ethylene dibromide and other pesticide 
pollutants is thousands of times lower than the exposure to these 
same agents in the workplace (1,45) (Table 1). Thus, i f parts per 
b i l l i o n of these pollutants were causing cancer or birth defects, one 
might expect to see an effect in the workplace. The studies on these 
chemicals so far do not provide any evidence for a causal association 
(32), though epidemiological studies are inherently insensitive. 
His tor ica l ly , cases of cancer due to workplace exposure resulted 
mainly from exposures to chemicals at very high levels. For example, 
the EDB levels that workers were allowed to be exposed to were 
shockingly high (Table 1). (I tes t i f ied in California in 1981 that 
our calculations showed that the workers were allowed to breathe in a 
dose higher than the dose that gave half of the rats cancer.) 
Cal i fornia lowered the permissible worker exposure over 100-fold. 
Despite the fact that the epidemiology on EDB in highly exposed 
workers does not show any significant effect, the uncertainties of 
our knowledge make i t important to have s t r i c t rules about workers 
because they can be exposed to extremely high doses. 

Technology is Not Doing Us In 

Modern technologies are almost always replacing older, more hazardous 
technologies. The reason that b i l l ions of pounds of the solvents TCE 
(one of the most important industrial non-flammable solvents) and PCE 
(the main dry-cleaning solvent in the U.S.) are used is because of 
their low toxic i ty and the fact that they are not flammable. Is i t 
advisable to go back to the age when industry or dry cleaners used 
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flammable solvents and were frequently going up in flames? 
Eliminating a carcinogen may not always be a good idea. For example, 
ethylene dibromide (EDB), the main fumigant in the U.S. before i t was 
banned, was present in t r i v i a l amounts in our food: the average 
daily intake was about one-tenth of the possible carcinogenic hazard 
of the aflatoxin in the average peanut butter sandwich, a t r i v i a l 
r isk in i t s e l f (1) (Table 1). Elimination of fumigation results in 
insect infestation and subsequent contamination of grain by 
carcinogen-producing molds. This might result in a regression in 
public health, not an advance, and would also greatly increase costs. 
The coming alternatives, such as irradiating food, could be more 
hazardous than EDB, as well as more expensive. Similarly, modern 
pesticides replaced more hazardous substances such as lead arsenate, 
one of the major pesticides before the modern era. Lead and arsenic 
are both natural, highly toxic, and carcinogenic. Pesticides have 
increased crop yields and brought down the price of foods, a major 
public health advance. 

Every l iv ing thing
How much does society
b i l l i o n of TCE out of wells in Si l icon Valley, or PCE from dry-
cleaning plants? We are currently spending enormous amounts of money 
trying to eliminate lower and lower amounts of pollution; one 
estimate is about 80 b i l l i o n dollars annually (20); for comparison, 
the amount spent on a l l basic sc ient i f ic research is $9 b i l l i o n . The 
fact that scientists have developed methods to measure parts per 
b i l l i o n (one part per b i l l i o n is one person in a l l of China) of 
carcinogens and are developing methods to measure parts per t r i l l i o n 
does not mean that significant pollution is increasing, or that the 
pollution found is a cause of human harm. 

Conclusion 

Everyone knows that spending a l l of one's effort on t r i v i a without 
focusing on important problems is counterproductive. If we divert 
too much of our attention to traces of pollution and away from 
important public health concerns such as smoking (400,000 deaths per 
year), alcohol (100,000 deaths per year), eating unbalanced diets 
(e .g . , too much saturated fat and cholesterol), AIDS, radioactive 
radon coming up from the s o i l into our homes, and high-dose 
occupational exposure, we do not improve public health, and the 
important hazards are lost in the confusion. It is the inexorable 
progress of modern technology and sc ient i f ic research that w i l l 
continue to provide the knowledge that w i l l result in steady progress 
to decrease cancer and birth defects and lengthen lifespan. 
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r̂egistration, 7 
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effect of structure on 
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G 
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Hazard identification of chemical 
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system, 96-97 
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role of pesticides, 96-97 
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Immune system 
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Inhibitors of carcinogenesis 
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Initiation stage of neoplasia, description, 
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description, 85 
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Κ 
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L 

Lactofen, effect of carcinogenic dose level 
on hepatic parameters, 68,69r 

D-Limonene, effect on tumorigenesis, 118* 
Linearized multistage model, estimation of 

relationship between equivalent dose and 
tumor incidence, 166 

Liver tumor(s) 
comparison of epidemiological and 

toxicological data, 4 
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Low-dose linear models, description, 
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Lung cancer, rates for workers applying 
pesticides, 210r,211 

