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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 sub
mitted by the authors in camera-ready form. Papers are re
viewed 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, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 
The Division of Pesticide Chemistry of the American Chemical Society 

has held three conferences in lieu of ACS national spring meetings in 
1972, 1975, and 1980. The principal goal of these conferences has been 
the presentation of in-depth, high-quality programs on subjects of current 
and universal importance in a friendly, small-group atmosphere to pro
mote maximum exchange of ideas. 

The 1972 workshop was held in Fargo, ND and discussed various 
experimental techniques involved in metabolism, residue, and analytical 
chemistry. The second workshop, held in 1975 in the beautiful town of 
Vail, CO, dealt with "Bound and Conjugated Pesticide Residues," a mat
ter of great importance to most chemists concerned with pesticide metabo
lism, analyses, and residues. The proceedings of this second conference 
were published in 1976 as ACS Symposium Series Volume 29, edited by 
D. D. Kaufman, G. G. Still, G. D. Paulson, and S. K. Bandai. 

Our third conference on topics of great importance to pesticide 
chemists on a timely basis was held in Downingtown, PA in June, 1980. 
We felt that the current concern about the safety evaluation of pesticide 
chemicals, and the toxicological significance of nanogram amounts of 
pesticides that can be detected using sophisticated analyitcal techniques, 
has given a new and broader dimension to the sciences of pesticide chem
istry and toxicology. Our perception of the toxicological problems due 
to chemicals has changed radically. 

The objective of the Downington Special Conference was to provide 
a means for the disciplines of toxicology and pesticide chemistry to interact 
in a direct and personal way. The number of participants was limited to 
less than 300 to afford an opportunity for personal discussions on how 
these two disciplines influence each other, to better understand similarities 
and differences, and to learn from one another about data gathering and 
interpretation. We put special emphasis on recent developments in toxi
cology, especially as it is related to carcinogenicity. The metabolism and 
analytical studies needed to support safety evaluation of pesticides were 
discussed with ample focus on the recently promulgated proposals for 
good laboratory practice. During the latter part of the conference, a 
symposium was held on the regulatory aspects of pesticide safety evalua
tion, not only for those in the United States, but also in Europe, Canada, 
and Asia. A number of informal workshops also were organized on topics 
proposed by registrants, ranging from the United States Environmental 
Protection Agency guidelines for hazard evaluation to the importance of 
accurate and timely communication of technical information. 

ix 
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We, the conference organization committee and the editors of this 
publication, believe that the Downingtown Conference was successful in 
achieving the above-mentioned goals by permitting a structured, formal, 
technical program while encouraging spontaneous interactions among 
pesticide chemists, biochemists, analytical chemists, regulatory scientists, 
and toxicologists. We sincerely thank the conference speakers and the 
participants for their contributions in achieving these goals. 

S. KRIS BANDAL 
Agricultural Products/3M 
230-B 3M Center 
St. Paul, MN 55144 

GINO J. MARCO 
CIGA-GEIGY Corporation 
P.O. Box 11422 
Greensboro, NC 27409 

LEON GOLBERG 
Chemical Industry Institute of Toxicology 
P.O. Box 12137 
Research Triangle Park, NC 27709 

MARGUERITE L. LENG 
The Dow Chemical Company 
1803 Building 
Midland, MI 48640 

March, 1981 
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1 
Toxicological Aspects: An Introduction 

LEON GOLBERG1 

Chemical Industry Institute of Toxicology, P.O. Box 12137, 
Research Triangle Park, NC 27709 

The objective of this Conference is to delineate the inter
action of Pesticide Chemistry with Toxicology. The first point 
to be stressed is the fact that the broad, basic principles of 
Toxicology are applicable to all chemicals - no matter what their 
structure or intended application may be - and even to physical 
agents acting on man and the biota. Toxicology is an Esperanto 
in the universe of biological effects exercised by chemicals. 

In 1969 I had the privilege to serve as a member of the 
Secretary's Commission on Pesticides and their Relationship to 
Environmental Health, the so-called Mrak Commission (1). The 
fundamentals that were spelled out at that time concerning effects 
of pesticides on man are in many respects still valid today. 
We may ask: how far have we progressed in the intervening decade? 
Some of the answers will be forthcoming in the course of this 
Conference. 

What has changed most radically is our perception of the 
toxicological problems in the field of chemicals, taken as a 
whole. Ten years ago we still tended to segregate the various 
categories of chemicals into separate compartments, based on 
their perceived end-uses. Today a far more catholic view pre
vails. Increasing consciousness of the huge universe of chemicals 
is coupled to an awareness of our state of ignorance of the prop
erties of a great many of them. A truly enormous task lies ahead, 
to bring the toxicology of even the more important chemicals 
to the level of the present state of the art. To advance our 
understanding of mechanisms of toxic action is an ever greater 
challenge. 

Compounding the problem i s the r e a l i z a t i o n that the back
ground of "natural" chemicals in the environment, i n food and 
within our bodies includes a remarkably high proportion of toxic, 
mutagenic and hence potentially carcinogenic agents. The work 
of Sugimura and his colleagues (2,3,4) has served to throw some 
li g h t on this subject. Stich and coworkers 05) have demonstrated 
that the i n t e s t i n a l contents and feces of man, animals and birds 
contain mutagens, even in their v o l a t i l e components. Such i s 
the present f a i t h i n positive results of mutagenesis tests as 

1 Current address: 2109 Nancy Nanam Drive, Raleigh, NC 27607. 

0097-6156/81/0160-0003$05.00/0 
© 1981 American Chemical Society 
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4 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

predictors of carcinogenic potential that compounds found to 
be negative i n the NCI Carcinogenesis Bioassay program are to 
be retested in those instances where such a c o n f l i c t arises. 
These compounds include 3-methyl-4-nitroquinoline-N-oxide, azoxy-
benzene, diphenylnitrosamine, 1-naphthylamine and methyl orange 
(6). 

The increasing control exercised by the federal bureaucracy 
over chemicals of a l l kinds, and the current moves towards i n t e r 
national testing standards, have spearheaded the trend towards 
r i g i d l y - f i x e d protocols for toxicological studies. While l i p 
service i s paid to the need for frequent updating, the provision 
for such necessary changes i s quite inadequate. Above a l l , the 
f l e x i b i l i t y that i s essential to ensure meaningful r i s k assess
ment i s being t o t a l l y eliminated in the drive towards uniformity 
and standardization of protocols. The baby i s in danger of being 
thrown out with the bathwater, i f the investigator i s not encour
aged to t a i l o r the studies to the problems posed by the s p e c i f i c 
test material. Such purposeful f l e x i b i l i t y i s p a r t i c u l a r l y desir
able i f f u l l advantage i s to be taken of newly-developed tech
niques, for instance i n immunology, genotoxicity and neurobehav-
i o r a l studies. 

With increasing concern about the numbers of chemicals wait
ing to be tested, national and international pressure has devel
oped to produce a "quick f i x " that w i l l solve these problems. 
As the International Agency for Research on Cancer has expressed 
the issue: "In p r i n c i p l e , test systems should be cheap, and 
the results obtained should be relevant to man". Our audience 
today ought to be aware of the fact that the rat i s s t i l l the 
biggest bargain available to meet this challenge, for example 
with regard to the amount of information that can be derived 
from a single test such as the subchronic study conducted over 
a period of 1, 3 or 6 months (7,8). By the end of this Confer
ence we plan to have covered both the current strategy with re
spect to screening tests and the broad perspective of tests i n 
tended to achieve an assessment of r i s k under defined conditions 
of exposure. 

Literature Cited 

1. Report of the Secretary's Commission on Pesticides and their 
Relationship to Environmental Health (1969). U. S. Department 
of Health, Education, and Welfare, Washington, D.C. 

2. Sugimura, T., Nagao, M., Kawachi, T., Honda, Μ., Yahagi, 
T., Seino, Y., Sato, S., Matsukura, N., Matsushima, T., 
Shirai, Α., Sawamura, M. and Matsumoto, H. (1977). Mutagen-
carcinogens in food with special reference to highly mutagenic 
pyrolytic products in broiled foods. In Origins of Human 
Cancer, Book C, Human Risk Assessment. Ed. by Η. H. Hiatt, 
J. D. Watson and J. A. Winsten, pp. 1561-1577, Cold Spring 
Harbor Laboratory. 
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Fukuoka, M. and Kuroyanagi, M. (1977). Mutagenicity of 
flavone derivatives. Proc. Jap. Acad. 53:194-197. 

4. Sugimura, T. and Nagao, M. (1979). Mutagenic factors in 
cooked foods. CRC Crit. Rev. Toxicol. 6:189-209. 

5. Stich, H. F., Stich, W. and Acton, A. B. (1980). Mutagenicity 
of fecal extracts from carnivorous and herbivorous animals. 
Mutat. Res. 78:105-112. 

6. Pesticide & Toxic Chemical News (June 11, 1980). Mutagenicity 
tests lead to bioassays for chemicals considered non
-carcinogenic, pp. 5-7. 

7. Golberg, L. (1975). Safety evaluation concepts. J. Ass. 
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RECEIVED February 11, 1981. 
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2 
The Revolution in Toxicology: Real or Imaginary 

LEON GOLBERG1 

Chemical Industry Institute of Toxicology, P.O. Box 12137, 
Research Triangle Park, NC 27709 

Toxicology has traditionally been concerned with the effects 
of chemical or physical agents in bringing about alterations of 
structure, function or response of living organisms. The higher 
organisms used by the toxicologist are never devoid of spontaneous 
disease, especially as they age, so that it is against this back
ground that toxic changes attributable to a test compound have to 
be gauged. As Salsburg (1) has pointed out: 

"When groups of animals are exposed to any biologically 
active substance over a long period of time, there will be a 
shift in patterns of lesions that will be dose related". 

The traditional task of the toxicologist has been to identify the 
nature of that shift in lesions, to characterize the dose-response 
relationships for each major change, and to elucidate the mechan
ism of toxic action - in other words, to determine the basis of 
that shift. 

An appropriate point of departure for considering toxic 
effects is the topic of homeostasis, the ensemble of defensive 
mechanisms that Nature has built into every organism. Homeostasis 
comprises the responses to changes, both external and internal, 
physiological adjustments (2, 3) that help to maintain what Claude 
Bernard termed "the stability of the internal medium", in other 
words the balance between the needs of the cell and the needs of 
the organism (4). Thus homeostasis can be considered in terms of 
three components, one concerned with the normal internal composi
tion and function of the cell, another with the intercellular 
integration of function within a multicellular organism and the 
third being the gamut of compensating mechanisms that come into 
play when the organism is stressed by any of a multitude of physi
cal or chemical agents such as hypoxia, extremes of temperature or 
the action of toxicants. 

The concept of homeostasis i s important to the toxicologist 

1 Current address: 2109 Nancy Nanam Drive, Raleigh, NC 27607. 

0097-6156/81/0160-0007$05.00/0 
© 1981 American Chemical Society 
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8 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

because i t prescribes the l i m i t s within which the body can adjust 
to toxic effects with no apparent deviation of normal function, 
other than perhaps temporary perturbations. From this concept i s 
derived the so-called "No observed effect l e v e l " of exposure to a 
toxicant. In some instances the organism can meet the challenge 
and stress of toxic exposure by adaptations that involve the 
development of tolerance, provided that time i s afforded for the 
organism to change i n this way. When exposure i s excessive i n 
degree or too abrupt or both, the physiological defense mechanisms 
prove inadequate and pathological disturbances ensue. Even at 
this point, however, when damage has been done to one or more 
target organs, repair mechanisms are available that come into play 
at many levels from DNA on up. Provided that the onslaught by the 
toxicant abates for a s u f f i c i e n t length of time to permit repair 
of structure and restoration of function to take place, the condi
tion of the organism may return to apparent normality. Evidence 
on this score w i l l be provided by long-term follow-up, or by 
further challenges with observation of the responses (2, J5, 6, T) . 

Over and above acute and subchronic effects, there may be 
changes of more subtle character, occurring early i n the course of 
exposure as so-called " s i l e n t " lesions but making themselves 
manifest much la t e r i n the l i f e t i m e of the organism as frank 
pathological changes, including neoplasia (8). The consequences 
of genetic t o x i c i t y affecting germinal c e l l s may only become 
apparent i n subsequent generations. F i n a l l y , the aging process 
i t s e l f may r e f l e c t the accumulation of toxic insults, and f a i l u r e 
to achieve perfection i n the restoration of damage, over the 
course of a l i f e t i m e . 

The provision made to protect c e l l s against oxygen t o x i c i t y 
i l l u s t r a t e s some of the principles mentioned above (9). The 
b i o l o g i c a l reduction of oxygen by the monovalent pathway proceeds 
through superoxide radicals ( 0 2 ~ ) , hydrogen peroxide and hydroxyl 
radicals ( 0 H e ) , possibly to singlet oxygen (Ϊ-Ο2). Hydroxyl r a d i 
cals are so dangerous to the c e l l that very e f f i c i e n t mechanisms 
exist to l i m i t their formation by scavenging the superoxide r a d i 
cals, by means of superoxide dismutases, and destroying H2O2 by 
catalases and peroxidases (10, 11_). Another and partly related 
toxic phenomenon i s l i p i d peroxidation which i s capable of causing 
damage to c e l l membranes. The toxic effects of many compounds are 
mediated, at least i n part, through l i p i d peroxidation. Again, 
the c e l l possesses defenses i n the form of antioxidants, super
oxide dismutases, carotenoids and the enzymes glucose-6-phosphate 
dehydrogenase, glutathione peroxidase and glutathione reductase 
acting together (1_2, 13). Beyond i t s role in the action of these 
l a s t two enzymes, glutathione and kindred non-protein sulfhydryl 
compounds afford b i o l o g i c a l protection against electrophiles, 
epoxides and other highly-reactive potential toxicants through the 
action of glutathione S-transferases (14, L5> 16). 
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2. GOLBERG The Revolution in Toxicology 

The Nature and Dimensions of Toxicity 

9 

Three aspects of toxic action need to be defined as accurate
l y as possible. In the f i r s t place the toxic p o t e n t i a l i t i e s of 
the test compound should be explored with a view to pinpointing 
one or more target organs that are revealed i n the course of 
acute, subchronic, long-term, reproductive and other studies. 
This information affords a bird's eye view of the overall land
scape. Once the i n t r i n s i c capacity to cause injury to a s p e c i f i c 
target organ or system has been characterized, some measure of the 
potency of the substance i s essential, preferably i n the form of 
dose-response data i n appropriate test systems. Thus the poten
t i a l for neurotoxicity, myelotoxicity, mutagenicity or carcino
genicity i s spelled out i n terms of a s p e c i f i c bracket within the 
range of 10? of possible potency. Naturally this d e f i n i t i o n 
applies only to a given set of experimental circumstances: par
t i c u l a r species, strain, sex and age of animals derived from a 
particular stock at a particular source, housed under particular 
defined conditions, and given a diet of specified composition. 
Air and water, i n common with many other details, require close 
attention. Any one of these and numerous other minutiae of the 
testing protocol can influence the outcome of the test, and hence 
merits close attention. Given a defined potency and a dose l e v e l 
at which no adverse effect i s observed (in comparison with con
t r o l s ) , one i s i n a position to draw a comparison with the actual 
or anticipated levels of exposure of people or other species to 
the test material. Here we have a possible range of at least 10^; 
so that the product of potency and exposure (which are, of course, 
independent of each other) i s 10^. For purposes of r i s k assess
ment the all-important question then i s : where, within this vast 
range, does a given chemical or p e s t i c i d a l ingredient l i e when i t 
i s used i n i t s intended applications? Anyone tempted to adopt the 
popular expressions "toxic" or "non-toxic" should bear i n mind the 
fact that, l i k e sinners, none of us i s perfect: i t i s the nature 
and extent of our sins that matter. 

Individual Susceptibility to Toxic Effects 

Pesticides encounter susceptible or resistant target species. 
The range of s u s c e p t i b i l i t y to toxic action i s often very broad i n 
man and laboratory animals. Host s u s c e p t i b i l i t y i s predominantly 
determined by genetic background but may be profoundly influenced 
also by diet, human l i f e s t y l e (including consumption of alcohol, 
tobacco, drugs) age, sex, state of health and numerous environ
mental factors. Pregnancy and infancy are examples of conditions 
i n which special s u s c e p t i b i l i t y may exist. 

Genetic control of s u s c e p t i b i l i t y to toxicants operates 
through a variety of mechanisms. One of these i s metabolic. In 
animals, the murine Ah complex represents a "cluster" of genes 
exercising temporal control on tissue-specific regulatory genes 
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10 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

controlling monooxygenase a c t i v i t i e s mediated by cytochrome P-450 
(.17). In man and animals the pheno types determining acetylator 
(18, 19, 20, 21) and methylator (22) status have a powerful i n 
fluence on drug metabolism and t o x i c i t y . Human cancer suscepti
b i l i t y i s based on "ecogenetics" of the individual's background 
and environmental exposures (23). 

Toxic Interactions 

Beside the influence of inadvertent exposures to environ
mental toxicants at home or i n the workplace, the deliberate use 
of therapeutic agents, "street" drugs, solvent "huffing" and other 
sources of a m u l t i p l i c i t y of toxic agents may impinge on the 
effects of p e s t i c i d a l exposure, i n the f i e l d or elsewhere. While 
the Washington Post (June 20, 1980) may have gone too far i n 
describing Agent Orange as "just one garnish i n a toxic c o c k t a i l " , 
attention does need to be directed to the p o s s i b i l i t i e s of addi
tive, synergistic or antagonistic interactions between several 
chemicals acting simultaneously or sequentially. 

This issue was addressed by the Mrak Commission (24) under 
three headings: i n h i b i t i o n of esterases, a l t e r a t i o n of microsomal 
enzyme a c t i v i t y , and target-level interactions. Also taken into 
account were the influences exercised by tissue storage of persis
tent compounds, and by exogenous physical factors such as diet, 
temperature and radiation. Much more i s now known about each of 
these topics, p a r t i c u l a r l y the induction of hepatic mixed function 
oxidase a c t i v i t y (25, 26) or i t s i n h i b i t i o n by exposure to heavy 
metals such as cadmium (27). There i s a prevalent tendency to 
emphasize the p o s s i b i l i t y of additive and synergistic toxic (es
p e c i a l l y carcinogenic) effects of simultaneous exposures, but not 
to mention the well-documented fact that antagonistic interactions 
between the b i o l o g i c a l effects of the components may render a 
mixture less toxic or even non-carcinogenic (2, _5). 

One of the important spheres of interaction l i e s i n possible 
modification of the immune status and responses of test organisms, 
including man. The f i e l d of immunotoxicology, l i k e that of 
behavioral toxicology, i s s t i l l i n i t s infancy. A penetrating 
analysis of the problems inherent i n premature efforts to pre
scribe mandatory tests i n this area (28) concludes as follows: 

"There i s no way of knowing what tests are more sensitive, 
representative of effects, and would provide consistent 
conclusions i f a number of test chemicals were examined. 
Toxicology i s becoming more and more a regulatory d i s c i p l i n e 
and the trend of looking for new tests that would evaluate 
untoward health effects seems strong. In this perspective 
we should r e a l i z e that adding more tests i n t o x i c i t y testing 
schedules, p a r t i c u l a r l y with respect to immunotoxicity 
evaluation, may not offer much advantage. 

"The need of basic science investigations i n toxicologic 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
00

2

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



2. GOLBERG The Revolution in Toxicology 11 

research needs no further emphasis. This might be the time 
to divert our attention into looking more for the mechanisms 
rather than merely the effects of chemicals on the immune 
system. Only then can we make more objective judgments on 
the risks and benefits of environmental chemicals, particu
l a r l y when the chemical exposures are low but prolonged, and 
the system i n question i s the one that generally expresses 
i t s deficiencies or modifications only when challenged by 
an unwanted invader. Only after we have a better under
standing of these mechanisms can we appropriately understand 
the species differences, mechanisms of immune tolerance, i f 
any, and even the toxicologic effect that might be mediated 
v i a immune modifications." 

Selection of Test Material 

The foundations of effective toxicological assessment may be 
undermined i f i n s u f f i c i e n t attention i s devoted to a variety of 
chemical aspects of the problem. The decision whether to study a 
technical product or a pur i f i e d material (and, i f so, what degree 
of purity) i s , of course, fundamental and often very d i f f i c u l t . 
Beyond that, one has to real i z e that the s p e c i f i c a t i o n of a com
pound i s usually drawn up for technical purposes rather than as a 
basis for toxicological investigation (29). Consequently, a 
number of c r i t i c a l safety issues may be overlooked. Time and 
again, much toxicological e f f o r t has been set at nought by f a i l u r e 
to pay attention to what appeared to be unimportant "trace" impuri
ties or added s t a b i l i z e r s i n commercial products. There i s a long 
history of mistakes, and current concerns about the presence of 
dioxin i n 2,4,5-T, pentachlorophenol, hexachlorophene, and a 
variety of other chlorinated compounds i l l u s t r a t e the p r i n c i p l e . 
On the other hand, the search for traces of trace impurities i n 
the pursuit of an explanation for the alleged carcinogenicity of 
saccharin has gone to increasing extremes (30). 

One has also to take into consideration the changes which the 
compound may undergo before i t f i n a l l y enters the body of the 
individual of interest. For example: interaction with food 
components; degradation during the course of formulation or storage 
or i n the environment, including photochemical oxidation; and 
biotransformation i n a variety of organisms, from bacteria to 
plants and animals, including the i n t e s t i n a l f l o r a of man. 

Pa r t i c u l a r l y with a technical product comprising numerous 
components and impurities, the objection i s often raised that 
investigations of the sort recommended involve an extraordinary 
e f f o r t which i s not j u s t i f i e d . Obviously, a reasonable balance 
has to be maintained between e f f o r t involved and significance of 
the results. A decision on how much e f f o r t should be necessary 
w i l l i n part be based on the levels of exposure to be used i n 
to x i c i t y tests. If these are high, then i t may well happen that 
trace impurities can assume considerable importance i n determining 
the b i o l o g i c a l outcome. 
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12 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

Hierarchy of Hazard Evaluation 

Predictive t o x i c i t y involves much more than studies i n ani
mals. A l o g i c a l h i e r a r c h i c a l approach to the evaluation of hazard 
presented by a test material i s i l l u s t r a t e d i n Table I. The 
sequence i s not intended to imply a series of watertight compart
ments: the art of modern toxicology l i e s i n the s k i l l f u l deploy
ment of the most appropriate procedures, severally or i n com
bination, to answer s p e c i f i c questions. 

Table I. Hierarchy of Hazard Evaluation 

1. Structure-activity correlation 
2. Physical and chemical properties 
3. In v i t r o and other short-term tests 
4. Screening procedures 
5. Animal studies 
6. Human studies 
7. Risk assessment 

Analysis of quantitative structure-activity relationships 
(QSAR) has become increasingly important as a means of predicting 
l i k e l y b i o l o g i c a l a c t i v i t y on the basis of the vast store of 
existing information on SAR. The t r a d i t i o n a l approach has been 
Hansch analysis, incorporating independent variables and physico-
chemical parameters, and involving regression analysis of p a r t i 
tion c o e f f i c i e n t s , electronic effects of substituents (Hammett 
sigma parameter), s t e r i c parameters (Taft s t e r i c constants, Ver-
loop parameters) and indicator variables (31). More recently, 
pattern recognition techniques have come to the fore, i n which a 
computer generates, on the basis of the structure of the compound, 
molecular structure descriptors to be used for mathematical analy
s i s of QSAR. Remarkable predictive accuracy has been achieved, 
for instance with various classes of carcinogens (32, 33). Two 
problems exist: the r e l i a b i l i t y of the data base, and the need to 
incorporate metabolic information. As to the f i r s t , the weak
nesses of the standard carcinogenesis bioassay are not as well-
recognized as they should be 02, 5), but some e f f o r t i s at l a s t 
under way to try to overcome them (34). Introduction of metabolic 
information has to be very selective, concentrating on metabolic 
activation rather than the m u l t i p l i c i t y of detoxication products. 

In a document ent i t l e d "Proposed System for Food Safety 
Assessment", the S c i e n t i f i c Committee of the Food Safety Council 
(35) has attempted to delineate the steps by which decisions on 
safety or t o x i c i t y are arrived at. What i s interesting about this 
approach i s the departure from the t r a d i t i o n a l sequence of tests 
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2. GOLBERG The Revolution in Toxicology 13 

by inserting at an early stage i n the investigations two elements 
of particular importance: tests of genetic t o x i c i t y , and meta
bo l i c and pharmacokinetic studies. The sequence of the main 
groups of investigations may vary according to the nature of the 
test material and the purposes for which i t i s intended. The 
emphasis on these two groups of s c i e n t i f i c procedures i s a l l the 
more welcome because of the reluctance on the part of both Indus
try and Regulatory authorities to accept the key role and funda
mental importance of metabolism and pharmacokinetics, i n re l a t i o n 
to the contribution that such data can make to the design of 
protocols, as well as to the understanding of effects and over a l l 
interpretation of toxicological data. The decision-tree approach 
(35) makes limited provision for the study of transplacental, 
prenatal and postnatal events and omits detailed consideration of 
behavioral and immunological aspects of toxic action. (It i s not 
intended to cover environmental considerations.) The outlook i s 
pragmatic. Inevitably there i s no expressed interest i n e l u c i 
dating the mechanism of toxic action of the test compound. Never
theless, the information intended to be gathered i n the course of 
the study of metabolism and pharmacokinetics and genetic tox i 
cology, when s k i l l f u l l y combined, may well throw considerable 
l i g h t on the basic b i o l o g i c a l properties of the compound. 

One d i f f i c u l t y i n achieving such understanding i s the fact 
that, i f the decision-tree approach i s adhered to rather r i g i d l y , 
t oxicological properties and target organs w i l l not have been 
revealed at the time that the investigations on metabolism and 
pharmacokinetics are being carried out. While whole-body auto
radiography i s a useful guide i n directing such investigations, 
there i s no substitute for knowledge of the s i t e ( s ) and dose-
response relationships of toxic action. 

In view of the detailed attention that w i l l be paid to metabo
lism l a t e r i n the Conference, metabolic activation w i l l be the 
main focus of discussion here, since i t gives r i s e to electro-
p h i l i c alkylating or arylating intermediates capable of inducing 
damage to c r i t i c a l c e l l u l a r macromolecules. A diagrammatic view 
i s provided i n F i g . 1 of the obstacle course faced by such an 
electrophile i n reaching a nucleophile at the target s i t e . Of 
particular importance i n determining t o x i c i t y i s the delicate 
balance between, on the one hand, electrophile production and, on 
the other, electrophile destruction, or other biotransformations 
that serve the purpose of deactivation (36). A host of species-
s p e c i f i c and organ-specific factors exercise their influence on 
this balance. 

The a v a i l a b i l i t y of rapid tests of mutagenic potential has 
f a c i l i t a t e d the detection of activated metabolites. An elegant 
demonstration of the use of the Ames test for this purpose i s 
provided by the work of Casida and his colleagues (37, 38> 39 > 
who tracked down the formation of a mutagenic activation product, 
2-chloroacrolein, from S-chloroallylthiocarbamate herbicides 
( 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 ) . Metabolic activation by 
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Figure 1. Diagram of the chain of events attendant upon metabolic activation 
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2. GOLBERG The Revolution in Toxicology 15 

i n t e s t i n a l bacteria and by plant extracts has also been shown to 
occur (41). 

Human Studies 

Studies carried out i n human volunteers, or with tissues of 
human or i g i n have great potential value (42). The contribution of 
epidemiological studies i s discussed l a t e r i n this Conference by 
Dr. M. W. Palshaw. In certain instances, such as anticholines
terases, only human experience can serve to define no-effect and 
minimum-effect levels for man. In other situations where exposure 
i s low, indices of effect may be hard to come by. The alkylation 
of h i s t i d i n e and cysteine i n the globin moiety of hemoglobin has 
been suggested as an index of effects of alkylating agents (43) 
but has not found general application. 

In contrast to these problems, evidence of exposure to p e s t i 
cides i s often much more readily available by analysis of excreta, 
body f l u i d s and expired a i r (44). The power of modern ana l y t i c a l 
procedures, a topic to be addressed later i n this Conference, i s 
exemplified by the characterization of 115 organic compounds i n 
samples of breath from 54 subjects (44)· Exhaled ethane and 
n-pentane i n mice, rats and monkeys (45) has proved to be a useful 
index of l i p i d peroxidation, these gases being derived from ω 3-
and ωβ-fatty acid hydroperoxides (12, 13). Non-invasive measures 
of drug metabolizing capacity have been developed, using ^C-
phenacetin or -^C-aminopyrine; hepatic dysfunction can be assessed 
i n an analogous manner (46, 47, 48, 49). On the horizon i s the 
exciting promise of the application of nuclear magnetic resonance 
to monitor metabolite concentrations, non-invasively, i n human 
subjects (50). 

F i n a l l y , human tissues are finding increasing use for meta
b o l i c and other studies. A human l i v e r bank has been established 
i n Sweden for storage of l i v e r microsomal suspensions (51)· Human 
lymphocytes, monocytes and fibroblasts have found extensive a p p l i 
cation, p a r t i c u l a r l y i n mutagenic studies (52, S3, 54, 550. 

Summing up, while the p r i n c i p a l emphasis i n this Conference 
w i l l necessarily be placed on animal studies, the toxicologist 
should seize every opportunity to secure human data, for which 
animal results are at best an imperfect substitute. 

A Revolution i n Toxicology? 

Advances i n toxicological methodology i n recent years, notably 
better a n a l y t i c a l methods and the procedures made available by 
molecular biology and genetic toxicology are making possible an 
understanding of the mechanisms of toxic action. This i n i t s e l f 
i s an autocatalytic process: as we gain better and better under
standing of such mechanisms i t becomes easier to deal with the 
next problem i n the same category. In the process of under
standing mechanism, one has to take into account the influence of 
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16 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

exposure to the compound on homeostatic processes of the body, and 
of the defensive and adaptive l i m i t s which the body can atta i n i n 
response to toxic exposure. Thus there evolves a comprehension of 
the dose-response relationship for that particular compound under 
the conditions of testing. Evaluation of safety involves the 
conceptual integration and interpretation of the information 
gained from physical measurements, knowledge of chemical structure 
and properties, and the study of b i o l o g i c a l effects i n r e l a t i o n to 
doses used. Thus an i n t e l l e c t u a l a c t i v i t y enters into evaluation 
of safety which transcends the mere assembly of data. Inter
pretation of r i s k assessment involves further a thorough knowledge 
and understanding of the nature, uses and exposure levels (exist
ing or anticipated) of a chemical or mixture of chemicals i n a 
product. 

The new concepts, techniques and approaches that are creating 
a ferment i n Toxicology, taken together with the impetus fuelled 
by accelerating advances i n the basic sciences, bid f a i r to revolu
tionize the practice of r i s k assessment. Whether this very real 
promise w i l l be translated into concrete achievements i n terms of 
greater safety depends on the freedom and encouragement afforded 
to the toxicologist to participate i n and advance the revolution. 
In the short term, the prospects do not appear favorable; but 
History teaches us that powerful forces working for change do 
ultimately find expression, despite bureaucratic defense of the 
status quo. 
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3 
Widening Concepts of Toxicology 

BERNARD A. SCHWETZ 

Director of the Toxicology Research Laboratory, Health & Environmental Sciences, 
Dow Chemical U.S.A., Midland, MI 48640 

During the past decades, the science of Toxicology has 
undergone a continuous evolutionary process of increasing sophis
tication. Early efforts often involved evaluating hazards of 
gross proportions - such as survival itself of individuals exposed 
to a toxin. Today's efforts have been extended to the most 
subtle effects measurable by modern technology - the impact of 
which is sometimes more theoretical than real. This evolution has 
been brought about by a number of events and stimuli - increased 
understanding of basic biological processes, better equipment, 
social and political pressures, better application of knowledge 
to the solution of problems, and the development of better test 
methods to predict hazard. Our concerns have expanded in many 
dimensions - time, space, species, nature of the toxins, exposure 
levels, as well as the parameters about which we're concerned. 
Each of these will be discussed separately. 

Time 

In earlier generations when the primary concern was survival, 
time considerations were limited to the immediate event. Delayed 
effects or the consequence of repeated exposure was of l ittle 
concern. In time, we became more concerned about the effects of 
repeated exposure to levels which were not an immediate threat to 
survival but may eventually become a threat to life - still of 
the individual exposed. As we became more aware of long-range 
effects of overexposure, we learned that exposure to toxins can 
affect us later and even in future generations. Thus, the focus 
of concern has extended from an immediate effect on the exposed 
person, to an effect on the exposed person at a later time, to a 
possible effect on some member of a future generation completely 
removed from the toxin in question. 

Toxicological test procedures have evolved with these chang
ing concerns. When survival was the primary concern, tests were 
developed to assess the effect of acute overexposure - the LD50 
and LC50 (lethal dose or concentration to 50% of exposed animals), 

0097-6156/81/0160-0021$05.00/0 
© 1981 American Chemical Society 
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and the effect of dermal exposure. The concern over repeated 
exposure to sublethal quantities led to subchronic tests (longer 
than acute but less than life-time) designed to identify target 
organs, sensitive species, and effect/no adverse effect dose 
levels. The effect of chronic exposure, including oncogenicity, 
has been sought during the past 40 years. Other endpoints of 
repeated exposure have been effects on reproduction and embryonal/ 
f e t a l development. The concern for future generations led to the 
development of tests for mutagenic potential. Thus, the tests 
used by Toxicologists have evolved p a r a l l e l with our time-frame 
of concern. 

Space 

Concern over the l o c a l i z a t i o n and di s t r i b u t i o n of toxins has 
changed dramatically over the decades. Time and space concerns 
changed simultaneously. At a time when the greatest concern was 
for acute hazard the only concern for the di s t r i b u t i o n was the 
concentration in the immediate locale. Control was easier to 
manage when the area of concern was so small. As we learned that 
smaller and smaller amounts of toxins caused detectable changes, 
interest surged in the di s t r i b u t i o n of chemicals away from the 
immediate source. We are now concerned about any measurable 
amount of a l l chemicals, even in the most remote recesses of the 
universe. The stratosphere and ionosphere, polar ice caps, 
depths of the oceans and the earth are a l l being sampled regularly 
for analysis for the presence of contaminants. Once the chemicals 
reach these remote parts of the environment, control i s essential
ly l o s t . The litany of chemicals which f a l l in this category i s 
very familiar to most chemists and biologists - DDT and i t s 
metabolites, PCB's, PBB, HCB, etc. 

Species 

Human beings used to be the only species of re a l concern. 
Now every species i d e n t i f i e d i s important to somebody and i s 
protected to varying degrees. For generations our concern beyond 
people was limited to beasts of burden and plants or animals that 
were food sources. Now we include a l l kinds of pets and wild 
animals in a l l areas of the world. For a variety of reasons, 
some physical, some chemical, species such as Ca l i f o r n i a seals, 
the brown pelican, certain penguins, the Kirtland warbler, the 
a l l i g a t o r , and the s n a i l darter have a l l been in the news i n the 
past few years as endangered species. 

Toxins of Concern 

As with the aspects already discussed, there have also been 
changes i n the toxins over which we are concerned. Probably one 
of the e a r l i e s t classes of agents of toxicological concern was 
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those used for homocidal purposes. The tox i c i t y of acute overdose 
with arsenic and cyanide was appreciated long before toxicology 
was a science. The effects of medicaments and tonics such as 
quinine and peyote were taken advantage of and overused for many 
generations. The consequences of occupational exposure to toxins 
has been realized during the past 100 years or so, starting with 
such examples as scrotal cancer among chimney sweeps from soot 
and damage to the central nervous system from mercury (mad 
hatter's disease). 

Toxins occurring naturally i n our environment, such as 
selenium and many plant alkaloids, were well known even before 
their chemical identity was confirmed. 

The greatest v i s i b i l i t y today i s given to materials related 
to modern technology, primarily contaminants and by-products as 
well as products themselves. "Environmental" factors of current 
health concern include not only such things as heavy metals, 
PCB's, DDT metabolites, and TCDD, but also smoking and our habits 
of eating and drinking. Thus, the nature of the toxins over 
which we've been concerned during the years has changed with our 
soc i a l awareness and s c i e n t i f i c understanding. 

Concentrations of Toxins 

The amount or concentration of any given toxin i n the envi
ronment that was considered to be important has been diminishing 
rapidly. The anal y t i c a l chemist has obviously been at the fore
front of this evolution. The qualitative determinations of the 
past have given way to quantitative analyses down to the lev e l of 
counting molecules. The analyt i c a l chemists and toxicologists 
seem almost to have been competing during the past few decades 
for lower levels of s e n s i t i v i t y . At a time when toxicologists 
were limited i n sophistication to merely counting the number of 
l i v e and dead animals after acute exposure to an agent, chemists 
were making qualitative analyses or were measuring chemicals at 
the percent l e v e l . As toxicologists progressed beyond the whole-
animal l e v e l of observation and began to look for grossly v i s i b l e 
organ changes, the analytical chemists were detecting parts per 
mi l l i o n . The use of li g h t microscopy and biochemical measures 
was the next l e v e l of discrimination by toxicologists; while this 
technology evolved, analytical chemists penetrated to parts per 
b i l l i o n . Today's toxicologists are using electron microscopy to 
assess structural changes and are detecting chemical changes at 
the molecular l e v e l of c e l l organization. Chemists are now 
detecting chemicals at the parts per t r i l l i o n l e v e l and below. 
At what l e v e l of detection i s i t no longer important to know i f a 
chemical i s present? In many cases, the detection l i m i t i s below 
one which the toxicologist would predict to have adverse effects 
i n tissue, s o i l , water, a i r , etc. As the lev e l of exposure to a 
toxin decreases, the effect of exposure diminishes u n t i l i t 
cannot be discerned from the normal background noise - b i o l o g i c a l 
v a r i a b i l i t y . 
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The body has a wide array of very effective defense mechanisms 
which protect i t from toxins. This i n i t i a l response of the body 
is a process of physiological adaptation. This includes such 
phenomena as enzyme induction, hormonal changes, alterations in 
blood flow, blood c e l l d i s t r i b u t i o n , energy u t i l i z a t i o n , immuno
logic responses, as well as the rate of c e l l d i v i s i o n and c e l l 
destruction. This process of adaptation i s not considered to be 
evidence of to x i c i t y ; i t ' s the body's normal response to an 
ins u l t . When the amount of insult exceeds the body's a b i l i t y to 
maintain i t s e l f , t o x i c i t y exists. The transition from physiologi
cal adaptation to a toxic response can be considered a threshold. 

Unfortunately, detection of chemicals at any le v e l i n the 
environment or in animal tissues i s considered by many people 
today to constitute a problem which must be alleviated, whether 
that l e v e l i s above or below the threshold for an adverse effect. 
Is i t r e a l l y in the best interest of good science to continue to 
push the level of detection lower and lower i f we've already gone 
below a le v e l which i s of r e a l i s t i c concern? Before we push the 
lim i t of detection below the level of b i o l o g i c a l meaningfulness, 
we should ask ourselves this question - what are the numbers 
going to mean when we get them? 

We know that for many chemicals (vitamins, trace minerals, 
hormones, amino acids, electrolytes, etc.) there are optimal 
levels in the body which are required for normal function. Too 
l i t t l e i s injurious to health, as i s too much. Any diabetic i s 
only too aware of the delicate balance of i n s u l i n required to 
maintain health. Too l i t t l e sodium i n the body interferes with 
the transmission of nerve impulses; hypertensive patients know 
the consequence of too much sodium. Many other examples are well 
described in the medical l i t e r a t u r e . 

Parameters of Concern 

The endpoints of t o x i c i t y which have caused the greatest 
concern have changed along with the factors already discussed. 
Today's concerns center around the quality of l i f e and zero r i s k . 
Both of these are very d i f f i c u l t to define and measure. The 
current efforts of the news media and the pressures involved in 
obtaining f i n a n c i a l support for research programs has provided an 
unprecedented v i s i b i l i t y for toxicological findings. What society 
is concerned about i s not necessarily the same as what the toxico
logists and the medical profession are concerned about. The 
discrepancy i s relatable, primarily, to the nature of the informa
tion being given to the general public. 

In addition to these societal influences, s i g n i f i c a n t changes 
have occurred in toxicology over the past twenty years; the 
state-of-the-art w i l l continue to evolve. Some of these are 
summarized as follows. Acute toxicology data w i l l continue to be 
as important in the future as they have been in the past; these 
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data continue to be very important in the hazard assessment of 
chemicals. Subchronic studies have played a very important role 
i n toxicology in the past and w i l l probably continue as such. In 
contrast, chronic studies for the purpose of assessing chronic 
t o x i c i t y and oncogenicity, cannot continue to be run as a screen
ing test; the time, space, and person-power required to do so i s 
a luxury that we cannot afford. We cannot accelerate our efforts 
at a rate s u f f i c i e n t to meet our needs for this type of testing. 
The decisions that have previously been made from life-time study 
data w i l l have to be made from data that are easier to c o l l e c t . 
The primary limitations on expanding our capacity to do chronic 
studies are space and the a v a i l a b i l i t y of quali f i e d pathologists. 
In the future, chronic studies w i l l be done to define the slope 
of the dose-response curve for toxic effects rather than as a 
screen for the potential to cause adverse effects. This applies 
a l o t of pressure for toxicologists to work smarter, not just 
harder. 

Efforts in the area of reproductive t o x i c i t y are l i k e l y to 
increase i n the future. Screening for teratogens (agents which 
cause b i r t h defects) has seemed to plateau. Chemicals with the 
thalidomide-type of hazard appear to be very rare. More subtle 
effects on reproduction and development should be sought with 
greater discrimination. Chemicals which affect the development 
of sperm and ova must be i d e n t i f i e d better than i n the past. 
Better animal models need to be developed to accurately detect 
subtle changes in reproductive performance. Chemicals such as 
d i e t h y l s t i l b e s t e r o l and 1,2-dibromo-3-chloropropane have height
ened the concern of toxicologists and the public i n this important 
area of research. 

Studies of the metabolism and pharmacokinetics of chemicals 
seemed to reach a peak of a c t i v i t y in the late 1970's. Such 
studies w i l l continue to be very s i g n i f i c a n t i n our efforts to 
improve our evaluation of the data we c o l l e c t i n animal studies. 

Studies in the areas of metabolism/pharmacokinetics and 
molecular interactions between toxins and target molecules i s 
clearly an area where we can work smarter rather than harder to 
make progress i n understanding mechanisms of t o x i c i t y . 

In the past few years, mi (.agenesis has been used as an 
indicator of carcinogenic potential; there has been less emphasis 
placed on mutagenesis as an endpoint in i t s e l f . To the present, 
a gametic chemical mutagen has not been clearly i d e n t i f i e d i n 
humans. When the f i r s t chemical mutagen i s i d e n t i f i e d i n humans, 
this area of research w i l l probably assume a new role among t o x i 
cologists, v i a pressure from the public. 

Mutagenesis tests as an indicator of carcinogenic potential 
(such as the Ames* test) have clearly come into their own i n the 
past few years. It i s expected that they w i l l continue to play 
an important role i n setting p r i o r i t i e s for conducting more 
d e f i n i t i v e studies i n the areas of mutagenesis and carcinogenesis 
on a more selective basis and thereby permit us to use our 
resources more wisely. 
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Studies to identify the mechanisms of carcinogenesis w i l l 
increase i n importance i n the next years. Such information w i l l 
f a c i l i t a t e interpretation of data collected i n other studies and 
w i l l enhance our a b i l i t y to predict hazard for man. Some of the 
data sets which currently appear to c o n f l i c t with each other w i l l 
undoubtedly be put into proper perspective through these studies 
in the future as we learn more about species differences, sex 
differences, and the role of dose l e v e l and route of exposure. 

Behavioral toxicology i s an area that is clearly coming into 
i t s own and w i l l have more v i s i b i l i t y and impact in the future. 
Toxicologists have been observing demeanor for years, but the 
more sophisticated methodologies of assessing behavior are just 
now being evaluated by toxicologists to determine their r e l i a b i l 
i t y and p r e d i c t a b i l i t y . With the increasing concern being 
expressed by the public, behavioral toxicology w i l l l i k e l y con
tinue to grow in v i s i b i l i t y and acceptance. 

The toxicologic aspects of immunology are clearly coming up 
as a new area of toxicology. Certain chemicals unquestionably 
affect immunologic mechanisms or organs involved in the immuno
logic response. The integrity of our immune system i s so c r i t i 
cal to many body functions that the interrelationship between 
immunology and toxicology i s without doubt going to be a c r i t i c a l 
area i n the future. Certain chemicals clearly affect the immune 
system - stimulation and/or i n h i b i t i o n . The implications of such 
effects are not t o t a l l y clear at present but are sure to become 
more important i n the future. 

In summary, toxicology i s clearly a dynamic science. Despite 
i t s r e l a t i v e newness as a science, much change has occurred and 
i s l i k e l y to continue to occur in the future. New directions are 
always being i d e n t i f i e d . The role of the chemist, and particu
l a r l y the a n a l y t i c a l chemist, in the evolution of toxicology is 
very important. Good science depends heavily on close coordina
tion between these two areas of expertise. Especially i n the 
area of environmental toxicants, one area cannot evolve without 
p a r a l l e l developments in the other. 

RECEIVED February 24, 1981. 
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4 
Organ Specificity in Toxic Action: 
Biochemical Aspects 

JOHN S. DUTCHER1 and MICHAEL R. BOYD 
Molecular Toxicology Section, Clinical Pharmacology Branch, 
National Cancer Institute, Bethesda, MD 20205 

The pharmacologic and toxic properties of many organic 
compounds result from reversible interactions with biological 
systems. But some chemicals, including certain insecticides, 
allergens, cytotoxins, carcinogens and mutagens, produce their 
toxic manifestations by irreversible, covalent interactions 
with tissue constituents. Because of the importance of these 
toxicities to animal and human health, it is important to 
elucidate the mechanisms of toxication and detoxication of 
these agents in order to help predict and minimize risk and 
set exposure guidelines. One useful approach to this end is 
to investigate the factors which determine target organ 
toxicity, factors which either make certain tissues more 
sensitive to the toxic effects of chemicals and/or protect 
other tissues from their deleterious effects. 

4-Ipomeanol [1-(3-furyl)-4-hydroxypentanone, IPO, 
Figure 1] is a naturally occuring, highly organ-specific toxin. 
It has proven to be a useful model compound for the study of 
certain biochemical factors which can influence organ-selective 
toxicity, and can be used to illustrate some of the important 
biochemical aspects of organ-selective toxicity. 

An Example of Organ Specific Toxicity: 4-Ipomeanol 

The injestion of mold-damaged sweet potatoes has been 
implicated for many years in outbreaks of poisoning in c a t t l e 
Q_,_2,_3). Affected animals suffer severe and often fatal 
respiratory distress. Pathological findings are usually 
rest r i c t e d to the lungs; these include edema, congestion and 
hemorrhage^). The major causative agent responsible for this 
pulmonary-specific t o x i c i t y i s IPO (Figure 1)C5>6.)> one of a 
number of toxic 'stress metabolites 1 produced in sweet potatoes 
(Ipomoea batatas) infected with the common mold, Fusarium 

1 Current address: Lovelace Inhalation Toxicology Research Institute, Box 5890 
Albuquerque, NM, 87115. 

This chapter not subject to U.S. copyright. 
Published 1981 American Chemical Society 
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solani(7). Simple methods to prepare IPO and i t s **H- and 
i^C-labeled analogues are available (8,9,10,11) and have 
f a c i l i t a t e d investigations of i t s mechanism of t o x i c i t y . 

Mechanism. Numerous studies on the mechanism of IPO 
t o x i c i t y have supported the view that tissue damage by the 
compound i s due to a highly reactive, alkylating metabolite(s) 
(Figure 2)(12). In v i t r o experiments demonstrated that this 
metabolic activation i s catalyzed by a cytochrome P-450 enzyme 
system which i s located in the endoplasmic reticulum of target 
c e l l s ( l O ) . This metabolite(s) forms covalent bonds with 
c e l l u l a r macromolecules, and i t causes c e l l death (necrosis). 
The amount of c e l l u l a r necrosis (measured by microscopic 
examination of the respective tissues 24 hours after exposure 
to the toxin) and the extent of protein alkylation (assayed by 
employing ^ C - or ^H-IPO and measuring the amount of label 
bound covalently to tissue proteins 2 hours after exposure to 
the toxin) have proven to be useful measures of toxicity(13). 
It i s important to emphasize that alkylation of protein by IPO 
metabolite(s) i s used as an indir e c t measure of the amount of 
reactive metabolite(s) present at a target s i t e ; protein 
alkylation i s not necessarily the primary event leading to 
c e l l necrosis by IPO. 

Organ-Specific Toxicity. IPO produces s t r i k i n g organ-
specific t o x i c i t y in a number of laboratory animals(l2,13,14) 
as well as in c a t t l e . In the rat, c e l l u l a r necrosis i s seen 
only in the lung after a single, intraperitoneal dose of the 
toxin (Figure 3). Likewise, organ-specific a l k y l a t i o n by the 
reactive metabolite(s) of IPO i s predominantly in the lung, 
with only a small amount in the l i v e r and kidney. Other organs 
have only background levels of alkylation. Both t o x i c i t y and 
alkylation are dose dependent and the lung i s the only s i t e of 
t o x i c i t y at any dose and after any of several different routes 
of administration (intraperitoneal, intravenous or o r a l ) . 
Guinea pigs and rabbits show a pattern of t o x i c i t y and 
alkylation similar to the rat, the lung being the primary 
target organ for t o x i c i t y and the major s i t e of alkylation, 
irrespective of dose. However, the hamster and the mouse show 
somewhat different patterns of t o x i c i t y (Figure 4). Pulmonary 
bronchiolar necrosis occurs in both of these species, but IPO 
also produces renal tubular necrosis i n the adult male mouse 
and occasionally causes centrilobular hepatic necrosis in the 
hamster. Organ s p e c i f i c alkylation corresponds to the si t e s 
of t o x i c i t y ; high levels of lung and kidney a l k y l a t i o n are seen 
in the adult male mouse whereas the hamster shows high levels of 
hepatic and pulmonary alk y l a t i o n , especially when high doses 
of IPO are administered (not shown i n Figure 4, see ref 13). 
Administration of IPO to avain species results in yet another 
pattern of organ-specific toxicity(14). In birds, IPO produces 
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Ο 

Figure 1. Structure of 4-ipomeanolt a 
toxin isolated from sweet potatoes in
fected with the common mold F. solani 

4-lpomeanol 

Metabolism 
by 

Cytochrome 
P450 

Chemically Reactive 
Metabolite(s) 

Alkylation of 
Target Tissue 
Macromolecules 

Cellular 
Necrosis 

Chemically Reactive 
Metabolite(s) 

Alkylation of 
Target Tissue 
Macromolecules 

Cellular 
Necrosis 

Alkylation of 
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Macromolecules 

Inert or Less 
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Excretion 

Figure 2. Role of metabolic toxication and detoxication in 4-ipomeanol tissue necrosis 
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THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

Species 
Organ Alkylation (nmol/mg prot.) 

(20mg/kg, i.p. dose) 

Liver Β Kidney Π Lung ^ 

Organ Toxicity (Necrosis) 

(LD 50, i.p. dose) 

Liver Kidney Lung 

Rat 

(Sprague-Dawley) 

Guinea Pig 

(Hartley) 

Rabbit 

(New Zealand 

White) 

I 
I ι—ι 1 

Figure 3. Species differences in 4-ipomeanol organ alkylation, organ toxicity, and 
lethality, I 
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4. DUTCHER AND BOYD Organ Specificity in Toxic Action 31 

only hepatic necrosis. Hepatic alkylation by IPO i s 
predominant, with r e l a t i v e l y l i t t l e binding to lung or kidney. 
F i n a l l y , although the patterns of target organ t o x i c i t y and 
alkylation show marked species differences, i t should be 
emphasized that these patterns are remarkably consistent among 
different strains of a given test species(l2,13,14). 

These marked species differences i n IPO t o x i c i t y , coupled 
with i t s s t r i k i n g organ-specific t o x i c i t y , have made i t a 
useful model compound for studying the factors which influence 
organ-specific t o x i c i t y of metabolically activated toxins. 

Factors Which May Influence Patterns of Organ-Specific Toxicity 

Organ-specific t o x i c i t y may be the result of a complex set 
of interrelated events. Many factors, singly or in 
combination, can affect the s e n s i t i v i t y of a s p e c i f i c tissue 
to a toxin. These not only may be related to the nature of 
the toxin [i . e . , s i t e and degree of activation, s t a b i l i t y of 
the reactive metabolite(s)], but also to the target tissue 
involved ( i . e . , selective exposure, protective and repair 
mechanisms present). At present, i t i s d i f f i c u l t or impossible 
to predict a p r i o r i which of these factors are of greatest 
importance for a specific toxin. Therefore, i t i s necessary 
to study each compound indi v i d u a l l y to determine i t s pattern 
of organ-specific t o x i c i t y and what factors underlie this 
s p e c i f i c i t y . 

Formation of reactive metabolites i n the target tissue. 
Since the l i v e r contains large concentrations of enzymes 
responsible for xenobiotic metabolism, many compounds that are 
metabolized to alkylating agents or free radicals are 
hepatotoxic [e.g., bromobenzene (15), carbon tetrachloride 
(16), a f l a t o x i n (17)]. But other organs besides the l i v e r 
contain drug metabolizing a c t i v i t y (18), a l b e i t to a lesser 
extent than the l i v e r , and several examples of extrahepatic 
metabolic activation and t o x i c i t y are known (see r e f s . 19_ and 
20 for reviews). Besides _in s i t u activation, another possible 
mechanism for extrahepatic t o x i c i t y i s hepatic activation 
followed by transport of the reactive metabolite(s) to the 
extrahepatic target tissue by way of the c i r c u l a t i o n . 

Experiments have been conducted to determine whether 
pulmonary or hepatic activation i s responsible for the 
pulmonary t o x i c i t y of IPO. In the r a t , both l i v e r and lung 
microsomes have the a b i l i t y to activate IPO. When animals are 
pretreated with 3-raethylcholanthrene (3MC), an inducer of 
certain xenobiotic metabolizing enzymes, the i n v i t r o rate of 
activation of IPO i s increased in l i v e r but not lung 
microsomes(10). As discussed previously, IPO produces high 
levels of pulmonary alkylation and bronchiolar necrosis i n 
rats, but l i t t l e hepatic alkylation and no hepatic necrosis. 
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32 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

When rats are pretreated with 3MC, the l i v e r becomes the major 
organ for t o x i c i t y (centrilobular necrosis) and alkylation by 
IPO (Figure 5)(21). The fact that induction of the l i v e r to 
produce more reactive metabolite does not cause increased 
alkylation and t o x i c i t y i n the lung supports the concept that 
the pulmonary t o x i c i t y of IPO i s due to in s i t u metabolic 
activation. 

Similar experiments demonstrate that the renal alkylation 
and t o x i c i t y of IPO seen in the adult male mouse i s due to 
formation of the toxic metabolites in the kidney(22). IPO 
activation i s markedly enhanced in l i v e r microsome preparations 
from C57BL/6J mice pretreated with 3MC, but not s i g n i f i c a n t l y 
increased i n microsome preparations from the lungs or kidneys. 
3MC-pretreatment causes alterations in the _in vivo target-organ 
alkylation and t o x i c i t y of IPO; namely, alkylation i s markedly 
elevated in the l i v e r s , while actually decreased in lungs and 
kidneys in comparison to nonpretreated controls. IPO 
frequently causes hepatic necrosis in pretreated mice, but 
never in controls, and renal and pulmonary t o x i c i t y are less 
than in controls. In contrast, DBA/2J mice are not inducible 
with 3MC and pretreatment with this agent has no s i g n i f i c a n t 
effect on microsomal activation or in vivo target organ 
alkylation and t o x i c i t y by IPO in this strain. 

Thus, the findings that 3MC greatly increases the 
formation of reactive IPO metabolite(s) in the l i v e r without 
increasing in vivo alkylation of the lung (rats and mice) and 
kidney (mice) supports the premise that the alkylating 
metabolite(s) of IPO are formed in s i t u , and not in the l i v e r 
followed by transport to the lung and/or kidney. 

Metabolism and d i s t r i b u t i o n studies in rats have shown 
that 3MC pretreatment decreases the plasma and lung 
concentrations of IPO(23). Therefore, the decreases i n the 
levels of alkylation in rat lungs and mouse lungs and kidneys 
when pretreated with 3MC (Figure 5) i s probably due to the 
decreased exposure of these organs to unmetabolized IPO. 

S t a b i l i t y and Transport of Reactive Metabolites. In 
tissues incapable of activating IPO, no tissue damage and 
l i t t l e a lkylation i s seen. This, coupled with the evidence 
for in s i t u activation discussed above, indicates that the 
alkylating metabolite(s) i s too reactive and/or unstable to 
escape the s i t e of activation and circulate to other tissues. 

The pyrr o l i z i d i n e alkaloids (PA fs, Figure 6), a group of 
naturally occuring toxins, produce extrahepatic target organ 
damage by a mechanism different than IPO. These compounds are 
activated in the l i v e r to chemically reactive pyrroles which 
are transported to other tissues v i a the clrculation(24). The 
major pathological effect of PA ingestion i s hepatotoxicity at 
low doses; higher doses produce t o x i c i t y i n many other organs 
as well ( i . e . lung, kidney, brain, muscle). Studies on the 
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DUTCHER AND BOYD Organ Specificity in Toxic Action 

Species 
Organ Alkylation (nmol/mg prot.) 

(20mg/kg, i.p. dose) 

Organ Toxicity (Necrosis) 

(LD50, i.p. dose) 
LD50 
(mg/kg, 

Liver • Kidney • Lung §1 Liver Kidney Lung i.p.) 

Mouse 
(NIH-Swiss) 

4 

3 

2 

1 
I 1 

— + + 45±5 

Hamster 
(Golden Syrian) 

4 

3 

2 

1 
r n ι— ι ESS 

+ + + 147±20 

Bird 
(Japanese Quail) 

4 

3 

2 

1 
•m ι—ι 

+ - - 75±15 

Figure 4. Species differences in 4-ipomeanol organ alkylation, organ toxicity, and 
lethality, II 

Species Effect on Alkylation Effect on Toxicty 
(Strain) Lung Liver Kidney Lung Liver Kidney 

Rat i t I t 
(Sprague-Dawley) 

Mouse i f I ι ι J 
(C57BU6) 

M ™ 8 » NE* NE NE NE NE NE 
(DBA/2) 

Figure 5. Effect of 3-methylcholanthrene pretreatment on the in vivo alkylation 
and toxicity of 4-ipomeanol 
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34 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

lung t o x i c i t y indicate that vascular walls (ar t e r i e s , 
c a p i l l a r i e s and veins) are the primary sit e s of the toxic 
lesions, as would be expected i f pulmonary exposure to the 
toxin i s through the circulatory system. Furthermore, 
intravenous administration of low doses of 
dehydropyrrolizidines produces pulmonary damage similar to 
that caused by much larger doses of the parent PA's. A few i n 
vitro studies indicate that lung preparations have l i t t l e 
a b i l i t y to convert PA 1s to their toxic pyrrolic metabolites. 
Also, phénobarbital pretreatment, an inducer of hepatic 
activation of PA's, potentiates both the l i v e r and the lung 
toxicity. These and other studies provide evidence that the 
to x i c i t y of the PA fs i s due to pyrrolic metabolites formed 
primarily in the l i v e r . The active metabolites are stable 
enough to be transported in the bloodstream to the organs 
where t o x i c i t y i s observed. The p r o f i l e for target-organ 
t o x i c i t y produced by this type of mechanism i s much less 
specific than that seen with in s i t u activation; the t o x i c i t y 
i s most pronounced in the organ where activation takes place, 
but lesions also occur i n many other organs which may not 
posess the a b i l i t y to activate the toxin. 

An example of a mechanism which produces organ-specific 
t o x i c i t y i n a tissue distant from the s i t e of primary 
activation i s the induction of bladder tumors by 2-naphthyl-
amine (Figure 7 )(17 ). The ultimate carcinogen appears to be 
the chemically reactive N-hydroxy-2-naphthylamine, but the 
bladder does not contain enzymes capable of forming this 
metabolite. Instead, i t i s formed in the l i v e r , s t a b i l i z e d by 
glucuronidation and transported to the kidneys v i a the blood
stream. The carcinogenic hydroxylamine i s regenerated i n 
acidic urine by hydrolysis, resulting i n selective exposure of 
the bladder to the ultimate carcinogen. 

Organ Structure and C e l l Specific Activation. Although 
the contribution of extrahepatic metabolism to the fate of a 
particular xenobiotic may be quite small in comparison to 
hepatic metabolism, the biologic consequences of extrahepatic 
metabolic transformations leading to i r r e v e r s i b l e or cumulative 
c e l l u l a r changes may be substantial. This i s important i n 
view of the generally greater c e l l u l a r heterogeneity of many 
extrahepatic tissues compared to the l i v e r , and the likelihood 
that extrahepatic xenobiotic-metabolizing a c t i v i t i e s are not 
randomly distributed throughout a l l c e l l s in these organs. 
Specific c e l l types possessing enzyme a c t i v i t i e s required for 
the metabolic activation of xenobiotic substances might 
be extraordinarily susceptible to t o x i c i t i e s by those 
agents, and this selective c e l l u l a r t o x i c i t y may contribute 
to the s e n s i t i v i t y of an organ to the effects of alkylation. 
For instance, autoradiographic studies with IPO(25) show that 
the toxin bound in l i v e r i s widely distributed throughout the 
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CH 2OR' 

Figure 6. Role of metabolism and systemic transport in the toxicity of pyrrolizidine 
alkaloids 

NH 2 

OH 

^Oglu 

Ο glu 

OH 

Liver 
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Urine 

Bladder Cancer 

Figure 7. Role of metabolism and sys
temic transport in the formation of blad

der tumors by 2-naphthylamine 
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36 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

organ, but that the material bound in the mouse kidney i s 
located only in renal cortex, and only in the c o r t i c a l tubules 
that become necrotic. The r a d i o a c t i v i t y bound in the lung i s 
even more highly l o c a l i z e d , being found in the nonciliated 
pulmonary bronchiolar c e l l s , the major site of IPO t o x i c i t y i n 
the lung. 

Location of activating enzymes. The l i v e r contains the 
highest concentration of xenobiotic metabolizing enzymes of any 
organ, and i s the organ responsible for the majority of foreign 
compound metabolism. It i s not surprising, therefore, that many 
agents which produce their t o x i c i t y by metabolic activation are 
hepato toxins. The in s i t u activation of IPO in l i v e r , kidney 
and lung suggests that i t s s t r i k i n g pattern of organ-selective 
t o x i c i t y could be due to the r e l a t i v e a b i l i t y of the target 
tissues to activate the toxin. Evidence supporting this premise 
has been obtained by comparing the a b i l i t y of lung, l i v e r and 
kidney microsomal preparations from various species with organ 
s e l e c t i v i t y of IPO t o x i c i t y _in vivo(12,13,14). In microsome 
preparations from a l l species except the hamster and the b i r d , 
alkylation in the lung preparations i s equal to or greater than 
that with the corresponding l i v e r preparations. Likewise, i n a l l 
species except the hamster and the b i r d , the primary organ for 
t o x i c i t y and alkylation i s the lung. In hamster l i v e r 
microsomes, IPO covalent binding a c t i v i t y is unusually high, 
and likewise i s exceptionally high in avian l i v e r microsomes. 
Moreover, IPO covalent binding a c t i v i t y i s very low or absent in 
bird lung microsomes. _In vivo alkylation in the hamster i s high 
in both the l i v e r and the lung, and i t i s the only species i n 
which IPO occasionally causes l i v e r damage in addition to 
pulmonary injury. In vivo in the b i r d , alkylation i s 
predominantly in the l i v e r , and this i s the only s i t e of 
necrosis. Similarly, mouse kidney microsomes (from adult male 
animals) are highly active in mediating in v i t r o alkylat:*on by 
IPO, but kidney microsomes from a l l other species tested are 
almost completely inactive in catalyzing IPO alkylation. This 
i s of particular interest because the adult male mouse was the 
only species tested in which IPO consistently caused renal 
c o r t i c a l necrosis in addition to pulmonary bronchiolar necrosis. 

These correlations between _in v i t r o alkylation and _in vivo 
alkylation and t o x i c i t y suggest that differences in patterns of 
tissue-specific t o x i c i t y of IPO are due, at least in part, to 
differences in the a b i l i t y of target tissues to activate the 
toxin ( i . e . a c t i v i t i e s are either present or absent in potential 
target tissues). There may be multiple reasons for these 
differences. For example, although a cytochrome P-450 appears 
to be required for the metabolic activation of IPO, there i s not 
a good correlation between total microsomal content of this 
enzyme and the capacity of the microsomes to metabolize 
IP0(12,13,14). For instance, rat kidney microsome preparations 
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4. DUTCHER AND BOYD Organ Specificity in Toxic Action 37 

are incapable of activating IPO to alkylating tnetabolite(s), but 
they do contain s i g n i f i c a n t concentrations of cytochrorae(s) 
P-450. Tissues capable of metabolizing xenobiotics contain 
multiple types of cytochrome(s) Ρ-450(26,27) and these different 
types may show very d i f f e r e n t substrate s p e c i f i c i t i e s for 
metabolism. Therefore, i t seems l i k e l y that only certain forms 
of cytochrome P-450 are capable of supporting the metabolic 
activation of IPO, and that this could be an important 
determinant of tissue-specific metabolism of the compound. 

Factors other than cytochrome P-450 also could be 
responsible for differences in extrahepatic vrs hepatic 
microsomal a c t i v i t i e s involved in IPO metabolism. For 
example, one experiment that suggested this showed that an 
antibody prepared against purified cytochrome b5 almost 
completely inhibited the metabolism of IPO by rat pulmonary 
microsomes, but i t had l i t t l e effect on IPO metabolism by rat 
hepatic micro some s (28^). 

Factors Which Modify Target-Tissue Metabolic A c t i v i t y : 
Age, Sex, Inducers and Inhibitors of Metabolism. The a b i l i t y 
of an organ to activate a speci f i c toxin i s one explanation 
of organ-selective to x i c i t y . Factors such as age, sex, 
circadian rhythms, n u t r i t i o n a l status, and exposure to chemicals 
are known to af f e c t xenobiotic metabolizing enzymes, and 
therefore might affect organ-specific t o x i c i t y of metabolically 
activated toxins. Several of these factors have s t r i k i n g 
effects on the organ-specific t o x i c i t y produced by IPO. 

In C57BL/6J mice, there are s t r i k i n g , age-related 
differences i n target organ necrosis produced by IPO(29). In 
adult male mice (>6 weeks of age), IPO produces both pulmonary 
bronchiolar and renal tubular necrosis. But young mice (1.5 
weeks old) show only pulmonary necrosis. La vivo studies 
demonstrate that kidney alkylation i s age dependent. In young 
mice, lung binding i s high and kindey binding i s almost non
existent. As age increases, lung binding decreases but kidney 
binding increases markedly. This age-related effect could be 
explained by either age-related differences i n target organ 
metabolism or age related differences in tissue d i s t r i b u t i o n of 
the parent compound. To investigate the la t t e r p o s s i b i l i t y , 
concentrations of unmetabolized drug were measured at varying 
times i n young (2.5 weeks of age) and old (11 weeks of age) 
mice(30). Kidney, lung, l i v e r and blood concentrations were 
always higher in the young mice. If the age related kidney 
alkylation and to x i c i t y were due to tissue d i s t r i b u t i o n , older 
mice would be expected to have lower levels of kidney alkylation 
and t o x i c i t y , which they do not. Therefore, changes i n 
di s t r i b u t i o n of the drug do not account for the age related 
development of renal t o x i c i t y . 

Age-related changes in kidney activation of IPO can be 
demonstrated by incubating s l i c e s of kidney from mice of varying 
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38 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

ages with IPO (31 ). The a b i l i t y of kidney s l i c e s to activate 
the drug i s assayed by measuring the rate of kidney protein 
alkylation, Alkylation of kidney s l i c e s from 10 week old mice 
i s s t r i k i n g l y higher than that from 2 week old mice. 

Thus, in vivo and _in v i t r o studies demonstrate that the 
age-related differences i n kidney alkylation and t o x i c i t y by IPO 
in the mouse are due to changes in renal metabolism rather than 
changes in the tissue d i s t r i b u t i o n of the parent compound. 
Histologic evaluation of lung, l i v e r and kidney from the rat and 
hamster show no age-related differences in target organ 
alkylation or to x i c i t y . 

As opposed to the adult male mouse, the adult female mouse 
i s highly resistant to renal alkylation and t o x i c i t y by IPO 
(32). Alkylation by reactive IPO metabolite(s) occurs 
preferentially in the lungs of female mice over a wide range 
of doses. Even near-lethal doses of IPO do not cause renal 
necrosis in female mice. L i t t l e a b i l i t y to produce alkylating 
metabolites i s seen in renal s l i c e preparations from adult 
female mice. 

Many chemicals can alter the rate and/or the pathways of 
xenobiotic metabolism, both in hepatic and extrahepatic tissues. 
Exposure to these chemicals through environmental pollution, 
agriculture, natural sources, modern medicine and personal 
social habits i s common. For toxins that are activated by 
metabolism, exposure to metabolic inducers or inhibitors can 
affect organ-specificity as well as overall s e n s i t i v i t y to a 
toxin. 

The studies with 3MC and IPO discussed e a r l i e r i l l u s t r a t e 
this point. Pretreatment with 3MC s h i f t s the target organ for 
IPO alkylation and to x i c i t y in rats from the lung to the l i v e r 
(21). In vitro studies demonstrate that 3MC pretreatment 
increases the alkylation of l i v e r microsomes from rats, but does 
not affect alkylation of lung micro some s (j_0). This suggests 
that the _in vivo hepatic t o x i c i t y of IPO i s due to increased 
hepatic formation of the toxic metabolite. 3MC pretreatment 
reduces the amount of c i r c u l a t i n g IPO, which probably accounts 
for the decreased pulmonary alkylation and t o x i c i t y (23), 

Many chemicals are known to in h i b i t the metabolism of 
xenobiotics, Pyrazole, piperonyl butoxide, SKF-525A or 
cobaltous chloride pretreatments (inhibitors of cytochrome 
P-450 catalyzed metabolism) decrease the in vit r o alkylation 
both in rat l i v e r and lung microsomes by IP0(10). 
Correspondingly, pretreatment of rats with these compounds 
also decreases the tissue alkylation and t o x i c i t y of IPO i n 
vivo(21). 

These studies i l l u s t r a t e the effects of exogenous chemicals 
on the organ-specificity and s e n s i t i v i t y of an organism to IPO 
tox i c i t y . It i s s t r i k i n g that agents which primarily affect the 
hepatic metabolism of IPO (3MC and phénobarbital) have such a 
dramatic effect on extrahepatic t o x i c i t y , even when this 
t o x i c i t y i s due to in s i t u activation. 
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4. DUTCHER AND BOYD Organ Specificity in Toxic Action 39 

Detoxication Pathways. Since a toxic response to a 
metabolically activated chemical depends upon the balance 
between formation and detoxication pathways for the toxic 
metabolite(s), differences in deactivation pathways between 
tissues could also contribute to patterns of organ-selective 
t o x i c i t y . Although tissue-specific activation of IPO roughly 
correlates with the major differences in target organ 
toxicity( 13 ), potential- differences in detoxication pathways 
could explain the more subtle species differences in s e n s i t i v i t y 
and organ-specificity of IPO t o x i c i t y . 

As discussed e a r l i e r , pretreatment of rats with 3MC 
increases alkylation of l i v e r microsomes by IPO while not 
affecting lung microsome alkylation, and results in increased 
l i v e r alkylation and to x i c i t y i n vivo. Pretreatment with 
phénobarbital, a non-specific inducer of xenobiotic metabolism, 
also increases alkylation of l i v e r microsomes by IPO while not 
affecting lung microsome alkylation(21). However, phénobarbital 
pretreatment does not alter the target organ for alkylation and 
to x i c i t y of IPO _in vivo and alkylation i s decreased i n both lung 
and l i v e r . _In vivo metabolism studies offer a posible 
explanation for t h i s difference(33). Phénobarbital increases 
glucuronide formation (as measur~ecT by the amount of IPO-
glucuronide excreted in urine) which decreases the exposure of 
l i v e r and lung to the parent compound. 3MC pretreatment, on the 
other hand, does not increase glucuronide formation. Therefore, 
glucuronidation appears to be a detoxication pathway for IPO, 
and phénobarbital induces this pathway more than IPO toxication 
pathways, whereas 3MC does not. This demonstrates that 
differences in the rate of glucuronide formation, at least in 
the l i v e r , have the potential to alter the amount of toxic 
metabolite produced. 

As i l l u s t r a t e d by Figure 2, detoxication potentially can 
occur a f t e r , as well as before activation of the parent 
compound. Glutathione (GSH) conjugation has been shown to 
detoxify reactive metabolites of certain hepatotoxic substances 
[e.g. acetaminophen(34), bromobenzene(35)] by reacting with 
their e l e c t r o p h i l i c metabolites to form less toxic, readily 
excretable glutathione conjugates. Recent studies implicate 
IPO-GSH conjugate formation as a detoxication pathway for 
reactive IPO metabolites. Alkylation of rat microsomes by IPO 
i s dramatically decreased by the addition of GSH to the 
incubation mixturesiô^JK^). This reduction in alkylation i s 
not due to decreased production of the reactive metabolite(s) as 
determined by substrate disappearance. The formation of at 
least two IPO-GSH conjugates corresponding to the decrease in 
alkylation can be demonstrated using an analytical method 
based on high-pressure an ion-exchange chromatography (j6). The 
role of GSH conjugation as a protective mechanism for IPO-
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induced t o x i c i t y i s indicated by results from jLn vivo 
experiment5(3 7,38,39). In the rat, where IPO i s a selective 
pulmonary toxin, depletion of pulmonary GSH by IPO i s dose 
dependent. GSH levels in the kidney and l i v e r are not affected. 
Likewise, i n the mouse (where IPO i s a nephrotoxin as well as 
a pulmonary toxin), increasing doses of IPO lead to decreases 
in GSH levels both in the lung and in the kidney, but have 
l i t t l e effect on the l i v e r . F i n a l l y , in the bird, where IPO 
is predominantly hepatotoxic, IPO sel e c t i v e l y depletes GSH in 
the l i v e r . Pretreatment of rats, mice, or birds with a dose 
of diethylmaleate (DEM) which depletes tissue GSH, increases 
target organ alkylation and necrosis by IPO. In the r a t , 
pretreatment with piperonyl butoxide, an inhibitor of the 
metabolic activation of IPO in the lung, reduces both the 
pulmonary t o x i c i t y and depletion of lung GSH. F i n a l l y , 
administration of alternate nucleophiles (cysteine or 
cysteamine) decreases rat pulmonary t o x i c i t y and alkylation. 

Both the in vit r o and _in vivo studies of IPO-GSH 
conjugation support the view that GSH plays a protective role 
in lung, kidney and l i v e r t o x i c i t y produced by IPO by serving 
as an alternate nucleophile for the reactive metabolite(s) 
formed _in sit u . 

Conclusions 

Organ-specific t o x i c i t y by chemicals appears to result from 
complex interactions between many biochemical, physiological and 
chemical factors. The biochemical factors which contribute to 
to x i c i t y , and which are responsible for differences in 
su s c e p t i b i l i t y among target organs, species, and strains are 
only beginning to be understood. Differences in age, sex, 
toxication and detoxication pathways, repair mechanisms, and 
responses to metabolic inducers and inhibitors are potential 
determinants of organ-specific t o x i c i t y . At present, i t i s 
d i f f i c u l t or impossible to predict a_ p r i o r i which of these play 
c r i t i c a l roles in determining the s e n s i t i v i t y and tissue-
specific t o x i c i t y for a sp e c i f i c chemical and a given organism. 
A better understanding of the biochemical factors which 
influence organ-specific t o x i c i t y i s needed to improve our 
a b i l i t y to r a t i o n a l l y extrapolate t o x i c i t y data from animals 
to humans and to assist in predicting and assessing the health 
hazards to humans from chemical exposure. 
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5 
Epigenetic Mechanisms of Action of Carcinogenic 
Organochlorine Pesticides 

GARY M. WILLIAMS 
Naylor Dana Institute for Disease Prevention, American Health Foundation, 
Valhalla, NY 10595 

Many of the most widely used chlorinated cyc l ic 
hydrocarbon compounds have been found to be carcino
genic in experimental laboratory rodents (Table I ) . 

Table I. Carcinogenicity of Chlorinated Cyclic 
Hydrocarbon Pesticides 

Comp ound Principal Target Organ 
Mouse Rat References 

Aldrin liver 1 
Chlordane liver, 2 

uterus 
Chlorobenzilate liver NSa 3 
DDT liver, liver 3,4,5 

lung 
Dieldrin li v e r NS 6, 7 
Heptachlor liver thyroid 8 
Hexachlorobenzene liver 9 
Hexachlorocyclohexane 

(BHC), lindane liver liver 10,11 
Kepone liver li v e r , 12 

thyroid 
Mirex liver 1iver 3,13 
PCB liver liver 14,15 
a no significant increase in neoplasms 

Cyclic hydrocarbons with chlorine substituents 
that block ring oxidation are resistant to biodegra
dation and thus accumulate in the environment and 
persist for long periods in animals once they are ab
sorbed. The persistence of organochlorine pesticides 

0097-6156/81/0160-0045$05.00/0 
© 1981 American Chemical Society 
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together with their animal carcinogenicity has given 
rise to concern that exposed humans would be at risk 
of cancer development from these chemicals (16,17, 
18). Indeed, extrapolation of dose-response effects 
from rodents to humans predicts substantial cancer 
causation (16). However, epidemiologic studies of 
highly exposed groups have fa i led to reveal any s ig
nificant increase in cancer occurrence (19,20) and no 
increase in cancer incidence has been associated with 
pesticide usage (21). Such a discrepancy suggests 
that the mechanism of action of chlorinated cycl ic 
hydrocarbons may be different from that of other car
cinogens which produce cancer in both experimental 
animals and humans (22,23). This poss ib i l i ty is fur
ther supported by the unusual situation that all car
cinogens of this structural type have the l iver as 
their principal target organ. For carcinogens that 
are activated to reactive metabolites, members of a 
structural type almost always affect more than one 
organ and often the principal organ affected varies 
with the specif ic compound. For these and other rea
sons, we have suggested that chlorinated cycl ic 
hydrocarbons may be carcinogenic to rodents by 
indirect mechanisms (22,23,24). 

Mechanisms of C a r c i n o g e n e s i s 

Chemical c a r c i n o g e n s are d e f i n e d o p e r a t i o n a l l y 
by t h e i r a b i l i t y to induc e tumors i n exposed a n i 
mals. A h i g h l y d i v e r s e c o l l e c t i o n of c h e m i c a l s i s 
c a p a b l e of p r o d u c i n g t h i s e f f e c t , i n c l u d i n g o r g a n i c 
and i n o r g a n i c c h e m i c a l s , s o l i d s t a t e m a t e r i a l s , h o r 
mones and immunosuppressants. The h e t e r o g e n e i t y of 
s t r u c t u r e s r e p r e s e n t e d makes i t improbable t h a t a l l 
c h e m i c a l s would a c t through a s i n g l e mechanism. 
T h e r e f o r e , W e isburger and W i l l i a m s (2_3) have proposed 
a c l a s s i f i c a t i o n t h a t s e p a r a t e s c h e m i c a l c a r c i n o g e n s 
i n t o two major c a t e g o r i e s , g e n o t o x i c and e p i g e n e t i c 
( T a b l e I I ) . 

T a b l e I I C l a s s e s of C a r c i n o g e n i c c h e m i c a l s 

Type Example 

A. G e n o t o x i c 
1. D i r e c t - a c t i n g or E t h y l e n e i m i n e , b i s -

pri m a r y c a r c i n o g e n (chloromethy 1 ) e t h e r 
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5. WILLIAMS Carcinogenic Organochlorine Pesticides 47 

2. Ρrocarcinogen or 
secondary c a r c i n o g e n 

3. I n o r g a n i c c a r c i n o g e n 

Β· E p i g e n e t i c 
4. S o l i d - s t a t e 

c a r c i n o g e n 
5. Hormone 

6. Immunosuppressor 
7. C o c a r c i n o g e n 

8. Promoter 

V i n y l c h l o r i d e , benzo-
( a ) p y r e n e , 2 - n a p h t y 1 -
amine, d i m e t h y l n i t r o s -
amine 
N i c k e l , chromium 

Polymer or meta l 
f o i l s , a s b e s t o s 
E s t r a d i o 1, 
d i e t h y l s t i l b e s t r o l 
A z a t h i o p r i n e , 
P h o r b o l e s t e r s , 
pyrene, c a t e c h o l , 
e t h a n o l , n-dodecane, 
P h o r b o l e s t e r s , 
b i l e a c i d s , s a c c h a r i n 

C a r c i n o g e n s t h a t i n t e r a c t w i t h and a l t e r DNA a r e 
c l a s s i f i e d as g e n o t o x i c . Thus, the g e n o t o x i c c a t e 
gory c o n t a i n s the c h e m i c a l s t h a t f u n c t i o n as e l e c t r o -
p h i l i c r e a c t a n t s as o r i g i n a l l y p o s t u l a t e d by the 
M i l l e r s (2^5). A l s o , because some i n o r g a n i c c h e m i c a l s 
have d i s p l a y e d such e f f e c t s they have t e n t a t i v e l y 
been p l a c e d i n t h i s c a t e g o r y . The second broad c a t e 
gory d e s i g n a t e d as e p i g e n e t i c c a r c i n o g e n s comprises 
those c h e m i c a l s f o r which no e v i d e n c e of d i r e c t i n 
t e r a c t i o n w i t h g e n e t i c m a t e r i a l e x i s t s . T h i s c a t e 
gory c o n t a i n s s o l i d s t a t e c a r c i n o g e n s , hormones, im
munosuppressants, c o c a r c i n o g e n s and promoters. 

T h i s c l a s s i f i c a t i o n and the u n d e r l y i n g c o n c e p t s , 
i f u l t i m a t e l y v a l i d a t e d , have major i m p l i c a t i o n s f o r 
r i s k e x t r a p o l a t i o n to humans of data on e x p e r i m e n t a l 
c a r c i n o g e n e s i s . G e n o t o x i c c a r c i n o g e n s , as a conse
quence of t h e i r e f f e c t s on g e n e t i c m a t e r i a l , pose a 
c l e a r q u a l i t a t i v e h a z a r d . These c a r c i n o g e n s a r e 
o c c a s i o n a l l y e f f e c t i v e a f t e r a s i n g l e exposure, a r e 
o f t e n c a r c i n o g e n i c at low doses, a c t i n a c u m u l a t i v e 
manner, u s u a l l y produce i r r e v e r s i b l e e f f e c t s , and 
produce combined e f f e c t s w i t h o t h e r g e n o t o x i c c a r c i n 
ogens h a v i n g the same t a r g e t organ. In c o n t r a s t , 
w i t h some types of e p i s e n e t i c c a r c i n o g e n s , i t i s 
known t h a t the c a r c i n o g e n i c e f f e c t s o c c u r o n l y w i t h 
h i g h and s u s t a i n e d l e v e l s of exposure t h a t l e a d to 
p r o l o n g e d p h y s i o l o g i c a b n o r m a l i t i e s , hormonal i m b a l 
ances, or t i s s u e i n j u r y . I n such c a s e s , the e f f e c t s 
are o f t e n e n t i r e l y r e v e r s i b l e upon c e s s a t i o n of expo
s u r e . Because of these f e a t u r e s , the r i s k from expo-
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sure to e p i g e n e t i c c a r c i n o g e n s seems to be of a 
q u a n t i t a t i v e n a t u r e . 

Thus, a major element i n a s s e s s i n g the p o t e n t i a l 
h a z a r d of a c h e m i c a l i s to e v a l u a t e i t s p o t e n t i a l 
genot o x i c i t y . 

Lack of G e n o t o x i c i t y of O r g a n o c h l o r i n e P e s t i c i d e s 

The g e n e t i c e f f e c t s of o r g a n o c h l o r i n e p e s t i c i d e s 
have been examined i n a number of in_ v i t r o s h o r t - t e r m 
t e s t s ( T a b l e I I I ) . 

T a b l e I I I . A c t i v i t y i n S h o r t - t e r m T e s t s M e a s u r i n g 
DNA I n t e r a c t i o n of C a r c i n o g e n i c 

O r g a n o c h l o r i n e Compounds 

Comp ound 
DNA 

Damage 
DNA 

Re p a i r 
Mu tag 

Ba c t e r i a l 
enes i s 

Mammalian 

DDT -a _b d > _ f _b 

DDE ND -b -8 ND 

D i e l d r i n -a -b +c -e f » +c 

C h l o r d a n e ND +c,-d ND _b +c > 

H e p t a c h l o r ND ND _e _h 
y 

-b 

Kepone ND _b _h _b 

a ) Swenberg (2_6) , b ) W i l l i a m s ( 2 4 ) , c ) H a r t 
(27 , 28), d) Flamm (2_9), e ) M a r s h a l l (30), f ) 
S h i r a s u ( 3J ) , 8) Ames (3_2) , h ) Schoeny (3J3). 

A l t h o u g h the r e s u l t s have been p r e d o m i n a n t l y 
n e g a t i v e , t h e i r s i g n i f i c a n c e has been m i n i m i z e d by 
the f r e q u e n t s u g g e s t i o n t h a t l a c k of a c t i v i t y i s 
s i m p l y a consequence of the absence of a p p r o p r i a t e 
metabolism i n the i_n v i t r o t e s t s . 

In our l a b o r a t o r y we have d e v e l o p e d s e v e r a l 
t e s t s f o r g e n o t o x i c i t y u t i l i z i n g l i v e r - d e r i v e d c e l l s 
(34,35). S i n c e the o r g a n o c h l o r i n e p e s t i c i d e s have 
the l i v e r as t h e i r p r i n c i p a l t a r g e t organ, these 
t e s t s r e p r e s e n t the i d e a l system i n which to e v a l u a t e 
the g e n o t o x i c i t y , as w e l l as o t h e r e f f e c t s , of these 
compounds · 

The h e p a t o c y t e p r i m a r y c u l t u r e (HPC)/DNA r e p a i r 
t e s t a s s e s s e s the c a p a b i l i t y of c h e m i c a l s t o undergo 
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5. WILLIAMS Carcinogenic Organochlorine Pesticides 49 

c o v a l e n t i n t e r a c t i o n w i t h DNA by measurement of a u t o 
r a d i o g r a p h i c DNA r e p a i r e l i c i t e d as a r e s u l t of the 
DNA damage (36,37). The f r e s h l y i s o l a t e d h e p a t o c y t e s 
used i n t h i s t e s t r e t a i n a h i g h l e v e l of a c t i v i t y f o r 
b i ot r a n s f orming x e n o b i o t i c s and thus the t e s t r e 
sponds to a wide spectrum of s t r u c t u r a l t y p e s of c a r 
c i n o g e n s r e q u i r i n g m e t a b o l i c a c t i v a t i o n (3_4,35). Our 
p r e v i o u s r e p o r t s of l a c k of g e n o t o x i c i t y of organo
c h l o r i n e p e s t i c i d e s i n the r a t l i v e r HPC/DNA r e p a i r 
t e s t (24,38) have been e x t e n s i v e l y c o n f i r m e d ( T a b l e 
I V ) . — 

T a b l e IV. HPC/DNA R e p a i r R e s u l t s 

g r a i n s / n u c l e u s 3 

Compound Rat Mouse Hamster 

2 1 , 3 - D i m e t h y l - 4 - a m i n o b i p h e n y l 60 25 >100 

B i p h e n y l -

Ch l o r d a n e -

DDT ND -

M i r e x ND -

Kepone - ND ND 

a - = z e r o ; ND = not done 

In a d d i t i o n , s i n c e the o r g a n o c h l o r i n e p e s t i c i d e s 
are sometimes more a c t i v e on mouse l i v e r , these r e 
s u l t s were extended (3j$,3_9) t o the mouse l i v e r 
d e r i v e d HPC/DNA r e p a i r t e s t , as w e l l as the hamster 
l i v e r d e r i v e d t e s t ( T a b l e I V ) . 

Another l i v e r - d e r i v e d t e s t f o r g e n o t o x i c i t y i s 
the a d u l t r a t l i v e r e p i t h e l i a l c e l l (ARL)/hypoxan-
t h i n e - g u a n i n e p h o s p h o r i b o s y 1 t r a n s f e r a s e (HGPRT) 
mutagenesis assay (40,41). T h i s t e s t a s s e s s e s muta
g e n i c i t y at the HGPRT l o c u s through measurement of 
c o n v e r s i o n of l i v e r e p i t h e l i a l c e l l s to HGPRT-defic-
i e n t mutants t h a t are r e s i s t a n t to 6 - t h i o g u a n i n e . As 
w i t h the HPC/DNA r e p a i r t e s t , the c e l l s i n t h i s assay 
p o s s e s s i n t r i n s i c m e t a b o l i c c a p a b i l i t y f o r the b i o 
t r a n s f o r m a t i o n of a c t i v a t i o n - d e p e n d e n t c a r c i n o g e n s 
(34 ). In s p i t e of a mutagenic response to t h r e e 
g e n o t o x i c c a r c i n o g e n s , the o r g a n o c h l o r i n e p e s t i c i d e s 
were a l l non-mutagenic i n t h i s a s s ay (2_4 ) ( T a b l e V). 
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T a b l e V. ARL a/HGPRT Mut a g e n e s i s Assay R e s u l t s 

I n d u c t i o n of 
C o n c e n t r a t i o n HGPRT d e f i c i e n t 

Compound m o l a r 0 mutants 

A f l a t o x i n 10" 6 + 

3-Methyl-4- d i m e t h y l - 10' 5 + 
aminoazobenzene 

2 - A m i n o f l u orene 10"^ + 

Ch l o r d a n e 2 . 5 x l 0 " 5 

Kepone 1 0~ -

H e p t a c h l o r 10~ 5 

H e x a c h l o r o - 1 0* 6 

c y c l o p e n t a d i e n e 

E n d r i n 3 x l 0 ~ 3 

DDT 10 -4 

a l i n e ARL 6 
b - h i g h e s t n o n t o x i c dose t h a t was n e g a t i v e or lowest 

dose t h a t was p o s i t i v e . 
The c o n s i s t e n t l a c k of g e n o t o x i c i t y of organo

c h l o r i n e p e s t i c i d e s i n l i v e r d e r i v e d t e s t s s t r o n g l y 
s u p p o r t s the n e g a t i v e d a t a o b t a i n e d i n o t h e r t e s t s . 
Thus, i t appears t h a t t h e s e c h e m i c a l s are not geno
t o x i c c a r c i n o g e n s . 

E p i g e n e t i c Mechanism of A c t i o n of O r g a n o c h l o r i n e 
P e s t i c i d e s . 

At l e a s t one o r g a n o c h l o r i n e p e s t i c i d e , DDT, has 
been shown to be a l i v e r tumor promoter (4_2)> enhanc
i n g the c a r c i n o g e n i c e f f e c t of 2 - a c e t y l a m i n o f l u o r e n e 
when g i v e n a f t e r the c a r c i n o g e n . Thus, we have pos
t u l a t e d t h a t the o r g a n o c h l o r i n e p e s t i c i d e s may be 
c a r c i n o g e n i c through a mechanism of tumor p r o m o t i o n 
(2_2, 24, 38). A l l of the i n b r e d s t r a i n s of r a t s and 
mice used f o r c a r c i n o g e n b i o a s s a y have a spontaneous 
i n c i d e n c e of l i v e r tumors which i n the case of some 
mouse s t r a i n s i s q u i t e h i g h ( 2 2 ). As p a r t of t h i s 
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5. WILLIAMS Carcinogenic Organochlorine Pesticides 51 

c o n d i t i o n , t h e s e a n i m a l s a l s o have a h i g h e r i n c i d e n c e 
of l e s i o n s r e g a r d e d as p r e n e o p l a s t i c or p o t e n t i a l l y 
n e o p l a s t i c . Thus, we p o s t u l a t e d t h a t the promoting 
e f f e c t of o r g a n o c h l o r i n e p e s t i c i d e s would enable the 
p r e - e x i s t i n g abnormal l i v e r c e l l s to p r o g r e s s to a 
h i g h e r f r e q u e n c y of tumor development than would 
occ u r under c o n t r o l c o n d i t i o n s . 

The mechanism of the promoting e f f e c t of chemi
c a l s when a d m i n i s t e r e d a f t e r a pri m a r y c a r c i n o g e n i s 
not y e t known. A c o m p e l l i n g concept i s t h a t tumor 
promoters may a c t on the c e l l membrane. Under normal 
c o n d i t i o n s , the c e l l s composing a t i s s u e a r e i n 
home o s t a s i s i n which the r e q u i r e m e n t s f o r c e l l growth 
to b a l a n c e c e l l l o s s a re r e g u l a t e d throughout the 
t i s s u e . The r e g u l a t i o n p r o b a b l y o c c u r s through c e l l 
to c e l l communications. I n t e r r u p t i o n of such com
m u n i c a t i o n s c o u l d p e r m i t c e l l s w i t h an abnormal geno
type to p r o l i f e r a t e beyond the normal growth r e q u i r e 
ments, t h a t i s to form a neoplasm. R e c e n t l y , s e v e r a l 
groups (4J>4_<4) have r e p o r t e d i n v i t r o s t u d i e s which 
show t h a t tumor promoters are c a p a b l e of b l o c k i n g 
i n t e r c e l l u l a r communication. We have extended these 
s t u d i e s to the use of l i v e r - d e r i v e d c e l l s to study 
l i v e r tumor promoters (38 ) . 

The t e s t system i n v o l v e s the measurement of i n 
h i b i t i o n of m e t a b o l i c c o o p e r a t i o n i n mixed l i v e r c e l l 
c u l t u r e s . M e t a b o l i c c o o p e r a t i o n i n c e l l c u l t u r e i n 
v o l v e s the c e l l - t o - c e l l t r a n s f e r through gap j u n c 
t i o n s of a m e t a b o l i c p r o d u c t from enzyme-competent t o 
e n z y m e - d e f i c i e n t c e l l s , as w i t h the t r a n s f e r of phos-
p h o r i b o s y l a t e d 6 - t h i o g u a n i n e (TG) from HGPRT-compe-
t e n t c e l l s to H G P R T - d e f i c i e n t c e l l s . In t h i s c a s e , 
H G P R T - d e f i c i e n t c e l l s , such as those c o m p r i s i n g an 
ARL-TG r e s i s t a n t s t r a i n , are not a f f e c t e d by the 
a d d i t i o n of TG to the medium because they l a c k the 
p u r i n e s a l v a g e pathway enzyme to c o n v e r t TG to the 
mon o n u c l e o t i d e , but are k i l l e d when c o c u l t i v a t e d w i t h 
HGPRT-competent c e l l s as a r e s u l t of t r a n s f e r of the 
t o x i c m e t a b o l i t e . As shown i n T a b l e VI, the c o l o n y 
f o r m i n g e f f i c i e n c y of H G P R T - d e f i c i e n t ARL-TG r i s com
p a r a b l e i n c o n t r o l medium to t h a t i n T G - c o n t a i n i n g 
medium. 
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T a b l e VI. I n h i b i t i o n of M e t a b o l i c C o o p e r a t i o n 
between H e p a t o c y t e s and an ARL TG 
R e s i s t a n t S t r a i n by the L i v e r Tumor 
Promoter DDT 

C o n d i t i o n 
TG r e s i s t a n t c o l o n i e s per f l a s k a 

- h e p a t o c y t e s + h e p a t o c y t e s 

ARL 14-TG r e s i s t a n t 
c e l l s 

1 2 6 b -

+ TG 110 63 

+ TG + DDT 10~ 7 103 86 

+ TG + DDT 10" 6 101 112 

+ TG + DDT 10" 5 105 117 

+ TG + DDT 1 0 - 4 61 24 

500 TG r e s i s t a n t c e l l s were c o c u l t u r e d w i t h 
0 . 7 5 x l 0 6 h e p a t o c y t e s . 
Average of t h r e e f l a s k s . 

When HGPRT-competent c e l l s , such as f r e s h l y i s o l a t e d 
h e p a t o c y t e s , are c o - c u l t i v a t e d w i t h TG r e s i s t a n t 
c e l l s at r a t i o s h i g h enough to a c h i e v e s i g n i f i c a n t 
c e l l to c e l l c o n t a c t s , the HGPRT-competent c e l l s 
m e t a b o l i z e the TG and t r a n s f e r the m o n o n u c l e o t i d e to 
the TG r e s i s t a n t c e l l s , t h e r e b y k i l l i n g the TG r e s i s 
t a n t c e l l s as w e l l as t h e m s e l v e s . C o n s e q u e n t l y , as 
shown i n T a b l e VI, the c o - c u l t i v a t i o n of h e p a t o c y t e s 
w i t h TG r e s i s t a n t c e l l s i n the p r e s e n c e of TG reduces 
the r e c o v e r y of the c o l o n i e s from TG r e s i s t a n t 
c e l l s . The approach d e v e l o p e d by T r o s k o and a s s o c i 
a t e s (4_4) and a p p l i e d by us to l i v e r (38) i n v o l v e s 
measurement of the a b i l i t y of tumor promoters to i n 
h i b i t t h i s p r o c e s s and produce an i n c r e a s e i n the r e 
covery of TG r e s i s t a n t c e l l s i n the c o - c u l t i v a t i o n 
system. As shown i n T a b l e VI, the a d d i t i o n of DDT to 
c o - c u l t i v a t e d h e p a t o c y t e s and TG r e s i s t a n t c e l l s ex
posed to TG r e s t o r e s the r e c o v e r y of the mutant c e l l s 
b e g i n n i n g at 10" 7M and r e a c h i n g 100% at 10~ 6 and 
10" 5M. 

C o n c l u s i o n s 

The s t u d i e s d e s c r i b e d p r o v i d e e v i d e n c e f o r the 
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l a c k of g e n o t o x i c i t y of c a r c i n o g e n i c o r g a n o c h l o r i n e 
p e s t i c i d e s and demonstrate an e f f e c t on the i n t e r c e l l u 
l a r l i p i d l a y e r of the c e l l membrane. T h i s p r o c e s s 
may d i f f e r from t h a t of o t h e r l i v e r tumor promoters 
such as phénobarbital. We have r e p o r t e d (4J5) t h a t 
phénobarbital a l t e r s the a c t i v i t y of c e r t a i n membrane 
a s s o c i a t e d enzymes such as gamma g l u t a m y I t r a n s p e p t i -
dase and have s u g g e s t e d t h a t phénobarbital m o d i f i e s 
gene e x p r e s s i o n to produce a b i o c h e m i c a l change i n 
the c o m p o s i t i o n of the c e l l membrane. Thus, both 
types of tumor promoters may a c h i e v e the same i n h i b i 
t i o n of i n t e r c e l l u l a r communication by d i f f e r e n t 
p r o c e s s e s . 

The concept t h a t the c a r c i n o g e n i c i t y of organo
c h l o r i n e p e s t i c i d e s i s due to t h e i r p r o moting a c t i o n 
as a r e s u l t of e f f e c t s on the c e l l membrane has im
p o r t a n t i m p l i c a t i o n s . I n h i b i t i o n of i n t e r c e l l u l a r 
communication presumably would not o c c u r w i t h o u t sub
s t a n t i a l a c c u m u l a t i o n of the compounds i n the c e l l 
membrane. Thus, the c a r c i n o g e n i c i t y of these com
pounds only at h i g h dose l e v e l s would be e x p l a i n e d . 
F u r t h e r m o r e , c e s s a t i o n of exposure would l e a d to e l i 
m i n a t i o n of the compounds and r e s t o r a t i o n of i n t e r 
c e l l u l a r communication. T h i s would suggest t h a t the 
c a r c i n o g e n i c e f f e c t s , u n l i k e those of g e n o t o x i c c a r 
c i n o g e n s , would be e n t i r e l y r e v e r s i b l e up to a p o i n t . 

The absence of o b s e r v a b l e human c a r c i n o g e n i c e f 
f e c t s f o l l o w i n g exposure to o r g a n o c h l o r i n e p e s t i c i d e s 
i s interprétable i n l i g h t of the proposed e p i g e n e t i c 
mechanisms of a c t i o n . I t c o u l d be t h a t human expo
s u r e s have been i n s u f f i c i e n t to a c h i e v e the c e l l u l a r 
l e v e l s r e q u i r e d to e f f e c t i v e l y i n h i b i t i n t e r c e l l u l a r 
communication. C e r t a i n l y , t h i s would seem to be the 
case f o r exposures of the g e n e r a l p o p u l a t i o n . I t 
c o u l d even be t h a t human c e l l s a re more e f f i c i e n t i n 
i n t e r c e l l u l a r communication and thus more r e s i s t a n t 
to the e f f e c t s of i n h i b i t o r s . A t h i r d p o s s i b i l i t y i s 
t h a t the exposed human p o p u l a t i o n s l a c k the back
ground of g e n e t i c a l t e r a t i o n s i n the l i v e r needed to 
g i v e r i s e to neoplasms i n response to a promoting 
agent. 

These c o n c e p t s and interpretations r e q u i r e 
r i g o r o u s documentation. N e v e r t h e l e s s , s u f f i c i e n t 
e v i d e n c e i s now a v a i l a b l e to suggest t h a t p r o j e c t i o n s 
of the c a r c i n o g e n i c r i s k s from o r g a n o c h l o r i n e p e s t i 
c i d e exposure r e q u i r e r e - e v a l u a t i o n i n l i g h t of newer 
development s. 
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6 
The Role of Genetic Toxicology in a Scheme of 
Systematic Carcinogen Testing 

GARY M. WILLIAMS and JOHN H. WEISBURGER 
American Health Foundation, Naylor Dana Institute for Disease Prevention, 
Valhalla, NY 10595 
DAVID BRUSICK 
Director of Genetics and Cell Biology, Litton Bionetics, Inc., 
Kensington, MD 20795 

Progress has been great in recent years in 
developing means for the evaluation of the hazard
ous potential of chemicals. A major achievement 
has been the introduction of in vitro techniques 
for the rapid identification of mutagenic or car
cinogenic potential. However, no single test has 
been found to be sufficient for detection of all 
hazardous chemicals and therefore, agreement now 
exists that a battery of tests is required for 
toxicological evaluations in mass-screening pro
grams (1-11). Over 100 short-term tests for 
detecting potential chemical carcinogens and muta
gens are available (12) and the critical issue in 
developing a battery of tests is to formulate 
appropriate criteria for selecting the best combi
nation of tests. 

One of the first proposals for the systematic 
application of short-term tests for the detection 
of carcinogens and mutagens was that of Bridges 
(1), in which a three tiered protocol involving 
submammalian tests, whole mammal tests, and final
ly, in vivo tests for risk assessment was recom
mended. A similar approach was developed by Flamm 
(2), for mutagenicity testing, noting that no 
single genetic test could detect all genetic 
events of possible hazard to humans. Whereas 
Bridges favored tests for chromosomal damage, 
Flamm, and in a later modification, Green (4), 
recommended the dominant lethal test. It is 
interesting that none of these early proposals in
cluded a DNA damage test. A hierarchical approach 
described by Bora (3) did include a DNA damage 
test, but not Drosophila mutagenesis, which how 

0097-6156/81/0160-0057$07.75/0 
© 1981 American Chemical Society 
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e v e r , was recommended by both B r i d g e s and Flamm. 
I n s t e a d , Bora p r o p o s e d the use o f h o s t - m e d i a t e d 
systems. Thus, a l l t h e s e p r o p o s a l s i n c l u d e t e s t s 
i n v o l v i n g e f f e c t s i n whole o r g a n i s m s . The r a t i o n 
a l e f o r t e s t s o f t h i s type has r e c e n t l y been r e 
viewed by Rinkus and L e g a t o r (13). 

W i t h the awareness t h a t t e s t i n g schemes were 
becoming i n c r e a s i n g l y complex and e x p e n s i v e , r e 
c e n t e f f o r t s have been i n i t i a t e d t o reduce the 
number o f t e s t s t o an e s s e n t i a l c o r e (5,6,8,9-11,-
14). C o n s i d e r a t i o n o f the v a r i o u s t e s t i n g schemes 
t h a t have been p r o p o s e d r e v e a l s t h a t most t i e r s 
o r b a t t e r i e s are s t r u c t u r e d around seven t e s t s 
(10): b a c t e r i a l m u t agenesis, e u k a r y o t e mutagene
s i s , D r o s o p h i l a m u t a g e n e s i s , mammalian c e l l muta
g e n e s i s , DNA damage, chromosome damage and m a l i g 
nant t r a n s f o r m a t i o n . The emphasis on s p e c i f i c 
t e s t s appears t o be m a i n l y a f u n c t i o n o f whether 
the proposed scheme i s d i r e c t e d toward o n l y muta
gen t e s t i n g , o r c a r c i n o g e n and mutagen d e t e c t i o n . 
Fo r example, a l l o f the t e s t s , e x c e p t t r a n s f o r m a 
t i o n , a r e l i s t e d by the I n t e r n a t i o n a l Commission 
f o r P r o t e c t i o n a g a i n s t E n v i r o n m e n t a l Mutagens and 
C a r c i n o g e n s (1^5) as among the most w i d e l y used 
t e s t s f o r mutagen s c r e e n i n g . 

Thus, t h e r e i s s u b s t a n t i a l consensus r e g a r d 
i n g the most u s e f u l t e s t s f o r s c r e e n i n g f o r muta
g e n i c i t y and c a r c i n o g e n i c i t y . As y e t , however, 
such c o n c e p t s are r e f l e c t e d i n c u r r e n t t e s t i n g 
r e q u i r e m e n t s t o o n l y a l i m i t e d degree (16 ) . 

C r i t e r i a f o r a B a t t e r y 

The p h i l o s o p h y u n d e r l y i n g a b a t t e r y i s t h a t a 
group o f t e s t s s h o u l d be p e r f o r m e d b e f o r e a d e c i 
s i o n i s made r e g a r d i n g the p o t e n t i a l h a z a r d o f the 
c h e m i c a l . Thus, a b a t t e r y c o r r e s p o n d s t o the i n i 
t i a l " d e t e c t i o n " phase t h a t i s p a r t o f most t i e r s 
( 1 , 2 J . The c r u c i a l d i f f e r e n c e w i t h a b a t t e r y , 
however, i s t h a t i t a t t e m p t s t o combine " d e t e c 
t i o n " and the next s t e p o f a t i e r , " c o n f i r m a t i o n " 
i n one s t a g e . I m p l i c i t i n t h i s a pproach i s the 
c o n c e p t t h a t a l l a v a i l a b l e s h o r t - t e r m t e s t s may 
y i e l d f a l s e p o s i t i v e o r f a l s e n e g a t i v e r e s u l t s 
t h a t r e q u i r e p a r a l l e l d a t a f o r i n t e r p r e t a t i o n . 
The b a t t e r y approach thus f o r m a l l y i n c o r p o r a t e s 
the c o n c e p t t h a t no d e c i s i o n on p o t e n t i a l h a z a r d 
s h o u l d be made w i t h o u t the minimum d a t a o f f e r e d by 
the b a t t e r y . 

The c h o i c e o f t e s t s t o comprise a b a t t e r y 
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w i l l v a r y d e p e n d i n g upon whether the g o a l i s t o 
d e f i n e p o t e n t i a l mutagens o r c a r c i n o g e n s . L i t t l e 
i s known about the v a l i d i t y o f m u t a g e n i c i t y b a t 
t e r i e s because few c h e m i c a l s have been shown t o be 
mutagenic t o germ c e l l s i n e x p e r i m e n t a l a n i m a l s , 
and no c h e m i c a l s a r e known t o p r o d u c e human g e r m i 
n a l m u t a t i o n s . Thus, a t p r e s e n t , m u t a g e n i c i t y 
b a t t e r i e s must be c o n s t r u c t e d t o i d e n t i f y the 
b r o a d e s t p o s s i b l e spectrum o f g e n e t i c damage ( 1 7 ) . 
In c o n t r a s t , c a r c i n o g e n i c i t y b a t t e r i e s can be 
v e r i f i e d a g a i n s t i n v i v o d a t a , a l b e i t w i t h an 
i m p o r t a n t q u a l i f i c a t i o n . S e v e r a l l i n e s o f e v i 
dence now i n d i c a t e t h a t c a r c i n o g e n s may o p e r a t e d 
by a v a r i e t y o f mechanisms (14'18*19)· Among 
t h e s e , g e n o t o x i c e f f e c t s can be r e a d i l y d e t e c t e d 
i n s h o r t - t e r m t e s t s . O t h e r o n c o g e n i c mechanisms 
o f a presumed e p i g e n e t i c n a t u r e a r e c l e a r l y not 
d e t e c t e d i n t e s t s w i t h a g e n e t i c e n d - p o i n t . Some 
t e s t s such as m a l i g n a n t t r a n s f o r m a t i o n and s i s t e r 
c h r o m a t i d exchange, which can be p r o d u c e d by 
e f f e c t s o t h e r than a d i r e c t a t t a c k on DNA, may be 
c a p a b l e o f d e t e c t i n g n o n - g e n o t o x i c c a r c i n o g e n s . 
In a d d i t i o n , e f f o r t s a r e b e i n g made t o d e v e l o p i n 
v i t r o t e s t s f o r i d e n t i f i y i n g the p r o m o t i n g c l a s s 
o f e p i g e n e t i c agents (20-23). As y e t , however, 
none o f t h e s e a p p roaches can be recommended f o r 
r o u t i n e i n c l u s i o n i n a b a t t e r y . T h e r e f o r e , i n the 
use o f b a t t e r i e s f o r i d e n t i f i c a t i o n o f c a r c i n o 
gens, i t must be r e c o g n i z e d t h a t a whole c a t e g o r y 
o f c h e m i c a l s , c o n t a i n i n g such a g e n t s as s a c c h a r i n , 
hormones, c e r t a i n o r g a n o c h l o r i n e compounds and 
p e s t i c i d e s , and s e v e r a l p h a r m a c e u t i c a l s may n o t be 
d e t e c t e d . 

S e v e r a l o t h e r p r i n c i p l e s s h o u l d g u i d e t h e 
c o n s t r u c t i o n o f a b a t t e r y . I m p o r t a n t l y , the t e s t s 
s h o u l d be r e l i a b l e and o f c l e a r b i o l o g i c s i g n i f i 
cance (24) . T h i s means t h a t they s h o u l d t r u l y 
measure what they p u r p o r t t o measure and t h a t the 
end p o i n t s h o u l d have c o n c e p t u a l r e l e v a n c e t o 
m u t a g e n i c i t y o r c a r c i n o g e n i c i t y . S e c o n d l y , a b a t 
t e r y s h o u l d seek t o maximize the m e t a b o l i c p a r a 
meters p r o v i d e d by a l l t e s t s . As an example, 
t e s t s w i t h i n t a c t c e l l m e t a b o l i s m s h o u l d be 
i n c l u d e d t o e x t e n d the m e t a b o l i s m o b t a i n e d w i t h 
the commonly used exogenous s u b c e l l u l a r p r e p a r a 
t i o n s . T h i s may be o f p a r t i c u l a r i m portance i n 
view o f the a r t i f a c t u a l enhancement o f a c t i v a t i o n 
o v e r d e t o x i f i c a t i o n t h a t i s known t o be c h a r a c t e r 
i s t i c o f enzyme p r e p a r a t i o n s (25r2J>)* Moreover, 
the DNA a d d u c t s formed by a c t i v a t i o n t h r o u g h mic-
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rosomes d i f f e r from those p roduced by i n t a c t c e l l 
m e t a b o l i s m ( 2 7 ) . 

A d h e r i n g t o t h e s e c o n c e p t s , a b a t t e r y o f 
s h o r t - t e r m t e s t s was p r o p o s e d by W e i s b u r g e r and 
W i l l i a m s (5,14,28) as p a r t o f a " d e c i s i o n p o i n t 
a p p roach. 

"The D e c i s i o n P o i n t A p proach" 

The D e c i s i o n P o i n t Approach c o n s i s t s o f f i v e 
s e q u e n t i a l s t e p s i n the e v a l u a t i o n o f 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 c h e m i c a l s . ( T a b l e 1 ) . 
T h i s approach was f o r m u l a t e d t o i n c o r p o r a t e i n t o 
c h e m i c a l e v a l u a t i o n s e v e r a l newer developments i n 
c h e m i c a l c a r c i n o g e n e s i s . Of prime importance 
among these was the c o n c e p t t h a t c h e m i c a l s c o u l d 
produce an i n c r e a s e i n the tumor i n c i d e n c e i n ex
posed a n i m a l s , i . e . be c a r c i n o g e n i c , by s e v e r a l 
d i s t i n c t mechanisms each h a v i n g d i f f e r e n t t h e o r 
e t i c a l and p r a c t i c a l i m p l i c a t i o n s . One o f t h ese 
mechanisms, pr o p o s e d by M i l l e r and M i l l e r ( 2 9 ) , 
was through the g e n e r a t i o n of an e l e c t r o p h i l i c 
r e a c t a n t which would r e a c t c o v a l e n t l y w i t h c e l l u 
l a r m a c r o m olecules. The work i n s e v e r a l l a b o r a 
t o r i e s (see 14 and 30 f o r r e f e r e n c e s ) has s t r o n g l y 
i n d i c a t e d t h a t DNA i s the c r i t i c a l t a r g e t . How
ever , i n a d d i t i o n t o c h e m i c a l s o f t h i s t ype, 
o t h e r s l a c k i n g t h i s p r o p e r t y were n e v e r t h e l e s s 
c a r c i n o g e n i c o r o n c o g e n i c . Among c h e m i c a l s o f the 
l a t t e r type were p l a s t i c s , hormones, immunosup
p r e s s a n t s , c y t o t o x i c a g e n t s , c o - c a r c i n o g e n s and 
p r o m o t e r s . Thus, i t was s u g g e s t e d t h a t c h e m i c a l 
c a r c i n o g e n s c o u l d be d i v i d e d i n t o two main c a t e 
g o r i e s , based upon t h e i r c a p a c i t y t o damage DNA. 
C a r c i n o g e n s t h a t r e a c t e d c o v a l e n t l y w i t h DNA were 
c a t e g o r i z e d as g e n o t o x i c , w h i l e t h o se l a c k i n g t h i s 
p r o p e r t y and p r o b a b l y a c t i n g by o t h e r mechanisms 
were c a t e g o r i z e d as e p i g e n e t i c (14). The geno
t o x i c c a t e g o r y t h e r e b y c o n t a i n s the c l a s s i c o r g a n 
i c c a r c i n o g e n s t h a t damage DNA e i t h e r t h r ough 
d i r e c t c h e m i c a l r e a c t i v i t y o r f o l l o w i n g m e t a b o l i s m 
by enzyme systems ( T a b l e 2 ) . In a d d i t i o n , the 
a v a i l a b i l i t y o f some e v i d e n c e f o r DNA damage by 
i n o r g a n i c c a r c i n o g e n s l e d to t h e i r p lacement i n 
t h i s c a t e g o r y . The second c a t e g o r y , e p i g e n e t i c 
c a r c i n o g e n s , i s composed o f those a g e n t s t h a t have 
not been found t o damage DNA, b u t r a t h e r appear t o 
a c t t h rough o t h e r i n d i r e c t mechanisms ( T a b l e 2 ) . 

The d e c i s i o n p o i n t approach t a k e s t h e s e two 
c a t e g o r i e s o r t y p e s o f c a r c i n o g e n s i n t o a c c o u n t i n 
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T a b l e I . D e c i s i o n P o i n t Approach to 
C a r c i n o g e n E v a l u a t i o n a 

A. S t r u c t u r e of c h e m i c a l 

Β. Γη v i t r o s h o r t - t e r m t e s t s 
1. B a c t e r i a l mutagenesis 
2. DNA r e p a i r 
3. Mammalian mutagenesis 
4. S i s t e r c h r o m a t i d exchange 
5. C e l l t r a n s f o r m a t i o n 

B 1 . D e c i s i o n p o i n t : t e s t s under A and B. 

C. L i m i t e d i n v i v o b i o a s s a y s 
1. S k i n tumor i n d u c t i o n i n mice 
2. Pulmonary tumor i n d u c t i o n i n mice 
3. B r e a s t c a n c e r i n d u c t i o n i n female 

Sprague-Dawley r a t s 
4. A l t e r e d f o c i i n d u c t i o n i n r o d e n t 

1 i v e r 

C 1 . D e c i s i o n p o i n t . t e s t s under A, B, and C 

D. C h r o n i c b i o a s s a y 

E. F i n a l e v a l u a t i o n : a l l t e s t s . 

a From W e i s b u r g e r and W i l l i a m s (14). 
Macmillan Publishing Co., Inc. 
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T a b l e I I . C l a s s i f i c a t i o n o f C a r c i n o g e n i c 
C h e m i c a l s 0 

C a t e g o r y and C l a s s Example 

A. G e n o t o x i c C a r c i n o g e n s 

1. A c t i v a t i o n - i n d e p e n d e n t 

2. A c t i v a t i o n dependent 
a r o m a t i c 

3a I n o r g a n i c ^ 

Β. E p i g e n e t i c C a r c i n o g e n s 

3b I n o r g a n i c ^ 

4. S o l i d S t a t e 

5. Hormone 

6. Immunosuppressor 
a n a l o g 

A l k y l a t i n g 
agent 

P o l y c y c l i c 

H y d r o c a r b o n , 
N i t r o s a m i n e 
M e t a l 

M e t a l 

P l a s t i c s 

E s t r o g e n 

Androgen 

P u r i n e 

7. C o - c a r c i n o g e n 

8. Promoter 

P h o r b o l 
e s t e r 

C a t e c h o l 

P h o r b o l 
e s t e r 

B i l e a c i d 

a a f t e r W e i s b u r g e r and W i l l i a m s (14) 

b some a r e t e n t a t i v e l y c a t e g o r i z e d as g e n o t o x i c 
because o f e v i d e n c e f o r damage o f DNA; o t h e r s 
may o p e r a t e through e p i g e n e t i c mechanisms such 
as a l t e r a t i o n s i n f i d e l i t y o f DNA p o l y m e r a s e s . 
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two ways; (1) a b a t t e r y o f s h o r t term t e s t s i s 
c o n s t r u c t e d based upon an e f f o r t t o i n c l u d e s y s 
tems t h a t may respond t o e p i g e n e t i c as w e l l as 
g e n o t o x i c c a r c i n o g e n s ; and (2) i t i s f o r m a l l y 
r e c o g n i z e d t h a t a l l t y p e s o f s u b c h r o n i c t e s t i n g 
may f a i l t o d e t e c t c h e m i c a l s t h a t can i n d u c e 
tumors i n a n i m a l s under s p e c i f i c c o n d i t i o n s upon 
c h r o n i c a d m i n i s t r a t i o n . 

O t h e r elements o f the d e c i s i o n p o i n t approach 
a r e the use o f a b a t t e r y o f s h o r t term t e s t s t h a t 
e i t h e r may e l i m i n a t e the need f o r f u r t h e r t e s t i n g 
o f the c h e m i c a l o r may e n a b l e the v e r i f i c a t i o n o f 
c a r c i n o g e n i c p o t e n t i a l i n one o f f o u r l i m i t e d i n 
v i v o b i o a s s a y s f o r c a r c i n o g e n i c i t y . The b a t t e r y 
a l s o adds e s s e n t i a l i n f o r m a t i o n f o r d a t a e v a l u a 
t i o n when an a l r e a d y completed c h r o n i c t e s t s e r i e s 
has y i e l d e d ambiguous r e s u l t s . 

The d e c i s i o n p o i n t approach t h e r e f o r e i s a 
s y s t e m a t i c approach to the r e l i a b l e e v a l u a t i o n o f 
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 c h e m i c a l s which 
p r o v i d e s a framework i n which t o m i n i m i z e the nec
e s s a r y t e s t i n g i n c h e m i c a l e v a l u a t i o n , and a t the 
same time d e v e l o p an u n d e r s t a n d i n g o f the mechan
ism o f a c t i o n o f a t e s t c h e m i c a l . 

As shown i n T a b l e 1, the d e c i s i o n p o i n t ap
p r o a c h i n v o l v e s a s y s t e m a t i c s t e p - w i s e p r o g r e s s i o n 
o f t e s t s . A c r i t i c a l e v a l u a t i o n o f i n f o r m a t i o n 
o b t a i n e d and i t s s i g n i f i c a n c e i n r e l a t i o n t o the 
t e s t i n g o b j e c t i v e i s p e r f o r m e d a t the end o f each 
phase. A d e c i s i o n i s made whether the d a t a a v a i l 
a b l e a r e s u f f i c i e n t t o r e a c h a d e f i n i t i v e c o n c l u 
s i o n o r whether a h i g h e r l e v e l o f t e s t s i s r e 
q u i r e d . A t t e n t i o n i s p a i d t o q u a l i t a t i v e - p o s i 
t i v e o r n e g a t i v e - e f f e c t s , and t o q u a n t i t a t i v e -
h i g h , medium, o r low - e f f e c t s . 

A. S t r u c t u r e o f C h e m i c a l 

F o r a number o f r e a s o n s , the e v a l u a t i o n be
g i n s w i t h a c o n s i d e r a t i o n o f s t r u c t u r e . Of p r i n 
c i p a l i mportance i s the f a c t t h a t p r e d i c t i o n s as 
t o whether o r not a g i v e n c h e m i c a l might be c a r 
c i n o g e n i c can be made w i t h f a i r s u c c e s s w i t h i n 
c e r t a i n c l a s s e s of c h e m i c a l s (2_8)· S t r u c t u r e , 
however, must always be c o n s i d e r e d i n r e l a t i o n s h i p 
t o s p e c i e s m e t a b o l i c p a r a m e t e r s . The g u i n e a p i g , 
f o r example, d i f f e r s from o t h e r r o d e n t s o r humans, 
i n t h a t i t has o n l y l i m i t e d amounts o f the n e c e s 
s a r y enzymes to c a r r y o u t N - h y d r o x y l a t i o n , and 
thus m e t a b o l i z e s a r o m a t i c amines a l m o s t e x c l u s i v e -
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l y to d e t o x i f i e d m e t a b o l i t e s . C o n s e q u e n t l y , the 
a r y l a m i n e s so f a r t e s t e d i n t h i s s p e c i e s have not 
been c a r c i n o g e n i c . O t h e r examples o f s p e c i e s 
s e l e c t i v i t y based upon m e t a b o l i c c a p a b i l i t y a r e 
w e l l documented ( 3 0 ) . 
I n f o r m a t i o n on s t r u c t u r e and m e t a b o l i s m a l s o p r o 
v i d e s a g u i d e t o the s e l e c t i o n among l i m i t e d b i o -
a s s a y s a t s t a g e C and, as more i n f o r m a t i o n 
a c c r u e s , may e v e n t u a l l y c o n t r i b u t e t o s e l e c t i o n o f 
s p e c i f i c s h o r t - t e r m t e s t s a t s t a g e B. 

Β. In V i t r o S h o r t - t e r m T e s t s 

No i n d i v i d u a l s h o r t - t e r m t e s t t h a t has been 
s t u d i e d a d e q u a t e l y has d e t e c t e d a l l c a r c i n o g e n s 
t e s t e d , o r even a l l g e n o t o x i c c a r c i n o g e n s . Thus, 
based on t h i s f a c t a l o n e , a b a t t e r y o f t e s t s i s 
n e c e s s a r y . However, the importance o f a b a t t e r y 
becomes o b v i o u s upon c o n s i d e r a t i o n o f the complex
i t y o f m e t a b o l i s m and mechanism o f a c t i o n o f chem
i c a l c a r c i n o g e n s . As i n d i c a t e d e a r l i e r , c a r c i n o 
gens can be c l a s s i f i e d as g e n o t o x i c o r e p i g e n e t i c . 
Most i n v i t r o t e s t s i d e n t i f y g e n e t i c e f f e c t s and 
thus d e t e c t o n l y g e n o t o x i c c a r c i n o g e n s . I f e p i 
g e n e t i c c a r c i n o g e n s a r e to be d e t e c t e d , a d d i t i o n a l 
t e s t s w i l l have t o be d e v e l o p e d . Known s p e c i e s 
d i f f e r e n c e s i n r e s p o n s e t o c a r c i n o g e n s can be r e 
l a t e d t o a l a r g e e x t e n t (but not e x c l u s i v e l y ) t o 
m e t a b olism and t h u s , t e s t s w i t h d i f f e r e n t m e t a b o l 
i c c a p a b i l i t i e s a r e i m p o r t a n t . 

A s c r e e n i n g b a t t e r y must i n c l u d e m i c r o b i a l 
mutagenesis t e s t s , because t h e s e have been the 
most s e n s i t i v e , e f f e c t i v e , and r e a d i l y p e rformed 
s c r e e n i n g t e s t s thus f a r (31-3_3) . In d e c i d i n g 
what o t h e r t e s t s t o i n c l u d e , i t i s i m p o r t a n t t o 
c o n s i d e r the c o n t r i b u t i o n o f the p r o p o s e d t e s t i n 
terms o f m e t a b o l i c c a p a b i l i t y , r e l i a b i l i t y , and 
b i o l o g i c a l s i g n i f i c a n c e o f the end p o i n t . The 
b a c t e r i a l m utagenesis t e s t s r e q u i r e a mammalian 
enzyme p r e p a r a t i o n t o p r o v i d e f o r m e t a b o l i s m o f 
p r o c a r c i n o g e n s and hence, any t e s t t h a t i s depend
e n t upon an enzyme p r e p a r a t i o n does not expand the 
m e t a b o l i c c a p a b i l i t y o f the b a t t e r y s i n c e t h i s 
f a c t o r i s the l i m i t i n g p a r t o f a t e s t s e r i e s . 

M u t a g e n e s i s of mammalian c e l l s i s recommended 
f o r i n c l u s i o n i n the b a t t e r y because i t has a d e f 
i n i t i v e end p o i n t l i k e b a c t e r i a l m u t a g e n e s i s , but 
i n v o l v e s e f f e c t s on the more h i g h l y o r g a n i z e d 
e u k a r y o t i c genome (3_4,35). Moreover, d i f f e r e n c e s 
i n the mutagenic r e s p o n s e between m i c r o b i a l and 
mammalian c e l l s have been o b s e r v e d ( 3 6 ) . 
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T e s t s f o r DNA damage o r chromosome e f f e c t s 
p r o v i d e f u r t h e r e v i d e n c e o f the a b i l i t y o f a chem
i c a l t o a l t e r g e n e t i c m a t e r i a l . P r o p o s e d i n d i c a t 
o r s f o r DNA damage t e s t s i n c l u d e DNA f r a g m e n t a t i o n 
(37), i n h i b i t i o n o f DNA s y n t h e s i s (38), and DNA 
r e p a i r (39). Measurement o f DNA f r a g m e n t a t i o n , 
a l t h o u g h showing an e x c e l l e n t c o r r e l a t i o n w i t h 
c a r c i n o g e n i c i t y has a c o n c e p t u a l d i s a d v a n t a g e i n 
t h a t DNA d e g r e d a t i o n can o c c u r as a r e s u l t o f c e l l 
d e a t h . I n h i b i t i o n o f DNA s y n t h e s i s has been sug
g e s t e d to o f f e r an advantage i n i t s a b i l i t y t o 
d e t e c t i n t e r c a l a t i n g a g e n t s (38). T h i s may not be 
a s u b s t a n t i a l advantage because pure i n t e r c a l a t o r s 
a r e a l i m i t e d group o f c h e m i c a l s c o m p r i s i n g a t 
b e s t weak c a r c i n o g e n s and DNA s y n t h e s i s i s a l s o 
i n h i b i t e d by n o n c a r c i n o g e n i c i n t e r c a l a t o r s . 
F u r t h e r m o r e , the i n t e r c a l a t i n g a g e n t s w i t h r e a c 
t i v e g r o u p i n g s do i n d u c e DNA r e p a i r . 

DNA r e p a i r i s a s p e c i f i c r e s p o n s e t o DNA dam
age and u n l i k e DNA f r a g m e n t a t i o n and i n h i b i t i o n 
c a nnot be a t t r i b u t e d t o t o x i c i t y ( 4 0 ) . T h e r e f o r e , 
DNA r e p a i r t e s t s o f f e r an end p o i n t o f h i g h s p e c i 
f i c i t y b i o l o g i c s i g n i f i c a n c e and a r e recommended 
i n p r e f e r e n c e t o t h e s e o t h e r a s s a y s . 

A chromosomal t e s t i s i n c l u d e d i n the b a t t e r y 
t o p r o v i d e d e t e c t i o n o f c h e m i c a l e f f e c t s a t the 
h i g h e s t l e v e l o f g e n e t i c o r g a n i z a t i o n ( 1 3 ) . In 
a d d i t i o n , such t e s t s may d e t e c t n o n g e n o t o x i c 
a g e n t s t h a t o p e r a t e through o t h e r e f f e c t s i n v o l v 
i n g p r o c e s s e s such as DNA r e p l i c a t i o n and chromo
some s e p a r a t i o n . 

C e l l t r a n s f o r m a t i o n i s i n c l u d e d because t h i s 
a l t e r a t i o n i s p o t e n t i a l l y the most r e l e v a n t t o 
c a r c i n o g e n e s i s . However, much more needs to be 
done t o c l a r i f y the s i g n i f i c a n c e and l i m i t a t i o n s 
o f t h i s end p o i n t . 

1. B a c t e r i a l M u t a g e n e s i s 

V a l u a b l e b a c t e r i a l s c r e e n i n g t e s t s have been 
d e v e l o p e d i n the l a b o r a t o r i e s o f Ames (41) and 
Rosenkranz (42) . The Ames t e s t measures back 
m u t a t i o n t o h i s t i d i n e independence o f h i s t i d i n e 
mutants o f S a l m o n e l l a typhymurium and can be 
c o n d u c t e d w i t h s t r a i n s t h a t a r e a l s o r e p a i r 
d e f i c i e n t , t h a t p o s s e s s a b n o r m a l i t i e s i n the c e l l 
w a l l t o make them permeable t o c a r c i n o g e n s , o r 
t h a t c a r r y an R f a c t o r e n h a n c i n g m u t a g e n e s i s . 
Hence, t h e s e organisms a r e h i g h l y s u s c e p t i b l e t o 
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mutagenesis making them s e n s i t i v e i n d i c a t o r s . The 
t e s t d e v e l o p e d by Rosenkranz and a s s o c i a t e s u t i l 
i z e s DNA r e p a i r - d e f i c i e n t E s c h e r i c h i a c o l i and 
measures t h e i r enhanced s u s c e p t i b i l i t y t o c e l l 
k i l l i n g by c a r c i n o g e n s . I n t h i s system, a chemi
c a l t h a t i n t e r a c t s w i t h DNA i s more t o x i c t o the 
r e p a i r - d e f i c i e n t s t r a i n than t o w i l d type E. c o l i 
because the mutant s t r a i n cannot r e p a i r the dam
age. Thus, by measurement o f r e l a t i v e t o x i c i t y an 
i n d i c a t i o n o f DNA i n t e r a c t i o n i s o b t a i n e d . These 
t e s t s a r e dependent upon mammalian enzyme p r e p a r a 
t i o n s f o r m e t a b o l i s m o f c a r c i n o g e n s . The c a p a b i l 
i t y o f the Ames t e s t t o d e t e c t c e r t a i n c a r c i n o g e n s 
has been enhanced by a p p l i c a t i o n o f p r e i n c u b a t i o n 
of the compound and the b i o c h e m i c a l a c t i v a t i o n 
system w i t h the t e s t o r g a n i s m (4_3). 

2, Mammalian M u t a g e n i c i t y T e s t s 

The t h r e e m u t a t i o n a l a s s a y s i n mammalian 
c e l l s t h a t have been most w i d e l y used f o r c a r c i n o 
gen s c r e e n i n g a r e r e s i s t a n c e t o p u r i n e a n a l o g s 
(44-46), b r o m o d e o x y u r i d i n e (BUdR) (47) o r o u a b a i n 
(48). Of t h e s e , p u r i n e a n a l o g r e s i s t a n c e i s the 
most p o p u l a r . I n t h i s a s s a y , mutants l a c k i n g the 
p u r i n e s a l v a g e pathway enzyme h y p o x a n t h i n e - g u a n i n e 
p h o s p h o r i b o s y l t r a n s f e r a s e a r e i d e n t i f i e d by t h e i r 
r e s i s t a n c e t o t o x i c p u r i n e a n a l o g s such as 
8-azaguanine o r 6 - t h i o g u a n i n e t h a t k i l l c e l l s t h a t 
u t i l i z e the a n a l o g s . T h i s a s s a y has the advantage 
o v e r o u a b a i n r e s i s t a n c e t h a t i t i n v o l v e s a nones
s e n t i a l f u n c t i o n , u n l i k e the membrane ATPase s y s 
tem i n v o l v e d i n o u a b a i n r e s i s t a n c e , and hence 
t h e r e a r e no l e t h a l mutants. I t s advantage o v e r 
the measurement o f t h y m i d i n e k i n a s e - d e f i c i e n t 
mutants by r e s i s t a n c e t o BUdR i s t h a t the gene f o r 
hy p o x a n t h i n e - g u a n i n e p h o s p h o r i b o s y l t r a n s f e r a s e i s 
on the X-chromosome r a t h e r than a s o m a t i c chromo
some, as w i t h t h y m i d i n e k i n a s e . C o n s e q u e n t l y , o n l y 
one f u n c t i o n a l copy i s p r e s e n t i n each c e l l and, 
as a r e s u l t , m u t a t i o n s i n w i l d t y p e c e l l s can be 
measured, whereas a h e t e r o z y g o u s mutant i s 
r e q u i r e d f o r measurable m u t a t i o n to homozygous 
t h y m i d i n e k i n a s e d e f i c i e n c y and BUdR r e s i s t a n c e . 

The t a r g e t c e l l s used i n p u r i n e a n a l o g r e s i s 
t a nce a s s a y s have a l m o s t a l l been f i b r o b l a s t - l i k e , 
such as the V79 and CHO l i n e s , which have d i s 
p l a y e d l i t t l e a b i l i t y t o a c t i v a t e c a r c i n o g e n s , 
o t h e r than p o l y c y c l i c a r o m a t i c h y d r o c a r b o n s ( 4 5 ) . 
T h i s d e f i c i e n c y has been overcome by p r o v i d i n g 
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exogenous m e t a b o l i s m mediated by e i t h e r c o c u l t i -
v a t e d c e l l s (45,49) o r enzyme p r e p a r a t i o n s (44) . 
The l a t t e r a g a i n o f f e r s no e x t e n s i o n i n m e t a b o l i c 
c a p a b i l i t y o v e r t h a t used f o r b a c t e r i a l systems. 
However, the use o f f r e s h l y i s o l a t e d h e p a t o c y t e s 
as a f e e d e r system (4_9) o f f e r s a d d i t i o n a l p o s s i 
b i l i t i e s s i n c e the m e t a b o l i s m o f h e p a t o c y t e s has 
been shown t o be d i f f e r e n t than t h a t o f l i v e r 
enzyme p r e p a r a t i o n s (26,27). A n o t h e r p o t e n t i a l l y 
u s e f u l development i s the f i n d i n g t h a t l i v e r e p i 
t h e l i a l c u l t u r e s can be mutated by a c t i v a t i o n -
dependent c a r c i n o g e n s (4_6) and may t h e r e f o r e p r o 
v i d e a n o t h e r system w i t h i n t a c t c e l l m e t abolism. 

3. DNA R e p a i r 

The c o v a l e n t i n t e r a c t i o n o f c h e m i c a l s w i t h 
DNA p r o v o k e s an e n z y m a t i c r e p a i r o f the damaged 
r e g i o n s o f DNA known as e x c i s i o n r e p a i r . Two t y p e s 
o f e x c i s i o n r e p a i r a r e r e c o g n i z e d , base removal 
and n u c l e o t i d e removal (5_0) . The f i r s t s t e p i n 
each o f these d i f f e r s , but b o t h p r o c e s s e s r e s u l t 
i n i n c i s i o n o f the s t r a n d o f DNA near the p o i n t o f 
damage and e x c i s i o n by an e n d o n u c l e a s e o f a 
s t r e t c h o f DNA i n the damaged r e g i o n . The gap i s 
then f i l l e d by r e s y n t h e s i s o f a p a t c h u s i n g t h e 
o p p o s i t e s t r a n d as a t e m p l a t e and the p a t c h i s 
c l o s e d by a l i g a s e . S e v e r a l o f t h e s e s t e p s c o u l d 
be measured as an i n d i c a t i o n o f r e p a i r , but the 
r e s y n t h e s i s o f the p a t c h i s most w i d e l y used t o 
m o n i t o r r e p a i r i n s c r e e n i n g systems. R e p a i r s y n 
t h e s i s can be measured i n a v a r i e t y o f ways (40, 
50). S e v e r a l o f the d e f i n i t i v e p r o c e d u r e s a r e 
t e c h n i c a l l y s u f f i c i e n t l y demanding so t h a t they 
have not r e c e i v e d much a t t e n t i o n f o r s c r e e n i n g 
p u r p o s e s . Of the s i m p l e r p r o c e d u r e s a v a i l a b l e , 
a u t o r a d i o g r a p h i c measurement o f r e p a i r s y n t h e s i s 
has the advantage o v e r l i q u i d s c i n t i l l a t i o n c o u n t 
i n g i n t h a t i t e x c l u d e s c e l l s i n r e p l i c a t i v e s y n 
t h e s i s , whereas t h e s e a r e p a r t o f the background 
w i t h l i q u i d s c i n t i l l a t i o n c o u n t i n g . I n a d d i t i o n , 
w i t h l i q u i d s c i n t i l l a t i o n c o u n t i n g , i n c r e a s e s i n 
i n c o r p o r a t i o n can r e s u l t from changes i n uptake o r 
the p o o l s i z e o f t h y m i d i n e w i t h o u t any r e p a i r 
o c c u r r i n g . F u r t h e r m o r e , a u t o r a d i o g r a p h y p e r m i t s a 
d e t e r m i n a t i o n o f the f r a c t i o n o f c e l l s r e s p o n d i n g 
i n the a f f e c t e d p o p u l a t i o n . Two a d d i t i o n a l comp
l i c a t i o n s w i t h most r e p a i r a s s a y s a r e t h a t they 
r e q u i r e s u p p r e s s i o n o f r e p l i c a t i v e DNA s y n t h e s i s 
i f c o n t i n u o u s l y d i v i d i n g l i n e s a r e b e i n g used, and 
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t h a t they a r e dependent upon enzymne p r e p a r a t i o n s 
f o r m e t a b o l i c a c t i v a t i o n . Both o f these c o m p l i c a 
t i o n s a r e overcome i n the h e p a t o c y t e p r i m a r y c u l -
ture/DNA r e p a i r a s s a y o f W i l l i a m s (51/52) which 
used f r e s h l y i s o l a t e d n o n - d i v i d i n g l i v e r c e l l s 
t h a t can m e t a b o l i z e c a r c i n o g e n s and respond w i t h 
DNA r e p a i r s y n t h e s i s measured a u t o r a d i o g r a p h i c a l -
l y . T h i s a s s a y has d e m o n s t r a t e d s u b s t a n t i a l s e n s 
i t i v i t y and r e l i a b i l i t y w i t h a c t i v a t i o n - d e p e n d e n t 
p r o c a r c i n o g e n s (51-53). I t a l s o o f f e r s the advan
tages of expanded m e t a b o l i c c a p a b i l i t y i n a b a t 
t e r y and an end p o i n t o f c l e a r b i o l o g i c a l s i g n i f i 
cance. Thus, i t i s a v a l u a b l e a d d i t i o n t o b a c t e r 
i a l m utagenesis a s s a y s i n a s c r e e n i n g b a t t e r y . 

4. Chromosome T e s t s 

Chromosome t e s t s a r e o f c o n c e p t u a l importance 
because they r e v e a l damage a t a h i g h e r l e v e l o f 
g e n e t i c o r g a n i z a t i o n than do mutagenesis a s s a y s . 
T h e re has been d i f f i c u l t y , however, i n d e v e l o p i n g 
means o f o b j e c t i v e a n a l y s i s o f many chromosomal 
a l t e r a t i o n s . Measurement o f s i s t e r c h r o m a t i d ex
changes (SCE) overcomes t h i s p r o b l e m and has shown 
s e n s i t i v i t y t o c a r c i n o g e n s not r e a d i l y d e t e c t e d i n 
o t h e r i n v i t r o a s s a y s (54,5_5). T h e r e f o r e , d e t e r 
m i n a t i o n of SCEs i s p r e s e n t l y recommended f o r a 
chromosomal l e v e l t e s t . The r e s u l t i n g e x t e n s i o n 
of the i n f o r m a t i o n base w i t h SCE w i l l be u s e f u l t o 
d e l i n e a t e f u r t h e r the v a l u e and l i m i t a t i o n s o f 
t h i s r e l a t i v e l y new t e s t . 

5. C e l l T r a n s f o r m a t i o n 

The f i r s t r e l i a b l e system f o r t r a n s f o r m a t i o n 
of c u l t u r e d mammalian c e l l s was i n t r o d u c e d by 
Sachs and a s s o c i a t e s (5j>). T h i s system u t i l i z i n g 
hamster f i b r o b l a s t s was s u b s e q u e n t l y d e v e l o p e d i n 
to a c o l o n y assay f o r q u a n t i t a t i v e s t u d i e s by 
D i P a o l o (57) and has been adapted as s c r e e n i n g 
t e s t by P i e n t a e t a l ( 5 8 ) . In a d d i t i o n , a q u a n t i 
t a t i v e f o c u s a s s a y f o r t r a n s f o r m a t i o n u s i n g mouse 
c e l l s has been d e v i s e d i n the l a b o r a t o r y o f 
H e i d e l b e r g e r (5j)) and a q u a n t i t a t i v e a s s a y f o r 
growth o f BHK c e l l s i n s o f t agar has been d e v e l 
oped by S t y l e s (J5 ) . The c o r r e l a t i o n between 
t r a n s f o r m a t i o n and m a l i g n a n c y appears t o be good 
i n t h e s e systems, but a s u b j e c t o f c o n c e r n i s 
t h e i r h i g h f r e q u e n c y o f i n d u c e d t r a n s f o r m a t i o n . 
N e v e r t h e l e s s , they p r o v i d e a u s e f u l i n d i c a t i o n o f 
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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 c h e m i c a l s e i t h e r 
t hrough g e n o t o x i c o r e p i g e n e t i c mechanisms and 
w i l l a l m o s t c e r t a i n l y assume a major r o l e i n 
s c r e e n i n g i n the f u t u r e . A nother approach under 
development i s the use o f c e l l systems c a r r y i n g 
o n c o g e n i c v i r u s e s as a more s e n s i t i v e means o f 
d e t e c t i n g t r a n s f o r m i n g c h e m i c a l s . A l s o , because 
human c a n c e r s u s u a l l y i n v o l v e e p i t h e l i a l t i s s u e s , 
t r a n s f o r m a t i o n i n e p i t h e l i a l systems i s a c t i v e l y 
b e i n g p u r s u e d . 

Summary of R a p i d In V i t r o T e s t s 

The f i v e s t e p s (A and B, JL-J5) recommended 
thus f a r p r o v i d e a b a s i s f o r p r e l i m i n a r y d e c i s i o n 
making. Survey o f l i t e r a t u r e d a t a on the a p p l i c a 
t i o n o f the recommended t e s t r e v e a l s a h i g h degree 
of s e n s i t i v i t y and s p e c i f i c i t y f o r t h i s b a t t e r y 
(10,28). 

E v i d e n c e of g e n o t o x i c i t y i n o n l y one t e s t 
must be e v a l u a t e d w i t h c a u t i o n . In p a r t i c u l a r , 
s e v e r a l types o f c h e m i c a l s such as i n t e r c a l a t i n g 
agents a r e mutagenic to b a c t e r i a , but not r e l i a b l y 
c a r c i n o g e n i c . A l s o p o s i t i v e r e s u l t s have been ob
t a i n e d w i t h s y n t h e t i c p h e n o l i c compounds o r n a t u r 
a l p r o d u c t s w i t h p h e n o l i c s t r u c t u r e s l i k e f l a v -
ones. In v i v o , such compounds a r e l i k e l y t o be 
c o n j u g a t e d and e x c r e t e d r e a d i l y . T h e i r c a r c i n o 
g e n i c i t y , t h us, would depend on in v i v o s p l i t t i n g 
o f such c o n j u g a t e s . T h e r e f o r e , e v i d e n c e o f o n l y 
b a c t e r i a l m utagenesis must be e v a l u a t e d w i t h r e 
g a r d t o the c h e m i c a l s t r u c t u r e and i t s m e t a b o l i s m . 

I f c l e a r c u t e v i d e n c e o f g e n o t o x i c i t y i n more 
than one t e s t has been o b t a i n e d , the c h e m i c a l i s 
h i g h l y s u s p e c t . C o n f i r m a t i o n o f c a r c i n o g e n i c i t y 
may be sought i n the l i m i t e d i n v i v o b i o a s s a y s 
w i t h o u t the n e c e s s i t y of r e s o r t i n g t o the more 
c o s t l y and time-consuming c h r o n i c b i o a s s a y . 

To f a c i l i t a t e the i n t e r p r e t a t i o n o f r e s u l t s 
from a b a t t e r y , B r u s i c k {11) has d e v e l o p e d a quan
t i t a t i v e a pproach i n which each a s s a y i s a s s i g n e d 
a n u m e r i c a l v a l u e based on i t s c o n t r i b u t i o n e i t h e r 
p o s i t i v e l y o r n e g a t i v e l y t o an assessment o f geno
t o x i c i t y . The assignment of a v a l u e t a k e s i n t o 
a c c o u n t the f o l l o w i n g : 
1. The type o f e n d p o i n t measured by the t e s t and 

i t s presumed r e l a t i o n s h i p t o the development 
o f c h r o n i c t o x i c i t y ir\ v i v o , i n c l u d i n g muta
g e n e s i s and c a r c i n o g e n e s i s . 
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2. The p h y l o g e n e t i c r e l a t i o n s h i p o f the t e s t 
o r g a n i s m t o mammalian s p e c i e s . 

3. The r e p o r t e d r e p r o d u c i b i l i t y o f the t e s t 
system w i t h i n and between l a b o r a t o r i e s . 

4. The p u b l i s h e d d a t a base s u p p o r t i n g the u t i l 
i t y o f the t e s t system to d e t e c t a broad 
range o f c h e m i c a l c l a s s e s . 

5. The s u s c e p t i b i l i t y of the t e s t t o i n c o r r e c t 
d e s i g n a t i o n s o f g e n o t o x i c i t y r e s u l t i n g from 
t e s t i n g a r t i f a c t s o r anomalous n o n s p e c i f i c 
r e s p o n s e s . 

6. The q u a l i t a t i v e s i m i l a r i t y between the t e s t 
system m e t a b o l i c o r microsome b i o a c t i v a t i o n 
system and the i n v i v o b i o a c t i v a t i o n mechan
isms i n mammals. 

7. The r e s o l v i n g power of the t e s t system i n 
c l u d i n g the s t r e n g t h of the d a t a a n a l y s i s 
methods used w i t h the a s s a y . 
A p p l y i n g t h e s e c r i t e r i a , a s e t of a s s a y 

v a l u e s was d e v e l o p e d ( T a b l e 3 ) . The t e s t s l i s t e d 
i n T a b l e 3 a r e among those which have been r o u 
t i n e l y p r o p o s e d as s c r e e n i n g methods f o r a n i m a l 
mutagens and c a r c i n o g e n s and i n c l u d e the b a t t e r y 
p r o p o s e d above. V a l u e s a r e a s s i g n e d f o r p o s i t i v e 
and n e g a t i v e r e s p o n s e s r a n g i n g from -5 to +10. 
The l a r g e s t n e g a t i v e v a l u e r e p r e s e n t s the t e s t and 
t e s t c o n d i t i o n s p r o v i d i n g the most p o w e r f u l i n d i 
c a t i o n of a l a c k of g e n o t o x i c i t y . The v a l u e s 
between these extremes a r e w e i g h t e d p r o p o r t i o n a l l y 
a c c o r d i n g t o the seven c r i t e r i a l i s t e d above. 

P o s i t i v e r e s p o n s e s a r e o b v i o u s l y g i v e n s i g n i 
f i c a n t l y g r e a t e r w e i g h t than n e g a t i v e r e s u l t s 
s i n c e n e g a t i v e r e s u l t s c o u l d mean e i t h e r a l a c k o f 
p o t e n t i a l o r a l a c k o f d e t e c t a b i l i t y by the a s s a y . 

The d i f f e r e n t i a l w e i g h t i n g o f r e s u l t s w i t h o r 
w i t h o u t an S9 mix i s p r e d i c a t e d upon the assump
t i o n t h a t a s u b s t a n c e a c t i v e w i t h o u t enzyme a c t i 
v a t i o n i s u n l i k e l y to show s p e c i e s s p e c i f i c i t y ; 
whereas, an a c t i v a t i o n - d e p e n d e n t s u b s t a n c e may be 
s p e c i e s r e s t r i c t e d and not amenable t o g e n e r a l i z e d 
e x t r a p o l a t i o n . F o r n e g a t i v e r e s p o n s e s , however, a 
g r e a t e r n e g a t i v e v a l u e i s a s s i g n e d to t e s t s em
p l o y i n g an a c t i v a t i o n system. The p r e s e n c e o f 
such a system s u g g e s t s t h a t n e i t h e r the p a r e n t a l 
m o l e c u l e nor m i c r o s o m a l l y - p r o d u c e d breakdown p r o d 
u c t s have d e t e c t a b l e a c t i v i t y . Assignment o f the 
s p e c i f i c v a l u e s was a r b i t r a r y w i t h +10 as a 
maximum. 

A f u r t h e r a t t empt i s made t o b r i n g a c o n s i d 
e r a t i o n o f p o t e n c y i n t o the s c o r i n g system. 
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Because o f the d i v e r s i t y i n end p o i n t s measured, 
the spontaneous r a t e s f o r the d e t e c t e d e v e n t s and 
the methods o f s c o r i n g r e s p o n s e s i n the t e s t s , a 
comparison o f the a b s o l u t e v a l u e s i s not f e a s i b l e . 
A r e a s o n a b l e method t o i n c o r p o r a t e p o t e n c y ap
p e a r s t o be a measurement o f the l o w e s t t e s t con
c e n t r a t i o n p r o d u c i n g a b i o l o g i c a l l y s i g n i f i c a n t 
i n c r e a s e o v e r the n e g a t i v e c o n t r o l . T h i s v a l u e i s 
d e s i g n a t e d as the Lowest P o s i t i v e C o n c e n t r a t i o n 
Reported (LPCR). A n o t h e r v a l u e d e s i g n a t e d as the 
H i g h e s t N e g a t i v e C o n c e n t r a t i o n R e p o r t e d (HNCR) 
d e f i n e s the h i g h e s t t e s t e d c o n c e n t r a t i o n which was 
n e g a t i v e . The HNCR may be l i m i t e d by t o x i c i t y o r 

a p r e s e n t maximum a p p l i c a b l e c o n c e n t r a t i o n . The 
v a l u e s l i s t e d i n T a b l e 3 under P o s i t i v e and Nega
t i v e r e s p o n s e s may then be modulated by a p o t e n c y 
f a c t o r as s e t f o r t h i n T a b l e 4. 

The p r o d u c t o f the t e s t v a l u e s (TV) and the 
c o n c e n t r a t i o n s c o r e g i v e s a T o t a l S c o r e (TS) f o r 
each t e s t o f the b a t t e r y . The TS f o r each t e s t 
w i l l be e i t h e r p o s i t i v e o r n e g a t i v e . The a l g e 
b r a i c sum r e p r e s e n t s the A c t i v i t y S c o re (AS) f o r 
the compound i n the b a t t e r y o f t e s t s to which i t 
has been s u b j e c t e d . 

The next s t e p i n the s c o r i n g approach i s t o 
a s s i g n an e f f e c t d e f i n i t i o n t o the AS f o r the t e s t 
s u b s t a n c e . The E f f e c t C a t e g o r i e s are shown i n 
T a b l e 5 and a r e c a l c u l a t e d i n the f o l l o w i n g 
manner. 
1 A maximum (worst c ase) g e n o t o x i c e f f e c t , i s 

c a l c u l a t e d by t a k i n g each a s s a y employed t o 
e v a l u a t e the t e s t m a t e r i a l and c a l c u l a t i n g 
the TS p r o d u c t s assuming i t was p o s i t i v e 
w i t h o u t a c t i v a t i o n a t a po t e n c y l e v e l e q u i v a 
l e n t to the maximum t e s t e d (not to exceed 
1000 u g / u n i t ) . 

2. T h i s v a l u e , Maximum P o s i t i v e T o t a l (MP), i s 
d i v i d e d i n t o the AS f o r the t e s t m a t e r i a l t o 
o b t a i n an index ( e x p r e s s e d as p e r c e n t ) o f 
what p o r t i o n o f the maximum g e n o t o x i c e f f e c t 
was o b t a i n e d i n the e v a l u a t i o n s (% MP). 

3. The p e r c e n t v a l u e i s then c a t e g o r i z e d u s i n g 
the E f f e c t T a b l e ( T a b l e 5 ) . 

4. Each c a t e g o r y i n the E f f e c t T a b l e d e f i n e s the 
presumed g e n o t o x i c p o t e n t i a l o f the t e s t sub
s t a n c e and l e a d s t o an a c t i o n r e s p o n s e ( 1 1 ) . 
Most e x p e r i m e n t a l c a r c i n o g e n s and/or mutagens 

f a l l i n t o C a t e g o r y 1 (% MP > 6 0 % ) . The o n l y pos
s i b l e e x c e p t i o n t o t h i s t r e n d i s benzene which i s 
not i d e n t i f i e d as a g e n o t o x i c agent by i n v i t r o 
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T a b l e IV. T e s t C o n c e n t r a t i o n F a c t o r f o r S h o r t -
Term T e s t s S c o r e T a b l e U s i n g the 
Weighed C o n t r i b u t i o n Method. 

LPCR o r HNCR a C o n v e r t e d C o n c e n t r a t i o n S c o r e 
P o i n t F a c t o r ^ 

t o u G / u n i t c C o n c e n t r a t i o n P o s i t i v e N e g a t i v e 
Response Response 

<1.0 - 10 1 

>1.0 - 5 9 1 

>6 10 8 1 

>11 25 7 1 

>26 50 6 1 

>51 100 5 2 

>101 - 500 4 2 

>501 - 1000 3 2 

>1001 - 5000 2 2 

>5000 - 1 2 
aLPCR = Lowest P o s i t i v e c o n c e n t r a t i o n r e p o r t e d . 
HNCR = H i g h e s t n e g a t i v e c o n c e n t r a t i o n r e p o r t e d . 

b T h i s f a c t o r i s m u l t i p l i e d by the i n d i v i d u a l t e s t 
s c o r e r e s u l t s o b t a i n e d from T a b l e 1. 

c u G / u n i t - C o n c e n t r a t i o n i n micrograms p e r 
m i l l i l i t e r o r p e r p l a t e , e t c . 

T a b l e V. E f f e c t T a b l e 
P e r c e n t 
Maximum 

P o s i t i v e [MP] C l a s s i f i c a t i o n C a t e g o r y 

> 60% P o t e n t G e n o t o x i c Agent 1 

30 - 59% G e n o t o x i c Agent 2 

10 - 29% S u s p e c t G e n o t o x i c Agent 3 

< 10% I n s u f f i c i e n t Response to 
C a t e g o r i z e the Agent as 
G e n o t o x i c 

4 
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t e s t s . Benzene has a % MP s c o r e o f l e s s than 
10. Two presumed n o n g e n o t o x i c c a r c i n o g e n s , 
s a c c h a r i n and n i t r i l o t r i a c e t i c a c i d , a l s o s c o r e a t 
a % MP o f l O o r l e s s . Both o f t h e s e a g e n t s seem t o 
r e p r e s e n t v e r y l i t t l e r i s k as c a r c i n o g e n s Hinder 
normal e n v i r o n m e n t a l e x p o s u r e l e v e l s and a r e n o t 
p r e s e n t l y c o n t r o l l e d as s i g n f i c a n t human r i s k s . 
S e v e r a l compounds such as a s c o r b a t e , 
b e n z o ( e ) p y r e n e and l e a d a c e t a t e f a l l i n t o 
c a t e g o r i e s 2 and 3. Compounds i n C a t e g o r y 2, a r e 
c a n d i d a t e s f o r l i m i t e d i n v i v o b i o a s s a y s . 

C h e m i c a l s which f a l l i n t o C a t e g o r y 3 a r e c a n 
d i d a t e s f o r f u r t h e r g e n e t i c e v a l u a t i o n . These 
i n c l u d e f l u o r e n e , d i p h e n y l n i t r o s a m i n e and F y r o l 
FR-2. 

T h i s s c o r i n g scheme, then, t a k e s the a c t u a l 
t e s t r e s u l t s from a m u l t i t e s t b a t t e r y through t o 
a s p e c i f i c a c t i o n recommendation based on an i n d e x 
of the maximum g e n o t o x i c e f f e c t f o r t h a t group o f 
a s s a y s . I t s h o u l d f a c i l i t a t e the i n t e r p r e t a t i o n 
and d e c i s i o n making p r o c e s s which f o l l o w the a c t u 
a l t e s t i n g program. 

I f the b a t t e r y of t e s t systems y i e l d s no 
i n d i c a t i o n o f g e n o t o x i c i t y and thus the c h e m i c a l 
f a l l s i n t o c a t e g o r y 4 o f the a c t i o n t a b l e , the 
c h e m i c a l may be g i v e n a low p r i o r i t y f o r f u r t h e r 
t e s t i n g d e p e n d i n g on two c r i t e r i a 1) the s t r u c 
t u r e and known p h y s i o l o g i c a l p r o p e r t i e s (e.g. h o r 
mone) o f the m a t e r i a l and 2) the p o t e n t i a l human 
ex p o s u r e . I f s u b s t a n t i a l human ex p o s u r e i s l i k e 
l y , c a r e f u l c o n s i d e r a t i o n s h o u l d be g i v e n to the 
n e c e s s i t y f o r a d d i t i o n a l t e s t i n g . The c h e m i c a l 
s t r u c t u r e and the p r o p e r t i e s o f the m a t e r i a l p r o 
v i d e d i r e c t g u i d a n c e on the p r o p e r r e l e v a n t c o u r s e 
o f a c t i o n . O r g a n i c c h e m i c a l s w i t h s t r u c t u r e s t h a t 
p r e s e n t p o s s i b l e s i t e s f o r a c t i v a t i o n may r e v e a l 
t h e i r c a r c i n o g e n i c i t y i n l i m i t e d i n v i v o b i o 
a s s a y s . On the o t h e r hand c h e m i c a l s such as s o l i d 
s t a t e m a t e r i a l s , hormones, p o s s i b l y some m e t a l 
i o n s and p r o m o t e r s which a r e n e g a t i v e i n t e s t s f o r 
g e n o t o x i c i t y o p e r a t e by complex and as y e t p o o r l y 
u n d e r s t o o d mechanisms. Thus, i t i s not c e r t a i n 
t h a t the l i m i t e d i n v i v o b i o a s s a y s would y i e l d 
u s e f u l r e s u l t s w i t h such m a t e r i a l s . T h e r e f o r e the 
s t a n d a r d c h r o n i c b i o a s s a y i s , a t t h i s time, n e c e s 
s a r y to d e t e c t any p o t e n t i a l a c t i v i t y w i t h t h e s e 
a g e n t s . I t i s i n d e e d u r g e n t t o d e v e l o p r e l i a b l e 
means to d e t e c t such m a t e r i a l s r e a d i l y w i t h o u t 
r e q u i r i n g the l a r g e i n v e s t m e n t a s s o c i a t e d w i t h a 
c h r o n i c b i o a s s a y . 
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The t e s t i n g o f m e t a l i o n s i n r a p i d b i o a s s a y 
t e s t s may take advantage of the c o n c e p t r e c e n t l y 
p r o p o s e d by Loeb (60) t h a t such i o n s a f f e c t the 
f i d e l i t y of enzymes c o n c e r n e d w i t h DNA s y n t h e s i s . 
O b v i o u s l y , the n a t u r e o f the m e t a l i o n , o f which 
t h e r e a r e o n l y a l i m i t e d number, would p r o v i d e 
the n e c e s s a r y i n s i g h t as t o the need f o r t e s t i n g 
such a m a t e r i a l f u r t h e r and what k i n d o f a s s a y 
would most l i k e l y r e v e a l a d v e r s e e f f e c t s . 

Compounds w i t h h o r m o n e - l i k e p r o p e r t i e s e x i s t 
o u t s i d e o f the s t r i c t androgen and e s t r o g e n types 
o f hormones. Such c h e m i c a l s a r e p o t e n t i a l c a n c e r 
r i s k s m a i n l y because they i n t e r f e r e w i t h the nor
mal p h y s i o l o g i c a l e n d o c r i n e b a l a n c e ( 1 4 ) . More 
r e s e a r c h on ways and means t o t e s t f o r such p r o p 
e r t i e s q u i c k l y i s r e q u i r e d . I t i s known, f o r 
example, t h a t c e r t a i n drugs l e a d t o r e l e a s e o f 
p r o l a c t i n from the p i t u i t a r y g l a n d . C h r o n i c i n 
take o f such drugs c a u s i n g permanently h i g h e r s e r 
um and t i s s u e p r o l a c t i n l e v e l s might i n t u r n a l t e r 
the r e l a t i v e r a t i o o f o t h e r hormones. With c u r 
r e n t u n d e r s t a n d i n g , any m a t e r i a l w i t h such p r o p e r 
t i e s needs to undergo a c h r o n i c b i o a s s a y w i t h 
c a r e f u l l y and a p p r o p r i a t e l y s e l e c t e d doses t o 
e v a l u a t e whether e n d o c r i n e s e n s i t i v e t i s s u e s would 
be a t h i g h e r r i s k . The i n t e r p r e t a t i o n o f d a t a 
must c o n s i d e r the normal d i u r n a l , monthly and even 
s e a s o n a l c y c l e s o f the e n d o c r i n e system and 
whether the t e s t would have l e d t o i n t e r f e r e n c e i n 
t h i s b a l a n c e d , r y t h m i c system. 

The p o t e n t i a l o f h a l o g e n a t e d p o l y c y c l i c 
h y d r o c a r b o n s t o a c t as promoters i n the p r o d u c t i o n 
o f l i v e r tumors has been d i s c u s s e d i n d e t a i l ( 1 4 ) . 
As y e t , the s t r u c t u r a l r e q u i r e m e n t s f o r p r o m o t i n g 
a c t i v i t y a r e p o o r l y u n d e r s t o o d o u t s i d e the c l a s s 
o f p h o r b o l e s t e r s , and t h e s e a g e n t s can be i d e n t i 
f i e d o n l y i n i n i t i a t i o n - p r o m o t i o n p r o t o c o l s i n 
l i m i t e d i n v i v o b i o a s s a y s o r i n c h r o n i c b i o a s s a y . 

The i m p l i c a t i o n s o f the absence o f c o n v i n c i n g 
d a t a f o r g e n o t o x i c i t y , but a p o s i t i v e r e s p o n s e i n 
c h r o n i c b i o a s s a y s are d i s c u s s e d under the f i n a l 
e v a l u a t i o n . 

C. L i m i t e d In V i v o B i o a s s a y s 

T h i s s t a g e of e v a l u a t i o n employs t e s t s t h a t 
w i l l p r o v i d e f u r t h e r e v i d e n c e o f p o t e n t i a l h a z a r d 
o f c h e m i c a l s p o s i t i v e f o r g e n o t o x i c i t y w i t h o u t the 
n e c e s s i t y o f u n d e r t a k i n g c h r o n i c b i o a s s a y . 

A number of t e s t s f o r i n v i v o g e n o t o x i c i t y 
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have been d e v e l o p e d ; these i n c l u d e the dominant 
l e t h a l t e s t , s p e c i f i c l o c u s t e s t , h e r i t a b l e t r a n s 
l o c a t i o n t e s t , h o s t - m e d i a t e d m u t a g e n i c i t y , chromo
somal damage, t e s t i c u l a r DNA s y n t h e s i s i n h i b i t i o n , 
sebaceous g l a n d s u p p r e s s i o n and DNA f r a g m e n t a t i o n 
o r r e p a i r i n v a r i o u s o r g a n s . A c h e m i c a l t h a t i s 
n e g a t i v e i n a l l the i n v i t r o g e n o t o x i c i t y t e s t s 
i s u n l i k e l y t o be p o s i t i v e i n any one o f these i n 
v i v o t e s t s , w i t h p o s s i b l e e x c e p t i o n o f c h e m i c a l s 
a c t i v a t e d t o g e n o t o x i c m e t a b o l i t e s by h o s t b a c t e r 
i a . T h e r e f o r e , a t p r e s e n t , l i t t l e b a s i s e x i s t s f o r 
recommending one of t h e s e . F u r t h e r m o r e , a p o s i 
t i v e r e s u l t i n one o f these i n v i v o t e s t s would 
not be c o n c l u s i v e e v i d e n c e o f c a r c i n o g e n i c i t y and, 
thus, would s e r v e o n l y as a f u r t h e r i n d i c a t i o n o f 
the need f o r c h r o n i c b i o a s s a y , which. as d i s 
c u s s e d , i s a l r e a d y the o n l y r e c o u r s e f o r s u s p e c t 
c h e m i c a l s t h a t a r e n e g a t i v e i n the i n v i t r o t e s t s . 
Such i n v i v o t e s t s t h e r e f o r e s e r v e p r i m a r i l y t o 
e s t a b l i s h p r i o r i t i e s f o r c h r o n i c b i o a s s a y o f chem
i c a l s n e g a t i v e i n i n v i t r o t e s t s . 

Thus, a t t h i s s t a g e , the i n v i v o t e s t s recom
mended a r e those t h a t w i l l p r o v i d e d e f i n i t i v e e v i 
dence of c a r c i n o g e n i c i t y , i n c l u d i n g c o c a r c i n o g e n -
i c i t y and p r o m o t i o n , i n a r e l a t i v e l y s h o r t p e r i o d 
( i . e . 30 weeks o r l e s s ) . U n l i k e the i n v i t r o 
t e s t s , t h e se a r e not a p p l i e d as a b a t t e r y , b u t 
r a t h e r used s e l e c t i v e l y a c c o r d i n g t o the i n f o r m a 
t i o n a v a i l a b l e on the c h e m i c a l . These t e s t s which 
have been d e s c r i b e d i n d e t a i l by W i l l i a m s and 
We i s b u r g e r (28) i n c l u d e 

1. S k i n tumor i n d u c t i o n i n mice. 
2. Pulmonary tumor i n d u c t i o n i n mice 
3. B r e a s t c a n c e r i n d u c t i o n i n female Sprague 

Dawley r a t s 
4. A l t e r e d f o c i i n d u c t i o n i n r o d e n t l i v e r 
Each o f th e s e t e s t s can be completed i n 20-40 

weeks and t h e r e f o r e p r o v i d e a r e l a t i v e l y r a p i d 
means o f a s s e s s i n g c a r c i n o g e n i c i t y . 

The c l a s s e s o f compounds a c t i v e i n l i m i t e d i n 
v i v o b i o a s s a y s a r e shown i n T a b l e 6. 

L i m i t e d i n v i v o b i o a s a y s a r e recommended f o r 
s u b s t a n c e s which y i e l d e q u i v o c a l r e s u l t s i n the 
b a t t e r y o f s h o r t - t e r m t e s t s o r those p o s i t i v e , but 
of such major economic s i g n i f i c a n c e t h a t f u r t h e r 
c o n f i r m a t i o n i s d e s i r e d . A l s o , i n the absence o f 
g e n o t o x i c i t y , i t i s p o s s i b l e t o t e s t f o r p r o m o t i n g 
a c t i v i t y on mouse s k i n i n i t i a t e d w i t h s m a l l doses 
o f , f o r example, b e n z o ( a ) p y r e n e o r 7 , 1 2 - d i m e t h y l -
b e n z o ( a ) a n t h r a c e n e . A m a t e r i a l e x h i b i t i n g 
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T a b l e V I . C a r c i n o g e n s A c t i v e i n L i m i t e d 
In V i v o B i o a s s a y s 

1. S k i n Tumors i n Mice 
A. As Complete C a r c i n o g e n s 

P o l y c y c l i c a r o m a t i c and h e t e r o c y c l i c 
h y d r o c a r b o n s 

D i r e c t a c t i n g a l k y l a t i n g agents 
A l k y l n i t r o s o u r e a s 

B. As I n i t i a t o r s w i t h a Promoter 
P o l y c y c l i c a r o m a t i c h y d r o c a r b o n s 
C e r t a i n A r y l a m i n e s 
Carbamic a c i d e s t e r s , U r e t h a n e 

C. As Promoters or C o c a r c i n o g e n s 
w i t h I n i t i a t i o n 

P h o r b o l e s t e r s 
A n t h r a l i n 
C a t e c h o l 

2. Pulmonary Tumors i n Mice 
P o l y c y c l i c a r o m a t i c h y d r o c a r b o n s 
Carbamic a c i d e s t e r s and N - a l k y l a t e d 
c a r b a m a t e s - u r e t h a n 

A l k y l n i t r o s a m i d e s and a l k y l n i t r o s a m i n e s 
A l k y l a t i n g a g e n t s 
A z i r i d i n e s 
H y d r a z i n e s 
A r y l a m i n e s (poor) 

3. B r e a s t Cancer i n Female Sprague-Dawley Rats 
P o l y c y c l i c a r o m a t i c h y d r o c a r b o n s 
A r y l a m i n e s 
A l k y l n i t r o s o u r e a s 

4. A l t e r e d F o c i i n Rodent L i v e r 
A. Rats 

P o l y c y c l i c a r o m a t i c h y d r o c a r b o n s 
A r y l a m i n e s , c e r t a i n aminoazo dyes, 
h e t e r o c y c l i c amines 

N i t r o s a m i n e s 
U r e t h a n 
E t h i o n i n e 
A f l a t o x i n 
S a f r o l e 

B. Mice 
S a f r o l e 

C. Hamsters 
N i t r o s a m i n e s 
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e n d o c r i n e p r o p e r t i e s l i k e w i s e may show an e f f e c t 
i n m o d i f y i n g b r e a s t c a n c e r i n d u c t i o n i n a n i m a l s 
g i v e n l i m i t e d amounts o f m e t h y l n i t r o s o u r e a as an 
i n i t i a t i n g dose. S i m i l a r l y , promoters o f u r i n a r y 
b l a d d e r c a n c e r may be v i s u l i z e d by p r e t r e a t m e n t 
w i t h l i m i t e d amounts of a g e n o t o x i c b l a d d e r 
c a r c i n o g e n . 

Summary o f l i m i t e d i n v i v o b i o a s s a y s 

The d e t e c t i o n o f two p o s i t i v e r e s u l t s , one i n 
a b a t t e r y of r a p i d i n v i t r o b i o a s s a y t e s t s r e l i 
a b l y i n d i c a t i n g g e n o t o x i c i t y and a d e f i n i t e p o s i 
t i v e r e s u l t i n the l i m i t e d i n v i v o b i o a s s a y s , 
makes a s u b s t a n c e h i g h l y s u s p e c t as a 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 t o humans. T h i s i s t r u e e s p e c i 
a l l y i f the r e s u l t s were o b t a i n e d w i t h moderate 
dosages and more so i f t h e r e was e v i d e n c e of a 
good dose r e s p o n s e , p a r t i c u l a r l y as r e g a r d s the 
m u l t i p l i c i t y o f the l u n g o r mammary g l a n d tumors. 

Proven a c t i v i t y i n more than one o f the l i m i 
t e d i n v i v o b i o a s s a y s may be c o n s i d e r e d u n e q u i v o 
c a l q u a l i t a t i v e e v i d e n c e o f c a r c i n o g e n i c i t y . 

D. C h r o n i c B i o a s s a y 

C h r o n i c b i o a s s a y i s used i n the d e c i s i o n 
p o i n t approach as a l a s t r e s o r t f o r c o n f i r m i n g 
q u e s t i o n a b l e r e s u l t s i n the more l i m i t e d t e s t i n g 
o r i n the case o f compounds t h a t ar e n e g a t i v e i n 
the p r e c e d i n g s t a g e s o f t e s t i n g , but where e x t e n 
s i v e human exposure i s l i k e l y , the development o f 
d a t a on p o s s i b l e c a r c i n o g e n i c i t y through e p i g e n e t 
i c mechanisms. In the l a t t e r s i t u a t i o n , m u l t i -
s p e c i e s and dose r e s p o n s e d a t a are i m p o r t a n t . 

The c o n d u c t of c h r o n i c b i o a s s a y has been des
c r i b e d i n a number of review a r t i c l e s (61-63). 

Ε. F i n a l E v a l u a t i o n 

I f the d e c i s i o n p o i n t approach has l e d t o 
c h r o n i c b i o a s s a y s , then f a i r l y d e f i n i t i v e d a t a on 
c a r c i n o g e n i c i t y would be o b t a i n e d . N e v e r t h e l e s s , 
the r e s u l t s o f the i n v i t r o s h o r t - t e r m t e s t s a r e 
c o n s i d e r e d f o r e v a l u a t i o n o f p o s s i b l e mechanisms 
of a c t i o n and r i s k e x t r a p o l a t i o n t o humans. Con
v i n c i n g p o s i t i v e r e s u l t s i n the i n v i t r o t e s t s 
c o u p l e d w i t h documented i n v i v o c a r c i n o g e n i c i t y 
p e r m i t s c l a s s i f i c a t i o n o f the c h e m i c a l as a geno
t o x i c c a r c i n o g e n . I t would, t h e r e f o r e , be a n t i c i -
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p a t e d t h a t the c h e m i c a l c o u l d d i s p l a y the p r o p e r 
t i e s c h a r a c t e r i s t i c o f such c a r c i n o g e n s which i n 
c l u d e the a b i l i t y under some c i r c u m s t a n c e t o be 
e f f e c t i v e as a s i n g l e dose c u m u l a t i v e e f f e c t s , 
and s y n e r g i s m o r a t l e a s t a d d i t i v e e f f e c t s w i t h 
o t h e r g e n o t o x i c c a r c i n o g e n s . G e n o t o x i c c a r c i n o 
gens, t h e r e f o r e , r e p r e s e n t c l e a r q u a l i t a t i v e haz
a r d s t o humans and the l e v e l o f exposure p e r m i t t e d 
must be r i g o r o u s l y e v a l u a t e d and c o n t r o l l e d . 
A l o n g those l i n e s , no d i s t i n c t i o n s h o u l d be made 
between n a t u r a l l y o c c u r r i n g and s y n t h e t i c c a r c i n o 
gens. I n f a c t , t h e r e i s growing e v i d e n c e t h a t the 
m a j o r i t y o f human c a n c e r s stem from exposure t o 
the former t y p e s o f a g e n t s ( 6 4 ). 

I f , on the o t h e r hand, no c o n v i n c i n g e v i d e n c e 
f o r g e n o t o x i c i t y i s o b t a i n e d , but the c h e m i c a l i s 
c a r c i n o g e n i c i n a n i m a l b i o a s s a y s , then the p o s s i 
b i l i t y e x i s t s t h a t the c h e m i c a l i s an e p i g e n e t i c 
c a r c i n o g e n . The s t r e g n t h o f t h i s c o n c l u s i o n de
pends upon the r e l e v a n c e o f the i n v i t r o t e s t s . 
F o r example, the f i n d i n g t h a t c e r t a i n s t a b l e o r 
g a n o c h l o r i n e p e s t i c i d e s do not d i s p l a y g e n o t o x i c 
e f f e c t s i n l i v e r c e l l systems which a r e i d e n t i c a l 
t o the i n v i v o t a r g e t c e l l f o r t h e s e c a r c i n o g e n s , 
s t r o n g l y s u p p o r t s the i n t e r p r e t a t i o n t h a t t h e s e 
c a r c i n o g e n s may a c t by e p i g e n e t i c mechanisms. The 
n a t u r e o f t h e s e mechanisms i s p o o r l y u n d e r s t o o d a t 
p r e s e n t and i s p r o b a b l y q u i t e d i f f e r e n t f o r d i f 
f e r e n t c l a s s e s o f c a r c i n o g e n s . They may i n v o l v e 
c h r o n i c t i s s u e i n j u r y immunosuppressive e f f e c t s , 
hormonal i m b a l a n c e s , b l o c k s i n d i f f e r e n t i a t i o n , 
p r o m o t i o n o f p r e - e x i s t i n g a l t e r e d c e l l s , o r p r o c 
e s s e s not y e t known. R e g a r d l e s s , most types o f 
e p i g e n e t i c c a r c i n o g e n s s h a r e the c h a r a c t e r i s t i c o f 
b e i n g a c t i v e o n l y a t h i g h , s u s t a i n e d d o s e s , and up 
t o a c e r t a i n p o i n t , the l e s i o n i n d u c e d may be r e 
v e r s i b l e . Thus, t h e s e t y p e s o f c a r c i n o g e n s may 
r e p r e s e n t o n l y q u a n t i t a t i v e h a z a r d s to humans and 
s a f e l e v e l s o f exposure may be e s t a b l i s h e d by 
c a r r y i n g o ut p r o p e r p h a r m a c o l o g i c dose r e s p o n s e 
s t u d i e s . 

Q u a n t i t a t i v e A s p e c t s 

A number o f d i s t i n c t types o f c a r c i n o g e n s and 
mutagens d i f f e r i n g i n c h e m i c a l s t r u c t u r e a r e w e l l 
r e c o g n i z e d . These agents d i f f e r from each o t h e r 
as to e f f e c t i v e n e s s and t a r g e t organ a f f e c t e d i n 
c a n c e r c a u s a t i o n i n humans and i n a n i m a l models. 
In many c a s e s , such d i f f e r e n c e s a r e now u n d e r s t o o d 
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as a f u n c t i o n o f b i o c h e m i c a l a c t i v a t i o n l e a d i n g t o 
the u l t i m a t e c a r c i n o g e n or mutagen,in c o n t r a s t t o 
d e t o x i f i c a t i o n p r o d u c t s . F o r example, b e n z o ( a ) -
pyrene i s a much more p o w e r f u l c a r c i n o g e n than 
b e n z o ( a ) a n t h r a c e n e , 2 - f l u o r e n e a m i n e i s more a c t i v e 
than 4 - b i p h e n y l a m i n e , and s h o r t c h a i n l e n g t h a l i 
p h a t i c n i t r o s a m i n e s are more a c t i v e than l o n g 
c h a i n l e n g t h compounds. Because of d i s t i n c t 
r a t i o s o f a c t i v a t i o n o v e r d e t o x i f i c a t i o n m e t a b o l 
i t e s o b t a i n e d i n v i t r o compared t o i n v i v o , t h e s e 
q u a l i t a t i v e and q u a n t i t a t i v e 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 do not always h o l d i n s t u d i e s i n 
v o l v i n g i n v i t r o e f f e c t s such as m u t a g e n i c i t y 
a s s a y s . In p a r t i c u l a r , most o f the b i o c h e m i c a l 
a c t i v a t i o n systems used t o c o n v e r t promutagens t o 
the a c t i v e m e t a b o l i t e a r e d e f i c i e n t i n d e t o x i f i c a 
t i o n a b i l i t y , thus a c c o u n t i n g i n p a r t f o r the l a c k 
o f c o r r e l a t i o n i n s p e c i f i c i n s t a n c e s (6_5). 

The p r i m a r y o b j e c t i v e of m u t a g e n i c i t y and 
c a r c i n o g e n i c i t y t e s t i n g i s t o p r o v i d e a r e l i a b l e , 
sound d a t a base f o r r i s k assessment o f e n v i r o n 
mental c h e m i c a l s and s i t u a t i o n s w i t h r e s p e c t t o 
s o m a t i c c e l l e f f e c t s such as n e o p l a s t i c d i s e a s e o r 
germ c e l l e f f e c t s such as g e n e t i c d i s e a s e s . Thus, 
the t e s t i n g a pproach d e s c r i b e d s h o u l d be used i n a 
manner such t h a t d a t a a r e g e n e r a t e d which can i n 
deed be used f o r o b j e c t i v e d e f i n i t i o n o f p o t e n t i a l 
a d v e r s e e f f e c t s . T h i s a s p e c t n e c e s s a r i l y needs t o 
c o n s i d e r q u a n t i t a t i v e p o t e n c y , i n a d d i t i o n t o the 
q u a l i t a t i v e yes o r no answers. I t i s q u i t e e v i 
dent t h a t the p r o t e c t i v e measures needed f o r the 
l i v e r c a r c i n o g e n a f l a t o x i n Bj^ ( a c t i v e a t 1 ppb) 
a r e d i s t i n c t from those r e q u i r e d f o r the l i v e r 
c a r c i n o g e n s s a f r o l e ( a c t i v e a t 2000 ppm) o r a c e t a -
mide ( a c t i v e a t 12,500 ppm). The same i s t r u e 
even f o r the complex en v i r o n m e n t i n which the gen
e r a l p u b l i c , as w e l l as s p e c i f i c o c c u p a t i o n a l 
groups, i s exposed t o v a r i e d e n v i r o n m e n t a l i n f l u 
ences and h a z a r d s . I t i s beyond the scope o f t h i s 
r e v i e w d e a l i n g w i t h the r o l e o f g e n e t i c t o x i c o l o g y 
i n c a r c i n o g e n and mutagen t e s t i n g t o r e v i e w i n de
t a i l the q u a n t i t a t i v e a s p e c t s o f t h i s f i e l d . 
N e v e r t h e l e s s , i t can be s t a t e d t h a t the c u r r e n t 
m a t h e m a t i c a l e v a l u a t i o n s o f dose r e s p o n s e s t u d i e s 
have been based on v e r y few c a r e f u l l y c o n d u c t e d 
a n i m a l b i o a s s a y s . In f a c t , a l a r g e number o f 
m a t h e m a t i c a l models have been based on a s i n g l e 
e x p e r i m e n t a l s e r i e s i n v o l v i n g subcutaneous i n j e c 
t i o n o f p o l y c y c l i c a r o m a t i c h y d r o c a r b o n s , which 
because o f t h e i r r e l a t i v e i n s o l u b i l i t y , and slow 
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a b s o r p t i o n from the i n j e c t i o n s i t e , e x h i b i t a much 
br o a d e r dose r e s p o n s e c u r v e ( a c t i v e o v e r 3-5 l o g 
u n i t s ) than r a p i d l y a b s o r b e d a g e n ts such as a r o 
m a t i c amines o r n i t r o s a m i n e s . F o r example, even 
w i t h the p o w e r f u l l y c a r c i n o g e n i c N 2 - f l u o r e n y l -
a c etamide, a l o w e r i n g o f the dose by o n l y one l o g 
u n i t , t h a t i s a f a c t o r o f 10, c o n v e r t s a v e r y pow
e r f u l c a r c i n o g i c s t i m u l u s (200 ppm) to a v i r t u a l 
l y i n a c t i v e dose r a t e (20 ppm). On a l a r g e r 
s c a l e , i n the ca s e o f c i g a r e t t e smoke, an i n d i v i d 
u a l smoking 40 s t a n d a r d c i g a r e t t e s p e r day has a 
f a i r l y h i g h r i s k o f d i s e a s e , whereas 4 c i g a r e t t e s 
p e r day would be a m i n i m a l r i s k . T h i s a g a i n i s 
o n l y a f a c t o r o f 10. Thus, q u a n t i t a t i v e a s p e c t s 
a r e most i m p o r t a n t i f the g o a l o f r i s k e l i m i n a t i o n 
and thus d i s e a s e p r e v e n t i o n i s t o be approached i n 
a r e a l i s t i c manner. 

In summary, the d e c i s i o n p o i n t approach p r o 
v i d e s a framework f o r s y s t e m a t i c e v a l u a t i o n o f the 
p o t e n t i a l h a z a r d s of c h e m i c a l s , which i n d i c a t e s 
the need f o r and can be i n t e g r a t e d w i t h o t h e r e l e 
ments i n t o x i c i t y t e s t i n g (66). I t i s d e s i g n e d t o 
y i e l d a s t e p w i s e p r o g r e s s i o n o f d a t a a c q u i s i t i o n . 
An e v a l u a t i o n c a r e f u l l y c o nducted o f t h i s system
a t i c program s h o u l d p r o v i d e s e q u e n t i a l l y a q u a l i 
t a t i v e and a s e m i - q u a n t i t a t i v e d a t a base, which 
need not n e c e s s a r i l y t e r m i n a t e i n an e x p e n s i v e and 
e x t e n s i v e l o n g - t e r m b i o a s s a y , and which p r o v i d e s 
an e f f e c t i v e t o o l f o r the p r o t e c t i o n o f the pub
l i c a g a i n s t e n v i r o n m e n t a l c a n c e r and mutagenic 
r i s k s . 
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7 
Pesticides: Mutagenic and Carcinogenic Potential 

MICHAEL D. WATERS and STEPHEN NESNOW—Genetic Toxicology Division, 
Health Effects Research Laboratory, U.S. Environmental Protection Agency, 
Research Triangle Park, NC 27711 
VINCENT F. SIMMON1, ANN D. MITCHELL, and TED A. JORGENSON— 
SRI International, Menlo Park, CA 94025 
RUBY VALENCIA2—WARF Institute, Inc., Madison, WI 53704 

In recent years, major advances have been made in the 
methodology of evaluating chemical compounds for their mutagenic 
and carcinogenic potential. By correlating genetic and related 
effects in short-term studies with mutagenic and carcinogenic 
effects in whole animals, these tests can also be used to screen 
chemicals for mutagenic as well as presumptive carcinogenic 
activity. 

There are three major classes of genetic damage: gene or 
point mutation, chromosomal alteration, and primary DΝΑ damage 
that can be detected by short-term bioassays. 

Alterations affecting single genes are termed point 
mutations. This category includes base pair substitutions and 
frame-shift mutations, in addition to other small deletions and 
insertions. For point mutations, the in vitro test systems are 
forward and reverse mutation assays in bacteria (1,2,3,), 
yeast (4), fungi (5), and mammalian cell cultures (6-1T), 

Metabolic activation has been incorporated into most short-
term in vitro assays, usually by use of a mammalian liver 
microsomal preparation. Some genotoxicants have to be converted 
into reactive forms before producing observable effects. 
Metabolism by oxidative enzymes and formation of electrophilic 
metabolites that bind covalently to deoxyribonucleic acid (DNA) 

(12,13) are the presumed mechanisms for most genetic activity. 
Gene mutagens may be screened in short-term in vivo assays 

1 Current address: Genex Laboratories, Rockville, MD 20852. 
2 Current address: Zoology Department, University of Wisconsin, Madison, WI 

53706. 
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i n c l u d i n g t e s t s in i n s e c t s , p l a n t s , and mammals, t h e most 
u t i l i z e d being t h e s e x - l i n k e d r e c e s s i v e l e t h a l t e s t in the f r u i t 
f I y D r o s o p h i l a melanoqaster (14) · A few s h o r t - t e r m assays f o r 
gene mutation in rodents a r e a v a i l a b l e . One o f t h e s e , t h e " s p o t 
t e s t " in mice, has r e c e n t l y been d e s c r i b e d ( 1J> ). U n f o r t u n a t e l y , 
t h i s t e s t d e t e c t s somatic r a t h e r than germinal m u t a t i o n s . 

Chromosomal a l t e r a t i o n s r e f e r t o changes in number and 
s t r u c t u r e of chromosomes. They may i n v o l v e l o s s o r g a i n of 
e n t i r e chromosomes, chromosome br e a k s , n o n d i s j u n c t i o n s , and 
t r a n s l o c a t i o n s . These a b n o r m a l i t i e s a r e d e t e c t e d by s e a r c h i n g 
f o r chromosomal changes e i t h e r in somatic o r germinal c e l l s . 
When chromosomal a b e r r a t i o n s are observed in t h e germinal 
t i s s u e s of i n t a c t a n i m a l s , they produce important evidence as t o 
whether r e p r o d u c t i v e organs can be a f f e c t e d by the t e s t 
chemical (J6_). P o s i t i v e f i n d i n g s of s p e c i f i c gene mutations in in 
v i t r o t e s t s and of c h e m i c a l l y induced chromosomal damage in 
germinal t i s s u e s of rodents c o n s t i t u t e s t r o n g e v i d e nce f o r a 
c h e m i c a l ' s a b i l i t y t o produce h e r i t a b l e e f f e c t s . 

Assays of DNA damage and r e p a i r , r a t h e r than measuring 
mutation per s e , measure d i r e c t damage caused by a chemical t o 
t h e DNA and ensuing repa\r. D e t e c t i o n of DNA damage and r e p a i r 
can be accomplished w i t h b i o a s s a y s u s i n g b a c t e r i a l ( 18) p 

y e a s t ( 19 20) a n c j mammalian c e l l s (21»22) a n c j whole animals 
( ^ , 2 4 7 ^ ) 7 

The whole animal b i o a s s a y s t h a t d e t e c t DNA damage and 
r e p a i r in germinal t i s s u e s a r e v a l u a b l e in mutagenesis t e s t i n g 
t o i n d i c a t e p o t e n t i a l r e p r o d u c t i v e and h e r i t a b l e mutagenic 
e f f e c t s . 

C e r t a i n o t h e r s h o r t - t e r m t e s t s focus more s p e c i f i c a l l y on 
c a r c i n o g e n e s i s as an end p o i n t . The process by which normal 
c e l l s grown in c u l t u r e a r e converted i n t o m a l i g n a n t c e l l s a f t e r 
t r e a t m e n t w i t h a c a r c i n o g e n i s termed oncogenic c e l l u l a r 
t r a n s f o r m a t i o n . By i n j e c t i n g transformed c e l l s i n t o i n t a c t 
a n i m a l s , malignancy can be c o n f i r m e d . However, f o r purposes of 
s h o r t - t e r m b i o a s s a y , t h i s procedure i s not r e q u i s i t e . The most 
common means of d i s t i n g u i s h i n g transformed c e l l s in c u l t u r e i s 
a l t e r e d morphology and growth in agar. Several mammalian 
oncogenic t r a n s f o r m a t i o n b i o a s s a y s a r e a v a i l a b l e t h a t use c e l l s 
d e r i v e d from d i f f e r e n t rodent s p e c i e s (26,27,28,29). 

In t h e b i o l o g i c a l a n a l y s i s of an environmental c h e m i c a l , 
t h e f u n c t i o n of s h o r t - t e r m t e s t s i s p r e d i c t i v e — t h e y examine the 
p o t e n t i a l , in q u a l i t a t i v e terms, f o r producing c a r c i n o g e n e s i s , 
mutagenesis, and r e l a t e d t o x i c e f f e c t s . To a p p r o p r i a t e l y u t i l i z e 
t h i s c a p a c i t y of s h o r t - t e r m t e s t systems, i t i s necessary t o g a i n 
an understanding of the way t h e i r r e s u l t s r e l a t e t o c o r r e s p o n d i n g 
b i o l o g i c a l phenomena. 

Good c o r r e l a t i o n e x i s t s between t e s t r e s u l t s of p o i n t 
m u t a t i o n s in microorganisms and c a r c i n o g e n e s i s b i o a s s a y 
r e s u l t s (30-37). | n s t u d i e s in S a l m o n e l l a typhimurium and 
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Escherîchîa colî, f o r example, a range o f 80 t o 90 perce n t o f 
chemical c a r c i n o g e n s can cause in c r e a s e d mutation o r DNA 
damage (^,33,34,37,38) m \f n a s b e e n e s t a b l i s h e d t h a t most 
c a r c i n o g e n s a r e mutagenic in sh o r t - t e r m t e s t s , when a p p r o p r i a t e 
m e t a b o l i c a c t i v a t i o n i s i n c l u d e d . Given the inadequacies o f 
m e t a b o l i c a c t i v a t i o n systems and i n h e r e n t l i m i t a t i o n s in the 
i n d i c a t o r organisms themselves, however, no s i n g l e in v i t r o 
system can be u n i v e r s a l l y a p p l i e d . The f a c t t h a t the SaImonella 
mutagenesis assay f a i l s t o demonstrate m u t a g e n i c i t y in c e r t a i n 
c a r c i n o g e n i c halogenated o r g a n i c and m e t a l l i c compounds(j4) 
should a d v i s e c a u t i o n in using the Ames t e s t a l o n e f o r s c r e e n i n g . 

The p o t e n t i a l f o r g e n e t i c e f f e c t s t o show up in l a t e r 
g e n e r a t i o n s i s the main concern in mutagenesis t e s t i n g . Even i f 
i t i s s e v e r a l g e n e r a t i o n s b e f o r e a t r a i t appears, t h e g e n e t i c 
burden t o the o f f s p r i n g of the exposed p o p u l a t i o n i s i n c r e a s e d . 
For measuring m u t a t i o n a l e f f e c t s in germinal t i s s u e s , the t e s t 
r e q u i r e s an i n t a c t a n i m a l , such as D r o s o p h i l a o r r o d e n t s . 

The changes produced by environmental mutagens in chromosomal 
germ c e l l s t r u c t u r e s are i d e n t i c a l t o the a b e r r a t i o n s in somatic 
c e l l s produced by these same compounds Q2J*Q)* Somatic c e l l 
damage i s not t r a n s m i t t e d t o o f f s p r i n g , but suggests a t l e a s t a 
p o t e n t i a l f o r h e r i t a b l e e f f e c t s . 

In programs designed t o e v a l u a t e l a r g e numbers o f p o t e n t i a l l y 
hazardous environmental agents, i n e x p e n s i v e s h o r t - t e r m b i o a s s a y s 
a r e u s e f u l t o s e t p r i o r i t i e s , t o be f o l l o w e d by long-term whole 
animal procedures, f o r more in-depth e v a l u a t i o n . Using t h e 
approach in b i o l o g i c a l t e s t i n g t h a t proceeds from s i m p l e 
s h o r t - t e r m d e t e c t i o n systems t o long-term whole animal b i o a s s a y s 
i n s e q u e n t i a l s t e p s o r " t i e r s " decreases the number o f substances 
r e q u i r i n g complete e v a l u a t i o n , and i s , t h u s , most c o s t - e f f e c t i v e . 
S e v e r a l v a r i a t i o n s of t h i s " t i e r e d " approach a r e d i s c u s s e d in the 
l i t e r a t u r e o f c a r c i n o g e n i c i t y t e s t i n g (41,42) w | f h concensus on 
key p o i n t s o f emphasis in the e v a l u a t i o n p r o c e s s : d e t e c t i o n a t 
th e f i r s t t i e r , c o n f i r m a t i o n a t the second t i e r , and r i s k 
assessment a t the t h i r d t i e r (43,44) m 

In m u t a g e n i c i t y t e s t i n g where s e v e r a l k i n d s o f g e n e t i c damage 
must be e v a l u a t e d , a " b a t t e r y " of t e s t s i s recommended. The 
b a t t e r y should i n c l u d e t e s t s f o r p o i n t o r gene m u t a t i o n s , 
chromosomal e f f e c t s , and primary damage t o DNA. I d e a l l y , t e s t s 
f o r g e n e t i c damage in germinal c e l l s a r e i n c l u d e d as w e l l . The 
simultaneous performance of such a b a t t e r y o f t e s t s i s not as c o s t 
e f f e c t i v e as one would d e s i r e . 