M 

Macromolecular interactions of carcinogens, 37 
Malathion, carcinogenicity, 228 
Malignant lymphoma, risk from exposure to 

phenoxy herbicides, 213,214*,215 
Mathematical models in risk assessment 
disadvantages, 4 

debate on overestimation of effect, 
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selection of dose vs. saturation 

kinetics, 151 
Mechanistic factor for analysis of 

structure-activity relationships, 
approaches, 179 

Metabolic factor for analysis of 
structure-activity relationships, 
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Methapyrilene, enhancer of 
2-acetylaminofluorine carcinogenicity, 127 
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effect of structure on carcinogenicity, 

197-198 
structure, 197 
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structure-activity relationship, size and 
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effect of structure on 

carcinogenicity, 198 
structure, 198 
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carcinogenesis, description, 49,51 

Multistage carcinogenesis 
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tumor initiation, 85-86 
tumor progression, 87,88*,89—90 
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National Toxicology Program (NTP), flow chart 
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Negligible risk, definition, 29 
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pathogenesis, 33-41 
stages, 44-45 
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inhibition of development, 127 
loss of growth control, 39 
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Peroxisomal proliferation theory 
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potential, 132 
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EPA approach to tolerance setting, 27-28 
interactions of FIFRA and Federal Food, 

Drug and Cosmetic Act (FFDCA), 26 
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Pesticide-induced immunomodulation 
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status of epidemiologic studies, 102 
testing methodologies, 101 
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Pesticide regulation development 
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Pharmacodynamic cancer model 
schematic representation, 71-72/" 
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association with malignant lymphoma, 

213,214*,215 
association with soft-tissue sarcoma, 

215,216*,217 
biological plausibility as carcinogens, 

217-218 
0-Phenylphenol, potential genotoxicity, 

64*,65 
o-Phenylphenol sodium salt 

in vivo macromolecular binding, 65* 
potential genotoxicity, 64* ,65 

Physicochemical factors for analysis of 
structure—activity relationships 

chemical reactivity, 177-178 
molecular weight, 177 
physical state, 177 
solubility, 177 

Piperonyl butoxide, carcinogenicity, 132 
Polycyclic aromatic hydrocarbon carcinogens, 

activation pathways, 81 
Potent carcinogens, profile, 179-180 
Progression, definition, 40,128 
Progression stage of neoplasia, description, 

44-45 
Progression stage of skin tumors 
conversion of benign tumors to malignant 

tumors, 87,89 
mechanisms, 89-90 
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action, 39-40 
definition, 39 
effect of viruses, 232 
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mechanisms, 127*,128 
rate-limiting factor in cancer, 84 
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44-45 

Promotion stage of skin tumors 
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mechanism, 86 
selection mechanism of initiated epidermal 

stem cells, 86,87* 
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carcinogenicity, 198 
structure, 198 
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activation, 51 
intracellular localization of products, 
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Q 

Quantitative risk assessment 
effect of background rate on rate of 

chemically induced increase, 171 
estimation of variability of carcinogenic 

risk estimates, 171-172 
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mechanism, 171 
impact of multiple sources of variability 

on overall distribution of estimated 
safe exposure level, 172/* 

role of mechanism in estimation of safe 
exposure level, 168 

statistical problems with use of 
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inhibition of 3 2P incorporation, 117 
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carcinogenesis, 116-117 

R 

Radiation, role in cancer, 83-84 
Registration, data requirements, 17 
Replication process, occurrence of 

spontaneous mutations, 58 
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Retinoids, effect of tumorigenesis, 
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Rodent cancer test results, extrapolation to 
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Sex hormones, role in cancer, 82 
Skin cancer, effect of radiation, 83 
Skin tumors 
characteristics, 87,88* 
initiation stage, 85-86 
progression stage, 87-91 
promotion stage, 86,87* 
two-stage carcinogenesis system, 85 

Soft-tissue sarcoma, risk from exposur
phenoxy herbicides, 215,216*,21

Solanine, carcinogenicity, 228 
Somatic mutation theory 

description, 45 
evidence, 49 
examples of chemically induced mutations, 

45-46* 
examples of DNA base modifications, 

45,47/ 
examples of repair mechanisms, 46* 
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simulated kinetics of DNA alkylation and 

repair, 48,5Qf 
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of carcinogenic risk, 164 
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accuracy of extrapolated predictions, 149 
nonperfect system, 147 
selection criteria for test animals, 

147-148 
use of laboratory rodents as models for 
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pharmacokinetics-computer 
modeling, 148 
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initiation, 44 
progression, 44 
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carbamate-thiocarbamate pesticides, 
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approaches, 175 
critical factors, 177-179 
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α-Tocopherol, effect on tumorigenesis, 
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Toxicology—Continued 
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Toxicology of chemical mixtures 
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pharmacokinetics and computer 
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risk, 164 
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definition, 44 
stages, 44-45 
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Vegetables, effect on tumorigenesis, 
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Vitamin A, effect of tumorigenesis, 
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