The phased approach recommended by the a u t h o r s (45,46 y47) 
combines the t i e r e d approach t o c a r c i n o g e n i c i t y t e s t i n g and the 
" b a t t e r y " approach t o m u t a g e n i c i t y t e s t i n g (48>49) | n o n e u s e f u | 
framework, a t h r e e - l e v e l t e s t m a t r i x which o r g a n i z e s g e n e t i c and 
r e l a t e d b i o a s s a y s a c c o r d i n g t o : (1) end p o i n t examined and 
degree o f s e l e c t i v i t y of t e s t , (2) s e n s i t i v i t y and s t a t i s t i c a l 
power of t e s t ( p o t e n t i a l number of respondents per t o t a l number 
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t r e a t e d ) , and (3) c o m p l e x i t y and c o s t of t e s t . Phase 1 i s t h e 
d e t e c t i o n group. Phase 2 c o n f i r m s o r r e f u t e s r e s u l t s i n Phase 1, 
and i t s t e s t s are g e n e r a l l y more expensive and complex. Phase 3, 
hazard o r r i s k assessment, has the g r e a t e s t r e l e v a n c e f o r humans. 

F i g u r e 1 i l l u s t r a t e s t he phased approach, showing t h e t h r e e 
s t e p m a t r i x w i t h a b a t t e r y of t e s t s a t each s t e p . Some of the s e 
t e s t s a p p l y t o mutagenesis o n l y , w h i l e o t h e r s a p p l y t o 
c a r c i n o g e n e s i s o n l y . However, c e r t a i n t e s t s have a broad enough 
da t a base t o permit c o r r e l a t i o n of r e s u l t s w i t h e i t h e r mutagenesis 
o r c a r c i n o g e n e s i s . The Phase 1 t e s t b a t t e r y emphasizes d e t e c t i o n 
o f p o i n t m u tations and primary DNA damage in m i c r o b i a l s p e c i e s , 
and d e t e c t i o n of chromosomal changes in mammalian c e l l s ( i n v i v o 
exposure p r e f e r r e d ) . The Phase 2 b a t t e r y uses more narrow and 
d e f i n i t i v e g e n e t i c and r e l a t e d b i o a s s a y s of co r r e s p o n d i n g end-
p o i n t s in mammalian c e l l s in c u l t u r e , p l a n t s , i n s e c t s , and mammals 

E F F E C T B E I N G T E S T E D -

P H A S E O N E : 
( D E T E C T I O N ) 

M U T A G E N E S I S M U T A G E N E S I S / C A R C I N O G E N E S I S C A R C I N O G E N E S I S 

» M I C R O O R G A N I S M S ( + A C T I V A T I O N ) 

P O I N T M U T A T I O N S 

P H A S E T W O : 
( V E R I F I C A T I O N ) 

P H A S E T H R E E 
( R I S K A S S E S S M E N T ) 

• M A M M A L I A N C E L L S 
C H R O M O S O M A L E F F E C T S 

P R I M A R Y D N A D A M A G E 

• I N S E C T S A N D P L A N T S 
G E N E M U T A T I O N S 

• R O D E N T S 
G E N E M U T A T I O N S 
C H R O M O S O M A L E F F E C T S 

• R O D E N T S 
G E N E M U T A T I O N S 
C H R O M O S O M A L E F F E C T S 

• M A M M A L I A N C E L L S ( + A C T I V A T I O N ) 
G E N E M U T A T I O N S 
P R I M A R Y D N A D A M A G E 

• M A M M A L I A N C E L L S ( + A C T I V A T I O N ) 
O N C O G E N I C T R A N S F O R M A T I O N 

I N I T I A T I O N / P R O M O T I O N 

• R O D E N T S 
C A R C I N O G E N E S I S B I O A S S A Y 
( S K I N ) 

• R O D E N T S A N D O T H E R A N I M A L S 
C A R C I N O G E N E S I S B I O A S S A Y 

• C O R E B A T T E R Y T E S T « T E S T O R G A N I S M 

Figure 1. A phased approach for evaluating mutagenesis and presumptive carcino
genesis of environmental chemicals 
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t o v e r i f y r e s u l t s of Phase 1. In a d d i t i o n , Phase 2 b i o a s s a y s 
c o n t a i n t e s t s f o r m u t a g e n i c i t y as w e l l as c a r c i n o g e n i c i t y . Phase 
3 t e s t i n g concerns q u a n t i t a t i v e hazard assessment and i n c l u d e s 
a p p r o p r i a t e whole animal b i o a s s a y s . Thus, t h e p u r s u i t o f p o s i t i v e 
responses from Phase 1 c o n t i n u e s t i e r - w i s e through t e s t s i n v o l v i n g 
s i m i l a r end p o i n t s in Phases 2 and 3, w i t h g r e a t e r focus and 
r e l e v a n c e a t each s t a g e . 

The s p e c i a l v a l u e of the "co r e b a t t e r y " of s h o r t - t e r m t e s t s i s 
i t s a b i l i t y t o d e l i n e a t e a probable n e g a t i v e r e s u l t f o r 
m u t a g e n i c i t y and presumptive c a r c i n o g e n i c i t y . Included in t h i s 
b a t t e r y a r e t e s t s f o r p o i n t mutation in microorganisms and gene 
mu t a t i o n in mammalian c e l l c u l t u r e s ; a t e s t ( p r e f e r a b l y i n v i v o ) 
f o r chromosomal a l t e r a t i o n s ; a t e s t f o r primary damage t o DNA 
us i n g mammalian ( p r e f e r a b l y human) c e l l s i n c u l t u r e ; and an in 
v i t r o t e s t f o r oncogenic t r a n s f o r m a t i o n . T h i s b a t t e r y , s e l e c t e d 
from Phase 1 and Phase 2 t e s t s , c o n t a i n s t h e most e s s e n t i a l 
s h o r t - t e r m t e s t s i n the phased e v a l u a t i o n system. 

Expérimenta I Methods 

P e s t i c i d e s used f o r these s t u d i e s were procured from the 
manufacturers by B a t t e l l e Memorial L a b o r a t o r i e s , Columbus, Ohio, 
and the EPA O f f i c e o f P e s t i c i d e Programs, Washington, D.C. The 
q u a l i t y o f each chemical was a t e c h n i c a l grade o r i t s e q u i v a l e n t . 
I n f o r m a t i o n about m a n u f a c t u r e r s , l o t numbers, and p u r i t y o f th e s e 
compounds may be ob t a i n e d from the f i r s t a u t h o r . D e s c r i p t i o n s o f 
th e experiments and the numerical data from Phase 1 and Phase 2 
assa y s a r e a v a i l a b l e in c o n t r a c t r e p o r t s ( 5 0 , 5 1 # 5 2 ^ 5 3 ) m 

Q u a l i t a t i v e r e s u l t s a r e r e p o r t e d in t h e remainder o f the paper. 
Oncogenic t r a n s f o r m a t i o n assays were performed a c c o r d i n g t o the 
procedures o f Reznîkoff e t a l ( 2 7 , 2 8 ) β 

For a l l compounds, the f o l lowing" in v i t r o procedures were 
employed. The t e s t s a r e des i g n a t e d in subsequent t a b l e s by the 
a b b r e v i a t i o n s shown in parentheses. 

(1) Reverse mutation in Sa ImoneI I a t y p h i mur i urn s t r a i n s 
TA1535, TA1537, TA1538, and TA100 (Ames). 

(2) Reverse mutation in E s c h e r i c h i a c o l i WP2 (uvrA~) (WP2). 
(3) M i t o t i c r e c o m b i n a t i o n in the y e a s t Saccharomyces 

c e r e v i s i a e D3 (D3). 
(4) D i f f e r e n t i a l t o x i c i t y assays in DNA r e p a i r - p r o f i c i e n t 

and d e f i c i e n t s t r a i n s of E. c o l i ( s t r a i n s W3110 and P3478, 
r e s p e c t i v e l y ) (POL A) and BacîI lus subtîI i s ( s t r a i n s H17 
and M45, r e s p e c t i v e l y ) (REG). 

(5) Unscheduled DNA s y n t h e s i s i n human f e t a l lung 
f i b r o b l a s t s (WI-38 c e l l s ) (UDS). 

(6) The D r o s o p h i l a melanogaster sex-1 inked r e c e s s i v e 
l e t h a l t e s t (DRL). 
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(7) The mouse dominant l e t h a l t e s t (MDL). 
(8) Oncogenic t r a n s f o r m a t i o n in C3H10T1/2CL8 c e l l s 

(OT). 

R e s u l t s 

The f i n d i n g s from a s e l e c t i o n of both Phase 1 d e t e c t i o n systems 
and Phase 2 c o n f i r m a t o r y b i o a s s a y s a r e summarized in Table 1. 

TABLE I 

P e s t i c i d e M u t a g e n e s i s / C a r c i n o g e n e s i s E v a l u a t i o n 

Summary of R e s u l t s 

Group A P r o b a b l e P o s i t i v e Chemicals ( 6 / 3 8 ) a 

P o s i t i v e f o r Point/Gene Mutation and DNA Damage 
in P r o - and/or E u k a r y o t i c Systems 

Group Β Low P r i o r i t y f o r F u r t h e r E v a l u a t i o n (6/38) 
P o s i t i v e Only f o r DNA Damage in P r o k a r y o t i c Systems 

Medium P r i o r i t y f o r F u r t h e r E v a l u a t i o n (5/38) 
P o s i t i v e Only f o r DNA Damage in E u k a r y o t i c Systems 

High P r i o r i t y f o r F u r t h e r E v a l u a t i o n (2/38) 
P o s i t i v e Only f o r Gene Mutation in I n s e c t s 

Group C P r o b a b l e N e g a t i v e Chemicals (19/38) 
N e g a t i v e in A l l T e s t s Performed 

aThe number in the parentheses r e p r e s e n t s the number of c h e m i c a l s 
found p o s i t i v e over the number e v a l u a t e d . 

They have been grouped i n t o t h r e e c l a s s e s : Group A, p e s t i c i d e s 
e l i c i t i n g a p o s i t i v e response in p o i n t o r gene mutation and DNA 
damage in p r o k a r y o t i c and e u k a r y o t i c systems; Group C, p e s t i c i d e s 
n e g a t i v e in a l l t e s t s ; and Group B, agents r e q u i r i n g f u r t h e r 
e v a l u a t i o n . Group Β has been d i v i d e d i n t o t h r e e subgroups: 
p e s t i c i d e s producing p o s i t i v e responses o n l y f o r gene mutations in 
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i n s e c t s ( h i g h p r i o r i t y f o r f u r t h e r e v a l u a t i o n ) ; p e s t i c i d e s 
i n d u c i n g p o s i t i v e responses o n l y f o r DNA damage in e u k a r y o t i c 
systems (medium p r i o r i t y f o r f u r t h e r e v a l u a t i o n ) ; and p e s t i c i d e s 
e v o k i n g p o s i t i v e responses o n l y f o r DNA damage in p r o k a r y o t i c 
systems (low p r i o r i t y f o r f u r t h e r e v a l u a t i o n ) . 

What c o n s t i t u t e s a p o s i t i v e response f o r t h e in v i t r o assays 
i s a r e p r o d u c i b l e , d o s e - r e l a t e d i n c r e a s e in the observed e f f e c t . 
For 19 of the 38 p e s t i c i d e s t e s t e d in t h e b i o a s s a y s (grouped i n 
Tab l e s l l l - V I ) , a mutagenic o r r e l a t e d e f f e c t was found. Of t h e 19, 
however, 11 were p o s i t i v e f o r primary damage t o DNA o n l y . 

Of t h e 19 p e s t i c i d e s grouped in Table I I , a l l were n e g a t i v e i n 
f i v e Phase I b i o a s s a y s and the Phase 2 bi o a s s a y s performed. These 
compounds i n c l u d e d i n s e c t i c i d e s ( I ) , f u n g i c i d e s ( F ) , and 
h e r b i c i d e s ( H ) . Malathîon, p a r a t h i o n , p e n t a c h I o r o n i t r o b e n z e n e 
(PCNB), and phorate were a l s o n e g a t i v e f o r h e r i t a b l e chromosomal 
e f f e c t s in the mouse dominant l e t h a l t e s t . The s i x compounds 
grouped in Table III t h a t were p o s i t i v e i n t h r e e o r more b i o a s s a y s 
were acephate, c a p t a n , demeton, f o l p e t , monocrotophos, and 
t r i c h l o r f o n . P o s i t i v e r e s u l t s were seen f o r demeton in a I I in 
v i t r o t e s t s i n Phase 1 and Phase 2. Fol pet and captan were 
p o s i t i v e in a l l Phase 1 and a l l Phase 2 in v i t r o assays except t h e 
t e s t f o r unscheduled DNA s y n t h e s i s in WI-38 c e l l s . T r i c h l o r f o n 
was p o s i t i v e i n a l l Phase 1 and Phase 2 in v i t r o t e s t s , w i t h t h e 
e x c l u s i o n o f r e l a t i v e t o x i c i t y t e s t s w i t h _E. c o l i and R. 
s u b t i l i s . 

Acephate and monocrotophos produced mutagenic e f f e c t s i n S.. 
typhimurium, an i n c r e a s e in m i t o t i c r e c o m b i n a t i o n in :S. c e r e v i s i a e 
D3 and unscheduled DNA s y n t h e s i s (UDS) in WI-38 c e l l s . Acephate 
and monocrotophos produced no e f f e c t s în JE. c o l i o r F3. subtî I i s 
r e l a t i v e t o x i c i t y a s s a y s . The n e g a t i v e f i n d i n g s f o r acephate, 
monocrotophos, and t r i c h l o r f o n in b a c t e r i a l r e l a t i v e t o x i c i t y 
a s s a y s may mean t h a t these p e s t i c i d e s d i d not d i f f u s e i n t o t he 
aga r . Both acephate and t r i c h l o r f o n were t e s t e d f o r oncogenic 
t r a n s f o r m a t i o n in C3HI0T1/2 CL8 c e l l s ; o n l y t h e l a t t e r was 
p o s i t i v e . 

The p e s t i c i d e s c h I o r p y r i f o s , 2,4-D a c i d , 2,4-DR a c i d , 
dicamba, d i n o s e b , and propaniI were p o s i t i v e i n the b a c t e r i a l 
r e l a t i v e t o x i c i t y assays ( p r o p a n i l in B. subtîI i s o n l y ) , but in 
a l l o t h e r a s s a y s , produced no a c t i v i t y ( T a b l e I V ) . Increased 
m i t o t i c r e c o m b i n a t i o n was induced by azinphos-methyI, c r o t o x y p h o s , 
c a c o d y l i c a c i d , and parathion-methyl in _S. c e r e v i s i a e D3; 
d i s u l f o t o n enhanced UDS in WI-38 c e l l s . As shown in Table V, 
however, t h e s e p e s t i c i d e s produced no o t h e r e f f e c t s . Bromacil 
and s i m a z i n e were p o s i t i v e o n l y in the Drosoph i I a s e x - l i n k e d 
r e c e s s i v e l e t h a l t e s t (Table V I ) . 

D i scuss ion 

There have been numerous p r o p o s a l s on methods of e v a l u a t i n g 
t h e mutagenic and presumptive c a r c i n o g e n i c hazards o f 
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TABLE I I 

P e s t i c i d e s Having a N e g a t i v e Response 
In S i x o r More G e n e t i c B i o a s s a y s t 

Group C 

Aspon ( I ) 

Carbofuran ( I ) 

Dîazînon ( I ) * 

DSMA (H) 

End r i n ( I ) * 

E t h i o n ( I ) * 

F e n s u I f o t h i o n ( I ) 

Fenthion ( I ) 

Fonofos ( I )* 

M a l a t h i o n (I)Φ 

MethomyI ( I ) 

Methoxychlor ( I ) 

Monuron (H) 

MSMA (H) 

P a r a t h i o n (I)Φ 

PCNB ( F ) t 

Phorate (I)Φ 

Siduron (H) 

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

t N e g a t i v e r e s u l t s in Ames, WP2, D3, POL A, REC, UDS, and DRL 
b i o a s s a y s ( I , i n s e c t i c i d e ; H, h e r b i c i d e ; F, f u n g i c i d e ) . 
*Not t e s t e d in DRL b i o a s s a y . 
ΦNegatîve r e s u l t in MDL b i o a s s a y . 
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environmental c h e m i c a l s (£1_,^,44,48,54,£5 f 56,57) β An e f f e c t i v e 
way of s e t t i n g p r i o r i t i e s f o r use of the whole animal t e s t i n g 
r e s o u r c e s i s o f f e r e d by s h o r t - t e r m t e s t s f o r g e n e t i c e f f e c t s . 
Whole animal t e s t i n g r e s o u r c e s are too l i m i t e d t o be a p p l i e d t o 
l a r g e numbers o f c h e m i c a l s and they a r e ex p e n s i v e and time 
consuming as w e l l . I t i s recommended t h a t c u r r e n t b i o a s s a y 
methodology be sy s t e m a t i z e d t o e v a l u a t e the many c h e m i c a l s now 
in use o r being developed. 

The a p p l i c a t i o n of a stepw i s e o r phased approach t o 
e v a l u a t i o n of m u t a g e n i c i t y and presumptive c a r c i n o g e n i c i t y o f 
p e s t i c i d e s d e s c r i b e d in t h i s paper has produced some i n t r i g u i n g 
r e s u l t s . There a r e a number of compounds t h a t g i v e a p o s i t i v e 
response in two t o f i v e Phase 1 d e t e c t i o n systems: acephate, 
c a p t a n , demeton, f o l p e t , monocrotophos, and t r i c h l o r f o n ( T a b l e 
I I I ) . These a l s o were p o s i t i v e in the Phase 2 in v i t r o t e s t o r in 
one o f the Phase 2 in v i v o t e s t s now completed. In a d d i t i o n , 
t r i c h l o r f o n was found p o s i t i v e in producing oncogenic 
t r a n s f o r m a t i o n of C3HI0TI/2 mouse embryo f i b r o b l a s t s ( 5 8 ) . T h i s 
compound i s being s t u d i e d in the c a r c i n o g e n e s i s b i o a s s a y program 
a t the N a t i o n a l Cancer I n s t i t u t e . 

In Phase 2 t e s t s f o r unscheduled DNA s y n t h e s i s i n WI-38 
c e l l s , a p o s i t i v e response w i t h d i s u l f o t o n was found. When 
examined in Phase 1 m i c r o b i a l t e s t s , t h i s compound had not been 
d e t e c t e d . P o s i t i v e responses were a l s o induced by bromacil and 
si m a z i n e in t h e Drosoph i I a s e x - l i n k e d r e c e s s i v e l e t h a l t e s t i n 
Phase 2. As th e s e r e s u l t s may r e p r e s e n t f a l s e n e g a t i v e s f o r the 
Phase 1 t e s t s , they a r e a matter f o r co n c e r n . Under o r d i n a r y 
c i r c u m s t a n c e s , t h e s e t h r e e p e s t i c i d e s would not have been 
e v a l u a t e d in Phase 2. Fu r t h e r t e s t i n g w i l l e x p l o r e the 
p o s s i b i l i t y o f f a l s e n e g a t i v e s and i f t h e r e i s a d d i t i o n a l 
e v i d e n c e , i t may be necessary t o modify t h e p r e s e n t Phase 1 t e s t 
b a t t e r y . 

There a re i n t e r e s t i n g s t r u c t u r a l s i m i l a r i t i e s observed w i t h i n 
groups o f p e s t i c i d e s which e x e r t s i m i l a r b i o l o g i c a l e f f e c t s . 
C aptan, f o l p e t , and t r i c h l o r f o n a l l c o n t a i n a t r i c h l o r o m e t h y I 
s u b s t i t u e n t and a I I were found t o be gene mutagens and t o damage 
DNA. Bromacil and s i m a z i n e , which were p o s i t i v e o n l y in t h e 
Drosoph i I a s e x - l i n k e d r e c e s s i v e l e t h a l t e s t , a r e r e l a t e d d i a z i n e 
and t r i a z i n e h e t e r o c y l i c s . However, minor changes in chemical 
s t r u c t u r e can a l s o a l t e r b i o l o g i c a l a c t i v i t y . Crotoxyphos, 
p o s i t i v e o n l y i n S. c e r e v i s i a e and monocrotophos, p o s i t i v e i n 
S. typhimurium, S. c e r e v i s i a e , and unscheduled DNA s y n t h e s i s i n 
WI-38 c e l l s d i f f e r o n l y in carbonyl s u b s t i t u e n t . These s t r u c t u r a l 
and b i o l o g i c a l r e l a t i o n s h i p s i n d i c a t e t h a t s t r u c t u r e - a c t i v i t y 
s t u d i e s may be u s e f u l in d e f i n i n g mechanisms o f a c t i o n of 
mutagenic o r c a r c i n o g e n i c p e s t i c i d e s and p o t e n t i a l l y i n t h e 
i d e n t i f i c a t i o n of hazardous environmental a g e n t s . 

P r e s e n t m u t a g e n i c i t y r e s u l t s a r e compared t o some a v a i l a b l e 
r e s u l t s from whole animal c a r c i n o g e n e s i s b i o a s s a y s in Table V I I . 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
00

7

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



TA
BL

E 
VI

1 

Co
mp

ar
is

on
 
of

 M
ut

ag
en

ic
it

y 
an

d 
Ca

rc
in

og
en

ic
it

y 
Re

su
lt

s 

Pe
st

ic
id

e 
Pr

es
en

t 
Mu

ta
ge

ni
ci

ty
 

Te
st

 
Re

su
lt

s 

NC
I 

or
 I

 A
RC

 
Ca

rc
in

og
en

ic
it

y 
Te

st
 

Re
su

It
s 

Az
in

ph
os

-m
et

hy
I 
(5

9)
* 

Ca
pt

an
 (

60
) 

Po
si

ti
ve
 
fo

r 
mi

to
ti

c 
re

co
mb

in
at

io
n 

in
 

ye
as

t.
 

Ne
ga

ti
ve
 i

n 
a 
I I

 o
th

er
 

te
st

s.
 

Po
si

ti
ve
 
in

 a
ll

 t
es

ts
 

ex
ce

pt
 
UD
S 

in
 h
um

an
 

ce
ll

s 
an

d 
th

e 
mo

us
e 

do
mi

na
nt

 
le

th
al

 
te

st
. 

Eq
ui

vo
ca

l 
ev

id
en

ce
 

of
 

po
si

ti
ve

 
re

sp
on

se
 

in
 
ma

le
 

Os
bo

rn
e-

Me
nd

el
 

ra
ts

. 
Ne

ga
ti

ve
 
in

 f
em

al
e 

Os
bo

rn
e-

Me
nd

el
 

ra
ts

 
an

d 
in

 B
6C

3F
1 

mi
ce

 
of

 
bo

th
 

se
xe

s.
**

 

Po
si

ti
ve
 
in

 B
6C

3F
1 

mi
ce
 o

f 
bo

th
 

se
xe

s.
 

Ne
ga

ti
ve
 i

n 
Os

bo
rn

e-
Me

nd
el

 
ra

ts
 o

f 
bo

th
 

se
xe

s.
**

 

Di
az

in
on
 (

61
) 

Ne
ga

ti
ve
 
in

 a
ll

 t
es

ts
. 

Ne
ga

ti
ve
 
in

 B
6C

F1
 
mi

ce
 

an
d 

in
 F
34

4 
ra

ts
 o

f 
bo

th
 

se
xe

s.
**

 

2,
4-

D 
an

d 
es

te
rs
 (

62
) 

Po
si

ti
ve

 
on

ly
 i

n 
mi

cr
ob

ia
l 

re
la

ti
ve

 
to

xi
ci

ty
 

te
st

s.
 

Ne
ga

ti
ve
 o

r 
in

co
nc

lu
si

ve
 

da
ta

.*
**

 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
00

7

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



7. WATERS ET AL. Pesticides: Mutagenic and Carcinogenic Potential 103 

</) 
•1-

D 
10 
Φ 
or 

Ί
ο 
c 
φ 
σ
ο Ό c <D •— 

13 υ C L· 
· — (Ό 
+- Ο 
C 

Ο •Ό 

υ C (0 
> -κ 

> · — 
υ LU •— 

- J c 
m φ 

< CT ro 
D 

Μ— 
Ο 
c 
0 
to 

L 
(ϋ 
CL 
Ε 
Ο 
Ο 

< 

Ο (0 
c — 
Φ =3 
CH 10 
Ο Φ 

L C ÛT 
Ο — 

υ +-
— L . 10 
Ο (Ό Φ Ζ Ο h 

υ 
c to 
Φ +-
CP; — 

+- to 
J5 Φ 
Σ or 

c to 
Φ Φ 
to ι -
Φ 
L 
CL 

Φ 

Φ 
0_ 

Φ 
L > 
Ο — ω 
Φ D 
> — 

— υ 
+- c 
(Ό Ο 
c r υ 
φ c 

ζ : — 

φ 

φ 
> 

(Ό 
φ 

"D 
C 

LU 

Φ Φ 
> Φ — 
- o r o 

ε 
Φ (Ό Ε 

0) en Μ— 

(D Ζ LL Ό 
Ε c 

Ο (D 
C · VD 
— Φ DC 

υ — 
— ·— φ <ϋ 

Ε — " 
Ο — Ε 
> LL Φ 

— Μ -

3 Ο 
e r v e c 

Lui DC — 

υ 

Φ 
• 

. to 
Ε +-
C L 

(Ό LL 

10 
φ 

(Ό CD 
Φ 

VO 

Ο 

c 
φ 

— φ +-

LL c Ο 

Ο Ο 
vD .ο Μ 
α: <Λ ο 

ο 
c to 

— c +-
— (D 

Φ T3 
> C * 
— (D — · 
+- <D (Λ 
(D Φ Ό Φ cr, υ c χ 
Φ Φ Φ 

2 Ε S «Λ 

t/) 
Φ 

(Ό 
C 

φ 
> 

(Ό CD 
Φ 

νο 

c 
Ο 

(Ό 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
00

7

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



ο 

TA
BL

E 
VI

 I 
(c

on
ti

nu
ed

) 

Co
mp

ar
is

on
 
of

 M
ut

ag
en

ic
it

y 
an

d 
Ca

rc
in

og
en

ic
it

y 
Re

su
lt

s 

Pe
st

ic
 i
de

 
Pr

es
en

t 
Mu

ta
ge

ni
ci

ty
 

Te
st

 R
es

ul
ts

 

NC
I 

or
 
I A

RC
 

Ca
rc

in
og

en
 i

ci
ty

 
Te

st
 
Re

su
lt

s 

Η
 X m m en
 

H
 Ο α m ο m > 2: ο ο σ Μ 2! Η
 

Ο
 η ο r ο ο •<
 

Me
th

ox
yc

hl
or
 
(6

6)
 

Ne
ga

ti
ve
 
in

 a
ll

 t
es

ts
 

Mo
nu

ro
n 

(6
7)

 

Pa
ra

th
io

n 
(6

8)
 

Ne
ga

ti
ve
 
in

 a
ll

 t
es

ts
, 

Ne
ga

ti
ve
 
in

 a
ll

 t
es

ts
. 

Ne
ga

ti
ve
 
in

 R
6C

3F
1 

mi
ce

 a
nd

 
in

 O
sb

or
ne

-
Me

nd
el

 
ra

ts
 
of

 
bo

th
 

se
xe

s.
**

 

Eq
ui

vo
ca

l 
in

 c
s 

mi
ce

 a
nd

 
ra

ts
 

su
gg

es
ti

ve
 

ev
id

en
ce

.*
**

 

Eq
ui

vo
ca

l 
in

 
Os

bo
rn

e-
Me

nd
el

 
ra

ts
 

of
 

bo
th

 
se

xe
s.

 
Ne

ga
ti

ve
 
in

 B
6C

3F
I 

mi
ce

 o
f 

bo
th

 
se

xe
s.

**
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
00

7

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



TA
BL

E 
VI

1 
(c

on
ti

nu
ed

) 

Co
mp

ar
 ï
 s
on

 of
 

Mu
ta

ge
ni

ci
ty
 a

nd
 C

ar
ci

no
ge

ni
ci

ty
 
Re

su
lt

s 

WATE C/Î
 

Pe
st

ic
id

e 
Pr

es
en

t 
Mu

ta
ge

ni
ci

ty
 

Te
st

 R
es

ul
ts

 
NC

I 
o
r 
IA

RC
 

Ca
rc

in
og

en
 i

ci
ty

 
Te

st
 
Re

su
lt

s 

ET AL. 

Pa
ra

th
io

n-
me

th
yl
 
(6

9)
 

Ne
ga

t 
î 
ve

 (
ma

rg
 î

 na
11
 y
 

po
si

ti
ve
 
fo

r 
mi

to
ti

c 
re

co
mb

in
at

io
n 
i
n 

ye
as

t)
. 

Ne
qa

ti
ve
 
in

 R
6C

3F
1 

mi
ce

 a
nd

 
in

 F
34

4 
ra

ts
 
of

 
bo

th
 

se
xe

s.
**

 

Pesticides: Μι 

Pe
nt

ac
h1

or
o-

n 
it

ro
be

nz
en

e 
(P

CN
B)

 (
70

) 

Ne
ga

ti
ve
 
in

 a
ll

 t
es

ts
. 

Ne
ga

ti
ve
 
in

 R
6C

3F
1 

mi
ce

 a
nd

 
in

 O
sb

or
ne

-
Me

nd
el

 
ra

ts
 
of

 
bo

th
 

se
xe

s.
**

 

itagenic and 

Tr
if

lu
ra

li
n 

(7
1)

 
Ne

ga
ti

ve
 
in

 a
ll

 t
es

ts
. 

Po
si

ti
ve
 
in

 f
em

al
e 

B6
C3

FI
 

mi
ce

. 
Ne

ga
ti

ve
 
in

 m
al

e 
B6

C3
F1

 m
ic

e 
an

d 
i
n 

Os
bo

rn
e-

Me
nd

el
 

ra
ts

 
of
 

bo
th

 
se

xe
s.

**
 

Carcinogenic Potei 

^N
um

be
rs

 
in

 p
ar

en
th

es
es
 
ar

e 
re

fe
re

nc
es
 t

o 
pu

bl
is

he
d 

da
ta

. 
rS

 

**
Re

su
lt

s 
ob

ta
in

ed
 
fr

om
 
th

e 
Na

ti
on

al
 C

an
ce

r 
In

st
it

ut
e.

 
**

*R
es

ul
ts

 o
bt

ai
ne

d 
fr

om
 
th

e 
In

te
rn

at
io

na
l 

Ag
en

cy
 f

or
 

Re
se

ar
ch
 
o
n 

Ca
nc

er
. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
00

7

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



106 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

There i s s u b s t a n t i a l agreement between the m u t a g e n i c i t y and 
c a r c i n o g e n i c i t y t e s t r e s u l t s . 

The compound t r i f l u r a l i n i s an e x c e p t i o n a l c a s e ; i t proved 
n e g a t i v e i n m u t a g e n i c i t y t e s t s , but p o s i t i v e i n c a r c i n o g e n e s i s 
b i o a s s a y s a t t h e N a t i o n a l Cancer I n s t i t u t e . However, t e c h n i c a l 
grade t r i f l u r a l i n c o n t a i n i n g 84 t o 88 ppm dîpropyI ηîtrosamine was 
used in the NCI s t u d i e s . The f i n d i n g s o f l i v e r tumors in t h e 
t r e a t e d animal may i n d i c a t e t h a t n i t r o s a m i n e was i n v o l v e d in the 
c a r c i n o g e n i c a c t i v i t y . 

On t he b a s i s o f p r e l i m i n a r y data presented here, a phased 
t e s t i n g s t r a t e g y appears u s e f u l f o r i d e n t i f y i n g c a r c i n o g e n s and 
mutagens, p a r t i c u l a r l y when l a r g e numbers o f c h e m i c a l s must be 
i n v e s t i g a t e d e f f i c i e n t l y , a c c u r a t e l y , and q u i c k l y . 

Abstract 
Methodology has been developed to evaluate the mutagenic and 

carcinogenic potential of pesticide chemicals. Short-term 
bioassays for gene mutation, chromosomal effects, and primary 
damage to DNA permit evaluation of genetic and related biological 
effects that may be correlated with mutagenic and carcinogenic 
activity in whole animals. Other bioassay techniques allow 
observation of chemical transformation of normal cells in culture 
to cells that can induce tumors in animals. 

This paper presents a phased approach to evaluating 
chemicals for mutagenic and carcinogenic effects. This method 
allows cost-effective utilization of limited testing resources 
and protection of human health according to anticipated hazards. 
Relevant tests are described and the rationale for the approach 
is explained using results from tests on 38 pesticides. The 
sequence of bioassay groups emphasizes first, detection, then, 
confirmation, then, hazard assessment. Whole animal tests are 
used to pursue investigation of chemicals testing positive in 
short-term detection systems and confirmatory bioassays. A "core 
battery" of tests is proposed for delineation of probable 
negative results in short-term bioassays. 
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8 
Reproductive and Teratogenic Effects: 
No More Thalidomides? 

ROCHELLE WOLKOWSKI-TYL 
Chemical Industry Institute of Toxicology, P.O. Box 12137, 
Research Triangle Park, NC 27709 

The term teratology was f i r s t coined by the father and son 
team Etienne and Isidore Geoffrey Saint-Hilaire for their i n v e s t i 
gations of malformations, or monsters (teras, p l u r a l terata, from 
the Greek monster), mostly in the chick embryo (books published 
1822 and 1832). However, human concern with congenital malforma
tions i s as ancient as human awareness, mentioned i n B i b l i c a l 
references and discussed by A r i s t o t l e (cited i n 136). Earliest 
views were that embryos and fetuses were affected struc t u r a l l y by 
maternal experience during pregnancy; the concept that "maternal 
impressions" d i r e c t l y affected the unborn gained widespread cre
dence for centuries. With the advent of the enlightened scien
t i f i c atmosphere i n western Europe in the nineteenth century, 
attitudes shifted to the opinion that the embryo and fetus were 
inviolate i n the uterus, untouchable by the environment. The 
presentation and subsequent appreciation of Mendel's Laws of 
genetics provided the apparent explanation for observed abnormal 
births: a l l flaws arose from genetic mishaps during gametogenesis 
and the zygote developed based solely on the incoming genetic 
information. 

The twentieth century brought with i t the f i r s t experimental 
evidence for the role of the environment i n production of abnormal 
offspring. Early experiments on pregnant mammals involved studies 
with ionizing radiation (43, 66) and sex hormones (33, 34, 69). 
Studies with dietary deficiencies, drugs and chemicals followed 
rapidly. In 1933, Hale reared pregnant pigs on a vitamin A d e f i 
cient diet and produced anophthalmic piglets (37, 38). Data were 
also presented in 1948 for the effects of trypan blue and nitrogen 
mustard on developing rat embryos (28. 44). The supposed safety 
of the human fetus In utero was di r e c t l y challenged by Gregg in 
1941 Ç35) who reported that a German measles epidemic i n Australia 
resulted in offspring with cataracts, deafness and congenital 
heart disease. These results were confirmed with the b i r t h of 
almost 20,000 defective children following a rubella epidemic i n 

0097-6156/81/0160-0115$10.25/0 
© 1981 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
00

8

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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the United States i n 1964 (121). The thalidomide disaster occur
ring worldwide i n 1955-1965, ultimately involving over 8,000 
children i n 28 countries, was f i r s t reported by Lenz (67, 68) and 
McBride (75). These events triggered awareness of the vulner
a b i l i t y of the intrauterine occupant to outside influences. 
However, anecdotal evidence for reproductive effects of substances 
such as lead or mercury on women in in d u s t r i a l exposures has been 
accumulating for centuries. 

The current view i s that embryos and fetuses may be espe
c i a l l y vulnerable to environmental insult because of qualitative 
and/or quantitative differences from adults. These factors 
include: 

1. Small c e l l number 
2. Rapid rates of p r o l i f e r a t i o n 
3. High proportion of undifferentiated c e l l s 
4. Requirement for precise temporal and spati a l sequencing 

of s p e c i f i c c e l l s and c e l l products at the appropriate 
place and time for normal d i f f e r e n t i a t i o n , including 
programmed c e l l death 

5. Unique metabolism: presence or absence of inducible 
and/or constitutive repair enzymes, activating and 
detoxifying enzymes, eg. DNA repair enzymes, the mixed 
function oxidases, etc. 

6. Unique tissue s e n s i t i v i t i e s which may be transient 
7. Immaturity of immunosurveillance mechanisms, of special 

concern for the induction of transplacental carcino
genesis 

There i s also the awareness that s e n s i t i v i t y to environmental 
ins u l t , and subsequent expression of that i n s u l t , does not cease 
with b i r t h . The mammal at term is not a miniature adult; a par
t i a l l i s t of systems s t i l l undergoing d i f f e r e n t i a t i o n include: 
the nervous, endocrine, urogenital, digestive and immune systems. 
Expression of an insult incurred i n utero may not develop u n t i l 
after birth, i n the human up to ten years of age for most detected 
anomalies, but with a latency of 15-30 years for carcinogenic 
events. 

A current working d e f i n i t i o n of teratology, taking into 
account the above considerations and concerns has been generated 
by Wilson (136): Teratology i s the study of adverse effects of 
the environment on developing systems; that i s , on germ c e l l s , 
embryos, fetuses and immature postnatal individuals. More com
prehensively, i t deals with the causes, mechanisms and manifesta
tions of developmental deviations of either structural or func
ti o n a l nature. Agents which alt e r the rate of growth of the fetus 
or are le t h a l to the fetus without producing s p e c i f i c anatomic or 
functional anomalies are thought by some to be better termed 
developmental toxins than teratogens (36). 

Increasing concern i s being raised as to reproductive and 
teratogenic risks for a number of reasons: the increase of women 
especially of childbearing age in the workforce i n non-traditional 
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jobs, the increasingly rapid introduction of new chemicals (1500-
2000 new chemicals synthesized or otherwise produced each year), 
and the awareness that r e l a t i v e l y l i t t l e i s known concerning the 
reproductive and teratological risk involved with exposure to 
chemicals already in the workplace; TSCA l i s t s over 60,000 chemi
cals i n current usage. There is also increasing evidence from 
both human and laboratory animal data that the male may mediate 
teratogenic effects on the developing fetus. 

Categories of Teratogenic Agents. Many substances are known 
to be teratogenic i n one or more species of mammals (Table I ) . 
The emphasis has been primarily on drugs, with data generated by 
drug research companies adhering to FDA Guidelines (31) for repro
ductive testing of drugs, and the awareness that in our drug-
permissive society women consume an average of four drugs, both by 
prescription and over-the-counter administration, during pregnancy 
(76, 84, 88). Schardein (98) has l i s t e d over 1200 drugs evaluated 
as teratogens; Shepard's catalog (102) l i s t s 600 teratological 
agents, only 20 of which are documented as human teratogens. 
Meyers and Meyers (77) l i s t 527 teratogenic substances but their 
l i s t i s based on human err animal data. 

Human teratogenic agents have been discovered i n i t i a l l y from 
anecdotal observations, and then more rigorously examined in 
epidemiological studies. Suspect human teratogens have been 
defined one of two ways: c l i n i c i a n s use anecdotal data, animal 
model researchers have suggested that any agent positive i n two or 
more mammalian species must be considered a suspect human tera
togen. Some examples of agents in both categories are presented 
in Table II. 

According to the National Foundation (_3) about 7% of a l l 
liveborn humans w i l l have b i r t h defects. This value may be as 
high as 10% i f children are evaluated to age 10 years to include 
subtle structural, functional d e f i c i t s such as minimal brain 
dysfunction. More than 560,000 liv e s out of approximately three 
m i l l i o n births per year in the United States are lost through 
infant death, spontaneous abortion, s t i l l b i r t h s and miscarriage 
due presumably to defective f e t a l development. The rel a t i v e 
contributions to human teratogenesis have been estimated by Wilson 
(136, 140) as follows: known germinal mutations: 20%; chromo
somal and gene aberrations: 3-5%; environmental causes such as 
radiation: < 1%; infections: 2-3%, maternal metabolic imbalance: 
1-2%; drugs and environmental chemicals: 4-5%; contributions from 
maternal dietary deficiencies or excesses and combinations or 
interactions of drugs and environmental chemicals are unknown. 
Wilson (136, 140) estimates the contribution from unknown sources 
as 65-70%. The estimated 20-25% pregnancy loss due to chromosomal 
aberrations may be even higher due to early losses diagnosed as 
late menstrual bleeding. Recovered tissues from spontaneous abor
tions prior to the thirteenth week of gestation exhibit chromo
somal anomalies on the order of 560 per 1000 abortions; the value 
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TABLE II. HUMAN TERATOGENS 

A. Known: 

alcohol 
a n t i b i o t i c s (tetracycline, sulfonamides, chloramphenicol) 
anticonvulsants (diphenylhydantoin / barbiturates) 
folate antagonists (aminopterin, methotrexate) 
lead 
methylmercury (Minimata disease) 
smoking 
steroid hormones (oral progestins, androgens, estrogens) 
Thalidomide 
Vitamin D (excess) 

amphetamines 
anticonvulsants (paramethadione, trimethadione) 
antihistamines 
antimalarials (quinine, chloroquine) 
antithyroid drugs, iodides and iodine lack (temporary?) 
as p i r i n 
barbiturates 
blighted potatoes (solanine) 
folate deficiency 
hormonal pregnancy tests and contraceptives 
hypoglycemic agents (oral) 
lysergic acid diethylamide (LSD)? 
operating room environment - probable 
organic solvents 
pesticides, fungicides, herbicides 
Polychlorinated biphenyls (PCBs) (Yusho disease) 
Warfarin (anticoagulant) - probable 
Vitamin D (deficiency) 

B. Suspect 

Taken from references 2̂ 5, 7Q, 7j5, 83, 
105 and 137 
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at term i s 5 per 1000. Of the children born l i v e who subsequently 
die i n the f i r s t year of l i f e , approximately 20% of the deaths are 
associated with or caused by b i r t h defects, more than any other 
single factor (136). 

There i s one f i n a l , almost plaintive maxim sometimes termed 
Karnofsky's law (87) that almost any substance may be teratogenic 
i f given in appropriate dose regimens to a genetically susceptible 
organism at susceptible stage or stages of embryonic or f e t a l 
development. 

Determinants of Teratogenic Susceptibility. Factors which 
influence the teratogenic response are l i s t e d i n Table III. 
Genetic s u s c e p t i b i l i t y varies among species, for example: aspirin 
i s teratogenic i n rodents but not i n primates, imipramine i s 
teratogenic in rabbits, but not in humans, thalidomide i s terato
genic i n primates but not in rodents. Differences also exist 
among strains. Inbred mouse strains d i f f e r r a d i c a l l y i n their 
response to many teratogenic agents, for example to cortisone-
induction of c l e f t palate (54) and cadmium-induced t e s t i c u l a r and 
embryotoxicity (144, 145). Individuals also vary i n their re
sponse to teratogenic agents in outbred strains and heterogeneous 
human populations. The current interpretation i s that teratogens 
act on a susceptible genetic locus or l o c i which may control 
disposition of the agent including absorption, metabolism, trans
port or excretion and/or direct s u s c e p t i b i l i t y of the target 
tissue or organ. The teratogen therefore increases the incidence 
of previously existing malformations; i t s action must be viewed 
against the "background noise" of spontaneous malformation rates, 
which also vary among species, strains and individuals. The 
phocomelic syndrome, induced by thalidomide, occurs at a low rate 
spontaneously i n human populations; approximately 20-80% of the 
human fetuses exposed, presumably to the appropriate dose at the 
appropriate time, developed the malformations (20). This concept 
of environmentally induced imitations of genetic anomalies was 
presented f i r s t by Landauer (63) with experimental evidence of 
"phenocopies". 

There i s some s p e c i f i c i t y of agent on the teratological 
response (Table IV) with acetazolamide causing perhaps the most 
s p e c i f i c lesion (74). However, there are almost always effects on 
other systems derived in many cases from different primary embry
onic germ layers. The gestational stage of the embryo or fetus at 
the time of environmental insult appears to be the most c r i t i c a l 
determining factor. Figure 1 examines time periods of embryonic 
and f e t a l development in humans, mice, and rats. The pr e d i f f e r -
entiation period, from f e r t i l i z a t i o n to establishment of the three 
primary embryonic germ layers, i s considered refractory to tera
togenic agents (although there are some exceptions such as hypoxia, 
125 hypothermia, 104; and actinomycin D, 135). This resistance 
has been explained as due to the small, omnipotent c e l l population 
of the pre- and immediately post-implantation embryo. C e l l damage 
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or death i s either corrected for by the surviving c e l l s , which 
regulate to produce a normal, albeit small term fetus, or the c e l l 
loss i s so devastating that the embryo dies. Once implantation 
and establishment of the primary germ layers have occurred, the 
major period of organogenesis begins, a period of 8-9 days i n 
rodents and approximately 40 days i n humans. This i s the period 
of maximal s u s c e p t i b i l i t y to teratogenic agents causing structural 
anomalies. Using data generated from studies with actinomycin D 
and other chemicals, Wilson (133, 134, 135, 136) has described the 
d i f f e r e n t i a l s u s c e p t i b i l i t i e s of embryonic organ systems to tera
togenic agents during organogenesis i n the rat (Table V and VI, 
Figure 2). In the data from Table VI, f a t a l i t i e s p a r a l l e l malfor
mation rate. An increase i n deaths may also obscure the detection 
of the abnormality generated which caused the f a t a l i t y , so that 
the relationship of deaths to anomalous fetuses becomes inverse. 
Administration of a lower dose of the test agent may be useful to 
detect the anomalies responsible for the f e t a l wastage. From 
Figure 2, i t i s apparent that administration of an agent on gesta
tion day 10 would affect eye, brain, heart and anterior a x i a l 
skeletal development. The same agent, administered on day 15 
would affect palate, urogenital and posterior a x i a l skeletal 
development. These times of s p e c i f i c s e n s i t i v i t y need not corre
spond to the morphological appearance of the organ or organ 
system, but to the time of c e l l biochemical commitment: the s h i f t 
of c e l l s from presumptive to determined status. 

Once histogenesis has begun: the d i f f e r e n t i a t i o n of tissue-
s p e c i f i c biochemical and morphological characteristics, the con-
ceptus i s termed a fetus and i s viewed as increasingly refractory 
to teratogenic agents. However, this i s true only of most morpho
l o g i c a l or structural manifestations. Increasing evidence i n d i 
cates s u s c e p t i b i l i t y of the fetus to agents causing functional 
d e f i c i t s which presumably have a biochemical or micro-structural 
basis. Those systems not yet complete, especially the nervous 
system, are most vulnerable. For example: Vitamin A (118), lead 
(85), methyl mercury (109, 110) and methyl azoxymethanol (53, 103) 
a l l cause neurofunctional lesions when administered during this 
period. In addition, transplacental carcinogens, such as d i e t h y l -
s t i l b e s t e r o l , ethyl or methylnitrosourea, 7,12-dimethylbenzanthra-
cene and nitrosomethylurethan, act during this period i n humans, 
rodents and rabbits (91). The lesion i s expressed as a system 
s p e c i f i c tumor after a long latency i n the postnatal mature animal 
but the only exposure and therefore the i n i t i a t i o n of the l a t e r 
carcinogenic event occurs jin utero. 

The route and duration of administration of the agent i s also 
c r i t i c a l for the development of the teratogenic anomaly. Human 
in d u s t r i a l exposure i s almost always by inhalation or percutaneous 
absorption of fumes, aerosols or vapors. Consumer or other secon
dary exposure would be by more varied routes. Experimental tera
tology endeavors to duplicate the human route of exposure for 
experimental animal models. Inhalation presents problems of 
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TABLE V 
SOME RAT TERATOGENS THAT HAVE LITTLE EMBRYOTOXIC EFFECT 
ON THE SIXTH DAY OF GESTATION BUT ARE HIGHLY EFFECTIVE 

3 OR A DAYS LATER (136) 

Treatment 20-day fetuses 

Dose To t a l % dead % survivors 
Agent (mg/kg) Day implants resorbed malformed 

5-Fluorodeoxy- 20 6 114 6 1 
u r i d i n e 9 209 10 38 

Retinoic acid 20 6 95 5 0 
9 79 44 84 

Actinomycin D 0.3 6 207 7 5 
10 88 48 65 

Controls (vehicle) 558 7 1 

Academic Press, Inc. 

TABLE VI 
RELATIONSHIP BETWEEN DEATH AND MALFORMATION FOR 

ACTINOMYCIN D IN THE RAT 

Dose, Day Fetuses 
mg/kg treated % dead % malformed 

0.2 7 11.5 1.9 
8 4.2 16.0 
9 32.5 28.1 
10 12.3 4.4 
11 7.7 0 

0.3 6 10.3 2.8 
7 13.0 11.2 
8 84.8 26.6 
9 99.2 100.0 
10 57.9 65.2 
11 12.1 0.9 

Harper Hospital, Bulletin 
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Figure 2. Differential sensitivities of embryonic organ systems to teratogens (136)  P
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concentration monitoring and dose assessment for the pregnant 
female since pulmonary parameters such as ve n t i l a t i o n , t i d a l 
volume, expiration reserve volume, respiratory tract c a p i l l a r y 
d i l a t i o n and anatomic considerations change r a d i c a l l y during 
pregnancy (122). The effect of stress due to the inhalation 
exposure in confined, wire-rack cages i s also a confounding 
factor. However, c l a s s i c a l teratological evaluations are being 
done on chemicals exposed by inhalation, most notably by the group 
at Dow Chemical Company (99, 100, 101). Exposure by skin absorp
tion i s d i f f i c u l t to quantify and requires a complex application 
regimen. In addition, opinion i s mixed as to whether route of 
entry of the agent makes a difference i n the ultimate d i s t r i b u t i o n 
and metabolism of the agent under examination. F i r s t pass organ 
absorption and metabolism may d i f f e r i f the exposure i s by i n 
halation to the lung, or o r a l l y to digestive system and l i v e r , 
although subsequent transport and organ exposure may y i e l d equi
valent metabolite patterns. Most teratology studies usually 
employ administration of the test compound in the feed, by oral 
intubation or injection into the dam. 

Timing i s important. Experimental exposure before implanta
tion or during early organogenesis may result i n interference with 
implantation or in early embryonic death, resulting i n no term 
fetuses. Exposure before peak s u s c e p t i b i l i t y or repeated exposure 
may induce activating and/or detoxifying enzymes i n dam, placenta 
and/or fetus. This may result in increased or decreased blood 
level s of the active metabolite in the dam, and therefore altered 
exposure to the fetus. Conversely, these enzymes may be inhibited 
by accumulation of metabolite(s) again a l t e r i n g blood levels of 
parent compound and metabolite(s). Other effects of repeated or 
early exposure may be to a l t e r l i v e r or kidney function, for 
example, as well as to induce pathological changes i n these organs 
which w i l l affect quantity and quality of compound reaching the 
fetus. Saturation of protein-binding s i t e s may also occur i n the 
dam to alt e r transport. A l l of these effects may a l t e r the dispo
s i t i o n parameters l i s t e d in Table III and obscure or change any 
teratological effects of the agent being examined (136). 

Dose range and schedule are also c r i t i c a l . Three to four 
dose levels are usually employed: high dose: toxic to the mater
nal organism, perhaps l e t h a l to 10-15% of dams, essentially to 
obtain an effect, and to establish target organ(s); mid dose(s): 
embryotoxic or embryolethal and a s l i g h t l y lower dose to obtain 
teratogenic l e v e l with overlap between these two dose levels; and 
low dose: comparable on a body weight basis to possible human 
exposure levels or small multiples thereof. 

Teratological Testing. Following the reports of the effects 
of thalidomide on fetuses exposed during the f i r s t trimester which 
appeared in 1961-1965, (67, 68, 75), the United States Food and 
Drug Administration (FDA) established Guidelines for Reproductive 
Studies for Safety Evaluation of Drugs for Human Use (31). These 
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are presented diagrammatically i n Figure 3. These guidelines were 
promulgated "as a routine screen for the appraisal of safety of 
new drugs for use during pregnancy and in women of childbearing 
potential." (31). Phase I designated Study of F e r t i l i t y and 
General Reproductive Performance involves exposure of the males 
for 10 weeks prior to mating to include exposure during a l l phases 
of spermatogenesis, estimated as 8 weeks duration in rodents, and 
of the females for 2 weeks to include oogenesis, a 5 day cycle in 
rodents. Exposure i s continued i n the females through pregnancy, 
parturition and lactation. One-half the dams are s a c r i f i c e d on 
gestation day 13 for examination of number and di s t r i b u t i o n of 
embryos i n uterine horns, empty implantation s i t e s and resorp
tions. The dams allowed to l i t t e r are examined for l i t t e r size, 
s t i l l b o r n and l i v e births. Dead pups are examined for skeletal 
anomalies. Live pups are examined for gross anomalies and i n d i v i 
dually weighed at delivery, postnatal day 4 and 21. Phase II, 
en t i t l e d Teratological Study, involves treatment during organo
genesis gestational days 6-15 (mouse) or 7-16 (rat). Since eval
uation i n two species, one other than rodent, i s called for, 
parameters for the rabbit are also indicated. Dams are s a c r i f i c e d 
1-2 days before the anticipated date of parturition and fetuses 
are delivered by cesarean section. Data to be collected include 
number of ovarian corpora lutea, l i v e and dead fetuses, and early 
and late resorptions. Live fetuses are to be weighed and examined 
for external malformations. In rats, one-third of each l i t t e r 
w i l l be examined for soft tissue d e f i c i t s by dissection or the 
Wilson technique (133, 136), two-thirds preserved and stained for 
examination for skeletal anomalies. Rabbit fetuses are to be 
incubated for 24 hours to assess v i a b i l i t y , then a l l fetuses are 
examined for external, v i s c e r a l and skeletal anomalies. 

Phase III, en t i t l e d Perinatal and Postnatal Study, involves 
exposure of the dam during the f i n a l one-third of gestation and 
continuing through parturition, and lactation to weaning. This 
segment "should delineate effects of the drug on late f e t a l 
development, labor and delivery, lactation, neonatal v i a b i l i t y , 
and growth of the newborn." (31). Cross-fostering i s suggested 
for this phase i f survival of test-pups i s impaired. Rearing of 
pups from this phase and phase I to evaluate reproductive and 
f e r t i l i t y performance in these F^ animals i s also suggested as a 
p o s s i b i l i t y . 

These guidelines have survived essentially intact and are now 
incorporated into proposed U. S. Environmental Protection Agency 
(EPA) guidelines (22) as well as recent Interagency Regulatory 
Liaison Group (IRLG) draft guidelines (79). FDA has further 
proposed a three generation reproductive study (24) currently i n 
use to evaluate long-term effects on reproduction and f e r t i l i t y 
including effects on the germinal c e l l l i n e developing i n utero 
during exposure to the test compound in the Ρ generation and 
subsequent generations under continuous exposure to the test 
substances (Figure 4). 
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(FDA, 1966) 

Phase I : Study of Fertility and General Reproduction Performance 

3L 
" t 1 n 8 ^ one-hm Birth 

Examination: Gross, visceral, skeletal on dead animals 

weaning 

3 
sacr i f ice 
one-half 

Information on: Breeding, fertility, nidation, parturition, lactation, 
neonatal effects 

Phase II: Teratological Study 

Ο 
Rat 9 — - - C 

Rabbit 9 ' C 

•j _j Birth 

sacr i f ice 

] 10 
ι |Birth 

sacr i f ice 

Examination: Gross, one-third visceral (Wilson sections) 
two-thirds skeletal (alizarin staining) 

(rabbit, 24 hr incubation, all fetuses gross, visceral 
and skeletal) 

Information on: Embryotoxicity, teratogenicity 

Phase III: Perinatal and Postnatal Study 

9'- 3£ 
Birth 

weaning 

sacr i f ice 

Examination: litter size, pup weight, etc . , possible cross-fostering 

Information on: Parturition, lactation, neonatal effects 

Figure 3. Guidelines for reproductive studies for safety evaluation of drugs for 
human use (FDA, 1966) 
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The FDA Guidelines (24·, 3V) have been the protocol used i n 
almost a l l drug and chemical tests done i n industry. There has 
been growing concern that these tests are inadequate to identify 
subtle morphological and functional d e f i c i t s expressed pre- or 
postnatally. Research to improve the established tests and to 
develop new tests and approaches i s gaining momentum. 

The term s a c r i f i c e , the basis for the phase II Teratology 
Study test involves counting implantations, resorptions, dead and 
l i v e fetuses. Live fetuses are then examined for soft tissue and 
ske l e t a l anomalies. Detection of early implantation s i t e s , not 
discernible by placental remains, may be visualized by staining 
fresh u t e r i with ammonium sulfide (61). Examination for l i v e 
fetus soft tissue anomalies by the Wilson technique (133, 136) i n 
volves f i x a t i o n of fetuses i n Bouin Ts solution for d e c a l c i f i c a 
tion, subsequent free hand sections through the head and 1 mm free 
hand razor cross sections of the trunk. Disadvantages include: 
d i f f i c u l t i e s i n recognizing cardiac malformations i n s e r i a l cross-
sections, d i f f i c u l t i e s in duplicating the sections from fetus to 
fetus and l i t t e r to l i t t e r , and the i n a b i l i t y to examine skeleton 
of same fetus. A number of modifications have been suggested (6, 
23, 113). The Staples technique entails microdissection of de
capitated fetuses immediately after cesarean section at term. 
Advantages include ease of examination for functional heart ano
malies such as septal wall defects with no dis t o r t i o n due to 
fixat i o n , with the eviscerated carcass available for skeletal 
examination, and the head preserved i n Bouin Ts for later section
ing by the Wilson technique. A modification of Staples' technique 
has also been suggested (26). Examples of anomalies demonstrable 
by the Wilson technique in the f e t a l head region are presented in 
Figure 5 (trypan blue: u n i l a t e r a l anophthalmia, hydroxyurea: 
c l e f t palate). 

The skeletal examination involves preservation of the evis
cerated fetus i n 70-95% ethanol, maceration and clearing i n 
potassium hydroxide and staining with A l i z a r i n Red S, sp e c i f i c for 
calcium and therefore bone (18, 19). Many versions exist (46, 
113). This procedure stains areas of o s s i f i c a t i o n but the re
searcher cannot distinguish between si t e s that would have o s s i f i e d 
i f the fetus had continued development, hence delayed o s s i f i c a 
tion, from t o t a l l y absent cartilaginous anlagen, hence missing 
bone. Counterstaining with a ca r t i l a g e - s p e c i f i c stain such as 
alci a n blue (49) allows d i s t i n c t i o n between delayed and absent 
o s s i f i c a t i o n . Skeletal anomalies demonstrable by the cl a s s i c 
A l i z a r i n technique are presented in Figure 6 (hydroxyurea: fused 
rib s , doubled centra). 

The basic techniques enumerated above w i l l detect missing, 
ectopic or grossly abnormal organs, malposition of or missing 
major blood vessels, retarded, abnormal or absent o s s i f i c a t i o n . 
Embedding, sectioning and staining each fetus would allow detec
tion of microscopic lesions but this would require an extended 
period of time and many person-hours and so i s not applicable to 
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Figure 5. Representative soft tissue anomalies detected in Fischer-344 rat fetuses, 
gestation day 20, by Wilson sections 
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Figure 6. Representative skeletal anomalies detected in Fischer-344 rat fetuses, 
gestation day 20, by Alizarin Red S staining: control (leît); hydroxyurea, 200 mg/ 

kg/d administered by gavage on gestation days 7-20 (right,).  P
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rapid screening techniques. In addition, functional d e f i c i t s in 
terms of biochemical alterations and effects demonstrable only i n 
the postnatal period would not be detected. Detection of these 
lesions would be very important for human r i s k assessment. In 
addition, the animal model u t i l i z e d , usually rat, mouse and rabbit 
may not be the most suitable test system for particular agents i f 
metabolism of these substances d i f f e r s between the test animal and 
the human. Differences i n metabolism may render results in a test 
animal system misleading or irrelevant to evaluation of drug or 
chemical r i s k i n humans. 

At the Chemical Industry Institute of Toxicology, (CUT), a 
chemical i s f i r s t examined to evaluate parameters of toxicokine
t i c s , disposition and metabolism in the pregnant rat and feto
placental unit including evaluation of placental transport of the 
parent compound and/or i d e n t i f i e d metabolites to characterize the 
system prior to any teratological testing. Once the characteris
t i c s and lim i t s of the test system are defined, teratological 
studies or evaluation of reproductive performance are then per
formed. Whole body autoradiography (WBAR) of the pregnant animal 
after exposure to a radiolabelled test chemical i s valuable to 
assess disposition and target organ s p e c i f i c i t y with minimum of 
person-hours expended. This technique compares favorably with 
c l a s s i c a l disposition studies done by radioisotopic analysis on 
dissected maternal and f e t a l organs (50, 51). Figure 7 presents 
WBAR results for three CUT p r i o r i t y chemicals i l l u s t r a t i n g d i s 
t r i b u t i o n i n the dam and fetuses. 

During term s a c r i f i c e , r e l a t i v e f e t a l organ weights may be 
determined as part of the soft tissue examination at s a c r i f i c e 
(112). Data generated on a CUT p r i o r i t y chemical shown to be 
toxic to the adult spleen are shown in Table VII. Hematological 
parameters may also be evaluated such as complete blood count 
using an automated counting system, and examination of blood 
smears for evaluation of nucleated red blood c e l l s and r e t i c u l o 
cytes. These l a t t e r c e l l types are very numerous in the fetus and 
neonate. Touch preparations may also be generated from cut sur
faces of fresh maternal and f e t a l organs as a rapid alternative to 
f i x i n g , embedding and sectioning these tissues, to evaluate c e l l 
i n tegrity, d i f f e r e n t i a t i o n and function. 

In v i t r o test systems are being considered for teratogenicity 
screening C7, 59). These systems include u n i c e l l u l a r organisms, 
somatic c e l l tissue or organ culture, and culturing of intact 
invertebrate, lower vertebrate, mammalian and avian embryos. 
Systems using mammalian embryos include culture of pre-implanta-
tion or post-implantation embryos and s p e c i f i c organ cultures such 
as palate or limb bud (73). Preimplantation embryos from mouse 
(126) or man (114) have been grown successfully i n culture up to 
the blastocyst stage. Using techniques developed by D.A.T. New 
and co-workers (82), postimplantâtion embryos from rat (9) or mouse 
(96) have been cultured iri v i t r o for up to four to f i v e days, with 
best results obtained from young postimplantation embryos at 
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maternal stomach 
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fe ta l k.dney 

ternal bladder 
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maternal lung 

maternal heart 
e ternal hepatic blood vessels 

placenta 

maternal ur ine 

maternal spleen 

laternal cardiac blood 
feta l in tes t ine 

maternal hepatic blood vessels 

50 micron sect ion ' 

Figure 7. WBARs of pregnant Fischer-344 rats, gestation day 20-21 exposed to 
various 14 C priority chemicals. (A) WBAR of F-344 dam (gestation day 21) given 
14C-terephthalic acid by gavage; dose =12.5 mg/kg (tracer dose), 30 ^Ci/dose, 
sacrificed 5.5 h after dose. (B) WBAR of F-344 dam (gestation day 20) given 14C-
2,4-dinitrotoluene by gavage; dose = 35 mg/kg, 100 fxCi/dose, sacrificed 6 h after 
dose. (C) WBAR of F-344 dam (gestation day 21) given 14C-aniline HCl by gavage 
for 5 d (gestation day 17-21 ); dose = 100 mg/kg/d, 4 μα/dose, sacrificed 6 h after 

last dose. 
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TABLE VII. DATA FROM PREGNANT F-344 FEMALES EXPOSED TO 

14C-ANILINE-HCL (100 MG/KG) FOR 1 OR 5 DAYS 

A. DAM PARAMETERS 1 day (n = 14 daws)1 5 day (n = 11 daws)1 

Hematocrit ± SE 36.5 ± 0 . 4 32.6 l 0.7* (10.68%Ο 

Body weight t SE 214.02 ± 3.47 215.65 l 2.83 

Total implantations/daw ± SE 7.9 ± 0.6 8.0 1 0.8 

Live fetuses/dam ± SE 7.6 ± 0.6 7.5 t 0.7 

% 0rgan/BW ratios ± SE 

Liver 3.541 ± 0.074 3.348 ± 0.075 

Kidneys (2) 0.585 ± 0.010 0.570 ± 0.011 

Spleen 0.171 t 0.006 0.247 1 0.010* (44.44%t) 

B. FETAL PARAMETERS 

Hematocrit ± SE2 30.2 ± 0 . 6 29.2 ± 0.6 

Placenta weight/fetus ± SE 3 0.415 ± 0.009 0.430 ± 0.033 

Body weight/live fetus ± SE 4 3.485 ± 0.249 4.157 ± 0.111 (19.28%t) 

Liver 6.665 ± 0.282 6.301 ± 0.641 

Kidneys (2) 0.698 ± 0.033 0.722 ± 0.022 

Bladder 0.245 ± 0.014 0.260 ± 0.018 

Spleen 0.109 ± 0.014 0.148 ± 0.009* (35.78%t) 

^ams sacrificed 1-12 hours after (last) gavage and data pooled 
2 
Hematocrits done on blood pooled from fetuses of one uterine horn. 

3Placenta weight/fetus is determined by dividing total placental weight/litter by number of fetuses/litter. 4 
Body weight/fetus is determined by dividing total weight of entire l i t te r by number of fetuses in the l i t ter . 

^Organs were pooled from each l i t t e r to obtain enough tissue for weight and radioisotope determinations. Hence 
the organ/BW ratios represent l i t t e r total weight of each organ divided by the total weight of entire l i t t e r 
(sum of individual organs plus carcasses) for each dam. 

*Significantly different from 1 day exposed dams at ρ < 0.05. 
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primitive streak or early head-fold stage. Preliminary reports 
indicate that this expiant system i s sensitive to known terato
genic agents when they are administered to rats whose serum i s 
then collected for use as part of the culture system for test 
embryos (56). Further work (13) indicates that serum from human 
subjects treated with cancer therapeutic or anticonvulsive agents 
causes l e t h a l i t y or teratogenicity i n cultured rat embryos. For a 
review of this promising technique, see Wilson (141). 

Postnatal testing i s also becoming an important component of 
teratological testing. It i s now recognized that i n utero admini
st r a t i o n of many cl a s s i c structural teratogens, at lower dosages 
and/or later times than usually administered for production of 
structural effects, results in neurofunctional and endocrine 
d e f i c i t s . These lesions may be of a permanent nature and are 
detectable only i n postnatal l i f e . Agents so tested include 
methyl mercury (32, 108, 111), cadmium (32), Vitamin A (118), lead 
(60), and 5-azacytidine (94). These findings agree with human 
data on children exposed to methyl mercury (2, 39) and lead (5) in 
utero. Some agents that have been shown to cause neurological 
d e f i c i t s had not been considered teratogens at a l l . 

A few protocols for evaluating postnatal development are 
currently i n use on a limited basis both undergoing and awaiting 
validation. One such p r o f i l e in use at CUT i s presented in 
Figure 8. Except for open f i e l d , which i s run at CUT on post
natal day 29 or 31, one of the most widely used behavioral tests, 
the other parameters l i s t e d are not v o l i t i o n a l behaviors and are 
perhaps better termed developmental landmarks. More sophisticated 
behavioral tests are also being u t i l i z e d (12, 48) with preliminary 
attempts to develop and standardize screening methods for be
havioral teratology (10). Problems exist i n experimental design, 
s t a t i s t i c a l analysis and interpretation (17). But, this aspect of 
teratological testing w i l l become an increasingly important area 
of research and required addendum to teratological testing i n the 
future, especially i n the l i g h t of increased regulatory agency 
concern i n this area in the United States and other countries 
world wide. A number of thought-provoking essays have emerged on 
the evolution (142), current methodology and suggested improve
ments of teratological testing (7, 16̂ , 116, 117, 139) and repro
duction and f e r t i l i t y studies (86, 93) which are f r u i t f u l reading 
beyond the scope of this paper. 

Extrapolation to Human Risk Assessment. The d i f f i c u l t y i n 
extrapolating from animal t o x i c i t y data to man i s compounded i n 
reproduction and teratology r i s k assessment. Even before the 
experiment i s begun the choice of animal test system i s important. 
Is the rodent the best model for this chemical? Which genus and 
species should be used: rat or mouse? The rabbit i s commonly 
used in addition to a rodent since i t i s related to Rodentia but 
belongs to the order Lagomorpha and therefore s a t i s f i e s govern
mental regulatory agency requirements for two mammalian species, 
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Figure 8. Acquisition of postnatal developmental landmarks in the Fischer-344 rat 
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one preferably non-rodent. Which st r a i n should be chosen? 
Should i t be inbred or outbred? Use of an inbred s t r a i n with 
genetically uniform animals allows observed variations (anomalies, 
abnormalities) to be ascribed to the environment, i . e . , the agent 
under test. Use of genetically heterogeneous animals, an outbred 
st r a i n , allows detection of teratogenic effects involving chemi
cal-gene interactions and approximates the human genetic sit u a t i o n 
with a m u l t i p l i c i t y of genotypes (heterozygosity). However, use 
of an outbred s t r a i n increases v a r i a b i l i t y , and therefore the 
number of animals to be used, and complicates interpretation of 
results including causality of observed anomaly. Based on toxico-
k i n e t i c , disposition and metabolism data, the rodent may not be 
the test animal of choice. Teratological researchers are also 
using, or contemplating using, the rabbit, hamster, guinea pig, 
armadillo, ferret, dog, miniature swine, cat, or non-human p r i 
mates for drugs prescribed s p e c i f i c a l l y for pregnant women. 

Prenatal development in the Rodentia and Lagomorpha d i f f e r s 
i n s i g n i f i c a n t ways from that in humans. A l l three have a chorio
a l l a n t o i c placenta but that of humans i s hemochorial, where the 
chorionic v i l l i of the fetus are bathed i n maternal blood and one 
layer of s y n c i t i a l trophoblast separates the maternal blood from 
the f e t a l c a p i l l a r i e s (21). The chorioallantoic placenta of 
rodents and lagomorphs i s a complex hemoendothelial type composed 
of intimately juxtaposed and modified f e t a l and maternal c e l l s , 
bathed by a labyrinth of blood sinuses (55) with three (rat, mouse 
and hamster) or two (rabbit) trophoblastic layers separating 
maternal blood from f e t a l c a p i l l a r i e s (21). The human and rat 
placenta also d i f f e r functionally with secretory patterns of 
placental lactogen d i f f e r i n g and with the presence in primates of 
chorionic gonadotropin (80). What effect i f any these differences 
have on placental transport i s not f u l l y understood. In addition, 
rodents and lagomorphs also form a yolk sac placenta immediately 
after implantation, which i s the major (only) mechanism for nu
tr i e n t processing and transport u n t i l gestation day 11-11%, and 
persists as functional, even when the chorioallantoic placenta 
forms, almost to parturition. Again, what effect this has on 
embryo and f e t a l v u l n e r a b i l i t y i s not yet known, although at least 
one teratogenic agent, trypan blue, appears to act solely on the 
yolk sac placenta (8). In multi f e t a l pregnancies there are 
differences i n blood flow to l e f t and right uterine horns and to 
implants at ovarian versus c e r v i c a l ends of the uterine horns. 
Different fetuses within the same dam have been shown to be at 
d i f f e r e n t i a l r i s k (119, 145). In addition, f e t a l loss i s handled 
d i f f e r e n t l y : dead implants are not expelled i n a spontaneous 
abortion as i n single-birth mammals but are resorbed in s i t u . It 
i s not uncommon to recover healthy, viable fetuses side-by-side 
with large numbers of resorption s i t e s . Maternal, placental and 
f e t a l metabolism of xenobiotics may also d i f f e r hence the need for 
prior characterization, at least, of the test organism's metabolic 
c a p a b i l i t i e s of the substance to be tested. 
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The placenta i s both a transport and metabolizing organ. 
Transport i s accomplished by simple diffusion, f a c i l i t a t e d d i f f u 
sion, active transport across membranes and by special processes 
such as pinocytosis, phagocytosis and breaks i n the "barrier" 
(29). Characteristics of chemicals showing high transfer from 
maternal blood to placenta include: low molecular weight (< 500 
daltons optimal), high lipid/water p a r t i t i o n c o e f f i c i e n t ( l i p o 
p h i l i c ) , low ionization at blood pH (pKa) and low binding to 
plasma proteins (4). The placenta contains a f u l l complement of 
mixed function oxidases located in the microsomal and mitochon
d r i a l subcellular fractions capable of induction (eg. benzo(a)-
pyrene hydroxylase, 24). 

Metabolism i n the test dam and/or fetus and i t s relevance to 
the human gravida i s also c r i t i c a l . For example, the parent 
compound may be teratogenic and i s metabolized to innocuous pro
ducts as with diphenylhydantoin, an anti-seizure drug used i n the 
treatment of epilepsy (41). In contrast, the parent compound may 
be harmless and must be metabolized to the proximal teratogenic 
agent as i n chlorcyclizine, an antihistamine metabolized i n vivo 
to the active teratogen norchlorcyclizine (57, 89). One of the 
current hypotheses concerning mechanism of thalidomide-induced 
teratogenesis suggests that thalidomide i s transmitted to the 
human fetus and metabolized to more polar metabolite (s), the 
putative proximal teratogenic agent(s), which cannot cross the 
placenta back to the maternal organism for further metabolism and 
excretion (58, 129). This sequence may be q u a l i t a t i v e l y or 
quantitatively different in the insensitive pregnant rodent. In 
contrast, imipramine, an antidepressant, i s teratogenic i n rabbits 
where blood levels of the parent compound stay high. In the 
human, imipramine i s rapidly metabolized by demethylases and i s 
not teratogenic (42, 92). 

Mechanisms of Teratogenesis. Most toxicologists have viewed 
the experimental animal as a "black box" wherein one inserts test 
chemicals usually at high dose and observes effects out. There 
has recently been a c a l l for low-dose exposure, examination of the 
effects and the mechanisms by which they arise and assessment of 
human r i s k of the effects seen in the test systems (30). Simi
l a r l y , i n teratology, the pregnant mammal has been considered a 
"black box" whereon exposures are done and resulting fetuses 
examined with l i t t l e or no attention to mechanisms. 

Without elucidation of mechanisms, teratologists are doomed 
to an endless succession of empirical testing screens. Teratology 
must be concerned with anticipation of teratogenic r i s k which 
requires knowledge of mechanisms. Researchers must be able to 
extrapolate results from a test compound at (relatively) high dose 
on a test animal to r i s k assessment to the human at (usually) 
lower doses. Given the huge number of potential teratogens i n use 
today and new ones entering the environment yearly, teratologists 
must be able to generalize from known agents with known mechanisms 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
00

8

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



8. WOLKOWSKI-TYL Reproductive and Teratogenic Effects 141 

to new agents with similar functional groups, for example, with 
projected similar effects and mechanisms. Landauer, just before 
his death, was beginning to examine the role of functional groups 
on the teratological response in the chick embryo (63). The 
elucidation of structure-activity relationships (SARs) has been 
one of the major tools in pharmacology and toxicology. Tera
t o l o g i c a l screens can be improved i f mechanisms are known, by 
focussing on sp e c i f i c gestational times of exposure or close 
examination of certain organs expected to be targets. One can 
evaluate the appropriate test model i f the mechanism of action i s 
known. For example, i f the spe c i f i c biochemical pathways involved 
were i d e n t i f i e d , the experimental animal with such pathways most 
similar to humans would be the test system of choice. Longer 
range goals made possible by understanding mechanisms of action 
would include prevention or amelioration of the developmental 
defect prior to f i n a l manifestation by diverting the i n i t i a t i n g 
mechanism or intervention at some point(s) in the process of 
pathogenesis. This could be done by supplementation of deficient 
enzyme or substrate, r e s t r i c t i o n of diet to avoid excess accumula
tion of a deleterious metabolite, or augmentation of inadequate 
transport. One might, i n the future, prevent the "spontaneous" 
b i r t h defects which result from interactive or multiple causes yet 
unidentified i f the components of the effect, mechanisms and 
interactions can be id e n t i f i e d and the sequence from cause to 
manifestation interrupted (136). These interactions, based on 
information already known, may be with n u t r i t i o n a l status (47), 
with other teratogens or with a non-teratogen, a so-called "pro-
teratogen" (14, 95, 130). 

Wilson (140) suggests a number of mechanisms of teratogenesis 
including: 1. mutations (somatic, that i s non-heritable); 2. 
chromosomal non-disjunctions and breaks; that i s clastogenic 
events; 3. mitotic interference; 4. altered nucleic acid in t e g r i t y 
or function; 5. lack of precursors and substrates required for 
biosynthesis; 6. altered energy sources; 7. enzyme inhibitions; 8. 
osmolar imbalance; 9. altered membrane characteristics. A current 
estimation i s that 70% of a l l mutagens are teratogens (40) but not 
a l l teratogens are mutagens. Thalidomide i s perhaps the best 
example of a human epigenetic teratogenic agent. 

These alterations induced by the teratogen may occHir i n the 
in t r a c e l l u l a r compartment i n the nucleus and cytoplasm, at the 
c e l l surface, i n the extracellular matrix and/or at the l e v e l of 
the f e t a l environment: f e t a l organism, placental or maternal 
interactions (97). 

CONCLUSIONS 

This review has so far focussed on the maternal organism as 
the source to the fetus of the teratogenic agent. However, the 
male has been implicated as the cause of a teratogenic event in 
animal studies for example, with methadone (106), thalidomide 
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(71), lead, narcotics, alcohol and caffeine (cited in Science 
202:733, 1978). Human male mediation has been s t a t i s t i c a l l y 
confirmed i n studies indicating increased incidence of spontaneous 
abortions, s t i l l b i r t h s and congenital defects from male operating 
room personnel exposed to waste anesthetic gases and vapors (1) 
and been implicated in congenital heart defects from male pro
duction-worker exposure to Oryzalin (90). Apparently 1,2-dibromo-
3-chloropropane (DBCP) i s a human male s t e r i l a n t (127, 128). 
High caffeine consumption by the male has also been implicated i n 
spontaneous abortion, s t i l l b i r t h s , and premature births (123). 
The putative mechanisms may include damage to the sperm, presence 
of the agent or i t s metabolite(s) i n the semen which may affect 
the embryo d i r e c t l y or act on the gravid uterus (72), or an i n 
direct action on the male affecting hormone levels and perhaps 
l i b i d o (52, 107). These results have grave implications for 
production workers of both sexes under ri s k of exposure during 
c h i l d - s i r i n g or child-bearing years. 

Wilson (136) has suggested c r i t e r i a for recognizing a new 
teratogenic agent in humans. These include an abrupt increase in 
the incidence of a particular defect or association of defects 
(syndrome) and coincidence of this increase with a known environ
mental change such as introduction of a new drug or environmental 
exposure to other chemicals. The appearance of c h a r a c t e r i s t i c a l l y 
malformed offspring should be correlated with known exposure to 
the environmental change early in pregnancy, and there should be 
absence of other factors common to those pregnancies yielding 
infants with the characteristic defect (s). 

Hunt (45) has made a number of recommendations to increase 
the data available on births to include maternal and paternal work 
experience, to encourage analysis of data already collected to 
id e n t i f y possible relationships between occupational history of 
the mother (and father) and pregnancy outcome, and to encourage 
and support research on f e t a l development and maternal physiology 
i n r e l a t i o n to exposure and handling of toxic substances. She 
suggests promotion of information exchange with other countries 
especially i n Eastern Europe. The importance i s stressed of 
health education programs especially i n the workplace, considera
t i o n of the pregnant worker i n a l l investigations and analyses of 
occupational safety and health standards, and a concerted e f f o r t 
to impress c l i n i c i a n s and epidemiologists with the importance of 
occupational history for any study on reproduction from both males 
and females. The U. S. Department of Health, Education and 
Welfare has established a Congenital Malformations Surveillance 
published yearly to monitor b i r t h defects i n the United States 
divided into four regions to attempt to detect any alterations in 
frequency of a dozen major malformation syndromes. 

Teratological research has made great advances i n the last 
decade, with recognition of the need for new approaches, with 
refinement of a n a l y t i c a l tools, and with the awareness of the 
importance of subtle structural and functional alterations pre-
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and postnatally. With input from c l i n i c i a n s and epidemiologists, 
toxicologists, pharmacologists, a n a l y t i c a l chemists and behavioral 
s c i e n t i s t s , teratologists are working to meet the challenge to 
guarantee the birthright of health to children of this chemical 
age. 

ABSTRACT 

The discipline of Teratology is introduced, including an 
historical perspective and current definition. Categories of 
teratogenic agents are discussed including human and animal 
teratogens. Determinants of teratogenic susceptibility are 
detailed: specificity of agent, specificity of target and dis
position of agent. State-of-the-art teratological testing is 
presented as well as new trends evolving such as toxicokinetics 
and metabolism on maternal and fetal tissues, in vitro test 
systems and postnatal testing procedures. Extrapolation of animal 
data to human risk assessment is discussed. Possible mechanisms 
of teratogenesis and site(s) of action are suggested and con
clusions tentatively drawn as to the sensitivity of current tera
tological testing, new methodology developing and the limitations 
of available techniques to guarantee the birthright of health to 
children of this chemical age. 
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The Contribution of Epidemiology 

MARY WAGNER PALSHAW 

Stauffer Chemical Company, Westport, CT 06880 

Throughout this week, we will be hearing about the various 
toxicological and biochemical methods employed in assessing 
the toxicity of pesticides. This afternoon, I will discuss a 
complimentary science, epidemiology, and provide some insight 
into epidemiologic methods for investigating and characterizing 
health effects in humans which may be associated with exposure 
to pesticides in the workplace. 

Definition and Concerns of Epidemiology 

Epidemiology may be defined as the study of factors which 
contribute to the occurrence, distribution and course of disease 
in a population group. 

Epidemiology is considered the detective branch of medicine 
because its purpose is to investigate and identify specific 
agents or factors that may cause disease and also identify people 
who are at high risk for developing a disease. It, therefore, 
provides the basis for public health programs designed to prevent 
and control disease. Prevention may be effected by reducing or 
eliminating exposure to a specific factor once its importance 
in producing disease has been demonstrated. 

Among the public health programs aided by knowledge result
ing from epidemiologic investigations are those directed at the 
prevention and control of conditions such as cancer, cardiovascu
l a r disease and stroke. Epidemiologic methods are also essential 
to the evaluation of the efficacy of new prevention and therapeu
t i c measures and any possible harmful side effects they may have. 

Epidemiology focuses on groups of people rather than on a 
spe c i f i c individual. The epidemiologist attempts to determine 
whether there has been an increase of a disease over the years, 
whether one geographical area has a higher frequency of the 
disease than another, and whether the characteristics of persons 
with a particular disease or condition distinquish them from 
those without i t . 

0097-615 6/81/0160-0157$05.00/0 
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158 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

The investigation of a disease begins with a description of 
i t s occurrence i n a population. The basic information required 
i s the time (day, month, season or year) of onset of the disease, 
place (country, city , urban or rural residence) and various per
sonal characteristics such as age, sex, race, ethnic group, edu
cational background, socioeconomic status, occupation, b i o l o g i 
cal characteristics such as biochemical levels and c e l l u l a r con
stituents of blood, and personal l i v i n g habits such as tobacco 
usage, alcohol consumption and diet. 

H i s t o r i c a l l y , epidemiology originated i n r e l a t i o n to the 
study of the great epidemic diseases such as cholera, bubonic 
plague, (often referred to as Black Death i n the Middle Ages) 
smallpox, yellow fever and typhus. These disease were associ
ated with high mortality and, u n t i l the twentieth century, were 
the most important threats to l i f e . 

Today, with the exception of influenza outbreaks, major epi
demics no longer threaten the United States and other highly 
developed countries, and most of the more important infectious 
diseases are reasonably under control. 

Of course, there are s t i l l some surprises. A mysterious 
outbreak of pneumonia following an American Legion Convention 
i n Philadelphia, i n 1976, captured everyone's attention. The 
investigation was carried out by epidemiologists from the Center 
for Disease Control (CDC), i n Atlanta, working with epidemiolo
gists and other health professionals from the Pennsylvania and 
Philadelphia Health Departments. 

Eventually, the organism responsible for the outbreak was 
isolated from lung tissues i n four patients and i t was discovered 
to be a previously unidentified bacterium. Since then, epidemio
logi s t s have investigated the incidence and geographic d i s t r i b u 
tion of the disease, the environmental sources of the organism 
and the mode of transmission. 

In more recent years, chronic diseases have assumed impor
tance as the major health problems of advanced Western C i v i l i z a 
tion. The new importance of these diseases stems i n part from 
major changes i n the environment and the way of l i f e imposed by 
i n d u s t r i a l i z a t i o n and i t s related migration of people to the c i t 
ies. It also relates to the increase i n the older age groups i n 
the population which has resulted from the removal of infectious 
diseases as a common cause of early death. 

Cancer, high blood pressure, coronary artery disease, diabe
tes and a r t h r i t i s are among the let h a l or chronic cr i p p l i n g dis
eases associated with older age. 

The investigation of e t i o l o g i c (causal) factors of the 
chronic diseases represents the new epidemiologic frontier. In 
an era of increasing s p e c i a l i z a t i o n within medicine, epidemiolo
gists now generally specialize i n investigation of either i n f e c 
tious or chronic diseases. Within the f i e l d of chronic disease 
epidemiology several subspecialties have developed. These i n 
clude cancer, genetic, and environmental epidemiology and occupa-
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9. PALSHAW The Contribution of Epidemiology 159 

pational epidemiology which employs methods used i n both 
cancer and environmental epidemiology. 

Overview of Occupational Epidemiology 

It i s well known that the ris k of acquiring many diseases 
i s d i r e c t l y related to occupation. Some examples of disease haz
ards related to occupation include the development of bone can
cers among workers who applied radium paint to watch di a l s and 
hands, the occurrence of lead poisoning i n battery workers, blad
der cancers i n an i l i n e dye workers and lung cancers i n miners of 
radioactive ores. 

Many of the possible health consequences of various occupa
ti o n a l exposures are not ea s i l y detectable by observation. Epi
demiologic techniques can provide a tool f o r evaluating possible 
causal relationships between occupational exposure and develop
ment of medical conditions. Their major usefulness i s i n the ex-
examination of illnesses and deaths occurring after many years 
of exposure, and, possibly even after exposure has ended. 

A relationship between a particular occupational exposure and 
subsequent i l l health may be suspected i f similar health related 
effects have been observed i n animal studies or i f the condition 
has also been found i n workers occupâtionally exposed to a com
pound s t r u c t u r a l l y related to the chemical i n question. 

Although occupational epidemiology o f f i c i a l l y goes back to 
1775, when an English physician named Percival Pott observed an 
unusually large occurrence of scrotal cancer i n chimney sweeps, 
most of the methods currently employed i n occupational studies 
have been developed i n the past twenty years. 

The essence of the epidemiologic method i s that i t measures 
the risk of i l l n e s s (morbidity) or death (mortality) i n an ex
posed population and compares i t with the same risks i n an un
exposed population which i s ide n t i c a l i n a l l other respects. 

Although epidemiologic studies can't by themselves prove a 
cause and effect relationship, they can establish an association 
between an exposure and i l l health. Conversely, a lack of an 
association may provide reassurance that the substance does not 
adversely affect human health where laboratory or animal studies 
have suggested a problem. 

As a result of the s h i f t i n emphasis from worker safety to 
the larger issues of i l l n e s s , both acute and chronic, which may 
be associated with various occupational exposures, industry, par
t i c u l a r l y the chemical and petrochemical industry, has begun to 
employ occupational epidemiologists to conduct studies of work
ers. 

Working i n an in d u s t r i a l setting, the epidemiologist i s a 
member of the occupational health team. At Stauffer, I am a 
member of the Occupational Medicine Department located at 
Corporate Headquarters. 
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160 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

Interface with other S c i e n t i f i c Disciplines 

When conducting a study, we draw heavily upon the knowledge 
and expertise of many other s c i e n t i f i c d i s c i p l i n e s within the 
company. 

Chemists. For example, when authorized to conduct a study 
of workers who have been exposed to a s p e c i f i c pesticide, i t i s 
important to know the composition of the product and the reac
tions involved, what i t s unique properties are, how i t acts and 
what i t s applications are. For this, we rely on our company 
chemists to help explain or supplement the information available 
on the product. 

Chemical Engineers. We also need to know and understand the 
process for commercial manufacture of the product since most of 
the studies focus on workers at the plants which manufacture or 
formulate the product. For this, we draw upon the expertise of 
the chemical engineers. 

Industrial Hygienists. Environmental monitoring measurement 
data constitute a major component of an occupational epidemiology 
study. It i s essential to know the amount of pesticide the em
ployees are currently exposed to as well as their h i s t o r i c a l ex
posures so that medical findings can be examined i n re l a t i o n to 
the work environment. 

Evaluating this relationship i s complicated by the fact that 
many different and possibly toxic chemicals are being used and 
produced at the worksite, there are many different jobs and pro
cesses with q u a l i t a t i v e l y different exposures, and there i s f r e 
quent movement of workers from job to job. 

The approach taken by the i n d u s t r i a l hygienists i s to divide 
the plant into d i s t i n c t areas, and to define the job t i t l e s held 
within each of these areas and the potential exposures to sub
stances for each job t i t l e . 

At a plant, there usually are several process areas, a lab
oratory, maintenance shop and plant o f f i c e . Within a particular 
process area, there may be such job t i t l e s as process engineer, 
operator and maintenance mechanic. 

The actual exposure leve l of the product i s determined by 
taking representative breathing zone samples for a specified time 
period and performing analyses of the samples to quantify the 
amount of product present. 

A problem faced by the epidemiologist i s that exposure i n f o r 
mation i s frequently available for only the most recent years of 
production and h i s t o r i c a l exposures must be estimated. This i s 
accomplished by having supervisory personnel who have been as
sociated with the manufacture of the product during the study 
period rank the exposure intensity of a l l job t i t l e s whether or 
not the job was d i r e c t l y involved i n the operation. This may be 
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9. PALSHAW The Contribution of Epidemiology 161 

On a severity scale of 0-3 with zero representing no exposure and 
three representing heavy exposure. 

The ranking i s determined after consideration of factors such 
as a v a i l a b i l i t y of i n d u s t r i a l hygiene information, process chan
ges, production levels, actual operating conditions, engineering 
and procedural changes to upgrade working conditions, physical 
proximity of the job t i t l e s to points of exposure and u t i l i z a t i o n 
of personal protective devices. 

Usually, the only workers who can be considered truly non-
exposed are c l e r i c a l personnel i n the plant o f f i c e who generally 
have l i t t l e occasion to go out into the plant. 

The exposure rating for a particular job t i t l e i s then linked 
with each employee's work history to determine the cumulative Ex
posure Index to the product each individual has had. 

The people we are most interested i n at a location are those 
who have had the greatest exposure for a long period of time. If 
the product i s considered a suspect carcinogen, we are particu
l a r l y interested i n the causes of death for those workers employ
ed f i f t e e n or more years because of the long latency period re
quired for many agents to induce cancer. 

As I indicated before, we generally study plant workers when 
we are interested i n evaluating health effects related to a pes
t i c i d e . However, i n the future, i t i s envisioned that we w i l l 
have the capability to identify a l l workers who have been exposed 
to a spe c i f i c pesticide. 

This w i l l include the i n i t i a l synthesis chemist who assigned 
a number to a mixture he had just developed, the a n a l y t i c a l and 
f i e l d research station personnel, toxicology personnel involved 
with the acute t o x i c i t y , sub-chronic and chronic testing and re
productive and mutagenicity studies, and p i l o t plant and manufac
turing and formulating personnel so that a l l persons exposed to 
any l e v e l of the pesticide w i l l be included i n the study. 

Before undertaking a study, we perform a world-wiue search of 
the s c i e n t i f i c l i t e r a t u r e regarding human health effects associ
ated with exposure both to the product and i t s component sub
stances. We usually also examine the l i t e r a t u r e on struc
t u r a l l y related products. 

Frequently, the search w i l l y i e l d few papers related to a 
s p e c i f i c product so that we lack clues as to what the health 
effects i n humans might be. This i s where the toxicologists come 
in. 

Toxicologists. Upon request, the toxicologists w i l l review 
the toxicology l i t e r a t u r e and their own studies concerning the 
product and advise us of any significant findings. From t h i s i n 
formation, we can then determine the appropriate type of study to 
design. 

If, for example, a chronic inhalation study i n rats showed a 
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 tumors at a given s i t e , we 
would undertake a mortality study to determine i f there were ex
cesses of cancer, p a r t i c u l a r l y at that s i t e , among workers 
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exposed to the product with attention being paid to those work
ers exposed f i f t e e n years or more. 

If evidence of t e s t i c u l a r atrophy was observed, we would be 
interested i n designing a c l i n i c a l study which would assess re
productive function i n the exposed workers. If a two year i n 
gestion study i n rats reported a s t a t i s t i c a l l y significant i n 
cidence of neurotoxicity, we would want to investigate whether 
neurotoxic effects also were produced i n an exposed worker popu
lati o n . 

Toxicology studies, therefore, can serve to predict disease 
i n humans. Epidemiology studies can then be conducted to assess 
whether a health effect observed i n animals i s reproduced i n 
humans. 

Physicians. Epidemiologists u t i l i z e the data generated from 
the physical examinations and special tests performed by the 
plant physicians as part of the Occupational Health Program to 
conduct their surveillance of the workforce. 

In addition, we c a l l upon physicians to use their knowledge 
of occupational disease i n evaluating medical information on 
study subjects to determine the work relatedness of health 
effects observed. 

When conducting a c l i n i c a l study such as that of reproductive 
function, we work with a physician s p e c i a l i s t , i n t h i s case a uro
lo g i s t , to design the study. This involves developing a medical 
history questionnaire and physical examination strategy. The 
physician w i l l perform the examinations and assist with the i n 
terpretation of the study findings. 

B i o s t a t i s t i c i a n s . The i d e n t i f i c a t i o n of an association be
tween exposure to a substance and subsequent development of a 
medical disorder requires increasingly complex, sophisticated 
s t a t i s t i c a l concepts and methods. We, therefore, work closely 
with b i o s t a t i s t i c i a n s f i r s t , to design studies which w i l l detect 
an increased r i s k i f i t i s present and, then, i n the analysis 
and interpretation of the study findings. 

Epidemiologic Techniques Used to Assess Health Effects Related 
to Occupational Exposure to Pesticides 

Let us examine the techniques epidemiologists use to assess 
health effects related to occupational exposure to pesticides. 

The two principal techniques we use are studies and s u r v e i l 
lance of our workers. 
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Table I 

Techniques Used to Assess Health Effects 
Related to Occupational Exposure to Pesticides 

A. Epidemiology Studies 
1) Mortality 
2) Morbidity 

a) Studies from medical records (health insurance 
claims and Sickness-Absence Records) 

b) C l i n i c a l Studies 

B. Surveillance 
1) Physical Examination Reports 
2) Illness-related Worker Compensation Claims 
3) Biological Monitoring - Cholinesterase 

Mortality Studies. The mortality study i s the usual i n i t i a l 
approach towards assessment of health effects i n a worker popula
tion. The reason for this i s that any serious health hazard i s 
l i k e l y to be reflected ultimately i n excess mortality from a 
spe c i f i c cause or group of causes. Another i s that detailed i n 
formation on causes of death i n the general population i s readily 
available. 

Some pesticides have been found to be carcinogenic to labora
tory animals. The mortality study i s the tool used to assess the 
risk of cancer i n humans exposed to these pesticides. 

The investigative strategy for a mortality study involves i -
de n t i f i c a t i o n of a l l workers at a location who have been exposed 
to the product since start-up of the production of the product. 
Workers who have retired or l e f t employment are traced with the 
assistance of the Social Security Administration to determine i f 
they are l i v i n g or deceased. Copies of death c e r t i f i c a t e s are 
then obtained for a l l deceased individuals and the causes of 
death as l i s t e d on the death c e r t i f i c a t e s are used to compute 
death rates. These death rates are then compared to rates i n the 
national population to determine i f there are more deaths a t t r i 
butable to a sp e c i f i c cause than one would expect i n the national 
population. 

I f an excess number of deaths due to cancer are observed, 
a detailed review of medical and occupational records i s under
taken for each individual whose death was ascribed to cancer i n 
an attempt to investigate a possible association between these 
deaths and exposure to the product. We take into consideration 
the employment history prior to joining the company, the i n t e r v a l 
between exposure and death, cumulative exposure to the product 
and length of exposure, the toxicology of the other substances 
i n the workplace and the nature of the i l l n e s s . 
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Morbidity Studies. Morbidity studies are carried out on an 
active work force and focus on causes of i l l n e s s . The sources of 
data for a morbidity study can be existing records such as health 
insurance claims or sickness related absence records, i f the 
cause of i l l n e s s i s recorded. 

C l i n i c a l Studies. C l i n i c a l studies are designed to assess 
function of a sp e c i f i c body organ or system. They u t i l i z e a medi
cal questionnaire, physical examination and laboratory and/or 
c l i n i c a l tests t a i l o r e d s p e c i f i c a l l y to detect impaired function 
of the system or organ under study. A control of non-exposed 
workers i s used for comparative purposes and the results from 
both the exposed and non-exposed workers are analyzed s t a t i s t i 
c a l l y to determine i f the exposed workers have an increased i n 
cidence of the medical condition. 

Surveillance. Surveillance of worker populations exposed to 
pesticides i s done i n conjunction with a company Occupational 
Health Program and i t s primary purpose i s early detection and 
prevention of occupâtionally related i l l n e s s . It involves 
analysis of the annual physical examination findings, i l l n e s s -
re lated-Worker's Compensation Claims and biomonitoring results. 

Physical Examination Findings. The analysis of employee phy
s i c a l examination findings involves a review of a l l diagnoses 
made by the examining physician at each company location which 
handles pesticides. It also includes a determination of the 
number of individuals who have sp e c i f i c laboratory tests outside 
the reference range. If, for example we found that a particular 
location had a large number of employees with elevated l i v e r fun-
cion tests, we would immediately want to know where these i n d i v i 
duals worked i n the plant so that we can then examine the i r po
t e n t i a l exposures and i n d u s t r i a l hygiene sampling data to evalu
ate whether any exposures may have contributed to l i v e r damage. 

Worker's Compensation Claims. The examination of i l l n e s s -
related Worker's Compensation Claims can serve to identify acute 
medical conditions occurring i n the workforce that are d e f i n i t e l y 
work-related. 

OSHA D e f i n i t i o n of an Occupational Illness 

OSHA has defined an occupational i l l n e s s as any abnormal con
d i t i o n or disorder other than one resulting from an occupational 
injury, caused by exposure to environmental factors associated 
with employment. It includes acute and chronic i l l n e s s e s or dis
ease which may be caused by inhalation, absorption, ingestion or 
direct contact. 

We review a l l the Worker's Compensation Claims sent i n to the 
Safety Department by our locations and analyze those claims which 
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9. PALSHAW The Contribution of Epidemiology 165 

conform to the OSHA d e f i n i t i o n of an occupational i l l n e s s . We 
f i r s t categorize the illnesses according to the OSHA categories 
for occupational i l l n e s s . 

Table II 

OSHA Categories for Occupational Illness 
Occupational skin diseases and disorders 
Dust diseases of the lungs 
Respiratory conditions due to toxic agents 
Poisoning (systemic effects of toxic materials) 
Disorders due to repeated trauma 
Disorders due to physical agents 
A l l other illnesses 

Then we compute incidence rates for Occupational Illness, 
Lost Workday Cases and Lost Workdays and compare these rates 
with the rates published by the Bureau of Labor S t a t i s t i c s 
for workers i n chemical and a l l i e d product manufacturing. 

We find that workers associated with pesticides may develop 
skin rashes and occasionally some respiratory symptoms due to 
inhalation of these materials. 

B i o l o g i c a l Monitoring - Cholinesterase. Exposure to organo-
phosphate and carbamate chemicals may result i n the i n h i b i t i o n of 
the acetylcholinesterase enzyme which i s v i t a l to the mainte
nance of effective nerve and muscle function. We are fortunate 
i n having a b i o l o g i c a l monitoring tool, the cholinesterase test, 
which allows us to detect a potentially significant exposure to 
organophosphorous compounds before the onset of c l i n i c a l symp
toms. 

Although the carbamate compounds may also i n h i b i t t h i s en
zyme, any i n h i b i t i o n which occurs tends to be short i n duration 
owing to rapid b i o l o g i c a l reactivation of the enzyme, 
li m i t s our a b i l i t y to detect a carbamate-related i n h i b i t i o n . 

To conduct health surveillance of workers potentially exposed 
to organophosphate pesticides, Cholinesterase Biomonitoring Pro
grams have been instituted at our research centers and f i e l d re
search stations, toxicology centers and manufacturing and formu
latin g plants. Many of you probably participate i n a similar 
program. 

The personnel i n the Program have baselines calculated from 
blood samples taken at pre-employment or following a long period 
of time i n which they have not been exposed to cholinesterase 
i n h i b i t i n g compounds. Subsequent values are then compared to 
these baseline values. A mild to moderate decrease (10-15%) 
for baseline i n either red blood c e l l or plasma cholinesterase 
suggests exposure. A decrease greater than or equal to 30% i n 
either plasma or red blood c e l l cholinesterase i n indicative of 
an excessive exposure. 
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166 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

For an individual i d e n t i f i e d as having test results 30% or 
more below baseline, we examine his work history and plant pro
duction records to determine what product was being made i n this 
work area on or just before the date blood was drawn. We also 
review i n d u s t r i a l hygiene sampling results which w i l l provide us 
with the actual level of exposure. These data then can be used 
to determine what additional protective measures need to be i n 
stituted to prevent a recurrence. 

Let us examine some of the epidemiologic research which ap
pears i n the open l i t e r a t u r e . 

Review of Selected Epidemiologic Studies Related to Pesticide 
Exposure 

U n t i l recently the emphasis has been on studies of morbidity 
rather than mortality. The primary reason for t h i s relates to an 
i n a b i l i t y to associate excess mortality with a s p e c i f i c p e s t i 
cide. 

Frequently, work histories have been vague and job 
t i t l e s even more vague. Workers would be c l a s s i f i e d as "A" 
Operators or "B" Operators with no indication where the person 
worked. This made i t d i f f i c u l t to assess the potential exposure 
that a worker might have had to the product under study. The 
end result was that we studied the entire plant population. 

With the introduction of more specific job t i t l e s , methods of 
tracking employees as they move about the plant and the advent 
of better epidemiologic and s t a t i s t i c a l methodologies to identify 
causal agents i n a multiple exposure environment, we anticipate 
that more studies w i l l be directed towards assessment of the mor
t a l i t y experience. 

There are studies i n the l i t e r a t u r e which have implicated 
benzene, arsenic and certain compounds of hexavalent chromium as 
human carcinogens. The inference i s that pesticides which incor
porate these substances may be potential human carcinogens. 

The findings of an occupational study conducted by Mabuchi 
and colleagues reported i n the Archives of Environmental Health, 
i n 1979, do suggest that occupational exposure to arsenical pes
ti c i d e s increases the r i s k of cancer.i This study involved work
ers at a plant which manufactured and formulated arsenic-base i n 
secticides, rodenticides, and herbicides. Mortality from lung 
cancer i n male workers was s i g n i f i c a n t l y higher than expected for 
workers with presumed high exposure to arsenicals. 

Morbidity Studies. Morbidity studies have revealed a wide 
variety of toxic effects i n workers exposed to pesticides. 

Neurological Effects. A major incident of occupationally-
related i l l n e s s associated with a pesticide involved Kepone. 
Kepone i s a chlorinated hydrocarbon insecticide used domestically 
as an ant and roach poison. In 1975, after workers at a plant 

Pu
bl

is
he

d 
on

 A
ug

us
t 1

0,
 1

98
1 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
bk

-1
98

1-
01

60
.c

h0
09



9. PALSHAW The Contribution of Epidemiology 167 

which manufactured Kepone were discovered to have a variety of 
ailments, a c l i n i c a l study of 133 employees was undertaken.1 

The workers reported disorders characterized by onset of t r e 
mors, chest pain, weight loss, mental changes, skin rash, muscle 
weakness, loss of coordination and slurred speech. Over half had 
experienced tremors following exposure to Kepone. These findings 
suggested that Kepone produced neurological disorders involving 
the brain, peripheral nerves and muscle and the l i v e r . In addi
t i o n to the neurological findings, sperm counts were reportedly 
decreased. Today, following treatment to help t h e i r bodies elim
inate the Kepone, most of the affected workers have no remaining 
signs of Kepone poisoning and are able to work again. 

Reproductive Effects. Another c l i n i c a l study, this one de
signed to assess reproductive function, involved a fumigant, 
1,2-dibromo-3 chloropropane (DBCP). In 1977, Whorton and Milby 
investigated the t e s t i c u l a r function of 145 employees of a plant 
which formulated DBCP.2 They used a questionnaire, physical exa
mination which focused on the reproductive system, sperm counts 
and blood tests to determine the l e v e l of the hormones that stim
ulate and maintain sperm production. 

The findings showed that approximately 45% of the workers 
tested had sperm counts less than 40 million/ml. of semen. (For 
this study, the authors considered normal sperm counts to be 40 
million/ml. or greater.) 

There also appeared to be a direct relationship between ex
posure duration and sperm count. Workers with sperm counts of 
1 million/ml. or less had been exposed for at least three years. 
No workers whose sperm count exceeded 40 million/ml. had been ex
posed for more than three months. 

One year later, the investigators re-examined twenty-one of 
the employees who were found to have either no sperm or a sperm 
count of less than 20 million/ml.4- Of the men who had no sperm i n 
1977, they found that none showed improvement i n 1978. However, 
the nine men who had sperm counts less than 20 million/ml. did 
show evidence of improvement. Their data suggest that DBCP i n 
duced t e s t i c u l a r dysfunction i s l i k e l y to be reversible among the 
moderately affected individuals. However, r e v e r s i b i l i t y among 
the severely affected men was not detected, possibly because i n 
sufflent time had elapsed since cessation of exposure. 

Studies On F i e l d Workers. The extent to which farm workers 
are adversely affected by exposure to pesticide residues on the 
foliage of treated crops and i n the s o i l i s d i f f i c u l t to assess 
because cases are largely undetected and grossly under-reported. 

In an attempt to get some idea of the magnitude of the prob
lem, the C a l i f o r n i a Department of Public Health conducted a study 
of f i e l d workers i n Tulare, C a l i f o r n i a . ! They interviewed 1,120 
non-migrant farm workers concerning the occurrence i n the pre
vious year of symptoms such as nausea, eye and skin i r r i t a t i o n , 
chronic headaches, and sleeplessness. 

Pu
bl

is
he

d 
on

 A
ug

us
t 1

0,
 1

98
1 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
bk

-1
98

1-
01

60
.c

h0
09



168 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

They interviewed a group of controls at the same time who were 
of the same economic, so c i a l and ethnic background and l i v e d i n 
the same area but were not engaged i n a g r i c u l t u r a l f i e l d work. 
The f i e l d workers reported the symptoms approximately f i f t e e n 
times that of the controls. 

Ongoing Research. In terms of ongoing surveillance, the Cal
i f o r n i a Department of Food and Agriculture reviews annually a l l 
Doctor's F i r s t Reports of Worker Injury which are required to be 
submitted by physicians that treat any occupâtionally related 
i l l n e s s or injury. In 1977, more than 1.5 m i l l i o n occupational 
i l l n e s s and injury reports were submitted from the C a l i f o r n i a 
workforce of more than 12 m i l l i o n workers. Of these 1,531 cases 
were c l a s s i f i e d as "probably" related to pesticide exposure. 

The National Institute for Occupational Safety and Health 
(NIOSH) i s currently assembling a registry of a l l workers i n the 
United States who may have been exposed to dioxin i n the manufac
ture of the herbicide, 2,4,5-T. After the work histories and 
medical information have been collected on each employee, they 
w i l l proceed with a mortality study to evaluate the mortality 
patterns of these workers, with particular attention being paid 
to cancer cases. 

In addition, the Environmental Protection Agency has an Epi
demiologic Studies Program which has several studies i n progress. 
Examples of some of the types of studies include: determination 
of the number of pesticide poisonings i n f i e l d workers, a deter
mination of the body burden of pesticides and physiological re
sponses the effects of organophosphates on cholinesterase values, 
worker safety during reentry into recently sprayed orchards, and 
a determination of the relationship between pesticides and u r i 
nary excretion of pesticide metabolites. 

New Research. Regarding new research, the Department of 
Labor and the Environmental Protection Agency plan to co-sponsor 
a five-year study of the effects of pesticide exposure on the 
health of youths under sixteen years of age who are employed i n 
agri c u l t u r a l operations. The study w i l l be undertaken to deter
mine: a) actual pesticide exposure and physical effects of such 
exposure; b) absorption rates of pesticides into the body, and 
c) acute and chronic health effects i n r e l a t i o n to duration and 
level of exposure. 

The Contribution of Epidemiology 

The principal contributions that epidemiology makes today are 
the continued investigation of and elucidation and characteriza
tion of causes of disease i n humans and the i d e n t i f i c a t i o n of 
factors which contribute to th e i r occurrence. 
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9. PALSHAW The Contribution of Epidemiology 169 

In an occupational setting, where prevention of work-related 
i l l n e s s i s a primary goal, analysis of employee medical informa
ti o n serves as a surveillance mechanism for early detettion of 
such i l l n e s s . 

Well designed occupational studies can identify agents i n the 
workplace which may cause cancer or other disorders. They pro
vide the only means for se t t l i n g the issue of whether a spe c i f i c 
product i s a human carcinogen. In addition, they provide the 
essential information on worker populations required by the fed
era l health agencies to supplement toxicology data i n standard 
setting and re-registration of pesticides and by company manage
ment i n establishing internal workplace standards. 

Both government and the private sector are placing heavy em
phasis on providing a safe and healthful workplace. Epidemiology 
w i l l play a key role i n the success of these objectives. 
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10 
The Application of Fundamentals in Risk 
Assessment 

ALBERT C. KOLBYE, JR. 
Associate Bureau Director for Toxicology, Bureau of Foods, Food and Drug 
Administration, 200 C Street, SW, Washington, DC 20204 

"Risk assessment" is a popular term that appeals to scien
tists and regulators concerned with the vexing problems asso
ciated with evaluating and estimating potential hazards to human 
health. My preference is to talk in terms of evaluating poten
tial hazards to human health and to avoid using the term "risk 
assessment." This presentation will focus on aspects of 
evaluating chemical safety in relation to carcinogenesis, but 
the fundamental considerations are relevant to many other 
biological end-points of human disease. 

Extrapolation Models 

Risk assessment has too many different meanings depending 
upon the viewpoints of the scientists and non-scientists using 
the phrase. Today, one meaning of risk assessment concerns 
usage of various mathematical models to extrapolate dose-response 
relationships of toxicologic data observed by experimental or 
epidemiological techniques in order to project estimates of 
expected disease incidence from populations of animals to 
humans exposed to significantly smaller amounts of the chemical 
substance under investigation. These mathematical models vary 
in the premises assumed to apply to the shape of the dose
-response curve as exposures are decreased to zero levels. Ex
trapolation models are frequently applied by statisticians 
examining biological dose-response data who have developed a 
significant volume of literature concerning theoretical con
siderations of such models. These models represent a very 
simplistic approach towards data that in reality reflect highly 
complex biological considerations not easily explained to non
-toxicologists and regulators, nor readily understood by lay 
people, such as the ordinary citizen/consumer. 

Extrapolation models are usually applied when considering 
potentially carcinogenic chemicals from a regulatory and soci a l 
policy-making viewpoint. Many of the models adopt very con
servative premises that i n effect assume the hypothesis that 

This chapter not subject to U.S. copyright. 
Published 1981 American Chemical Society 
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172 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

there i s no "safe" exposure to a carcinogenic chemical and that 
any exposure w i l l be associated with some definable risk for 
cancer induction i n the population at large. This philosophy 
implies that there are no threshold phenomena associated with 
cancer induction. 

A recent comprehensive reference to extrapolation models 
can be found i n the Food Safety Council's Final Report of the 
S c i e n t i f i c Committee, published June 1980. 

Damage/Repair Balance Versus No-Threshold Premise 

The no-threshold hypothesis evolved i n relation to various 
experimental and epidemiological studies concerning the biolog
i c a l hazards related to penetrating ionizing radiation. It has 
been called the radiomimetic hypothesis, i . e . , that carcinogenic 
chemicals mimic the carcinogenic effects of penetrating radia
tion. There are some data that indicate that r e l a t i v e l y small 
increases in exposure to penetrating radiation are associated 
with increases i n the incidence of various cancers. 

It i s appropriate to re f l e c t that penetrating radiation by 
def i n i t i o n penetrates through tissues without respecting many of 
the physiological barriers such as membranes which have very 
important and complex functions to regulate the entry and exit 
of chemicals i n c e l l s and micro-cellular organelles. We should 
keep i n mind, however, that while penetrating radiation can and 
does induce damage to DNA, there are mechanisms existing i n the 
mammalian body to repair such b i o l o g i c a l damage. Unrepaired 
damage to DNA can occur either by overwhelming physiological 
repair or i f the normal repair mechanisms cannot operate i n 
particular instances to repair certain types of damage. We also 
know that error-prone repair may occur and contribute to the net 
resulting damage of DNA. 

When evaluating human exposures to penetrating radiation or 
to chemicals, we should consider the balance between bio l o g i c a l 
damage and bi o l o g i c a l repair. If repair i s complete, no perma
nent damage w i l l occur. If repair i s incomplete, or potentiates 
the damage because error-prone repair i s invoked, or i f normal 
repair i s overwhelmed by excessive damage, then adverse effects 
relevant to the induction of cancer and genetic damage are l i k e l y 
to occur, provided the somatic or germinal c e l l s involved 
survive. 

What Is A "Carcinogen"? 

We can now r e f l e c t on some of the present philosophies we 
currently employ to detect and regulate "carcinogenic" chemicals. 
If exposing test animals to a chemical i s associated with a 
s t a t i s t i c a l l y s i g n i f i c a n t increase i n the incidence of cancers 
i n the test animals as compared to unexposed controls, our present 
practice i s to designate the chemical substance a "carcinogen." 
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10. KOLBYE Risk Assessment 173 

Closer examination of this premise as practiced suggests that 
every influence upon the incidence of cancer exerted by various 
exposures to cancer substances, i f a positive influence, would be 
designated as being "carcinogenic." Perhaps i t i s now appropriate 
to question the v a l i d i t y and sufficiency of that premise. (1_) 
As sc i e n t i s t s and regulators, we tend to generalize. Any 
generality w i l l have i t s exceptions, and frequently generaliza
tions are either over-extended or attacked because some exceptions 
exist. In fact, any generality has i t s limitations. If we 
continue to designate "carcinogens" on the basis of whether or 
not a s t a t i s t i c a l l y s i g nificant increase i n the incidence of 
cancer i s induced, l e t us examine further where that practice 
could lead us. 

There i s no question that some chemicals are strongly car
cinogenic. After relevant experiments are performed, one can 
observe dramatic increases i n the incidence of certain types of 
cancer as dose-related responses to the chemical exposure. But 
we should remember that a s t a t i s t i c a l l y s i g n i f i c a n t increase i n 
incidence does not necessarily represent a dramatic or powerful 
increase i n incidence because, as the number of animals under 
test increases, the actual differences i n incidence patterns 
deemed to be s t a t i s t i c a l l y s i g n i f i c a n t w i l l grow smaller. Thus, 
a highly significant s t a t i s t i c a l difference i n incidence may, 
in actuality, be almost negligible i n terms of public health 
importance, although obviously such i s not always the case. A 
part i c u l a r l y relevant consideration i s whether the "normal" i n 
cidence of cancer has just been shifted from one tumor type to 
another or merely represents an increased survival to older age 
of animals having an increasing risk for cancer induction with 
increasing age. One also wonders about the v a l i d i t y of i n 
terpreting epidemiological data concerning the apparently i n 
creased incidence of human cancer i n one country as compared to 
another when age speci f i c incidence patterns for a l l diseases 
competing for mortality have not been completely accounted for 
and evaluated i n relation to each other. (2̂ ) 

"Carcinogens" Versus Cancer Risk Factors 

A more fundamental question i s whether or not a l l influences 
on the incidence of cancer i n animals or humans are necessarily 
related to direct "carcinogenic" action per se (in the sense 
of e l e c t r o p h i l i c a c t i v i t y leading to covalent bonding with 
DNA). Many sci e n t i s t s and regulators concerned with the pre
vention of cancer are i n s u f f i c i e n t l y aware of a very extensive 
body of s c i e n t i f i c l i t e r a t u r e which documents the fact that 
many factors can influence the incidence patterns of cancer i n 
animals and humans. Many interactions can and do take place 
that either potentiate or ameliorate the effective potency of 
other substances, endogenous or exogenous, that have potential 
carcinogenicity. Other substances can dramatically influence 
the b i o l o g i c a l resistance of animals and humans to cancer 
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induction, thus acting to increase or decrease b i o l o g i c a l sus
c e p t i b i l i t y to cancer induction. (_3, 4_) Obviously, a decrease 
i n b i o l o g i c a l resistance to cancer induction w i l l increase sus
c e p t i b i l i t y and, therefore, overall r i s k for cancer. In this 
presentation, these substances are designated as "cancer risk 
factors." 

Carcinogenesis Involves Progressive Events and Is a Multistage 
Process 

A very substantial body of evidence leads to the conclusion 
that the induction of cancer i s a multistage process involving 
a progression of events leading to a formation of a colony of 
malignant c e l l s which then i s called a malignant neoplasm. 
Cancer c e l l s are "malignant" because they do not respect normal 
physiological boundaries and do not accept b i o l o g i c a l control 
by the larger society of c e l l s comprising the organism such as 
the animal or human body. Thus, they parasitize the body, invade 
into other tissues, and may seed new colonies i n distant tissues 
to form metastatic lesions. They do not usually attain the 
malignant state immediately. Apparently passage through addi
tional generations of c e l l s i s required i n order for the c e l l s 
to a ttain a state of relati v e autonomy. 

In i t s simplest form, the progressive events involved with 
the induction of cancer have been referred to as the " i n i t i a t i o n " 
and "promotion" stages of carcinogenesis. This two-stage model 
was f i r s t observed by s c i e n t i s t s such as Berenblum, Shubik, and 
Van Duuren who were investigating chemically-induced skin 
cancer i n rodents. They noted that skin c e l l s could be 
" i n i t i a t e d , " i . e . , selectively damaged in such a way that they 
attained and retained a potential for malignant conversion. If 
these e p i t h e l i a l c e l l s were then subsequently treated with 
certain chemicals capable of "promoting" the conversion of 
i n i t i a t e d c e l l s to malignant c e l l s (but incapable of inducing 
cancer by their own action alone), cancer would develop. While 
these phenomena are not perfectly understood at the present 
time, much knowledge concerning e t i o l o g i c a l mechanisms has been 
developed i n the past several decades, which i s presented i n 
brief as follows: 

Genotoxicity and I n i t i a t i o n 

Usually, the f i r s t event i n this multistage progression 
takes place when certain types of damage to DNA are caused by 
viruses, radiation, or chemical ins u l t . C5) The l a t t e r i n 
volves the capability of some el e c t r o p h i l i c chemicals to react 
with DNA and covalently bind to i t (such as by alkylation), 
and disrupt normal sequencing of base pairs during replication. 
Such chemicals have been described as being genotoxic, although 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
01

0

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



10. KOLBYE Risk Assessment 175 

this term i s employed also i n a broader sense of describing 
other mutagenic c a p a b i l i t i e s of the chemicals i n question, which 
may involve different mechanisms leading to genotoxic damage. 
When certain types of genotoxic damage to DNA has occurred and 
other preconditions are f u l f i l l e d , the c e l l may proceed to the 
state of being " i n i t i a t e d " i n the sense of now having malignant 
potential. The preconditions are that the c e l l survives the 
toxic insult to DNA, that the damage to DNA i s not s u f f i c i e n t l y 
repaired to negate the damage, and that the " c r i t i c a l " unre
paired and damaged DNA can be encoded into the replicating 
genome to persist unrepaired i n future generations of c e l l s 
propagated from the one(s) o r i g i n a l l y incurring the c r i t i c a l 
genotoxic damage. 

If an i n i t i a t e d c e l l for some reason does not progress into 
subsequent stages of events, and the state of i n i t i a t i o n does 
not revert back towards normality, the c e l l s w i l l retain their 
potential for malignant conversion. There i s evidence from 
c e l l and tissue culture studies that varying degrees of rever
sion towards normality appear to occur, but that i t may well 
not be complete i n the sense that some i n i t i a t e d c e l l s are l i k e l y 
to replicate i n d e f i n i t e l y i n the future, retaining their state 
of i n i t i a t i o n and thus their potential for malignant conversion. 

Promotion 

Subsequently, a second stage i n the progression of events 
leading to formation of malignant neoplasms involves hyperplasia, 
replication of c r i t i c a l l y damaged DNA i n the active genome, 
increased DNA and increasing degrees of abnormalities observed 
i n c e l l structure and function leading to autonomous behavior 
and the biol o g i c a l characteristics associated with malignant 
neoplasms as described by many cytologists and pathologists. 
The subsequent stage of carcinogenesis has been referred to as 
the "promotion" stage which has been extensively studied 
o r i g i n a l l y i n the experimental induction of skin cancer and 
lat e r with respect to the induction of other cancers. 03, 7) 
It was f i r s t noticed that some chemicals, at the doses given to 
skin, would not induce cancer by themselves or did so only after 
a prolonged latency period. However, other chemicals, i f 
applied subsequently, "complete" the induction process by 
inducing "promotional" phenomena and thus complete the pro
gressive spectrum of events involved with the induction of 
cancer. These phenomena have been reproduced experimentally 
or have been observed to occur not only i n skin cancer, but also 
with respect to the induction of malignancies i n l i v e r (8^ % 
10), forestomach (11), lung (12), breast (L3), kidney (14), 
bladder (15, 16), and colon (13, 17, 18, 19, 20). Apparently 
such promoting substances may act in part by influencing 
enzymes and inducing the synthesis of certain polyamines, which 
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i n turn stimulate hyperplasia and DNA replication, and induce 
changes with respect to c e l l cycling, c e l l u l a r d i f f e r e n t i a t i o n 
and maturation. Other changes may occur that are associated 
with membrane a c t i v i t y and function. An important effect of 
accelerated c e l l d i v i s i o n i s to accelerate the expression of 
fixed DNA damage i n the replicating genome. 

The interaction between bi o l o g i c a l repair of DNA damage and 
increased f i x a t i o n of such damage by accelerated DNA r e p l i c a 
tion i s c r i t i c a l , because the timing and effectiveness of 
physiological DNA repair may be disturbed by the increased 
mitotic a c t i v i t y induced by hyperplastic t o x i c i t y . Error-prone 
repair can also augment the degree to which damaged DNA i s 
propagated into replicating DNA, causing c e l l u l a r " i n i t i a t i o n " 
which, i f "promoted," can progress to neoplastic growth and the 
abnormal characteristics associated with cancer. 

The cl a s s i c promoters are not carcinogenic per se, or only 
weakly so, since by themselves they usually do not induce 
cancer, but when applied to target c e l l s which have already 
been i n i t i a t e d by a cancer i n i t i a t o r , promoters w i l l f a c i l i t a t e , 
enhance, and potentiate the effective potency of the i n i t i a t o r s 
to induce malignant transformations expressed as an increase i n 
tumor incidence and the e a r l i e r appearance of malignancies. 

Direct-Acting Complete Carcinogens 

Direct-acting complete carcinogens have the a b i l i t y by 
themselves both to i n i t i a t e and promote tumor induction so that 
i f c r i t i c a l doses are attained, the lesion induced progresses 
to frank malignancy, i . e . , cancer. Other carcinogens may have 
less promoting c a p a b i l i t i e s . Many potentially carcinogenic 
chemicals require metabolic activation before the metabolite 
has s u f f i c i e n t e l e c t r o p h i l i c biochemical a c t i v i t y to damage 
DNA and i n i t i a t e the series of steps progressing to cancer 
induction. (_5) 

Activation 

If activation of procarcinogens to e l e c t r o p h i l i c metabolites 
i s enhanced, the expectable result i s an increase i n the number 
of carcinogenically active molecules capable of i n i t i a t i n g 
cancer. Conversely, as deactivation or detoxification i n 
creases, one would expect lesser amounts of potentially car
cinogenic metabolites available to i n i t i a t e cancer induction. 
Many compounds can enhance or in h i b i t carcinogenesis without 
being carcinogenic themselves (or one carcinogen can enhance 
or i n h i b i t another) by inducing or in h i b i t i n g microsomal en
zymes. These metabolic pathways important to the activation 
or deactivation of potentially carcinogenic compounds may be 
distorted or shunted, thus markedly affecting the degree to 
which a procarcinogen i s activated to e l e c t r o p h i l i c status. 
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Many polycyclic aromatic hydrocarbons have this effect, as do 
the notable examples of polychlorinated biphenyls and phéno
barbital. In many instances, they induce more deactivation 
than activation, but i n some instances they augment activation. 
These phenomena have been extensively described and documented 
in the s c i e n t i f i c l i t e r a t u r e . 

Tumor Promoters/Potentiators 

As discussed e a r l i e r , other chemicals are capable of i n 
ducing a series of changes in the same target c e l l s that are 
susceptible to i n i t i a t i o n of cancer, but these chemicals are 
only capable of acting as tumor promoters or tumor potentiators. 
Examples of these chemicals range from the croton o i l deriva
tives, such as certain phorbols, on through a broad spectrum 
of other naturally-occurring or man-made compounds. Many of 
these compounds have been designated already as potential car
cinogens by observing s t a t i s t i c a l l y s i g n i f i c a n t increases i n 
the incidence of cancer associated with exposures to these 
chemicals. It may be of interest to suggest that chloroform 
and carbon tetrachloride have tumor promoting or potentiating 
a c t i v i t y , as do saccharin, DDT, PCBs, certain phenols, phéno
barbital and, believe i t or not, such substances as ethanol, 
b i l e acids, c i t r u s o i l , and others, including hormones suth 
as estradiol. (21) 

Modifying Factors 

In similar fashion, but now on a broader b i o l o g i c a l scale, 
the s e n s i t i v i t y to cancer induction of an organism, be i t a 
c e l l , tissue, organ, or animal, can be substantially influenced 
by other "modifying factors." These i n d i r e c t l y act to i n 
fluence the milieu i n which the target c e l l s exist and modify 
b i o l o g i c a l resistance. If one immuno-suppresses an animal and 
oncogenic viruses are endogenously present, an increase i n the 
risk for cancer induction w i l l l i k e l y be the result. If one 
alters the hormonal status, profound changes i n the b i o l o g i c a l 
a c t i v i t y of many c e l l s w i l l occur, affecting cancer risk. 
Genetic factors also influence risk for cancer. Excesses or 
deficiencies of certain micro-nutrients such as vitamins or 
minerals or macro-nutrients, such as protein or fat, also can 
have dramatic influences upon the s u s c e p t i b i l i t y of animals 
to the induction of cancer. Such modifiers appear to act by 
modifying or intoxicating enzymes, co-factors, substrates, and 
membranes important to the maintenance of normal homeostatic 
physiological function and bio l o g i c a l defenses against cancer 
induction. Some biol o g i c a l defense mechanisms against toxic 
i n s u l t s , including those from carcinogens, involve substances 
l i k e Vitamins A, C, and E. Glutathione and other sulfhydryl 
compounds can also deactivate carcinogens. 
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Hyperplastic Toxicity 

The term "hyperplastic t o x i c i t y " i s used i n this presenta
tion to describe toxicity-induced c e l l p r o l i f e r a t i o n associated 
with increased mitotic a c t i v i t y , increased DNA (as judged by 
increased density of nuclear chromatin staining or i n d i c i a of 
increased DNA synthesis) and other changes associated with 
enzyme and membrane functions which are not of a malignant 
nature per se. 

Hyperplastic t o x i c i t y i s a very common c e l l u l a r reaction 
that can occur i n almost a l l mammalian tissues i n response to 
a variety of toxic i n s u l t s . The c e l l s p r o l i f e r a t e , increasing 
in number by reproducing faster. The influence of t o x i c i t y 
and hyperplasia on cancer induction has been the subject of much 
interest and some controversy for many years. The controversy 
centered on the nature and extent of the precise role of hyper
plasia i n relation to carcinogenesis. One question was somewhat 
over-emphasized in the minds of many cancer researchers: was 
the induction of hyperplasia a necessary precondition for 
induction of cancer? (For many centuries, physicians observed 
that the onset of cancer appeared to be associated with chronic 
i r r i t a t i o n and inflammation of tissues, such as scrotal cancer 
i n chimney sweeps, skin cancer i n certain occupations where skin 
i r r i t a t i o n was observed i n association with exposure to chemical 
substances, and i n this century the association of lung cancer 
in people with chronic bronchitis induced by inhaling tobacco 
smoke or other i r r i t a t i n g fumes.) Beginning early i n this 
century and continuing to this day, many experiments were per
formed to provide data to c l a r i f y the relationships between 
hyperplasia and cancer. The answer to this particular question 
seems to be the following: Observable hyperplastic t o x i c i t y 
i s not a necessary prerequisite for the induction of each and 
every type of cancer, i f by induction of cancer you mean 
i n i t i a t i o n of cancer. 

But a l l cancers are forms of malignant hyperplasia. Hyper
plasia, metaplasia, and dysplasia are observed and documented 
progressive stages i n the development of malignant neoplasms, 
i . e . , those new growths of malignant tissue c e l l s we c a l l 
cancer. Hyperplastic tissue responses to many toxic agents 
involve abnormal acceleration of c e l l r e p l i c a t i o n which i n turn 
involves a marked increase i n mitotic a c t i v i t y , including an 
increase of DNA. 

Not a l l compounds which induce hyperplasia can act as tumor 
promoters, thus while the phenomena associated with tumor pro
motion include hyperplastic changes, hyperplasia per se i s not 
precisely the same phenomenon as promotion. However, certain 
patterns of hyperplastic t o x i c i t y appear to be i d e n t i c a l and 
coincidental with certain b i o l o g i c a l phenomena observed to 
occur when the c l a s s i c a l tumor promoters are administered to 
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the same target c e l l s . If the tox i c i t y induced by toxic 
challenges results i n the induction of certain polyamines or 
other factors that appear to be capable of stimulating c e l l u l a r 
and DNA hyperplasia and changes in membrane and enzyme functions, 
then a tumor promoting action i s l i k e l y to result which w i l l 
f a c i l i t a t e and enhance cancer induction provided that the 
target c e l l s have already been i n i t i a t e d by the same or d i f f e r 
ent chemicals. (22) 

Having seen that hyperplasia i n one form i s an integral 
part of the expression of an i n i t i a t e d c e l l into a neoplasm, and 
that other forms of hyperplastic t o x i c i t y are co-equal with 
tumor promotion, we can now ask whether or not pre-existing 
hyperplastic t o x i c i t y enhances the b i o l o g i c a l s u s c e p t i b i l i t y 
of particular tissues to the induction of cancer? The answer 
to this question i s yes, at least i n many instances, since a 
substantial body of evidence again i l l u s t r a t e s many situations 
where pre-existing t o x i c i t y and hyperplasia resulted i n an 
increase i n the b i o l o g i c a l s u s c e p t i b i l i t y of target tissues to 
cancer i n i t i a t i o n and further promotion. (14, 23, 24) It 
would appear that one factor may involve DNA repl i c a t i o n with 
an increase i n the amount and surface area of DNA available as 
a target for alkylation and mispairing. Other factors that may 
be involved include: increased permeability of membranes to 
toxic agents, d i s t o r t i o n and impairment of enzymes, and related 
co-factors and substrates. These are important for maintenance 
of normal physiological c e l l functions and bi o l o g i c a l defense 
against toxic insults including those from e l e c t r o p h i l i c car
cinogens. The deactivating a c t i v i t i e s of the endoplasmic 
reticulum and microsomal enzymes also protect against carcino
gens. If these protective metabolic pathways are functionally 
distorted or impaired, b i o l o g i c a l s u s c e p t i b i l i t y to cancer 
induction can be increased. 

Dose-Response Considerations 

As mentioned e a r l i e r , complete carcinogens can both 
i n i t i a t e and promote cancer by themselves, but differences i n 
dose-response have been observed and documented, which suggest 
that the promoting action of complete carcinogens i s related 
to higher and repeated dosages of the same chemical, whereas 
i n i t i a t i o n of malignant transformation may occur at lower 
doses. This implies then that the risk for cancer induction 
by a complete carcinogen w i l l be increased as exposure to that 
carcinogen increases, because not only w i l l a greater amount 
of c e l l u l a r i n i t i a t i o n be effected, but the promoting action 
of the compound w i l l be more ef f e c t i v e l y expressed by repeated 
exposures and thus these driving forces w i l l result i n the 
faster induction of cancer. 
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Dosing Test Animals at Substantial Levels 

Our current practice i s to dose test animals at substantial 
levels to determine whether or not a compound induces cancer. 
If such dosing results i n c e l l damage such as hyperplastic 
t o x i c i t y (25), which may invoke tumor promoting or potentiating 
a c t i v i t y , the fact that endogenous i n i t i a t o r s (such as n i t r o s -
amines) exist i n the mammalian body implies that a positive 
induction of cancer in a population of test animals w i l l not 
differ e n t i a t e between i n i t i a t i o n and promotion. (1, _3) There
fore we w i l l not know from this evidence alone whether the 
"carcinogen" i s an i n i t i a t o r or a promoter, or both. If the 
compound when tested at substantial levels can potentiate the 
effective carcinogenic potency of endogenous carcinogens by 
other mechanisms, or i f i t acts to decrease b i o l o g i c a l sus
c e p t i b i l i t y to cancer induction from endogenous carcinogens, 
or from other carcinogens that may exist environmentally, again 
we w i l l not be able to t e l l what category of carcinogenic 
a c t i v i t y we are dealing with unless we ask the relevant questions 
i n the f i r s t place and develop the data to provide relevant 
answers. 

Strategy for Preventing Chemically-Induced Cancer i n Humans 

The second consideration concerns our strategy for pre
venting cancer i n humans by controlling exposures to chemicals 
and setting p r i o r i t i e s for testing, regulating, and other forms 
of public health action. Since certain forms of t o x i c i t y 
c l e a r l y can enhance the induction of cancer, should not one of 
our highest p r i o r i t i e s i n cancer prevention be to prevent a l l 
potentially toxic exposures to chemicals (not only for cancer 
prevention but obviously to prevent a l l forms of toxicity)? By 
preventing t o x i c i t y per se, l i k e l y we w i l l prevent a si g n i f i c a n t 
amount of cancer. Let us remember that many of the human can
cers associated with human exposures to most occupational and 
certain environmental carcinogens were well within toxic dose-
response ranges and that tissue damage including hyperplastic 
t o x i c i t y were frequent concomitants. 

The most dangerous carcinogens are l i k e l y to be those that 
have the a b i l i t y to i n i t i a t e and/or promote cancer at subtoxic 
doses not l i k e l y to attract much attention per se u n t i l 
i d e n t i f i e d as such. Should we not place emphasis as a f i r s t 
p r i o r i t y on detecting and controlling the worst carcinogens 
f i r s t , i . e . , those which are effective i n i t i a t o r s and promoters 
at r e l a t i v e l y low subtoxic doses l i k e l y to be well within the 
range of anticipated human exposure? If we are interested i n 
practicing that philosophy, then we need to re-examine our 
procedures and practices for detecting carcinogens, modify our 
testing protocols, and evaluate potential hazards to human 
health from a different perspective than we do now. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
01

0

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



10. KOLBYE Risk Assessment 

F i r s t and Second Order Cancer Induction 

181 

We then should consider c l a s s i f y i n g the induction of 
cancer into two classes: F i r s t Order, those having the capa
b i l i t y to induce cancer at subtoxic doses, either because they 
are effective i n i t i a t o r s or complete carcinogens; and Second 
Order, those that act to influence the induction of cancer by 
inducing various forms of hyperplastic t o x i c i t y by activating 
endogenous electrophiles, or by decreasing b i o l o g i c a l resistance 
to other independently operating patterns of cancer induction. 
(26, 27) 

The v a l i d i t y of this approach can be tested without going 
to the extremes of an ED01 experiment such as that performed 
with 2AAF at the National Center for Toxicological Research. 
That experiment showed that 2AAF carcinogenicity involved two 
patterns of induction operating at different dose-response 
curves, one of which was operating within the lower doses 
given. 

Simply stated, we can determine from 90-day i n vivo studies 
whether or not a test substance induces hyperplastic t o x i c i t y 
i n various target organs, and, i f so, at what doses. Ser i a l 
s a c r i f i c e s and interrupted dosing schedules are needed to 
determine the progressive nature of the lesions noted and the 
extent of bio l o g i c a l repair. Within the range of inducing 
hyperplastic t o x i c i t y , one group of animals i s then carried 
for lifetime dosing. Well below the range of inducing hyper
p l a s t i c t o x i c i t y , other groups are carried through their 
lifetimes with s e r i a l s a c r i f i c e s being conducted to note pro
gressive lesions. Another cohort of animals are subjected to 
intermittent or interrupted dosing at subtoxic levels. Addi
tional investigations could be conducted such as using phéno
barbital and polychlorinated biphenyls to induce microsomal 
enzymes and to promote hyperplastic t o x i c i t y i n organs such as 
l i v e r i n order to determine the effects of added stress. If 
conducted properly, we should have enough i n vivo data to 
determine whether we are dealing with a f i r s t or second order 
carcinogen i f cancer in fact i s induced. Other sources of 
biol o g i c a l data may be helpful i n this regard, especially 
i n v i t r o mutagenicity and transformation data. 

Evaluating Cancer Risk Factors 

As discussed above, there i s a need to go beyond gener
alizations that a substance does or does not "induce" cancer. 
We need to determine whether or not particular factors can 
potentially influence cancer induction, and, i f so, how and 
under what circumstances? (26, 28) We need to evaluate 
i n i t i a t o r s and "complete carcinogens" i n one category as F i r s t 
Order carcinogens. Second Order compounds should not be called 
"carcinogens", even though under some circumstances and at 
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some doses they may be powerful driving forces that can sub
s t a n t i a l l y influence cancer induction. Second order substances 
may activate certain f i r s t order compounds to e l e c t r o p h i l i c 
i n i t i a t o r s of DNA damage important both to carcinogenesis and 
mutagenesis. Other second order compounds may promote or 
potentiate cancer induction by inducing hyperplastic t o x i c i t y 
or invoking other mechanisms. Those compounds that interfere 
with normal physiological status by disturbing protective 
enzymes, substrates, vitamins, nutrients, hormones, immune 
mechanisms, etc., are l i k e l y to increase risk for cancer i n 
duction caused by independently operating f i r s t order substances 
either manufactured endogenously i n the body (such as n i t r o s -
amines) or entering into bodily contact from environmental 
sources. The role of " t o x i c i t y " per se should not be under
estimated as a potentially powerful force that can substantially 
influence biol o g i c a l s u s c e p t i b i l i t y to cancer induction by 
decreasing bi o l o g i c a l resistance. 

Such cancer risk factors should be evaluated using available 
techniques (from the f i e l d s of toxicology, pharmacology, and 
nutrition) to study dose-response phenomena associated with 
their modes of action, metabolism (both normal and abnormal), 
and excretion. Newer techniques for studying interactions 
without having to resort to super-scale life-time bioassays 
are becoming available every year. In v i t r o techniques can 
supplement short-term i n vivo studies, but we should not over
emphasize i n v i t r o approaches, nor under-estimate the value of 
in vivo b i o l o g i c a l data since i t i s extremely important to 
estimate the t o x i c i t y of compounds in the context of the 
bi o l o g i c a l defense-mechanisms available to the mammalian body. 
(29, 30) In this regard, epidemiological studies can provide 
much needed information concerning b i o l o g i c a l s u s c e p t i b i l i t y 
and resistance factors, p a r t i c u l a r l y i n relation to human 
metabolism, nutrition, and genetic factors which are extremely 
important. 

Last, but by no means least, the mode and amount of expo
sures to various substances should be kept i n f u l l consideration 
at a l l times. We have tended to over-emphasize micro-exposures 
to substances we suspect of having unusual patterns of biolo g i c a l 
a c t i v i t y , at the expense of having ignored the macro-exposures 
to the universe of natural compounds present i n the foods we 
eat. Just because they may be nutrients and Nature-produced 
does not mean that they cannot and do not exert powerful i n 
fluences upon cancer induction. They can and do, both to 
protect against or to enhance cancer induction, but that i s 
another topic for a different time. 
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Toxicology: A Summary 

LEON GOLBERG1 

Chemical Industry Institute of Toxicology, P.O. Box 12137, 
Research Triangle Park, NC 27709 

There has never been a more exciting time in Toxicology. 
Never before have we had such a wealth of new ideas and concepts 
pumped in by the basic sciences, such a multiplicity of new 
methods and approaches, such sophisticated and sensitive analyt
ical procedures. Our problem is to assimilate and apply all 
these opportunities, which bid fair to revolutionize the classi
cal approaches to safety evaluation. Hence an even greater 
source of concern may be expressed thus: wil l we be afforded 
a breathing-space to develop the new tests to a satisfactory 
point, before they become a part of government regulation? 

In my introductory address, I referred to a different kind 
of regulation, namely the basic biological regulatory and defen
sive mechanisms that exist within each cell and between cel ls , 
making possible the integrated harmonious functioning of the 
whole organism that we call "homeostasis". Superimposed on 
this basic concept of the capacity of the organism to adapt 
to change is the clear evidence of limits to the capacity of 
these defensive mechanisms to cope with endogenous changes (for 
instance, caused by disease processes) or exogenous environmental 
changes. Equally, the body's defenses can be overwhelmed by 
the action of toxicants - both physical and chemical agents. 

Five fac to r s help to determine the impact of a tox i c agent 
on any population of experimental animals or people. These 
are as f o l l ows : the potent ia l of the compound to br ing about 
s p e c i f i c t ox i c e f f e c t s ; i t s potency under defined experimental 
cond i t i ons ; the degree and circumstances of exposure of the 
populat ion; the range of i nd i v idua l s u s c e p t i b i l i t i e s w i th in 
that populat ion; and the s yne rg i s t i c or antagon i s t ic i n te rac t i on s 
occasioned by simultaneous exposure to a m u l t i p l i c i t y of t ox i c 
agents. 

Se lect ion of a compound fo r t o x i c i t y t e s t i n g often ra i ses 
many d i f f e r e n t questions that need to be addressed in advance 
of b i o l o g i c a l experimentation. These issues include the dec i s ion 
on s p e c i f i c a t i o n of the te s t m a t e r i a l , the nature and concentra
t ions of trace impu r i t i e s , as wel l as the changes that occur 
on storage or admixture with animal d i e t s . 

1 Current address: 2109 Nancy Nanam Drive, Raleigh, NC 27607. 

0097-615 6/81/0160-0187$05.00/0 
© 1981 American Chemical Society 
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In the hierarchy of t o x i c i t y t e s t i n g , the use of s t ruc tu re -
a c t i v i t y re l a t i on sh ip s i s becoming an inc reas ing ly important 
p red i c t i ve t o o l . The r e l i a b i l i t y of t h i s tool i s , of course, 
dependent on the accuracy of the data bases which i t incorporates. 
E f f o r t s are under way to make these bases more r e l i a b l e . Further 
steps in safety evaluat ion may fo l low a "dec i s ion t ree 1 ' approach; 
any scheme adopted should involve a va r i e ty of screening proce
dures, inc lud ing tests f o r genetic t o x i c i t y , as wel l as ea r l y 
studies of metabolism and pharmacokinetics. 

F i n a l l y , the importance of human studies was emphasized -
not only studies in human volunteers, or epidemiological research, 
but a lso the use of breath ana l y s i s , human lymphocytes, hemoglo
b i n , e t c . as indices of exposure and of e f f ec t s of such exposure. 
The suggestion of a human l i v e r bank was a lso discussed. 

Consideration was next given (by Dr. B. Schwetz) to the 
widening concepts of tox ico logy, s p e c i f i c a l l y in r e l a t i o n to 
changes in t ime, space, species, t ox i n s , concentrations and 
parameters of concern. Time at which tox i c e f f e c t s might be 
manifested had extended beyond the immediate future to subse
quent generations as yet unborn, and t o x i c o l o g i c a l te s t proce
dures had been developed to cope with these concerns. The l o 
c a l i z a t i o n and d i s t r i b u t i o n of toxins to remote recesses of 
the environment and ecosystems now involved a huge range of 
species and, most immediately, pets, w i l d animals, beasts of 
burden and food sources. Among the compounds being s tud ied, 
there was increas ing emphasis on environmental tox icants l i k e 
PCB's, PBB's, TCDD and other d iox ins and dibenzofurans. In 
p a r a l l e l with developments i n a n a l y t i c a l chemistry, tox ico logy 
was now concerning i t s e l f with amounts as low as a few mole
cu les . Soc ieta l concern now embraced the qua l i t y of l i f e and, 
o f ten , a misplaced ins i s tence on zero r i s k . 

The trends in tox ico logy r e f l e c ted these developments. 
More reproductive studies of a more soph i s t icated kind were 
fo l l ow ing e f f ec t s on sperm and ova, as wel l as on the complete 
reproductive process. Studies of the developing embryo and 
fetus r e f l e c ted a more c r i t i c a l and reasonable a t t i t ude to 
thresholds and dose-response aspects of t e ra togen i c i t y . Greater 
involvement in behavioral studies had led to combined approaches 
that permitted ana lys i s of the postnatal consequences of i n 
utero exposure. F i n a l l y , the cont r ibut ion of immunotoxicology 
was inc reas ing ; not i n f requent l y , compounds st imulated the immune 
system at low l eve l s of exposure and i nh i b i t ed i t at high l e v e l s . 

Analys i s of the biochemical aspects of organ s p e c i f i c i t y 
in tox i c act ion (by Dr. J . S. Dutcher) began with a survey of 
the factor s that inf luence patterns of o rgan-spec i f i c t o x i c i t y . 
Notable among these are the mechanisms of detox icat ion and met
abo l i c a c t i v a t i o n , leading to covalent i n te rac t i on with c e l l u l a r 
macromolecules and consequent t o x i c i t y . 

A superb example of the s h i f t i n g target of t ox i c act ion 
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had been found in the furanoterpene, 4-ipomeanol. Organ-specif ic 
t o x i c i t y r e f l e c ted t i s sue l eve l s of a l k y l a t i o n consequent upon 
metabolic a c t i v a t i o n . In the r a t , bronchio lar c e l l necrosis 
resu l ted from ac t i v a t i on of the compound i n Clara c e l l s . In 
the mouse, beside the lung, renal tubular necrosis occurred. 
The l i v e r was the target organ at a l l doses i n the Japanese 
q u a i l , whereas in the Syrian golden hamster both lung and l i v e r 
necrosis was observed. The explanation fo r these targets hinged 
upon l oca l s i t e s of metabolic a c t i v a t i o n . Poss ib le s t a b i l i t y 
of the re su l t i n g metabolites formed, and subsequent transport 
from the s i t e of a c t i v a t i o n , had been ru led out as a mechanism 
for t o x i c i t y i n other organs. Studies invo lv ing microsomal 
enzyme induct ion or i n h i b i t i o n had revealed changes in sever i ty 
or s i t e of tox i c a c t i on . Equal ly , the protect i ve e f f e c t of 
glutathione had been establ i shed i n various organs and species. 

As a s t a r t i ng -po in t in his d iscuss ion of genotox ic i ty , 
Dr. G. M. Wil l iams analyzed animal ca rc inogen ic i t y from the 
standpoint of the d e f i n i t i o n of a carcinogen, based upon an 
operat ional de s c r i p t i on , and the c l a s s i f i c a t i o n of carcinogens. 
Two broad categor ies of carcinogens are recognized: those that 
are genotoxic and e l i c i t DNA damage, and epigenet ic carcinogens 
that involve no DNA damage. This dichotomy excludes reve r s i b l e 
binding to receptor s i t e s and act ion of i n t e r c a l a t i n g agents, 
which are mutagenic but not carc inogenic. 

The c o r r e l a t i o n between evidence of genotox ic i ty and f i nd i ng 
of ca rc inogen ic i t y i s greatest f o r DNA repa i r , r e s u l t i n g from 
covalent damage to DNA and amp l i f i c a t i on of DNA repa i r synthesis 
i n response to the le s ion in DNA. Good co r r e l a t i on ex i s t s f o r 
mutagenicity observed in bac te r i a l and mammalian c e l l systems. 
A c o r r e l a t i on has not been establ i shed f o r s i s t e r chromatid 
exchange and neoplast ic transformation of c e l l s in v i t r o . Thus 
the ult imate purpose of in v i t r o tes t s i s to l i m i t f u r the r t e s t i n g , 
p a r t i c u l a r l y to e l iminate long-term studies and to provide an 
understanding of the mechanism of act ion of the te s t compound. 

A f te r reviewing the various ava i l ab le t e s t s , and emphasizing 
the shortcomings of the S9 f r a c t i o n (which e n t a i l s a se l ec t i ve 
loss of detox icat ion p o t e n t i a l ) , the make-up of a battery of 
appropriate short-term test s was discussed. A battery comprising 
the fo l l ow ing f i v e tes t s had shown a high degree of s e n s i t i v i t y : 
a bac te r i a l t e s t ; DNA repa i r with primary cu l tures of hepatocytes; 
mammalian c e l l mutagenesis using various c e l l l i n e s , inc lud ing 
r e p l i c a t i n g l i v e r e p i t h e l i a l c e l l s ; s i s t e r chromatid exchange, 
the most object ive evidence of chromosomal damage; and c e l l 
transformation in v i t r o . If a te s t mater ia l i s po s i t i ve in 
the f i r s t two of these t e s t s , there i s a d e f i n i t e presumption 
of ca rc i nogen i c i t y . 

A b r i e f account was presented of abbreviated i n vivo b i o -
assays fo r ca rc inogen i c i t y . These included skin pa i n t i ng , with 
or without a promoting agent (TPA); the production of pulmonary 
tumors in s t r a i n A mice; the development of breast cancer in 
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female Sprague-Dawley rats by day 55; and a l te red f o c i produced 
in rodent l i v e r , which co r re l a te wel l with subsequent development 
of hepatoce l lu la r carcinoma. 

A po s i t i ve r e s u l t in any in v i t r o bioassay, coupled with 
a po s i t i ve r e s u l t in one of the l im i t ed i n vivo bioassays prob
ably r e f l e c t s carcinogenic p o t e n t i a l . 

Discussing the mode of act ion of carcinogenic pe s t i c i de s , 
Dr. Wil l iams dwelt on the po lych lor inated compounds that e l i c i t 
tumors in rodents, mouse l i v e r being the p a r t i c u l a r target and, 
occas iona l l y , the thy ro id . It seemed c l ea r that these were 
epigenet ic carcinogens that did not form covalent adducts with 
DNA nor damage DNA. Various te s t s f o r unscheduled DNA synthes i s , 
point mutations and neoplast ic transformation were a l l negative. 
Tests fo r promotional e f f e c t , in systems that revealed phénobar
b i t a l to be a prototype promoter, served to e s t ab l i s h that the 
ch lor inated pes t i c ides acted in the same way. Poss ib le mech
anisms of promoting act ion were reviewed. 

P red ic t ion of carcinogenic potent ia l of pes t i c ides was 
taken a step fu r ther by Dr. S. Nesnow, who described EPA's "phased 
approach" for the app l i c a t i on of short-term tes t s to these com
pounds. Phase 1 involved detect ion of point mutations, DNA 
damage and chromosomal e f f e c t s i n appropriate microorganisms. 
Phase 2 aimed at v e r i f i c a t i o n of any po s i t i ve f ind ings by use 
of higher-order t e s t systems (human lung f i b r o b l a s t s , recess ive 
l e t h a l i t y in Drosophi la, dominant l e t h a l i t y i n the mouse and 
neoplast ic transformation in c e l l cu l tu re systems). The f i n a l 
stage c a l l ed fo r quant i t a t i ve r i s k assessment through the use 
of rodents to study gene mutations and chromosomal e f f e c t s , 
as wel l as long-term carcinogenesis bioassay. 

App l i ca t ion of these approaches to 38 pes t i c ides was de
scr ibed in d e t a i l . Test ing was f a r from complete as yet - as 
an example, fo r only 13/38 compounds were ca rc inogen ic i t y data 
ava i l ab le in evaluated form. 

The fundamentals of t e s t i n g fo r reproductive and teratogenic 
e f f ec t s of chemical agents were described by Dr. R. T y l . She 
l a i d emphasis on teratogenic phenomena in man, o n e - f i f t h of 
which were a t t r i bu t ab l e to germinal mutations. Developmental 
c r i t e r i a and landmarks in rodents were tabulated to i l l u s t r a t e 
the important app l i ca t i ons of such data in safety t e s t i n g . 

The ro le of Epidemiology was presented by Ms. M. W. Palshaw, 
with a c l ea r ana lys i s of occupational studies i n t h i s f i e l d . 
She stressed tha t , whi le an as soc ia t ion between exposure and 
i l l - h e a l t h may be estab l i shed by such means, cause and e f f e c t 
re la t i onsh ip s cannot be proved. The in ter face between epidemio
l o g i s t s and experts in other s c i e n t i f i c d i s c i p l i n e s (chemists, 
chemical engineers, i n du s t r i a l hyg ien i s t s , t o x i c o l o g i s t s , phys i 
cians and b i o s t a t i s t i c i a n s ) was discussed, emphasizing the c r u 
c i a l importance of exposure data. Consideration of the OSHA 
categor ies fo r occupational i l l n e s s was fol lowed by i l l u s t r a 
t ions drawn from b i o l o g i c a l monitoring of chol inesterase l eve l s 
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in red c e l l s and plasma, as wel l as neurological and reproductive 
e f f e c t s . The cont r ibut ion of Epidemiology to worker safety 
puts i t in the f ront l i n e of health protect i ve measures. 

In consider ing the evaluat ion of r i s k s to human hea l th , 
Dr. A. C. Kolbye reviewed the mathematical approaches to r i s k 
asssessment but concluded that such mathematical models ignore 
b i o l o g i c a l va r i ab le s . Damage and r e p a i r , as wel l as c e l l r e p l i c a 
t i on act ing as a f i x a t i v e of DNA damage i n the r e p l i c a t i n g genome, 
need to be weighed i n r e l a t i o n to the no-threshold hypothesis 
which was developed by analogy with penetrat ing r ad i a t i on . 

Dose-response considerat ions should loom large in r i s k 
assessment. Where a compound acts as a promoter, i t s e f f e c t i v e 
ness at lower doses i s l i k e l y to be decreased. By using "Maximum 
Tolerated Doses", c e l l and t i s sue damage i s brought about that 
st imulates hyperp last ic a c t i v i t y that not in f requent ly causes 
the act ion of endogenous i n i t i a t o r s to be promoted to cancer. 
Accordingly an appropriate strategy f o r cancer prevention c a l l s 
fo r c l a s s i f i c a t i o n into two categor ies : f i r s t order carcinogens 
or i n i t i a t o r s that are e f f e c t i v e at subtoxic doses; and second 
order promoters that br ing about hyperp last ic t o x i c i t y and asso
c i a ted phenomena. Such second-order compounds should not be 
regarded as carcinogens. They may inf luence f i r s t - o r d e r com
pounds, depending on the b i o l o g i c a l defense mechanisms present 
and the mode and amount of exposure. Experimental procedures 
are ava i l ab le that permit a c l ea r d i s t i n c t i o n to be drawn between 
f i r s t - and second-order compounds. 

RECEIVED February 12, 1981. 
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12 
Biochemical Aspects: An Introduction 

GINO J. MARCO 

CIBA-GEIGY Corporation, Biochemistry Department, 410 Swing Road, 
Greensboro, NC 27409 

One of the meeting grounds of biology and chemistry is in 
the realm of biochemistry. In this portion of the conference, 
we wish to bring the toxicological concerns of pesticides into 
the molecular world more familiar to the chemist. In the first 
"transition" paper, Dr. Laishes will give a more molecular 
insight into the views of toxicological areas heard yesterday. 
Concepts already mentioned will be discussed in chemical terms 
on the mechanics of the carcinogenic processes as well as 
possible repair mechanisms. Dr. Gillette will concentrate on a 
most frustrating, albeit fascinating, aspect of biochemical 
studies, the metabolite that is there but difficult to prove; 
that is, the reactive intermediate. How much of a culprit is 
that entity in toxicological expression? I know we will get an 
insight on that question. The threshold concept and the 
pharmacokinetics involved will be addressed by Dr. Ramsey. My 
own prejudices suggest thresholds must exist and Dr. Ramsey will 
have some interesting views along those lines. 

In addition to studies on mode of action of pesticides, one 
of the largest biochemical efforts in the area of pesticide 
chemistry is devoted to the metabolism occurring i n a variety of 
bi o l o g i c a l systems; but of most importance in this conference, 
the events occurring in mammalian systems. Dr. Ivie has an 
intriguing overview of the metabolism area covering some of the 
past and present observations with some thoughts about the 
future e f f o r t . The future direction of biochemical strategies 
w i l l be discussed by Dr. Wright. Are there areas of biochemical 
studies not addressed in a su f f i c i e n t manner? His comments, 
I'm sure, w i l l stimulate discussions and possibly differences 
of opinion. 

And f i n a l l y , as there are in a l l types of s c i e n t i f i c e f f o r t , 
there are problems and p i t f a l l s . Those in biochemical studies 
w i l l be viewed by Dr. Waggoner. As is often the case, posing 
problems and p i t f a l l s does not guarantee solutions. However, 
Dr. Waggoner w i l l provide food for thought and hopefully 
discussions in the meeting room as well as outside the sessions. 

0097-6156/81/0160-0195$05.00/0 
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196 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

With the overlap in our s c i e n t i f i c d i s c i p l i n e s , a certain 
amount of repetition is inevitable; but there w i l l be more 
chemical emphasis in this session. 

RECEIVED February 9, 1981. 
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13 
Experimental Approaches Towards the 
Biochemical Analysis of Chemical Carcinogenesis 

BRIAN A. LAISHES 

McArdle Laboratory for Cancer Research, University of Wisconsin Medical School, 
Madison, WI 53706 

The purpose of this presentation is to highlight develop
ments in chemical carcinogenesis research that are directed 
towards understanding the development of malignancy at the 
molecular level. Because of the breadth of this topic, a high 
degree of selection has been necessary in order to adhere to 
space limitations, and, unfortunately, many important studies 
could not be included. An effort has been made to present 
selected studies that give a historical perspective to certain 
research developments and to include studies that exemplify 
efforts to delineate the truly complex biology of cancer develop
ment. 

Early Epidemiologic Data 

Early studies that represent the beginnings of our knowledge 
of chemical carcinogenesis were reviewed briefly by E.C. Miller 
(1). The first of these studies, in 1761, was by the physician 
John Hill of London, England, who reported on the development 
of nasal cancer as a consequence of excessive use of tobacco 
snuff (2). Percival Pott, a surgeon in London, reported on 
the unusually high incidence of cancer of the skin of the scrotum 
of young men who had worked as chimney sweeps in their childhood 
(3). The first preventive measures against chemically induced 
cancer in humans arose 3 years later through the Danish chimney 
sweepers' guild urging its members to take daily baths (4). 
During the f o l l o w i n g c e n t u r y , f u r t h e r o b s e r v a t i o n s o f hi g h e r 
i n c i d e n c e s o f s p e c i f i c c a n c e r s o f the s k i n and u r i n a r y bladder 
were r e p o r t e d i n i n d i v i d u a l s with p a r t i c u l a r p r i o r c h e m i c a l 
exposures (1). 

I t was not u n t i l the 1930's t h a t the e p i d e m i o l o g i c d a t a 
were m i r r o r e d by d e f i n i t i v e l a b o r a t o r y d a t a on the c a r c i n o g e n 
i c i t y o f pure c h e m i c a l s f o r e x p e r i m e n t a l animals. 

0097-6156/81/0160-0197$05.00/0 
© 1981 American Chemical Society 
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198 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

L a b o r a t o r y Models and Pure Chemical Carcinogens 

Cancer o f the s k i n became the f i r s t e x p e r i m e n t a l model 
of c h e m i c a l l y induced cancer i n 1915 when Yamagiwa and Ichikawa, 
i n Japan, induced s k i n carcinomas i n the e a r s o f r a b b i t s by 
repeated t o p i c a l a p p l i c a t i o n s o f c o a l t a r f o r long p e r i o d s 
(see 5). In 1918, T s u t s u i induced s k i n cancer i n mice w i t h 
t a r s and, i n 1922, Passey induced s k i n cancer i n mice w i t h 
ether e x t r a c t s o f t a r s [5). 

The a c t i v e molecules r e s p o n s i b l e f o r the i n d u c t i o n o f 
s k i n cancer w i t h t a r s and t a r e x t r a c t s became the o b j e c t s o f 
numerous i n v e s t i g a t i o n s . One important l e a d was uncovered 
by H i e g e r , who showed t h a t the f l u o r e s c e n c e s p e c t r a o f p r o d u c t s 
from the c a r c i n o g e n i c t a r s and o f s y n t h e t i c benz[a]anthracene 
d e r i v a t i v e s were s i m i l a r (6») . Thus, i n 1930, Kennaway and 
Hieger demonstrated the c a r c i n o g e n i c i t y o f d i b e n z [ a , h ] a n t h r a c e n e , 
the f i r s t pure, s y n t h e t i c c a r c i n o g e n (Ί)· The c a r c i n o g e n i c 
hydrocarbon, benzo[ajpyrene, was soon i s o l a t e d from c o a l t a r 
by Cook, Hewett, and Hieger {&). 

Cancer o f the l i v e r , the f i r s t e x p e r i m e n t a l v i s c e r a l c a n c e r , 
became a model o f c h e m i c a l l y induced cancer i n 1933 when Yo s h i d a 
induced l i v e r tumors i n r a t s and mice w i t h o r a l a d m i n i s t r a t i o n s 
of o-aminoazotoluene (2 1,3-dimethyl-4-aminoazobenzene) (9). 
o-Aminoazotoluene i s a d e r i v a t i v e o f the azo dye s c a r l e t red 
( 1 - [ 4 - ( o - t o l y l a z o ) - o - t o l y l a z o ] - 2 - n a p h t h o l ) , which was used 
by F i s c h e r i n 1906 to induce p r o l i f e r a t i v e l e s i o n s i n the s k i n 
of r a b b i t s (10). The s k i n l e s i o n s induced by F i s c h e r d i d not 
become frank c a n c e r s , however, and r e g r e s s e d when the a p p l i c a 
t i o n s o f s c a r l e t red were stopped. 

Cancer o f the u r i n a r y bladder was i n t r o d u c e d as an e x p e r i 
mental model i n 1938 when Hueper, W i l e y , and Wolfe induced 
cancer i n the u r i n a r y b l a d der o f dogs by f e e d i n g them 2-naphthyl-
amine (11). 

Regarding the i n d u c t i o n o f cancer by pure c h e m i c a l s , i t i s 
noteworthy t h a t i n 1932 Lacassagne induced mammary ca n c e r s i n 
male mice by e s t r o n e treatment, thus p i o n e e r i n g an e x p e r i m e n t a l 
model f o r hormone-induced tumors (12). 

I n i t i a t i o n - P r o m o t i o n 

The two-step, i n i t i a t i o n - p r o m o t i o n concept was f i r s t con
c e i v e d by Rous and co-workers about 40 y e a r s ago (13,_14) , and 
t h i s concept c o n t i n u e s t o p l a y a prominent r o l e i n e x p e r i m e n t a l 
d e s i g n s p r o b i n g the b i o l o g y o f the cancer d i s e a s e p r o c e s s . 
These i n v e s t i g a t o r s s t u d i e d the r o l e s o f i r r i t a t i o n and the 
s t i m u l a t i o n o f c e l l d i v i s i o n on the i n d u c t i o n o f tumors i n 
r a b b i t e ars p r e v i o u s l y t r e a t e d with c o a l t a r . Holes were punched 
i n the r a b b i t s 1 e a r s with a cork b o r e r , and i t was found t h a t 
tumors appeared along the edge o f the wound. The d i s c o v e r y 
by Berenblum o f the c o c a r c i n o g e n i c p r o p e r t i e s o f c r o t o n o i l 
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13. L A i S H E S Biochemical Analysis of Chemical Carcinogenesis 199 

(with benzo[a]pyrene) (15,16) l e d to the remarkable d i s c o v e r y 
by Mottram t h a t benzo[ajpyrene need be a p p l i e d o n l y once t o 
induce tumors when i t was f o l l o w e d by r e p e t i t i v e a p p l i c a t i o n s 
of c r o t o n o i l (17). I t was demonstrated t h a t the dose o f the 
i n i t i a t i n g agent determines the e v e n t u a l tumor y i e l d , t h a t 
the promoting agent determines the d u r a t i o n of the l a t e n t p e r i o d 
(18), and t h a t the i n i t i a t i o n s t e p i s i r r e v e r s i b l e (19). Revers
ing the order o f treatment, by a d m i n i s t e r i n g c r o t o n o i l f o r 
many weeks f o l l o w e d by a s i n g l e dose o f benzo[ajpyrene, r e s u l t e d 
i n no tumors (20). B o u t w e l l demonstrated t h a t doses o f c r o t o n 
o i l t h a t were e i t h e r too s m a l l or too w i d e l y s e p a r a t e d r e s u l t e d 
i n no promotion, thus documenting the r e v e r s i b i l i t y o f the 
e f f e c t o f tumor promoters (21). 

The g e n e r a l i t y o f the i n i t i a t i o n - p r o m o t i o n , two-step system 
i s remarkable. Armuth and Berenblum have extended the system 
to mouse l i v e r and l u n g , u s i n g d i m e t h y l n i t r o s a m i n e as i n i t i a t o r 
(22); t o r a t mammary g l a n d , u s i n g 7,12-dimethylbenz[a]anthracene 
as i n i t i a t o r (23); and to a system o f two-stage t r a n s p l a c e n t a l 
l i v e r c a r c i n o g e n e s i s i n C57BL/6 mice (2£,2j5). T r a n s p l a c e n t a l , 
i n i t i a t i o n - p r o m o t i o n experiments were r e p o r t e d by G o e r t t l e r and 
Loehrke, who t r e a t e d mice p r e n a t a l l y by i n j e c t i n g the i n i t i a t 
i n g agents 7,12-dimethylbenz[a]anthracene or e t h y l carbamate 
i n t o the pregnant mother (26); the o f f s p r i n g , when t r e a t e d 
between the ages o f 12 and 26 weeks w i t h t o p i c a l a p p l i c a t i o n s 
of the tumor promoter 1 2 - 0 - t e t r a d e c a n o y l - p h o r b o l - 1 3 - a c e t a t e 
(TPA), e x h i b i t e d tumors i n s k i n and i n other organs. 

Tumor promotion a c t i v i t y has been demonstrated f o r a v a r i e t y 
o f agents i n v a r i o u s organs: b u t y l a t e d hydroxytoluene (BHT) 
i n mouse lung (27), b i l e a c i d s i n c o l o n (28) , s a c c h a r i n and 
cyclamate i n r a t u r i n a r y bladder (29), TPA i n an in v i v o - i n 
v i t r o r a t t r a c h e a model (3£,31), and phénobarbital (32-36) 
and p o l y c h l o r i n a t e d b i p h e n y l s (34,37^.38) i n r a t l i v e r . 

The b a s i c p r i n c i p l e s o f the well-known two-step i n i t i a t i o n -
promotion system are o u t l i n e d i n F i g u r e 1 (39). The q u a l i t a t i v e 
d i f f e r e n c e s i n the responses o f the t a r g e t t i s s u e t o i n i t i a t i n g 
or promoting agents are remarkable i n t h a t i n i t i a t i n g agents, 
which are o f t e n complete c a r c i n o g e n s a t higher doses, can be 
ad m i n i s t e r e d i n low doses t h a t do not produce tumors (21,39.) · 
S i m i l a r l y , m u l t i p l e doses o f promoting agents t h a t are not 
complete c a r c i n o g e n s induce e s s e n t i a l l y no tumors, whereas 
h i g h i n c i d e n c e s o f tumors a r i s e when these same doses o f i n i t i a t 
i n g and promoting agents are a d m i n i s t e r e d i n sequence. R e v e r s i n g 
the o r d e r o f exposure a b o l i s h e s the synergism. F i n a l l y , t h e r e 
i s l i t t l e or no r e c o v e r y from the e f f e c t s o f i n i t i a t i n g agents 
(19,4£) , whereas t i s s u e s can recover from the e f f e c t s o f promot
i n g agents (21^,41) . 

Recent s t u d i e s w i t h the mouse s k i n t u m o r i g e n e s i s model have 
r e v e a l e d f a s c i n a t i n g q u a n t i t a t i v e d i f f e r e n c e s i n the response 
of the t a r g e t t i s s u e to i n i t i a t i n g or promoting agents. As 
r e p o r t e d by B o u t w e l l , the tumor response induced by r e p e t i t i v e 
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200 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

a p p l i c a t i o n o f 7,12-dimethylbenz [a]anthracene (DMBA) alone 
r e q u i r e s about 10 times as much DMBA as t h a t r e q u i r e d when 
DMBA ( i n i t i a t i o n ) i s f o l l o w e d by r e p e t i t i v e a p p l i c a t i o n s o f 
the tumor promoter TPA (42). 

C o c a r c i n o g e n e s i s 

C o c a r c i n o g e n e s i s (15,43) was d i s c o v e r e d b e f o r e the two-
stage concept o f i n i t i a t i o n - p r o m o t i o n ( j ^ , ] ^ , 1 6 , Γ7,18) . Co
c a r c i n o g e n e s i s has been the s u b j e c t o f r e c e n t reviews (40,44,45) 
and a l s o o f some c o n f u s i o n . B o u t w e l l p r e s e n t e d a c l e a r d e f i n i 
t i o n : C o c a r c i n o g e n e s i s denotes the s i t u a t i o n i n which a second 
f a c t o r ( c o c a r c i n o g e n ) , when i n t r o d u c e d together with the c a r c i n o 
gen, i n c r e a s e s the response to the c a r c i n o g e n . The term c o c a r 
c i n o g e n e s i s has no i m p l i c a t i o n of d e n o t i n g a s p e c i f i c s t e p i n 
tumor development (21). The d i s t i n c t i o n between c a r c i n o g e n e s i s 
and tumor promotion i s not always c l e a r . On the o t h e r hand, 
some i n v e s t i g a t o r s have c l e a r l y demonstrated t h a t some c o c a r c i n o -
gens are not tumor promoters and, c o n v e r s e l y , t h a t some tumor 
promoters are not c o c a r c i n o g e n s (4<6) . With regard to human 
lung cancer development, f o r example, i t seems l i k e l y t h a t 
c i g a r e t t e smokers are being exposed to c o c a r c i n o g e n s together 
with c a r c i n o g e n s i n c i g a r e t t e smoke (e.g., 46). S i n c e the 
mechanism of c o c a r c i n o g e n e s i s can d i f f e r from the mechanism 
of tumor promotion, i t i s a p p r o p r i a t e t o d i s t i n g u i s h between 
the two. 

Adherence to a d e f i n i t i o n o f c o c a r c i n o g e n e s i s i s a d v i s a b l e 
f o r the purpose o f c l a r i t y , but i t i s important t o r e a l i z e 
t h a t agents t h a t are c o c a r c i n o g e n s can be u t i l i z e d to e x e r t 
i n f l u e n c e s b e f o r e , d u r i n g , or a f t e r the a p p l i c a t i o n o f the 
primary c h e m i c a l c a r c i n o g e n . G e n e r a l l y , experiments designed 
to i n v e s t i g a t e c o c a r c i n o g e n e s i s i n v o l v e the a d m i n i s t r a t i o n 
o f the t e s t f a c t o r c o n c u r r e n t l y with the primary c a r c i n o g e n . 
Promoting agents must, by c l a s s i c a l d e f i n i t i o n , be a p p l i e d 
f o l l o w i n g the completion o f " i n i t i a t i n g a c t i o n " . 

B a s i c Dose-Response R e l a t i o n i n C a r c i n o g e n e s i s 

In 1941, the r e l a t i o n between dosage o f c a r c i n o g e n and 
tumor p r o d u c t i o n was q u a n t i t a t i v e l y demonstrated (47) i n t h a t 
higher doses o f c a r c i n o g e n produced g r e a t e r numbers o f tumors. 
Druckrey and K u p f m i i l l e r , i n 1948, demonstrated t h a t the y i e l d 
of tumors w i t h i n the l i f e - s p a n o f the animal depended on the 
t o t a l dose o f the c a r c i n o g e n a d m i n i s t e r e d and not on the s i z e o f 
d a i l y doses i n t o which the t o t a l dose was d i v i d e d (48). These 
i n v e s t i g a t o r s showed t h a t i n c r e a s i n g the d a i l y dosages shortened 
the time o f cancer development. When s i m i l a r r e s u l t s were ob
t a i n e d i n q u a n t i t a t i v e experiments with many other c h e m i c a l c a r 
cinogens (49), i t became e v i d e n t t h a t the c a r c i n o g e n i c e f f e c t s 
o f most i n d i v i d u a l doses p e r s i s t over the e n t i r e l i f e - s p a n o f 
the r a t s , "summing up" t o the f i n a l appearance o f tumors. 
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13. L A i S H E S Biochemical Analysis of Chemical Carcinogenesis 201 

The decrease i n the e f f e c t i v e dose r e q u i r e d f o r cancer 
development w i t h longer a d m i n i s t r a t i o n times ( i . e . , s m a l l e r 
d a i l y doses) was i n v e s t i g a t e d by Schmahl and Mecke, u s i n g the 
c a r c i n o g e n 4 - d i m e t h y l a m i n o s t i l b e n e (50). The data were s t r i k i n g 
i n t h a t when the d a i l y dose was 0.6 mg, the median e f f e c t i v e 
t o t a l dose was 110 ± 29 mg per animal, whereas o n e - t h i r d o f 
t h i s d a i l y dose (0.2 mg) r e q u i r e d a t o t a l dose o f o n l y 61 ± 
9.4 mg f o r the same tumor i n c i d e n c e . When a d m i n i s t e r e d over 
a longer p e r i o d , a s m a l l e r t o t a l dose was r e q u i r e d f o r cancer 
i n d u c t i o n . 

U sing s t r u c t u r a l l y d i s s i m i l a r c a r c i n o g e n s , 4 - n i t r o q u i n o l i n e 
N-oxide and 3-methylcholanthrene, Nakahara and Fukuoka were 
ab l e to demonstrate, i n mouse s k i n , t h a t the c a r c i n o g e n i c p r o c e s s 
s t a r t e d by e i t h e r compound c o u l d be brought t o c o m p l e t i o n by 
the other even when a long p e r i o d i n t e r v e n e d b e f o r e treatment 
with the second c a r c i n o g e n was begun (51). Thus, they proposed 
t h a t the mechanism o f a c t i o n o f the two s t r u c t u r a l l y d i v e r s e 
c a r c i n o g e n s must be q u a l i t a t i v e l y s i m i l a r . 

A n t a g o n i s t i c E f f e c t s o f Carcinogens 

Of many experiments i n v e s t i g a t i n g the a n t a g o n i s t i c e f f e c t s 
o f c h e m i c a l c a r c i n o g e n s , the o b s e r v a t i o n s o f Richardson and 
Cunningham proved to be o f p a r t i c u l a r s i g n i f i c a n c e ( F i g u r e 2) 
(52). These i n v e s t i g a t o r s demonstrated t h a t 3-methylcholanthrene 
was an e f f e c t i v e i n h i b i t o r o f azo dye h e p a t o c a r c i n o g e n e s i s when 
a d m i n i s t e r e d s i m u l t a n e o u s l y w i t h the dye. These o b s e r v a t i o n s 
were extended to other systems, i n c l u d i n g the i n h i b i t i o n o f 
2- a c e t y l a m i n o f l u o r e n e - i n d u c e d c a r c i n o g e n e s i s (53), but the 
mechanism o f i n h i b i t i o n awaited the d i s c o v e r y , i n the M i l l e r s ' 
l a b o r a t o r y , o f enzyme i n d u c t i o n i n mammals (54,55,56). 

C o v a l e n t B i n d i n g o f Carcinogen M o l e c u l e s 

As the number and v a r i e t y of i d e n t i f i e d c h e m i c a l c a r c i n o g e n s 
i n c r e a s e d , i t became apparent t h a t many o f these c h e m i c a l s 
were s t r u c t u r a l l y d i s s i m i l a r , and t h a t some c a r c i n o g e n s produced 
tumors a t d i s t a n t s i t e s r e g a r d l e s s o f t h e i r p o r t o f e n t r y . 
M e t a b o l i c a c t i v a t i o n of c a r c i n o g e n s became pr o b a b l e when, i n 
1947, the M i l l e r s d i s c o v e r e d t h a t a m e t a b o l i t e o f N,N-dimethyl-
4-aminoazobenzene was c o v a l e n t l y bound t o h e p a t i c p r o t e i n s o f 
r a t s f e d t h i s dye (57). S i m i l a r o b s e r v a t i o n s i n other l a b o r a t o 
r i e s soon f o l l o w e d (see 1 ) . 

The i n c o r p o r a t i o n o f C from a C - l a b e l e d n i t r o g e n mustard 
i n t o p u r i n e f r a c t i o n s from the RNA and DNA of some mouse t i s s u e s 
was r e p o r t e d i n 1957 by Wheeler and Skipper (58). A l k y l a t i o n 
o f l i v e r RNA by the c a r c i n o g e n s d i m e t h y l n i t r o s a m i n e and e t h i o n i n e 
was r e p o r t e d by Farber and Magee i n 1960 (59), w i t h subsequent 
s t u d i e s by o t h e r s (reviewed i n 1) demonstrating the i n c o r p o r a t i o n 
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I ) -, NO TUMORS 

2) , , , NO TUMORS 

3) , , M M M M M I M MANY TUMORS 

4) 111111 I 111 III I I M I III II ι— NO TUMORS 

MANY TUMORS 

g) NO TUMORS 

SYMBOLS- T i m e — • 

Initiator Promoter 

Raven Press 

Figure 1. A generalized schematic of the two-step initiation-promotion system of 
cancer development. 

In Line 1, a single small dose of a chemical carcinogen results in no tumors produced 
within a specified period of time: these animals are initiated. In Line 2, multiple doses 
of tumor promoter cause no tumors. In Line 3, multiple doses of tumor promoter applied 
to the initiated animal result in many tumors. Reversing the order of treatments to 
promotion-initiation results in no tumors (see Line 4). In Line 5, a long time period 
may intervene between initiation and promotion with no reduction in tumor incidence. 
The nonadditivity of doses of tumor promoter is demonstrated with intervening periods 

between doses of tumor promoter (see Line 6) (39). 

Administration 
of 3-methy l -4-
dimethylamino-
azobenzene 

( 3 ' - Me-DAB) 
(0 .06 % ) in a 
basal diet. 

15-29 weeks 

Τ Τ Τ Τ etc 
33 weeks 

Weekly vaginal administrations 
|of 3'-methylcholonthrene 

1 0 0 % liver cancer 
*| 7 4 % lung metastasis 

8 7 % peritoneal metastasis 

1 7 % liver cancer 
0 % metastasis 

Figure 2. An outline of the data reported by Richardson and Cunningham (52). 
The inhibition of 3'-methyl-DAB-induced hepatocarcinogenesis by concomitant ad

ministration of 3-methylcholanthrene. 
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o f C from C - l a b e l e d e t h i o n i n e , 2 - a c e t y l a m i n o f l u o r e n e , d i -
m e t h y l n i t r o s a m i n e f and p o l y c y c l i c hydrocarbons i n t o the DNA 
and RNA o f t a r g e t t i s s u e s . 

Enzyme I n d u c t i o n i n Mammals 

In 1954, Brown, M i l l e r , and M i l l e r demonstrated t h a t c e r t a i n 
p e r o x i d e s and hydrocarbons, i n c l u d i n g 3-methylcholanthrene, 
i n c r e a s e d the h e p a t i c N-demethylation a c t i v i t y (demethylase 
enzyme system) o f both r a t s and mice f o r N-methyl aminoazo 
c a r c i n o g e n s (54). In-depth s t u d i e s by Conney i n the M i l l e r s ' 
l a b o r a t o r y r e v e a l e d t h a t both demethylase a c t i v i t y and r e d u c t a s e 
a c t i v i t y ( r e d u c t i o n o f the azo l i n k a g e ) were i n c r e a s e d s e v e r a l -
f o l d by the i n t r a p e r i t o n e a l i n j e c t i o n o f s m a l l amounts of 3-
methylcholanthrene 24 hours p r i o r to assay (55); the demethylase 
enzyme system was l o c a l i z e d i n the microsomes o f r a t and mouse 
l i v e r (60). The demonstration o f lower l e v e l s o f f r e e and 
bound dyes i n the l i v e r and of n o n c a r c i n o g e n i c 3 ' - m e t h y l s -
ami noazobenzene (3'-Me-AB) (F i g u r e 3) i n the b l o o d o f r a t s 
f e d 3'-methyl-4-dimethylaminoazobenzene (3'-Me-DAB) wi t h a 
p r o t e c t i v e hydrocarbon suggested t h a t the hydrocarbon f a c i l i t a t e d 
maintenance o f h i g h l e v e l s o f d e a c t i v a t i n g l i v e r enzymes t h a t 
m e t a b o l i z e d the dye to l e s s a c t i v e or i n a c t i v e d e r i v a t i v e s 
( F i g u r e 4) (61). 

Proximate and U l t i m a t e M e t a b o l i t e s o f P r o c a r c i n o g e n s 

About fo u r decades ago, the p o t e n t i n s e c t i c i d e 2 - a c e t y l 
aminof lu o r e n e (AAF) was f u r n i s h e d by the D i v i s i o n o f I n s e c t i c i d e 
I n v e s t i g a t i o n s o f the Bureau o f Entomology and P l a n t Quarantine 
to the Bureau o f A g r i c u l t u r a l Chemistry and E n g i n e e r i n g o f 
the U. S. Department o f A g r i c u l t u r e , where the c a r c i n o g e n i c 
p r o p e r t i e s o f AAF were d i s c o v e r e d i n 1941 by W i l s o n , DeEds, 
and Cox (62). In 1960, Cramer and the M i l l e r s demonstrated 
the metabolism o f AAF to N-hydroxy-AAF, r e f e r r e d t o as the 
proximate c a r c i n o g e n i c form o f the p r o c a r c i n o g e n , AAF, s i n c e 
N-hydroxy-AAF i s a s t r o n g e r c a r c i n o g e n than the p a r e n t compound 
and a l s o a c t i v e i n a wider range o f t i s s u e s and s p e c i e s (63,64, 
reviewed i n 1 ) . A major u l t i m a t e c a r c i n o g e n i c m e t a b o l i t e o f 
N-hydroxy-AAF i n r a t l i v e r appears t o be N-sulfonoxy-AAF (65). 
The s u l f u r i c a c i d e s t e r i s a v e r y s t r o n g e l e c t r o p h i l e , and 
a t l e a s t t h r e e o t h e r enzymatic pathways f o r the c o n v e r s i o n 
o f N-hydroxy-AAF t o e l e c t r o p h i l i c r e a c t a n t s have been observed 
i n r a t l i v e r (reviewed i n 1 ) . 

Adduct Formation by AAF M e t a b o l i t e s 

Both a c e t y l a t e d and n o n a c e t y l a t e d adducts have been i s o l a t e d 
from h e p a t i c macromolecules o f r a t s t r e a t e d w i t h AAF or N-hydroxy-
AAF. Methionine adducts r e p r e s e n t about 10% o f protein-bound 
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5 6 

[3'-Me-DABl 
| /y -demethy lase [ 

: H s j—ν 

3 - m e t h y l - 4 - a m i n o a z o b e n z e n e 

(3'-Me-AB) 

Figure 3. The action of the N-demethylation enzyme on the hepatocarcinogen 
3'-methyl-DAB to produce the noncarcinogenic dye 3'-methyl-AB. The N-de-
methylase is the first mammalian enzyme for which induction was demonstrated. 

Target C e l l - H M a n y G a r a n o m a s l 

Dgenic | 
bolite 

procarcinogen 

non-carcinogenic 
metabolite 

[Target C e l l ] — ->f Fe w C a r c i n o m a s I f 

[51 activates this pathway 

Figure 4. Schematic of a mechanism, based on enzyme induction, by which chemi
cal carcinogen Β antagonizes the carcinogenic action of chemical carcinogen A as 
observed in the effect described by Richardson and Cunningham (see Figure 2) (52). 

The procarcinogen A must be metabolized to the active carcinogenic metabolite Av 

Β induces enzymes that metabolize A to the inactive noncarcinogenic metabolite A2. 
The term "target cell" is used only for convenience and actually may represent one or 
more cells in a target tissue. Following initial interaction of the target tissue with a 
chemical carcinogen, target cell then may represent one or more cells that are actually 

different from the original designated target cell. 
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f l u o r e n e d e r i v a t i v e s , and guanine adducts comprise the major 
share o f n u c l e i c a c i d adducts formed i n r a t l i v e r i n v i v o . 

As reviewed by K r i e k (66), s u b s t i t u t i o n a t the C-8 o f 
guanine y i e l d s N-(guan-8-yl)-AAF, which i s the major adduct i n 
RNA, i s a minor adduct i n DNA, i s a l k a l i - and a c i d - l a b i l e , 
l o c a l l y d i s t o r t s the DNA h e l i x , and d i s t o r t s r e g i o n s d i g e s t e d by 
s i n g l e s t r a n d - s p e c i f i c n u c l e a s e s . The C-8 adduct i s a r e p a i r 
a b l e l e s i o n i n r a t l i v e r DNA i n v i v o . On the oth e r han£, s u b s t i 
t u t i o n a t the 2-amino group o f guanine y i e l d s 3-(guan-N - y l ) -
AAF (N-2 a d d u c t ) , which i s not p r e s e n t i n RNA, i s a minor form 
i n DNA, i s s t a b l e t o a l k a l i and a c i d , does not d i s t o r t DNA 
h e l i x , and i s not r e l e a s e d by s i n g l e - s t r a n d s p e c i f i c n u c l e a s e s . 
The N-2 adduct i s e s s e n t i a l l y a n o n r e p a i r a b l e l e s i o n i n r a t 
l i v e r DNA i n v i v o (66). About 70% o f the DNA-bound f l u o r e n e 
r e s i d u e s do not c o n t a i n the N - a c e t y l group, and o n l y about 
10-15% o f the d e a c e t y l a t e d m a t e r i a l c o u l d be i d e n t i f i e d as 
N-(deoxyguanosin-8-yl)-AF. One p o s s i b i l i t y i s t h a t p a r t o f 
the l a t t e r adduct undergoes h y d r o l y t i c cleavage o f the i m i d a z o l e 
r i n g (66). 

The f a c t t h a t DNA i n mammalian c e l l s i s h i g h l y o r g a n i z e d 
i n chromatin may a f f e c t DNA r e p a i r p r o c e s s e s and r e s u l t i n 
a dynamic p i c t u r e o f chromatin rearrangement o c c u r r i n g d u r i n g 
e x c i s i o n r e p a i r o f carcinogen-DNA adducts (67). 

New i n s i g h t s i n t o the k i n e t i c s o f b i n d i n g and r e p a i r o f c a r 
cinogen-DNA adducts are being accumulated through new te c h n i q u e s 
o f d e t e c t i n g s m a l l q u a n t i t i e s o f adducts by radioimmunoassay 
procedures (68,£9). Thus, f o r example, AAF-DNA adducts can 
now be d e t e c t e d by such methods wi t h DNA e x t r a c t e d from l i v e r s 
o f r a t s g i v e n even low doses of d i e t a r y AAF ( P o i r i e r , True, 
and L a i s h e s , u n p u b l i s h e d o b s e r v a t i o n s ) . 

M o l e c u l a r A l t e r a t i o n s i n the G e n e t i c Programs o f T a r g e t C e l l s 

T a r g e t C e l l DNA. The molecular a l t e r a t i o n s i n the g e n e t i c 
programs o f t a r g e t c e l l s t h a t occur as a consequence o f i n t e r 
a c t i o n s w i t h c a r c i n o g e n i c s t i m u l i and t h a t are e s s e n t i a l f o r 
the e x p r e s s i o n o f malignant phenotypes are unknown. The s t r o n g 
r e l a t i o n t h a t e x i s t s between the mutagenic and c a r c i n o g e n i c 
e f f e c t s o f ch e m i c a l s (70) , together w i t h the c o v a l e n t b i n d i n g 
o f e l e c t r o p h i l i c m e t a b o l i t e s o f c h e m i c a l c a r c i n o g e n s t o v a r i o u s 
atoms i n the DNA molecule {!), has s t i m u l a t e d i n t e r e s t i n the 
hy p o t h e s i s t h a t s t r u c t u r a l DNA m o d i f i c a t i o n s a re e s s e n t i a l 
f o r c a r c i n o g e n e s i s . Somatic mutations a r i s i n g from e r r o r s 
i n r e p l i c a t i n g c a r c i n o g e n - a l t e r e d DNA have been proposed as 
m a n i f e s t a t i o n s o f the " f i x a t i o n " o f DNA damage and as nec e s s a r y 
s t e p s i n the p r o d u c t i o n o f transformed c e l l s (71). 
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Gene E x p r e s s i o n i n T a r g e t C e l l s . The arrangement o f genes 
i n e u c a r y o t i c v i r u s e s , such as DNA v i r u s e s t h a t occur i n the 
c e l l nucleus (72), or RNA r e t r o v i r u s e s t h a t have a DNA n u c l e a r 
phase (J3) t has demonstrated t h a t many genes are composed o f 
sepa r a t e d DNA sequences (74,25,76.). Thus, tandem f u s i o n s o f 
ne i g h b o r i n g coding sequences are accomplished by the p o s t - t r a n -
s c r i p t i o n a l removal of p o l y n u c l e o t i d e s ( i n t e r v e n i n g sequences 
or i n t r o n s [74]) from p o l y c i s t r o n i c n u c l e a r t r a n s c r i p t s . S t u d i e s 
from many l a b o r a t o r i e s have thus demonstrated t h a t , f o r e u c a r y o t i c 
genes f o r g l o b i n , ovalbumin, immunoglobulin, SV40, and polyoma, 
the c o d i n g sequences, on DNA t h a t are u l t i m a t e l y t r a n s l a t e d 
i n t o amino a c i d sequences are not continuous but are i n t e r r u p t e d 
by DNA sequences t h a t are " s i l e n t " and s p l i c e d out of the RNA 
t r a n s c r i p t s (e.g., 74,75,76). 

I t i s , t h e r e f o r e , e n t i r e l y f e a s i b l e t h a t c h e m i c a l c a r c i n o 
gens may a c t a t the l e v e l o f RNA p r o c e s s i n g by a f f e c t i n g the 
s p l i c i n g enzymes or s p e c i f i c s p l i c i n g s i g n a l s i n the RNA base 
sequences. The c o n t r o l o f gene e x p r e s s i o n a t the RNA l e v e l 
adds c o n s i d e r a b l e breadth t o the p o s s i b l e m o lecular events t h a t 
may y e t be d i s c o v e r e d as e s s e n t i a l components o f the c a r c i n o 
g e n i c p r o c e s s . 

C e l l C y c l e and C e l l D i f f e r e n t i a t i o n . One o f the o l d e s t 
problems i n e x p e r i m e n t a l b i o l o g y i s t h a t o f understanding c e l l 
d i f f e r e n t i a t i o n . D i f f e r e n t i a t i o n has been d e f i n e d as "those 
mechanisms t h a t make i n f o r m a t i o n not r e a d i l y a v a i l a b l e i n a 
p a r t i c u l a r mother c e l l r e a d i l y a v a i l a b l e i n i t s daughter c e l l s " 
(77). In some i n s t a n c e s d i f f e r e n t i a t i o n may be i n i t i a t e d o n l y 
d u r i n g a p a r t i c u l a r phase o f the c e l l c y c l e . Thus, the m a t u r a t i o n 
of c e l l s i n s l o w l y renewing (e.g., l i v e r ) or fa s t - r e n e w i n g (e.g., 
skin) e p i t h e l i a l t i s s u e s o c c u r s as c e l l s a c h i e v e a t e r m i n a l l y 
d i f f e r e n t i a t e d s t a t e and cease p r o l i f e r a t i n g (72) · Whether 
c a r c i n o g e n s a c t by d i s r u p t i n g l i n e a g e s o f normal d i f f e r e n t i a t i o n 
i n e p i t h e l i a l t a r g e t t i s s u e s i s an a t t r a c t i v e h y p o t h e s i s but 
s t i l l a matter f o r s p e c u l a t i o n . I t i s c o n c e i v a b l e t h a t the 
gene r e g u l a t o r y p r o c e s s e s i n e u c a r y o t i c c e l l s t h a t c o n t r o l c e l l 
d i f f e r e n t i a t i o n may, i n some way, be l i n k e d to the p r o c e s s e s 
t h a t c o n t r o l c e l l r e p l i c a t i o n . 

Cancer Development as a B i o l o g i c a l P rocess 

The development o f cancer i s c h a r a c t e r i s t i c a l l y a l o n g , 
c o m p l i c a t e d d i s e a s e p r o c e s s r e g a r d l e s s o f whether o b s e r v a t i o n s 
are made wi t h the human p o p u l a t i o n or wi t h l a b o r a t o r y a n i m a l s . 
In a d d i t i o n , i n any g i v e n e p i t h e l i a l t i s s u e , f o r example, 
primary cancer i s most o f t e n observed t o a r i s e f i r s t i n o n l y 
a few, i f not i n s i n g l e , l o c a t i o n s . One o f the f i r s t p i e c e s 
of i n f o r m a t i o n r e q u i r e d t o a n a l y z e the molecular b a s i s o f 
c a r c i n o g e n e s i s i s t o determine which c e l l s i n the t a r g e t t i s s u e 
are e s s e n t i a l components o f the c a r c i n o g e n i c p r o c e s s . 
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C e l l L ineages During C a r c i n o g e n e s i s . One o f the s i m p l e s t 
approaches t o e l u c i d a t i n g the b i o l o g y o f cancer development 
i s t o d e l i n e a t e c e l l l i n e a g e s t h a t occur d u r i n g c a r c i n o g e n e s i s . 
I t i s , f o r example, c o n c e i v a b l e t h a t e p i t h e l i a l c e l l s c o m p r i s i n g 
a carcinoma d e v e l o p by a d i r e c t one-step c e l l u l a r l i n e a g e ( F i g u r e 
5) , a two-step c e l l u l a r l i n e a g e ( F i g u r e 6 ) , or a m u l t i - s t e p 
c e l l u l a r l i n e a g e ( F i g u r e 7 ) . C a r c i n o g e n i c s t i m u l i may induce 
many p h e n o t y p i c a l l y a l t e r e d c e l l p o p u l a t i o n s . Some o f these 
may p l a y no r o l e i n the development o f carcinoma ( F i g u r e 5 ) , 
may be i n v o l v e d i n the development o f a c e l l s e l e c t i o n p r e s s u r e 
e s s e n t i a l t o the development o f carcinoma ( F i g u r e 6 ) , or may 
r e p r e s e n t one s t e p i n a s e r i e s o f e s s e n t i a l s e q u e n t i a l a l t e r a t i o n s 
i n t a r g e t c e l l s t h a t are d e v e l o p i n g the malignant phenotype 
( F i g u r e 7 ) . A c l e a r e r understanding o f the c o m p l e x i t i e s i n v o l v e d 
i n a c t u a l l y d e l i n e a t i n g c e l l u l a r l i n e a g e s d u r i n g cancer d e v e l o p 
ment may be a c q u i r e d by a b r i e f review o f one w e l l - c h a r a c t e r i z e d 
l a b o r a t o r y model. 

E x p e r i m e n t a l I n d u c t i o n o f L i v e r Cancer. An e x t e n s i v e 
d e s c r i p t i v e h i s t o p a t h o l o g y has been documented f o r the i n d u c t i o n 
o f l i v e r cancer i n l a b o r a t o r y r a t s by c o n t r o l l e d exposure t o 
ch e m i c a l c a r c i n o g e n s (e.g., IJL'22) · O b s e r v a t i o n s i n many l a b o r a 
t o r i e s have i n d i c a t e d t h a t new c e l l p o p u l a t i o n s are generated 
p r i o r t o the appearance o f f r a n k h e p a t o c e l l u l a r carcinoma; 
t h i s f i n d i n g suggests t h a t c e r t a i n l i v e r c e l l l i n e a g e s may 
be e s s e n t i a l components o f the development o f l i v e r cancer 
(e.g., 78l'Z2.) . When r a t s are exposed c o n t i n u o u s l y t o ch e m i c a l 
c a r c i n o g e n s i n the d i e t , t h e i r l i v e r s e x h i b i t complex mosaics 
o f l e s i o n s superimposed on one another. Approaches are bei n g 
developed t o reduce the co m p l e x i t y o f the b i o l o g y o f e x p e r i m e n t a l 
h e p a t o c a r c i n o g e n e s i s by s h o r t e n i n g the d u r a t i o n o f c a r c i n o g e n 
exposure. Such " p u l s e doses" o f c h e m i c a l c a r c i n o g e n s p r o v i d e 
means t o o p e r a t i o n a l l y d i s s e c t the c a r c i n o g e n i c p r o c e s s i n t o 
a r a p i d , e a r l y phase (during which the c a r c i n o g e n f i r s t i n t e r a c t s 
w i t h the t a r g e t c e l l ( s ) and the pr o c e s s i s " i n i t i a t e d " ) and 
a l a t e r phase o f c o n s i d e r a b l y longer d u r a t i o n (during which 
the a l t e r e d t a r g e t c e l l s d e v e l o p the c a p a c i t y t o express the 
malignant phenotype). Examples o f such p u l s e - d o s e e x p e r i m e n t a l 
regimens i n c l u d e s i n g l e exposures t o a c a r c i n o g e n a f t e r p a r t i a l 
hepatectomy (35,80), b r i e f exposure t o a c a r c i n o g e n f o l l o w e d 
by phénobarbital a d m i n i s t r a t i o n (32,315,81), and b r i e f exposure 
to a c a r c i n o g e n f o l l o w e d by the a p p l i c a t i o n o f a po t e n t c e l l 
s e l e c t i o n p r e s s u r e (82,83). The l a t t e r technique produces 
demarcated p o p u l a t i o n s o f n e o p l a s t i c c e l l s w i t h an e x c e p t i o n a l 
degree o f synchrony {S_2,Q3) . 

In order t o d e l i n e a t e c e l l l i n e a g e s d u r i n g h e p a t o c a r c i n o g e n 
e s i s , one d i r e c t approach i s t o d i s s o c i a t e the l i v e r t i s s u e 
i n t o c e l l u l a r components d u r i n g v a r i o u s s t a g e s o f h e p a t o c a r c i n o 
g e n e s i s and t r a n s f e r the " p u t a t i v e p r e m a l i g n a n t " c e l l s t o h i s t o -
compatible ( i s o g e n e i c ) r a t s t r a i n s ( F i g u r e 8) (84,85). P h y s i o -
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Carcinogenic stimulus « 

C e l l with an 
a l t e r a t i o n of 
one type 
(nonessential*) 

/r 
C e l l i n , 
target ^ Carcinoma 
t i s s u e 

C e l l with an 
a l t e r a t i o n of 
another type 
(nonessential*) 

Figure 5. One-step cellular lineage in which a normal cell is converted to a cancer 
cell with no intervening essential cellular alterations. (An essential alteration is 

defined as a change that is necessary for the development of carcinoma.) 

Carcinogenic stimulus 

C e l l i n C e l l with an 
target > e s s e n t i a l * ^ carcinoma 
t i s s u e a l t e r a t i o n 

Figure 6. Two-step cellular lineage in which a normal cell is converted to a cancer 
cell via an intermediary cell expressing an essential cellular alteration. (See the 

caption of Figure 5 for the definition of essential.) 

Carcinogenic stimulus* 

C e l l in C e l l with an C e l l with an Further 
target ^ a l t e r a t i o n of a l t e r a t i o n o f e s s e n t i a l * ^ Carcinoma 
tissue one type another tyoe alterations? 

(essential*) (essential*) 

Figure 7. Multi-step cellular lineage in which a normal cell is converted to a can
cer cell via intermediary cells expressing essential cellular alterations in sequence. 

(See the caption of Figure 5 for the definition of essential.) 
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DEVELOP NEW 
HEPATOCYTE PHENOTYPES 

DISSOCIATE COLONY FORMATION IN 
TISSUE RESPONSE TO DIFFERENTIAL 

PROLIFERATION STIMULI 

© ® 

CARCINOGENIC . _ ^ ? Ï Ï J j f | - A I 

STIMULUS ^ E P ' L H

e ^ L J A L 

I TISSUE 
A 

NEW 
PHENOTYPE A 

NEW 
PHENOTYPE Β 

MALIGNANT 
PHENOTYPE 

CELLS 
DISSOCIATED 
FROM TISSUE 

DONOR SYSTEM (In Vivo) 
CELL ISOLATE 

(In Vitro) 
HOST S Y S T E M S Vivo) 

Figure 8. Schematic of one experimental approach designed to search for the 
cellular components of tissue undergoing chemically induced carcinogenesis that 

are essential to the carcinogenic process (e.g. Ref S5). 

The approach is applicable to the rat liver model of chemically induced hepatocarcino-
genesis. In Stage 1, new cellular phenotypes are established in an epithelial tissue treating 
the donor animal with a chemical carcinogen. The first steps of this hypothetical multi-
step process are potentially reversible, although it is also possible that new phenotypes 
may move into normal cell lineages of terminal differentiation that culminate in cell 
death. In Stage 2, the tissue is dissociated to yield cell suspensions. Stage 2 provides an 
opportunity to apply cell purification techniques. In Stage 3, the cell suspension can be 
tested for the presence of progenitor cells with the capacity to form colonies under a 
number of conditions established in the host animal. Stage 3 may be used to expand 
numbers of cells, to determine the extent of progenitor cell renewal, and to determine 
the role of both transplanted cell populations and host animal conditions in the subse

quent development of carcinoma. 
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l o g i c s t i m u l i suspected t o p l a y a p e r m i s s i v e or i n d u c t i v e r o l e 
i n promoting the a l t e r e d c e l l s t o carcinoma f o r m a t i o n can be 
s t u d i e d i n the r e c i p i e n t r a t s . The i n v i t r o stage o f t h i s 
t h r e e - s t a g e p r o c e s s p r o v i d e s an o p p o r t u n i t y t o p u r i f y c e l l 
p o p u l a t i o n s (86), and the f i n a l stage p r o v i d e s a means to d e t e r 
mine the c o l o n y - f o r m i n g c a p a c i t y o f the i s o l a t e d c e l l p o p u l a t i o n 
i n the i n t a c t animal. 

Genotypic C e l l u l a r Markers. A l l of the c e l l u l a r markers 
thus f a r s t u d i e d i n d e t a i l i n e x p e r i m e n t a l h e p a t o c a r c i n o g e n e s i s 
i n the r a t have been p h e n o t y p i c markers s u b j e c t t o p h y s i o l o g i c a l 
modulations (e.g., 87^88; see 83̂  f o r d i s c u s s i o n ) and are thus 
not y e t r e l i a b l e f o r u n e q u i v o c a l d e l i n e a t i o n o f c e l l u l a r l i n e a g e s . 
T h i s problem i s common t o many, i f not a l l models o f cancer 
i n d u c t i o n i n e p i t h e l i a l t i s s u e s . S t a b l e g e n o t y p i c markers 
w i l l be r e q u i r e d . A n o t a b l e example of the d e l i n e a t i o n o f 
c e l l l i n e a g e s u s i n g unique chromosome markers i s t h a t o f hemato
p o i e t i c c e l l l i n e a g e s d e r i v e d from stem c e l l s i n a d u l t mouse 
bone marrow (89,^0,91). M y e l o i d and lymphoid systems are con
t i n u a l l y r e p l e n i s h e d by stem c e l l s from the bone marrow o f 
a d u l t mice, and the stem c e l l s can e a s i l y be measured by t h e i r 
a b i l i t y t o form macroscopic c o l o n i e s i n the spleens o f i r r a d i a t e d 
mice (89). By means of r a d i a t i o n - i n d u c e d chromosome a b e r r a t i o n s , 
i t was shown c o n c l u s i v e l y t h a t each s p l e e n c o l o n y was d e r i v e d 
from a s i n g l e c e l l and t h a t the stem c e l l s , g r a n u l o c y t e s , and 
h e m o g l o b i n - s y n t h e s i z i n g c e l l s were d e r i v e d from a s i n g l e p r e c u r 
sor (90). More r e c e n t l y , stem c e l l s b e a r i n g unique, r a d i a t i o n -
induced chromosome a b e r r a t i o n s were used t o p r o v i d e a d i r e c t 
c o n f i r m a t i o n o f the h y p o t h e s i s t h a t a common stem c e l l g i v e s 
r i s e t o both myeloid and lymphoid c e l l s ( i n c l u d i n g both Β and 
Τ lymphocytes) and to p r o v i d e evidence f o r stem c e l l s r e s t r i c t e d 
i n t h e i r c a p a c i t y f o r d i f f e r e n t i a t i o n (91). The t e c h n i c a l 
advantages o f e x p e r i m e n t a t i o n i n hematology are remarkable, 
s i n c e c e l l s can be manipulated w i t h comparative ease e i t h e r 
i n the i n t a c t animal or i n c e l l c u l t u r e (e.g., 910· With the 
advent o f the p r o t e o l y t i c - e n z y m e p e r f u s i o n technique o f l i v e r 
t i s s u e d i s s o c i a t i o n and the development o f o r t h o t o p i c t r a n s p l a n 
t a t i o n o f l i v e r c e l l s uspensions i n e x p e r i m e n t a l h e p a t o c a r c i n o 
g e n e s i s (e.g., 84,85,86), a l e v e l o f t e c h n i c a l f l e x i b i l i t y 
comparable to t h a t o f e x p e r i m e n t a l hematology may e v e n t u a l l y 
be a t t a i n e d . Thus, f o r c e l l l i n e a g e s t u d i e s i n e x p e r i m e n t a l 
h e p a t o c a r c i n o g e n e s i s , i t would be d e s i r a b l e t o generate unique 
chromosome markers. 

A second c l a s s o f e x p l o i t a b l e g e n o t y p i c markers t h a t may 
be u t i l i z e d i n e x p e r i m e n t a l h e p a t o c a r c i n o g e n e s i s i n v o l v e s the 
use o f l i v e r c e l l membrane a l l o a n t i g e n i c d e t e r m i n a n t s , such 
as those expressed as p r o d u c t s o f the major h i s t o c o m p a t i b i l i t y 
complex. These determinants can e x e r t marked c o n t r o l o f the 
development o f p u t a t i v e p r e m a l i g n a n t l e s i o n s , as i n d i c a t e d 
by the marked r e d u c t i o n i n the number o f a l t e r e d l i v e r l e s i o n s 
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f o l l o w i n g a l l o g e n e i c o r t h o t o p i c l i v e r - c e l l t r a n s p l a n t a t i o n 
between F344 and W i s t a r - F u r t h r a t s ( L a i s h e s , R o l f e , and Onnink, 
manuscript s u b m i t t e d ) . In a d d i t i o n , these determinants can 
serve as markers f o r the c e l l s o f p u t a t i v e premalignant l i v e r 
l e s i o n s i n the i n t a c t animal by t r a n s p l a n t i n g p a r e n t a l - s t r a i n , 
c a r c i n o g e n - a l t e r e d l i v e r c e l l s i n t o F 1 h y b r i d r a t l i v e r (Hunt, 
Buckley, and L a i s h e s , u n p u b l i s h e d o b s e r v a t i o n s ) . Thus, by 
c o n s t r u c t i n g g e n o t y p i c mosaic l i v e r s c o n t a i n i n g l i v e r c e l l s 
o f one genotype ( p a r e n t a l ) surrounded by c e l l s o f another 
genotype (F^ h y b r i d ) , f l u o r e s c e n t a n t i b o d i e s f o r a l l o a n t i g e n i c 
d eterminants can be used t o "t a g " c e l l s o f e i t h e r genotype 
i n v i v o . A l l o a n t i g e n i c determinants may a l s o be e x p l o i t e d 
t o f a c i l i t a t e the p u r i f i c a t i o n o f s p e c i f i c s u b c l a s s e s o f l i v e r 
c e l l s from l i v e r c e l l suspensions prepared from g e n o t y p i c 
mosaic l i v e r s a t s e q u e n t i a l stages o f l i v e r cancer development. 

By i d e n t i f y i n g the c e l l u l a r components o f t a r g e t t i s s u e s 
t h a t are e s s e n t i a l components o f cancer development, a b e t t e r 
understanding o f the molecular b a s i s o f c a r c i n o g e n e s i s w i l l 
h o p e f u l l y be gai n e d . 
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14 
The Elusive Metabolite—The Reactive 
Intermediate 

JAMES R. GILLETTE 

Laboratory of Chemical Pharmacology, National Heart, Lung, and Blood Institute, 
Bethesda, MD 20205 

The ideal pesticide kills the target organism without 
affecting other organisms. But one of the major difficulties 
in interpreting toxicity data is that we seldom know why a 
given substance is more toxic in one animal species than in 
another species. Sometimes species differences in the response 
to a substance are related to differences in the affinity and 
number of receptor sites that combine with the substance. But 
other species differences are caused by the rates at which the 
substances are absorbed from administration sites, distributed 
to various body tissues, metabolized and eliminated from the 
body. Moreover, in recent years, it has become increasingly 
evident that biological responses to substances may be caused 
at least in part by metabolites of the substance. In some 
cases the response caused by the metabolite is similar to that 
of the parent substance but all too frequently the response 
caused by the metabolite is entirely different from the parent 
compound. Furthermore, toxic responses may be caused not only 
by chemically stable metabolites but also by metabolites that 
rapidly react irreversibly with various tissue components in
cluding proteins, lipids, and nucleic acids. The half-life 
of these substances can range from milliseconds to several 
hours. Thus some metabolites may have such short half-lives 
that they never leave the immediate environment of the enzymes 
that catalyze their formation, whereas other chemically re
active metabolites have sufficiently long half-lives that they 
leave the tissues in which they are formed, enter other tissues 
of the body and are excreted into urine. 

The d i f f e r e n t i a t i o n of the toxic potentials of parent com
pounds from those of chemically stable metabolites i s r e l a t i v e 
ly simple. When a response depends on the reversible binding 
of the drug or metabolite to receptor sit e s and appears soon 
after the administration of drug, the intensity and duration 
of the response frequently depends on the drug concentration 
i n blood. Studying the relationship between the duration of 
action of a drug and the concentration i n blood, however, 
w i l l f a i l when the response i s caused i n part by a metabo-

This chapter not subject to U.S. copyright. 
Published 1981 American Chemical Society 
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l i t e and the r a t e constant of e l i m i n a t i o n of the m e t a b o l i t e 
i s g r e a t e r than t h a t of the parent drug. Under these con
d i t i o n s , the h a l f - l i f e of the m e t a b o l i t e d u r i n g the t e r m i n a l 
phase w i l l appear to be the same as t h a t of the drug and thus 
the d u r a t i o n of a c t i o n may appear to be approximately r e 
l a t e d to the c o n c e n t r a t i o n of the parent drug even when i t 
i s caused s o l e l y by the m e t a b o l i t e . A b e t t e r s t r a t e g y to 
e l u c i d a t e the t o x i c o l o g i c a l e f f e c t s of c h e m i c a l l y s t a b l e and 
l o n g - l i v e d c h e m i c a l l y r e a c t i v e m e t a b o l i t e s i s to i s o l a t e and 
i d e n t i f y the m e t a b o l i t e s , s y n t h e s i z e them, and t e s t them f o r 
t h e i r t o x i c a c t i v i t i e s . Standard pharmacokinetic concepts 
may then be a p p l i e d to e v a l u a t e the r e l a t i v e c o n t r i b u t i o n s 
of the parent compound and the m e t a b o l i t e s i n the m a n i f e s t 
a t i o n of the t o x i c i t y . 

These s t r a t e g i e s w i l l f a i l , however, when the t o x i c i t y i s 
caused by s h o r t - l i v e d c h e m i c a l l y r e a c t i v e m e t a b o l i t e s . Such 
m e t a b o l i t e s are not e a s i l y i s o l a t e d and thus t h e i r i d e n t i t y 
must be i n f e r r e d from i n d i r e c t evidence based on t h e i r u l t i m a t e 
decomposition p r o d u c t s . Even i f the c h e m i c a l l y r e a c t i v e 
m e t a b o l i t e s were i d e n t i f i e d they would not be e a s i l y s y n t h e s i z e d 
or p u r i f i e d . Moreover, t h e i r t o x i c p o t e n t i a l i s not e a s i l y 
s t u d i e d because they would be i n a c t i v a t e d d u r i n g t h e i r passage 
from the s i t e s of a d m i n i s t r a t i o n to t h e i r t a r g e t organs. C l e a r l y 
a d i f f e r e n t s t r a t e g y must be employed to determine which chem
i c a l l y r e a c t i v e m e t a b o l i t e s are t o x i c and which are innocuous. 

S e v e r a l years ago my c o l l e a g u e s and I d e v i s e d a s t r a t e g y to 
determine whether a g i v e n t o x i c i t y i s caused by a c h e m i c a l l y 
r e a c t i v e m e t a b o l i t e . In d e v e l o p i n g the approach (1,2), we 
c o n s i d e r e d t h a t c h e m i c a l l y r e a c t i v e m e t a b o l i t e s c o n c e i v a b l y 
c o u l d cause t o x i c r e a c t i o n s , such as a c e l l u l a r n e c r o s i s , 
through s e v e r a l d i f f e r e n t mechanisms ( F i g . l ) . 

C o n c e i v a b l y , the t a r g e t of the c h e m i c a l l y r e a c t i v e m e t a b o l i t e 
c o u l d be an i n t r a c e l l u l a r enzyme or i t s s u b s t r a t e s r e q u i r e d f o r 
the f u n c t i o n of c e l l s . I t c o u l d be a p h o s p h o l i p i d i n c e l l u l a r 
membranes, which c o n t r o l the i n t r a c e l l u l a r c o m p a r t m e n t a l i z a t i o n 
of i n t r a c e l l u l a r components. I t c o u l d be p a r t of the p r o t e i n 
s y n t h e s i s machinery r e q u i r e d f o r the normal replacement of i n t r a 
c e l l u l a r enzymes. I t c o u l d a l s o be DNA r e q u i r e d f o r c e l l u l a r 
r e p l i c a t i o n . We a l s o e n v i s i o n e d the p o s s i b i l i t y t h a t the 
m a n i f e s t a t i o n of the t o x i c i t y might not occur u n l e s s s e v e r a l 
of these t a r g e t s were impaired s i m u l t a n e o u s l y . 

I t o c c u r r e d to us t h a t i n c a u s i n g a l t e r a t i o n s of the t a r g e t 
substances, the c h e m i c a l l y r e a c t i v e m e t a b o l i t e might a l t e r the 
t a r g e t substances by combining c o v a l e n t l y w i t h them. I t was 
a l s o p l a u s i b l e , however, t h a t the t o x i c response might be caused 
by mechanisms i n which the c h e m i c a l l y r e a c t i v e m e t a b o l i t e i s 
not c o v a l e n t l y bound to the t a r g e t substance. The c h e m i c a l l y 
r e a c t i v e m e t a b o l i t e might r e a c t w i t h a l i p i d or DNA to form r e 
a c t i v e endogenous components and thereby cause the t o x i c i t y ; 
f o r example, the r e a c t i o n of t r i c h l o r o m e t h y l f r e e r a d i c a l w i t h 
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Parent Foreign Compound 

Reactire Metabolite! 
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Including Enzymes 

Codaient Binding to RHA and DHA 

} CoTalent Binding to Lipide 

Inert Metabolite + Reactive 
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(Lipid or DHA Free Radicale) 

Inert Metabolite + Superoxide, 
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Reactive Metabolites 
Covalent Binding to Snail 
Molecular Weight Substances 
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Figure 1. Postulated mechanisms of toxicity by chemically reactive metabolites 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
01

4

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



220 THE PESTICIDE CHEMIST AND MODERN TOXICOLOGY 

l i p i d to form c h l o r o f o r m and l i p i d f r e e r a d i c a l s has been 
suggested as an i n i t i a l s t e p i n the l i v e r n e c r o s i s caused by 
carbon t e t r a c h l o r i d e (3). A c h e m i c a l l y r e a c t i v e m e t a b o l i t e 
may r e a c t w i t h oxygen To form superoxide, hydrogen peroxide 
or h y d r o x y l f r e e r a d i c a l s which i n t u r n causes the t o x i c i t y 

At the time we were d e v e l o p i n g our approach, we were 
w e l l aware of the many s t u d i e s by o n c o l o g i s t s i n d i c a t i n g 
r e l a t i o n s h i p s between c a r c i n o g e n e s i s and the f o r m a t i o n of the 
c h e m i c a l l y r e a c t i v e m e t a b o l i t e s of f o r e i g n compounds (5,6,7,8) 
These s t u d i e s p r o f o u n d l y i n f l u e n c e d our thoughts. I t was 
ev i d e n t t h a t most c h e m i c a l l y r e a c t i v e m e t a b o l i t e s do not 
r e a c t w i t h a s i n g l e k i n d of macromolecule, but i n s t e a d 
r e a c t w ith many t i s s u e components i n c l u d i n g p r o t e i n s , l i p i d , 
n u c l e i c a c i d s , glycogen and micromolecular substances, such 
as ATP, NADPH, NADH and UDPG. I t was a l s o e v i d e n t t h a t the 
r a t e s of r e a c t i o n of a g i v e n m e t a b o l i t e w i t h the v a r i o u s 
n u c l e o p h i l e s i n c e l l s depend on s e v e r a l f a c t o r s . For example, 
the r a t e s of r e a c t i o n w i t h t h i o l groups d i f f e r markedly from 
the r a t e s of r e a c t i o n w i t h amino groups of p r o t e i n s and 
oxygen or n i t r o g e n groups of the n u c l e i c a c i d s . Hence a 
m u l t i p l i c i t y of d i f f e r e n t r e a c t i o n products may o c c u r . On 
the o t h e r hand, r a t h e r s t a b l e c h e m i c a l l y r e a c t i v e m e t a b o l i t e s 
may combine r e v e r s i b l y w i t h c e r t a i n s i t e s of some p r o t e i n s 
b e f o r e the complex r e a r r a n g e s to c o v a l e n t l y bound m a t e r i a l . 
In t h i s case, low c o n c e n t r a t i o n s of the r e a c t i v e m e t a b o l i t e 
may combine w i t h r e l a t i v e l y few k i n d s of macromolecules. 
Indeed, the i n h i b i t i o n of pseudo c h o l i n e s t e r a s e s by phosphorus 
i n s e c t i c i d e s i s an example of t h i s k i n d of mechanism. For 
these reasons, a c h e m i c a l l y r e a c t i v e m e t a b o l i t e may combine 
p r e f e r e n t i a l l y w i t h c e r t a i n c e l l u l a r p r o t e i n s because they 
c o n t a i n an u n u s u a l l y l a r g e number of n u c l e o p h i l i c groups on 
the s u r f a c e of the p r o t e i n or because the p r o t e i n has a h i g h 
a f f i n i t y f o r the r e a c t i v e m e t a b o l i t e . 

Because d i f f e r e n t c h e m i c a l l y r e a c t i v e m e t a b o l i t e s r e a c t 
w i t h v a r i o u s t i s s u e n u c l e o p h i l e s at r e l a t i v e l y d i f f e r e n t 
r a t e s , i t seemed l i k e l y t o us t h a t measuring the t o t a l c o v a l e n t 
b i n d i n g of r e a c t i v e m e t a b o l i t e s to p r o t e i n s would not p r o v i d e 
a r e l i a b l e e s t i m a t e of the r e l a t i v e t o x i c i t y of the c h e m i c a l l y 
r e a c t i v e m e t a b o l i t e s . Indeed i t seemed e n t i r e l y p o s s i b l e t h a t 
a c h e m i c a l l y r e a c t i v e m e t a b o l i t e c o u l d r e a c t e x t e n s i v e l y w i t h 
p r o t e i n and s t i l l be n o n t o x i c . Moreover, i t a l s o seemed p o s s i 
b l e t h a t a t o x i c a n t might be converted to a c h e m i c a l l y r e a c 
t i v e m e t a b o l i t e which combined w i t h p r o t e i n even though the 
t o x i c i t y i s caused d i r e c t l y by the parent substance. 

I t o c c u r r e d to us, however, t h a t we might be a b l e to de
termine whether a t o x i c i t y was caused by c h e m i c a l l y r e a c t i v e 
m e t a b o l i t e s by s t u d y i n g the e f f e c t s of v a r i o u s i n d u c e r s and 
i n h i b i t o r s of the metabolism of the t o x i c a n t . A c c o r d i n g to 
our view, the c o v a l e n t b i n d i n g of the r e a c t i v e m e t a b o l i t e t o 
p r o t e i n would be approximately p r o p o r t i o n a l to the a r e a under 
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the c e l l u l a r c o n c e n t r a t i o n curve of the c h e m i c a l l y r e a c t i v e 
m e t a b o l i t e and t h e r e f o r e , an i n d i r e c t measure of the amount 
of r e a c t i v e m e t a b o l i t e i n c o n t a c t w i t h the t a r g e t component 
i n c e l l s . Thus, any treatment t h a t r e s u l t s i n a change i n 
the a r e a under the curve of the c h e m i c a l l y r e a c t i v e m e t a b o l i t e 
would cause p a r a l l e l changes i n both the c o v a l e n t b i n d i n g of 
the m e t a b o l i t e to p r o t e i n and the s e v e r i t y of the t o x i c i t y 
when the t o x i c i t y i s caused by the c h e m i c a l l y r e a c t i v e metabo
l i t e or a m e t a b o l i t e d e r i v e d from i t . Moreover, the c o r r e 
l a t i o n should occur even when the c h e m i c a l l y r e a c t i v e metabo
l i t e does not cause the t o x i c i t y by c o v a l e n t b i n d i n g to any 
i n t r a c e l l u l a r component. When the t o x i c i t y r e s u l t s from c o 
v a l e n t b i n d i n g of the m e t a b o l i t e the approach may be expressed 
m a t h e m a t i c a l l y . The amount of m e t a b o l i t e t h a t combines w i t h 
a t a r g e t substance may be expressed as the dose times the 
f r a c t i o n of the dose that i s converted to a c h e m i c a l l y r e a c t i v e 
m e t a b o l i t e ( R a t i o A) times the f r a c t i o n of the c h e m i c a l l y 
r e a c t i v e m e t a b o l i t e t h a t becomes c o v a l e n t l y bound to the 
t a r g e t substance ( R a t i o B ) . S i m i l a r l y the amount of m e t a b o l i t e 
t h a t u l t i m a t e l y becomes c o v a l e n t l y bound to p r o t e i n i n the 
t a r g e t t i s s u e may a l s o be expressed as the f r a c t i o n of the 
dose of the t o x i c a n t t h a t becomes c o v a l e n t l y bound to p r o t e i n 
and t h i s f r a c t i o n may be expressed as R a t i o A times the 
f r a c t i o n o f the r e a c t i v e m e t a b o l i t e t h a t becomes c o v a l e n t l y 
bound to p r o t e i n ( R a t i o B ) . Thus, 

Ta r g e t - M e t a b o l i t e - Dose A Β 
P r o t e i n - M e t a b o l i t e = Dose A B' 

I t f o l l o w s , t h e r e f o r e t h a t any treatment that changes R a t i o A 
or both R a t i o Β and R a t i o Β 1 without s u b s t a n t i a l l y changing 
the r e l a t i v e r a t e s of the r e a c t i o n s of the m e t a b o l i t e s w i t h 
p r o t e i n and the t a r g e t substance w i l l r e s u l t i n p a r a l l e l 
changes i n the s e v e r i t y of the t o x i c i t y and the c o v a l e n t b i n d 
i n g to p r o t e i n even when the t a r g e t substance i s not a p r o t e i n . 
Thus, d e t e r m i n i n g the e f f e c t s of v a r i o u s treatments t h a t a r e 
known to a l t e r the metabolism of the t o x i c a n t or the i n a c t i v -
a t i o n of the m e t a b o l i t e s i s u s e f u l i n det e r m i n i n g whether a 
t o x i c i t y i s mediated by a c h e m i c a l l y r e a c t i v e m e t a b o l i t e . 

The concept may a l s o be expanded t o i n c l u d e s i t u a t i o n s i n 
which the c h e m i c a l l y r e a c t i v e m e t a b o l i t e t h a t r e a c t s w i t h 
p r o t e i n s a l s o i s converted to another m e t a b o l i t e t h a t causes 
t o x i c i t y . In t h i s s i t u a t i o n any treatment t h a t causes a change 
i n the f r a c t i o n of the dose t h a t i s conv e r t e d to another 
m e t a b o l i t e w i l l cause p a r a l l e l changes i n the c o v a l e n t b i n d i n g 
of the m e t a b o l i t e to p r o t e i n and the s e v e r i t y of the t o x i c i t y . 
But a treatment t h a t p r e f e r e n t i a l l y a l t e r s the c o n v e r s i o n 
of the c h e m i c a l l y r e a c t i v e m e t a b o l i t e t o the t o x i c m e t a b o l i t e 
would cause i n v e r s e l y r e l a t e d changes i n the magnitude of the 
co v a l e n t b i n d i n g and the s e v e r i t y of the t o x i c i t y . 

In a d d i t i o n to v a r i o u s treatments t h a t a l t e r enzyme 
a c t i v i t i e s , changes i n R a t i o s A, Β and B 1 may a l s o occur by 
changes i n the s i z e of the dose of the t o x i c a n t . At low 
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doses the rates of conversion of the parent compound to i t s 
various metabolites including the chemically reactive metabo
l i t e and the rates of disposition of the chemically reactive 
metabolite w i l l be f i r s t order. Under these conditions the 
values of the Ratios A, Β and B f w i l l be independent of the 
dose. But as the dose i s increased, the maximum concentration 
of the parent compound reached i n the organ of elimination 
may be s u f f i c i e n t to saturate one or more of the enzymes that 
catalyze i t s metabolism, and thereby Ratio A may be changed. 
If the enzyme that has the lowest K m catalyzes the formation 
of the chemically reactive metabolite Ratio A w i l l be decreased. 
But i f the enzyme having the lowest catalyzes the formation 
of an innocuous metabolite Ratio A w i l l be increased. More
over, increases i n the dose of the parent compound w i l l lead 
to increases i n the amount of chemically reactive metabolite 
formed, and i n turn may lead to the depletion of i n t r a c e l l u l a r 
nucleophiles, such as glutathione; thus increases i n the dose 
may lead to an increase i n Ratios Β and B f. 

Ratio A i n the target tissue may also be changed by an 
alt e r a t i o n i n the a c t i v i t y of an enzyme i n a tissue other 
than the i n i t i a l target tissue and i n some cases by changing 
the route of administration. An understanding of the kinetics 
of these effects i s especially important for they can account 
in part for a s h i f t of the t o x i c i t y from one organ to another 
caused by various treatments (9). Under these conditions, 
Ratio A would be the amount of substance converted to the 
chemically reactive metabolite i n the target tissue divided 
by the sum of amounts of the substance metabolized and other
wise eliminated i n the target tissue and the other tissues 
of the body. 

With these considerations i n mind, we devised the follow
ing sequence of i n vivo and i n v i t r o experiments by which we 
determine whether a given t o x i c i t y i s caused by a chemically 
reactive metabolite. 

1) Determine whether the substance causes t o x i c i t i e s i n 
various species and strains of animals. Obviously one cannot 
study the mechanism of a t o x i c i t y i n an animal species when 
the t o x i c i t y does not occur i n that species. Surprisingly, 
however, many investigators spend considerable e f f o r t i n 
elucidating the pharmacokinetics and the pattern of the metabo
lism of a substance, i n a given species before they demonstrate 
that the substance i s toxic i n that species. By f i r s t carry
ing out t o x i c i t y studies i n different animal species the i n 
vestigator can choose the species with which further studies 
may be carried out. 

2) Determine the dose-response relationships of the 
substance and the t o x i c i t y i n the different animal species. 
This i s a natural consequence of step 1, since the i n 
vestigator should administer several different doses of the 
substance i n evaluating species differences i n the incidence 
and severity of the t o x i c i t y . 
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3) Develop a n a l y t i c a l methods f o r the assay of the sub
stan c e and i t s major m e t a b o l i t e s formed i n the animal* 

4) When the t o x i c i t y i s manifested by a s i n g l e dose of 
the substance, study whether pretreatments t h a t a r e known t o 
a l t e r the r a t e or p a t t e r n of metabolism of f o r e i g n compounds 
w i l l a l t e r the i n c i d e n c e or s e v e r i t y of the t o x i c i t y . 

5) Compare the e f f e c t s of the pretreatments on the t o t a l 
body c l e a r a n c e and the p a t t e r n of m e t a b o l i t e s of the t o x i c a n t . 
F r e q u e n t l y , such s t u d i e s e l u c i d a t e whether the t o x i c i t y i s 
caused by the parent compound o r by a m e t a b o l i t e . 

6) Determine whether substances r a d i o l a b e l e d a t m e t a b o l i c a l l y 
s t a b l e p o s i t i o n s of the substance become c o v a l e n t l y bound to 
compounds i n the t a r g e t t i s s u e s . S u b t o x i c as w e l l as t o x i c 
doses should be s t u d i e d i n o r d e r to determine whether the 
c o v a l e n t b i n d i n g f o l l o w s f i r s t o r d e r k i n e t i c s or whether 
there a r e t h r e s h o l d doses below which c o v a l e n t b i n d i n g i s un
important. 

7) Determine whether the e f f e c t s o f the pretreatments t h a t 
a l t e r the p a t t e r n and r a t e s of metabolism of the t o x i c a n t cause 
p a r a l l e l changes i n the amount of r a d i o l a b e l c o v a l e n t l y bound 
to components i n the t a r g e t and oth e r t i s s u e s . P a r a l l e l changes 
i n d i c a t e t h a t the t o x i c i t y and the c o v a l e n t b i n d i n g a r e caused 
by a common i n t e r m e d i a t e and may be caused by the same i n t e r 
mediate. I n v e r s e l y r e l a t e d changes suggest t h a t the two 
phenomena are caused by two i n t e r m e d i a t e s t h a t a r e formed 
from a common i n t e r m e d i a t e . 

8) Determine whether the v a r i o u s treatments a l t e r the i n v i t r o 
a c t i v i t y of enzymes that c a t a l y z e the f o r m a t i o n of the c h e m i c a l l y 
r e a c t i v e i n t e r m e d i a t e not on l y i n the t a r g e t organ but a l s o 
i n o t h e r t i s s u e s ( l i v e r f o r example) t h a t m e t a b o l i z e the 
f o r e i g n compound. The as w e l l as the V m a x of the enzymes 
shou l d be c a l c u l a t e d i n order to es t i m a t e the i n t r i n s i c 
c l e a r a n c e s of the enzymes ( i . e . V m / K m ) i n the d i f f e r e n t t i s s u e s 
and t o as s e s s the p o s s i b i l i t y t h a t the c o n c e n t r a t i o n o f the 
substance might reach l e v e l s i n the body t h a t would r e s u l t i n 
n o n l i n e a r k i n e t i c s . Such s t u d i e s i n combination w i t h s t u d i e s 
i n v i v o f r e q u e n t l y are u s e f u l i n a s s e s s i n g whether the r e a c t i v e 
m e t a b o l i t e i s s u f f i c i e n t l y s t a b l e to escape the organ o f 
fo r m a t i o n and be c a r r i e d to oth e r t a r g e t organs. 

9) I d e n t i f y the decomposition products formed from the chem
i c a l l y r e a c t i v e m e t a b o l i t e s . S t u d i e s on the e f f e c t s of v a r i o u s 
n u c l e o p h i l e s such as g l u t a t h i o n e , v a r i o u s amino a c i d s and p u r i n e 
and p y r i m i d i n e bases f r e q u e n t l y p r o v i d e c l u e s to the types 
of adducts formed from the c h e m i c a l l y r e a c t i v e m e t a b o l i t e s . 

10) O b t a i n s u p p o r t i v e evidence t h a t the t o x i c i t y i s 
mediated by a c h e m i c a l l y r e a c t i v e m e t a b o l i t e . F o r example, 
when a c h e m i c a l l y r e a c t i v e m e t a b o l i t e r e a c t s w i t h g l u t a t h i o n e 
to form a conj u g a t e , the c o n c e n t r a t i o n of g l u t a t h i o n e i n the 
t a r g e t t i s s u e i s f r e q u e n t l y decreased. The s e v e r i t y of the 
t o x i c i t y thus i s f r e q u e n t l y i n c r e a s e d by the a d m i n i s t r a t i o n 
of substances (such as d i e t h y l maleate) t h a t a l s o r e a c t w i t h 
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glutathione and decreased by the administration of alternative 
nucleophiles or precursors of glutathione. Such studies 
thus lead to the discovery of antidotes to acute t o x i c i t i e s 
caused by chemically reactive metabolites. 

With this approach we and others have discovered that 
several commonly used drugs can cause tissue damage through 
the formation of metabolites (Table 1). In addition the 
studies on the effects of inducers, inhi b i t o r s and potential 
nucleophiles on the covalent binding of chemically reactive 
metabolites formed i n v i t r o have helped us to understand the 
characteristics and properties of the chemically reactive 
metabolites and the enzymes that catalyze their formation and 
inactivation. 

Our studies on the metabolism of phenacetin and acetamino
phen i l l u s t r a t e how we have used this coordinated approach i n 
studying t o x i c i t i e s caused by chemically reactive metabolites. 

It i s well known that large overdoses of acetaminophen 
cause f a t a l hepatic necrosis not only i n man (10) but also 
i n several laboratory animal species such as rats (11,12), 
mice (12) and hamsters (13>14)· There i s a marked species 
difference i n the s e n s i t i v i t y of the various species to the 
drug (Table 2). In hamsters, necrosis occurs i n most of the 
animals even at doses as low as 150 mg/kg, whereas i n some 
strains of rats necrosis occurs i n less than 10% of the 
animals even at doses as high as 1.5 g/kg (13)· 

Acetaminophen administered to animals i s excreted mainly 
as i t s glucuronide and i t s sulfate conjugate (15), but a 
small amount of the drug i s excreted as i t s mercapturic acid 
and cysteine derivatives i n a l l animals studied including 
man (16) (Fig.2). 

Studies on the covalent binding of the radiolabel to l i v e r 
protein after the administration of various doses of radio
labeled acetaminophen to mice revealed that only negligible 
amounts of the drug were covalently bound at doses below 
100 mg/kg (17)· At higher doses, however, considerable radio-
label was covalently bound to l i v e r protein. Moreover, the 
covalent binding appeared to be negligible u n t i l the l i v e r 
was depleted of glutathione. Since acetaminophen i s chem
i c a l l y inert, these findings thus indicated that i t was 
converted to a chemically reactive metabolite i n mice. They 
further suggested that at low doses of the drug, v i r t u a l l y 
a l l of the metabolite i s converted to a glutathione conjugate 
that i s ultimately excreted as a mercapturic acid. At high 
doses of the drug, the glutathione i n l i v e r i s decreased to 
such an extent that the reactive metabolite can no longer be 
completely inactivated by glutathione and thus a portion of 
i t becomes covalently bound to l i v e r proteins. In accord with 
this view, the proportion of the dose of acetaminophen that i s 
excreted as the mercapturic acid i s about 10% when low doses 
of the drugs are administered to mice and i t decreases as the 
dose i s increased (18). 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
01

4

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



GILLETTE Elusive Metabolite—Reactive Intermediate 225 

TABLE 1 Examples of the formation of chemically 
reactive metabolites 

Compound Tissue 
binding* 

Pathway Intermediate(s) 

Bromobenzene (54) H,L,K 

Phenacetin (55) H 
Acetaminophen (56,20, H 

Furosemide (57) H 
Ipomeanol (55) L,H,K 
Various furans (59) H,L,K 
Isoniazid (60) H 
Iproniazid (61) H 
Carbon tetrachloride H,K 

(3,62,63,64) 
Chloroform (65) H 
Chloramphenicol (66) Η,ΒΜ 
Nitrofurantoin (67) L 
Benzene (68,69) L,BM 

Bromobenzene-
3,4-epoxide (?) 
Acetaminophen 
N-Acetimido-
quinone (?) 

Furosemide epoxide (?) 
(?) 
(?) 

Acetyl hydrazine 
Isopropyl hydrazine 
Trichloromethyl free 
ra d i c a l 
Phosgene 
R-oxalyl chloride 
Reduction product 

(?) 

*H • Liver, L = Lung, Κ = Kidney, BM = Bone marrow 
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TABLE 2 Liver necrosis caused by acetaminophen 

Dose (mg/kg) Mice Incidence (%) 
Hamsters Rats 

150 0 0 

200 20 

300 22 89 

375 46 

425 - 100 

500 7 6 - 0 

750 99 

1000 - - 2 

1500 6 

Data taken from Mitchell et a l . (56) and Potter et a l . 
(70). ~ 
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ACETAMINOPHEN 

GLUCURONIDE 

MACROMOLECULES 

Figure 2. Principle pathways of acetaminophen metabolism 
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As the dose of acetaminophen was increased, the incidence 
and severity of the l i v e r necrosis i n mice was increased 
(12)· However, an increase i n t o x i c i t y would be expected to 
occur regardless of the mechanism of t o x i c i t y . Thus, the 
apparent correlation between the increase i n covalent binding 
and the incidence of t o x i c i t y based solely on changes i n the 
dose (12,17) i s only t r i v i a l and does not indicate whether 
the t o x i c i t y i s caused by the parent compound, the chemically 
reactive metabolite or some other metabolite. 

In order to determine whether the t o x i c i t y i s caused by a 
chemically reactive metabolite the animals must be treated 
with substances that would a l t e r either Ratio A or Ratio B. 
Since the reactive metabolite preferentially combines with 
glutathione (17) the depletion of l i v e r glutathione by other 
substances that react with glutathione should increase the 
covalent binding of the reactive metabolite by increasing 
Ratio B, whereas the administration of cysteine should de
crease i t . In accord with this view diethyl maleate, which 
decreases the concentration of glutathione i n l i v e r but 
does not cause l i v e r necrosis (19), not only increases the 
covalent binding of the reactivêTmetabolite of acetaminophen, 
but also increases the incidence and severity of the l i v e r 
necrosis i n mice (17). On the other hand, treatment of mice 
with cysteine decreases the covalent binding of the reactive 
metabolite and decreases the incidence and severity of the 
l i v e r necrosis (17). 

Pretreatment of mice with phénobarbital increases the 
a c t i v i t y of the enzyme that catalyzes the formation of the 
reactive metabolite and thus accelerates the depletion of 
hepatic glutathione (17), but apparently does not affect the 
enzymes that catalyze the formation of the sulfate or the 
glucuronide conjugates because i t does not a l t e r the bio
l o g i c a l h a l f - l i f e of the drug i n mice (12)· Thus, pre
treatment of mice with phénobarbital increases the proportion 
of the dose of acetaminophen that becomes covalently bound 
to l i v e r protein by increasing Ratio A and increases the 
incidence and severity of the l i v e r necrosis (12,20)· 

Studies with l i v e r microsomes indicated that the f o r 
mation of the chemically reactive metabolite, as measured 
by covalent binding of radiolabeled acetaminophen to micro
somal protein, i s catalyzed by a cytochrome P-450 enzyme i n 
l i v e r microsomes (21). They also showed species differences 
i n the kinetics for the formation of the reactive metabolite. 
With l i v e r microsomes from mice the apparent maximal vel o c i t y 
for the reaction ( V m a x ) was about 0.18 nmoles bound/mg protein/ 
min and the apparent was about 0.36 mM acetaminophen, where
as with l i v e r microsomes from rats, the apparent V m a x was 
0.07 nmoles/mg protein/min and the apparent 1^ was 14.8 mM 
acetaminophen. Since the i n t r i n s i c clearance of a substrate 
by an enzyme i n the body should be ν^χ/ζΚ^ + S), these f i n d 
ings are i n accord with the view that the rate of formation 
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of the reactive metabolite would be slower i n rats than i n 
mice not only because the i s lower i n rats, but also 
because the K m i s higher. 

The addition of glutathione to the incubation mixtures 
i n the presence and absence of the soluble f r a c t i o n of l i v e r 
inhibited the covalent binding of the reactive metabolite to 
protein, but resulted i n the formation of an acetaminophen-
glutathione conjugate (21,22,23,24). The finding that the co
valent binding was blocked at a lower glutathione concen
trati o n i n the presence of the soluble f r a c t i o n than i n i t s 
absence led to the conclusion that the formation of the 
glutathione conjugate was catalyzed by one or more of the 
glutathione transferases i n l i v e r even though the conjugate 
can be formed nonenzymatically. Strangely, the sum of the 
covalent binding and the glutathione conjugate also increased 
(20,25) as did the rate of disappearance of acetaminophen 
(25) as the glutathione concentration was increased. I t , 
therefore, seems possible that a part i s reduced back to 
acetaminophen and that glutathione prevents this reduction 
by the formation of the conjugate. In accord with this 
view, ascorbic acid i n h i b i t s the covalent binding of the 
acetaminophen metabolite to protein (26) and glutathione 
decreases rather than increases acetaminophen dependent 
NADPH oxidation by l i v e r microsomes (27)· 

Thus, the chemically reactive metabolite appeared to be 
a short-lived substance that reacts with glutathione and i s 
easily reducible by ascorbic acid. At f i r s t , we suggested 
that the metabolite that caused the l i v e r necrosis might be 
N-hydroxyacetaminophen (20,212,23,24-) . This hypothesis was 
based primarily on the finding of Calder et_ a l . that N-
acetylimidoquinone (N-acetyl-p-benzoquinoneimine) was 
an e l e c t r o p h i l i c compound which could be formed from N-hy-
droxyphenacetin under acidic conditions (28). Thus, i t 
seemed possible that l i v e r microsomes might convert acetamino
phen to N-hydroxyacetaminophen which i n turn undergoes 
spontaneous dehydration to the N-acetylimidoquinone. In 
support of this hypothesis i t was shown that the acetaminophen 
analogs p-chloroacetanilide (29,30) and phenacetin (31) were 
N-hydroxylated and the treatments of animals which altered 
the microsomal N-hydroxylation of these analogs caused 
similar changes i n the rate of formation of the e l e c t r o p h i l i c 
metabolite of acetaminophen by l i v e r microsomes. 

N-Hydroxyacetaminophen was recently synthesized and i t s 
chemical properties examined (32,33)· In aqueous solutions 
the proposed metabolite was unstable and presumably dehydrated 
to the electrophile N-acetylimidoquinone with a h a l f - l i f e of 
approximately 15 min. When injected into mice the compound 
decreased the glutathione concntration i n l i v e r and was 
hepatotoxic (32). 
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Recently, McMurtry et_ a l . showed acetaminophen i n Fischer 
rats becomes covalently bound to kidney as well as to l i v e r 
(34). However, the chemically reactive metabolite i n kidney 
appears to be produced i n the kidney rather than the l i v e r 
since 3-methylcholanthrene pretreatment increased the covalent 
binding i n the l i v e r but not the kidney. Thus i t seemed 
l i k e l y that the chemically reactive metabolite of acetaminophen 
formed i n the l i v e r has too short a h a l f - l i f e to leave the 
l i v e r to any si g n i f i c a n t extent. Since N-hydroxyacetaminophen 
has a r e l a t i v e l y long h a l f - l i f e i n v i t r o , the p o s s i b i l i t y 
that the hepatotoxicity of acetaminophen might be mediated 
mainly through this metabolite became questionable. 

Recent studies have shown that hamster l i v e r microsomes 
convert N-hydroxyphenacetin but not acetaminophen to N-hydroxy
acetaminophen even though considerbly more acetaminophen i s 
covalently bound to microsomal proteins than i s N-hydroxy
phenacetin (35). Moreover, the chemically reactive metabolite 
of acetaminophen i s apparently not formed by way of acetamino
phen epoxide because the formation of 3-hydroxyacetaminophen 
i s not blocked by glutathione, ascorbic acid or epoxide 
hydrolase and covalent binding of acetaminophen i s not blocked 
by superoxide dismutase (36)· Thus, the chemically reactive 
metabolite of acetaminophen remains unidentified. It i s 
s t i l l possible that the intermediate i s N-acetylimidoquinone 
(N-acetyl-p-benzoquinoneimine) because i t reacts with gluta
thione to form a glutathione-acetaminophen conjugate, and i s 
readily reduced to acetaminophen by ascorbic acid. If N-
acetylimidoquinone i s the major reactive metabolite, however, 
i t must be formed by a hitherto unknown mechanism. 

These studies thus indicated that the l i v e r necrosis 
caused by acetaminophen i n mice i s mediated by a chemically 
reactive metabolite that combines with glutathione conjugate 
to form a conjugate, which ultimately i s excreted as a mer
capturic acid. The studies further i l l u s t r a t e d how a change 
i n the a c t i v i t y of an enzyme that catalyzes the formation of 
a minor toxic metabolite can markedly affect the t o x i c i t y 
without s i g n i f i c a n t l y affecting the b i o l o g i c a l h a l f - l i f e of 
the parent drug. The finding that glutathione i s markedly 
decreased before the covalent binding of the active metabo
l i t e of acetaminophen to protein becomes appreciable led 
to the concept of a "dose threshold" for the t o x i c i t y . 
In mice the "dose threshold" i s related to the fr a c t i o n 
of the dose that i s converted to the reactive metabolite 
(Ratio A) and the amount of glutathione i n i t i a l l y present 
i n the l i v e r . But i t should be pointed out that the reason 
for "dose threhsolds" may d i f f e r i n other animal species. 
As the dose i s increased, the fraction of the dose i s con
verted to acetaminophen sulfate decreases, indicating that 
this pathway of inactivation becomes saturated either be
cause the concentration of acetaminophen i n l i v e r exceeds 
the KJJJ of the sulfotransferase or because the synthesis of 
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3 l-phosphoadenosine-5 ,-phosphosulfate (PAPS), the cosub-
substrate of the enzyme, becomes rate - l i m i t i n g . As the dose 
i s increased further the concentration of acetaminophen may 
exceed K m of glucuronyl transferase i n l i v e r of some animal 
species. Indeed, the saturation of both of these enzyme 
systems may account i n part for the finding that the apparent 
h a l f - l i f e of acetaminophen (10) and the fr a c t i o n of the dose 
excreted as the mercapturic acid (37^,38) increases as the 
dose i s increased i n man. 

The finding that cysteine can prevent the l i v e r necrosis 
caused by acetaminophen i n mice (17) led to the p o s s i b i l i t y 
that thio compounds might be useful as antidotes, provided 
that they are administered while the acetaminophen i s being 
metabolized. Unfortunately, cysteine i s a rather ineffective 
antidote except when i t i s administered intraperitoneally 
because i t i s incorporated into protein by a l l tissues of 
the body and thus i s subject to a kind of f i r s t pass effect 
by these tissues. Most of the emphasis, therefore, has been 
toward the development of antidotes that serve as precursors 
of cysteine (such as methionine and N-acetylcysteine) and 
thus of glutathione or as alternative nucleophiles that 
combine with the chemically reactive metabolite. 

Cysteamine apparently i s an effective antidote not only 
i n mice (39) but also i n man (40)· At f i r s t i t was assumed 
that this compound exerted i t s effect by serving as an a l t e r 
native nucelophile i n the inactivation of the chemically 
reactive metabolite. It i s also possible, however, that 
cysteamine may act by i n h i b i t i n g the formation of the chem
i c a l l y reactive metabolite (41) and by serving as a precursor 
of sulfate, required for the~ormation of PAPS. Unfortunately, 
i t i s d i f f i c u l t to d i f f e r e n t i a t e among these mechanisms. 
The evidence cited i n support of the concept that cysteamine 
i n h i b i t s the formation of the reactive metabolite i s based 
primarily on the finding that cysteamine decreases the ex
cretion of the glutathione conjugate into b i l e and of the 
cysteinyl conjugate and mercapturic acid into urine. More
over, no evidence was obtained indicating that a cysteamine 
conjugate of acetaminophen i s excreted into b i l e or urine. 
However, these results are not d e f i n i t i v e . Cysteamine 
would cause a decrease i n the excretion of the glutathione 
into b i l e and cysteine conjugates and the mercapturic acid 
into urine even i f i t were to exert i t s protective effect 
solely by combining with the chemically reactive metabolite. 
Moreover, i t i s questionable whether the cysteine conjugate 
of acetaminophen would be rapidly excreted into b i l e or 
urine before i t i s converted to other substances by enzymes 
such as monoamine oxidase. Furthermore, the fact that high 
concentrations of cysteamine i n h i b i t the hydroxylation of 
acetanilide i n v i t r o (41) may or may not be relevant because 
i t i s not known whether the formation of the chemically 
reactive metabolite of acetaminophen i s catalyzed by the 
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same enzyme that hydroxylates a n i l i d e or whether the con
centrations of cysteamine achieved i n vivo approach those 
used i n v i t r o * It i s also questionable that the increase 
in sulfate derived from cysteamine would affect Ratio A by 
more than a few percent. It seems to me that the mechanism 
by which cysteamine exerts i t s protective effect must remain 
open. 

N-Acetylcysteine also prevents the l i v e r necrosis caused 
by acetaminophen i n animals (42,43,440 and man (45,46)· But 
again, the mechanism i s not entirely clear. It i s possible 
that N-acetylcysteine may combine d i r e c t l y with the chemically 
reactive metabolite to form the mercapturic acid. It i s also 
possible, however, that N-acetylcysteine i s deacetylated to 
cysteine and then converted to glutathione (47) or oxidized 
to sulfate (48). A l l of these mechanisms would tend to de
crease the t o x i c i t y of acetaminophen. 

Thus our attempts to id e n t i f y the toxic chemically reactive 
metabolite of acetaminophen have been elusive. But imagine the 
greater d i f f i c u l t y i n elucidating toxic metabolites when the 
substance can be converted to several different chemically re
active metabolites or to the same chemically reactive metabo
l i t e by different mechanisms. 

Phenacetin can be converted to chemically reactive metabo
l i t e s that combine with glutathione through at least four 
different pathways (Fig.3). 1) Phenacetin i s converted to 
acetaminophen (9) which i s subsequently activated to a chem
i c a l l y reactive metabolite that combines with glutathione 
(21). In this pathway the phenolic oxygen i n the acetamino-
phen-SG conjugate originates from the ethoxy oxygen of phe
nacetin (22^,24^). 2) Phenacetin i s converted to an intermediate 
we believe to be phenacetin-3,4-epoxide. The intermediate 
decomposes to another chemically reactive metabolite that 
reacts with glutathione to form an acetaminophen-SG conjugate. 
Exactly 50% of the phenolic oxygen i n the conjugate formed 
by this pathway originates from atmospheric oxygen and the 
other 50% originates from phenacetin (22,24)· 3) Phenacetin 
i s converted to N-hydroxyphenacetin (38). In turn the N-
hydroxyphenacetin can be transformed to N-sulfate and N0-
glucuronide conjugates which decompose to a chemically 
reactive metabolite that reacts with glutathione to form 
an acetaminophen-SG conjugate (50)· The phenolic oxygen i n 
the conjugate formed by this pathway originates from water 
(24). 4) Phenacetin may be converted to N-hydroxyphenacetin 
as i n pathway 3 but then undergoes oxidative dealkylation to a 
chemically reactive metabolite that reacts with glutathione 
to form an acetaminophen-SG conjugate (32,35). The phenolic 
oxygen i n the conjugate formed by this pathway presumably 
originates from phenacetin. Another pathway for the formation 
of a chemically reactive metabolite may be postulated. In 
this pathway acetaminophen i s converted to 3-hydroxyacetamino-
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Figure 3. Pathways of phenactin metabolism leading to the formation of glu-
tatione conjugates 
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phen (36,51), which i s a catechol and thus may be oxidized 
to a quinone by superoxide (52,53). 

Although my Laboratory has used these principles to study 
the t o x i c i t i e s caused by large doses of drugs, there i s 
every reason to believe that these principles w i l l be equally 
applicable i n studying species differences i n the effects 
of pesticides. Indeed, i t i s now believed that compounds 
such as piperonyl butoxide and parathion i n h i b i t cytochrome 
P-450 enzymes through the formation of chemically reactive 
metabolites. The s p e c i f i c i t y of the effects of these sub
stances presumably occurs either because the chemically 
reactive metabolites have an unusually high a f f i n i t y for 
the cytochrome P-450 enzymes or because they are so short
li v e d that they never leave the immediate environment of the 
active sites of the enzymes. The use of other "suicide 
enzyme i n h i b i t o r s " offers exciting p o s s i b i l i t i e s . 
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15 
Pharmacokinetics and Threshold Concepts 

JOHN C. RAMSEY and RICHARD H. REITZ 

Toxicology Research Laboratory, Health & Environmental Sciences, 
Dow Chemical U.S.A., Midland, MI 48640 

The fundamental goal of toxicological research is to provide 
a rational basis for recommending acceptably safe levels of human 
exposure to potentially harmful agents. Chemically induced 
cancer is a toxic response that has received primary attention in 
recent years. The potential lethality of cancer, its generally 
irreversible nature, and relatively long latent (induction) 
period are characteristics that have placed carcinogenesis in the 
forefront of public concern. Whether an absolute threshold 
exists for chemical induction of cancer (a dose or exposure level 
below which no carcinogenic event is induced) is at present 
debatable. 

The concept of one irreversible molecular event giving rise 
to the expression of cancer does not allow for the existence of 
an absolute threshold. On the other hand, considerations such as 
the multistage nature of chemical carcinogenesis, the existence 
of DNA repair and immune surveillance mechanisms, and the exis
tence of threshold doses for other pathological responses support 
a possible threshold for at least some carcinogenic agents (1). 

However, since absolute zero r i s k i s no more r e a l i s t i c a l l y 
attainable than i s the absolute zero of temperature, the problem 
remains for toxicologists to estimate the probable f i n i t e r i s k of 
carcinogenesis at very low levels of exposure. The magnitude of 
r i s k which may be s o c i a l l y and economically acceptable constitutes 
a value judgment that must incorporate many considerations includ
ing benefits as well as ri s k . This judgment can be made with 
confidence only when the estimate of r i s k i s based on the applica
tion of s c i e n t i f i c principles to the best available information. 
The purpose of this paper i s to investigate the impact of the 
pharmacokinetic threshold upon quantitative estimates of carcino
genic r i s k at low levels of exposure, and to discuss the concept 
of a cytotoxic threshold for chemically induced cancer. 

0097-6156/81/0160-0239$05.00/0 
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The Number Zero and Threshold Concepts 

Consider the representation of the spectrum of re a l numbers 
shown here. There exists an i n f i n i t e set of positive integers 

_oo _3 _2 -1 0 1 2 3 0 0 

as well as i n f i n i t e subsets of positive fractions, a l l greater 
than zero. But only the mathematically unique number zero 
represents the t o t a l absence of any quantity. In the complicated 
continuum of events on a molecular scale that make up b i o l o g i c a l 
processes, the number zero has l i t t l e significance. Furthermore, 
physical or b i o l o g i c a l experimentation cannot provide conclusive 
proof of the t o t a l absence of any quantity. Therefore, the 
concept of an absolute threshold as the attainment of (or depar
ture from) zero b i o l o g i c a l response i s neither theoretically 
meaningful nor experimentally demonstrable. 

On the other hand, we can consider that the spectrum of 
numbers greater than zero represents a range of relationships 
between b i o l o g i c a l quantities. Within this continuum, abrupt 
changes or transition regions may exist that lead to s i g n i f i 
cantly altered b i o l o g i c a l relationships. Thus the range of dose 
levels within which a transition occurs in the relationship 
between b i o l o g i c a l quantities and the dose le v e l constitutes a 
threshold region. This concept of a threshold region has both 
theoretical and p r a c t i c a l significance i n toxicology, and within 
this context we s h a l l investigate the toxicological consequences 
of both pharmacokinetic and cytotoxic thresholds. 

Dose-Response Relationships 

The problem of extrapolating an experimentally observable 
carcinogenic response in laboratory animals to the expected 
response i n humans at low exposure levels i s i l l u s t r a t e d by the 
t y p i c a l dose-response curve shown in Figure 1. The s o l i d l i n e 
represents the range of observable response, which decreases with 
decreasing dose l e v e l . As the dose le v e l is further decreased, 
the response diminishes u n t i l i t v i r t u a l l y vanishes into the 
normal background incidence of the lesion. The broken lines 
represent the region into which i t i s necessary to extrapolate 
the observed response, and this region is l i k e l y to be many 
orders of magnitude below the observable range. The problem, 
therefore, i s to elucidate the shape of the dose-response curve 
below the s o l i d l i n e as a q u a n t i t a t i v e function of the dose 
l e v e l . 
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15. RAMSEY AND R E i T Z Pharmacokinetics 241 

Pharmacokinetic Principles 

Pharmacokinetics i s the study of the dynamics of absorption, 
d i s t r i b u t i o n , biotransformation, and excretion of a chemical from 
the body. These processes can be described by a set of dif f e r e n 
t i a l equations which comprise the pharmacokinetic model of the 
chemical. The types of rate processes incorporated in the model 
describe the qualitative behavior of the chemical and i t s meta
bol i t e s , and quantitation of the rate processes ( i . e . , numerical 
values of the pharmacokinetic parameters) provides the means of 
predicting the concentration of the chemical as a function of 
time following single or repeated doses. Since most toxic 
responses (including carcinogenesis) appear to be dependent both 
on the concentration of the toxic entity at the sensitive s i t e 
and on the length of time i t resides there, the pharmacokinetic 
characteristics of a chemical are i n t r i c a t e l y linked to i t s toxic 
response. 

Most b i o l o g i c a l processes can be characterized by three 
types of rate equations, two of which are lim i t i n g cases of the 
thir d more general rate equation. The f i r s t of these i s the 
f i r s t order rate equation represented by Equation 1. In this 
rate process, k represents the f i r s t order rate constant and C 

rate = k-C (1) 

represents the concentration (or amount) of the chemical. F i r s t 
order rates can characterize such b i o l o g i c a l processes as passive 
d i f f u s i o n across membranes and glomerular f i l t r a t i o n from blood 
plasma into urine. The unique characteristic of f i r s t order 
processes i s that the rate of the process always remains d i r e c t l y 
proportional to the concentration of chemical. A f i r s t order 
rate can be zero only when the concentration equals zero. 

The second type of rate process i s known as zero order and 
i s characterized by Equation 2. In this case the rate i s equal 
to the rate constant, and does not change as the concentration 

rate = k° (2) 

of chemical changes. Zero order rates are often encountered as 
constant rates of input of a chemical, such as an intravenous 
infusion or continuous uptake of a chemical due to environmental 
exposure. Saturable b i o l o g i c a l processes also exhibit zero order 
properties at s u f f i c i e n t l y high concentrations, as pointed out 
below. 

The third, more general, type of rate process follows 
saturable (Michaelis-Menten) kinetics as shown i n Equation 3. 
This type of process i s defined by two pharmacokinetic parameters; 
V m i s the maximum possible rate of the reaction, and ^ (the 
Michaelis constant) i s the concentration of the chemical when the 
rate i s equal to one-half i t s maximum value. The unique 
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rate = 
V -C 
m 

Κ + C 
m 

(3) 

properties of processes characterized by Michaelis-Menten kinetics 
l i e in the relationship between the concentration C of the 
chemical and i t s Michaelis constant 1^. When C i s much less than 
1^ (C<<Km), the rate w i l l be approximately f i r s t order (Equation 
1) with an apparent f i r s t order rate constant equal to V m/K m. 
However, as the concentration increases, a transition region 
ensues i n which the rate of the process i s no longer proportional 
to the concentration. F i n a l l y as the concentration becomes much 
greater than K m (C>>Km), the rate approaches but does not exceed 
the maximum rate V m. In this concentration range the process 
w i l l exhibit the zero order properties of Equation 2. Biolo g i c a l 
processes which u t i l i z e a limited resource, such as enzymatically 
catalyzed biotransformations and active transport, can be char
acterized by Michaelis-Menten kinetics. In fact, i t i s l i k e l y 
that v i r t u a l l y a l l b i o l o g i c a l rate processes are saturable at 
s u f f i c i e n t l y high concentrations. 

Pharmacokinetic Threshold 

The behavior of a chemical and i t s metabolites i n the body 
is described by the parameters of the pharmacokinetic model and 
i s dependent, among other things, on the administered dose 
l e v e l . As a given dose l e v e l i s repeatedly or continuously 
administered, the concentration i n the body w i l l increase u n t i l 
eventually the rate of input i s equal to the rate of output, and 
the chemical and i t s metabolite(s) w i l l then maintain a constant 
(steady state) concentration in the body u n t i l exposure ceases. 
When the dose levels are such that a l l the b i o l o g i c a l processes 
comprising the model are f i r s t order (or the concentrations are 
well below the 1^ values for saturable processes) the d i s t r i b u 
tion and concentration of the chemical and i t s metabolites i n the 
body w i l l maintain values that are d i r e c t l y proportional to the 
dose l e v e l . This direct proportionality (which i s a direct 
result of f i r s t order kinetic processes) confers l i n e a r pharma
cokinetic behavior on the chemical within this range of dose 
levels. 

However when the dose l e v e l is increased u n t i l the concen
tration in the body approaches or exceeds the K m value for 
any saturable process, then the direct proportionality main
tained at lower dose levels w i l l be lost and the relationship of 
the concentration of the chemical and i t s metabolites to the dose 
l e v e l w i l l no longer be a constant value. This deviation from a 
constant relationship between the administered dose l e v e l and the 
concentrations within the body results in a nonlinear pharmaco
kine t i c p r o f i l e . 
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The transition from linear to nonlinear kinetics as the dose 
level increases constitutes the pharmacokinetic threshold. Since 
the b i o l o g i c a l process represented by a pharmacokinetic model 
comprise a continuum of events, the pharmacokinetic threshold 
must be considered a gradual transition from linear to nonlinear 
kinetics with increasing dose le v e l . Rather than a single pre
c i s e l y defined dose le v e l , the threshold i s a range of dose 
levels over which this transition occurs. However, the exact 
dose range at which deviation from kinetic l i n e a r i t y becomes 
apparent i s r e l a t i v e l y unimportant. The major concern i s whether 
extrapolations are made from t o x i c i t y data obtained at dose 
levels either above or below the pharmacokinetic threshold 
transition. 

Hypothetical I l l u s t r a t i o n . Since observations of carcino
genic response arise from chronic ( i . e . , long term) studies, i t 
w i l l be appropriate to i l l u s t r a t e the existence of a pharmaco
ki n e t i c threshold based on changes in the steady state l e v e l of 
a parent chemical and one of i t s metabolites at successively 
increasing dose levels. We w i l l then investigate the cases where 
either the parent chemical or i t s metabolite i s the carcinogenic 
entity. 

The hypothetical model chosen to i l l u s t r a t e the pharmaco
kinetic threshold i s presented in Figure 2. The input of chemical 
i s considered to occur at an uninterrupted constant rate (k°) 
as might be the case for continuous environmental exposure, and 
this input rate i s the dose level under investigation. The 
parent chemical Ρ can be excreted by a f i r s t order process kp 
or metabolized to metabolite M by the saturable process charact
erized by V m p and K mp. The metabolite can also be excreted by a 
f i r s t order process or further metabolized by the saturable 
process characterized by V m m and K m m. 

B i o l o g i c a l l y plausible values were chosen for the pharmaco
ki n e t i c parameters of the model, and the steady state concentra
tions of Ρ (Pss) and of M (Mss) were determined by numerical 
integration of the d i f f e r e n t i a l equations describing the model of 
Figure 2. These steady state concentrations of Pss and Mss were 
determined at values of the input rate ( i . e . , dose level) ranging 
from 0.0001 to 300. (See the appendix for a complete description 
of the model simulation; the actual units of the dose le v e l k 
are ymole P/hr). 

In order to i l l u s t r a t e the relationship between the steady 
state values of Ρ and M to the dose l e v e l , each value of Pss and 
Mss was divided by the corresponding dose le v e l and the results 
are shown in Figure 3. 

Linear pharmacokinetics are indicated i n this example at the 
lower dose levels where the r a t i o of Pss/dose and Mss/dose 
maintain a constant value. For example as the dose le v e l i s 
increased by a factor of 10, then both Pss and Mss also increase 
by a factor of 10. Thus within the dose range where the curves 
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Figure 1. Typical dose-response curve. The solid line represents the experimen
tally observable range of toxic response. The broken lines at low-dose levels show 

the region into which it is necessary to extrapolate the observed response. 

Figure 2. Hypothetical pharmacokinetic 
model describing the disposition of a par
ent chemical (P) and its metabolite (M) 
in the body. The parameters are de

scribed in the text. 
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of Figure 3 remain nearly p a r a l l e l to the abscissa the concen
tration of the parent chemical and i t s metabolite i n the body 
remain d i r e c t l y proportional to the dose l e v e l , and this con
stit u t e s the linear pharmacokinetic range of doses. 

However, kinetic nonlinearity becomes evident at dose levels 
between 0.1 and 1.0. As the concentration of Ρ approaches and 
then exceeds the value of K m p (the Michaelis constant for the 
metabolic transformation of Ρ), a dramatic increase i n the r a t i o 
of Pss/dose i s evident. A concurrent increase i n the r a t i o of 
Mss/dose i s also apparent u n t i l the rate of formation of M from 
Ρ becomes v i r t u a l l y saturated. At successively higher dose 
levels Mss stays almost constant and consequently the ra t i o of 
Mss/dose decreases as the dose l e v e l increases. Thus at dose 
levels above the pharmacokinetic threshold the quantitative 
relationship between the dose le v e l and the steady state concen
trations of the parent compound and i t s metabolite are no longer 
the same as were maintained at dose levels below the pharmaco
kinet i c threshold region. 

Risk Estimation 

Numerous models are used for the purpose of extrapolating 
the carcinogenic response observed at r e l a t i v e l y high experi
mental dose levels to the expected response at much lower dose 
levels (_2, 3̂ ). The models d i f f e r from each other mainly in the 
rapidity with which zero response i s approached as the dose l e v e l 
approaches zero. Most of the models used for r i s k estimation 
make no provision for an absolute threshold for carcinogenic 
response ( i . e . , the response equals zero only when the dose 
equals zero). However a common feature of these models i s 
dependence on the internal concentration of the carcinogenic 
entity (the effective dose) being d i r e c t l y proportional to the 
dose l e v e l of the parent chemical over the entire range of dose 
levels. One of the most common models for carcinogenic r i s k 
assessment i s the one-hit model described by Equation 4 where R^ 
i s the fraction of the population showing a positive response 
upon exposure to dose leve l D and (3 i s a s e n s i t i v i t y factor 

Rd = l - e - È 5 D (A) 

relating the dose to the response. Although the one-hit model i s 
the most conservative r i s k extrapolation model (2, 40, i t i s 
representative of the others in i t s dependence on the effective 
dose, and can serve as a means of i l l u s t r a t i n g the impact of the 
pharmacokinetic threshold upon dose extrapolations. 

The values of Pss and Mss obtained from the simulation of 
the hypothetical pharmacokinetic model were substituted for D 
in Equation 4, and a value of 0.001 was assigned to the sensi
t i v i t y factor 3. Thus, was calculated for the entire range 
of dose levels used in the simulation. A portion of the resulting 
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dose-response curves are plotted as versus dose l e v e l in 
Figure 4 (in which Ρ i s the carcinogenic entity) and 5 (in which 
M i s the carcinogenic entity). The dose response curve arising 
from the parent compound exhibits a nearly sigmoid shape with a 
response of 9.26x10"1 at a dose l e v e l of 300 decreasing to 
1.72x10"°^ at a dose l e v e l of 0.0001. The dose response curve 
arising from the metabolite shows a maximum response of 1.86x10"" 
at the high dose levels, decreasing to 2.09x10"' at a dose 
l e v e l of 0.0001. The f l a t portion of the curve at the higher 
levels i s a consequence of the saturable rate of formation of the 
metabolite M, regardless of the increasing concentration of the 
parent chemical in the body. 

In practice, the carcinogenic response observed at a given 
dose l e v e l i s used to estimate the expected response at a lower 
dose leve l as follows. From the response Rj observed at the 
dose l e v e l D, the s e n s i t i v i t y factor β i s calculated according to 
Equation 5 (which i s a rearrangement of the logarithmic form of 
Equation 4). This value of 3 i s then substituted into 

= -&n (1-Rd) (5) 
P D 

Equation 4 with the new (lower) value of D to calculate the 
response expected at this value of D. 

Table I 
Calculated response at various dose levels from simulation of 
the pharmacokinetic model of Figure 2 (Pss is the toxic e n t i t y ) , 
and predicted response at dose leve l = 0.0001 . 

Ratio of 
Predicted Predicted Response 

Dose Calculated Response at to Calculated Response 
Level Response Dose Level=0.0001 at Dose Level = 0.0001 
300 9.26 χ 10"^ 86.8 χ 10"| 50.5 
30 2.08 χ 10__̂  77.8 χ 10 * 45.2 
3 2.38 χ 10_^ 7.94 χ 1 0 J 4.60 
0.1 1.77 χ 10_? 1.77 χ 10 * 1.03 
0.01 1.72 χ 1 0 1 . 7 2 χ 10 1.00 
0.0001 1.72 χ 10 

Both the calculated ( i . e . , simulated) response and the pre
dicted ( i . e . , estimated) response are based on the one-hit 
model as described in the text. 

The foregoing procedure was used with the simulated response 
values (portions of which are shown in Figures 4 and 5) to pre
dict the response at the lowest dose l e v e l of 0.0001 used in the 
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P s s /Dose 

M s s /Dose 

10 

0.0001 0.001 0.01 0.1 1 10 100 3 0 0 

Dose 

Figure 3. The ratio between steady concentration of the parent chemical and dose 
level (Pss/Dose), and between steady-state concentration of the metabolite and dose 
level (Mss/dose). Data obtained from simulation of the pharmacokinetic model 

described in Figure 2. 

1 10 100 3 0 0 

Dose 

Figure 4. A portion of the dose-response curve generated from the pharmacoki
netic model of Figure 2 in which the parent chemical (Pss) is the carcinogenic entity 

and the response is calculated with the one-hit model (see Equation 4) 

American Chemical 
Society Library 

1155 16th St., N.W. 
Washington, O.C. 20036 
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simulation. The results for the case in which the parent chemical 
Ρ i s the carcinogenic entity are shown in Table I. The second 
column i n Table I i s the calculated response at the indicated 
dose l e v e l , and the third column i s the corresponding predicted 
(estimated) response at a dose l e v e l of 0.0001 based on the 
described procedure. It i s apparent that dose levels exceeding 
the pharmacokinetic threshold are not an appropriate index with 
which to estimate the response at dose levels below the pharmaco
kinetic threshold. Conversely, since dose levels below the 
threshold are d i r e c t l y proportional to the internal concentration 
of the carcinogenic entity, they can serve as appropriate indices 
of the response expected at even lower levels. 

Similar results for the case i n which the metabolite M i s 
the carcinogenic entity are shown in Table II. In this case the 
predicted response may be either under-estimated or over-estimated 
when i t is based on the observed response at dose levels exceeding 
the pharmacokinetic threshold. However, as i s the case with the 
parent chemical, dose levels below the pharmacokinetic threshold 
are proportional to the concentration of the metabolite i n the 
body, and can be used to predict the response at even lower 
levels. 

Table II 

Calculated response at various dose levels from simulation of 
the pharmacokinetic model of Figure 2 (Mss i s the toxic e n t i t y ) , 
and predicted response at dose le v e l = 0.0001 . 

Ratio of 
Predicted Predicted Response 

Dose Calculated Response at to Calculated Response 
Level Response Dose Level=0.0001 at Dose Level = 0.0001 

0.030 
0.30 
1.86 
1.02 
1.00 

300 1.86 χ 10_^ 0.062 χ 10_^ 
30 1.85 χ 10 0.622 χ 10 ' 
3 1.16 χ 10_^ 3.89 χ 10 ' 
0.1 2.13 χ 1 0 * 2.13 χ 10 ' 
0.01 2.10 χ 10 Jî 2.10 χ 10 
0.0001 2.09 χ 10 

Both the calculated ( i . e . , simulated) response and the predicted 
( i . e . , estimated) response are based on the one-hit model as 
described in the text. 
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In both of the foregoing examples, the consistent (linear) 
relationship between the concentration of the carcinogenic 
entity and the dose leve l below the pharmacokinetic threshold 
yields consistent estimates for the parameter 3 over this dose 
range. However inconsistent estimates of β derived from dose 
levels above the pharmacokinetic threshold arise from the non
linear relationship between the concentration of the entity 
inducing the carcinogenic response and the dose l e v e l . 

The foregoing simulation i l l u s t r a t e s the inadequacy of dose 
response data obtained at dose levels above the pharmacokinetic 
threshold to predict the response at lower dose levels when the 
prediction i s based on dose levels alone. It should be empha
sized that the magnitude of the error i n the predicted response 
i n this example (pointed out by the ratios in Tables I and II) i s 
of l i t t l e quantitative significance. The magnitude of the error 
may change by many fold depending on the parameters of the model 
employed. It i s far more important that the errors i n estimated 
response are i n direct proportion to the extent that the r e l a t i o n 
ship between the steady state l e v e l of the carcinogenic entity and 
the dose l e v e l deviates from the linear relationship maintained 
at levels below the pharmacokinetic threshold. 

The pharmacokinetic threshold has significance far beyond 
the specialized endeavor of carcinogenic r i s k estimation. Since 
v i r t u a l l y any toxic response is a function of the concentration 
χ time product of the toxic chemical in the sensitive tissue, the 
relationship between steady state concentrations and administered 
dose levels i s c r u c i a l in interpreting and predicting any toxic 
response as a function of exposure l e v e l . In particular, when 
otherwise e f f i c i e n t defense mechanisms or detoxification pathways 
are overwhelmed at s u f f i c i e n t l y high dose levels dramatic non
linear increases i n t o x i c i t y may arise (5, 6) . 

Vinyl Chloride. An example of a pharmacokinetic threshold 
that relates d i r e c t l y to carcinogenic r i s k estimation i s that of 
inhaled v i n y l chloride (VC) i n rats. VC has been shown to 
induce hepatic angiosarcoma in rats at exposure levels ranging 
from 50 to 10000 ppm (7), with an essentially f l a t dose-response 
curve at exposure levels from 1000 to 10000 ppm. A reactive 
metabolite of VC i s l i k e l y the carcinogenic entity rather than 
the parent compound. Measurements of the amount of VC metabolized 
by rats during 6-hour exposure to concentrations of VC ranging 
from 1.4 ppm to 4600 ppm were conducted (8). Figure 6 represents 
the results of these studies by showing the r a t i o of VC metabolized 
(yg M) to the exposure l e v e l plotted versus exposure l e v e l . The 
data points are mean ± standard deviation, and the s o l i d l i n e was 
drawn by inspection. A pharmacokinetic threshold i s apparent i n 
the region of VC exposure levels above approximately 50 ppm. 
Therefore, exposure concentrations above this region can not 
provide the appropriate index for assessing the potential response 
at lower l e v e l s . 
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0.004 

Dose 

Figure 5. A portion of the dose-response curve generated from the pharmaco
kinetic model of Figure 2 in which the metabolite (Mss) is the carcinogenic entity 

and the response is calculated with the one-hit model (Equation 4) 

Mg M 

Figure 6. The ratio between the amount of vinyl chloride metabolized (micro
grams M) and the concentration of inhaled vinyl chloride (ppm VC) in rats (8). 
Data points are mean ± standard deviation and the solid line was drawn by 

inspection. 
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However, Gehring et a l . were able to u t i l i z e dose response 
data obtained above the pharmacokinetic threshold by determining 
the pharmacokinetic parameters describing the saturable metabolism 
of inhaled VC in rats (8). With knowledge of the V m and K m 

values for the metabolic transformation of VC i n rats, i t was 
possible to index the observed response to the internal dose 
l e v e l of the toxic entity (the amount of VC metabolized), rather 
than to the exposure l e v e l . 

The observed incidence of angiosarcoma in rats exposed to 50 
ppm VC was 1.7xl0~ 2, and in rats exposed to 10000 ppm VC the 
incidence was 14.8x10""2 (7). Using the one-hit model, the tumor 
incidence predicted at 50 ppm based on the observed incidence at 
10000 ppm and the amount of VC metabolized at 10000 ppm i s 
2.1xl0~2, or only 1.2 times higher than the observed incidence at 
50 ppm. However, when the same prediction i s based on the 
exposure l e v e l rather than the amount of VC metabolized, the 
estimated response at 50 ppm is Ο.ΟδχΙΟ" 2, or almost 21 times 
lower than the observed incidence. Even though these authors (4) 
showed that the one-hit model resulted i n gross over-prediction 
of tumor incidence i n humans exposed to VC (in this case, the 
probit model appeared to be most r e l i a b l e ) , the above example 
shows that use of the appropriate index for the concentration of 
the toxic entity i s essential to obtain r e a l i s t i c estimates of 
the response expected at low levels of exposure. 

Cytotoxic Threshold 

It i s widely believed that at least some types of cancer are 
related to the induction of mutations i n target c e l l s . This 
theory has as a corollary the hypothesis that since there i s only 
a single copy of each gene in a c e l l , a single event ( i . e . , one 
hit) with a c r i t i c a l genetic component could conceivably produce 
a mutation which would ultimately lead to cancer. Hence, there 
can be no absolute threshold under this theory of carcinogenesis 
( i f we ignore the influences of such factors as DNA repair, 
immunosurveillance and the previously discussed pharmacokinetic 
threshold). However, since a variety of tumors develop spontane
ously i n animals even without exposure to exogenous chemicals, 
any process which enhanced the endogenous stimuli would also be 
considered as carcinogenic. Since many of these agents appear to 
exert their a c t i v i t y through interaction with c e l l u l a r components 
other than genetic material, there i s reason to believe that 
there may be a threshold in their action. 

One example of such a process i s chemically-induced recurrent 
cytotoxicity. In this case individual c e l l s are k i l l e d by s u f f i 
c i e n t l y high concentrations of toxic chemicals, thus stimulating 
r e p l i c a t i o n i n the surviving c e l l s to replace the necrotic tissue. 
Each c e l l u l a r d i v i s i o n has a small but nevertheless f i n i t e chance 
for error i n duplicating the genetic material of the c e l l . Hence 
the effect of stimulating c e l l u l a r regeneration i n a target organ 
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throughout a major portion of an animal's lifetime may be to 
s i g n i f i c a n t l y increase the spontaneous mutation rate i n that 
tissue. In addition, DNA repair mechanisms seem to be consider
ably less effective in correcting small amounts of genetic damage 
after r e p l i c a t i o n of DNA has occurred (9). 

A major characteristic of chemical interaction with non-
genetic components of the c e l l i s that, instead of a single 
c r i t i c a l target per c e l l (the unique molecule of DNA bearing the 
genetic information), there are multiple copies of the other 
c e l l u l a r constituents. Loss of a small fraction of these w i l l 
not affect the v i a b i l i t y of the c e l l . This m u l t i p l i c i t y of non-
genetic components comprises a f i n i t e capacity for the c e l l to 
tolerate injury arising from the presence of exogenous chemicals. 
Furthermore, i f the genetic material i s not damaged, there w i l l 
be continuing resynthesis of cytoplasmic constituents. In con
trast, since DNA acts as i t s own template, damaged DNA cannot be 
replaced by synthesis but must be repaired. Therefore, we can 
consider the cytotoxic threshold to be that range of dose levels 
below which the rate of destruction of these cytoplasmic compon
ents i s small r e l a t i v e to their rate of resynthesis. Consequently, 
at dose levels below the cytotoxic threshold range there w i l l be 
no chemically-induced c e l l death and hence no stimulus for 
increased c e l l r e p l i c a t i o n rates. 

Chloroform. As an example of the cytotoxic threshold, l e t 
us consider chloroform. This chemical induces l i v e r and kidney 
tumors in rodents upon prolonged administration of high doses (10). 
However, chloroform does not induce mutations in b a c t e r i a l test 
systems (11, 12), nor does i t induce si g n i f i c a n t alteration of 
DNA isolated from organs of animals exposed in vivo to chloroform 
(13). However, chloroform does induce extensive tissue damage 
with subsequent c e l l u l a r regeneration at the same sites where 
tumors later develop (Table 3). When the exposure to chloroform 
i s reduced to levels which do not produce c l i n i c a l l y observable 
tissue damage, tumors f a i l to develop upon chronic exposure (13, 
14). Thus i t appears that when a chemical influences the carcino
genic process primarily through induction of cytotoxicity rather 
than through direct genetic alterations, exposures below the 
cytotoxic threshold w i l l not influence the carcinogenic process 
appreciably and hence constitute very l i t t l e r i s k to man. 
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Table III 
The Presence of C l i n i c a l l y Observable Tissue 
Damage and/or Tumors in Various Strains of Mice 

Exposed to Chloroform 
Dose (mg/kg/day) 

Tissue Damage 240 60 15 

B6C3F1 (Males) 
CD-I (Males) 

Liver, Kidney 
Liver, Kidney 

Kidney 
Kidney 

None 
None 

Tumor Development 
B6C351 (Males) 
ICI 
C57B1 

Liver, Kidney (?) 
Kidney 
None 
None 
None 

None 
None 
None 
None 

CF/1 
CBA 

aData from references 1J3 and 14. 

Summary 

In summary, changes or transition regions i n a spectrum of 
relationships between b i o l o g i c a l quantities can have a profound 
impact upon the toxic response e l i c i t e d by exogenous chemicals. 
The range of dose levels within which a transition occurs i n the 
relationship between b i o l o g i c a l quantities and the dose l e v e l of 
a chemical constitutes a threshold region. 

Within this context, the range of dose levels of a chemical 
causing a transition from a linear to a nonlinear pharmacokinetic 
p r o f i l e comprise the pharmacokinetic threshold dose range for the 
chemical. The change in the relationship between the internal 
concentration of the toxic entity and the dose l e v e l must be 
taken into account when extrapolating the observed response at 
dose levels above the pharmacokinetic threshold to the expected 
response at much lower dose levels. 

The m u l t i p l i c i t y of c e l l u l a r components (other than genetic 
material) which may be destroyed or damaged by the presence of an 
exogenous chemical before c e l l death occurrs provides the basis 
for a cytotoxic threshold with respect to the range of dose 
levels necessary to cause c l i n i c a l l y observable cytotoxicity i n 
the target tissue. Increased c e l l r e p l i c a t i o n rates arising from 
this recurrent cytotoxic injury may lead to the induction of 
cancer through the attendant increase i n the probability of 
unrepaired DNA re p l i c a t i o n errors. Therefore, to the extent that 
an exogenous chemical induces cancer by a cytotoxic mechanism, 
dose levels above the cytotoxic threshold range may lead to 
enhanced tumor formation, whereas dose levels below this range 
should cause no increase i n the incidence of tumors. 
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Appendix 

The d i f f e r e n t i a l equations describing the pharmacokinetic 
model i n Figure 2 are: 

dt mp J 

rV ·Ρ Λ f V ·Μ Λ 
^ \ Κ + P f Κ + M / m dt V mp J V. mm J 

dPE = k -P 

dME = k -M 
ΊΓ 

The following values for the pharmacokinetic parameters were 
scaled up from i n v i t r o determinations of styrene monooxygenase 
and epoxide hydratase a c t i v i t i e s i n mouse l i v e r (15). 

V =3.414 ymole/hr mp 

V = 4.947 ymole/hr mm 

Κ = 0.5976 ymole mp 

Κ mm = 10.91 ymole 
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The values of the f i r s t order rate constants were a r b i t r a r i l y 
chosen as: 

k =0.114 h r " 1 

Ρ 

k = 0.015 hr""1 

m 
Steady state values of Ρ and M were then determined at values 

of k° ranging from 0.0001 to 300 ymole P/hr by numerical integra
tion. Steady state concentrations were considered to be attained 
when neither the concentration of Ρ or M changed by more than 1 
part in 105 over 2 consecutive 24-hour time periods. 

RECEIVED February 2, 1981. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
01

5

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



16 
Metabolic Aspects of Pesticide Toxicology 

G. WAYNE IVIE 

Veterinary Toxicology and Entomology Research Laboratory, Agricultural Research, 
Science and Education Administration, U.S. Department of Agriculture, 
College Station, TX 

S. KRIS BANDAL 

Agricultural Products, 3M Company, St. Paul, MN 55101 

At least 1500 organic and inorganic chemicals are used in a 
manner such that they can be called pesticides (1). These 
chemicals are indispensable in the management of a seemingly 
endless variety of pest organisms, including insects, weeds, 
fungi, bacteria, pest birds and mammals, and others. Pesticides 
are intentionally applied to many components of the environment, 
and they or their degradation products often move quite freely 
through the environment by mechanisms such as runoff, leaching, 
and volatilization. The production and use of pesticides on a 
world scale exceeds 3 billion pounds annually (1), and it can 
safely be said that residues of various pesticides interact at 
some level with virtually all components of the environment. 

Pesticides by design are meant to be toxic! Although a major 
goal of the discipline of modern pesticide chemistry is to develop 
pesticides and consequent use patterns that confine pesticide 
toxicity to pest organisms, such a goal is seldom attained easily. 
All living organisms have much in common biochemically, and 
successful exploitation of the often relatively minor biochemical 
differences between pest and non-pest species is almost always 
difficult and is, in fact, sometimes impossible. Thus, it is 
often necessary to use pesticides that are toxic not only to the 
pest species but to other organisms as well. Even when we succeed 
in developing what appear to be highly efficacious yet selective 
pesticides, we are always concerned that interactions of these 
chemicals or their transformation products with non-target 
species, particularly man, may result in some unforeseen toxic 
consequences. 

From the human p e r s p e c t i v e , the d i r e c t t o x i c o l o g i c a l i m p l i c a 
t i o n s of p e s t i c i d e use to our own s p e c i e s m e r i t the most thorough 
and s e r i o u s c o n s i d e r a t i o n . Most would agree t h a t the j u d i c i o u s 
use of p e s t i c i d e s c o n t r i b u t e s i n a p o s i t i v e way to many aspec t s 
o f human w e l f a r e , but we a l s o r e c o g n i z e t h a t these chemicals have 
genuine p o t e n t i a l f o r adverse human e f f e c t s . T h e r e f o r e , i f the 
proposed use p a t t e r n s of a p e s t i c i d e c r e a t e a s u b s t a n t i a l 
l i k e l i h o o d t h a t i n t e r a c t i o n s with man may occur, i t i s prudent to 
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d e f i n e both the e x t e n t of these i n t e r a c t i o n s and t h e i r 
t o x i c o l o g i c a l s i g n i f i c a n c e . Our d i s c u s s i o n w i l l c e n t e r on the 
r o l e p l a y e d by metabolism i n the e x p r e s s i o n of p e s t i c i d e t o x i c i t y 
and the e v a l u a t i o n of t o x i c o l o g i c a l s i g n i f i c a n c e . We w i l l b r i e f l y 
d i s c u s s the importance of metabolism s t u d i e s i n d e v e l o p i n g more 
e f f i c a c i o u s and s e l e c t i v e p e s t i c i d e s . We w i l l d i s c u s s the 
r a t i o n a l e and a p p r o p r i a t e methodology used by metabolism 
s c i e n t i s t s i n the design and e x e c u t i o n of such s t u d i e s . F i n a l l y , 
and most i m p o r t a n t l y , we w i l l attempt to show how the metabolism 
of p e s t i c i d e s may a f f e c t t h e i r t o x i c i t y , and how the data from 
p e s t i c i d e metabolism s t u d i e s are used i n the process of e v a l u a t i n g 
t o x i c o l o g i c a l r i s k to man. 

The Nature of M e t a b o l i c R e a c t i o n s 

P e s t i c i d e s are transformed by l i v i n g organisms through a 
g r e a t d i v e r s i t y of m e t a b o l i c r e a c t i o n s . These r e a c t i o n s can be 
c o n v e n i e n t l y grouped i n t o two c a t e g o r i e s , primary or phase I 
r e a c t i o n s , which are those t h a t c r e a t e or modify f u n c t i o n a l 
groups, and secondary or phase II r e a c t i o n s , which are conjuga
t i o n s . A few examples are shown i n F i g u r e 1 . Some authors (2) 
f e e l t h a t the terms phase I and phase I I are not t o t a l l y 
s a t i s f a c t o r y because numerous examples are known of phase II 
r e a c t i o n s p r e c e d i n g phase I r e a c t i o n s (e.g., d i r e c t c o n j u g a t i o n s 
o f c h l o r i n a t e d phenols, F i g u r e 1 ) . Most p e s t i c i d e s , however, do 
not lend themselves to phase II r e a c t i o n s without p r i o r phase I 
m o d i f i c a t i o n s . Although i t i s g e n e r a l l y t r u e t h a t phase I 
metabolism of p e s t i c i d e s e f f e c t s p a r t i a l or complete 
d e t o x i f i c a t i o n , a t l e a s t from an acute t o x i c i t y s t a n d p o i n t , 
m e t a b o l i c a c t i v a t i o n s do occur and can be of g r e a t t o x i c o l o g i c a l 
s i g n i f i c a n c e . Phase II or c o n j u g a t i o n r e a c t i o n s more o f t e n than 
not serve to render p e s t i c i d e s or t h e i r m e t a b o l i t e s more p o l a r f o r 
more e f f i c i e n t e x c r e t i o n (e.g., i n u r i n e of mammals) or to 
f a c i l i t a t e t r a n s p o r t f o r i n t e r n a l storage i n organisms t h a t l a c k 
e f f i c i e n t e x c r e t o r y systems (e.g., p l a n t s ) . I t i s p r o b a b l y 
c o r r e c t t h a t most l i v i n g organisms can m e t a b o l i z e p e s t i c i d e s v i a 
both phase I and phase II m e t a b o l i c pathways. 

The schematic shown i n F i g u r e 2 i s designed to r e p r e s e n t the 
major m e t a b o l i c and d i s p o s i t i o n p a t t e r n s t h a t d i f f e r e n t p e s t i c i d e 
types might undergo i n higher animal systems. We have somewhat 
a r b i t r a r i l y grouped p e s t i c i d e s i n t o f o u r c a t e g o r i e s , based on 
p o l a r i t y . A v e r y few p e s t i c i d e s , p r i m a r i l y some o r g a n o c h l o r i n e 
i n s e c t i c i d e s and p a r t i c u l a r l y the i n s e c t i c i d e mirex, are h i g h l y 
l i p o p h i l i c , are q u i t e m e t a b o l i c a l l y s t a b l e , and tend to be s t o r e d 
i n f a t with minimal or no metabolism. D i r e c t e l i m i n a t i o n through 
l i p i d c o n t a i n i n g animal byproducts ( m i l k or eggs) tends a l s o to 
be an a p p r e c i a b l e to major d i s p o s i t i o n mechanism f o r such h i g h l y 
l i p o p h i l i c compounds. Most i n s e c t i c i d e s are l i p o p h i l i c , y e t are 
r a p i d l y m e t a b o l i z e d by both phase I and phase I I r e a c t i o n s and are 
u l t i m a t e l y e x c r e t e d from the body. Some p e s t i c i d e s , i n c l u d i n g 
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p h e n o l i c s , amines, e t c . , are r e a s o n a b l y p o l a r compounds t h a t 
g e n e r a l l y have f u n c t i o n a l i t i e s t h a t permit d i r e c t c o n j u g a t i o n 
r e a c t i o n s . Others, such as h e r b i c i d e s formulated as s a l t s , or 
compounds t h a t c o n t a i n m o i e t i e s t h a t r e a d i l y i o n i z e a t 
p h y s i o l o g i c a l pH, can be c o n s i d e r e d h y d r o p h i l i c and are o f t e n 
e x c r e t e d r a p i d l y without any metabolism at a l l . Phase I and phase 
II p e s t i c i d e m e t a b o l i t e s , and p o s s i b l y even the parent p e s t i c i d e , 
may have the p o t e n t i a l f o r chemical s e q u e s t r a t i o n ( i . e . , c o v a l e n t 
b i n d i n g , F i g u r e 2 ) with t i s s u e components t h a t may u l t i m a t e l y l e a d 
t o the e x p r e s s i o n of c h r o n i c t o x i c i t y . 

Most organisms, r e g a r d l e s s of complexity, share a number of 
b i o c h e m i c a l pathways f o r m e t a b o l i z i n g p e s t i c i d e s . Examples can 
r e a d i l y be found to show t h a t many types of p l a n t s and animals 
m e t a b o l i z e p e s t i c i d e s by each of the four b a s i c types of metabolic 
changes: o x i d a t i o n , r e d u c t i o n , h y d r o l y s i s , and c o n j u g a t i o n (3_). 
Of course, s p e c i e s do d i f f e r i n the metabolism of p e s t i c i d e s , 
these d i f f e r e n c e s are sometimes q u i t e dramatic, and they can be of 
gr e a t s i g n i f i c a n c e i n i n t e r p r e t i n g comparative t o x i c o l o g i c a l 
e f f e c t s . A l s o , s p e c i e s d i f f e r e n c e s i n p e s t i c i d e metabolism, once 
i d e n t i f i e d , q u i t e o f t e n provide impetus to the development of more 
s e l e c t i v e p e s t - c o n t r o l agents. 

I t i s not our purpose here to e x t e n s i v e l y review the 
l i t e r a t u r e on the metabolism of i n d i v i d u a l p e s t i c i d e s by a v a r i e t y 
of l i v i n g organisms. Numerous such reviews are a v a i l a b l e , some 
are p e r i o d i c a l l y updated, and we r e f e r the reader to s e v e r a l of 
these f o r an overview of the voluminous l i t e r a t u r e i n t h i s f i e l d 
(4-14). 

M e t a b o l i c B a s i s f o r P e s t i c i d e S e l e c t i v i t y 

In the use of p e s t i c i d e s , attempts are always made to d i r e c t 
t h e i r t o x i c a c t i o n s toward an i n d i v i d u a l or group of pe s t s p e c i e s , 
and i t i s a major goal of the p e s t i c i d e s c i e n t i s t to develop 
e f f i c a c i o u s p e s t i c i d e s and use p a t t e r n s such t h a t l i t t l e or no 
t o x i c i t y to other l i f e forms o c c u r s . Such an approach i s c l e a r l y 
d e s i r a b l e from an environmental s t a n d p o i n t , but i t o f t e n has 
d e f i n i t e economic advantages a l s o (e.g., p r o t e c t i n g p r e d a t o r s and 
p a r a s i t e s while c o n t r o l l i n g a pest i n s e c t ) . In some circum
s t a n c e s , a degree of s e l e c t i v i t y i s a b s o l u t e l y e s s e n t i a l f o r the 
int e n d e d use (e.g., h e r b i c i d e s cannot be l e t h a l to the p r o t e c t e d 
crop) . Metabolism s t u d i e s i n the pest s p e c i e s , i n the s p e c i e s 
b e i n g p r o t e c t e d , and i n a s s o c i a t e d nontarget organisms, can and 
o f t e n do pr o v i d e a wealth of u s e f u l i n f o r m a t i o n . Such s t u d i e s may 
l e a d to a more thorough understanding of the mechanisms of 
p e s t i c i d a l a c t i o n , and t h i s knowledge o f t e n l e a d s i n t u r n to the 
development of more e f f i c a c i o u s , s e l e c t i v e , and e n v i r o n m e n t a l l y 
a c c e p t a b l e pest c o n t r o l agents. 

While not always so, s e l e c t i v e t o x i c i t y can q u i t e o f t e n be 
a t t r i b u t e d p r i m a r i l y i f not t o t a l l y to met a b o l i c d i f f e r e n c e s 
between s p e c i e s , e i t h e r i n the r a t e of metabolism or the nature of 
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16. iviE AND BANDAL Metabolic Aspects of Pesticide Toxicology 261 

p r o d u c t s formed. The i n s e c t i c i d e m a l a t h i o n ( F i g u r e 3 ) i s a 
well-known example of such s e l e c t i v i t y . M a l a t h i o n i s h i g h l y t o x i c 
t o a number of pest i n s e c t s p e c i e s , yet i t i s v e r y low i n t o x i c i t y 
t o mammals. These d i f f e r e n c e s are e x p l a i n e d by the f a c t t h a t 
mammals r e a d i l y metabolize malathion to a nontoxic monocarboxylic 
a c i d , whereas t h i s r e a c t i o n occurs a t a much slower r a t e i n 
s u s c e p t i b l e i n s e c t s (_1_5 ). The s e l e c t i v i t y of the h e r b i c i d e 
l i n u r o n ( F i g u r e 4 ) i s a l s o due to d i f f e r e n c e s i n metabolic r a t e s 
between s p e c i e s , a t l e a s t i n some c a s e s . C a r r o t , a t o l e r a n t crop, 
r a p i d l y m e t a b o l i z e s l i n u r o n by N-demethylation and 
N-demethoxylation to n o n h e r b i c i d a l p r o d u c t s , whereas i n ragweed, 
which i s s u s c e p t i b l e to l i n u r o n , m e t a b o l i c d e t o x i f i c a t i o n occurs 
much more s l o w l y (J_6 ) . Malathion and l i n u r o n are examples of 
p e s t i c i d e s i n which the r a t e of metabolic d e t o x i f i c a t i o n 
determines s e l e c t i v i t y . Another k i n d of metabolic i n f l u e n c e on 
s e l e c t i v e t o x i c i t y c o u l d i n v o l v e the nature of the m e t a b o l i c 
p r o c e s s t h a t o c c u r s . While no dramatic examples with p e s t i c i d e s 
come r e a d i l y to mind, the carcinogen 2 - a c e t y l a m i n o f l u o r e n e (AAF, 
F i g u r e 5 ) s e r v e s as an i l l u s t r a t i o n . T h i s compound i s m e t a b o l i z e d 
i n mammals by N - h y d r o x y l a t i o n and subsequent c o n j u g a t i o n to y i e l d 
c a r c i n o g e n i c m e t a b o l i t e s , or by 7 - h y d r o x y l a t i o n to i n a c t i v e 
m e t a b o l i t e s . In the guinea p i g and lemming, N - h y d r o x y l a t i o n does 
not occur to any a p p r e c i a b l e e x t e n t , and AAF i s not c a r c i n o g e n i c 
t o these s p e c i e s (Table I ) . 

Table I . 
Mammalian C a r c i n o g e n i c i t y of 2 - A c e t y l a m i n o f l u o r e n e (AAF) 

as Related to Species D i f f e r e n c e s i n I t s Metabolism 

% of D o s e 

S p e c i e s N - O H 7 - O H C a r c i n o g e n i c i t y 

G u i n e a p i g 

Lemming t r a c e 

0 7 2 

4 2 

Rat 

Rabbit 

H a m s t e r 

D o g 

1 - 1 5 

1 3 - 3 0 

1 5 - 2 0 

5 

1 9 - 2 7 

1 5 - 2 9 

3 5 - 3 9 

+ 
+ 
+ 
+ 

M a n 4-14 2 5 - 3 0 

From S m i t h (Ref 17). 

Pu
bl

is
he

d 
on

 A
ug

us
t 1

0,
 1

98
1 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
bk

-1
98

1-
01

60
.c

h0
16



262 T H E P E S T I C I D E C H E M I S T A N D M O D E R N T O X I C O L O G Y 

PESTICIDAL CHEMICALS 

HYDROPHILIC POLAR LIPOPHILIC HIGHLY LIPOPHILIC 
(Metabolically Stable) 

-I 

11 
PHASE I 

METABOLISM 

(Ox., Red., Hydr.) 

PHYSICAL 

SEQUESTRATION 

(Fat) 

χ 
PHASE II 

METABOLISM 

(Conjugation) 

CHEMICAL 

SEQUESTRATION 

(Tissue Binding) 

1 UNABSORBED DOSE | \ 

1 τ i 
1 BILIARY EXCRETION 

RENAL EXCRETION | 

sENTEROHEPATIC 

CIRCULATION 

FECES- URINE 
MILK ^ / 

EGGS 

Figure 2. Schematic of the major metabolic and disposition patterns of pesticides 
in higher animal systems. Pathways indicated by dashed lines are generally minor 

ones from a quantitative standpoint. 

s o S O 
HQCCUI II hUCOvH M 
H3CO I 1 5 H3CO / J 

2 H 2 5 2 H 2 5 
Ο Ο 

MALATHION MALATHION «-MONOACID 
Figure 3. Metabolic detoxification of the insecticide malathion 
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16. I V I E A N D B A N D A L Metabolic Aspects of Pesticide Toxicology 263 

Figure 5. Mammalian metabolism of AAF to carcinogenic and noncarcinogenic 
metabolites 
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With the r a t , r a b b i t , hamster, and dog, however, AAF i s 
me t a b o l i z e d to a p p r e c i a b l e amounts of the N-hydroxy m e t a b o l i t e , 
and AAF i s c a r c i n o g e n i c to these a n i m a l s . Man l i k e w i s e 
m e t a b o l i z e s AAF by N - h y d r o x y l a t i o n , and while the c a r c i n o g e n i c i t y 
of AAF to man i s not c l e a r l y e s t a b l i s h e d , the i m p l i c a t i o n s are 
obvious (J_7 ) . More d e t a i l e d treatments of the metabolic b a s i s f o r 
p e s t i c i d e s e l e c t i v i t y are a v a i l a b l e (4, JJ5, VB_) . 

Metabolism S t u d i e s and S a f e t y E v a l u a t i o n 

E v a l u a t i n g the t o x i c o l o g i c a l s i g n i f i c a n c e of p e s t i c i d e s to 
man i s seen to be a h i g h l y complex a f f a i r when one c o n s i d e r s the 
v a r i o u s ways t h a t p e s t i c i d e s are used, the ro u t e s by which man may 
be exposed to them and, perhaps most i m p o r t a n t l y , the mu l t i t u d e of 
chemical t r a n s f o r m a t i o n s t h a t p e s t i c i d e s o f t e n undergo b e f o r e 
man's exposure to them. Thus, while i t i s s u r e l y a p p r o p r i a t e to 
d e f i n e the 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 of a p e s t i c i d e ' s a c t i v e 
i n g r e d i e n t i n experimental animals f o r e x t r a p o l a t i o n to man, i t i s 
e n t i r e l y p o s s i b l e t h a t such s t u d i e s may i n some cases have l i t t l e 
r e l e v a n c e to r e a l world human exposure. Because of the 
environmental i n s t a b i l i t y of most org a n i c p e s t i c i d e s , i t seems 
reasonable and i n f a c t l i k e l y t h a t the gre a t m a j o r i t y of human 
exposure to p e s t i c i d e r e s i d u e s i s to products of t h e i r decompo
s i t i o n r a t h e r than to the parent molecule. Thus, not o n l y must we 
as metabolism s c i e n t i s t s d e l i n e a t e the b i o c h e m i c a l pathways of 
p e s t i c i d e s i n experimental animals t h a t are r e p r e s e n t a t i v e of man, 
we must as w e l l c l e a r l y d e f i n e the nature of t h e i r environmental 
t r a n s f o r m a t i o n s , _ i f the products generated are l i k e l y to i n t e r a c t 
with man. While environmental t r a n s f o r m a t i o n s of p e s t i c i d e s may 
occur as the r e s u l t of e i t h e r b i o c h e m i c a l (metabolic) or p h y s i c o -
chemical (e.g., photochemical) r e a c t i o n s , and both have t o x i c o 
l o g i c a l i m p l i c a t i o n s , our purpose here i s to c o n s i d e r o n l y 
m e t a b o l i c t r a n s f o r m a t i o n s . 

For any given p e s t i c i d e and use p a t t e r n , i t i s e a s i l y seen 
t h a t s e v e r a l types of metabolism s t u d i e s may be needed to pro v i d e 
a framework f o r e v a l u a t i n g the t o x i c o l o g i c a l s i g n i f i c a n c e of the 
compound to man. As an example, we can c o n s i d e r a systemic 
i n s e c t i c i d e used as a s o i l - i n c o r p o r a t e d g r a n u l a r f o r m u l a t i o n f o r 
i n s e c t c o n t r o l on c o r n . Because corn i s consumed by both man and 
h i s food animals, s e v e r a l types of metabolism s t u d i e s are appro
p r i a t e , i n c l u d i n g s t u d i e s of the p e s t i c i d e i t s e l f i n one or more 
l a b o r a t o r y monogastric mammals c o n s i d e r e d to be human models. 
Metabolism s t u d i e s i n corn are needed to determine the nature of 
r e s i d u e s to which man may be exposed through consumption of corn 
from t r e a t e d c r o p s . S t u d i e s are a l s o needed i n food animals t h a t 
are given corn i n the d i e t (e.g., c a t t l e , swine, and p o u l t r y ) to 
assess the extent to which the p e s t i c i d e or i t s m e t a b o l i t e s may 
appear i n meat, m i l k , p o u l t r y or eggs intended f o r human consump
t i o n . Data from a s o i l metabolism study might l i k e w i s e be needed 
i f p o t e n t i a l l y t o x i c s o i l m e t a b o l i t e s are a s s i m i l a t e d by the 
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t r e a t e d crop. With other p e s t i c i d e s and use p a t t e r n s , a d d i t i o n a l 
or a l t e r n a t i v e metabolism s t u d i e s may be a p p r o p r i a t e . I t must be 
emphasized t h a t , although we are attempting here to segregate 
b i o c h e m i c a l or metabolic changes from p h y s i c o c h e m i c a l ones, such 
d i s t i n c t i o n s are from a t o x i c o l o g i c a l s t a n d p o i n t r a t h e r a r b i t r a r y 
and i n any case may be d i f f i c u l t to make under f i e l d c o n d i t i o n s . 

We must always r e c o g n i z e t h a t p e s t i c i d e metabolism s t u d i e s 
cannot be c o n s i d e r e d as an end i n themselves; but r a t h e r , they are 
a means toward an end. For the u l t i m a t e value of a metabolism 
study, be i t i n microorganisms, p l a n t s , b i r d s , l a b o r a t o r y mammals, 
or whatever, i s i t s y i e l d of data v a l u a b l e toward f u r t h e r assess
ment of the t o x i c o l o g i c a l s i g n i f i c a n c e of the p e s t i c i d e i n 
q u e s t i o n to lower organisms ( i . e . , i t s environmental impact) o r , 
more i m p o r t a n t l y , t o assess t o x i c o l o g i c a l s i g n i f i c a n c e to man 
h i m s e l f . 

Methodology, G o a l s , and Reg u l a t o r y C o n s i d e r a t i o n s 

Although the word "metabolism" (Gr. metabole, change) has a 
r a t h e r l i m i t e d c o n n o t a t i o n , a " p e s t i c i d e metabolism study" i s 
u s u a l l y c o n s i d e r e d i n a broad sense to encompass not o n l y the 
me t a b o l i c a l t e r a t i o n s of the chemical i n q u e s t i o n but a l s o the 
a b s o r p t i o n , t r a n s p o r t , s t o r a g e , and e x c r e t i o n or e l i m i n a t i o n of 
the parent p e s t i c i d e and i t s m e t a b o l i t e s by the exposed organism. 
The schematic i n Figure 6 shows t h a t p e s t i c i d e "metabolism" can 
be c o n s i d e r e d as more or l e s s synonomous with the t o x o k i n e t i c 
phase of a p e s t i c i d e / o r g a n i s m i n t e r a c t i o n . Of co u r s e , any 
me t a b o l i c t r a n s f o r m a t i o n t h a t o c c u r s i n the gut p r i o r to 
a b s o r p t i o n of the p e s t i c i d e would be c o n s i d e r e d , and i s i n f a c t , 
metabolism. 

Because p e s t i c i d e use p a t t e r n s o f t e n d i c t a t e t h a t metabolism 
s t u d i e s be conducted i n a number of widely d i v e r g e n t l i f e forms, 
i t i s c l e a r t h a t no s i n g l e approach i s a p p r o p r i a t e f o r a l l circum
s t a n c e s . Thus, metabolism s t u d i e s i n microorganisms, p l a n t s , 
mammals, e t c . , r e q u i r e s p e c i a l i z e d approaches based on the 
i n h e r e n t nature of the organism and the goals of the study i t s e l f . 
Q uite o f t e n too, the p o t e n t i a l use p a t t e r n s of p e s t i c i d e s may 
d i c t a t e d i f f e r i n g methodologies f o r s t u d i e s i n the same s p e c i e s . 
For example, metabolism s t u d i e s i n c a t t l e with a p e s t i c i d e used on 
fee d g r a i n s or forage c l e a r l y need be done o n l y with o r a l adminis
t r a t i o n , but i f a product i s to be used f o r e c t o p a r a s i t e c o n t r o l 
on c a t t l e as a dermal spray, the dermal route of exposure would 
a l s o be a p p r o p r i a t e . 

Given a s u i t a b l e experimental d e s i g n , what then i s our goal 
as metabolism s c i e n t i s t s i n conducting such a study? I t i s , 
si m p l y put, to d e f i n e a c c u r a t e l y and to the f u l l e s t e x t e n t 
p o s s i b l e the k i n e t i c and metabolic behavior of the p e s t i c i d e under 
study i n an a p p r o p r i a t e organism under the c o n d i t i o n s chosen. We 
want to know how and a t what r a t e the p e s t i c i d e i s absorbed i n t o 
the l i v i n g system, to what products i t i s m e t a b o l i z e d , and to 

Pu
bl

is
he

d 
on

 A
ug

us
t 1

0,
 1

98
1 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
bk

-1
98

1-
01

60
.c

h0
16



266 T H E P E S T I C I D E C H E M I S T A N D M O D E R N T O X I C O L O G Y 

where and to what ex t e n t these products are t r a n s p o r t e d , s t o r e d , 
and e x c r e t e d . Our most important and u s u a l l y most d i f f i c u l t t a s k 
i s , of c o u r s e , to d e f i n i t i v e l y c h a r a c t e r i z e the chemical nature of 
as many of the m e t a b o l i t e s as p o s s i b l e , given the l i m i t a t i o n s of 
our a n a l y t i c a l and s p e c t r o m e t r i c t e c h n i q u e s and of our own 
s c i e n t i f i c c a p a b i l i t i e s . I f the study i s designed to d e f i n e the 
metabolism of a p e s t i c i d e i n l a b o r a t o r y monogastric mammals (e.g., 
the r a t ) f o r e x t r a p o l a t i o n to man, then a l l aspects of the 
p e s t i c i d e ' s k i n e t i c s and metabolism are c r u c i a l l y i m p o r t a n t . 
Other s t u d i e s may have asp e c t s of v a r i o u s importance. For 
example, the c h a r a c t e r i z a t i o n of low l e v e l s of r e s i d u e s i n the 
seed of food crops (e.g., r i c e ) i s more s i g n i f i c a n t than 
comparable i d e n t i f i c a t i o n of p o s s i b l y much higher r e s i d u e s i n 
o t h e r , but i n e d i b l e , p o r t i o n s of the p l a n t . For the same r e a s o n , 
r e s i d u e s r e t a i n e d by e d i b l e t i s s u e s or s e c r e t e d i n t o the m i l k or 
eggs of t r e a t e d food animals, such as c a t t l e or p o u l t r y , are of 
more t o x i c o l o g i c a l s i g n i f i c a n c e than r e s i d u e s i n u r i n e or f e c e s . 

One of the burdens the metabolism s c i e n t i s t must bear i s t h a t 
the products of p e s t i c i d e metabolism t h a t are o f t e n of the 
g r e a t e s t p o t e n t i a l t o x i c o l o g i c a l s i g n i f i c a n c e (e.g., those i n the 
e d i b l e p a r t s of many p l a n t s or i n m i l k , eggs, or e d i b l e t i s s u e s of 
food animals) are o f t e n p r e s e n t o n l y i n e x c e e d i n g l y low c o n c e n t r a 
t i o n s . Such p r o p e r t i e s of a p e s t i c i d e are, of c o urse, h i g h l y 
d e s i r a b l e ones t h a t more o f t e n than not r e p r e s e n t accomplished 
g o a l s of p e s t i c i d e development. However, the c h a r a c t e r i z a t i o n of 
such r e s i d u e s u s u a l l y demands the f u l l c a p a b i l i t i e s of both the 
s c i e n t i s t and h i s i n s t r u m e n t a t i o n , and i n some cases these 
r e s i d u e s cannot be i d e n t i f i e d with the t e c h n o l o g y c u r r e n t l y 
available· 

Of i n c r e a s i n g importance to the design and e x e c u t i o n of 
p e s t i c i d e metabolism s t u d i e s i s the impact of the r e g u l a t o r y 
requirements of p e s t i c i d e - r e g u l a t i n g a g e n c i e s . In the U n i t e d 
S t a t e s , such r e g u l a t i o n s are i s s u e d by the U.S. Environmental 
P r o t e c t i o n Agency, and they must be c a r e f u l l y c o n s i d e r e d b e f o r e 
i n i t i a t i n g most p e s t i c i d e metabolism s t u d i e s , p a r t i c u l a r l y those 
t h a t have d i r e c t i m p l i c a t i o n s f o r human h e a l t h . In i t s most 
r e c e n t issuance of proposed g u i d e l i n e s f o r r e g i s t e r i n g p e s t i c i d e s 
i n the U n i t e d S t a t e s (_19_) , the Agency s t a t e s s e v e r a l major 
purposes f o r mammalian metabolism s t u d i e s . These i n c l u d e : 1) to 
i d e n t i f y and q u a n t i f y s i g n i f i c a n t m e t a b o l i t e s , 2) to determine 
p o s s i b l e b i o a c c u m u l a t i o n or b i o r e t e n t i o n of the t e s t p e s t i c i d e or 
i t s m e t a b o l i t e s , 3) to determine a b s o r p t i o n as a f u n c t i o n of dose, 
4) to c h a r a c t e r i z e r o u t e s and r a t e s of p e s t i c i d e e x c r e t i o n , 5) to 
r e l a t e a b s o r p t i o n to the d u r a t i o n of exposure, and 6) to e v a l u a t e 
the b i n d i n g of the t e s t p e s t i c i d e or i t s m e t a b o l i t e s i n p o t e n t i a l 
t a r g e t organs. The proposed r u l e s c o n t a i n r a t h e r general r e q u i r e 
ments f o r dosage l e v e l s , dosage r o u t e s , and other a s p e c t s of such 
s t u d i e s , i n c l u d i n g sample a n a l y s i s ( 1 9 ) . 
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16. i v i E AND BANDAL Metabolic Aspects of Pesticide Toxicology 267 

T o x i c i t y Assessment 

I f the metabolism s c i e n t i s t has done h i s job w e l l , i . e . , has 
t h o r o u g h l y d e f i n e d the metabolic f a t e of a p a r t i c u l a r p e s t i c i d e i n 
the a p p r o p r i a t e l i v i n g systems, how does the t o x i c o l o g i s t use t h i s 
i n f o r m a t i o n to e v a l u a t e the t o x i c o l o g i c a l s i g n i f i c a n c e of the 
m e t a b o l i t e s generated? G e n e r a l l y , the f i r s t step i s the a s s e s s 
ment of the i n h e r e n t t o x i c i t y of the products to l a b o r a t o r y mono-
g a s t r i c mammals (e.g., r a t , r a b b i t , dog) t h a t can be c o n s i d e r e d 
r e p r e s e n t a t i v e o f man. Chemical s y n t h e s i s of the a p p r o p r i a t e 
m e t a b o l i t e s i s o f t e n r e q u i r e d to provide s u f f i c i e n t q u a n t i t i e s f o r 
d e f i n i t i v e t o x i c o l o g y s t u d i e s . Comparative acute t o x i c i t y t e s t s 
o f the parent p e s t i c i d e and i t s m e t a b o l i t e s give a r a p i d and 
u s u a l l y r e l i a b l e estimate of the acute hazards of the products i n 
q u e s t i o n . Far more d i f f i c u l t to a c c u r a t e l y assess are the c h r o n i c 
or subchronic t o x i c o l o g i c a l hazards t h a t may be posed by p e s t i c i d e 
m e t a b o l i t e s . F u l l - s c a l e f e e d i n g s t u d i e s to e v a l u a t e c a r c i n o 
g e n i c i t y and other c h r o n i c e f f e c t s are almost always done with 
o n l y the parent p e s t i c i d e and not with i t s m e t a b o l i t e s . T h i s 
l i m i t a t i o n i s p a r t l y due to the tremendous time and money expendi
t u r e s r e q u i r e d by such s t u d i e s , but some would argue t h a t r e q u i r e 
ments f o r separate s t u d i e s of the c h r o n i c t o x i c i t y of p e s t i c i d e 
m e t a b o l i t e s would be d i f f i c u l t to j u s t i f y i n any case under most 
circumstances (20^). 

Minor V e r s u s Major M e t a b o l i t e s . I t i s u s u a l l y n e i t h e r appro
p r i a t e nor p o s s i b l e to e v a l u a t e the t o x i c o l o g i c a l b e h a v i o r of 
e v e r y m e t a b o l i t e of a given p e s t i c i d e t h a t may p o s s i b l y i n t e r a c t 
w i th man. Some of the products may be of such chemical c o n s t i 
t u t i o n t h a t they can be judged, on the b a s i s of p r e e x i s t i n g data, 
t o r e p r e s e n t l i t t l e or no hazard of any s o r t . Others may p r e s e n t 
d i f f i c u l t s y n t h e t i c problems t h a t p r e c l u d e d e t a i l e d t o x i c o l o g i c 
t e s t s . L i m i t a t i o n s of time and money are s i g n i f i c a n t f a c t o r s . 
Perhaps because of such l i m i t a t i o n s , i t has become f a s h i o n a b l e to 
c o n s i d e r m e t a b o l i t e s as being e i t h e r "major" or "minor" based 
u s u a l l y upon the r e l a t i v e amounts formed i n a given system. A 
n a t u r a l consequence of t h i s d i s t i n c t i o n has been t h a t "major" 
m e t a b o l i t e s somehow are o f t e n construed to be of g r e a t e r p o t e n t i a l 
t o x i c o l o g i c a l s i g n i f i c a n c e , a t l e a s t i n the r e g u l a t o r y sense, than 
those i n the "minor" category (V2_) . However, i t seems c l e a r t h a t 
such a s e m i q u a n t i t a t i v e c l a s s i f i c a t i o n has e s s e n t i a l l y no t o x i c o 
l o g i c a l s i g n i f i c a n c e because c l o s e l y r e l a t e d chemicals o f t e n have 
t o x i c o l o g i c a l p o t e n t i a l s t h a t d i f f e r by o r d e r s of magnitude; i n 
f a c t , some of the most t o x i c o l o g i c a l l y s i g n i f i c a n t m e t a b o l i t e s are 
l i k e l y t o be those t h a t are formed i n small amounts and are h i g h l y 
r e a c t i v e . Thus, the s e l e c t i o n of "major" over "minor" m e t a b o l i t e s 
f o r animal s t u d i e s to p r e d i c t t o x i c o l o g i c a l s i g n i f i c a n c e i n man 
appears t o be without b i o l o g i c f o u n d a t i o n (20, 21, 2 2 ) . 
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268 T H E P E S T I C I D E C H E M I S T A N D M O D E R N T O X I C O L O G Y 

T o x i c o l o g i c a l S i g n i f i c a n c e o f P e s t i c i d e M e t a b o l i t e s 

D e t o x i f i c a t i o n and A c t i v a t i o n Reactions» From an acute 
t o x i c i t y s t a n d p o i n t , the metabolism of p e s t i c i d e s by most 
organisms u s u a l l y r e s u l t s i n t h e i r c o n v e r s i o n to products of 
l e s s e r b i o l o g i c a l a c t i v i t y . There are s e v e r a l reasons why such 
would be expected, not the l e a s t of which i s the f a c t t h a t the 
d e t o x i f i c a t i o n systems of l i v i n g organisms have evolved f o r j u s t 
such a purpose. C e r t a i n l y , t o o , 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 
are u s u a l l y so c r i t i c a l t h a t t o x i c i t y , e s p e c i a l l y i n the acute 
sense, i s o f t e n g r e a t l y reduced or t o t a l l y e l i m i n a t e d as the 
r e s u l t of e s s e n t i a l l y any chemical t r a n s f o r m a t i o n . Numerous 
examples of metabolic r e a c t i o n s l e a d i n g to more-or-less complete 
p e s t i c i d e d e t o x i f i c a t i o n c o u l d be c i t e d , but the ο-deethylation of 
c h l o r f e n v i n p h o s and the e s t e r h y d r o l y s i s of c a r b a r y l , b oth 
i n s e c t i c i d e s , are shown as somewhat r e p r e s e n t a t i v e examples 
( F i g u r e 7 ) . 

While most metabolic r e a c t i o n s r e s u l t i n t o t a l or n e a r l y 
t o t a l d e t o x i f i c a t i o n s , some do not, and i t i s such t r a n s f o r m a t i o n s 
t h a t most concern those who attempt to evaluate the t o x i c o l o g i c a l 
s i g n i f i c a n c e of p e s t i c i d e m e t a b o l i t e s . C l a s s i c a l examples of 
m e t a b o l i c a c t i v a t i o n are the o x i d a t i v e d e s u l f u r a t i o n of phosphoro-
t h i o n a t e s and the N-hydroxymethylation of schradan ( F i g u r e 8 ) . 
While p a r a t h i o n and schradan per se are e s s e n t i a l l y n o n t o x i c , the 
i n d i c a t e d m e t abolic r e a c t i o n s c o n v e r t them to p o t e n t 
a n t i c h o l i n e s t e r a s e s , and thus metabolism i s o b l i g a t o r y to t h e i r 
t o x i c i t y . Other p e s t i c i d e m e t a b o l i t e s o f t e n have degrees of acute 
t o x i c i t y t h a t are o n l y moderately above or below those of the 
p a r e n t compounds. Examples of moderate a c t i v a t i o n i n c l u d e the 
s u l f o x i d a t i o n of methiocarb and the 5 - h y d r o x y l a t i o n of propoxur to 
y i e l d m e t a b o l i t e s t h a t are 8- to 1 0 - f o l d more a c t i v e as 
a n t i c h o l i n e s t e r a s e agents {23_, F i g u r e 9 ) . An example of metabolic 
t r a n s f o r m a t i o n s t h a t l e a d to moderate d e t o x i f i c a t i o n i s the 
N-hydroxymethylation of N-methylcarbamates such as mexacarbate to 
p r o d u c t s t h a t are somewhat l e s s a n t i c h o l i n e r g i c (23^ F i g u r e 10). 
I t should be emphasized t h a t even i f the products of p e s t i c i d e 
metabolism r e t a i n p a r t i a l or f u l l i n h e r e n t t o x i c i t y , the 
s t r u c t u r a l a l t e r a t i o n s t h a t r e s u l t from metabolism may f a c i l i t a t e 
r a p i d e l i m i n a t i o n from the body or f u r t h e r metabolism to nontoxic 
p r o d u c t s which, of course l e a d s to g r e a t l y reduced t o x i c o l o g i c a l 
potential· As an example, aromatic h y d r o x y l a t i o n of a given 
p e s t i c i d e may not always d i m i n i s h i n h e r e n t t o x i c i t y , ( e.g., 
propoxur) but the presence of the hydroxyl group i n the molecule 
would be expected to l e a d to r a p i d c o n j u g a t i o n and e x c r e t i o n by 
mammals. 

P e s t i c i d e Conjugates. Although the primary metabolism of 
p e s t i c i d e s does not n e c e s s a r i l y r e s u l t i n a d i m i n u t i o n of acute 
t o x i c i t y , secondary or c o n j u g a t i v e r e a c t i o n s almost always do. 
P e s t i c i d e conjugates are u s u a l l y h i g h l y p o l a r (e.g., g l u c o s i d e s , 
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Figure 6. Aspects of pesticide-organism interactions 
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Figure 7. Examples of metabolic detoxification of the insecticides chlorfenvinphos 
and carbaryl 
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Figure 8. Metabolic activation of the insecticides parathion and schradan 

Figure 9. Metabolic transformations leading to moderate activation of the insecti
cides methiocarb and propoxur 
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16. iviE AND BANDAL Metabolic Aspects of Pesticide Toxicology 271 

g l u c u r o n i d e s , s u l f a t e s , m e r c a p t u r i c a c i d s , e t c . ) , they are r e a d i l y 
e x c r e t e d by mammals, and they are u s u a l l y devoid of s i g n i f i c a n t 
acute b i o l o g i c a l e f f e c t s . There i s , of c o u r s e , always the 
p o s s i b i l i t y t h a t an otherwise innocuous conjugate may be 
m e t a b o l i c a l l y c l e a v e d to regenerate a t o x i c m e t a b o l i t e , and 
s t u d i e s have shown t h a t t h i s p o t e n t i a l does indeed e x i s t . The 
g l u c o s i d e conjugate of 1-naphthol, f o r example, which i s a major 
p l a n t m e t a b o l i t e of the i n s e c t i c i d e c a r b a r y l , i s e x t e n s i v e l y 
h y d r o l y z e d i n r a t s ( F i g u r e 11). However, the l i b e r a t e d 1-naphthol 
i s r a p i d l y r e c o n j u g a t e d with g l u c u r o n i c a c i d or s u l f a t e and i s 
e x c r e t e d i n the u r i n e (.24 ) · Although 1-naphthol i s not 
s i g n i f i c a n t l y t o x i c , such r e c o n j u g a t i o n r e a c t i o n s would presumably 
o f f e r a s i g n i f i c a n t degree of p r o t e c t i o n i n cases where the exocon 
(aglycone) i s t o x i c o l o g i c a l l y s i g n i f i c a n t . 

I t i s true t h a t p e s t i c i d e conjugates almost always r e p r e s e n t 
a reduced t o x i c o l o g i c a l hazard from an acute s t a n d p o i n t , but such 
may not be the case r e g a r d i n g t h e i r c h r o n i c t o x i c o l o g i c a l e f f e c t s . 
I t i s w e l l known t h a t g l u c u r o n i d e or s u l f a t e conjugates are formed 
as r e a c t i v e i n t e r m e d i a t e s of some carcinogens ( v i d e i n f r a ) ; thus 
the c o n s i d e r a t i o n of s i m i l a r p e s t i c i d e conjugates as innocuous 
compounds may be t o t a l l y i n a p p r o p r i a t e i n some c i r c u m s t a n c e s . 

Bound Re s i due s. Most p e s t i c i d e metabolism s t u d i e s are 
conducted u s i n g r a d i o t r a c e r t e c h n i q u e s , and f r e q u e n t l y a p o r t i o n 
o f the r a d i o a c t i v i t y d e f i e s a l l attempts a t removal from the 
m a t r i x under study. Questions r e g a r d i n g the t o x i c o l o g i c a l 
s i g n i f i c a n c e of such r e s i d u e s n a t u r a l l y a r i s e . I f bound r e s i d u e s 
occur i n m a t r i c e s such t h a t human d i e t a r y exposure i s l i k e l y to 
o c c u r , such as i n e d i b l e p l a n t or animal t i s s u e s , some e s t i m a t i o n 
can be made of t h e i r p o t e n t i a l t o x i c o l o g i c a l s i g n i f i c a n c e , or at 
l e a s t of t h e i r b i o a v a i l a b i l i t y , by mammalian f e e d i n g s t u d i e s . 
F o r t u n a t e l y , bound r e s i d u e s of s e v e r a l p e s t i c i d e s have been found 
not to be a p p r e c i a b l y absorbed from the d i g e s t i v e t r a c t of mono-
g a s t r i c mammals (_25̂  26^, 21) , and i t may be t h a t such c h e m i c a l l y 
u n i d e n t i f i e d r e s i d u e s from most p e s t i c i d e s w i l l have l i t t l e or no 
t o x i c o l o g i c a l s i g n i f i c a n c e . 

M u t a g e n i c i t y and C a r c i n o g e n i c i t y 

The a b i l i t y t o a c c u r a t e l y gauge the c h r o n i c t o x i c i t y of 
p e s t i c i d e s , p a r t i c u l a r l y t h e i r e f f e c t s on h e r e d i t a r y m a t e r i a l t h a t 
can produce mutagenic or c a r c i n o g e n i c responses i n mammals, i s the 
most important aspect of p e s t i c i d e t o x i c o l o g i c a l e v a l u a t i o n . A 
d i s c u s s i o n of the molecular events l e a d i n g up to the e x p r e s s i o n of 
mutagenic or c a r c i n o g e n i c e f f e c t s , or of the r e l a t i o n s h i p s between 
m u t a g e n i c i t y and c a r c i n o g e n i c i t y (and a l s o t e r a t o g e n i c i t y , which 
i s g e n e r a l l y c o n s i d e r e d to be an acute t o x i c o l o g i c a l phenomenon) 
i s beyond the scope of t h i s paper. Rather, the reader i s r e f e r r e d 
t o p u b l i s h e d reviews of these s u b j e c t s (28, 29 ) and to s e v e r a l 
other papers i n t h i s volume. 
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Ο 
II 

0 - C - N H C H 2 O H 

MEXACARBATE 

Figure 10. Metabolic N-hydroxymethylation leading to moderate detoxification 
of N-methylcarbamate insecticides such as mexacarbate 

Figure 11. Mammalian metabolism of the glucoside conjugate of 1-naphthol, a 
major plant metabolite of the insecticide carbaryl 
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C a r c i n o g e n i c i t y i s c e r t a i n l y the most feared of the p o t e n t i a l 
c h r o n i c e f f e c t s of p e s t i c i d e s , and an assessment of c a r c i n o g e n i c 
p o t e n t i a l i s u s u a l l y r e q u i r e d p r i o r to the approval of p e s t i c i d e s 
f o r use, a t l e a s t i n the United S t a t e s and most developed 
c o u n t r i e s . T e s t s may be r e q u i r e d i n two or more mammalian s p e c i e s 
( u s u a l l y the r a t and mouse), and they g e n e r a l l y i n v o l v e c h r o n i c 
exposure of the animals to r e l a t i v e l y h i g h doses of the t e s t 
p e s t i c i d e over t h e i r normal l i f e s p a n s (18-24 months). As would be 
expected, t h e r e i s a l a r g e volume of l i t e r a t u r e on the c a r c i n o 
genic e f f e c t s of p e s t i c i d e s i n v a r i o u s s p e c i e s , m o s t l y mammals, 
and some of t h i s has been reviewed (28). However, s i n c e long-term 
c a r c i n o g e n i c i t y t e s t s are almost i n v a r i a b l y done with the parent 
p e s t i c i d e and not any of i t s m e t a b o l i t e s , i t i s u s u a l l y i m p o s s i b l e 
to make d i r e c t c o r r e l a t i o n s of c a r c i n o g e n i c i t y , when i t o c c u r s , 
w i t h metabolism. 

Not o n l y do we seldom i f ever o b t a i n d i r e c t experimental data 
on 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 m e t a b o l i t e s , i t i s l i k e w i s e 
i m p r a c t i c a l to r o u t i n e l y s u b j e c t most or a l l p e s t i c i d e m e t a b o l i t e s 
t o a b a t t e r y of JLn v i v o or i n v i t r o m u t a g e n i c i t y t e s t s . How then 
can p e s t i c i d e m e t a b o l i t e s be p r o p e r l y e v a l u a t e d f o r mutagenic or 
c a r c i n o g e n i c hazard? In most cases there would appear to be 
p e r v a d i n g l o g i c t h a t c o n s i d e r a t i o n of the c h r o n i c t o x i c o l o g i c a l 
b e h a v i o r of m e t a b o l i t e s separate from t h a t of the parent compound 
i s n e i t h e r n e c e s s a r y nor a p p r o p r i a t e . I f a mammalian p e s t i c i d e 
m e t a b o l i t e i s under c o n s i d e r a t i o n t h a t would, by e x t r a p o l a t i o n , 
l i k e l y be a m e t a b o l i t e i n humans a l s o , s t u d i e s of the m e t a b o l i t e 
per se, p r o b a b l y i n doses f a r i n excess of what would l i k e l y be 
formed from the parent compound i n v i v o , c o u l d g i v e " f a l s e 
p o s i t i v e s " by overwhelming otherwise more than adequate 
p r o t e c t i v e mechanisms, and c o n c e i v a b l y even " f a l s e n e g a t i v e s " as a 
consequence of d i s p o s i t i o n p a t t e r n s t o t a l l y d i f f e r e n t from the 
endogenous m e t a b o l i t e {20_, 30). In such c i r c u m s t a n c e s , i t i s 
d o u b t f u l t h a t anything c o u l d be l e a r n e d about the s a f e t y of a 
g i v e n p e s t i c i d e from such m e t a b o l i t e s t u d i e s t h a t c o u l d not more 
r e l i a b l y be o b t a i n e d from proper s t u d i e s of the parent p e s t i c i d e 
i t s e l f (20) · I t would seem t h a t the o n l y a p p r o p r i a t e circumstance 
i n which p e s t i c i d e m e t a b o l i t e s might r e q u i r e separate study f o r 
mutagenic or c a r c i n o g e n i c e f f e c t s i s i n i n s t a n c e s where humans are 
l i k e l y t o be exposed to m e t a b o l i t e s t h a t they would not generate 
i n v i v o from the parent compound. Examples might be p e s t i c i d e 
m e t a b o l i t e s of p l a n t or animal o r i g i n t h a t are novel i n s t r u c t u r e , 
t h a t appear l i k e l y to be of c o n s i d e r a b l e p o t e n t i a l t o x i c o l o g i c a l 
s i g n i f i c a n c e , and t h a t c o u l d enter the human food c h a i n through 
contaminated f o o d s t u f f s . 

C e r t a i n l y , the most p r e v a l e n t and perhaps the most l o g i c a l 
means of making judgments about the mutagenic or c a r c i n o g e n i c 
hazards of p e s t i c i d e m e t a b o l i t e s i s simply by r e l a t i n g t h e i r 
c h e m i c a l s t r u c t u r e s to those of r e c o g n i z e d mutagens or 
c a r c i n o g e n s . T h i s process may be i m p r e c i s e , but i t i s p r o b a b l y 
the b e s t procedure a v a i l a b l e f o r determining what p e s t i c i d e 
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m e t a b o l i t e s m e r i t concern o r more d e t a i l e d study. Even i f 
t a r g e t e d m e t a b o l i t e s g i v e p o s i t i v e r e s u l t s i n i n v i v o or i n v i t r o 
t e s t s f o r m u t a g e n i c i t y , i t must c o n t i n u a l l y be remembered t h a t 
such f i n d i n g s can o n l y be c o n s i d e r e d , a t most, s u g g e s t i v e evidence 
o f a p o t e n t i a l mutagenic or c a r c i n o g e n i c hazard to man. F u r t h e r , 
c o n s i d e r a t i o n of the mutagenic potency of the m e t a b o l i t e s , the 
probable e x t e n t o f human exposure to them, and other 
c o n s i d e r a t i o n s , may o f t e n i n d i c a t e t h a t a mutagenic or 
c a r c i n o g e n i c hazard to man, even i f i t e x i s t s , i s e x c e e d i n g l y 
low. 

M e t a b o l i c Aspects o f P e s t i c i d e C a r c i n o g e n i c i t y and M u t a g e n i c i t y 

In r e c e n t y e a r s , i t has become e v i d e n t t h a t f o r many 
w e l l - s t u d i e d chemical c a r c i n o g e n s , m e t a b o l i c a c t i v a t i o n to a 
r e a c t i v e i n t e r m e d i a t e i n the host i s r e q u i r e d i n order f o r 
r e a c t i o n with DNA and other c e l l u l a r macromolecules to occur (31, 
32 ) . Thus, many car c i n o g e n s appear to be p r e c a r c i n o g e n s , which 
are m e t a b o l i z e d i n v i v o to t h e i r r e a c t i v e forms, or u l t i m a t e 
c a r c i n o g e n s . The u l t i m a t e c a r c i n o g e n s i d e n t i f i e d or p o s t u l a t e d so 
f a r , a lthough they o f t e n have no common s t r u c t u r a l f e a t u r e s per 
se, c o n t a i n r e l a t i v e l y e l e c t r o n - d e f i c i e n t atoms t h a t can r e a c t 
c o v a l e n t l y , without the a i d of enzymes, w i t h e l e c t r o n - r i c h or 
n u c l e o p h i l i c atoms i n c e l l u l a r components, e s p e c i a l l y i n such 
macromolecules as the n u c l e i c a c i d s and p r o t e i n s (32.)· Thus, 
c a r c i n o g e n i c p o l y c y c l i c aromatic hydrocarbons are m e t a b o l i z e d to 
s e v e r a l c a r c i n o g e n i c e l e c t r o p h i l e s , i n c l u d i n g epoxides, r a d i c a l 
c a t i o n s , and d i h y d r o x y epoxides ( F i g u r e 12). C a r c i n o g e n i c 
aromatic amines, amides, and n i t r o compounds appear to be 
s u b j e c t e d to N - h y d r o x y l a t i o n , then c o n j u g a t i o n with g l u c u r o n i c 
a c i d or s u l f a t e to a more r e a c t i v e s p e c i e s ( F i g u r e 13). With 
n i t r o s o compounds, some of which are potent c a r c i n o g e n s , the 
u l t i m a t e a l k y l a t i n g s p e c i e s i s l i k e w i s e thought to be an 
e l e c t r o p h i l i c m e t a b o l i t e , p r o b a b l y a diazonium or carbonium i o n 
( F i g u r e 14). 

On the b a s i s of 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 among known 
c a r c i n o g e n s , some g e n e r a l i z a t i o n s can be made r e g a r d i n g the types 
o f r e a c t i v e f u n c t i o n a l i t i e s i n p e s t i c i d e s or t h e i r m e t a b o l i t e s 
t h a t might convey mutagenic or c a r c i n o g e n i c p o t e n t i a l · Because 
e l e c t r o p h i l i c i t y i s a s s o c i a t e d with many u l t i m a t e mutagens and 
c a r c i n o g e n s , any p e s t i c i d e t r a n s f o r m a t i o n to an e l e c t r o p h i l i c 
s p e c i e s c o u l d be of p o t e n t i a l s i g n i f i c a n c e . However, upon review 
o f the m u l t i t u d e of mechanisms through which v a r i o u s p e s t i c i d e s 
a r e , or can be m e t a b o l i z e d , one q u i c k l y r e a l i z e s t h a t the 
g e n e r a t i o n of p o t e n t i a l l y r e a c t i v e s p e c i e s , o r of t h e i r 
p r e c u r s o r s , i s r a t h e r commonplace. Aromatic and a l i p h a t i c 
e p o x i d a t i o n s , N - h y d r o x y l a t i o n s , the g e n e r a t i o n of amines t h a t can 
form n i t r o s a m i n e s , and other r e a c t i o n s of p o t e n t i a l s i g n i f i c a n c e 
a re w e l l documented i n the p e s t i c i d e l i t e r a t u r e , y e t t h e r e i s 
l i t t l e i n d i c a t i o n t h a t most p e s t i c i d e s c o n s t i t u t e any s i g n i f i c a n t 

Pu
bl

is
he

d 
on

 A
ug

us
t 1

0,
 1

98
1 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
bk

-1
98

1-
01

60
.c

h0
16



16. i v i E AND BANDAL Metabolic Aspects of Pesticide Toxicology 275 

Figure 12. Examples of metabolic activation of polycyclic aromatic hydrocarbons 
to reactive electrophiles 

D N A 

Figure 13. Metabolic activation of an aromatic amine that ultimately can lead to 
the formation of a reactive electrophile and alkylation of DNA 
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mutagenic or c a r c i n o g e n i c hazard. C l e a r l y , the mere g e n e r a t i o n of 
r e a c t i v e m e t a b o l i t e s does not assure t h a t an e x p r e s s i o n of 
t o x i c i t y w i l l f o l l o w . Subsequent r a p i d d e t o x i c a t i o n of r e a c t i v e 
m e t a b o l i t e s no doubt o c c u r s i n many i n s t a n c e s , the r e a c t i v e 
s p e c i e s may form adducts with n o n c r i t i c a l macromolecules or other 
body c o n s t i t u e n t s , and even i f r e a c t i v e m e t a b o l i t e s do a l k y l a t e 
e s s e n t i a l c e l l u l a r macromolecules, subsequent events, such as DNA 
r e p a i r mechanisms, may negate any p o t e n t i a l t o x i c e f f e c t s ( 3 3 ) . 

In most i f not a l l cases i n which p e s t i c i d e s have i n f a c t 
been shown to be c a r c i n o g e n i c ( 2 j8 ) , t h e r e has been no c l e a r 
d e f i n i t i o n of the r o l e t h a t metabolism to r e a c t i v e i n t e r m e d i a t e s 
may or may not have played i n causing such e f f e c t s . On the b a s i s 
o f our c u r r e n t understanding of the mechanisms of chemical 
c a r c i n o g e n i c i t y , metabolism of a t l e a s t some c a r c i n o g e n i c 
p e s t i c i d e s to r e a c t i v e e l e c t r o p h i l e s i n v i v o may occur as an 
a c t i v a t i o n s t e p . A l t e r n a t i v e l y , i t may be t h a t most c a r c i n o g e n i c 
p e s t i c i d e s are e p i g e n e t i c c a r c i n o g e n s r a t h e r than genotoxic 
c a r c i n o g e n s , i . e . , they are cancer promoters r a t h e r than 
a l k y l a t i n g agents. I t i s g e n e r a l l y accepted t h a t some chemicals 
may induce tumor formation without d i r e c t l y i n i t i a t i n g n e o p l a s t i c 
changes i n any c e l l . Thus, chemicals t h a t depress immune 
responses or a l t e r the hormonal balance i n a p a r t i c u l a r t i s s u e 
might p r o v i d e the a p p r o p r i a t e c o n d i t i o n s f o r the p r e f e r e n t i a l 
growth of p r e e x i s t i n g tumor c e l l s ( 3 2 . ) · F u r t h e r , chemicals t h a t 
induce or i n h i b i t the a c t i o n of drug m e t a b o l i z i n g enzymes may 
promote cancer by enhancing the a c t i v a t i o n or i n h i b i t i n g the 
d e t o x i f i c a t i o n of other chemical c a r c i n o g e n s . I t i s t h e r e f o r e 
p o s s i b l e t h a t metabolism to r e a c t i v e e l e c t r o p h i l e s may not be 
i n v o l v e d at a l l i n the e x p r e s s i o n of c a r c i n o g e n i c a c t i o n of many 
or most c a r c i n o g e n i c p e s t i c i d e s . One or more of such promotion 
mechanisms might e x p l a i n the c a r c i n o g e n i c i t y of the i n s e c t i c i d e 
mirex, which i s r e p o r t e d to be a hepa to c a r c i n o g e n i n mice ( 3 4 ) , 

even though t h e r e i s strong evidence t h a t l a b o r a t o r y rodents are 
unable to m e t a b o l i z e t h i s i n s e c t i c i d e ( 3 5 , 3 6 ) . 

P e s t i c i d e M e t a b o l i t e s and the R e g u l a t o r y Process 

A l l p e s t i c i d e s can be c o n s i d e r e d to p r e s e n t a t l e a s t a 
p o t e n t i a l t o x i c o l o g i c a l hazard to man, and c e r t a i n l y the primary 
g o a l i n the r e g u l a t i o n of these chemicals i s to minimize such 
r i s k s as much as p o s s i b l e . Because r i s k to man i s c l e a r l y a 
f u n c t i o n of exposure, r i s k s are g e n e r a l l y minimized by the 
r e g u l a t i o n of exposure. T h i s i s done through the s e t t i n g of 
t o l e r a n c e s . T o l e r a n c e s r e p r e s e n t maximum l i m i t s (expressed 
u s u a l l y i n p a r t s per m i l l i o n ) of a p e s t i c i d e , i t s m e t a b o l i t e s , or 
b o t h , t h a t may l e g a l l y appear i n human f o o d s t u f f s , animal f e e d s , 
e t c . , as a r e s u l t of p e s t i c i d e use. The d e t e r m i n a t i o n of 
whether a t o l e r a n c e w i l l be granted and at what l e v e l i t w i l l be 
s e t can be a complicated p r o c e s s , but s e v e r a l f a c t o r s are u s u a l l y 
i n v o l v e d . These i n c l u d e the i n h e r e n t t o x i c i t y of the p e s t i c i d e 
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and/or i t s m e t a b o l i t e s , the nature of t h e i r t o x i c a c t i o n , the 
proposed use of the contaminated commodity (e.g., as animal feed 
or human f o o d ) , the l i k e l y e x t e n t of human exposure from a l l 
s o u r c e s , the need f o r the proposed p e s t i c i d e a p p l i c a t i o n , the 
s e n s i t i v i t y o f the a v a i l a b l e a n a l y t i c a l methods, and other 
c o n s i d e r a t i o n s . In a l l cases, t o l e r a n c e s are s e t a t s u f f i c i e n t l y 
low l e v e l s t o , presumably, assure the absence of s i g n i f i c a n t r i s k 
t o man. 

Depending upon t h e i r t o x i c o l o g i c a l s i g n i f i c a n c e , p e s t i c i d e 
m e t a b o l i t e s may or may not be i n c l u d e d as components of a 
p e s t i c i d e t o l e r a n c e . Some m e t a b o l i t e s may be judged to be of 
s u f f i c i e n t l y low t o x i c o l o g i c a l importance t h a t t h e i r i n c l u s i o n 
w i t h i n t o l e r a n c e l i m i t s i s deemed unnecessary. Others may r e t a i n 
s i g n i f i c a n t t o x i c o l o g i c a l p r o p e r t i e s and t h e r e f o r e w i l l most 
l i k e l y be i n c l u d e d under t o l e r a n c e . Examples of both types of 
m e t a b o l i t e s can be seen i n the organophosphate i n s e c t i c i d e 
s u l p r o f o s , which i s metabolized i n both p l a n t and animal systems 
by P=S to P=0 c o n v e r s i o n , s u l f u r o x i d a t i o n , and e s t e r h y d r o l y s i s 
(37, 38, F i g u r e 15). The s u l f o x i d e and s u l f o n e analogs of the 
i n t a c t phosphate e s t e r s r e t a i n a n t i c h o l i n e s t e r a s e a c t i v i t y and are 
c o n s i d e r e d from the r e g u l a t o r y s t a n d p o i n t to be t o x i c o l o g i c a l l y 
e q u i v a l e n t to s u l p r o f o s . The phenols, on the other hand, are of 
minimal t o x i c o l o g i c a l importance and are not i n c l u d e d under the 
s u l p r o f o s t o l e r a n c e f o r any commodity. 

I t i s q u i t e p o s s i b l e t h a t the t o x i c o l o g i c a l c h a r a c t e r i s t i c s 
o f i n d i v i d u a l p e s t i c i d e m e t a b o l i t e s , p a r t i c u l a r l y demonstrated 
mutagenic or c a r c i n o g e n i c b e h a v i o r , c o u l d form the b a s i s f o r 
denying r e g i s t r a t i o n f o r p e s t i c i d e use or f o r r e v o c a t i o n of 
e x i s t i n g r e g i s t r a t i o n s . To our knowledge, however, no such 
a c t i o n s have yet been taken by a r e g u l a t o r y agency on the b a s i s of 
demonstrated t o x i c i t y of a p e s t i c i d e m e t a b o l i t e , u n l e s s the same 
t o x i c o l o g i c a l e f f e c t i s seen with the parent compound. 

E x t r a p o l a t i o n t o Man: The Problem of S p e c i e s V a r i a t i o n s 

The p r i m a r y purpose of e v a l u a t i n g the m e t a b o l i c and 
t o x i c o l o g i c a l behavior of p e s t i c i d e s i s to assess the r i s k to man 
t h a t may r e s u l t from t h e i r use and subsequently to take 
a p p r o p r i a t e r e g u l a t o r y steps to minimize such r i s k s . Obvious 
e t h i c a l and other c o n s i d e r a t i o n s p revent d i r e c t s t u d i e s of 
p e s t i c i d e s i n humans except i n most unusual circumstances, thus 
e x t r a p o l a t i o n s to man must u s u a l l y be made on the b a s i s of data 
o b t a i n e d with monogastric l a b o r a t o r y mammals. U n f o r t u n a t e l y , 
l a b o r a t o r y r e s e a r c h animals are g e n e r a l l y chosen more f o r 
convenience than f o r r a t i o n a l , s c i e n t i f i c reasons. The h a n d l i n g 
and housing requirements, i n c i d e n c e of d i s e a s e , supply and, 
perhaps most important, c o s t , are among the f a c t o r s c o n s i d e r e d i n 
c h o o s i n g a s p e c i e s f o r r e s e a r c h (39.)· F o r p e s t i c i d e metabolism 
s t u d i e s , the r a t and/or mouse i s u s u a l l y the s p e c i e s of c h o i c e . 
We q u i t e w i l l i n g l y assume, perhaps because no obvious a l t e r n a t i v e s 
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Figure 14. Metabolic activation of a dialkylnitrosamine leading to the generation 
of reactive electrophiles and ultimately to the alkylation of DNA 
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Figure 15. Structures of the insecticide sulprofos and its major plant and animal 
metabolites 
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e x i s t , t h a t r e s u l t s from metabolism s t u d i e s with these animals are 
i n f a c t p r e d i c t i v e of what w i l l happen i n man, or at l e a s t t h a t 
any d i f f e r e n c e s w i l l not be t o x i c o l o g i c a l l y " s i g n i f i c a n t . " Y et 
th e r e are c l e a r i n d i c a t i o n s t h a t , i n metabolism as w e l l as other 
t o x i c o l o g i c a l phenomena, c o n s i d e r a b l e s p e c i e s d i f f e r e n c e s do 
indeed e x i s t (2J_, 40_). L a b o r a t o r y r o d e n t s , i n f a c t , appear to be 
poor metabolic p r e d i c t o r s f o r man! In a comparison of the 
me t a b o l i c pathways f o r 21 drugs and other compounds i n the r a t and 
man (4Y), the r a t pr o v i d e d a "good" metabolic model f o r man with 
o n l y 4 compounds and was a "poor" or " i n v a l i d " model (metabolic 
pathways q u i t e d i f f e r e n t ) w i t h 15 o f the compounds s t u d i e d (Table 
I I ) . However, the rhesus monkey o r marmoset p r o v i d e d "good" 
m e t a b o l i c models f o r man with 16 of the 21 compounds. I t i s 
reaso n a b l e to assume t h a t s i m i l a r r e s u l t s would be seen with 
v a r i o u s p e s t i c i d e s , and thus many of the metabolism s t u d i e s 
c u r r e n t l y used as a b a s i s f o r e x t r a p o l a t i n g t o x i c o l o g i c a l r e s u l t s 
w i t h p e s t i c i d e s t o man may be of l i m i t e d p r e d i c t i v e value · 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 t h i s a r e , of co u r s e , 
unknown· 

Table I I . 
Comparison of L a b o r a t o r y Rodents and Sub-human 

Primates as Metabolic Models f o r Man 
METABOLIC SIMILARITY TO M A N 

COMPOUND RAT MONKEY 

Amphetamine 

Chlorphentermine 

4-Hydroxy-3,5-diiodobenzoic acid 

Indolylacetic acid 

Norephedrine* 

Phenmetrazine* 

Phenylacetic acid 

Sulphamethomidine 

1 - Naphthylacetic acid 

Sulphadimethoxine 

Sulphadimethoxypyridine 

Halofenate 

Methotrexate 

Sulphasomidine 

Hydratropic acid 

Diphenylacetic acid 

Indomethacin 

Morphine 

Oxisuran 

2 - Aceta m idof luorene 

Phencyclidine 

Invalid Good 

Poor 

Fair 

Τ 
Good 

J_ 

Poor 

Fair 

Good 
J_ 

Poor 

Good 

1 
Good 

τ 
Good 

j _ 

Fair 

Fair 

Fair 
_L 

Poor 

From Smith and Caldwell (Ref 41 ). Marmoset, all others rhesus monkey 
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Pesticide Metabolism: Prospects and Problems 

Pesticide metabolism studies are, without question, very 
important components in the evaluation of the toxicological 
significance of pesticides to man. The rate, extent, mechanisms, 
and products of metabolism are inevitably linked to the expression 
of toxic action, and a clear d e f i n i t i o n of pesticide biotransfor
mation i s often a necessary prerequisite to understanding 
mechanisms of t o x i c i t y and to the formulation of approaches for 
assessment and management of potentially undesired toxic effects. 

What does the future hold? Can pesticide metabolism studies 
and the data they generate be more e f f e c t i v e l y used in the safety 
evaluation process? Can these studies be made more predictive and 
thus more toxicologic a l l y relevant to man? It i s , of course, 
d i f f i c u l t i f not impossible to foresee the future accurately. We 
w i l l , however, make a few observations on these and other 
matters · 

Only a few years ago, a pesticide metabolism study was 
considered successful i f only the major metabolites were 
characterized, and this was often done solely by chromatographic 
means -- without spectral confirmation of structure. Today i t i s 
not uncommon to see reports in which most i f not a l l of the 
detected metabolites of a pesticide in a given system are f u l l y 
and unequivocally characterized by spectral means. Several 
factors have contributed to such advancements, including the fact 
that many of us now have available in our research laboratories a 
f u l l complement of up-to-date, often state-of-the-art a n a l y t i c a l , 
chromatographic, and spectrometric instrumentation. Advances in 
our c a p a b i l i t i e s to characterize organic compounds, p a r t i c u l a r l y 
advances in microspectrometric techniques such as GLC-mass 
spectroscopy, FT-NMR, and FT-IR make possible the i d e n t i f i c a t i o n 
of many metabolites at the microgram l e v e l . The v e r s a t i l i t y , 
a c c e s s i b i l i t y , and overall importance of radiotracer techniques to 
the metabolism s c i e n t i s t have never been greater. Stable isotopes 
(e.g., ^H, ^C, ^N) are beginning to find more use in 
pesticide metabolism studies, and with mass spectroscopy or NMR, 
stable isotopes can be very useful tools for both metabolite 
characterization and mechanistic studies (42_) · In the metabolism 
study of the future, there w i l l continue to be, and r i g h t l y so, 
great emphasis placed on d e f i n i t i v e characterization of a l l 
metabolites possible. Hopefully, we w i l l see in the future 
continuing advances in our c a p a b i l i t i e s to more f u l l y characterize 
pesticide conjugates and "bound" residues, because these products 
often comprise the bulk of the total residue and their 
toxicological significance, p a r t i c u l a r l y chronic effects, i s far 
from clear· 

Species variations that may seriously affect the v a l i d i t y of 
laboratory animal metabolism studies as predictive models for man 
are a problem without apparent solution. For proper evaluation of 
the toxicological significance of pesticides to man, metabolism 
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16. IVIE AND BANDAL Metabolic Aspects of Pesticide Toxicology 281 

s t u d i e s i n humans are c l e a r l y needed, y e t j u s t as c l e a r l y are 
t o t a l l y i n a p p r o p r i a t e . I t seems, however, t h a t subhuman primates 
s h o u l d be f a r more e f f e c t i v e l y used than a t p r e s e n t as more 
a c c e p t a b l e and accurate human models of p e s t i c i d e metabolism. 
Because of the e v o l u t i o n a r y p o s i t i o n of these animals with r e s p e c t 
t o man, and because they r e p r e s e n t a v e r y l i m i t e d r e s o u r c e , 
subhuman primates are a s c i e n t i f i c t r e a s u r e t h a t m e r i t s r e s p e c t 
and the wisest use. For these reasons, 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 
i n v e s t i g a t i o n s of p e s t i c i d e s u s i n g primates may be t o t a l l y 
i n a p p r o p r i a t e i n most or even a l l ci r c u m s t a n c e s . However, such 
r e s t r i c t i o n s should not a p p l y to i n v i v o p e s t i c i d e metabolism 
s t u d i e s w ith primates because these s t u d i e s need not be 
d e s t r u c t i v e of l i f e . With the j u d i c i o u s use of r a d i o i s o t o p e s and 
proper dosage l e v e l s , s i n g l e or small groups of primates c o u l d 
p r o v i d e i n v a l u a b l e metabolic data over a p e r i o d of many years f o r 
a l a r g e number of p e s t i c i d a l c h e m i c a l s . Such an approach would 
r e q u i r e adjustments i n r e g u l a t o r y p h i l o s o p h y and c o u l d p o s s i b l y 
p r e s e n t some problems, such as low l e v e l i n d u c t i o n of p e s t i c i d e 
m e t a b o l i z i n g enzyme systems. However, i t seems to us t h a t the 
p o t e n t i a l disadvantages a r e , r e a l i s t i c a l l y , q u i t e minor i n 
c o n t r a s t to the a d v a n t a g e s — t h e l i k e l y y i e l d of data of much 
b e t t e r p r e d i c t i v e value to man. 

The d i s c i p l i n e of p e s t i c i d e metabolism chemistry, as w e l l as 
other d i s c i p l i n e s i n v o l v e d i n the t o x i c o l o g i c a l e v a l u a t i o n of 
p e s t i c i d e s , w i l l no doubt be r e q u i r e d to become even more 
r e s p o n s i v e t o p e s t i c i d e r e g u l a t o r y a g e n c i e s i n the f u t u r e . 
H i s t o r i c a l l y , r e g u l a t o r y requirements have become more and more 
s p e c i f i c as time has p r o g r e s s e d , and there i s l i t t l e reason to 
b e l i e v e t h a t such a p a t t e r n w i l l not continue i n the f u t u r e . Few 
would q u e s t i o n the wisdom or p r o p r i e t y of r e g u l a t o r y agencies i n 
r e q u i r i n g d e t a i l e d metabolism s t u d i e s t o support p e s t i c i d e 
r e g i s t r a t i o n s . However, th e r e i s concern on the p a r t of some 
metabolism s c i e n t i s t s t h a t f u r t h e r moves toward s p e c i f i c 
methodology requirements i n metabolism s t u d i e s may w e l l be 
c o u n t e r p r o d u c t i v e i n t h a t i m a g i n a t i v e and i n n o v a t i v e r e s e a r c h i n 
t h i s f i e l d may be d i s c o u r a g e d . 
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17 
New Strategies in Biochemical Studies for 
Pesticide Toxicity 

ALAN S. WRIGHT 
Shell Research Ltd., Shell Toxicology Laboratory (Tunstall), Sittingbourne 
Research Centre, Sittingbourne, Kent, ME 9 8AG, U.K. 

There are two main branches of experimental toxicology:-
1. Environmental toxicology in which the objective is to pro
vide information needed to prevent or minimise adverse effects 
of chemicals on the capacity of the environment to sustain its 
life-forms. 
2. Mammalian toxicology in which the main objective is to pro
vide information needed to safeguard the health of present and 
future human populations. 

Both branches of toxicology are concerned with the study 
of the fate of chemicals and the assessment of the toxicity 
of chemicals. Nevertheless, a clear distinction exists between 
these subjects and this difference arises because man is not 
an experimental species. The environmental toxicologist can 
often study the species at risk or, alternatively, a very 
closely related species. However, in order to identify human 
hazards and evaluate the risks to humans, the mammalian 
toxicologist must resort to the use of biological models. 

A wide variety of biological models are employed in 
mammalian toxicology. They range in complexity from in vitro 
models, e.g. microbial mutation, to in vivo models, e.g. 
carcinogenicity in experimental mammals. However, it is clear 
that the biological models employed to detect human hazards 
and estimate human risks must be appropriate for these 
purposes. The response of the model should be relevant to the 
human situation and the quantitative data generated in the 
model should be suitable for estimating the human risk with 
at least a reasonable degree of precision. 

The Aims of Biochemical Studies i n Toxicology 

Quantitative and apparent qualitative species differences 
in s u s c e p t i b i l i t y to chemical toxicants, including chemical 
carcinogens, are common even among mammals. The occurrence 
of such species differences cautions against the direct 
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extrapolation of experimental t o x i c i t y data to humans. It 
also emphasises the tenet that an understanding of the 
mechanisms of action of chemical toxicants i s a basic 
requirement, not only in the rational development of new 
tests for the detection of toxic effects, but also i n devising 
approaches to meet additional important objectives such as 
the evaluation of the toxicological significance of results 
obtained using experimental species/systems. The selection 
of suitable experimental species for the detection of human 
hazards and assessment of human risks i s also aided by this 
knowledge· 

In the main, biochemical research i n mammalian toxicology 
i s focussed on these objectives in an attempt to provide the 
sound theoretical basis needed to replace the empiricism that 
characterises much of current toxicology. It i s , therefore, 
not surprising that, in formulating appropriate research 
strategies, heavy emphasis i s placed on the acquisition and 
application of mechanistic knowledge and p a r t i c u l a r l y on 
considerations of the c r i t i c a l events in intoxicating processes 
and host-dependent (endogenous) factors that influence or 
determine these e f f e c t s . 

These guiding principles are common to both the older 
and newer strategies employed in biochemical approaches in 
toxicology. However, while there has, perhaps, been l i t t l e or 
no fundamental change in philosophy there i s no doubt that 
recent advances i n the understanding of l i f e processes and 
the natures of chemical toxicants coupled with the development 
of techniques to exploit this knowledge have resulted in a 
dramatic increase in the power and scope of biochemical or 
molecular approaches. The evolving role of metabolism studies 
in toxicology i s i l l u s t r a t i v e of these changes, pa r t i c u l a r l y 
changes in emphasis or focus that are dependent upon increases 
in basic knowledge. 

Studies of the metabolism of xenobiotics were the f i r s t 
biochemically-orientated approaches to find wide application 
in toxicology. The metabolic biotransformations undergone by 
foreign compounds were i n i t i a l l y viewed as detoxification 
reactions and as such, were generally regarded as important 
determinants of the quantitative aspects of toxic e f f e c t s . 
Early metabolism studies were, therefore, primarily concerned 
with the determination of the persistence of chemicals i n vivo 
and with establishing the natures and rates of formation of 
the end products of metabolism in experimental species and, 
where possible, i n humans. In evaluating the significance of 
differences between the results obtained in humans and 
experimental species, there was a d i s t i n c t tendency to attach 
greater importance to the persistence and overall kinetics of 
metabolism of a chemical than to differences in biotrans
formation pathways. However, the study of the mechanisms of 
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metabolic biotransformation reactions gradually came to the 
fore and, due largely to the insight of J . Α· M i l l e r , J . R. 
G i l l e t t e and others (see Commentary by G i l l e t t e , (1, _2)), i t 
i s now generally recognised that the operation of such 
biotransformation pathways can often lead to the generation 
of toxicologically active species from inactive or less active 
precursor compounds· 

This knowledge had been widely exploited i n toxicology, 
e.g. i n the development of rapid tests for chemical carcinogens, 
and has led to the important generalisation that e l e c t r o p h i l i c 
r e a c t i v i t y i s responsible for the adverse b i o l o g i c a l effects 
manifested by many genotoxic (and cytotoxic) agents (3_) . 
Furthermore, these developing insights into the natures of 
major classes of chemical toxicants has focussed attention on 
nucleophilic centres in biomacroraolecules as potential c r i t i c a l 
targets. One consequence of these advances i s that the emphasis 
in metabolism studies i s switching, to an increasing extent, 
from the study of excretory products to the detection and 
assay of covalent products formed i n vivo by reactions of 
i n t r i n s i c a l l y reactive parent compounds, chemically-reactive 
metabolites or metabolic intermediates with biomacromolecules 
as a means of detecting and evaluating toxic 
effects (1, 2_, 4̂, _5, 6). Such developments not only i l l u s 
trate the evolving role of metabolism studies i n toxicology 
but also point to the major contribution of the study of the 
mechanisms of metabolic biotransformation reactions to the 
understanding of the nature of intoxication processes; this 
i s the key to future biochemical strategies i n r i s k assessment. 

The Nature of Intoxication Processes 

It seems to be axiomatic that the adverse b i o l o g i c a l 
effects of a toxic chemical must ultimately be dependent upon 
an i n i t i a l interaction between the chemical and one or more 
c r i t i c a l targets. Such primary, c r i t i c a l interactions which 
may be chemical or physical in nature may be conveniently 
described as key intoxicating reactions because they trigger 
the sequence of events leading to the development of the 
overt b i o l o g i c a l effect (Figure 1). 

The intoxicating process may consist of one or more 
steps. For example, reaction with a chemical may di r e c t l y 
inactivate a v i t a l enzyme. Provided the threshold at which 
the enzyme i s depleted below i t s optimal operational 
concentration i s exceeded, such reaction w i l l lead d i r e c t l y 
to the appearance of overt toxic symptoms. In other instances, 
an additional step or steps may be required. For example, the 
induction of a mutation by direct chemical interaction with a 
DNA base, represented by an asterisk i n Figure 2a, requires a 
subsequent miscoding error either during the repair of the 
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Toxic Chemical 

(Key interaction) 

V 
Modified i n . . Overt 

Critical critical . J ^ i ^ biological 
target target response 

(key lesion) or effect 

Figure 1. Stages in the development of toxic effects 
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Figure 2. Schematic of the induction of a mutation by direct reaction of an elec-
trophile with a DNA base (see text for details) 
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key lesion or during the replication of the chemically-modified 
DNA (Figure 2b). In such instances, the key lesion and the 
ultimate lesion are fundamentally d i s t i n c t . 

Chemical carcinogenesis, although less well-understood 
than mutagenesis, provides an example of a multi-step process 
i n which i t i s unlikely that the key lesion(s) and the ultimate 
lesion(s) are entirely synonymous. Thus, while many toxic 
phenomena may be regarded as single-step processes, i . e . the 
toxic effect may be dire c t l y ascribed to the key intoxicating 
reactions, other toxic processes such as chemical mutagenesis, 
chemical carcinogenesis and teratogenesis involve at least 
two c r i t i c a l l y - and temporally-linked stages:-
1. The generation of key (primary, c r i t i c a l ) lesions. 
2. Progression - the progressive modification of the key lesion 
by interaction with other c e l l u l a r components or exogenous 
factors to form the ultimate lesion or overt b i o l o g i c a l e f f e c t . 

Each of these stages may comprise a number of discrete steps 
and both are strongly influenced and often determined by host-
dependent factors which may vary according to tissue, 
individual, st r a i n and species. 

Determinants of Toxicity 

1. Nature of Key Interactions. The nature of the 
i n i t i a l interaction between a toxic chemical and i t s c r i t i c a l 
c e l l u l a r target i s undoubtedly a key determinant of the 
ensuing b i o l o g i c a l effect and i s entirely dependent upon the 
physico-chemical properties of the interacting components 
under the conditions prevailing in the micro-environment of 
the target. 

It i s well-established that mammalian enzymes catalysing 
the metabolism of toxic chemicals are among the most important 
endogenous factors that influence the concentration of a toxic 
chemical at i t s target and, consequently, the rate and 
magnitude of the key interaction. In the case of the majority 
of precursor agents, i t i s clear that the operation of these 
enzymes also determines the chemical structures of the ultimate 
toxic agents and thus the nature of the key lesions. Such 
enzymes must therefore be regarded as key determinants not 
only of the magnitude but also the nature of the adverse 
bi o l o g i c a l effects of such precursor toxicants (Figure 3). 

There are, therefore, three broad classes of toxic 
agents:-
1. I n t r i n s i c a l l y effective or reactive agents (ultimate 
toxicants). 
2. Precursor agents that are converted into ultimate toxicants 
by spontaneous chemical reaction within the target organism. 
3. Precursor agents that are converted into ultimate toxicants 
by enzyme-mediated reaction within the target organism. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
01

7

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



290 T H E P E S T I C I D E C H E M I S T A N D M O D E R N TOXICOLOGY 

Certain i n t r i n s i c a l l y effective agents may, of course, be 
converted into additional i n t r i n s i c a l l y toxic substances 
within the target organism. 

As discussed above, attention i s increasingly being 
focussed upon e l e c t r o p h i l i c r e a c t i v i t y as the fundamental 
cause of the tox i c i t y of many cytotoxic and genotoxic xenobiotic 
compounds. In many instances, the e l e c t r o p h i l i c centres 
responsible for this r e a c t i v i t y are generated during the 
metabolic biotransformations of the foreign compounds, e.g. 
the formation of epoxide groups during the oxidative metabolism 
of alkene or aromatic hydrocarbons. 

Provided that energetic and stereochemical requirements 
are s a t i s f i e d , such e l e c t r o p h i l i c centres w i l l undergo 
nucleophilic substitution reactions with nucleophilic centres 
in informational or important structural or functional 
macromolecules such as DNA, RNA and proteins according to the 
general mechanisms shown in Figure 4. (No attempt has been 
made to balance ionic charges because there are several 
p o s s i b i l i t i e s ) . It i s envisaged that such nucleophilic 
substitution reactions constitute the primary chemical lesions 
resulting ultimately i n cytotoxic or genotoxic e f f e c t s . 

For example, DNA i s established as the ultimate target 
for chemical mutagens. While indirect mechanisms cannot be 
discounted i t i s generally held that the heritable changes i n 
DNA stucture induced by treatment with e l e c t r o p h i l i c mutagens, 
such as the powerful alkylating agents, are a consequence of 
primary interactions between e l e c t r o p h i l i c centres in the 
mutagens and nucleophilic centres in DNA. These primary 
structural modifications in DNA structure are realised as 
mutations by miscoding during DNA re p l i c a t i o n or DNA repair or 
by f a i l u r e to repair these lesions. It i s , however, important to 
to point out that there i s substantive evidence that not a l l 
of the primary structural modifications introduced into DNA 
by reaction with electrophiles, even mutagenic electrophiles, 
are pro-mutagenic (7_, 8) · 

2. Magnitude of Key Interactions. The amount of key 
lesions formed i n a given time i s a function of the exposure of 
the target (target dose). According to the concept developed by 
Ehrenberg (4) for genotoxic agents, target dose i s defined as 
the concentration-time integral of exposure of DNA to the 
ultimate genotoxic reactant. Thus, the rate of formation of 
the key lesions i s a function of the physico-chemical properties 
of the reactants and the concentration of the ultimate toxic 
form of the chemical in the micro-environment of the target. 
The amount of key lesions present at any time i s a function of 
their rate of formation, the rate of repair of these lesions or 
the rate of turnover of the target and the duration of the 
exposure of the target (Figure 3). 
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Determinants of Toxicity 

A. Nature of key interactions 

1. Physico-chemical properties of the ultimate 
toxicant(s) in the microenvironment of the 
target. 

2. Physico-chemical properties of the target. 

3. The nature(s) of the enzyme(s) catalysing the 
biotransformation of precursor toxicants into 
ultimate toxicants. 

4. "Spontaneous" (non-enzyme-mediated) con
version of precursor toxicants into ultimate 
toxicants. 

B. Magnitude of key interactions 

1. Physio-chemical properties of the ultimate 
toxicant(s) in the microenvironment of the 
target. 

2. Physio-chemical properties of the target. 

3. Target dose, defined as the concentration of 
the ultimate toxicant at the target locus and the 
duration of such exposure (determined by 
route of exposure, dose level, exposure time 
and also by the topology, efficiencies and 
capacities of activating and deactivating en
zymes, membrane permeability, and solution 
in or adsorption on intracellular and extra
cellular components). 

4. Rate of repair of key lesions or turnover-
rate of target. 

Figure 3. Determinants of the nature and magnitude (or amount) of key lesions 

δ + 

(a) 

R - X — > R + + X 

R + Figure 4. General mechanisms of reac
tions of electrophiles with nucleophilic 
centers in biomacromolecules: (a) bimo-
lecular (SN

2); (b) unimolecular (SN*). (b) 
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Target dose, which i s , of course, the relevant dose i s 
determined not only by the rate, route and duration of exposure 
of the organism but also by host-dependent factors such as 
the e f f i c i e n c i e s and capacities of intoxifying and detoxifying 
enzyme systems, membrane permeability and adsorption on or 
solution i n non-target, c e l l u l a r and extracellular components. 
Thus, the magnitude and, i n the case of precursor toxicants, 
the nature of the key lesions are determined by the integrated 
operation of numerous factors and processes many of which are 
host-dependent. Among these endogenous determinants of primary 
toxic interactions, the intoxifying and detoxifying enzymes 
have, possibly, the greatest significance although species-
differences i n the natures of the bio l o g i c a l targets should 
not be overlooked. In the case of i n t r i n s i c a l l y e f f e c t i v e 
toxicants, the e f f i c i e n c i e s and capacities of the detoxifying 
enzymes are of paramount importance. In the case of precursor 
agents, i t i s the balance between the intoxifying and 
detoxifying enzymes that i s important. 

The estimation of the individual contributions of each 
of these endogenous factors i n determining the nature and 
amount of key lesions i s indeed a complex task. However, 
provided that the c r i t i c a l target has been i d e n t i f i e d , the 
net effect of a l l of these host-dependent factors can be 
measured by determining the nature and measuring the amount 
of the key interactions between the chemical and i t s b i o l o g i c a l 
target· 

The target dose (molecular dosimetry) concept which 
provides the basis of this new strategy for assessing the 
relationships between applied dose and the dose of ultimate 
toxicants arriving at c e l l u l a r targets, may be viewed as a 
refinement of previously-developed and widely-used procedures 
for assessing the relationships between applied dose and 
endogenous concentrations of toxicants. These l a t t e r methods 
were based on measurements of the concentrations of the parent 
compound and/or i t s metabolites i n the tissues and blood and 
also on the kinetics of metabolic biotransformation reactions 
in vivo and i n v i t r o . Viewed from a s l i g h t l y different 
perspective, the target dose concept may also be considered 
to be a development and formalisation of similar approaches, 
e.g. the determination of effects on the a c t i v i t i e s of tissue 
enzymes, i n which the magnitude of a s p e c i f i c effect i s a 
direct function of the concentration of a toxicant at i t s 
site of action. Irrespective of i t s origins, the target dose 
concept nevertheless possesses considerable potential as the 
basis of a new strategy for risk assessment. 

Target Dose and Risk Assessment 

Any estimation of the risks posed to humans by exposure 
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to a toxic chemical must be based on considerations of the 
quantitative relationships between exposure and the adverse 
b i o l o g i c a l e f f e c t . In most instance, such r i s k assessment must 
necessarily be based on dose-response data generated i n an 
experimental species coupled with an estimate of human exposure 
(Figure 5). Such an approach i s highly empirical unless due 
account i s taken of potential species differences i n the 
correlation between exposure and response. In order to improve 
the quality of ri s k assessment, i t i s necessary to take 
account of differences between the experimental species and 
humans with respect to factors that influence or determine the 
nature and the magnitude of the key lesions and also with 
respect to factors that determine the progression of the key 
lesions into the overt b i o l o g i c a l response. 

As discussed above, the nature and magnitude of the 
target dose i s a prime determinant of the nature and amount 
of the key lesions. In certain instances, target dose can be 
accurately assessed i n experimental species. For example, DNA 
is the ultimate target of a l l chemical mutagens and i s also 
the key (primary, c r i t i c a l ) target for most chemical mutagens. 
The target dose for such chemicals i s DNA-dose and this can 
be estimated by determining the nature of the adducts formed 
by reaction of the ultimate mutagen with DNA and by measuring 
the amounts of these adducts present i n the tissues after a 
given exposure time. Additional requirements for the calculation 
of target dose are: the reaction rate constant(s), the 
bio l o g i c a l h a l f - l i v e s of the adducts, which may vary according 
to dose, and the duration of the exposure. 

Of course, the purpose of determining DNA-dose, i . e . the 
time integral of the concentration of the electrophile at DNA 
(adapted from Ehrenberg, Hiesche, Osterman-Golkar and Wennberg 
(4)), i s to permit calculations of the rates and amounts of 
sp e c i f i c chemical reactions between the ultimate genotoxic agent 
and DNA. If the amounts of sp e c i f i c adducts can be measured by a 
direct procedure then, because they take account of both the 
rate of formation and rate of repair of the key lesions, such 
measurements are arguably more meaningful and useful than the 
measurement of target dose. 

Provided that the physico-chemical aspects of the 
interactions between the ultimate genotoxic agent and DNA 
have been established, then the quantitative relationships 
between overall exposure, target dose and bi o l o g i c a l response, 
such as mutation frequency or tumour incidence, can be 
determined i n an experimental species. If i t can also be shown 
that the ultimate genotoxic reactant(s) are id e n t i c a l i n the 
experimental model and i n humans, then the estimation of human 
target dose would allow the exposure values i n the extrapolative 
model for r i s k assessment (Figure 5) to be substituted by 
estimates of target dose (Figure 6). 
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Biological 
response 

(measured in the 

J (determined in an 
Estimated experimental species) 

human exposure 

Figure 5. Current extrapolative model for risk assessment 
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Biological 
response 

(measured in the 

I (determined in an 
Estimated experimental species) 

human target 
dose 

Figure 6. Extrapolative model for risk assessment based on the concept of target 
dose 
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From a theoretical standpoint, this modification represents 
a major advance i n methods for risk assessment. The substitution 
of exposure values by target dose improves the quality of 
risk assessment by taking into account a l l differences between 
humans and the experimental species with respect to factors 
that influence the concentration of the toxicant at i t s 
c r i t i c a l target. 

The Estimation of Target Dose 

1. Qualitative Aspects. The estimation of target dose, 
par t i c u l a r l y human target dose, poses major theoretical and 
p r a c t i c a l problems. For example, i t i s essential that the 
ultimate genotoxic reactants(s) are iden t i c a l in the experimental 
species and in the human. This correlation between species, 
i s , of course, a prerequisite for the selection of any model 
used to evaluate toxicological r i s k s . However, the identity 
of the ultimate toxicant i s often assumed rather than 
experimentally established. The i m p l i c i t dangers of such 
assumptions are i l l u s t r a t e d by the behaviour of polycyclic 
aromatic hydrocarbons i n the Ames test. Thus, there i s evidence 
that the incubation of the precursor carcinogens, 7-methyl-
benz(a)anthracene, 7,12-dimethylbenz(a)anthracene and 
benzo(a)pyrene with Salmonella or isolated preparations of DNA 
in the presence of the post-mitochondrial supernatant (S9) 
fraction from the l i v e r s of rats, variously pre-treated with 
microsomal enzyme inducers, gives rise to DNA adducts that do 
not occur i n the skin of mice after i n vivo exposure to these 
compounds or i n mouse embryo c e l l s treated i n v i t r o (9, 10_, 11) · 
These findings emphasise that the appropriateness of the 
metabolising systems of the model should be experimentally 
established rather than assumed. 

Radiotracer techniques can be applied to determine the 
natures and quantities of s p e c i f i c DNA adducts i n the tissues 
of experimental species. Such direct methods cannot, however, 
be applied i n humans. Differences between DNA adducts formed 
with polycyclic aromatic hydrocarbons after i n vivo metabolism 
or i n v i t r o metabolism catalysed by subcellular fractions 
i l l u s t r a t e the potential limitations to the use of human 
subcellular fractions in predicting the nature of DNA adducts 
formed i n vivo. However, there i s evidence that intact c e l l s , 
e.g. primary c e l l cultures, may e f f e c t i v e l y mimic i n vivo 
metabolism, at least i n qualitative terms, and may therefore 
provide a useful tool for inter-species comparisons of the 
natures of ultimate genotoxic reactants (13^, 12_, 13) . 

2· Quantitative Aspects. Ehrenberg and co-workers have 
proposed that the assay of haemoglobin adducts may provide 
a suitable although indirect method for the determination of 
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the natures of the ultimate genotoxic reactants i n humans and 
also for estimating DNA dose in humans exposed to suspect or 
proven mutagens and carcinogens ( 14_, 15_, 16) · 

As discussed above, the majority of ultimate chemical 
mutagens and chemical carcinogens and also many cytotoxic 
agents possess e l e c t r o p h i l i c r e a c t i v i t y . It i s generally 
believed that reaction between e l e c t r o p h i l i c centres i n such 
toxicants with nucleophilic centres i n informational or 
important structural or functional macromolecules i s the key 
event i n the t o x i c i t y of such compounds· Furthermore the 
determination of covalent adducts with proteins and nucleic 
acids may provide the basis of a valuable approach not only 
for the detection of cytotoxic and genotoxic a c t i v i t i e s but 
also i n discriminating between these a c t i v i t i e s . 

In a homogeneous system, a particular electrophile at 
low concentration would react randomly with nucleophiles at 
rates determined by stereochemical factors and by the 
nucleophilic strength of each nucleophile. The contributions 
of these factors can be measured and i t i s , therefore, possible 
to u t i l i s e measurements of the rate of reaction at a particular 
nucleophilic centre to calculate the rate of reaction with 
another nucleophile. Although an electrophile absorbed by, or 
formed within an animal would tend to react at random with 
c e l l u l a r nucleophiles, many of these nucleophiles are organised 
i n a highly ordered manner within c e l l s , tissues and organs. 
This non-random organisation of c e l l u l a r nucleophiles provides 
a theoretical objection to the use of a nucleophilic centre 
in a molecule such as haemoglobin as a dose monitor for say 
hepatocellular DNA. Such objections may, however, be largely 
i l l u s o r y . Thus, the same i n t r a c e l l u l a r enzymes are l i k e l y to 
be the prime determinants of the concentrations of many ultimate 
toxicants within c e l l s and in the blood. Nevertheless, the 
use of haemoglobin as a dose-monitor for DNA adducts would be 
entirely inappropriate i f a major difference exists between 
the human and the experimental model with respect to factors 
that influence the relationships between haemoglobin dose and 
DNA dose. The investigation of such a species difference i s 
not amenable to direct experimentation and, i n order to 
generate a satisfactory l e v e l of confidence i n the use of 
haemoglobin as a dose monitor for DNA, i t i s necessary 
to demonstrate that the proportional relationships between 
haemoglobin adducts and DNA adducts are approximately constant 
i n experimental species displaying disparate rates of metabolism 
of the test compound. 

In certain instances, the physico-chemical properties of 
endogenously-formed, ultimate toxicants may prevent their 
migration from their c e l l u l a r sites of formation into the 
blood. An alternative to haemoglobin would be required as a 
dose-monitor for such agents. Secretory proteins of potential 
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target tissues, e.g. plasma albumin, may have some u t i l i t y i n 
this respect. Furthermore, while the measurement of haemoglobin 
adducts may provide an estimate of the to t a l mean exposure of 
DNA, i t i s d i f f i c u l t to perceive how this approach per se can 
provide accurate estimates of the DNA dose within s p e c i f i c 
tissues i n either experimental species or humans, pa r t i c u l a r l y 
in the case of compounds requiring metabolic activation. 
Information on the i n v i t r o metabolic c a p a b i l i t i e s of tissue 
fractions or primary c e l l cultures from experimental species 
and humans may assist in this respect although i t i s often 
d i f f i c u l t to mimic i n vivo metabolism i n the i n v i t r o s i t u a t i o n . 

At least one additional cautionary note should be added 
concerning the use of haemoglobin to estimate the dose received 
at c r i t i c a l nucleophilic targets. The Nj and N3 atoms of 
hi s t i d i n e , the amino nitrogen atom of N-terminal valine residues 
and the sulphur atom of t h i o l groups of cysteine residues of 
haemoglobin a l l undergo nucleophilic substitution reactions 
with electrophiles. Reaction at each of these centres has been 
proposed as potentially suitable for the estimation of the 
amount of sp e c i f i c electrophiles entering or formed i n the 
body. Studies with the S_-oxides of symetryn and cyanatryn, 
which incidentally show no propensity to react with DNA, have 
revealed major species differences in their r e a c t i v i t y towards 
haemoglobin (Γ7_, 18) · These species differences correlated with 
the presence of highly reactive t h i o l groups i n certain 
species, e.g. the rat, and their absence i n other species, 
e.g. the human. These results i l l u s t r a t e a need to be aware 
of such species differences which, i f undetected, could 
confound the use of haemoglobin as a dose monitor. 

3. Analytical Problems. Apart from their indirect 
nature, caused by the general i n a c c e s s i b i l i t y of c r i t i c a l 
target molecules i n humans, methods for the quantitation of 
human risks based on the target dose approach also pose major 
ana l y t i c a l problems. Radiotracer techniques cannot be used 
for the assay of blood protein adducts i n humans and currently 
available, alternative procedures, e.g. GC-mass spectrometry, 
lack the s e n s i t i v i t y needed to measure these adducts i n humans 
exposed to very small quantities of unlabelled mutagens or 
carcinogens. Specific and sensitive 'cold 1 techniques are 
needed for this purpose. Such methods would also be of great 
u t i l i t y i n assessing target dose i n experimental studies, 
e.g. carcinogenicity studies. 

These needs provide scope for considerable innovation 
and one procedure that i s receiving considerable attention 
has i t s basis i n immunochemistry. Thus, s p e c i f i c and sensitive 
immunochemical methods are being developed for the detection 
and assay of s p e c i f i c protein and DNA adducts formed by reaction 
with ultimate genotoxic agents· Immunological methods have 
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been published for the assay of benzo(a)pyrene-deoxyguanine 
adducts, formed by reaction of calf thymus DNA with (+) 7 3, 
8oc-dihydroxy-9a,10a-epoxy-7 ,8,9,10-tetrahydrobenzo(a)pyrene (19), 
for the detection of the C-8 guanine adduct of the carcinogen 
2-acetylaminofluorene (20, 21) and for the assay of 0^-ethyl-
deoxyguanosine i n DNA treated with the carcinogen N-ethyl-N-
nitrosourea i n vivo and i n v i t r o (22) (Figure 7). The further 
development of immunochemical procedures for the detection 
and assay of sp e c i f i c protein and nucleic acid adducts neces
sitates joint endeavour by chemists and immunologists. 

Limitations i n the Target Dose Approach 

Leaving aside the technical problems associated with the 
determination of target dose i n humans, the incorporation of 
the target dose concept into the extrapolative model for 
human ri s k assessment (Figure 6) represents a major advance 
over e a r l i e r methods i l l u s t r a t e d i n Figure 5. However, the 
improved model retains one of the flaws of the o r i g i n a l model: 
the r i s k estimate s t i l l r e l i e s upon an experimentally-determined 
correlation between target dose and biol o g i c a l e f f e c t . Thus, 
although the target dose approach i s designed to take account 
of differences between the biol o g i c a l model and the human i n 
factors that determine the rate of formation of the key 
lesions, the ris k model takes no account of differences 
between the test species (system) and humans i n factors that 
determine the progression of the key lesions into overt 
b i o l o g i c a l e f f e c t s . This i s , of course, a major defect which 
i s p a r t i c u l a r l y apparent i n the case of genotoxic agents 
where there i s no doubt that host-dependent factors such as 
DNA-repair, rates of c e l l replication, s u s c e p t i b i l i t y to 
promoting agents and, possibly, immune status can variously 
i n h i b i t or exacerbate the progression of the key lesions. In 
the case of chemical carcinogenesis, there i s l i t t l e doubt 
that at least some of these 'modulating 1 factors exert a 
major or, possibly, an overriding influence on the development 
of the key lesions into tumours and also that these factors or 
processes display marked tissue and/or species dependency. 

In order to improve the quality of the extrapolative 
model for the assessment of genetic risks or other toxicological 
risks which contain a 'progression component1, the response 
of the b i o l o g i c a l model must be corrected to take account of 
relevant species differences i n factors determining the 
progression phase. The i d e n t i f i c a t i o n of these factors and 
assessment of their quantitative relevance to processes such 
as chemical carcinogenesis are largely tasks for the future. 

There seems l i t t l e doubt that the target dose approach 
has much potential, offering considerable advantages over 
previous methods for estimating toxicological risks p a r t i c u l a r l y 
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To Chain 

Figure 7. Illustration of the range of DNA adducts currently detected/assayed 
by immunochemical procedures: (a) presumed procarcinogenic adduct formed from 
benzo(a)pyrene; (b) principal DNA adduct formed from 2-acetylaminofluorene; 

(c) presumed procarcinogenic adduct formed from ethylating agents. 
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genetic r i s k s . Nevertheless, the risk estimate w i l l retain a 
major empirical component u n t i l due account can be taken of 
the roles of host-dependent factors that l i m i t or enhance the 
progression of the key toxic lesions into overt bi o l o g i c a l 
effects· 

Currently, human risk assessment u t i l i s i n g the target 
dose approach must be based on quantitative dose-response 
data generated in one or more presumed-sensitive b i o l o g i c a l 
models. The ri s k estimates developed using this approach must 
be carefully checked against the results of current and future 
human epidemiological studies. 

Applications of the Target Dose Approach i n Pesticide Toxicology 

The target dose approach for the assessment of genetic 
risks i n man i s currently being applied to high volume 
chemicals such as vi n y l chloride and ethylene oxide. The 
method has not yet been applied in the pesticide f i e l d although 
the approach has been employed in studies to determine the 
relevance of the results of bacterial mutation tests for the 
prediction of genetic risks i n mammals exposed to the 
organophosphorus insecticide and anthelmintic dichlorvos (1; 
Figure 8). 

The i n t r i n s i c alkylating r e a c t i v i t y of f u l l y e s t e r i f i e d 
a l k y l phosphates, phosphonates and their thio-analogues has 
been recognised for a number of years. In v i t r o experiments 
with a range of nucleophiles have shown that dichlorvos 
possesses weak alkylating r e a c t i v i t y (23, 24). In this context, 
methylation of bacterial and mammalian DNA has been detected 
in suspensions of c e l l s exposed to high concentrations of 
dichlorvos(25^, 26)· The mechanism of these nucleophilic 
substitution reactions appeared to be predominantly S^2 and 
the N7 atom of guanine moieties was the pri n c i p a l s i t e of 
methylation i n DNA (Figure 8). 

By analogy with the b i o l o g i c a l effects of powerful 
alkylating agents, these findings led to the speculation that 
this compound might be a mutagen and carcinogen. However, 
although dichlorvos has been shown to induce mutation i n 
bacteria and yeasts (27) , there i s no evidence that this mixed 
t r i e s t e r of phosphoric acid produces genotoxic effects i n 
mammals (for reviews see references (27) and (28)) . Thus, 
dichlorvos has been thoroughly evaluated for mutagenicity and 
carcinogenicity i n mammals and the results of these tests 
have been entirely negative. 

It seemed l i k e l y that the f a i l u r e of dichlorvos to 
induce mutations or tumours in mammals was due to the l i m i t i n g 
effect of the known rapid metabolic degradation of this 
compound on the extent of methylation of DNA i n vivo. Certainly 
i n the case of such i n s e c t i c i d a l organophosphorus compounds, 
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( 1 ) C H 3 - ° S /> C H ~ 0 V ° 

5 + C H 3 ^ 0 / N 0 - C H = C C I 2

 θ Ο / N 0 — C H = C C I 2 

+ 
Ο Γ Η 

Η δ - ^ Ν |" 3 

I |Ι > I II ο χ ) Η 

To chain To chain 

Figure 8. Mechanism of the predominant reaction between dichlorvos and DNA 
in vitro 

4<ï CH3-< 

Η Η 

- C H = C C L 

C H 3 — O. y O 

C H 3 — O ' OH 

CHCI2 - C H O 

Figure 9. Hydrolysis of dichlorvos 
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the p o s s i b i l i t y of 'spontaneous1 alkylation reactions occurring 
i n vivo, p a r t i c u l a r l y reactions with nucleophilic centres i n 
'shielded' targets such as DNA, i s considerably reduced by 
the marked s u s c e p t i b i l i t y of the phosphoryl centre to esterase-
catalysed, nucleophilic attack by water (28, 29) (Figure 9). 

The results of very sensitive experiments conducted in 
our laboratory have demonstrated that dichlorvos does not 
give r i s e to detectable methylation of the DNA of mammalian 
tissues when i t i s administered by the inhalation route at 
pra c t i c a l use concentrations (30) . This result provided direct 
proof of the very e f f i c i e n t metabolism of dichlorvos i n 
mammals which d i r e c t l y leads to a loss of methylating 
r e a c t i v i t y . The results also provided a s c i e n t i f i c explanation 
why dichlorvos induces mutation i n bacteria but f a i l s to 
induce mutation or cancer in vivo. 

Very recent work conducted by SegerbMck (31) has shown 
that the intraperitoneal injection of a high dose of dichlorvos 
gives r i s e to detectable methylation of the DNA of the pooled 
soft tissue organs of mice. However, Segerb&ck has concluded 
that, because of the low effi c i e n c y of dichlorvos as a 
methylating agent i n vivo, the genetic r i s k , posed by this 
methylating r e a c t i v i t y , to humans receiving the maximal daily 
intake recommended by FAO/WHO (4 yg.kg"* .day"1- ) i s so small 
as to be negligible. 
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18 
Problems and Pitfalls in Biochemical Studies for 
Pesticide Toxicology 

T. BILL WAGGONER 

Analytical Development Corporation, Monument, CO 80132 

Biochemical investigations as related to pesticide 
toxicology consists of many types of studies depending on the 
objectives which may range from investigating the fate of a 
chemical in plants, animals, and the environment, such as soil, 
water, and air, to the investigation of the biochemical reactions 
in living systems and the effect of the chemical on these 
reactions. Further studies may be designed for detailed investi
gations of reaction mechanisms involved when the chemical 
interacts with biological systems either in vitro or in whole 
animals or mechanisms of toxic action. 

This discussion will be related to the fate of pesticides 
in animals and plants where humans may be exposed to intake of 
metabolite residues. This area of pesticide biochemical 
research still has problems that involve identification of 
metabolites, recognizing the significance of major and minor 
metabolites, interpretation of data, and the significance of the 
results as they relate to the toxicity of the compound. 

A l l pesticide chemists liave their own objectives and ways 
to accomplish them. The ultimate objective on a broad basis i s 
to seek the truth and to understand the nature of chemicals and 
their interaction with l i v i n g systems, the most important of 
which i s the human being. This broad ultimate goal i s repre
sented by a governmental (people) e f f o r t to regulate chemicals. 
This has been applied to chemicals used as drugs, chemicals used 
as pesticides, and now, a l l chemicals. The problems that are 
discussed for pesticides exist for a l l chemicals, and the 
solutions to solve problems i n the biochemistry of pesticides 
w i l l apply to other chemicals as well. 

Traditional Approaches 

The e f f o r t s of pesticide chemists and biochemists have been 
pretty much consistent during the past 15 years. Metabolism 

0097-6156/81/0160-0305$05.00/0 
© 1981 American Chemical Society 
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studies are usually designed to give pharmacokinetic data and 
i d e n t i f i c a t i o n s of major metabolites by those s c i e n t i s t s 
a c t i v e l y engaged i n the governmental r e g i s t r a t i o n process. The 
changes i n these studies have been i n the hardware and mani-
nipulations that one can carry out to p u r i f y the unknown metabo
l i t e . The successful investigator i s the one who uses s p e c i f i c 
separation techniques and, on a case-by-case basis, appropriate 
instrumentation. 

Objectives. The objectives of metabolism studies which 
were concerned previously with identifying organosoluble 
metabolites now include characterizing and identifying water-
soluble and insoluble fractions which previously were discarded 
but are now saved for further investigation. Concepts to which 
many chemists were exposed i n their formal and on-the-job 
training are now either l o s t or being questioned. For example, 
conversion from apolar to polar compounds (metabolites), either 
through hydrolysis or oxidation, and subsequent excretion was 
and s t i l l i s recognized as a detoxification procedure. However, 
the concept of a reactive intermediate and i t s role i n the 
t o x i c i t y of certain chemicals should remind the chemist that 
formation of polar metabolites does not eliminate the chances of 
toxic effects. This i s readily observed when dealing with 
organophosphorous compounds, such as parathion, an acutely toxic 
chemical. It was previously mentioned by G i l l e t t e i n this 
symposium that parathion i s believed to i n h i b i t cytochrome P-450 
enzymes v i a a reactive metabolite. Water-soluble residues i n 
tissues are now evaluated closely, and our techniques have not 
been able to answer the questions that have been asked regarding 
their significance and t o x i c i t y . Insoluble residues that are 
d i f f i c u l t to extract are now questioned and suspect, even i f 
they are not absorbed by the gut (bioavailable) i n so-called 
relay t o x i c i t y studies. Interpretation of these studies i s a 
big problem. Who knows what to do with insoluble residues? 

An approach to determine the significance of metabolite 
residues which are not extracted by normally-used organic 
solvents, such as methylene chloride and ethanol from plant 
tissues, i s feeding the extracted solids f r a c t i o n to a test 
animal and observing the excretion and d i s t r i b u t i o n pattern. 
Typical results as obtained by Sutherland (1) and Bakke (2) show 
the major route of excretion v i a feces and much smaller amounts 
v i a urine. Metabolite residues remaining i n tissues of the 
animals are generally non-detectable. The results from a 
t y p i c a l b i o a v a i l a b i l i t y study are represented i n Table I, where 
plant solids from r i c e previously treated with phenyl- l l*C-
propanil were administered to rats. Aproximately 63% of the 
t o t a l r a d i o a c t i v i t y i n the plants was unextractable. The major 
stumbling block regarding the b i o a v a i l a b i l i t y approach has been 
interpretation of res u l t s . Even i f a l l the unextractable 
residue was excreted i n the feces and was shown not to be 
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absorbed, some toxicologists have s t i l l rejected this approach 
to demonstrate safety. The primary need to conduct the bio
a v a i l a b i l i t y study i s because the identity of the unextractable 
residue i s unknown. This situation represents a f r o n t i e r of 
metabolite i d e n t i f i c a t i o n and w i l l probably require years to 
solve. 

TABLE I 

BIOAVAILABILITY OF UNEXTRACTABLE 1"C-RESIDUES 

Excretion Route Percent Recovery 

Immobile Mobile 

Feces 76 89 

Urine 2.4 11 

Total 78.4 100 

Tissues showed 0.05 ppm 

A l l chemists and toxicologists are influenced d i r e c t l y by 
governmental regulations, and a s c i e n t i f i c meeting l i k e t h is 
does not operate i n a vacuum and ignore this fact. We a l l wish 
to leave this meeting with more knowledge and understanding of 
our common s c i e n t i f i c concerns. To this end, we eagerly 
participate. To many of us, however, the bottom l i n e i s 
regulatory needs and how to f u l f i l l them. Does th i s major 
concern cause a gap i n our work? Does i t place blinders on us 
to prevent discovery and development of new ideas and theories? 
Does i t prevent interaction of d i s c i p l i n e s , such as chemistry 
and toxicology? 

The answer to a l l these questions i s "yes 1 1 to a certain 
extent. Based upon the presentations of the previous speakers, 
searching and discovering are part of their a c t i v i t i e s . The 
result i s the development of new ideas and theories. In the 
author fs experience, the biochemical investigations i n the 
in d u s t r i a l sector of the pesticide industry are somewhat 
re s t r i c t e d i n their approach to problems. For example, the fate 
of a chemical i n a test animal could be determined above and 
below the pharmacokinetic threshold, but how many studies have 
included t h i s aspect in the past? Any pesticide chemist that 
conducts biochemical studies for re g i s t r a t i o n purposes i s 
r e s t r i c t e d to a degree i n the approach to completing the 
objective. Other pesticide chemists are not as r e s t r i c t e d . 
Yet, a l l pesticide chemists w i l l generally experiment, and 
because of t h i s , new theories w i l l come. Biochemical i n v e s t i 
gations by a l l chemists and toxicologists on any chemical w i l l 
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most l i k e l y result i n an interaction of the two f i e l d s due to 
the i n t e r d i s c i p l i n a r y nature of the investigations, and t h i s 
w i l l hopefully open new avenues. 

A major p i t f a l l i n present research i n metabolism and 
toxicology i s the lack of coordinated planning. Typical 
metabolism studies have l i t t l e or no input from toxicologists. 
This may not be correct for a l l laboratories, but from our 
experiences, i t appears to be the case. Nothing i s los t by 
ntegrating metabolism and toxicology and there may be something 

to gain. There i s a gap between the two f i e l d s , and there may 
be answers that both could provide by working together. 

The chemists proceed down one path and the toxicologists 
:oceed down another. The only time the two meet i s usually to 

icbc.lve an unusual problem or question. This frequently i s a 
result of a pesticide product i n the f i e l d showing properties 
that had not been previously observed. The approach to re
solving the problem then i s uncertain, and the chances of a 
successful outcome are low. This i s expected since i n v e s t i 
gators i n different f i e l d s normally work independently and 
therefore have not established any basis on which to handle not 
only the major problems j o i n t l y , but also to plan the o r i g i n a l 
research. 

The lack of a jo i n t e f f o r t could be due to separate 
objectives that must be met. The chemist wants to know "what i t 
i s " , and the toxicologist wants to know "how safe i t i s " . 
However, what about the other questions that neither one appears 
to address to a si g n i f i c a n t extent? What i s the mechanism or 
mode of action? This i s a lower p r i o r i t y question to many 
investigators because i t does not readily provide the answers 
that are needed, now. It may be that ignoring the mechanistic 
aspects of toxic effects i s the major p i t f a l l that widens our 
gap of understanding. There must be a way that this p i t f a l l can 
be eliminated. An integration of eff o r t s between chemists and 
toxicologists may provide a way. 

For example, consider bromobenzene as a cause of l i v e r 
necrosis. Identification of metabolites formed from bromo
benzene and their relationship to observed necrosis has been 
investigated, and a reactive intermediate of bromobenzene was 
implicated. Pretreatment with inducers and inhibitors of 
bromobenzene metabolites were used experimentally. This i s 
represented by a general relationship shown i n Figure 1 (3). In 
the case of bromobenzene, the reactive intermediate i s 3,4-
bromobenzene oxide. These studies require the ef f o r t s of 
biochemists and toxicologists, and the i n t e r d i s c i p l i n a r y nature 
of the investigation i s readily seen. The jo i n t e f f o r t promotes 
understanding. 

Comparâtive Metabolism. Comparative metabolism has always 
been a concern to chemists. Is the metabolic product of a 
chemical ident i c a l i n the rat vs the dog vs the pig vs the dairy 
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cow vs the goat, etc.? Extrapolation from one species to the 
next i s a common problem to both chemists and toxicologists. 

Basic metabolism of natural substances i n a l l species that 
are studied by pesticide chemists and toxicologists i s essen
t i a l l y i d e n t i c a l . The pathway from glucose to carbon dioxide i s 
a universal one. A l l mammals need oxygen. Yet xenobiotics have 
various effects on the system, and i n most cases i n our 
experience of observing metabolic pathways of organophosphorous 
compounds and carbamates, l i t t l e difference exists among the 
common species that are investigated, such as the r a t , dog, pig, 
cow, and chicken. However, the s l i g h t differences i n rates of 
biotransformation may have profound influences on the observed 
t o x i c i t y . 

Toxic responses to aflatoxin levels are s i g n i f i c a n t l y 
different depending on the species. A summary i s shown i n 
Table II (4,5). 

TABLE II 

SPECIES VARIABILITY OF 
TOXIC EFFECTS OF AFLATOXIN 

Acute, Oral 
LD 5 0 (mg/kg) 

Rat (F) 16.0 

Rabbit 0.3 

Rainbow Trout 0.5 

Channel Catfish 15.0 

Tumor Induction 
(ppm) 

Mouse 150 

Rat 0.1 

Mice did not show tumor induction when fed levels up to 150 ppm 
for 85 weeks, whereas rats showed tumor induction when fed 
levels of 0.1 ppm i n their diets. Biochemical studies have 
shown that metabolic conversions of a f l a t o x i n Bi i n l i v e r 
microsomal fractions to less toxic metabolites occurred i n 
addition to formation of a possible reactive intermediate, 
aflatoxin Bi-2,3-epoxide. The l a t t e r may account for mutagenic 
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and carcinogenic properties and i s suggested from hydrolysis of 
an RNA-aflatoxin B x adduct. 

This i l l u s t r a t e s a major p i t f a l l i n many metabolism studies 
with pesticides, where po t e n t i a l l y toxic effects may go un
detected when determining the fate of a chemical and not 
re l a t i n g the fate with the resultant observed t o x i c i t y . It may 
be a general occurrence that toxic effects are more susceptible 
to species variation than the different metabolites that may be 
formed. 

Testing Systems . Administering test substances to whole 
animals according to proposed exposure does not provide a l l the 
metabolic information that i s needed. It complicates the 
attempts for identifying metabolites. Due to the multiple 
dosing and r e l a t i v e l y long exposure time, metabolism of parent 
and i t s metabolites that are i n i t i a l l y formed results i n a 
d i s t r i b u t i o n of r a d i o a c t i v i t y into just about every tissue and 
in many forms: organosoluble, water-soluble, and insoluble. 
The d i s t r i b u t i o n i s so diffuse that l i t t l e i f any information 
can be obtained to indicate a metabolic pathway or provide a 
mechanism of metabolic transformation. Our experience i n using 
this approach has resulted i n a considerable amount of time i n 
extraction and p u r i f i c a t i o n without a s i g n i f i c a n t amount of 
metabolite i d e n t i f i c a t i o n beyond organosoluble metabolites. The 
results are useless i n supporting t o x i c i t y studies. Perhaps the 
metabolism studies are too limited i n their design and should be 
expanded to support t o x i c i t y studies. 

Another approach would be i n v i t r o studies, which have 
features that would overcome thë~pitfalls of the whole animal 
approach. The major advantages are a better-defined reaction 
system and a better opportunity to investigate the formation of 
individual metabolites. The chances of observing mechanistic 
features are also increased. The only problem i s that the 
effect of the whole animal system cannot be observed, but t h i s 
could be overcome by conducting t o x i c i t y feeding studies. In 
some situations, the advantage of metabolite i d e n t i f i c a t i o n from 
i n v i t r o studies may be considerable compared to the metabolic 
ëFfects of the whole system. 

In v i t r o and i n vivo studies are both u t i l i z e d i n a routine 
manner, but i n v i t r o studies are generally not investigated. 
Pesticide chemists have focused on the t o t a l system, and after 
approximately forty years of using radioisotopes, are s t i l l 
"administering chemicals i n the front end of the animal and 
c o l l e c t i n g the products i n a bucket at the other end". In v i t r o 
techniques have been indispensible i n developing the metabolic 
picture of natural substances from biosynthesis to b i o l o g i c a l 
degradation. 

In many situations where the metabolic pathway has not been 
c l e a r l y defined from i d e n t i f i c a t i o n of excretion products and 
tissue metabolites, the i n v i t r o approach has provided an 
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insight. An example i s the formation of metabolites within 
minutes after oral administration that are only tentatively 
i d e n t i f i e d i n the l i v e r due to either the low levels found or a 
rapid conversion to f i n a l degradation products. P u r i f i c a t i o n 
and i d e n t i f i c a t i o n could be completed using a l i v e r microsomal 
fra c t i o n and thereby would confirm what was implied from the i n 
vivo study. 

However, the danger of using i n v i t r o techniques either 
alone or i n conjunction with in vivo studies i s the inter
pretation of data and the p r a c t i c a l consequences. So-called 
"t o x i c " metabolites discovered under i n v i t r o conditions may 
eliminate a potential pesticide from Turther development 
regardless what further work i s done. In v i t r o studies have 
thei r place i n biochemical studies but sEbuld be used i n proper 
balance with other approaches. 

Chronic feeding t o x i c i t y studies are cert a i n l y involved 
with the t o t a l system. Interpretation i s based on many ob
servations ranging from gross effects to c e l l u l a r effects. It 
seems that a l l effects could be reduced to the chemistry, the 
molecular l e v e l , and the problem i s how to approach this aspect 
to bridge the vacuum between metabolism and t o x i c i t y . 

The route of exposure i s a consideration for metabolism 
studies and i s generally v i a the oral route. Few studies are 
conducted to investigate metabolism of compounds from dermal and 
inhalation routes of exposure. Therefore, the techniques which 
have been developed to study each of the routes are r e l a t i v e l y 
new, and to our knowledge, have never been standardized. A 
major problem i s to reduce the exposure to a single route. For 
example, a whole body exposure of an animal to an aerosol, 
smoke, gas, etc., could represent a l l three: inhalation, 
dermal, and o r a l . Inhalation t o x i c i t y studies now represent 
s i g n i f i c a n t e f f o r t s , and metabolism studies from inhalation 
exposure are s t i l l r e l a t i v e l y few in number. 

The problems associated with conducting inhalation ex
cretion studies with test animals are demonstrated by Langard 
and Nordhagen (6), where rats were exposed to zinc chromate 
aerosol with a respirable fraction of 76%. The rats were 
exposed to the aerosol using two different techniques: the 
whole body was exposed i n the f i r s t s ituation, and the fur coat 
was protected from direct exposure to the aerosol i n the second 
situation. The results are shown i n Table III. 
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TABLE III 

INHALATION STUDY OF 
RATS EXPOSED TO ZINC CHROMATE 

Total Cr Excretion 

Exposed Coat Protected Coat 

Urine 653 nmol 118 

Feces 97 ymol 11 

Urine/Feces 0.7 1.0 

Total excretion of chromium was calculated 60 hours after 
exposure. The t o t a l amount excreted by rats e n t i r e l y exposed 
was approximately eight, and five times greater i n feces and 
urine, respectively, than rats with t h e i r coats protected. The 
urine represents uptake i n the respiratory organs and gastro
i n t e s t i n a l t r a c t . The excretion i n feces arises mainly from 
unabsorbed ingested chromâtes, bronchial dust clearance, and 
excretion in the b i l e . The authors concluded that l i c k i n g of 
the coat was a s i g n i f i c a n t factor for the exposure time of less 
than one hour, and therefore, ingestion and gastrointestinal 
absorption are important factors i n such studies. Other factors 
were suggested for consideration, such as grooming patterns with 
different compounds, water s o l u b i l i t y of the compound, and time 
of exposure (once or multiple exposures). 

Metabolite Identification. 
Dosage. Identification of metabolites i n animals i s 

more d i f f i c u l t when the compound i s administered i n multiple 
doses compared to a single dose. A t y p i c a l response curve of a 
conjugate i s shown i n Figure 2. A single dose w i l l give a 
minimum le v e l of r a d i o a c t i v i t y in the solids f r a c t i o n ( s o l i d 
l i n e ) . After the l a s t dose of multiple treatment, the l e v e l of 
r a d i o a c t i v i t y i n the solids (dotted line) w i l l be considerably 
higher and cause major problems in i s o l a t i n g , purifying, and 
identifying s i g n i f i c a n t metabolites. 

The slow accumulation of insoluble residues during or 
after the dosing regime raises questions: What i s the nature of 
the accumulated residue? How i s i t extracted and purified? Is 
there enough to work with? Is i t toxic? Is i t s i g n i f i c a n t ? 
How do accumulated insoluble residues from multiple five-day 
doses compare with those from a chronic feeding study? What 
could be gained from administering a low-level, radioisotopically-
labeled compound during the chronic feeding study? 

The ov e r a l l problem now i s a lack of new breakthroughs 
to investigate insoluble residues. Perhaps the combined e f f o r t 
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3 Detoxification Figure 1. Metabolic pathways 
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Figure 2. Multiple vs. single dose 
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of chemists and toxicologists could resolve the questions. Up 
u n t i l now, l i t t l e cooperative e f f o r t has been given to thi s 
topic. 

A single administration of a radiolabeled compound i s 
easier, since p u r i f i c a t i o n and i d e n t i f i c a t i o n of metabolites are 
more straightforward. Is i t enough to know the nature of major 
metabolites from single doses as i t relates to the t o x i c i t y of 
the compound? It appears that no real answers are evident, now, 
and probably w i l l not be in the foreseeable future unless new 
approaches are investigated. Interweaving of t o x i c i t y and 
metabolic studies would also be a different approach with new 
problems of interpretation. 

The present approach for metabolism studies of p e s t i 
cides and animal health drugs i s to administer the compound to 
plants or animals i n a manner that represents normal use con
ditions i n the f i e l d . This approach prevents successful 
i d e n t i f i c a t i o n of metabolites and restrains what should be the 
proper way to identify metabolites. L i t t l e attempt i s made to 
correlate metabolic results and t o x i c i t y . The chemist already 
knows that insoluble, unidentifiable residues w i l l most l i k e l y 
occur from multiple dosing and that the problem of identifying 
metabolites and determining their t o x i c i t y i s s t i l l present. 
For example, the ind u s t r i a l situation, in general, i s not 
conducive to doing i t any other way. 

Here i s a situation that has existed for many years. 
Scientists are attempting to standardize metabolism studies to 
determine fate of chemicals and to assess the t o x i c i t y of the 
chemical and sometimes the metabolites i n selected test animals. 
Studies, such as those for developing new ideas, testing new 
theories, and determining mechanism of the toxic effect, cannot 
be standardized. These studies should be designed on an 
individual basis after certain properties of the chemical have 
already been observed. In contrast, standardized studies are 
designed without p r i o r knowledge of the properties of chemicals 
that po t e n t i a l l y w i l l be tested. 

The p i t f a l l s between the choice of a standardized and 
individual study i s a bias toward the standardized study with 
t e r r i b l e consequences. For example, i f the standardized 
metabolism study to determine the fate of the chemical i s 
multiple dosing to a dairy cow because the chemical w i l l be 
administered that way as a growth promotant, then how w i l l 90% 
of the metabolic residue i n the animal ever be identified? The 
chances are very low, and i n most cases are zero, based on the 
current state-of-the-act. A better approach to thi s fate study 
i s administering a single dose to eliminate interferences due to 
dis t r i b u t i o n of non-metabolic residues, that i s , r a d i o a c t i v i t y 
that has been incorporated into naturally-occurring substances 
such as the extracted sol i d s . The point i s that standardized 
tests should not prevent one from looking at a single dose. A 
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standardized test to simulate multiple dosing usually gives 
l i t t l e i f any metabolite s i g n i f i c a n t i d e n t i f i c a t i o n . 

Isotope Labeling. Heavy isotope labels, alone, would 
very l i k e l y not produce better results than radioisotope labels. 
Problems of i s o l a t i o n and p u r i f i c a t i o n would be more d i f f i c u l t 
than radioisotope studies due to the nature of the detection 
system which would be needed, mass spectrometry. However, the 
combined use of heavy isotope and radioisotope labeling can 
provide very d e f i n i t i v e information on confirming the id e n t i 
f i c a t i o n of suspected metabolites i n the same manner as using 
dual radioisotopes, such as l l +C and 3H, or ll*C and 3 2P. How
ever, reactions that s p l i t the molecule into two parts, one with 
the radioisotope and the other containing the heavy isotope, 
destroy the usefulness of the dual labels, due to p u r i f i c a t i o n 
problems and interpretation. Intact metabolites containing both 
labels are the easiest to confirm. Therefore, parent molecules 
that tend to s p l i t into multiple metabolites complicate iso
l a t i o n , p u r i f i c a t i o n , and i d e n t i f i c a t i o n , and contribute to a 
complicated interpretation. 

S t a b i l i t y . A t r a d i t i o n a l problem i n metabolite 
i d e n t i f i c a t i o n has been s t a b i l i t y of the unknown metabolite 
during i s o l a t i o n and storage. Independent synthesis w i l l 
indicate storage s t a b i l i t y of the pure metabolite under various 
conditions, and recoveries may be determined during workup of 
the sample. But what about the metabolite that may ea s i l y 
undergo reaction during workup pr i o r to i t s i d e n t i f i c a t i o n ? 
This w i l l probably always plague the pesticide chemist. Perhaps 
the only way to determine i t s significance, i f formed at a l l , i s 
to determine the t o x i c i t y of the parent compound and assume i t s 
formation by metabolic conversion of the parent. The problem, 
however, s t i l l exists as to the levels i n the tissue which could 
probably not be assessed due to the absence of i t s detection 
during metabolism studies. 

Metabolites and Effects. The problem remains for us 
to determine the metabolic products and thei r effects on the 
system, whether those products remain i n tissue (animal or 
plant) or whether they are excreted. Even though the excretion 
of metabolic products may be rapid, a gap s t i l l exists regarding 
the effects of the parent or i t s metabolic products. It appears 
that a combined e f f o r t from toxicologists and chemists may give 
information to f i l l t his gap. 

For example, organophosphorous compounds as a class 
are excreted f a i r l y rapidly due to hydrolysis and oxidation, and 
generally do not accumulate i n tissues. Yet, the compound may 
be neurotoxic - - i t may cause paralysis i n some species and not 
in others. What causes the neurotoxicity -- parent or metabo
l i t e ? What concentration i s required to allow the mechanism of 
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this effect to be indicated? As a routine investigation of th i s 
t o x i c i t y i n the in d u s t r i a l sector, I'm sure that l i t t l e , i f any, 
investigations are underway. 

Developing Studies 

Metabolism of Metabolites. Feeding radiolabeled metabo
l i t e s isolated from plant tissue to animals can be a complex 
experiment causing a problem of interpretation. A major 
question should concern the need for such studies, and what one 
could learn that would be different from feeding the parent 
compound. Various types of plant metabolites could be fed: 
organosoluble (generally unconjugated compounds), water-soluble 
(generally conjugates), and insoluble residues. 

Organosoluble Residues. Identified metabolites i n the 
organosoluble fr a c t i o n , labeled with the appropriate radio
isotope, have been administered to animals t r a d i t i o n a l l y . In 
most cases, the metabolite fed from the plant was also formed i n 
the animal from the parent. The major objective for such 
studies i s confirming the metabolic pathway i n the animal. This 
approach would be useful i f the metabolite, when formed from the 
parent i n the animal, i s so rapidly transformed that i t would 
normally have only a f l e e t i n g existence and therefore would be 
r e l a t i v e l y d i f f i c u l t to detect having the characteristics of a 
reactive intermediate. In addition to confirming the s i m i l a r i t y 
of metabolic pathways in plants and animals, a plant metabolite 
not previously detected i n animals should be studied i n the 
animal system. Its fate and t o x i c i t y r e l a t i v e to the parent 
compound could provide essential information. 

Water-Soluble Metabolites. Administering unidentified 
metabolites from plants to animals i s d i f f i c u l t to conduct due 
to p r a c t i c a l considerations. The concentration of enough 
radioactive material i n a s u f f i c i e n t l y small volume to ad
minister i s d i f f i c u l t to achieve. Enough r a d i o a c t i v i t y i s 
needed to provide s u f f i c i e n t r a d i o a c t i v i t y to determine ex
cretion patterns and rate and for identifying metabolites. The 
d i f f i c u l t y of too l i t t l e a c t i v i t y i s enhanced i f metabolites i n 
tissues, eggs, or milk must be i d e n t i f i e d . Unless the s p e c i f i c 
a c t i v i t y i s i n the 20-25 mCi/mmole range, the i d e n t i f i c a t i o n of 
further metabolites in animals would be d i f f i c u l t due to losses 
normally encountered during extraction and p u r i f i c a t i o n 
procedures. 

Insoluble Residues (Metabolites). Administering 
unidentified insoluble metabolites isolated from plant tissue to 
animals i s probably the most d i f f i c u l t experiment to conduct. 
Again, the need for s u f f i c i e n t r a d i o a c t i v i t y to produce a 
s u f f i c i e n t l e v e l of metabolite i n the animal for subsequent 
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i d e n t i f i c a t i o n i s a major problem. Interpretation of results i s 
the biggest problem area. Generally, the insoluble residue i s 
not i d e n t i f i e d , and the concentration of any single metabolite 
i s usually too low for i d e n t i f i c a t i o n . In many cases, the 
amount of r a d i o a c t i v i t y absorbed i n the gut of the animal i s 
very low, and therefore, the lev e l of r a d i o a c t i v i t y i n tissues 
i s frequently below detection. The questions from these types 
of studies are unanswered to the s a t i s f a c t i o n of both toxicolo
gist s and chemists: How does lack of absorption contribute to 
the evaluation of whether insoluble metabolites are s i g n i f i c a n t 
to the parent compound's to x i c i t y ? 

New Approaches 

Mechanisms. 
Reactive Intermediates. Intermediates i n organic 

chemical reactions may be long- or short-lived and are fre 
quently d i f f i c u l t to is o l a t e . Isolation i s best accomplished by 
a trapping experiment or by conducting the study at very low 
temperatures. The same techniques used i n studying organic 
chemical reactions could be applied to biochemical reactions 
under i n v i t r o conditions. 

The r e a c t i v i t y of a suspected reactive intermediate i s 
i l l u s t r a t e d i n Figure 3. Reaction of the intermediate to give 
products must proceed through a pathway requiring an activation 
energy, E^ i. If a trapping agent i s added that reacts with the 
intermediate through a pathway requiring a lower activation 
energy, Ε Λ 2 , then this pathway would be favored to give a 
product that could be i d e n t i f i e d . Examples of trapping experi
ments are shown i n Figure 4. The same concept could be applied 
to b i o l o g i c a l reactions to confirm the identity of a suspected 
reactive intermediate. This i s i d e n t i c a l to the detoxication 
pathway of bromobenzene with glutathione to produce the corres
ponding conjugate. 

One would be limited i n trapping intermediates under 
i n v i t r o conditions: (1) temperature range small; (2) a 
selective trapping agent needed; (3) interpretation. The 
temperature range would most l i k e l y have to be near 37°C, 
especially since enzymic reactions would be involved. A 
trapping agent that is selective only for the reactive inter
mediate would be needed, and i t should give l i t t l e or no 
interference with the normal biochemical reactions under study. 
Interpretation would always depend on the nature of the system 
and the understanding of what was occurring. Carbonium ion free 
rad i c a l intermediates could be defined i n terms of their organic 
reaction mechanisms under controlled conditions and extrapo
l a t i o n of t h i s information to b i o l o g i c a l conditions. 

The ten steps outlined by G i l l e t t e to determine 
whether a reactive intermediate i s responsible for a toxic 
response i s time-consuming and probably expensive. As a 
s c i e n t i f i c a c t i v i t y for identifying the toxic entity and 
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Ε 

Rx. Coord. 

Figure 3. Energy relationships: E, energy; R, reactants; I, intermediate; Ea, acti
vation energy from intermediate to product; P, product 

OH + \ 

0 0 < — - — O D 

CHCI 

Figure 4. Trapping intermediates 
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possibly an explanation of li+C-bound a c t i v i t y which i s found, 
the approach most l i k e l y has a useful place i n pesticide 
research -- but where? 

One cannot object to investigations of this nature, 
because the frontiers of biochemistry and toxicology are being 
expanded. The benefits are most l i k e l y long-term for evaluating 
pesticide safety. Many investigators i n pesticide biochemical 
research do not have the f a c i l i t i e s for these types of i n v e s t i 
gations. The problem i s one of j u s t i f y i n g the e f f o r t . For 
example, what i s the time needed to carry out the 10 steps i n 
identifying a reactive intermediate? An estimate, based on our 
experience i n pesticide research, i s given i n Table IV. 

TABLE IV 

EFFORT NEEDED TO DETERMINE THE PRESENCE OF 
A REACTIVE INTERMEDIATE 

People - Months 

Species t o x i c i t y and dose response (1,2) 2 - 3 

Development of a n a l y t i c a l methods (3) 18 - 24 

Pretreatments and t o x i c i t y (4) 2 - 3 

Pretreatments and metabolism (5) 4 - 6 

Target tissue binding and dose response (6) 4 - 6 

Pretreatments, rates of metabolism, binding (7) (8 - 12) 

In v i t r o , 1^ and V m, several tissues (8) 6 - 12 

Identify decomposition products (9) 18 - 24 

Supportive evidence (10) 6 - 12 

Total 68 -102 

(5-8 people-years) 

What type of t o x i c i t y should be observed when id e n t i 
fying a reactive intermediate? For acetaminophen, hepatic 
necrosis was observed and depended upon the species. Most 
animals were affected at a 150 mg/kg dose to hamsters; whereas, 
less than 10% of the animals were affected when rats were given 
1,500 mg/kg. How can this concept be applied to the variety of 
classes of pesticides? The question must be resolved on a 
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case-by-case basis. T o x i c i t i e s of various pesticides are shown 
in Table V. 

TABLE V 

OBSERVED TOXICITIES OF VARIOUS PESTICIDES 

Acute, Oral LD50 Rats (mg/kg) 

Captan 10,000 

Imidan 300 

Parathion 3.6-13 

No Observable Effect Level 

Organophosphorous compounds <l-2 ppm i n diet 

Carbamates <50 ppm i n diet 

Compounds with higher acute t o x i c i t i e s , such as parathion, would 
be more d i f f i c u l t to investigate than captan which i s less toxic 
by a large factor. Parathion i n h i b i t s cytochrome P-450 enzymes 
vi a reactive intermediates, but i s the l e v e l i n the tissue suf
f i c i e n t l y high to identify degradation products? What s p e c i f i c 
a c t i v i t y of parathion i s needed? No observable effect levels 
for organophosphorous compounds and carbamates are frequently 
based on the lev e l that causes a s i g n i f i c a n t depression of an 
enzyme level of a c t i v i t y which can be less than 0.05 mg/kg for 
the rat. It doesn !t appear that extrapolation of the i n v e s t i 
gative technique for reactive metabolites with drugs can be 
readily undertaken for pesticides because of the wide range of 
pesticide t o x i c i t i e s . The question of the significance of 
reactive intermediates i n pesticide t o x i c i t y can be raised. 
However, for a l l chemicals and th e i r behavior and effect on 
b i o l o g i c a l systems, i f a general concept i s possible, a l l com
pounds should be treated the same, but i t T s probably not possible 
to use the same investigative technique for a l l chemicals. 

Acceptance. New ideas are slowly accepted i n science. 
However, the tendency of s c i e n t i s t s to accept new ideas too 
readily may result i n long-term problems. For example, the i n 
v i t r o studies, such as microbial mutation to give preliminary 
evaluations of a chemical's t o x i c i t y , are readily accepted by 
some. The assessment and c r i t i c a l evaluation of theories i s a 
time-consuming process and requires f l e x i b i l i t y to modify one's 
own ideas. 
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A l l people r e s i s t change to a certain degree and are 
unwilling to try a new approach, unless, of course, i t i s the i r 
own idea. An example was FDA's attempt to publish the SOM 
(Sensitivity of Method) document to guide the reg i s t r a t i o n 
process of animal health drugs (7). FDA might have just as well 
said that the earth i s f l a t , judging from the response of 
in d u s t r i a l s c i e n t i s t s . The s c i e n t i f i c merits of the SOI are not 
the major concern here, but i t represents a new approach com
pared to EPA's re g i s t r a t i o n process for pesticides. It met with 
considerable resistance. Probably i f s c i e n t i s t s outside govern
mental regulation had presented the concept f i r s t , FDA would 
have rejected i t with the same vigor. 

The problem i n pesticide metabolism research i s the 
acceptance of a non-traditional approach. People don't want to 
change unless they are forced to do so, or unless i t i s safe. 
Integration of metabolic and t o x i c i t y studies i s a new approach 
that w i l l face the problem of acceptance. Maybe chemists and 
toxicologists are even opposed to i t . However, a l l must be 
w i l l i n g to seek new ventures and hopefully achieve the answers 
to our current questions. 
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19 
Biochemical Aspects: A Summary 

GINO J. MARCO 

CIBA-GEIGY Corporation, Biochemistry Department, 410 Swing Road, 
Greensboro, NC 27409 

Historically, cancer has been associated with some kind 
of chemical exposure as was first documented from human expo
sure to environmental contaminants. Over 2 centuries ago, 
Percival Pott reported a high increase of scrotal cancers in 
young chimney sweeps. However, there have always been 
various incidences of certain cancers that had no clear 
association with a specific environmental contaminant. When 
I was in graduate school, biochemical studies devoted to 
understanding the mechanism of cancer were considered the 
"graveyard" for biochemists. It seems that many biochemical 
interpretations were based on minimal, if any, knowledge of 
the biological processes involved in cancer development. In 
the session's first paper, Dr. Laishes pointed to highly 
significant advances, armed with hard data, and in certain 
instances, left us with some exciting potential directions 
leading out of the "graveyard." The biochemistry of cancer 
development is far from understood and may differ in each 
target tissue. In seeking to solve this mystery, the bio
chemist, as a chemical Sherlock Holmes in this detective 
game, has been offered some interesting clues, for example, 
the demonstration that carcinogenesis can be divided, at 
least in some instances, into two qualitatively different 
biological processes, that is, initiation and promotion. 
Focus is now on new efforts into understanding, not only the 
molecular defects in target c e l l s , but also the physiologic 
milieu necessary for the "promotion" of early altered c e l l s 
to the development of frank, invasive, and even metastatic 
carcinoma. 

The generality of the initiation-promotion, two-step 
system is one of our most readable directional signs. The 
fascinating sequence relationships, that i s , the need to 
apply the i n i t i a t o r prior to the promoter, provided a remark
able clue in our understanding. Not only has the irrevers
ibl e , additive concept surfaced again, but commonality of 
mechanisms in many chemicals was seen. The common formation 

0097-6156/81/0160-0323$05.00/0 
© 1981 American Chemical Society 
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of e l e c t r o p h i l i c reactants from structurally 
diverse chemical carcinogens remains as one of the most 
powerful contributions of the past 20 years. With the 
concept of covalent binding to form carcinogenic adducts, we 
truly were in the realm of the chemist. Chemicals, with 
antagonistic effects on the process of carcinogenesis, 
provided fuel for the discovery of enzyme induction in 
mammals. As the concept of precarcinogenic compounds 
yielding proximate and f i n a l l y ultimate carcinogens developed 
as metabolic processes, the biochemist moved closer to his 
areas of interest and expertise. F i n a l l y , what was certainly 
l o g i c a l , but required evidence, was the concept of repair 
mechanisms of carcinogenic DNA-adducts. 

We are now acquiring the tools to allow us to delineate 
those alterations in c e l l u l a r regulatory molecules, induced 
by chemical carcinogens, that are essential to the 
biochemistry of cancer development. With our realization 
that AAF, as a "complete" carcinogen, has both i n i t i a t i n g and 
promoting properties, the p o s s i b i l i t y of a simple 
straightforward mechanism of carcinogenesis is more remote. 

In attempting to unravel some of these biochemical 
pathways having toxicological consequences, Dr. G i l l e t t e 
indicated that toxic potential between parent compound and 
i t s chemically stable metabolites was r e l a t i v e l y simple. 
Isolation, i d e n t i f i c a t i o n , synthesis and testing of these 
metabolites for their toxic effects have been an effective 
way to deal with them. However, other strategies must be 
used for that elusive, often speculative, short-lived 
chemically reactive metabolite. Here, the detective in the 
chemist must again surface. While nucleic acids are targets 
leading to potential serious consequences, other targets are 
equally of concern. Intracellular enzymes, proteins i n 
general, c e l l membranes, and locations of repair processes 
are some of the more important additional interaction s i t e s . 
However, direct covalent binding of a chemical is not the 
only alteration possible. As one example, indirect attack 
can occur by free radicals generated by the chemically 
reactive intermediate. We now have truly elusive mechanisms 
to sort out. The parent, stable metabolites, reactive 
intermediates and indirect reactive entities provide us with 
the concepts to elucidate the processes of a l l toxicological 
phenomena, not solely carcinogenesis. A complicating factor 
is that a b i l i t y of the chemically reactive metabolites to 
react with multiple c e l l components, and proceeding at 
varying rates. Yet, the chemically reactive metabolite may 
be scavenged by c e l l u l a r components with large numbers of 
nucleophilic groups leading to their preferential attack. 
Also, these reactions might be developed after the toxic 
effects of the parent have been expressed, possibly leading 
our detective down a wrong t r a i l . 
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By use of various inducers and inhibitors of the metabo
lism of the toxicant and the emphasis on covalent binding to 
protein, as an indirect measure of the concentration-time 
exposure of the reactive metabolite to the target, we are 
provided with a strategy permitting the use of kinetics 
already well defined in the protein-enzyme f i e l d . By conduc
ting a sequence of in vivo and in v i t r o experiments using the 
stated strategy, a case can be made for the involvement of a 
chemically reactive metabolite in a given t o x i c i t y . This 
approach certainly highlights the multi-disciplined and 
diverse methodological approaches requiring the philosophy of 
the s c i e n t i f i c generalist and in t e r d i s c i p l i n a r y action i n 
experimental design. 

The repair mechanism ideas developed in the previous 
papers encourage one to believe that an absolute threshold 
exists for chemical induction of cancer. It is the concept 
of one irrev e r s i b l e molecular event leading to the induction 
of cancer that provides the stimulus arguing against a thres
hold. Implied in the concept of threshold is the a b i l i t y to 
quantitatively estimate the carcinogenic r i s k at low levels 
of exposure. Dr. Ramsey addressed this question which brings 
to bear the elucidation of the shape of dose-response curve. 
He discussed the pharmacokinetic characteristic of a chemical 
since they are i n t r i c a t e l y linked to i t s toxic response. The 
clues to unravel in this detective's game are how bi o l o g i c a l 
rate processes vary with chemical concentration. We saw that 
the transition from linear to non-linear kinetics, as the 
dose level increased, constitutes the pharmacokinetic thres
hold; and this transition was a gradual one. The extrapo
la t i o n made from data obtained above or below the pharma
cokinetic threshold dose were shown to be of major concern 
when attempting to predict toxic effects at low exposure 
levels. In assessing r i s k by use of models, the main d i f f e r 
ences are in the rapidity with which zero exposure i s 
approached. But, few make provision for an absolute 
threshold for carcinogenic response. There is absolute 
dependence on concentration of the carcinogenic entity being 
d i r e c t l y proportional to dose or parent chemical. Thus, 
predictions based on dose levels alone can lead to a 
fallacious conclusion. The speaker indicated that the 
relationship between steady state concentrations and admini
stered dose levels to be crucial in interpreting and predict
ing any toxic response as a function of exposure l e v e l . 
Thus, we have added mathematical tools to our chemical ones 
in order to expose a chemical of toxicological concern. 

There is another complicating threshold concept. The 
cytotoxic threshold is considered to be the result of the 
f i n i t e capacity of the c e l l to tolerate injury to the multi
p l i c i t y of c e l l u l a r components other than c r i t i c a l parts of 
the genome before the c e l l i t s e l f sustains injury. Recurring 
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cytotoxic injury may lead to an increased rate of tumor pro
duction. While the cytotoxic threshold is not easily 
expressible in the formal mathematical terms of the pharma
cokinetic threshold, i t nevertheless comprises a range of 
dose levels above which the rate of chemically induced cancer 
may be disproportionately much greater than that at lower 
levels. 

Dr. Ivie proceeded to show the complexities seen in how 
biological systems deal with a xenobiotic, with emphasis on 
pesticides. Since pesticides by design are meant to be toxic 
and a l l l i v i n g things have much in common biochemically, the 
toxicological consequences to man must be considered in their 
use. Yet, the judicious use of pesticides contributes in 
positive ways to human welfare. Studies in pesticide metabo
lism not only show the role in the expression of pesticide 
t o x i c i t y but aid in the evaluation of toxicological s i g n i f i 
cance of these metabolic products. Studies leading to an 
understanding of the mechanisms of pesticidal action aid in 
appropriate selection of pest control agents with minimal 
environmental consequences. The evaluation of toxicological 
significance of pesticides must include i t s metabolites since 
much of human exposure is related to the decomposition 
products of the pesticide. Yet, pesticide metabolism studies 
cannot be considered as an end to themselves, but rather are 
a means to an end. That i s , they are intended to gain data 
of value toward assessment of the toxicological significance 
of the pesticide. 

As the speaker showed, the metabolism is composed of 
complex, multi-stepped reactions, leading to complicated, 
d i f f i c u l t to identify metabolites, often present in extremely 
small concentrations. This places the chemist working in 
metabolism research at the knife-edge of modern technology 
and at the razor's edge of interpretation. For example, what 
is a major or minor metabolite and of what significance is a 
bound residue? An added wrinkle is the impact of regulatory 
requirements on the why, what and how of metabolism research. 
As posed in this paper, can pesticide metabolism studies be 
more ef f e c t i v e l y used in the safety evaluation process, 
especially with more toxicological relevance to the ultimate 
bio l o g i c a l system, man? Possibly, the direct use in man of 
r e l a t i v e l y safe techniques, such as heavy isotopes, could be 
one of several ways in future studies. 

Dr. Wright continued the look into newer biochemical 
strategies for understanding pesticide toxicology. The focus 
was on approaches to improve the quality of human r i s k 
assessment based on quantitative dose-response data generated 
in experimental animals. The nature and magnitude of the 
target dose can be a prime determinant of the nature and 
amount of key lesions. In this approach, DNA is considered 
the key ( i . e . , primary, c r i t i c a l ) target of most chemical 
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mutagens. Thus, the target dose of such chemicals is DNA-
dose estimated by determining the nature of the adducts of 
reaction of the ultimate mutagen with DNA and measuring the 
amounts of these adducts. Reaction rate constants and bio
l o g i c a l h a l f - l i v e s of the adducts as well as duration of 
exposure are needed for the calculation of target dose. 
Provided that target dose can be accurately measured in 
humans and in the experimental model, then the exposure 
values in the extrapolative models for risk assessment can be 
substituted by estimates of target dose. Substitution of 
exposure values by target dose should improve the quality of 
ris k assessment by emphasizing the factors that influence the 
nature and the concentration of the toxicant at its c r i t i c a l 
target. It was emphasized that the appropriateness of the 
metabolizing system of the model to find these adducts needs 
to be experimentally established, not simply assumed. How
ever, human primary c e l l cultures could e f f e c t i v e l y mimic in 
vivo metabolism. 

The major practical and conceptual problems associated 
with the target dose approach center around the determination 
of target dose (DNA-Dose) in humans. While radiation techni
ques are useful in experimental animals, this approach is not 
applicable to humans. The use of haemoglobin as a dose-
monitor for DNA-adducts was discussed with indications that 
this technique may not always be appropriate. The use of 
immunochemistry in assessing target dose was suggested with 
ample opportunity for chemists and immunologists to develop a 
joint endeavor by the detection and assay of protein and 
nucleic acid adducts. The target dose approach is designed 
to take into account differences between the biological model 
and human factors for determining the rate of formation of 
key lesions. But, the risk model takes no account of d i f f e r 
ences between test system and humans in factors to determine 
progression of key lesions into overt biol o g i c a l effects. 
Future work should identify the relevant species differences 
in factors determining the progression phase. The target 
dose approach for assessing genetic r i s k in man is yet to be 
applied to the pesticide f i e l d except for determining the 
relevance of bacterial mutation test data for prediction of 
genetic risk in mammals. However, this is a new strategy 
worth considering. 

Every s c i e n t i f i c d i s c i p l i n e has i t s problems and p i t 
f a l l s and biohemistry is no exception. Most of those 
discussed by Dr. Waggoner may not seem new. Maybe that is a 
reason they are s t i l l problems and p i t f a l l s . One p i t f a l l i s 
the often lack of coordinate planning, especially between the 
fie l d s of chemistry and toxicology. An example of this i s 
the minor effort in defining the mechanism of toxicological 
action. Is the pressure to meet regulatory needs a cause of 
this? Such pressure could even be the reason for minimal 
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amounts of comparative biochemical studies. While animal 
metabolic studies are a way to quick data, is this detracting 
from more intensive development of in v i t r o biochemical 
studies? The route of exposure certainly provides problems 
and p i t f a l l s in a l l aspects (methodologically and interpre-
t a t i v e l y ) , especially in oral vs. dermal vs. inhalation 
treatments. Separation of the three in a meaningful way is a 
real challenge. Metabolite i d e n t i f i c a t i o n is continually i n 
a state-of-the-art world simply because new tools and techni
ques open approaches not previously accessible. As highly 
complex metabolites are isolated at lower concentrations, 
problems magnify, including those of contamination and 
s t a b i l i t y . What do the studies of metabolism of unknown 
metabolite mixtures re a l l y show? Since a l l the metabolites 
in a tissue may not be ingested, how are the results inter
preted, especially when low levels generally must be fed? 
Possibly the largest problem and p i t f a l l , related to a l l of 
science as well, is the resistance to change and opposition 
to non-traditional approaches. 

So where do we now stand in the biochemical area? Bio
chemical studies to understand carcinogenic action certainly 
are no longer a graveyard. In fact, the area is very much 
alive with new tools, methodology and concepts. New informa
tion is continually surfacing, providing many new ideas about 
the carcinogenic processes. Rather than a graveyard, i t i s 
more like a six-lane expressway with results and conclusions 
speeding, with direction, toward a rational elucidation of 
these complex interactions. 

RECEIVED February 9, 1981. 
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Analytical Aspects: An Introduction 

WILLIAM HORWITZ 

Bureau of Foods, Food and Drug Administration, HFF-101, 200 C Street SW, 
Washington, DC 20204 

We frequently hear statements regarding the fantastic advan
ces in analytical chemistry over the last several decades. These 
statements tell us how the analytical chemist has increased his 
ability to detect and measure many chemicals from parts per 
thousand to parts per million, then to parts per billion, and now 
even parts per tril l ion. Such statements are finding their way 
into the morning newspaper, complete with 3 and 4 significant 
figures. Rarely, however, do we see a discussion as to whether or 
not these figures are correct. Even if they are correct, what is 
their reliability or its converse, its uncertainty. Even among 
scientists, a report from a laboratory showing the presence of 
several parts per trillion of a toxic chemical is accepted without 
question. What is worse, the accompanying uncertainties of 
analytical measurements are not recognized by many analytical 
chemists. 

The first two lectures in this session on the Analytical 
Chemist and Modern Toxicology will introduce some of the marvels 
which have been accomplished with the aid of analytical chemistry. 

Our f i r s t two speakers are from the National Center for 
Toxicological Research of the Food and Drug Administration at 
Jefferson, Arkansas. The National Center for Toxicological 
Research has been one of the f i r s t i n s t i t u t i o n s that has been using 
good laboratory practices both i n toxicology and i n an a l y t i c a l 
chemistry. The or i g i n a l concept of this i n s t i t u t i o n was to handle 
what was termed a "mega-mouse" study. Sampling s t a t i s t i c s t e l l us 
that the probability of determining a very low incidence of cancer 
in animals, say at levels of 0.1? or 1$, requires tens of thousands 
i f not hundreds of thousands of test animals to be sure to 
dif f e r e n t i a t e between a tenth of a percent induction and the 
background. The sheer l o g i s t i c s of such an operation soon scaled 
down the o r i g i n a l version to a 25,000 mouse version on a known 

This chapter not subject to U.S. copyright. 
Published 1981 American Chemical Society 
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standard carcinogen as a model substance i n a test run. The 
results of this f i r s t gigantic experiment were recently published 
in the Journal of Environmental Pathology and Toxicology. 

In conducting this study, numerous problems and side issues 
have been handled i n setting up, maintaining, and interpreting the 
experiment. But one of the main tools was a n a l y t i c a l chemistry, 
maintaining the in t e g r i t y and purity of the diet, water, and a i r 
without interruption for more than a two-year period, assuring the 
presence of the anticipated amount of the test substance as well as 
i t s purity and in t e g r i t y , providing the chemical information 
required to determine the t o x i c i t y p r o f i l e such as metabolism and 
pharmokinetics, and f i n a l l y interpreting the results of a l l of the 
analyses. Along the way, additional peripheral but important 
chemical operations were necessary to guarantee the safety of the 
personnel and animals from contamination, and the disposal of a l l 
exposed and contaminated experimental materials. Many new analy
t i c a l methods had to be developed and validated to assure their 
a p p l i c a b i l i t y to the problem at hand. In addition, specifications 
had to be developed to protect the experimental animals and the 
controls from exposure to materials which might perturb the 
responses sought. 

In order to interpret the results from chemistry and t o x i 
cology programs, i t i s necessary to apply s t a t i s t i c s . Dr. Tiede 
w i l l point out the major s t a t i s t i c a l tools required i n this area. 
An important thing to remember in s t a t i s t i c s i s that to measure 
small effects or small quantities you need large samples. Also, i f 
you wish to be more confident of your results, you need a larger 
sample. Only i f you wish to be sloppy and not be very confident, 
can you get along with a small number of samples. This applies 
whether you are measuring toxicological effects or physical 
amounts of substances i n micrograms, nanograms, or picograms. 
Another important fact to remember i s that i t i s impossible to 
design, conduct, or interpret any work i n these areas without a 
working knowledge of s t a t i s t i c s . At the very least the s c i e n t i s t 
must become an amateur s t a t i s t i c i a n i n order to t e l l the s t a t i s 
t i c i a n what i s wanted and to understand the answer that i s 
provided. 

In my lecture I am warning you that the a n a l y t i c a l chemist i s 
nowhere near as good as he thinks he i s or that he makes i t appear 
that he i s . For those who do not wish to be confused by 
v a r i a b i l i t y , the a n a l y t i c a l chemist w i l l give you a number. But 
the v a r i a b i l i t y i s s t i l l there. To properly interpret chemical 
values in terms of b i o l o g i c a l phenomena, the a n a l y t i c a l v a r i a 
b i l i t y must be removed to assure that the f i n a l results are truly 
of toxicological significance and not merely the a n a l y t i c a l error 
of the chemist. The toxicologist must be p a r t i c u l a r l y wary when 
the chemist operates near the l i m i t s of measurement. It appears 
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that false positives and false negatives are inherent i n the data 
when a method i s pushed beyond i t s c a p a b i l i t i e s . The toxicologist 
and chemist, not the s t a t i s t i c i a n , must stay clear of that 
precipice. 

F i n a l l y , Dr. McKinney, from his vast experience i n environ
mental chemistry w i l l point out some very p r a c t i c a l matters, such 
as how to handle the sample to protect i t from things which w i l l 
mimic the compound sought. To emphase this point even further, 
much of the trace element analyses i n biol o g i c a l materials i n 
li t e r a t u r e today i s i n v a l i d because the investigator was unaware 
that metal tools have a s u f f i c i e n t s o l u b i l i t y or f r a g i l i t y to 
impart s i g n i f i c a n t amounts of trace elements into a biol o g i c a l 
sample from mere contact. 

The intriguing advertisements of instrument manufacturers 
suggest that they have the true salvation for a n a l y t i c a l problems. 
Very often the instrument manufacturer w i l l apply his equipment to 
the ideal situation of a pure compound i n a pure solvent. The 
results are s t r i c t l y true, but may be grossly misleading i f 
applied to a biologi c a l matrix. The same applies to recovery 
studies even i n biol o g i c a l matrices. The native compound may be 
tig h t l y bound by reaction or by absorption and may be los t to your 
determination, although additions above this point are recovered 
s a t i s f a c t o r i l y . Under other conditions, these materials which do 
not respond to a normal analysis are released to give an unan
ticipated e f f e c t . Furthermore, never forget blanks and controls. 
Any i r r e g u l a r i t y i n their values requires further investigation. 
Blanks are also c r i t i c a l for proper s t a t i s t i c a l interpretation of 
cal i b r a t i o n functions, recoveries, and l i m i t s of measurement. 
Only by keeping i n mind a l l of these various factors which tend to 
subvert or mislead the investigator, can the exquisite results 
described by Dr. McKinney, be obtained. 

RECEIVED March 18, 1981. 
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The Increased Role of Chemistry in Toxicology 

THOMAS CAIRNS 

Department of Health and Human Services, Food and Drug Administration, 
National Center for Toxicological Research, Jefferson, AR 72079 

In this century society has by its proliferation of synthetic 
organic and inorganic chemicals including pesticides and 
herbicides given birth to a whole host of new interdisciplinary 
sciences. Toxicology has obviously been a product of this 
evolutionary process and is continuing to be a complex martrix of 
many basic sciences neatly and somewhat conveniently blended with 
the skill and creativity of a gourmet chef in the presentation of 
a great classic and outstanding dish for immediate consumption and 
praise. Indeed, i t is perhaps presumptuous for a humble chemist 
to attempt to delineate his particular professional role in this 
new technological development. The myriad of sub-specialities 
that are the building blocks of modern toxicology have largely 
contributed to a lack of understanding of a clear definition of 
the exact science of toxicology. Nevertheless the strengths of 
modern toxicology must be considered a direct synergistic result 
of the various component disciplines from which its comprises. 
Fundamental to modern toxicology is the role that analytical 
chemistry can play and has honestly derived from various quantum 
leaps in instrumental technologies through a continuing process of 
aggressive pioneership by the profession i tself and related 
disciplines. In reflection, developments in capabilities have 
somehow managed to be in a kind of synchronous step with solving 
evolving problems that those enhanced capabilities have introduced 
to society. Chemical technology has greatly advanced our standard 
of living with concurrent threats to the health of society. In 
particular, further generations must be fully protected by a 
rational policy on chemical utilization. It is interesting to 
ponder the question: "Was i t growing knowledge of modern 
toxicology that compelled a re-examination of public policy 
regarding human exposure to toxic substances, or was it increased 
public concern that forced science into greater participation?". 

0097-6156/8l/0160-0335$05.00/0 
© 1981 American Chemical Society 
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Experiments i n which suspect carcinogens are administered to 
animals i n massive quantities over r e l a t i v e l y short periods of 
time have been challenged on s c i e n t i f i c grounds and are confusing 
and often distrusted by laymen who myopically can only see the 
differences between the experimental process and real l i f e . It i s 
true to say that the "800 cans of diet soda" perception has been a 
serious impediment to the c r e d i b i l i t y of modern toxicology and the 
resultant regulatory processes. There can be no doubt that i n the 
environment and i n certain occupational situations, there are 
chemical agents which can increase the likelihood or threat of 
human cancer. 

As an analytical chemist fortuitously transposed to oversee 
the s c i e n t i f i c and administrative direction of the National Center 
for Toxicology Research (NCTR) for the l a s t two and one half years 
I consider I have had more than ample time to soak up the essences 
of modern toxicology and break that barrier of presumptiveness as 
a chemist to discuss authoritatively the demanding role that 
chemistry contributes to modern toxicology by i l l u s t r a t i n g a few 
selected examples from experiences at NCTR and then advancing 
future trends and ideas of current research topics. 

Nonclinical Laboratories Studies - Good Laboratory Praotioes 

At the present time, three pri n c i p l e sources of evidence exist 
for the i d e n t i f i c a t i o n and removal of a chemical substance that 
might pose a carcinogenic threat to public health: 

1. Epidemiologic evidence from exposed human populations; 
2. Long-term chronic bioassays from animal studies; 
3 . Short-term or other t e s t s that suggest c a r c i n o g e n i c 

a c t i v i t y . 
Of these three options, a properly conducted long-term chronic 

bioassay has been accepted as the d e f i n i t i v e model for estimating 
the c a r c i n o g e n i c r i s k f o r humans. Having mammalian tumor-
induction as i t s end-point, the chronic bioassay i s the only 
source of direct evidence (other than i n humans) of chemically 
induced tumors in the mammalian species. Of a l l test systems i t 
comes the closest to mimicking human routes of exposure and 
metabolic/pharmacological processes which activate and d i s t r i b u t e 
chemicals. 

In testing for carcinogenicity v i a such a chronic bioassay 
protocol, the implications on chemistry placed by the recent FDA 
regulations, "Good Laboratory Practice", can be summarized as 
follows 

1. Identity, purity, chemical properties and s t a b i l i t y of 
the test substance. 

2. Handling and storage of the test substance. 
3 . Analysis of the bioassay supplies for essential and/or 

deleterious ingredients. 
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4. Homogeneity, s t a b i l i t y and proper concentration of the 
test substance in the dosage form. 

5. Safety surveillance of personnel and work areas. 
6. Safe d i s p o s a l of the chemical and contaminated 

experimental materials. 
Obviously, the in t e g r i t y of a long-term study i s therefore 

highly dependent upon a number of the above factors. For 
instance, the compound 2-acetylaminofluorene (2-AAF) was a known 
model carcinogen selected for a 33-month study at NCTR involving 
24,192 female BALC/c mice fed 30, 35, 45, 60, 75, 100 and 150 ppm 
plus a control (1). I n i t i a l l y , the f i r s t 10kg batch of 2-AAF 
acquired was 85-90% pure and hence was purified i n house to the 
desired l e v e l . However, a later shipment of 2-AAF received 
assayed at 16.2% pure. Had this single fact gone undetected the 
e n t i r e investment i n the experiment might have r e s u l t e d i n 
erroneous data being reported. 

Test substances are usually administered to the animals i n 
either diet or the drinking water. For very obvious cost-
e f f e c t i v e reasons (both manpower and choice of method of 
analysis), the drinking water i s the preferred route i f the test 
compound i s both soluble and stable enough. A good example can be 
il l u s t r a t e d from the s t a b i l i t y studies on 4-aminobiphenyl at pH7 
and pH2 (Table I ) . 

Table I. Stability of Aqueous Solutions of 4-Aminobiphenyl.HCI 

Sampling Cone of 4-aminobiphenyl.HCI soins indicated 3 

intervals, 
days 1.0 ppm b 100 ppm b 1.0 ppm c 100 ppm c 

0 0.989±0.003 98.9+0.35 1.01 ±0.001 93.8±0.00 

1 0.973±0.012 99.2±0.42 0.781+0.001 79.3+0.02 

2 0.968±0.005 97.9±0.90 0.649+0.019 73.5+0.17 

4 0.976±0.021 98.6±1.0 0.459±0.020 60.4±2.3 

8 0.950±0.001 98.3±0.31 0.365+0.023 62.4±0.66 

16 0.936±0.002 98.9±0.50 0.282+0.011 57.4+1.1 

a M e a n and standard error from triplicate assays. 
b Aqueous HCI solution (0.01Λ/, pH2), samples adjusted for control. 
cDeionized water solution, samples adjusted for control. 

With recent emphasis on conducting chronic bioassays sometimes 
at low concentration ranges of the test compound, the question of 
toxicant and nutrient v a r i a b i l i t y of commercial laboratory animal 
diets has been extensively examined at NCTR over the l a s t f i v e 
years (2.,3.). The animal diet must be considered an important 
source of variation since the rela t i v e proportions and/or source 
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of d i f f e r e n t i n g r e d i e n t s may well vary depending on the 
a v a i l a b i l i t y and cost of raw materials. Respecting this possible 
v a r i a b i l i t y , commercial rodent feed has been analyzed at NCTR for 
the past five years and the results of 148 l o t s are displayed i n 
Table I I . As a n t i c i p a t e d , the v a r i a b i l i t y of n u t r i e n t 
concentrations was much less than that of the trace pesticides 
found or the heavy metals. Using t h i s data base, the 
specification l i m i t s indicated in Table II were s t r i c t l y adhered 
to and several three ton l o t s of feed had to be discarded. This 
type of survey has also provided the information to select the 
specifications based on what the market place could produce. In 
general, however, the annual average Cu and vitamin A 
concentrations were at least 12$ lower than the approximate 
concentrations l i s t e d by the manufacturer whereas Ca, protein and 
vitamin Β were within +5$ and fat and Zn within +8J of the 
manufacturer's s p e c i f i c a t i o n s . Frequently, Se was found at 
concentration levels at which i t has been shown to interact with 
the process of chemical c a r c i n o g e n e s i s . O c c a s i o n a l l y DDT, 

TABLE Π. The Twenty Parameters Used in Animal Feed Surveillance* 

Specification Std. 
Parameter L i m i t a t i o n Mean Dev. 

Min. Max. <n=148> 

Aflatoxin, ppb -
(Bi, B2, d , G2) 

Lindane, ppb -
Heptachlor, ppb -
Malathion, ppm -
DDT (Total), ppb -
PCB, ppb -
Dieldrin, ppb -
Cadmium, ppb -
Arsenic, ppm -
Lead, ppm -
Mercury, ppb -
Selenium, ppm .05 
Calcium, % 0.75 
Copper, ppm 8 
Zinc, ppm 75 
Vitamin A, I.U./g 15 
Vitamin Bi, mg/100g 7.5 
Estrogenic activity, ppb -
Total Protein, g/100g 21.0 
Total Fat, g/100g 4.3 

5 N.A. 

100 1.67 3.6 
20 1.07 2.2 

5 0.33 0.52 
100 27.72 48.4 
50 8.7 15.1 
20 2.4 4.6 

250 87.3 33.2 
1.0 0.31 0.18 
1.5 0.47 0.38 

200 0.024 0.02 
0.65 0.34 0.15 

- 1.16 0.18 
- 15.0 2.8 
- 108.2 9.7 

75 41.6 36.9 
12.5 9.1 1.25 
5 5 N.A. 

23.0 24.2 2.4 
6.7 5.54 0.58 

*148 lots of Purina autoclavable Rodent Laboratory Chow 5010 analyzed prior to autoclaving. 
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d i e l d r i n , Cd and Pb were present close to the concentration l e v e l s 
known to have bi o l o g i c a l effects. In this monitoring program, 
animal supplies were examined prior to use to provide assurances 
that acceptable levels of nutrients were present and to prohibit 
the entrance of unacceptable levels of nutrients of contaminants 
such as pesticides and heavy metals. 

In a d d i t i o n to q u a l i t y c o n t r o l of the d i e t , chemical 
surveillance has always been employed to assure accurate dosages 
of the test compounds i n animal diets. The princi p l e requirements 
to prepare a dosed animal diet include a series of s t e r i l i z i n g , 
screening, blending and packaging operations wi t h i n enclosed 
safety cabinetry. Autoclaving of dosed animal feed i s normally 
necessary to ensure microbiological i n t e g r i t y and the ef f e c t of 
such autoclaving on both trace nutrients and contaminants must of 
necessity also be closely monitored (Table I I I ) . The data exhibit 
the expected decrease in the concentration levels of vitamin A and 
vitamin B. The sharp reduction in malathion after autoclaving 
r e f l e c t s this particular pesticide's known thermal i n s t a b i l i t y . 

TABLE m. Effects of Autoclaving on Selected Feed Components 

Concentration (mean ± SD) 

Analyte Units 
No. of 

samples 
Before 

Autoclaving 
After 

Autoclaving 

DDT (total) ppb 24 7.1 + 8.6 9.9 + 16.B 
Dieldrin ppb 23 1.2 + 1.6 2.0 + 3 
Lindane PPb 24 2.3 + 0.9 1.7 + 1.0 
Matathion ppm 24 0.8 + 0.9 0.1 + 0.1 
As ppm 24 0.3 + 0.2 0.6 + 0.1 
Cd ppb 24 73 + 43 108 + 54 
Ca % 22 1.3 + 0.2 1.3 + 0.2 
Cu ppm 22 13.1 + 2.5 14.2 + 1.9 
Se ppm 24 0.4 + 0.1 0.4 + 0.1 
Zn ppm 22 110 + 9 121 + 9 
Fat % 20 5.3 + O.b 4.8 + 0.7 
Protein % 22 24.3 + 1.0 24.4 + 0.8 
Vitamin A lU/g 24 44.2 + 14.7 23.2 + 15.3 
Vitamin Bi ppm 24 89 + 10 65 + 16 

During normal operations of conducting nonclinical studies 
using mice, r a t s , monkeys, e t c . a tremendous amount of 
contaminated experimental m a t e r i a l s i s accumulated. In 
decontaminating animal cages large volumes of water are used and 
the resultant waste water contains trace l e v e l s of a l l test 
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compounds. This burning issue was addressed at NCTR by devising 
an adsorptive system to remove trace quantities of chemical 
carcinogens and other test compounds ( i ) . The success of the 
pi l o t study has culminated in the construction and operation of a 
waste water treatment plant at NCTR at a cost of 1.5 m i l l i o n 
dollars to handle 100,000 gallons of waste water per day. A 
schematic layout of the plant (Figure 1) i l l u s t r a t e s the tandem 
arrangement of f i l t e r s , activated carbon and non-ionic polymeric 
r e s i n (XAD-2) to achieve a h i g h l y e f f i c i e n t and low-cost 
operation. For the moment, treated samples are analyzed for a l l 
carcinogens known to be present from experimental operations. 
This method of monitoring i s a costly procedure and attempts are 
currently under way to develop a series of model marker compounds 
(non-polar, semi-polar, and polar) to deliberately add to the 
influx of the waste water from the f a c i l i t y and monitor only these 
three to ensure the ef f i c i e n c y of the entire system. 

Biochemical Mechanisms of Carcinogenesis 

The lay public and many fellow s c i e n t i s t s have long been 
b i t t e r c r i t i c s of the currently accepted dose l e v e l studies of 
in-vivo carcinogen testing. Extrapolation of test results of high 
dose to low dose levels and to the genetically diverse human 
population i s an accepted regulatory posture (5.) · At this 
juncture, i t should be emphasized that the major advantage of 
animal t o x i c i t y versus human epidemiology i s that the t o x i c i t y can 
be predicted before human exposure (e.g. asbestos). Attempts to 
explore the shape of the dose response curve at one order of 
magnitude lower than that previously performed were conducted at 
NCTR, the so-called ED Q 1 study to determine the dosage necessary 
to produce a 1% tumor rate (J_). The price tag of such extensive 
explorations precludes their repeat with other chemicals and has 
d i r e c t l y led to the dilemma of concurrent investment i n basic 
mechanism stud i e s to seek out biochemical i n d i c a t o r s of 
carcinogenicity at extremely low doses rather than conventional 
pathological indicators. 

Carcinogenesis can be properly defined as a change i n the 
regulatory mechanism of a target c e l l which gives r i s e to a 
progeny of altered c e l l s constituting the basis of the neoplastic 
disease. Therefore the i n i t i a l molecular i n s u l t i n f l i c t e d by a 
spec i f i c carcinogen may be limited to only a few c e l l s . Such 
molecular events are the focal point for many inquiries into the 
biochemical aspects of carcinogenesis. In very simple terms 
c e r t a i n compounds have the s t r u c t u r a l a b i l i t y to become 
e l e c t r o p h i l i c or e l e c t r o n d e f i c i e n t moieties v i a metabolic 
a c t i v a t i o n , and then bind c o v a l e n t l y to i n f o r m a t i o n a l 
macromolecules (DNA, RNA, proteins). These molecular events, for 
example, result i n residues or adducts to the base pairs of 
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DNA and sophisticated analytical techniques are often required to 
i d e n t i t y them (6.). With the recent a v a i l a b i l i t y of high 
resolution NMR the exact s i t e of interaction can be determined 
(Figure 2). Extensive studies at NCTR devoted to this s c i e n t i f i c 
probe have resulted i n a data base or compilation of the various 
sites of interaction on the bases of DNA (Figure 3). 

It i s optimistic to predict that t h i s l i n e of inquiry and the 
wealth of information on s i t e attachment w i l l replace the more 
coventional bioassay as a regulatory t o o l . However, i t i s 
r e a l i s t i c to assume that this l i n e of attack on the biochemical 
mechanisms of carcinogenesis that has been i n i t i a t e d w i l l y i e l d up 
in several years some clues or guides to unravel the secrets of 
the basic mechanisms of carcinogenesis. 

Future Trends i n Chemistry and Toxicology 

H e a l t h - o r i e n t e d government agencies r e s p o n s i b l e f o r the 
protection of the public from possible adverse e f f e c t s , such as 
chemical residues i n the food supply, must somehow attempt to 
establish p r i o r i t i e s on regulation as well as manpower to conduct 
monitoring programs. In 1975 in the United States alone, the 
pesticide industry used approximately 1400 active ingredients 
formulated by 4600 companies at 7200 p l a n t s to produce an 
estimated 35,000 - 50,000 separate products for an annual volume 
of 1.6 m i l l i o n pounds (approximately 45% of t o t a l world 
production) with a r e t a i l value of about three b i l l i o n d o l l a r s . 
Staggering as these s t a t i s t i c s of 1975 might sound regulatory 
agencies are faced with increasing problems of how best to serve 
and protect the public health. In an attempt to assi s t i n t h i s 
monumental task of providing maximum protection to the consumer 
while using the limited resources that are available, a r i s k 
assessment procedure has been constructed (D as a possible 
technique to evaluate t o x i c m a t e r i a l s that are p o t e n t i a l 
candidates as residues in the food chain and to assign an index 
number that i d e n t i f i e s a r e l a t i v e hazard. This procedure, 
developed to accomplish a possible ranking of the potential risks 
amongst the various chemical residues, i s called the Surveillance 
Index (SI). The SI, which consists of three terms, can be 
expressed mathematically as follows : 

Surveillance index ( s i ) = TF + EF + BSF 
where 

TF = Toxicity factor 
EF = Environmental factor 
BSF = BioSafety factor 
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_ H 
Ι ^ ^ Ι ^ ^ Η * ^/Alkylating Agents; N-HO-I-NA 

Γ Ν \ ^ Ν - ^ ° Alkylating Agent 
π Ν N ^ (ENU, MNU, DMN); AFBj 

DNA Cha in* 0 Ο ^ y y _ > . 2 - A A F ; M A B ; 2-AF 

*1 ^ D N A Chain 
Benzopyrene; 2-AAF 

Cytosine - Guanine 

CH3 ^Alkylating Agents 

κι J, Η -Aromatic Amines 

DNA Chain ° 

Alkylating Agents 

DNA Chain 
Alkylating Agents 

Thymine - Adenine 

Figure 3. Summary of the experimental investigations into the various sites of 
adduct formation on DNA by various known carcinogens 
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Toxicity Factor (TF) = KT χ RTR 

where 
KT = Kilotons of the compound released into the environment 

annually 
RTR = Relative t o x i c i t y r a t i o = LD Q d i e l d r i n / L D 5 Q for the 

compound (oral i n rats) 
Environmental factor (EF) = CV χ *>λ/2Έι 

where 
CV = the sum of the crop values 

Crop Value 

Cotton 1 
Grains 3 
Legumes 7 
Vegetables 10 
Fruits 10 
Tobacco 5 
Milk 20 

t 1 / 2 E - Effective h a l f - l i f e = < t 1 / 2 p x t 1 / 2 b > / < t 1 / 2 p + t 1 / 2 b > 

where 

fc1/2p = P n v s i c a l h a l f - l i f e 

t 1 / 2 b = bi o l o g i c a l h a l f - l i f e 

BioSafetv Factor (BSF ) = PB χ S χ PAR/NOEL 

where 
PB = Propensity to biomagnify 
S = S p e c i f i c i t y (reactive sit e s i n man) 

PAR = Population at ri s k 
NOEL = (Presumed) no observable effect l e v e l (ppm) 

Applying t h i s procedure to f i v e s e l e c t e d environmental 
pollutants (Table IV) has provided numerical values as potential 
indicators of high r i s k s . This equation i s by no means set i n 
stone and work i s continuing to refine and provide an exponential 
term to encourage graphic displays for management purposes. 
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TABLE ÏÏ. Surveillance Indices for Selected Pollutants 

Compound 1971 1978 

p,p'-DDT 2,476 Banned 
Toxaphene 1,019 1,025 
Methyl parathion 270 310 
Carbaryl 160 160 
Aminotriazole 27 Banned 

Currently, pesticide residues are monitored by a wide variety 
of chemical extraction and i d e n t i f i c a t i o n schemes. There i s no 
s i n g l e chemical m u l t i - r e s i d u e procedure a v a i l a b l e nor under 
development that can determine the entire spectrum of pesticide 
residues i n a given sample. At present, even the most sophisti
cated procedures can only monitor at trace levels for several 
compounds i n a few classes of pesticides. The problem i s that 
assays performed by such procedures are labor intensive and 
sometimes employ expensive equipment and personnel. Therefore, 
what i s sadly needed i s a r a p i d , s e n s i t i v e and r e l a t i v e l y 
inexpensive multi-residue procedure to monitor for toxicants i n 
the food chain. An investigation of bioassay systems employing 
four species of arthropods, Daphnia f H v a l e l l a r Culex and 
Palaemonetes was i n i t i a t e d i n response to the need for such an 
assay system (8J. The evaluation of inherent t o x i c i t i e s related 
to types and amount of organic solvents commonly used i n such 
systems indicated that dimethyl sulfoxide (DMSO) and methanol 
(MeOH) were least toxic in the aqueous test media. These solvents 
were then used in 18 hr. tests to determine s e n s i t i v i t i e s of the 
four organisms to a representative compound from six classes of 
pesticides. Stress factors such as amount of organic solvent and 
volume of test medium were adjusted to determine their effects on 
three of the organisms tested against d i e l d r i n and parathion. The 
highest s e n s i t i v i t y obtained with d i e l d r i n (50% mortality with 2 
ng in a 25 ml test medium) was with Culex stressed with 2% of MeOH 
in a reduced test volume. Hvalella stressed with 2% of MeOH were 
most sensitive to parathion (50% mortality with 85 pg in a 100 ml 
test medium); further stress imposed by reducing the volume of 
te s t medium diminished s e n s i t i v i t y . These very p r e l i m i n a r y 
experiments with various extracts of animal feed indicated that an 
extensive e f f o r t would be required to develop a method that could 
provide extracts compatible with the bioassay systems. 
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Conclusions 

With the continuing increased knowledge and emphasis on modern 
toxicology the demands on the component d i s c i p l i n e s such as 
chemistry must i n e v i t a b l y increase not as passive supporters but 
as aggressive partners demanding greater p a r t i c i p a t o r y r o l e s i n 
the design and research management areas of conceived experiments. 
Chemistry must assume i t s proper role i n the hierarchy of modern 
toxicology and through a p p l i c a t i o n of i t s fundamental d i s c i p l i n e 
contribute to major breakthroughs as well as continue to provide 
i n t e g r i t y of animal experiments. 

Disclaimer 

The views expressed are those of the author and do not 
n e c e s s a r i l y r e f l e c t the p o l i c y of the U.S. Food and Drug 
Administration. 
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22 
Aspects of Analytical Toxicology Related to 
Analysis of Pesticidal Trace Contaminants: 
An Overview 

LAWRENCE FISHBEIN 
Department of Human and Health Services, Food and Drug Administration, 
National Center for Toxicological Research, Jefferson, AR 72079 

We are all becoming increasingly aware of the potential 
adverse effects induced by trace levels of a spectrum of chemicals 
(primarily pesticides and industrial chemicals) in the environ
ment. For example, the cause for public health concern over 
Mirex, Kepone, DBCP, HCB, PCBs, PBBs, nitrosamines and the wide
spread use of chemicals contaminated with polychlorinated 
dibenzo-p-dioxins and dibenzofurans are well documented. This of 
necessity has placed an increasing focus and pressure on both the 
analytical chemist and toxicologist. There is a primary need for 
the analytical chemist to develop and refine techniques relating 
to the detection, determination and confirmation of trace 
impurities (often at parts-per-billion or lower), in consumer 
products, in the workplace and in the environment. Toxicologists 
are increasingly confronted with an equally difficult array of 
problems relating to the elaboration of techniques and methodolo
gies that will enable them to detect biological and toxicological 
events at what is increasingly recognized to be the major exposure 
problem, continuous low-level exposure at the sub parts-per
-million or parts-per-billion level of trace impurites or trace 
levels of the toxicant per se. 

In the forefront of chemicals of potential environmental and 
human toxicological concern are the pesticides both from the 
spectrum of agent and their use patterns as well as potential 
degree of population exposure. The l a t t e r includes those involved 
in the preparation, formulators, applicators, pickers, processors 
and f i n a l l y the consumers. The major objectives of this overview 
are to highlight several of the newer advances i n the analysis of 
trace impurities i n and of pesticides per se. 

Detection by the Thermal Energy Analyzer (TEA) and E l e c t r o 
chemical Detection 

It i s recognized that other newer areas that deserve 
increasing recognition i n pesticide and trace analysis include: 

This chapter not subject to U.S. copyright. 
Published 1981 American Chemical Society 
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P J A-Fourier Transform NMRM, radioimmunoassay, pulse-polarography 
and low and room temperature phosphorescence analysis. 

E i g h t d i s t i n c t steps are recognized i n trace organic 
analysis. These are: (a) c o l l e c t i o n , (b) storage, (c) extraction, 
(d) concentration, (e) i s o l a t i o n , (f) i d e n t i f i c a t i o n , (g) quanti
f i c a t i o n , and (h) confirmation. The instrumental f a c i l i t i e s for 
carrying out the three basic a c t i v i t i e s of ana l y t i c a l chemistry 
are separation, i d e n t i f i c a t i o n and measurement are shown i n Table 
1. We additionally recognize the fact that the power of a n a l y t i 
cal techniques can be increased by combining several a n a l y t i c a l 
techniques, or what can be referred to as synergism between 
methods (1,2). Thus we can combine high discriminating power i n 
one technique with a high separating power i n the other. For 
example, gas chromatography's e x c e l l e n t q u a n t i t a t i o n and 
re l a t i v e l y poorer qualitation can be well matched to the good 
qualitation and r e l a t i v e l y poorer quantitation of i n f r a red or 
mass spectrometry. Table 2 i l l u s t r a t e s the synergism and the 
strengths and weaknesses of ana l y t i c a l techniques which can be 
achieved between GLC, LC, TLC and MS and Fourier NMR. The various 
an a l y t i c a l systems can be ranked i n the order of their usefulness 
for trace organic analysis. Mass spectrometry provides s u f f i c i e n t 
s e n s i t i v i t y for trace analysis and i s easily interfaced to a gas 
chromatograph. It i s generally acknowledged that combined GC/MS 
is currently the most powerful and useful technique for the 
id e n t i f i c a t i o n of trace levels of organic compounds. It can 
provide qualitative information with nanogram quantities of single 
compounds present in the sample and in addition i t provides a mass 
spectrum of each peak eluting from the GC. Hence, the GC/MS data 
can be plotted i n the form of mass chromatograms as an additional 
interpretive aid (3). While gas chromatography i s s t i l l the most 
widely u t i l i z e d technique in trace organic analysis, i t should be 
recognized that recent advances i n HPLC have made HPLC comparable 
to GC i n speed, convenience and ef f i c i e n c y (3-6). LC or HPLC with 
detectors such as MS, electrochemical, UV, and fluorescence i s 
hence of increasing u t i l i t y . Coupled to the various^ detectors, 
the minimal detectable quantities for L ^ a r e : UV, 10 g; electro
chemical, 10 g; and fluorescence, 10 g. Sample sizes must be 
in the sub-ppm range (4_). The UV detector i s almost universal for 
organics while the electrochemical detector i s selective and the 
fluorescence detector i s even more selective (3,4). For example, 
with fluorescence spectroscopy i t i s possible to vary both the 
excitation wavelength and the wavelength at which the emission i s 
observed thus providing additional spectrometric information (3). 

C hemiluminescent D e t e c t o r s (Thermal Energy A n a l y z e r s ) i n 
Nitrosamine Analysis 

It i s well recognized that humans may be exposed to N-nitroso 
compounds i n a variety of ways, v i z . , (1) formation i n the 
environment with subsequent absorption from a i r , water, food 
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TABLE 1 

The Three Pillars of Analytical Chemistry (1) 

Separation Identification Measurement 

Instrumental separation by 
discriminating detection: 

Nmr (by chemical shift 
dispersion), 

Selective potentiometry, 
Ms (by single or multiple 

ion detection) 

Physical separation: 

Phase extraction, 
Chemical separation, 

Chromatography (Ictlcgc) 

Physical Methods; 

Nmr, 
Ir/Raman, 
Ms and gc-ms, 
Uv, 
Comparison with 

properties of a standard 

Chemical methods: 

Dependent on 
physical properties: 

Fluorescence, 
Thermal analysis, 
Microscopy 
Sedimentation, 
UV absorbance, 
Atomic absorption, 
Nmr 

Dependent on 
chemical properties: 

Functional group analysis, Polarography, 
Spot tests, Potentiometric titration 
Elemental analysis, Radiochemistry, 
Atomic absorption Gc-ms 
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TABLE 2 

Synergism of Analytical Techniques (1) 

Gc (volatiles only) Le Tic 

separation · separation • · separation · 

sensitivity · · sensitivity • · sensitivity · 

quantification · · quantification • · quantification ο 

identification ο ο identification ο ο identification ο ο 

Fourier NMR 

U C separation · 

sensitivity ο ο 

quantification · 

identification · · 

3H separation ο 

sensitivity · 

quantification · 

identification · · 

• = Strength o = Weakness 

Mass spectrometry 

Gc-ms (volatiles only) 

separation · 

sensitivity · · 

quantification · · 

identification · · 

Ms 

separation ο ο 

sensitivity · · 

quantif icationo ο 

identification · ·  P
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and/or i n d u s t r i a l and consumer products; (2) from the consumption 
or smoking of tobacco; (3) from naturally occurring compounds 
(considered to be an exceedingly minor contribution) and (4) 
formation in the human body from precursors ingested separately i n 
food, water or a i r . The l a t t e r category i s acknowledged by many 
to be of increasing concern but aspects of the potential r i s k are 
as yet to be unambiguously defined. The carcinogenicity, muta
genicity, and teratogenicity of a broad spectrum of nitrosamines 
has been increasingly and exceedingly well documented (7-11). 

The occurrence of the nitrosamines, whether as d i r e c t 
emissions of N-nitroso compounds or via localized release of large 
amounts of precursor compounds (e.g., secondary amines, nitrogen 
oxides, n i t r a t e , n i t r i t e s ) , e f f l u e n t discharges from sewage 
treatment plants or runoff from feedlots or croplands treated with 
amine pesticides, ammonium f e r t i l i z e r s or nitrogenous organic 
materials, or accidental products i n food processing and use, 
tobacco smoke, or via the body burden contributed by i n vivo 
n i t r o s a t i o n r e a c t i o n s , has sparked ever i n c r e a s i n g i n t e n s i v e 
investigations as to the overall scope of the potential sources, 
mechanism of In v i t r o and rn vivo formation, body burdens as well 
as to the need to develop a proper s c i e n t i f i c foundation for a 
human health r i s k assessment (7-14). 

In order to best develop a proper s c i e n t i f i c basis for the 
assessment of human ri s k associated with potential nitrosamine 
exposure, i t i s of course v i t a l that we possess the requisite 
sensitive and selective a n a l y t i c a l methodologies primarily for the 
detection and determination of exceedingly low levels (ppb-ppt) of 
nitrosamines, p a r t i c u l a r l y i n environmental samples. 

A sensitive and selective chemiluminescent detector that has 
made an appreciable impact on the analysis of nitrosamines i n 
environmental samples in the last several years i s the thermal 
energy analyzer or (TEA) (15-19). This detector u t i l i z e s an 
i n i t i a l pyrolysis reaction that cleaves nitrosamines at the N-NO 
bond to produce n i t r i c oxide. Although e a r l i e r instrumentation 
involved the use of a c a t a l y t i c pyrolysis chamber (15,17,19), in 
current instruments, pyrolysis takes place i n a heated quartz tube 
without a catalyst (20). The n i t r i c oxide i s then detected by i t s 
chemiluminescent ion react with ozone. The sequence of reactions 
can be depicted i n Figure 1. A schematic of the TEA i s shown i n 
Figure 2 (17). Samples are introduced into the pyrolysis chamber 
by direct injection or by interfacing the detector with a gas 
chromatograph (15,17,21,22) or a l i q u i d chromatograph (22-25). 

Chemiluminescence detectors possess considerable s e l e c t i v i t y 
for nitrosamines because the l i g h t emitted from the NO-ozone 
reaction i s i n the near infrared region, whereas other known 
chemiluminescent reactions with ozone emit l i g h t i n the v i s i b l e or 
near UV region (17,20,26,27). An opt i c a l f i l t e r eliminates 
response to emissions occurring below 600 nanometers. S e l e c t i v i t y 
i s additionally provided by a cold trap between the pyrolysis 
chamber and the NO-ozone reaction chamber which removes a l l but 
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N-N • N + NO* 

NO* + 0 3 • N 0 2 * + 0 2 

N 0 2 * • N 0 2 + hv 

luminescence in near i n f r a red 

Figure 1. Basis of chemuluminescent detection with a TEA 
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Figure 2. Schematic of the TEA (11) 
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the most v o l a t i l e compounds eluting from the pyrolysis chamber 
(20). The TEA analyzer i s sensitive to picogram quantities of 
N-nitroso compounds (15,16,22-26) with a linear response extending 
over f i v e orders of magnitude. 

While the chemiluminescence detectors have con s i d e r a b l e 
s e l e c t i v i t y for nitrosamines i t must also be recognized that the 
p o s s i b i l i t y exists that any compound that can produce NO during 
pyrolysis w i l l produce a signal (20). For example, TEA responses 
have been observed from organic n i t r i t e s , C-nitro and C-nitroso 
compounds (17,28) and nitramines (29). In the routine analysis of 
N-nitroso compounds, possible TEA analyzer responses to compounds 
other than N-nitroso derivatives normally do not represent a 
problem since the the identity of a compound can be readily 
established by co-elution with known standards on GC-TEA and/or 
HPLC-TEA systems (30-34). A d d i t i o n a l c o n f i r m a t i o n could be 
provided when the sample can be chromatographed on both GC-TEA and 
HPLC-TEA (30,33). The technique accepted as the most r e l i a b l e for 
the confirmation of N-nitrosamines i s based on mass spectrometry 
(22,35,36). Low-resolution mass spectrometry i s satisfactory for 
the analysis of r e l a t i v e l y simple mixtures and i n those instances 
i n which extensive clean-up of samples has been performed. 
However, complex samples require more sophisticated GC and MS 
procedures (e.g., high resolution-MS). 

F a r r e l l i et a l (37) described the determination of v o l a t i l e 
N-nitrosamines as pesticide contaminants u t i l i z i n g gas chromato-
graph-mass fragmentography. Quantitation was accomplished by a 
GC/MS (Finnigan Model 300) equipped with a programmed, multiple 
ion detection system used i n the E.I. mode. T r i f l u r a l i n was found 
to contain 34 ppm of dipropylnitrosamine by this technique. 
Figure 3 shows a mass fragmentogram obtained by analyzing a 
solution of t r i f l u r a l i n where a peak at m/e 130 can be observed 
with the same retention time as dipropylnitrosamine (DPN). The 
presence of DPN i n the t r i f l u r a l i n sample was confirmed taking a 
f u l l mass spectrum of the contaminant (Figure 4). 

K r u l l et a l (30) recently described rapid and r e l i a b l e 
confirmatory methods for the thermal energy determination of 
N-nitroso compounds at trace l e v e l s . These approaches u t i l i z e 
minor modifications i n the normal operation of the analyzer, GC 
and HPLC interfaced with the analyzer, UV i r r a d i a t i o n of the 
sample and wet chemical procedures. Comparisons were made between 
these analyzer a s s o c i a t e d methods of c o n f i r m a t i o n and other 
approaches for the determination of N-nitroso compounds at trace 
l e v e l s . Figure 5 i l l u s t r a t e s the analysis scheme by K r u l l et a l 
(30) to distinguish N-NO compounds from C-NO, 0-NO, N-N02, C-N02, 
and O-NÔ  compounds u t i l i z i n g the TEA analyzer. 

There i s recognized widespread concern about the p o s s i b i l i t y 
of both false positive and false negative findings at low ppm to 
low ppb concentration levels of the N-nitrosamines generally 
reported. Such a r t i f a c t s could arise during sample preparation, 
extraction and/or subsequent chromatographic analysis (38). The 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
02

2

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



356 T H E P E S T I C I D E C H E M I S T A N D M O D E R N T O X I C O L O G Y 

Trifluralin 

m/e 84 r " ' * W » 
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Analytical Letters 

Figure 3. Mass fragmentogram of trifluralin (31) 
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Figure 4. MS of ^-dipropylnitrosamine (31) 
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source of nitrosating agent which could be responsible for a 
positive a r t i f a c t , has included n i t r i t e contamination of the 
sample i t s e l f , open column chromatography on n i t r i t e contaminated 
packing materials for GC and LC columns, absorption of nitrogen 
oxides from ambient a i r , and nitrosamine contaminated deionized 
water and organic solvents. Precautions are also required to 
prevent the accidental destruction of N-nitroso compounds which 
can occur i n sunlight and even under conventional fluorescent 
lightings (37). N-nitroso compounds can be destroyed during GC or 
HPLC. It i s possible, as in the case of N-nitroso compounds with 
free OH groups such as N-nitrosodiethanolamine and N-nitrosamino 
acids that these compounds may give a sub-molar response by TEA 
detection. 

While the u t i l i t y of the thermal energy analyzer for the 
estimation of nitrosamines in a i r and water has been previously 
demonstrated by Fine and his co-workers (15-19,23-26), i t i s 
p a r t i c u l a r l y r e l evant to consider i t s u t i l i z a t i o n i n the 
determination of nitrosamines as trace impurities i n pesticides as 
well as nitrosated pesticides. There are two major rather 
d i s t i n c t problem areas that can lead to human exposure i n this 
area and hence potential risk to consider. One area focuses on 
the concern that certain nitrogen-containing pesticides (e.g., 
carbamates, ureas, t r i a z i n e s , amides, a n i l i d e s ) , as residues i n 
s o i l , water, plants, etc., may be nitrosated by exogenous n i t r i t e 
or by other n i t r o s a t i n g agents, e.g., n i t r o g e n oxides from 
automobile, tractor or truck exhausts or other f u e l consumption. 
The other area concerns the p o s s i b i l i t y that a v a r i e t y of 
pesticides which are applied to s o i l and plants may contain 
nitroso compounds as impurities (39). These impurities may arise 
from the three most probable routes of N-nitroso contamination, 
e.g., (a) formation i n the manufacturing process; (b) formation 
during storage and (c) contamination of amines used i n the 
manufacturing process (39-47). 

It was i n i t i a l l y reported by Fan et a l i n 1976 that four of 
seven h e r b i c i d e s purchased i n r e t a i l o u t l e t s had contained 
measurable concentrations of nitrosamines as detected with a 
thermal energy analyzer (43). Three of the herbicides consisted 
of polychlorobenzoic acids formulated as dimethylamine salts and 
contained dimethylnitrosamine as a contaminant i n concentrations 
ranging from 0.3 to 640 ppm. It was postulated that n i t r i t e used 
as a corrosion inhibitor in the metal containers reacted with 
dimethylamine during storage. The f o u r t h h e r b i c i d e i s a 
formulation containing t r i f l u r a l i n ( , <x , o< - t r i f l u o r o - 2 , 6 -
d i n i t r o - N , N - d i p r o p y l - p - t o l u i d i n e ) ( T r e f l a n ), which i s a 
d i n i t r o a n i l i n e derivative rather than an amine s a l t . It was found 
to contain 154 ppm of dipropylnitrosamine and i t was speculated 
that during the manufacturing process which employs sequential 
n i t r a t i o n and displacement of chloride by dipropylamine, nitrogen 
oxides or nitrous acid from n i t r i c acid, can be carried along and 
react with excess dipropylamine used i n the f i n a l step (39). 
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Bontoyan et a l (40) examined over 90 technical and commercial 
pesticide formulations used in agriculture, hospitals and homes 
for the presence of N-nitroso compounds. Tables 3-6 l i s t the 18 
tria z i n e s , 16 d i n i t r o a n i l i n e and related derivatives, 28 amine 
s a l t and 12 miscellaneous h e r b i c i d e s (and other p e s t i c i d e s ) 
respectively screened for nitrosamine contamination by GLC-TEA, 
LC-TEA, LC-UV, and GLC-Hall detection techniques. Also examined 
were 4 alk y l amines used in manufacturing of the amine sa l t 
herbicides (Table 7). Figure 6 i l l u s t r a t e s t y p i c a l instrument 
operating parameters for GLC and LC analysis for nitrosamines and 
Figure 7 depicts the procedure for screening and identifying 
non-volatile nitrosamines by LC-TEA analysis showing different 
solvent systems used. Of the 91 pesticides and starting materials 
screened, 25 contained nitrosamines at or above 1 ppm. Fourteen 
of these were the d i n i t r o a n i l i n e formulations, seven were amine 
sa l t s , three were amines used i n the manufacturing process and one 
was the sample containing N-nitrosodiethanolamine. The results 
indicate that the higher levels of N-nitrosamines are primarily 
found i n substituted amine, d i n i t r o a n i l i n e and amine sal t formula
tions whereas the tri a z i n e compounds were free from nitrosamine 
contamination (40). As might be expected, the nitrosamines i n the 
amine sal t formulations corresponded to the amine used therein, 
and those i n the di n i t r o a n i l i n e s corresponded to the dialkylamino 
group on the aromatic ring (40,41). The finding of N-nitroso 
compounds in di n i t r o a n i l i n e products i s suggested to result from a 
reaction of residual nitrous acid that i s l e f t from the n i t r a t i o n 
of the chlorobenzene and the excess secondary amine used i n the 
amination step, while the N-nitroso compounds i n formulations of 
amine salts of phenoxy herbicides probably results from the 
reaction of the corrosion inhib i t o r n i t r i t e and the corresponding 
secondary amine used to form the amine sal t (40). 

Ross et a l (42) employed TEA for detection of dimethylnitros-
amine and dipropylnitrosamine in several herbicide formulations 
after separation by GC or HPLC. With additional chromatographic 
cleanup, the identity of the compounds was confirmed by high 
resolution mass spectrometry. These results further indicated 
that formulations of amine salts can form nitrosamines on storage 
and nitrosamines can be formed in preparations of ni t r o a n i l i n e 
based herbicides. The results obtained for the determination of 
nitrosamines i n seven technical herbicides are shown i n Table 8. 

The determination of v o l a t i l e nitrosamines i n crops and s o i l s 
treated with d i n i t r o a n i l i n e herbicides was reported by West and 
Day (47). Measurement was accomplished by means of a gas chroma-
tograph-thermal energy analyzer. The s e n s i t i v i t y of the methods 
was 0.2, 0.05 and 0.01 ppb for dipropylnitrosamine i n crops, s o i l 
and water respectively. 

A recent paper by EPA reviewed the results of analysis of 
about 300 pesticides for nitrosamines. A large number of amide, 
carbamate, organophosphate, t r i a z i n e , urea d e r i v a t i v e s and 
miscellaneous n i t r o g e n - c o n t a i n i n g p e s t i c i d e s d i d not contain 
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Table 3 TRIAZINE HERBICIDES SCREENED FOR 
NITROSOAMINE CONTAMINATION^ (4fl) 

Sample Ingredient 

N-1 hexahydro-1,3,5-triethyl-S-triazine 
N-2 4,6-dichloro-/V-(2-chlorophenyl)-1,3,5-triazin-2-

amine 
N-3 metribuzin 
N-4 hexahydro-1,3,5-tris(2-hydroxypropyl)-s-

triazine 
N-5 2-[(4-chloro-6-(ethylamino)-s-triazin-2-yl) 

amino]-2-methylpropionitrile 
N-9 2-chloro-4-cyclopropylamino-6-isopropylamino-

s-triazine 
N-10 2-(fer/-butylamino)-4-chloro-6-(ethylamino)-s-

triazine 
N-11 2-chloro-4,6-bis(ethylamino)-1,3,5-triazine 
N-12 2-chloro-4,6-bis(isopropylamino)-1,3,5-triazine 
N-13 2-(ethylthio)-4,6-bis-(isopropylamino)-1,3,5-

triazine 
N-15 2-methoxy-4,6-bis(isopropylamino)-1,3,5-triazine 
N-16 2-methylthio-4,6-bis(isopropylamino)-1,3,5-

triazine 
N-17 2-chloro-4-ethylamino-6-isopropylamino-1,3,5-

triazine 
N-18 2-ethylamino-4-isopropylamino-6-methylthio-

1,3,5-triazine 
N-26 same as N-17 
N-27 same as N-17 
N-48 same as N-17 
N-49 same as N-17 
N-50 same as N-17 
N-62 same as N-17 
N-73 same as N-5 

^No nitrosamine was detected over 1 ppm. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
02

2

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



Κ)
 

to
 

T
ab

le
 4

 
D

IN
IT

R
O

A
N

IL
IN

E
 

A
N

D
 

S
IM

IL
A

R
 

H
E

R
B

IC
ID

E
S

 
S

C
R

E
E

N
E

D
 

FO
R

 
N

IT
R

O
S

A
M

IN
E

 
C

O
N

T
A

M
IN

A
T

IO
N

* 
(4

θ
) 

In
g

re
d

ie
n

t 
S

a
m

p
le

 

N
-2

0 
2

.6
-d

in
itr

o
-/

v.
 

N
-d

ip
ro

p
yl

-4
-t

ri
fu

lo
ro

m
e

th
yl

a
n

ili
n

e 
N

-2
1 

3
.5

-d
in

it
ro

-A
/4

.N
4
-d

ip
ro

p
yl

su
lf

a
n

ila
m

id
e 

N
-2

2 
4

-i
so

p
ro

p
yl

-2
.6

-d
in

it
ro

-N
./V

-d
ip

ro
p

yl
a

n
ili

n
e 

N
-3

2 
2

.6
-d

in
it

ro
-/

V
./v

-d
ip

ro
p

yl
-4

-t
ri

fl
u

o
ro

m
e

th
yl

a
n

ili
n

e 
N

-3
7 

4
-(

1
.1

-d
im

e
th

yl
e

th
yl

)-
/s

/-
(1

-m
e

th
yl

p
ro

p
yl

)-
2

.6
-

d
in

it
ro

b
e

n
za

m
in

e 

N
-3

8 
A

/-
b

u
ty

l-/
V

-e
th

yl
-2

.6
-d

in
it

ro
-4

-t
ri

fl
u

o
ro

m
e

th
yl

-
a

n
ili

n
e 

N
-4

0 
3

.5
-d

in
it

ro
-/

V
4
.N

4
-d

ip
ro

p
yl

su
lf

a
n

ila
m

id
e 

N
-5

1 
/v

3.A
/3-d

ie
th

yl
-2

.4
-d

in
itr

o-
6

-t
rif

lu
or

om
et

hy
l-

1
.3

-p
he

ny
le

ne
di

am
in

e 

N
-6

3 
3

.5
-d

in
itr

o-
A

/4
./v

4
-d

is
pr

op
yl

su
lfa

ni
lia

m
id

e 
N

-6
4 

A
/-b

ut
yl

-/V
-e

th
yl

-2
.6

-d
in

itr
o-

4
-tr

ifl
uo

ro
-

m
et

hy
la

ni
lin

e 
N

-6
5 

A
/-

(1
-e

th
yl

pr
op

yl
)-

3
.4

-d
im

et
hy

l-2
.6

-d
in

itr
o-

be
nz

en
am

in
e 

(t
ec

hn
ic

al
) 

N
-6

6 
A

/-
(1

-e
th

yl
pr

op
yl

)-
3

.4
-d

im
et

hy
l-2

.6
-d

in
itr

o-
be

nz
en

am
in

e 
(a

na
l, 

st
d)

 
N

-7
5 

2
.6

-d
in

itr
o-

/V
./V

-d
ip

ro
py

l-4
-t

rif
lu

or
om

et
hy

l-
an

ili
ne

 
N

-8
0 

4
-is

op
ro

py
l-2

.6
-d

in
itr

o-
/V

./V
-d

ip
ro

py
la

ni
lin

e 
N

-8
7 

2
.6

-d
in

itr
o-

A
/.A

/-
di

pr
op

yl
-4

-t
rif

lu
or

om
et

hy
la

ni
lin

e 
N

-9
1 

A
/-(

cy
cl

op
ro

py
lm

et
hy

l)-
a.

a.
a-

tri
flu

or
o-

2
.6

-d
in

itr
o-

/v
-p

ro
py

l-p
-t

ol
ui

di
ne

 

G
LC

-T
E

A
 ,

pp
m

 
LC

-T
E

A
,p

pm
 

LC
-U

V
,p

pm
 

G
LC

-H
al

l, 
p

p
m

 

12
1 

D
P

N
A

* 

54
 

D
P

N
A

 
11

 D
P

N
A

 

38
 

B
E

N
A

£ 

su
b 

1.
 

1.
5 

D
P

N
A

 
su

b 
2.

 
ne

g 
su

b 
1.

 
15

3 
D

E
N

A
tf 

su
b 

2,
 

10
0 

D
E

N
A

 

8 
B

E
N

A
 

16
 D

P
N

A
 

9 
D

P
N

A
 

6 
D

P
N

A
 

4 
C

M
P

N
A

* 

74
 

n
it

ro
s

am
in

e 
of

 
p

a
re

n
t 

co
m

p
d 

15
0 

D
P

N
A

 

39
 

D
P

N
A

 
13

 D
P

N
A

 

28
 

B
E

N
A

 

n
e

g
l 

14
6 

85
 

10
2 

n
it

ro
s

am
in

e 
of

 
p

a
re

n
t 

co
m

p
d 

ne
g 

pr
es

en
t 

pr
es

en
t 

10
4 

n
it

ro
s

am
in

e 
p

a
re

n
t 

co
m

p
d 

-S
A

 
b

la
n

k 
in

 
th

e 
ta

b
le

 
m

ea
ns

 
th

e 
sa

m
p

le
 

w
a

s 
no

t 
a

n
a

ly
ze

d 
by

 
th

a
t 

m
e

th
o

d
. 

b
/v

-N
it

ro
so

d
i-

n
-p

ro
p

yl
n

it
ro

sa
m

in
e 

Ç
/v

-N
it

ro
so

-n
-b

u
ty

le
th

yl
n

it
ro

sa
m

in
e

. 

Ô
D

ie
th

yl
n

it
ro

sa
m

in
e 

f/
V

-N
it

ro
so

cy
cl

o
p

ro
p

yl
m

e
th

yl
-n

-p
ro

p
yl

n
it

ro
sa

m
in

e
. 

iL
e

s
s 

th
a

n 
1 

p
p

m
. 

» m •ti
 

Ι ο O
N

 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
02

2

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



to
 

Sa
m

pl
e 

N
-7

9 

N
-8

2 
N

-8
3 

Ta
bl

e 
5 

A
M

IN
E 

SA
LT

 
H

ER
B
IC

ID
ES

 
SC

R
EE

N
ED

 F
O

R
 N

IT
R
O

SA
M

IN
E 

C
O

N
T
A

M
IN

A
T
IO

N
 

In
gr

ed
ie

nt
 

di
m

et
hy

la
m

in
e 

sa
lt

 
of

 2
.4

-D
 

an
d 

2.
4.

5-
tr

ic
hl

or
op

he
no

xy
pr

op
io

ni
c 

ac
id

 
di

m
et

hy
la

m
in

e 
sa

lt
 

of
 2

.4
-D

 
di

m
et

hy
la

m
in

e 
sa

lt
 

of
 2

-m
et

hy
l-

4-
ch

lo
ro

ph
en

ox
ya

ce
ti

c 
ac

id
 

di
m

et
hy

la
m

in
e 

sa
lt

 
of

 2
-(

2-
m

et
hy

l-
4-

ch
lo

ro
ph

en
ox

y)
pr

op
io

ni
c 

ac
id

 
di

m
et

hy
la

m
in

e 
sa

lt
 

of
 2

.3
.6

-t
ri

ch
lo

ro
be

nz
oi

c 
ac

id
 

di
m

et
hy

la
m

in
e 

sa
lt

 
of

 2
.3

.6
-t

ri
ch

lo
ro

be
nz

oi
c 

ac
id

 
di

et
ha

no
la

m
m

e 
sa

lt
 

of
 2

.4
-D

 
di

m
et

hy
la

m
in

e 
sa

lt
 

of
 2

.4
-D

 
di

et
ha

no
la

m
m

e 
sa

lt
 

of
 6

-h
yd

ro
xy

-3
(2

H
)-

py
ri

da
zi

no
ne

 
di

m
et

hy
la

m
in

e 
sa

lt
 

of
 2

.4
-D

 
di

m
et

hy
la

m
in

e 
sa

lt
 

2-
m

et
hy

l-
4-

ch
lo

ro
ph

en
ox

ya
ce

ti
c 

ac
id

 
di

m
et

hy
la

m
in

e 
sa

lt
 

of
 4

-(
2.

4-
di

ch
lo

ro
ph

en
ox

y)
bu

ty
ri

c 
ac

id
 

di
m

et
hy

la
m

in
e 

sa
lt

 
of

 2
.4

-D
 

di
et

ha
no

la
m

m
e 

sa
lt

 
of

 2
-(

2-
m

et
hy

l-
4-

ch
lo

ro
ph

en
ox

y)
pr

op
io

m
c 

ac
id

 
di

et
ha

no
la

m
m

e 
sa

lt
 

of
 2

.4
-D

 
di

et
ha

no
la

m
m

e 
sa

lt
 

of
 2

.4
-D

 
di

m
et

hy
la

m
in

e 
sa

lt
 

of
 2

.3
.6

-t
ri

ch
lo

ro
ph

en
yl

ac
et

ic
 

ac
id

 
m

or
ph

ol
in

e 
sa

lt
 

of
 2

.4
-D

 
di

m
et

hy
la

m
in

e 
sa

lt
 

of
 2

.4
-D

 
di

em
th

yl
am

in
e 

sa
lt

 
of

 2
-m

et
hy

l-
4-

ch
lo

ro
ph

en
ox

ya
ce

ti
c 

ac
id

 
di

et
ha

no
la

m
in

e 
sa

lt
 

of
 2

.4
-D

 
di

et
ha

no
la

m
in

e 
sa

lt
 

of
 2

-(
2-

m
et

hy
l-

4-
ch

lo
ro

ph
en

ox
y)

pr
op

io
ni

c 
ac

id
 

di
et

ha
no

la
m

in
e 

sa
lt

 
of

 2
.4

-D
 

di
et

ha
no

la
m

m
e 

sa
lt

 
of

 6
-h

yd
ro

xy
-3

(2
H

-p
yr

id
az

in
on

e 
di

m
et

hy
la

m
in

e 
sa

lt
 

of
 2

.4
-D

 
di

m
et

hy
la

m
in

e 
sa

lt
 

of
 2

-(
2,

4.
5-

tr
ic

hl
or

op
he

no
xy

)p
ro

pi
on

ic
 

ac
id

 
di

m
et

hy
la

m
in

e 
sa

lt
 

of
 2

.4
-D

 
di

m
et

hy
la

m
in

e 
sa

lt
 

of
 2

-(
2-

m
et

hy
l-

4-
ch

lo
ro

ph
en

ox
y)

pr
op

io
ni

c 
ac

id
 

di
m

et
hy

la
m

in
e 

sa
lt

 
of

 2
.4

-D
 

di
m

et
hy

la
m

in
e 

sa
lt

 
of

 2
.4

-D
 

di
m

et
hy

la
m

in
e 

sa
lt

 
of

 2
-(

2-
m

et
hy

l-
4-

ch
lo

ro
ph

en
ox

y)
pr

op
io

ni
c 

ac
id

 
di

m
et

hy
la

m
in

e 
sa

lt
 

of
 2

.3
.6

-t
ri

ch
lo

ro
be

nz
oi

c 
ac

id
 

di
et

ha
no

la
m

in
e 

sa
lt

 
of

 
3-

tr
if

lu
or

om
et

hy
ls

ul
fo

na
m

id
o-

p-
ac

et
ot

ol
ui

di
de

 

G
LC

-
TE

A.
 

ne
g»

 
6 

D
M

N
A

-
ne

g 
2 

D
M

N
A
 

2 
D

M
N

A
 

25
3 

D
M

N
A
 

ne
g 

ne
g 

ne
g 

ne
g 

2 
5 

D
M

N
A
 

ne
g 

18
 

D
M

N
A
 

ne
g 

ne
g 

ne
g 

ne
g 

ne
g 

1 
D

M
N

A
 

ne
g 

ne
g 

ne
g 

LC
-

LC
-

G
C-

TE
A.

 
U

V
, 

H
a

ll 
pp

m
 

pp
m

 
pp

m
 

£ 

ne
g 

ne
g 

ne
g 

ne
g 

ne
g 

19
. 

24
 

ne
g 

ne
g 

ne
g 

ne
g 

ne
g 

*L
e

ss
 

th
an

 
1
 p

p
m

. 
A

D
im

et
hy

ln
it

ro
sa

m
m

e 
*-

A
 

bl
an

k 
in

di
ca

te
s 

th
at

 t
he

 s
am

pl
e 

w
a
s 

no
t 

ru
n 

by
 

th
at

 
m

et
ho

d.
 

H
 X
 m m H
 

Ο
 5 m ο S tn 3
 >
 α o o w T

A
 2!
 

H
 § O
 o o o ><
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
02

2

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



22. F I S H B E I N Pesticidal Trace Contaminants 363 

GLC-TEA 

GLC-HALL 
DETECTOR 

HPLC-TEA 
HPLC-UV (254 nm) 

INSTRUMENT OPERATING PARAMETERS 

Column 

14 ft-1/8" 10% Carbowax-20M 
& 005% KOH on Chromosorb WHP-80/100 

6 ft-1/4" 3% Carbowax-20M 
on Chromosorb W-80/100 

2 - 3.9 mm ID χ 30 cm 
ii Porasil connected in Tandem 

T°C 

175 

120 

Flow Rate 

30 ml/min 

30 ml/min 

1.5 ml/min 

HPLC Solvent Systems 

HPLC-UV 

Volatile Nitrosamines 

Non-Volatile Nitrosamines 
in: 

Triazine Herbicides 
Prowl 
Butralin 

Diethanolamine Salts 

HPLC-TEA 

Volatile Nitrosamines 
Non-Volatile Nitrosamines 

Diethanolamine Salts 

15% Isopropanol in Iso-Octane 

3% Dimethoxyethane in Iso-Octane 
plus 0 02% 75/25 (Isopropanol-
Water) 

50% Dimethoxyethane in Iso-Octane 
plus 0.02% 75/25 (Isopropanol 
Water) 

10% Acetone in Iso-Octane 

40/60 Acetone Iso-Octane 

Journal of Agricultural and Food Chemistry 

Figure 6. Typical instrument operating parameters for GLC and LC analysis for 
nitrosamines (40) 
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364 T H E P E S T I C I D E C H E M I S T A N D M O D E R N T O X I C O L O G Y 

Table 6 MISCELLANEOUS HERBICIDES SCREENED FOR NITROSAMINE t . 
CONTAMINATION; OTHER PESTICIDES SCREENED FOR NITROSAMINE CONTAMINATION (40) 

Ingredient 

GLC-
TEA. 
PPm Sample 

Miscellaneous Herbicides 

N-19 3.6-dichloro-o-anisic acid neg* 
N-68» diethanolamine salt of 2-sec-butyl-4.6-dinitrophenol 
N-70 2-sec-butyl-4,6-dinitrophenol n e 9 
N-81 3-(3.4-dichlorophenyl)-1.1-dimethylurea n e 9 
N-86 3-(3.4-dichlorophenyl)-1.1-dimethylurea ™ 9 
N-88 2-ethoxy-2.3-dihydro-3.3-dimethyl-5-benzofuranyl n e 9 

methanesulfonate 
N-89 same as N-88 n e 9 

Other Pesticides 

N-41 bis(dimethylthio)carbamoyl)disulfide neg 
N-60 diphenylamine neg 
N-76 sodium [4-(dimethylamino)phenyl]diazene sulfonate neg 
N-77 same as N-76 neg 
N-84 bis(dimethylthiocarbamoyl) disulfide neg 
N-7 2.3.5-triiodobenzoic acid neg 

'Presumed to be diethanolamine salt. £ Less than 1 ppm. *Diethanolnitrosamine 
£ A blank indicates that the sample was not analyzed by that method. 

LC-TEA, ppm LC-UV,ppm GLC-Hall, ppm 

233 DELNA*- 217 DELNA 

Table 7 Alkyl Amines Used in Manufacturing Screened 
for Nitrosamine Contamination (40) 

GLC- LC- LC- GLC-
TEA, TEA, UV, Hall, 

Sample Ingredient ppm ppm ppm ppm 

N-28 dimethyl 34 U 26 

amine DMNA DMNA 
N-31 dimethyl 28 29 

amine DMNA DMNA 
N-67 triethanol-

amine 
neg^ 

N-69 diethanol
amine 

neg 

N-85 dimethyl 4 6 
amine DMNA DMNA 

^Less than 1 ppm. i*A blank indicates that the sample was not analyzed by 
that method. 
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I Sample | 

100% Acetone 

f — 1 — » 
Negative Positive 

— i . \ 
INo Nitrosamines I 50% Acetone 
1 ' I « } 

Negative 

1 
10% Acetone 

\ 
Positive 

, L_ . 
[Other Non-Vol. Nitrosamines! 

Positive 

N-Nitrosodiethanol 
Amine 

Journal of Agricultural and Food Chemistry 

Figure 7. Procedure for screening and identifying nonvolatile nitrosamines on 
LC-TEA showing the different solvent systems used (40) 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
02

2

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



Ta
bl

e 
8 

D
ET

ER
M

IN
A

T
IO

N
 

O
F 

N
IT

R
O

SA
M

IN
E
S 

IN
 

T
EC

H
N

IC
A

L 
H

E
R

B
IC

ID
E
S 

(4
2)

 

Sa
m

pl
e 

H
er

bi
ci

de
 

fo
rm

ul
at

io
n 

EP
A 

C
o
m

p
o
u
n
d

s 
le

qi
st

ra
ti

on
 

no
 

de
te

rm
in

ed
 

m
q/

L 

2.
4-

di
ch

lo
ro

ph
en

ox
ya

ce
ti

c 
ac

id
 

2-
(2

-M
et

hy
l-4

-c
hl

or
op

he
no

xy
)-

pr
op

io
ni

c 
ac

id
 

as
 

D
M

A
 

sa
lt

 
3.

6-
D

ic
hl

or
o-

o-
am

si
c 

ac
id

 
as

 
D

M
A

 
sa

lt
 

2.
4-

D
ic

hl
or

op
he

no
xy

ac
et

ic
 

ac
id

 
as

 
D

M
A

 
sa

lt
 

3.
6-

D
ic

hl
or

o-
o-

am
si

c 
ac

id
 

as
 

D
M

A
 

sa
lt

 

2.
4.

5-
 T

ri
ch

lo
ro

ph
en

ox
op

r 
op

io
ni

c 
ac

id
 

as
 

D
M

A
 

sa
lt

 
2 

4-
D

ic
hl

or
op

he
no

xy
ac

et
ic

 
ac

id
 

as
 

D
M

A
 

sa
lt

 

2.
3.

6-
 T

ri
ch

lo
ro

be
nz

oi
c 

ac
id

 
as

 
D

M
A

 
sa

lt
 

2.
3.

6-
Tr

ic
hl

or
ob

en
/o

ic
 

ac
id

 
as

 
D

M
A

 
sa

lt
 

2.
3.

6-
Tr

ic
hl

or
ob

en
zo

ic
 

as
 

D
M

A
 

sa
lt

 

Fo
ru

m
at

io
n 

of
 

α
,α

.α
 .

 -
tr

if
lu

or
o-

2.
6-

di
ni

tr
o-

N
.N

-d
ip

ro
py

l-
p-

to
lu

id
in

e 

'N
D

 
<0

.0
5 

m
g/

L 

13
86

-5
69

 
Ν

 D
M

 A
 

53
9-

22
6 

58
87

-9
2A

A
 

35
2-

25
0A

A
 

N
D

M
A
 

N
D

M
A
 

N
D

M
A
 

35
2-

25
0A

A
 

N
D

M
A
 

26
4-

92
A

A
 

N
D

M
A
 

N
D

PA
 

0 
30

 

N
D

 

N
D

 

18
7 

19
5 

64
0 

15
4 

De
te

rm
m

ar
ti

on
 

pr
oc

ed
ur

e 

G
C

-T
EA

 

H
P

LC
-T

EA
 

G
C

-T
EA

 

G
C

-T
EA

 

G
C

-T
EA

 
H

P
LC

-T
EA

 
G

C
-M

S 

G
C

-T
EA

 
H

P
LC

-T
EA

 

G
C

-T
EA

 
H

P
LC

-T
EA

 

G
C

-T
EA

 
H

P
LC

-T
EA

 
G

C
-M

S 

Η
 X
 

M
 m C/î
 

Η
 

Ο
 

Ο
 m ο Χ m > α ο σ m Η
 

Ο
 ο ο ο 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
02

2

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



22. F I S H B E I N Pesîicidal Trace Contaminants 367 

detectable levels (<1 ppm) of N-nitrosamines (46). Oryzalin 
(3,5-dinitro-N,N-dipropylsulfamilamide) did not contain detectable 
levels of di-n-propyl nitrosamine, while most dimethylamine salts 
of phenoxyalkanoic acids contain low or non-detectable levels of 
dimethylnitrosoamine. Although levels of dialkylnitrosamines i n 
di n i t r o a n i l i n e herbicides were o r i g i n a l l y found to be high (e.g., 
up to 115 ppm), these levels have been decreased considerably due 
to process changes i n manufacture. It was stated that "most 
N-nitroso contaminants i n pesticides can be avoided by simple 
process changes and the elimination of n i t r i t e s a lts i n the 
formulation" (46). 

The most important products thus far shown to contain n i t r o s 
amines are the di n i t r o a n i l i n e herbicides. The greatest focus has 
been on t r i f l u r a l i n , a pre-emergent s o i l incorporated herbicide 
that i s widely used on cotton and soybeans as well as on several 
other f i e l d crops, f r u i t s and vegetables to control broadleaf 
weeds and annual grasses. The scope of u t i l i t y of t r i f l u r a l i n i n 
the U.S. alone could be gleaned from the following. Currently 38% 
of the soybeans and over 60% of the cotton are grown i n t r i f l u r a -
l in-treated s o i l . It should be noted that the current levels of 
di-n-propyl nitrosamine in t r i f l u r a l i n are at least an order of 
magnitude lower than the 150 ppm o r i g i n a l l y discovered and i t i s 
anticipated that further decreases w i l l result from further modi
ficat i o n s of the production process (49). 

It i s important to know the possible extent of human exposure 
to pesticides containing trace amounts of nitrosamines or a g r i c u l 
tural residues of nitrosamines. We are concerned with the poten
t i a l hazard of exposure to applicators, f i e l d workers, as well to 
those using herbicides formulated for home use. It has also 
recently been suggested that trace nitrosamine residues may occur 
on crops for human consumption. Data relating to the above are 
meager. Studies by Fan and co-workers i n 1976 (50,51 ) revealed no 
di-n-propylnitr^psamine (or NDPA) i n a i r samples ( l i m i t of 
detection 1 ng/m ) above a Ca l i f o r n i a f i e l d before and immediately 
after spraying the f i e l d with a t r i f l u r a l i n formulation containing 
154 ppm of the nitrosamine. Additionally, no NDPA was found i n 
any i r r i g a t i o n water from the f i e l d ( l i m i t of detection 0.02 ppb) 
(52). Another study disclosed that cottonseed, soybeans and 
carrots grown i n t r i f l u r a l i n - t r e a t e d f i e l d s contained no n i t r o s 
amines (at s e n s i t i v i t i e s of 0.2-0.3 ppb) (53). Samples of water 
from ponds and wells located near f i e l d s with histories of heavy 
t r i f l u r a l i n usage did not contain nitrosamines ( s e n s i t i v i t y 0.01 
ppb). Of 24 samples of s o i l from a t r i f luralin-treated cotton 
f i e l d taken just before, and one week after, planting, only four 
were positive, containing 0.12 to 0.19 ppb NDPA. 

In six separate studies comprising a to t a l of 80 a i r samples 
over f i e l d s i n three states before, during and after t r i f l u r a l i n 
application, NDPA was detected at levels of 0.005 to 0.007 ppb i n 
five samples (54). No detectable nitrosamine residues (at a test 
s e n s i t i v i t y of 0.2 ppb) were observed i n any crops treated with 
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the herbicides t r i f l u r a l i n (Treflan), Balan [benefin; N-butyl-N-
ethy1-2,6-dinitro-4-(trifluoromethyl)benzenamine] and Surflan 
(oryzalin, 3,5-dinitro-N,N-dipropylsulfanilamide) (Table 9) (55) * 
Ross et a l (44) reported similar findings on tomatoes harvested 
from a Treflan treated f i e l d . These results were consistent in 
view of the absence of detectable amounts of nitrosamines i n the 
s o i l s from which these crops were harvested. It i s of interest to 
examine aspects of the s t a b i l i t y of nitrosamines i n s o i l as i t may 
impact on subsequent crop uptake and human exposure. The hal f -
l i f e of dimethyl-, dieth y l - , and di-n-propyl nitrosamines i n 
aerobic s o i l s i s on the order of three weeks (56) with most of the 
i n i t i a l losses being due to v o l a t i l i z a t i o n following surface 
application. Following s o i l incorporation, degradation to CO^ 
predominated over v o l a t i l i z a t i o n (57). The most l i k e l y mechanism 
of dissipation of the nitrosamine contaminant i s v o l a t i l i z a t i o n 
followed by vapor phase photolysis (58). 

While laboratory studies indicate that low molecular weight 
nitrosamines including NDPA can v o l a t i l i z e rather rapidly after 
application to the surface of warm s o i l , incorporation into the 
s o i l of the nitrosamine co-applied with a d i n i t r o a n i l i n e 
herbicide, decreases both the rate and extent of v o l a t i l i z a t i o n 
(49,59). However, i n either case v o l a t i l i z a t i o n obserjv^d occurred 
within 3 or 4 days after application. No uptake of C into the 
stems, leaves and beans was found ^ e n soybeans were grown i n 
s o i l s ^ treated with 100 ppb of NDPA- C, or N-nitrosopendimetha-
l i n - C [N-(l-ethyl propyl)-N-nitroso-3,4-dimethyl-2,6-dinitro-
benzenamine (60). It should be noted that N-nitrosopendimethalin 
(a contaminant of the pesticide pendimethalin) (61) was r e l a t i v e l y 
stable in s o i l and si g n i f i c a n t quantities could be recovered 
unchanged after several months. 

Nitrosation of Pesticides i n S o i l , Water and Plants 

The second focal point of concern as noted e a r l i e r i s that 
certain pesticides as residues i n s o i l , water, plants, may be 
nitrosated i n s i t u . While i t i s readily recognized that n i t r i t e 
i s an intermediate i n the s o i l nitrogen cycle and i n the presence 
of an acid or other suitable catalyst would be a potential n i t r o 
sating agent i n s o i l , however, under normal conditions, n i t r i t e 
concentration i s extremely low (49). Also, frequently cited i s 
the possible circumstance that formation of n i t r i t e from nitrate 
or ammonium f e r t i l i z e r s might promote the nitrosation of a p e s t i 
cide (62). While with appropriate catalysts nitrosations can 
occur under neutral or even mildly alkaline conditions (63) there 
i s sparse evidence of the reaction indeed occurring under these 
s o i l conditions (49). 

It should be noted, however, that under model experiments, 
nitrosamines could be formed when high levels of amines and 
n i t r i t e are added to s o i l s (64). For example, dimethylnitrosamine 
was formed i n s o i l s such as spodosol (pH 3.8), a s i l t y clay loam 
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(pH 5.8) and a s i l t loam (pH 6.5) when trimethylamine or dimethyl
amine were added to a s o i l to a concentration of 50 and 500 ppm as 
nitrogen. Dimethyl nitrosamine also was produced from the d i - or 
trimethylamine in the spodosol s o i l in the absence of supplemental 
inorganic nitrogen. It was also found that the fungicide thiram 
could be converted to dimethylnitrosamine in the spodosol treated 
with nitrate or n i t r i t e (64). 

Pesticides N-nitrosated under in v i t r o and In vivo conditions 
i n the l a b o r a t o r y have included the f u n g i c i d e ziram ( z i n c 
dimethyldithiocarbamate), the insecticides carbaryl (1-naphthyl 
methyl carbamate) and propoxur (o-isopropoxy phenyl methyl carba
mate) and the herbicides benzthiazuron [N-(2-benzothiazolyl)-N'-
methylurea], simazine [2-chloro-4,6-bis(ethylamino)-s-triazine] 
and a t r a z i n e [2-chloro-4-(ethylamino)-6-(isopropylamino)-s-
t r i a z i n e ) . 

There i s a paucity of information regarding the environmental 
formation or s t a b i l i t y of N-nitrosopesticides. For example, the 
extensive use of atrazine i n crop production programs u t i l i z i n g 
heavy a p p l i c a t i o n of n i t r o g e n f e r t i l i z e r s has r a i s e d the 
p o s s i b i l i t y of i t s N-nitrosation i n s o i l s (65). 

Both a t r a z i n e and b u t r a l i n [4-(1,1-dimethylethyl)-N-(1-
methylpropyl)-2,6-dinitrobenzenamide] (66) are nitrosated per se 
(I and II) in s o i l but only i n the presence of high levels of 
sodium n i t r i t e (e.g., 100 ppm nitrogen as NÔ  · However, no 
nitrosoatrazine or nitrosobutralin were observed when ammonium 
nitrate was substituted for sodium n i t r i t e . 

ON CH(CH 3)CH2CH 3 

N N 

NO 

I II 
Nitrosoatrazine Nitrosobutralin 

While both nitrosoatrazine and nitrosobutralin formed rapidly i n 
the above studies, nitrosoatrazine also disappeared rapidly (65) 
whereas traces of nitrosobutralin were s t i l l detectable i n s o i l 
after 6 months (66_). More d e f i n i t i v e studies have been reported 
by Kearney and co-workers (65) on the d i s t r i b u t i o n , movement, 
persistence and metabolism of N-nitrosoatrazine i n s o i l s and a 
model aquatic ecosystem. The results would suggest that the 
p o s s i b i l i t y of nitrosoatrazine formation i s extremely remote i n 
good a g r i c u l t u r a l s o i l s (pH 5.0-7.0) receiving normal applications 
of atrazine (2 ppm) and even high rates of nitrogen f e r t i l i z e r 
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(100 ppm nitrogen). In both s o i l and water, synthetic nitroso
atrazine i s unstable and i s degraded, usually by denitrosation to 
atrazine and polar products. High concentrations of NÔ  produce 
transient amounts of nitrosoatrazine i n acid s o i l . It was 
concluded by Kearney et a l (65^) that based on past f a i l u r e s to 
detect nitrosoatrazine i n a number of systems (67) and the 
noncarcinogenic response observed for the structu r a l l y related 
nitrosated herbicide nitrososimazine (68), nitrosoatrazine seems 
to pose no environmental threat. 

It should be noted that although many pesticides (e.g., 
amides, ureas, carbamates) that are potentially nitrosatable, no 
nitrosamides appear to have been formed or detected i n s o i l s even 
in the laboratory. However, at this stage, i t i s not certain 
whether this r e f l e c t s limited investigation, lack of formation or 
the general i n s t a b i l i t y of nitrosamides (49). The most recent 
U. S. Environmental Protection Agency (EPA) assessment of n i t r o s 
amines i n pesticides ( A p r i l , 1980) stated that pesticides that 
contain nitrosamine levels higher than 1 ppm w i l l be subject to a 
" f u l l - s c a l e r i s k assessment" under the EPA's rebuttable presump
tion against registration RPAR review process. Under an "interim 
policy" the agency w i l l conduct spot checks of pesticides that, 
because of their chemical structure, are l i k e l y to contain n i t r o s 
amines. Those pesticides found to have nitrosamines at levels 
greater than 1 ppm w i l l thus be subject to RPAR review (69). The 
proposed policy would (a) establish new data requirements for both 
existing registrants and future applicants whose products are 
contaminated with N-nitroso compounds; (b) propose r i s k c r i t e r i a 
which w i l l guide the agency i n de c i d i n g whether to allow 
registration or to immediately review the compounds i n the RPAR 
process or other regulatory action; (c) describe ways i n which 
applicants can reduce the risks associated with human exposure to 
N-nitroso compounds i n pesticides and (d) establish regulatory 
p r i o r i t i e s and processing requirements. 

Electrochemical Detectors 

A major l i m i t a t i o n in the increased application of modern 
l i q u i d chromatography i s the s e n s i t i v i t y of the detector system 
(70,71 ). For example, although a few UV detectors have been 
described which are usable at low nanogram l e v e l s , these involve 
s p e c i a l operating c o n d i t i o n s or compounds with higher molar 
absorptivities (70,72,73). With ordinary UV absorbing species, 
quantitative LC i s usually limited to a few tenths of micrograms 
(71). 

Recent studies of Lores et a l (74,75) described the u t i l i t y 
of HPLC with electrochemical detection for the determination of 
halogenated anilines and related compounds. The halogenated 
anilines are an extremely important category of environmental 
toxicants which can enter the environment via a variety of sources 
including: (a) pesticides degradation and transformation, (b) 
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i n d u s t r i a l discharge, (c) dyes and reduction of nitrosubstituted 
aromatic compounds, and (d) combustion of pla s t i c s and urethane 
products (74). One of the most common of these pathways i s p e s t i 
cide degradation and metabolism. Table 10 l i s t s of the possible 
origins of various a n i l i n e s . Carbamates, ureas and anilides can 
be metabolized or degraded i n the environment to y i e l d halogenated 
anilines which in some cases are more toxic than the parent 
compound. The polar nature of substituted anilines makes analysis 
by GC d i f f i c u l t without prior derivatization of the compounds. It 
should be noted that even after derivatization, i t has been found 
d i f f i c u l t to separate some isomers by GC (76). The procedure of 
Lores et a l (74) u t i l i z e d an HPLC method that allows separation 
and detection of sub-nanogram quantities of halogenated anilines 
without derivatization. The separation of these compounds was 
accomplished on a 15 cm Zorbax C-18 column, u t i l i z i n g an inexpen
sive electrochemical detector. For the detection of quantities 
ranging from 10 nanograms to several micrograms a UV detector (254 
nm) was used. The separation of seven anilines l i s t e d i n Table 12 
was accomplished i n this case by programming the mobile phase from 
80% phosphate buffer/20% a c e t o n i t r i l e to 40% phosphate buffer/60% 
a c e t o n i t r i l e at 10%/min (Figure 8). For HPLC chromatography of 
a n i l i n e s f o r e l e c t r o c h e m i c a l d e t e c t i o n (which i s extremely 
sensitive to any changes i n parameters) solvent programming was 
not possible. Aniline, 2-amino-4-chlorophenol and o-chloroaniline 
(compounds I, II, III, Table 10) were chromatographed with a 
mobile phase of 80% 0.15 M phosphate buffer/20% a c e t o n i t r i l e and a 
flow rate of 1 ml/min. For the separation of l a t e r eluting 
anilines, e.g., o-bromoaniline; m-chloroaniline; p-chloroaniline 
and 3,4-dichloroaniline (compounds IV-VII, Table 10), the mobile 
phase was changed to 60% buffer/40% a c e t o n i t r i l e and the flow rate 
was increased to 2 ml/min. The detector oxidation potential was 
maintained at + 1.1 V throughout the experiment. Two different 
solvent systems were required with the electrochemical detector 
since no single solvent system would permit the elution of the 
seven anilines i n a reasonable period with s u f f i c i e n t separation. 
Figures 9 and 10 i l l u s t r a t e chromatograms obtained from these two 
solvent systems used with an electrochemical detector (operated at 
an oxidative potential of + 1.1V with a CP-W graphite paste 
electrode) (75). These chromatograms were obtained using the same 
column that was used (a 15 cm Zorbax C-18 column) with solvent 
programming and UV detection for the separation of seven anilines 
as shown i n Figure 8. 

The percent a c e t o n i t r i l e and the maximum flow rate that can 
be used are limited by the electrochemical detector. For example, 
buffer solutions that contain more than 50% a c e t o n i t r i l e do not 
provide enough electrolyte for proper performance of the detector. 
Use of quaternary ammonium salts allows higher concentrations of 
a c e t o n i t r i l e i n the mobile phase. Flow rates greater than 2.5 
ml/min can erode the surface of the carbon paste electrode. The 
l i m i t s of detection for the seven anilines (based on a quantity 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
02

2

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



F I S H B E I N Pesticidal Trace Contaminants 373 

2 4 6 8 10 12 14 

Retention Volume (ml) 

Journal of Chromatographic Science 

Figure 8. Chromatograms obtained using a 15-cm Zorbax C-18 column with 
solvent programming and UV detection which show: (A) a blank profile run; (B) a 
chromatogram of a mixture of standards containing: (1) 40 ng aniline; (2) 70 ng 
2-amino-5-chlorophenol; (3) 40 ng f>-chloroaniline; (4) 75 ng p-bromoaniline; (5) 
60 ng m-chloroaniline; (6) 90 ng 2-chloroaniline; (7) 180 ng 3,4-dichloroaniline; 

(C) the gradient profile showing the percent buffer in the mobile phase (15) 
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Table 10 

POSSIBLE ORIGINS OF VARIOUS ANILINES (75) 

# Metabolite Origin Type Pesticide 

1 aniline Propham Carbamate 
Carbetamide Carbamate 
Fenuron Urea 
Siduron Urea 

II 2-amino-4- Barban Carbamate 
chlorophenol 

III o-chloroaniline Drazoxolone -isoxalone 

IV 
Dyrene Triazine 

IV o-bromoaniline Metabromuron Urea 
V m-chloroaniline Chloropropham Carbamate 

Barban Carbamate 
VI p-chloroaniline Monuron Urea 

Monolinuron Urea 
Urox Urea 
Dimilin Urea 

VII 3,4-dichloroaniline Propanil Anilide 
Diuron Urea 
Linuron Urea 
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Anilines Group A 

Electrochemical Detector 

ι ν 

B — 

I I I I I L J I 
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Retention Volume (ml) 

Journal of Chromatographic Science 

Figure 9. Chromatograms of the ani
lines in Group A obtained using an elec
trochemical detector that show: A (1) 
.52 ng aniline; (2) .32 ng 2-amino-5-
chlorophenol; (3) .64 ng p-chloroaniline; 
Β (1)65 ng aniline; (2) 40 ng 2-amino-5-
chlorophenol; (3) 80 ng p-chloroaniline 

/ 7 ς \ 
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Anilines Group Β 

Electrochemical Detector 

Figure 10. Chromatograms of the Group 
Β anilines obtained using an electrochem
ical detector show: A (1)15 ng p-bromo-
aniline; (2) 10.7 ng m-chloroaniline; (3) 
18.7 ng o-chloroaniline; (4) 12.5 ng 3,4-
dichloroaniline; Β (1) 1.2ng p-bromoani-
line; (2) 0.86 ng m-chloroaniline; (3) 1.5 
ng o-chloroaniline; (4) 1 ng 3,4-dichloro

aniline (15) 

I I I I I I I I I 
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Journal of Chromatographic Science 
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which gives a signal/noise ratio ^2 using the conditions described 
above) were as follows (in ng): a n i l i n e , 0.23; 2-amino-4-chloro-
phenol, 0.28; p - c h l o r o a n i l i n e , 0.33; p-bromoaniline, 0.38; 
m-chloroaniline, 0.27; o-chloroaniline, 0.28 and 3,4-dichloro
a n i l i n e , 0.38. 

The factors that can affect the s e n s i t i v i t y of the electro
chemical detector should be noted. These include: applied voltage, 
flow rate, volume injected, and background current. Applied 
voltage, for example, can exert very dramatic effects on the 
se n s i t i v i t y . The voltage can be used to "tune" certain compounds 
in or out. This can be very useful i n cases when compounds cannot 
be separated and the compound of interest has a lower oxidation 
potential. For this purpose a scanning c y c l i c voltagram can be 
used for determining the oxidation potential. Figure 11 i l l u s 
trates c y c l i c voltamograms of an i l i n e , 2-amino-4-chlorophenol, 
p-bromoaniline and 3 , 4 - d i c h l o r o a n i l i n e . The el e c t r o c h e m i c a l 
detector appears to be linear over a wide range for the compounds 
tested. Figure 12 i l l u s t r a t e s a graph of detector response versus 
quantity injected (constant volume 10 microliters) for a n i l i n e , 
o-chloroaniline, 2-amino-4-chlorophenol and p-bromoaniline. 

The pH of the phosphate buffer as well as the percent 
a c e t o n i t r i l e i n the mobile phase are the major factors affecting 
the separation of the anilines on the C-18 columns. By employing 
a low pH, the halogenated aniline compounds are separated not as 
the neutral free bases, but as their corresponding anilinium ions. 
Thus the use of a lower pH buffer w i l l decrease the elution time 
for a l l the compounds (74). 

The u t i l i t y of HPLC with electrochemical detection for the 
determination of halogenated anilines i n urine was also recently 
reported by Lores et a l ( 7_5 ). The only previous existing method 
for the a n a l y s i s of halogenated a n i l i n e s i n urine r e q u i r e s 
derivatization, s i l i c a gel cleanup and gas chromatography (76). 
HPLC eliminates the need for derivatization and makes the cleanup 
easier. The anilines studied were divided into two groups 
depending on which mobile phase was required. The mobile phase 
used for a n i l i n e , p-chloroaniline and p-bromoaniline was a mixture 
of 80% 0.1 M phosphate buffer adjusted to a pH of 3.0 and 20% 
ac e t o n i t r i l e . The mobile phase mixture used for m-chloroaniline, 
o-chloroaniline and 3,4-dichloroaniline was 60% 0.15 M phosphate 
buffer adjusted to a pH of 2.1 and 40% a c e t o n i t r i l e . The 
electrochemical detector was operated at an oxidative potential of 
+1.1V with a CP-W graphite paste electrode. The li m i t s of 
detection for this method w i l l depend on the sample size and the 
noise level of the detector. In this study with an inj e c t i o n 
volume of 70 u l and without concentration of the sample, levels 
below 5 ppb can be detected. Unsubstituted a n i l i n e could not be 
detected using either of the mobile phases since i t was obscured 
by peaks eluting with the solvent front (75). 
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Journal of Chromatographic Science 

Figure 11. Cyclic voltamograms of some of the anilines. Sweep rate: 50 mV/s; 
graphite paste electrode, Ag/AgCl reference electrode. The solvent was 50/50 
acetonitrile/phosphate buffer, and the concentration was ~ 0.1 mg/mh. Note that 
the oxidation potential of the aminochlorophenol is much lower than the anilines 

Π5). 
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Detector Response vs Quantity Injected 

Journal of Chromatographic Science 

Figure 12. Detector response vs. quantity injected (constant volume — 10 pL) for 
several anilines. The other anilines fall within the slopes of those indicated (15). 
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Summary 

There i s an increasing awareness of the potential environ
mental and health hazards of trace levels of pesticides, their 
t race i m p u r i t i e s as w e l l as metabolites and/or degradation 
products. Hence, there i s a need to develop and refine requisite 
an a l y t i c a l and toxicological methodologies for the detection and 
estimation of these agents as well as their b i o l o g i c a l and 
toxicological a c t i v i t y . 

Although GC/MS techniques remain the ba s i c hallmark of 
analysis for pesticides and their derivatives, i t i s important to 
stress the need and the sp e c i f i c role of additional methodologies 
such as thermal energy analysis and electrochemical detectors. 
The former technique was discussed with particular emphasis on i t s 
u t i l i t y of the determination of trace levels of nitrosamines and 
nitrosated pesticides in agr i c u l t u r a l products and residues. 

The l a t t e r technique of electrochemical detection focused on 
i t s u t i l i t y (coupled with HPLC) f o r the determination of 
halogenated anilines i n environmental and bio l o g i c a l samples. 
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23 
Statistical Considerations in the Evaluation of 
Toxicological Samples 

JAMES J. TIEDE 

Bristol Laboratories, Syracuse, NY 13201 

"You can prove anything with statistics." Few people, if 
any, have not heard this statement. Statistics is the science 
which deals with the collection, evaluation, interpretation and 
presentation of experimental data. As a science, i t  is governed 
by a set of fundamental underlying assumptions which, i f 
violated, can invalidate the results of a statistical analysis. 
Thus, while the opening statement of this paper is not correct, a 
relatively accurate statement can be made after a slight 
modification. "With an improper analysis, you can prove anything 
with statistics." This is certainly true. If one ignores the 
assumptions underlying a statistical method of analysis or 
employs an improper method of analysis for the experimental 
design, any desired conclusion can be obtained. However, i s i t 
not true of any scientific discipline that if the fundamental 
rules are violated, questionable results can be obtained? The 
same is true of statistics. An appropriate statistical treatment 
of experimental data, one which wi l l withstand cr i t ica l peer 
review will, in general, lead to unequivocal results. 

The object i ve of a s tat i s t ica l  evaluat ion of experimental 
data i s to provide r e su l t s which are meaningful to the 
experimentor. The most r igorous ana lys i s may have l e s s value 
than a simple graph if it does not aid the experimentor in the 
in terpretat ion of  his  data. On the other hand, a simple ana lys i s 
may prove to be misleading if unjustified assumptions about the 
data are made. Even the most appropriate ana ly s i s will not 
guarantee that the desired conclus ion will be obtained. 

"It's obvious that there i s  a  d i f fe rence in this  data. Why 
don ' t the statistics prove it?" This is a comment which has been 
heard by a l l  consu l t ing statisticians. There are numerous 
factor s i n f l uenc ing a s ta t i s t i ca l  eva luat ion. Among these are: 

0097-6156/81/0160-0387$05.75/0 
© 1981 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
02

3

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



388 T H E P E S T I C I D E C H E M I S T A N D M O D E R N T O X I C O L O G Y 

inadequate sample s i z e , biased sample, improper design and 
uncontrol led exogenous va r i ab le s . I f one or more of these are 
not addressed appropr ia te ly , the r e su l t s of the s t a t i s t i c a l 
evaluat ion may not necessar i ly agree with the b i o l o g i c a l or 
phys ica l i n t e rp re t a t i on of the data. I n s u f f i c i e n t sample s i ze i s 
a p a r t i c u l a r l y important f a c to r . When there i s a great deal of 
v a r i a b i l i t y i n a set of data ( i . e . the s i gna l to noise r a t i o i s 
sma l l ) , l a rger sample s i ze s are required i f the experiment i s to 
have a reasonable degree of s e n s i t i v i t y (the a b i l i t y to detect 
d i f fe rences among groups or between a sample and a reference 
standard) associated with i t . The problem here i s that samples 
are often expensive, both i n terms of d o l l a r s and time. A l l of 
these factors ( s e n s i t i v i t y , sample s i ze and cost) must be 
considered before an experiment i s conducted. This requi res , 
however, that the s t a t i s t i c i a n be consulted before the study i s 
even designed and not j u s t a f t e r the data i s c o l l e c t e d . Constant 
i n te rp lay ( i n te r face ) between the s t a t i s t i c i a n and the 
experimentor, from the beginning of a project u n t i l the end, w i l l 
optimize the amount and qua l i t y of information which can be 
obtained. 

"How can these data show s i gn i f i cance ? I t s obvious that 
there are no rea l d i f fe rences here. " This i s another frequent 
plea made to s t a t i s t i c i a n s . This touches on a d i f f i c u l t 
problem; s t a t i s t i c a l s i gn i f i cance versus c l i n i c a l , b i o l o g i c a l or 
phys ica l s i g n i f i c ance . Often, ones i n t u i t i o n or experience w i l l 
suggest that data which show s t a t i s t i c a l s i gn i f i c ance may not be 
b i o l o g i c a l l y s i g n i f i c a n t . As stated prev ious ly , the causes of 
such d i f fe rences (contrad ict ions ) are numerous; improper design, 
uncontrol led var iab les i n the experiment, a sample which i s not 
representat ive of the population at large are but a few. I t i s 
the existence of t h i s s t a t i s t i c a l - b i o l o g i c a l con t rad i c t i on which 
underscores the need fo r constant i n t e r a c t i o n between 
experimentor and s t a t i s t i c i a n . With the continued i n te rp l ay 
between s t a t i s t i c i a n and b i o l o g i s t , the po ten t i a l fo r 
cont rad i c t i on can be minimized. 

S t a t i s t i c s i s a t oo l for s c i e n t i s t s j u s t as the brush i s a 
t o o l for the pa in ter . When used properly i n the hands of an 
a r t i s t , the paintbrush can help transform a blank piece of canvas 
i n to a masterpiece. When improperly used, i t can destroy that 
same piece of canvas. The same i s true of s t a t i s t i c s . When 
properly employed by a p ro fe s s i ona l , the " p i c t u r e " which the data 
conveys can be ext racted. When improperly app l ied , questionable 
r e su l t s can be expected. 

The purpose of t h i s paper i s to present and discuss some of 
the more commonly used s t a t i s t i c a l methods. The emphasis w i l l be 
on understanding the concepts behind the methods and on 
i n t e r p r e t a t i o n of the r e su l t s of the analyses. Since t h i s i s to 
be an overview of the methods presented, de ta i l ed d i scuss ion w i l l 
not be pos s ib le . Relevant references w i l l be included fo r 
fu r ther d e t a i l s on the concepts presented. 
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S t a t i s t i c s Based on a Sample 

A s t a t i s t i c a l populat ion i s the t o t a l c o l l e c t i o n of a l l 
poss ib le values of the a t t r i b u t e with which one i s concerned. 
For example, the blood pressure of American adult males or the 
body weight of F isher ra t s are s t a t i s t i c a l populat ions. 
General ly, the population i s so l a rge , i t i s impossible to 
d i r e c t l y access the e f fec t that a chemical agent (food add i t i v e , 
drug, e tc ) would have on the populat ion. To administer the 
chemical agent to each member of the populat ion and determine the 
e f f e c t , i f any, would be imposs ib le. As an a l t e r n a t i v e , the 
e f f e c t of the chemical agent on a small port ion or sample from 
the populat ion can be evaluated and from t h i s eva luat ion, 
inferences can be made about the populat ion at l a rge . I f the 
sample i s c h a r a c t e r i s t i c of the populat ion, i t should provide 
good in s i gh t i n to the nature of the populat ion. One of the 
funct ions of s t a t i s t i c s i s to make ob jec t i ve inferences about the 
populat ion response based on the data obtained from the sample. 

Confidence In te rva l s . In t h i s sec t i on , some of the 
fundamental s t a t i s t i c a l concepts which r e l a t e to data c o l l e c t ed 
from a sample w i l l be discussed. Although only the one sample 
problem w i l l be discussed i n d e t a i l , many of the concepts can be 
extended to cases where there are more than one sample. 

Consider the fo l lowing (hypothet ica l ) body weight data: 

Change i n body weights(g) 
15.5 17.8 21.9 20.6 13.9 
17.2 21.3 29.A 13.3 19.2 
24.6 14.1 15.9 7.7 18.3 
18.8 8.6 22.0 24.1 17.5 

I t i s assumed that these data represent a random sample from the 
populat ion, that i s , a sample which was c o l l e c t e d i n such a 
manner that each member of the populat ion had an equal chance of 
being chosen. A question which immediately a r i se s i s what 
in ferences, based on the sample data, can be made about the mean 
and standard dev ia t ion of the populat ion. The most common method 
of est imating the population mean i s to use the average of the 
sample date, i . e . the sample mean, x. The standard dev ia t ion i s 
most commonly estimated by the sample standard dev ia t ion 
s =jjT 2=1 (x i -x) 2 /(n- l )J ' / 2 where x i r e fe r s to the 
i n d i v i d u a l observations and η i s the number of observations i n 
the sample. Assuming that the data come from a normal (Gaussian 
or bel l -shaped) d i s t r i b u t i o n , the sample mean (x) and the sample 
standard dev ia t i on ( s ) , i n add i t ion to the obvious advantages i n 
terms of f a m i l i a r i t y and i n t e r p r e t a b i l i t y , have optimal 
s t a t i s t i c a l p roper t ie s . Both of these s t a t i s t i c s (x and s) are 
c a l l e d point estimates because they provide a s i ng le number 
estimate of the population parameter of i n t e r e s t . For the sample 
data, x=18.1 and s=5.24. 
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Consider, fo r the moment, the sample mean. Although χ 
provides the "bes t " estimate of the populat ion mean, i t i s based 
on the sample and hence, i t i s not exact. I f another sample i s 
taken from the same populat ion, i t i s l i k e l y that a numerical ly 
d i f f e r en t estimate of the populat ion mean would r e s u l t . A t h i r d 
sample would y i e l d a t h i r d estimate of the mean. Thus, while χ 
provides a point estimate of the populat ion mean, i t would a l so 
be of value to have an i n t e r v a l which, with a spec i f i ed degree of 
assurance or confidence, would conta in the populat ion mean. A 
confidence i n t e r v a l provides such an est imate. 

For a spec i f i ed degree or l e v e l of confidence Ρ ( for example 
90%), a one or two sided confidence i n t e r v a l fo r the populat ion 
mean can be constructed from the sample data. The value of Ρ can 
be a l te red depending on the desired l e v e l of confidence. The 
l a rger the value of P, that i s , the greater the degree of 
confidence that i s des i red, the wider the corresponding i n t e r v a l 
w i l l be. 

For the example data, the 95% (2-sided) confidence l i m i t s fo r 
the population mean are (15.6,20.5). When i n t e rp re t i n g these 
l i m i t s , i t i s not proper to say that there i s a 95% p r o b a b i l i t y 
that the population mean i s i n the i n t e r v a l (15.6,20.5). The 
mean e i t he r i s ( p robab i l i t y = 1) or i s not ( p robab i l i t y = 0) 
w i th in the confidence i n t e r v a l . The cor rect statement i s that 
one can be 95% sure that the populat ion mean does l i e between 
15.6 and 20.5. That i s , the p r obab i l i t y that the i n t e r v a l 
(15.6,20.5) contains the populat ion mean i s 95%. 

Another way of i n t e rp re t i n g the confidence i n t e r v a l i s as 
fo l l ows . Suppose that 100 random samples were taken from a 
s ing le population and that 100 confidence i n t e r v a l s were 
computed. I t could be expected that 95% of the 100 confidence 
i n t e r v a l s would encompass the populat ion mean. 

Confidence i n t e r v a l s serve another usefu l purpose. They can 
a s s i s t one i n determining whether the populat ion mean may equal a 
s p e c i f i c value. To i l l u s t r a t e , suppose p r i o r to the c o l l e c t i o n 
of the example data, one wished to determine whether the 
population mean might be equal to 25. Since 25 does not f a l l 
w i th in the confidence i n t e r v a l fo r the populat ion mean, one could 
f e e l reasonably conf ident that , based on the data, the populat ion 
mean d id not equal 25. 

To i l l u s t r a t e the app l i c a t i on of t h i s concept to the 
two-sample problem, consider the comparison of two populat ion 
means. For example, suppose a chemical agent was added to the 
feed of one group of mice while a second group had a chemical 
f ree d i e t . Suppose fur ther that one wished to assess the e f f e c t , 
i f any, of the chemical on body weight. Based on the experimental 
data, one could construct a confidence i n t e r v a l fo r the 
d i f fe rence of the two mean values. By v i r t ue of the d i scuss ion 
above, i f t h i s confidence i n t e r v a l contained the value 0, one 
could conclude that there was no d i f fe rence i n the mean values. 
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While only confidence i n t e r v a l s fo r the populat ion mean have 
been discussed, confidence i n t e r v a l s can be computed f o r the 
populat ion standard dev ia t i on . In add i t i on , as described i n the 
l a s t example, confidence i n t e r v a l s can be appl ied to more than 
one sample. The construct ion of these i n t e r v a l s i s discussed i n 
most s t a t i s t i c a l textbooks i nc lud ing those c i t e d at the end of 
t h i s paper. 

Tolerance In te rva l s . In some s i t ua t i on s , given a sample from 
a populat ion, one i s in teres ted i n construct ing l i m i t s not on the 
mean or standard dev ia t i on , but l i m i t s wich w i l l provide an idea 
of a range w i th in which a c e r t a i n percentage of the populat ion 
w i l l f a l l . Such l i m i t s are c a l l e d tolerance l i m i t s . For 
example, one may wish to determine the to lerance l i m i t s which 
contain 95% of the populat ion. 

I f the population c h a r a c t e r i s t i c s (mean and s t a t i s t i c a l 
dev iat ion) are known, to lerance l i m i t s can be p rec i se l y 
determined. However, s ince only the sample c h a r a c t e r i s t i c s are 
genera l ly a va i l ab l e and, as previous ly discussed, these are not 
exact, to lerance l i m i t s can be determined only wthin a c e r t a i n 
degree of confidence. For example, one could determine the 
l i m i t s which with 90% confidence, w i l l contain 95% of the 
populat ion. 

To ca l cu l a te tolerance l i m i t s , two values must f i r s t be 
s p e c i f i e d ; C the proport ion of the population to be covered (the 
"coverage") and Ρ the confidence c o e f f i c i e n t . For given values 
of C and P, one or two sided to lerance l i m i t s fo r the population 
can be ca l cu l a ted . 

Using the data from the d i scuss ion above, suppose one wished 
to obtain a 2 sided tolerance i n t e r v a l with C = 75% and Ρ = 95%. 
The appropriate i n t e r v a l would be (9.7,26.5). Based on t h i s 
c a l c u l a t i o n , one i s 95% sure that 75% of the populat ion f a l l s 
between 9.7 and 26.5. 

A more de ta i l ed de sc r i p t i on of the c a l c u l a t i o n of tolerance 
i n t e r v a l s can be found i n 3, 7 and 8. 

Relat ionsh ips Among Var iables 

The methods which have been presented to t h i s point are used 
i n the evaluat ion of one or more samples. In many instances, 
however, one wishes to evaluate the re l a t i on sh i p between two or 
more va r i ab le s . The re l a t i on sh ip between dose of a drug i n the 
d ie t and body weight of mice, the plasma l e v e l s of a drug as a 
funct ion of time or a comparison of a new a n a l y t i c a l method 
compares to a standard method are examples of such problems. In 
t h i s sec t ion , d i scuss ion w i l l focus on the case of two var iab les 
X and Y. I t w i l l be i n i t i a l l y assumed that the va r i ab le X (the 
independent va r i ab le ) i s measured with l i t t l e or no er ro r and i s 
set p r i o r to the time when the experiment i s conducted. The 
second va r i ab le , Y, (the dependent va r i ab le ) i s the response 
va r iab le which i s dependent on the value of X. Y i s measured 
with e r ro r . The evaluat ion of the re l a t i on sh ip between X and Y 
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i s termed a regress ion problem. Although the concepts presented 
here apply s p e c i f i c a l l y to the l i n e a r regress ion model, they can 
be extended to the cases of polynomial regress ion, regress ion 
with many X va r iab le s (mul t ip le regress ion) and nonl inear 
regress ion models. 

Least Squares Ana lys i s . In the case of l i n e a r regress ion, 
the t h e o r e t i c a l r e l a t i on sh i p between the two va r i ab le s X and Y 
can be expressed as y = A + Bx + e r ro r where A i s the t h e o r e t i c a l 
(population) i n te rcept and Β i s the t h e o r e t i c a l s lope. Given a 
sample of η independent pa i r s ( x i , y i ) , (x2>Y2)> ···> 
( χη>Υη)> the observed r e l a t i on sh i p between χ and y i s 
expressed as y = a+bx where f a f i s an estimate of A and ' b f i s 
an estimate of B. 

Numerous methods ex i s t for est imating A and B. The most 
common approach i s the l ea s t squares method. The l ea s t squares 
method i s based on minimizing the square of the d istance between 
the observed value y 0 bs a n d the " f i t t e d " value y f i t = a+bx. 
This distance i s represented by the i n t e r v a l f d ' i n Figure 1. 
Thus, the leas t squares method i s based on minimizing 

Σ Ι d 2 = £ ( y 0 b s - y f i t ) 2 -
Based on the assumptions that the data ( y f s ) have a normal 
d i s t r i b u t i o n and that the standard dev ia t ion of the y ' s i s the 
same as each x, the l ea s t squares estimates ' a 1 and ' b ' of A and 
Β are unique and unbiased. I t i s these propert ies which make the 
l ea s t squares estimates of A and Β a t t r a c t i v e . 

Since ' a ' and f b f are s t a t i s t i c a l estimates based on a 
sample, they have an e r ro r term (the standard e r ro r of the 
estimate) associated with them. Among a l l estimates A and B, the 
l ea s t squares estimates have the smal lest e r ro r term. This i s 
the t h i r d important property of the l ea s t squares est imates. 

Consider the (hypothet ica l ) data presented below. 

Table 1 X Y 
0 27.3 
5 AO.5 

10 63.1 
20 91.6 
30 117.7 

Inspection of a p lo t of Y versus X (Figure 1) suggests that a 
s t r a i gh t l i n e might be a reasonable f i t to the data. Using the 
method of l ea s t squares, the estimates of A and Β are found to be 
a=28.3 and b=3.06. This means that , based on the data, the 
re l a t i on sh ip between X and Y can be expressed as 

y = 28.3 + 3.06x. 
P r ed i c t i o n . The est imat ion of the parameters of a regress ion 

l i n e i s often the f i r s t step i n an ana l y s i s . Frequently, the 
regress ion l i n e i s used to p red ic t a value of Y f o r a new value 
of X. (The opposite problem, pred ic t an X fo r a new Y w i l l be 
discussed l a t e r . ) When the new value x * f a l l s between the X f s 
used to estimate the regress ion l i n e (the regress ion l i m i t s ) , the 
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Figure 1. Sample data for regression analysis 
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p red i c t i on of the corresponding Y value, y * , i s c a l l e d 
i n t e r p o l a t i o n . When x* f a l l s beyond the regress ion l i m i t s , the 
p red i c t i on of Y i s termed ex t rapo la t i on . 

Consider the problem of i n t e r p o l a t i o n . Given a new 
observation x * , both point and i n t e r v a l estimates of Y can be 
ca l cu l a ted . The point estimate of Y i s c a l l e d the predicted value 
and i s e a s i l y ca l cu la ted as y * = a+bx*. The i n t e r v a l estimate 
fo r the predicted value i s c a l l e d the p red i c t i on i n t e r v a l . The 
c a l c u l a t i o n of a p red i c t i on i n t e r v a l i s e s s e n t i a l l y the same as 
the c a l c u l a t i o n of a confidence i n t e r v a l . Both require the 
s p e c i f i c a t i o n of the confidence c o e f f i c i e n t Ρ and both (overlaps) 
i n t e r v a l s have the i n t e r p r e t a t i o n ; the i n t e r v a l contains the true 
(population) value with p r obab i l i t y P. 

There are two types of p red i c t i on i n t e r v a l s which can be 
constructed i n the regress ion problem, p red i c t i on i n t e r v a l s fo r a 
populat ion mean (the mean response y* for a given x*) and 
p red i c t i on i n t e r v a l s fo r i n d i v i d u a l observations ( i . e . the 
p red i c t i on i n t e r v a l f o r a p a r t i c u l a r p a t i e n t ) . Conceptual ly, the 
d i f fe rence between the two i n t e r v a l s i s subt le . In the f i r s t 
case, one i s i n te res ted i n an i n t e r v a l f o r the populat ion mean at 
a given value of X. In the second case, an i n d i v i d u a l 
observation from the populat ion i s of i n t e r e s t . In p rac t i ce the 
d i f fe rence between the two can be sub s tan t i a l s ince the 
p red i c t i on i n t e r v a l fo r the populat ion mean i s more narrow than 
that fo r an i n d i v i d u a l . To i l l u s t r a t e t h i s d i f f e rence , consider 
the data i n Table 1. The 95% p red i c t i on i n t e r v a l f o r the 
(population) mean response at x*= 15 i s (74.0,84.4). I f , 
however, one were i n te res ted i n obta in ing a p red i c t i on fo r a 
p a r t i c u l a r pat ient who had x*=15, t h i s would be (66.7,91.7). 

Ext rapo la t ion , the p red i c t i on of values beyond the range of 
the independent v a r i ab l e , i s h ighly dependent on an important 
assumption. I t i s assumed that the r e l a t i on sh i p between the two 
var iab les remains contant f o r a l l values of X, up to and 
i nc lud ing the value of i n t e r s t . G. Hahn (6) presents an 
exce l lent example of the p o t e n t i a l danger involved with 
ex t rapo la t i on . Consider the data i n Figure 2 . Inspection of 
the p lo t of X versus Y suggests a l i n e a r r e l a t i on sh i p between the 
two va r i ab le s . F i t t i n g a s t r a i gh t l i n e to the data (Figure 3) 
and ext rapo la t ing out to x*=50 produces a predicted value of 
y*=138. The p l o t i n Figure 2 i s a hypothet ica l p l o t of the 
height of a random sample of males between the ages of 8 and 14. 
The ex t rapo la t ion of x*=50 suggests that a 50 year o ld male would 
have a height of 11+ feet . The assumption that the l i n e a r 
r e l a t i on sh i p between X and Y w i l l continue to hold for x*=50 i s 
obviously erroneous. Thus when one extrapolates beyond the 
regress ion l i m i t s , one should do so very caut ious l y , e spec i a l l y 
as one get fu r ther away from the regress ion endpoints. The 
concepts of point and i n t e r v a l p red i c t i on estimates as discussed 
i n the case of the i n t e r p o l a t i o n can a l so be appl ied to the 
ex t rapo la t i on problem. 
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Figure 2. Linear relationship between variables X and Y 
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Figure 3. Extrapolation of data in Figure 2 to χ = 50. The variable X is age in 
years and the variable Y is height in inches. 
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Tests fo r goodness of f i t . While a l i n e a r model can be f i t 
to any set of data, a s t ra i gh t l i n e may not be the best model. 
I t i s poss ib le i n the regress ion ana ly s i s to check fo r lack of 
f i t , that i s , the i n a b i l i t y of the model to adequately descr ibe 
the r e l a t i on sh i p between X and Y. This s t a t i s t i c a l te s t requires 
that two or more independent observations (measurements) must be 
made at each l e v e l of X. Independent here means that unique 
responses must be obtained. Determining the white blood c e l l 
count from the same sample three times does not provide three 
independent observations. Although the tes t fo r lack of f i t 
cannot i nd i ca te what the appropriate model would be, i t can 
enable the experimentor to assess the v a l i d i t y of the assumed 
model. This i s why i t i s frequently requested by s t a t i s t i c i a n s 
that mu l t ip le observations be obtained fo r the var ious l e ve l s of 
the X va r i ab l e . 

Logrithmic Transformations. I t i s common i n the b i o l o g i c a l 
sciences to f i nd that while the re l a t i on sh i p between X and Y i s 
not l i n e a r , a logr i thmic transformation of one or both of the 
var iab le s w i l l produce a s t ra i gh t l i n e r e l a t i on sh i p . The 
regress ion methods as described above can be appl ied to the 
transformed data i n order to estimate the parameters of the 
model, to make pred ic t ions of future values and to obtain the 
corresponding confidence l i m i t s . Caution must be used, however, 
when i n te rp re t i n g the re su l t s of analyses based on transformed 
data, p a r t i c u l a r l y when d iscuss ing the r e su l t s i n the o r i g i n a l 
scale of measurement. A l l r e su l t s (parameter est imates, 
confidence l i m i t s , e t c . ) per ta in to the transformed data. 
Expressing the re su l t s of the s t a t i s t i c a l eva luat ion i n the 
o r i g i n a l scale of measurement ( i . e . by tak ing ant i - l og r i thms) 
does not preserve the s t a t i s t i c a l i n t e r p r e t a t i o n . For example, 
the 95% confidence l i m i t s fo r a predicted value of log Y are not, 
a f t e r tak ing a n t i - l o g s , the 95% confidence l i m i t s fo r the value 
of Y i n the o r i g i n a l scale of measurement. This fac t can be 
i l l u s t r a t e d using the fo l lowing set of data: 

15, 17, 10, 22, 13, 15, 18. 
The mean and 95% confidence l i m i t s fo r these data are 15.71 and 
(12.18,19.24), re spect i ve l y . Taking the logr i thm of each of the 
values, the mean and 95% confidence l i m i t s are 2.73 and 
(2.50,2.96). Taking an t i - l o g s of these values, one obtains that 
the mean and 95% confidence l i m i t s i n the o r i g i n a l sca le of 
measurement are 15.31 and (12.14,19.30), re spec t i ve l y . 
Comparison with the f i r s t set of s t a t i s t i c s reveals d i s t i n c t 
d i f fe rences . 

The d i scuss ion above appl ies to most other transformations 
which are used to l i n e a r i z e a set of data, i . e . exponent iat ion, 
tak ing roots, r a i s i n g to a power, p r ob i t s , l o g i t s , e t c . Only fo r 
those transformations which themselves are l i n e a r (that i s , are 
of the form y=b+mx) w i l l the s t a t i s t i c a l i n te rp re ta t i on s be 
preserved before and a f t e r transformation. 
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S t a t i s t i c a l C a l i b r a t i o n . The d i scuss ion, to t h i s po in t , has 
dea l t with the p red i c t i on of y* f o r a given x* . In many problems 
such as radioimmunoassay, one wishes to p red ic t X from a given 
(observed) value of Y. Such problems are c a l l e d inverse 
p red i c t i on or c a l i b r a t i o n problems. A general ou t l i ne of the 
c a l i b r a t i o n problem can be described as fo l l ows . Two va r i ab le s , 
X (the independent va r iab le ) and Y (the dependent v a r i a b l e ) , are 
such that X i s d i f f i c u l t (or impossible) to measure d i r e c t l y 
while Y i s r e l a t i v e l y easy to measure. In the f i r s t part of the 
experiment, the corresponding Y ' s are obtained fo r η known values 
of X. These data are frequently c a l l e d the c a l i b r a t i o n or 
standards data. Later, m add i t i ona l values of Y are ( i . e . 
responses from m pat ient s ) obtained and the ob jec t i ve i s to 
estimate the corresponding values fo r the X ' s . 

The f i r s t step i n the c a l i b r a t i o n ana lys i s i s to determine 
the r e l a t i on sh ip between X and Y by f i t t i n g a model to the 
c a l i b r a t i o n data using the method of l ea s t squares . When 
est imat ing the parameters of the c a l i b r a t i o n l i n e , i t i s not 
correct to reverse the ro le of X and Y and then to use the 
procedure for p red i c t i on i n the regress ion ana l y s i s . The theory 
of l eas t squares i s based on the assumption that the X ' s are 
e r ro r free and that the Y ' s are measured with e r ro r . To regress 
X on Y v i o l a t e s t h i s fundamental assumption. The cor rect 
procedure for the c a l i b r a t i o n problem i s to regress Y on X as i n 
the regress ion problem i n order to estimate the c a l i b r a t i o n 
l i n e . Predicted values fo r X can be obtained as fo l l ows . 

The point estimate of Χ ( χ ' ) fo r a new value y ' i s ea s i l y 
ca lcu la ted as x '=(y ' -a)/b. The c a l c u l a t i o n of an i n t e r v a l 
estimated for X 1 i s more d i f f i c u l t than c a l c u l a t i o n of p red i c t i on 
l i m i t s fo r y* i n the regression problem. In the c a l i b r a t i o n 
problem, there are 2 e r ro r terms which must be considered; the 
er ror i n e s tab l i s h i ng the c a l i b r a t i o n l i n e and the er ror 
associated with measuring y 1 . Since the c a l i b r a t i o n l i n e i s 
based on a random sample of observations, i t i s not exact. A 
d i f f e r en t set of x ' s (at the same l e ve l s as before) would have 
resu l ted i n a numerically d i f f e r en t estimate of A and B. This 
lack of p rec i s i on must be accounted for i n the c a l c u l a t i o n of the 
i n t e r v a l estimate for χ ' . In the same way, i f a second sample 
were taken from the same pat ient , two numerical ly d i f f e r e n t Y ' s 
would l i k e l y r e s u l t . Thus, t h i s e r ro r or lack of p rec i s i on must 
a lso be considered i n the c a l c u l a t i o n of the i n t e r v a l estimate 
for χ ' . The procedure for incorporat ing these two er ror terms i n 
the c a l c u l a t i o n of the i n t e r v a l estimate for x ' i s i l l u s t r a t e d i n 
Figure 4 . Although such i n t e r v a l s may appear to be r e l a t i v e l y 
la rge, i t would be inappropr iate to ignore one of the e r ro r terms 
i n order to reduce the i n t e r v a l width. 

To i l l u s t r a t e these concepts, suppose one wished to obtain 
point and i n t e r v a l estimates for X when y=50 i n the data i n 
Figure 1. The point estimate of X i s ca l cu la ted to be 7.1. 
Using the procedure out l ined above, the i n t e r v a l estimate fo r X 
i s found to be (2.74,11.18). 
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Errors i n Both Var iab les . U n t i l now i n the d i scuss ion of the 
re l a t i on sh i p between two va r i ab le s , i t has been assumed that the 
X va r iab le i s measured without e r ro r or with negl igable e r ro r . 
I f X i s measured with non-negligable e r ro r , one so lu t i on to the 
problem of evaluat ing the re l a t i on sh ip between X and Y i s c a l l e d 
a c o r r e l a t i o n ana ly s i s . Given two var iab les X and Y, a measure 
of the l i n e a r a s soc ia t ion between them i s given by the 
c o r r e l a t i o n c o e f f i c i e n t r . For a given problem the value of r 
can f a l l anywhere i n the i n t e r v a l (-1, 1). A value of r=- l i s 
r e f l e c t i v e of a " pe r f e c t " negative l i n e a r r e l a t i on sh ip between X 
and Y(Figure 5a). A value of r=+l i s r e f l e c t i v e of a perfect 
po s i t i v e l i n e a r r e l a t i on sh ip between X and Y(Figure 5b). The 
absence of a l i n e a r re l a t i on sh ip between X and Y(Figure 5c) i s 
suggested by r=0. I t i s important to note that t h i s does not 
mean that X and Y are not r e l a ted . To i l l u s t r a t e , consider the 
hypothet ica l data i n Figure 5d. For t h i s data, r would equal 0. 
However, i t i s rather apparent that there i s a (nonl inear) 
r e l a t i on sh i p between the two va r i ab le s . Thus, when determining 
the c o r r e l a t i o n c o e f f i c i e n t between two va r i ab le s , i t i s 
important to keep i n mind that r i s provid ing a measure of the 
l i n e a r a s soc ia t ion between the two va r i ab le s . 

Suppose that , i n the eva luat ion of two var iab les X and Y, 
both of which are measured with non-negligable e r ro r , one wishes 
to determine the funct iona l r e l a t i on sh ip between the two 
var iab les and not ju s t the c o r r e l a t i o n c o e f f i c i e n t . To 
i l l u s t r a t e , suppose the t h e o r e t i c a l r e l a t i on sh i p between the dose 
D of a drug and the response metameter R i s given by the model 
R=A+B*D+error and that one wished to estimate the parameters of 
the model. Suppose further that both D and R are measured with 
e r ro r so that what are ac tua l l y observed are d=D+errori and 
r=R+error2. Since both D and R are measured with e r ro r , the 
regress ion methods previous ly described cannot be used to 
estimate the parameters A and Β of the model. The so lu t i on to 
t h i s problem requires that add i t i ona l assumptions must be made 
about the data. 

There are two p a r t i c u l a r approaches which have been proposed 
for addressing t h i s problem which has been frequently re fer red to 
as the er ror i n var iab les problem. One i s to assume that the 
r a t i o of the er ror i n D to the er ror i n R i s constant, that i s , 
to assume that k=error(R)/error(D). Even though the experimentor 
does not know the exact values for the standared dev iat ions of D 
and R, he may f e e l , fo r example, that the e r ro r i n R i s of the 
same order of magnitude as that fo r D ( i . e . k=l). Or, the 
experimentor may be able to obtain a reasonable estimate of k 
based on prebvious experience. With the determination of k, 
estimates of A and Β can be obtained. 

The second approach i s c a l l e d the control led- independent-
va r i ab le approach. In t h i s approach, the experimentor decides 
before the experiment, what values of d w i l l be observed (hence 
the name contro l led- independent -var iab le ) . For example, the 
experimentor may choose to obtain responses at d=5, 10, and 20 
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Figure 4. Calculation of prediction intervals in calibration analysis: y1 is the ob
served value of Y; x 1 is the predicted value of X corresponding to y1; x2 and x4 are 

the lower and upper prediction limits, respectively. 
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Figure 5. Possible outcomes from correlation analysis: (a) r = 0, negative linear 
relationship; (b) r = 0* positive linear relationship; (c) r = 0, no linear relationship; 

(d) r == 0, X and Y are related but not linearly. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
02

3

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



402 T H E P E S T I C I D E C H E M I S T A N D M O D E R N T O X I C O L O G Y 

mg. Although the true dose D w i l l not equal 5, 10 or 20 mg, the 
fact that responses are obtained at the observed doses(d)=5, 10 
and 20 mg i s what i s important. Assuming the data are c o l l e c t e d 
under these cond i t ions , estimates of A and Β can be 
subsequential ly obtained. 

To summarize, when one wishes to evaluate the r e l a t i on sh i p 
between two va r i ab le s , one of which i s f i xed (the independent 
va r iab le ) and one which i s allowed to vary (the dependent 
v a r i a b l e ) , the ana lys i s i s termed a regress ion problem. A 
spec ia l type of regression problem i s c a l l e d c a l i b r a t i o n . In the 
c a l i b r a t i o n problem, one wishes to pred ic t ( future) values of the 
independent va r iab le fo r given values of the independent 
va r i ab l e . I f , on the other hand, both var iab les are measured 
with e r ro r , c o r r e l a t i o n ana lys i s and e r ro r i n va r iab les analyses 
are two approaches which one can use i n the eva luat ion of the 
data. More extensive d e t a i l s of regress ion and c o r r e l a t i o n 
ana ly s i s are found i n the references c i t e d at the end of t h i s 
paper. The c a l i b r a t i o n problem i s discussed i n 2, 8, £ and 10. 

Data Smoothing 

The concepts which have been previoulsy presented dealt 
s p e c i f i c a l l y with the ana ly s i s of experimental data. An equal ly 
important aspect i n the evaluat ion of experimental data i s how 
the data are presented and, i n p a r t i c u l a r , the graph ica l d i sp lay 
of data. One of the purposes of graphing data i s to i l l u s t r a t e 
trends or cyc les which may ex i s t i n the data. I f , however, the 
data are " n o i s y " ( i . e . there ex i s t large va r i a t i on s to to random 
or experimental e r ro r , i t i s of ten d i f f i c u l t to observe the 
important trends or patterns i n the data. The e l im ina t i on of the 
"no i se " from a graph i s c a l l e d data smoothing. 

There are many methods which are used fo r data smoothing. 
Three methods which are p a r t i c u l a r l y usefu l because of t h e i r of 
s i m p l i c i t y are; the method of averages, the method of medians 
and the method of d i f fe rences . In the d i scuss ion to fo l l ow, 
these three methods w i l l be described and appl ied to the data 
presented i n Figure 6a and Table 2. 

Smoothing by averages involves the rep lac ing of an observed 
value by the average of that value and surrounding observations. 
To maintain symmetry, an equal number of observations are 
general ly taken on e i t he r s ide of the value to be smoothed. The 
c a l c u l a t i o n of the smoothed value can be based on ass igning equal 
weights to a l l data i n the averaged.e . the a r i thmet ic average) 
or by computing a weighted average of the data. 1-2-1 smoothing, 
smoothing i n which the center value receives twice the weight of 
the outside values i s an example of the use of a weighted 
average. Figure 6b presents a smoothed p lo t of the data i n 
Figure 6a i n which each observation i s replaced by the a r i thmet ic 
average of the observation and one value to e i t he r s ide of i t . 
Thus, f o r example, the value -0.28 i s replaced by -0.76 (see 
Table 2) . I t should be noted that i n the smoothed curve, 2 
po ints are " l o s t " , the f i r s t and the l a s t . This i s due to the 
fact that a three point smoothed value could not be obtained for 
these data. 
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Table 2 

Data Used to I l l u s t r a t e Methods of Smoothing 

Original Smoothed 
Data by 

Averages 

-0.82 
-0.28 -0.76 
-1.17 -0.56 
-0.24 -0.51 
-0.12 0.13 
0.76 0.48 
0.81 0.51 
-0.04 0.35 
0.27 -0.08 

-0.46 -0.41 
-1.05 -0.97 
-1.41 -1.11 
-0.89 -1.17 
-1.22 -1.17 
-1.41 -1.06 
-0.55 -0.73 
-0.23 -0.21 
0.16 0.17 
0.59 0.43 
0.53 0.23 

-0.42 -0.10 
-0.40 -0.51 
-0.70 -1.09 
-2.16 -1.66 
-2.10 -1.99 
-1.71 -1.92 
-1.93 -1.49 
-0.83 -1.23 
-0.92 -0.77 
-0.57 -0.42 
0.25 -0.26 

-0.46 -0.41 
-1.03 -0.85 
-1.07 -1.14 
-1.31 -1.48 
-2.06 -1.81 
-2.08 

Smoothed Smoothed 
by b y 

Medians 1 2 ™ 
Differences 

-0.82 
-0.28 
-0.24 # 

-0.12 
0.76 
0.76 
0.27 

-0.04 • 

-0.46 
-1.05 
-1.05 . -0.89 -0.06 
-1.22 -0.94 
-1.22 -0.24 
-0.55 -0.31 
-0.23 -0.11 
0.16 -0.60 
0.53 -0.22 
0.53 0.54 

-0.40 -0.69 
-0.42 0.05 
-0.70 0.35 
-2.10 -0.76 
-2.10 -1.22 
-1.93 -0.49 
-1.71 -0.52 
-0.83 -0.27 
-0.83 -0.69 
-0.57 -0.73 
-0.46 -0.34 
-0.46 -0.99 
-1.03 -0.61 
-1.07 -0.67 
-1.31 -0.61 
-2.06 0.11 

0.03 
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Smoothing by medians i s very s i m i l i a r to smoothing by 
averages. In t h i s method, an observation i s replaced by the the 
median of i t s e l f and the 2 neighboring(adjacent) po in t s . (The 
number 2 i s a r b i t r a r y . Other values, A or 6 f o r example could 
have been used. However, t h i s may cause too much smoothing and 
the o v e r a l l character of the data may be l o s t . ) To i l l u s t r a t e , 
i n the example data, the value -0.28 i s replaced by -0.82, the 
median of -0.82, -0.28 and -1.17. The advantage of smoothing by 
medians i s that i f there i s an occas ional o u t l i e r observation 
(excess ively large of small value) i n the data, the smoothed p lo t 
w i l l not be e f fected by i t . When smoothing by averages, the 
existance of o u t l i e r s w i l l s t i l l be apparent i n the smoothed 
p l o t . Figure 6c and Table 2 i l l u s t r a t e the e f f e c t of smoothing 
the data i n Figure 6a using the method of medians. 

Smoothing by d i f f e renc i ng i s general ly used when there are 
cyc les i n the data which might mask underly ing trends or when 
observations are dependent on previous values. The d i u rna l 
va r i a t i on s i n blood pressures i s an example of a cyc le dominating 
a set of data. I f the blood pressures of a pat ient t reated with 
an ant ihypertens ive drug were taken hourly fo r three days, the 
e f f e c t of the drug would probably not be evident i n a g raph ica l 
presentat ion of the data because of the d i u rna l v a r i a t i on s . The 
removal of t h i s cyc le by d i f f e renc i ng would reveal the o v e r a l l 
decreasing trend i n the data. 

Consider fo r the moment, data which i s c o l l e c t ed hour ly. To 
obtain the smoothed data using the method of d i f f e r enc i n g , each 
observation i s replaced by the d i f fe rence of i t s e l f and the 
observation obtained χ hours prev ious ly . F i r s t order d i f fe rences 
invo lve obtain ing the d i f fe rence between the " cu r ren t " 
observation and the previous observat ion; second order 
d i f f e renc ing involves the d i f fe rence between the " cu r ren t " 
observation and the observations 2 hours prev ious ly , e t c . The 
l e v e l of d i f f e renc i ng w i l l depend and the period of the c y c l e . 
For example, i f a set of data has a s i x hour cyc le and the data 
are co l l e c ted hourly, s i x t h order d i f fe rences would be 
appropr iate. 

In Figures 6d, the data i n Figure 6a are smoothed by tak ing 
twe l f t h order d i f fe rences . These "de -cyc led " data can now be 
examined/evaluated for the existance of trends. Note that the 
f i r s t 12 observations are " l o s t " i n the smoothing. 

Averages, medians and d i f fe rences are but three methods which 
can be used fo r data smoothing. The advantage of these methods 
over other methods such as exponential smoothing i s that these 
methods are ea s i l y appl ied to most sets of data. 
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Summary 

To summarize, a number of s t a t i s t i c a l methods have been 
b r i e f l y presented i n order to e s t ab l i s h a conceptual framework 
fo r the reader. The discuss ions have not been de ta i l ed s ince 
such an i n depth accounting of each concept would not serve our 
purposes here. Detai led discuss ions of each s t a t i s t i c a l method 
are ava i l ab le and references have been c i t e d for those who seek 
such depth. 

S t a t i s t i c s i s a very v i ab le t o o l i n modern s c i e n t i f i c 
research. With continued i n te r f ace between the s c i e n t i s t and the 
s t a t i s t i c i a n , the r e su l t i n g research and only be enhanced. 
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24 
Analytical Measurements: 
How Do You Know Your Results Are Right? 

WILLIAM HORWITZ 

Bureau of Foods, Food and Drug Administration, HFF-101, 200 C Street, SW, 
Washington, DC 20204 

The scientist these days has a new partner--the auditor. He 
is not a financial auditor, but rather an examiner of knowledge. 
He is a verifier of accounts, as the dictionary puts i t . In this 
case, he intends to verify that the public's trust in science is 
well founded. 

The presence of the science auditor is the result of revela
tions that some laboratories were submitting false or faulty data 
to government agencies as the basis for obtaining permission to 
expose the public and the environment to potentially hazardous 
materials, such as pesticides, food and color additives, and more 
recently, "toxic substances." In granting permission to use toxic 
chemicals to control agricultural pests, to construct protective 
food-contacting polymers, and to fabricate foods and articles 
useful to consumers, Congress required its public servants to 
assure themselves that no harm would occur to the ultimate users of 
the products. Congress did not require that the tests to assure 
absence of harm be performed by the presumably neutral government; 
on the contrary, they accepted the common portrait of a scientist 
as the altruistic individual whose main desire was to satisfy his 
thirst for knowledge. As a practical matter, however, we have 
discovered that there is a long road between the laboratory data 
and a regulatory petition that leads through the office of the 
laboratory manager, the vice president in charge of research and 
development, the chief legal counsel, and apparently more often 
than not, the director of public relations. 

It appears that we have placed so much emphasis on certainty 
that we are uncomfortable with uncertainty. In handling data, we 
tend to avoid and hide the uncertainties i n our obsession to pro
duce "clean" data. But clean data are more a matter of judgment 
than of act u a l i t y . Raw data are frequently disorderly i n the sense 
that they are f u l l of perturbations resulting from the many 
outside influences on the particular property we are measuring. 
The value which we obtain at any given moment i s equivalent to a 
series of one-frame s t i l l pictures from a continuously running 
movie f i l m . As a result of this discontinuous sampling of a 

This chapter not subject to U.S. copyright. 
Published 1981 American Chemical Society 
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continuous event, we often get the zig-zag patterns of properties 
with time, which abound i n the toxicological journals, complete 
with the standard errors extending from each point, which often do 
not even have the decency of overlapping each other. But we must 
always remember that unless we have v a r i a b i l i t y i n our measure
ments, we have no idea of the uncertainties in our system. 

Raw data used to be a very simple concept: they were the num
bers actually indicated by a measuring device regardless of their 
being obtained by summing up the weights on a balance, read from 
the scale on a buret, determined on an instrument d i a l , or actually 
measured on a recorder chart. The analyst had f u l l control and 
responsibility over the production of the data at every step. He 
prepared his own reagents, calibrated his weights and volumetric 
glassware, and standardized the output of his instruments. As 
efficiency experts and cost accountants penetrated laboratory man
agement, some of these technical r e s p o n s i b i l i t i e s were delegated 
to less costly sources: Prepared reagents are purchased from a 
laboratory supply house or prepared by a central l o c a l unit; 
glassware i s washed, stored, and distributed by a specialized 
organization; r e s p o n s i b i l i t y for c a l i b r a t i o n i s assigned to the 
manufacturer of the equipment; and proper functioning of i n s t r u 
ments i s assumed to be b u i l t - i n by the instrument designers and 
computer operators. This s h i f t in functions i s not necessarily 
bad. It did relieve the a n a l y t i c a l chemist of numerous minor, but 
important, chores which were distractions from higher l e v e l 
r e s p o n s i b i l i t i e s . But when these functions were placed elsewhere, 
proper management required that the performance of these profes
sional r e s p o n s i b i l i t i e s be appropriately monitored to ensure 
suitable operation. Thus, the production of data shifted from a 
straight l i n e function, entirely under the direct supervision of 
the professional s c i e n t i s t , to a maze-type operation characterized 
by the intermingling of the c r i t i c a l paths of a "PERT" chart, 
managed by a laboratory director. The demands for eff i c i e n c y , 
coupled with the fact that many of our modern measurements cannot 
be obtained i n any other way than by mechanically or elec
t r o n i c a l l y controlled automatons, result i n machines which measure 
the samples, execute the manipulations, determine the response, 
perform the calculations, and present the f i n a l answer i n whatever 
form or units are desired. The f i n a l value may be copied from a 
d i a l , recorded on tape, drawn on a chart, or not presented at a l l , 
to be stored in a computer for coordination with past and future 
values, presenting the entire sequence as the result of the 
experiment. These f i n a l results from machines are raw data just as 
much as the direct measurements were. Whether or not the f i n a l 
results emanate d i r e c t l y from our manual observations or from our 
automated instruments i s r e a l l y not asking the right question. 
The proper question we should constantly be asking i s : "Are these 
data right?" The operational question i s : "How do we know that 
these data are right?" 
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I intend to discuss that question i n this paper. It i s a 
subject which i s rarely dealt with i n the s c i e n t i f i c l i t e r a t u r e 
because our journals are not set up to handle this type of d i s 
cussion. We p o l i t e l y assume that any measurement a s c i e n t i s t 
makes i s correct. In our peer review system, the reviewer assumes 
that the data reported are correct unless he finds an internal 
inconsistency which the investigator f a i l e d to detect. This i s 
the f i r s t l i n e of defense in any investigation—consistency. Very 
often i t i s the only l i n e of defense because new information i s 
being developed for which there i s no external guide. I f there are 
any guideposts, most l i k e l y they are s h i f t i n g guideposts because 
many investigations determine how things change with time. The 
situation i s much l i k e being set down i n a dense forest and being 
told to find your way out, with your only direction indicator an 
occasional glimpse of the sun, whose position s h i f t s with time. 

My purpose i s to provide a few general guideposts which may be 
helpful i n determining the r e l i a b i l i t y of chemical and physical 
data. Most of the problems and concepts discussed here have been 
developed as a result of the necessity for the review of data 
produced from the chemical analysis of samples examined for com
pliance with the Federal Food, Drug, and Cosmetic Act or data 
submitted to the Food and Drug Administration (FDA) i n support of 
a request for approval of a regulated product. I cannot be of much 
help i n evaluating biolo g i c a l data but you might find the recent 
publication on quality assurance from the American Public Health 
Association (1) useful i n this respect. It contains chapters 
describing concepts which have been developed to assure the 
v a l i d i t y of the product from laboratories involved i n such f i e l d s 
as anatomic pathology, c l i n i c a l chemistry, c l i n i c a l microbiology, 
c l i n i c a l toxicology, cytology, hematology, immunology, and v i r o l 
ogy. However, you do not need any reference to know that something 
i s wrong when the computer printout shows the results of examina
tion of the uterus of a male rat, the testes of a female mouse, and 
diet consumption of 9999.9 pounds by a 250 pound rat! Such 
information appeared i n the raw data supporting a recent submis
sion to FDA. 

Consistency 

The primary guidepost i n a l l data c o l l e c t i o n a c t i v i t i e s i s 
consistency. A series of measurements w i l l always f a l l into one of 
three categories: They w i l l go up; they w i l l go down; or they w i l l 
remain constant. This i s not as t r i v i a l an observation as i t may 
seem. I mean to point out that measurements usually follow a 
pattern and experiments are usually designed to determine that 
pattern. If the measurements seem to go up and down without a 
pattern, that i n i t s e l f i s a pattern. You are observing random 
v a r i a b i l i t y , which must be factored out to discover the underlying 
trend. In fact, the reviewer should r e a l l y begin to worry about 
the quality of the observations when there i s no reasonable 
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v a r i a b i l i t y component. Less than usual v a r i a b i l i t y suggests that 
some averaging has been going on. You can average out quite a few 
wild results i f they are i n opposite directions and get a f a i r l y 
decent mean. The s t a t i s t i c i a n s heard of averaging a long time ago 
and named i t "regression to the mean" for the a b i l i t y to hide poor 
data by taking enough of i t . 

The data should also be consistent with corresponding i n f o r 
mation that may exist i n the l i t e r a t u r e or from laboratory experi
ence; i f not, an explanation i s called for. The whole should equal 
the sum of i t s parts and amounts of products should be chemically 
equivalent to the amounts of reactants. Experiments should be 
designed to incorporate as many self-checking features as pos
si b l e , as for example, accounting for a l l components. However, i f 
one of the figures i s obtained by difference, the self-checking 
feature i s l o s t . 

There i s also a negative aspect to consistency. Data which 
are too consistent are also suspect. V a r i a b i l i t y patterns are 
usually quite reproducible from experiment to experiment. Less 
than usual v a r i a b i l i t y does not always mean better and more care
f u l experimentation. To an auditor, i t may suggest the applica
tion of mental telepathy or what, i n my student days, was known as 
graphite chemistry. 

V a r i a b i l i t y of Measurements 

Beyond such simple concepts as consistency of the data and 
i t s additive properties, we must understand the concept of 
measurement in an a l y t i c a l chemistry because many of the measure
ments that the toxicologist makes are chemical in nature. This he 
has had to do i n s e l f defense because rarely has he had a chemist 
at his beck and c a l l . Until the l a s t decade or so, the chemist 
largely ignored the area of the an a l y t i c a l chemistry of residues 
and metabolites. This i s no longer the case. Analytical chemists 
in the short space of a few decades have given us some marvelous 
tools i n the form of the powerful resolutions of chromatography, 
the superb s e n s i b i l i t y of various kinds of spectroscopy and 
polarography, and the exquisite s p e c i f i c i t y of mass spectrometry. 
But despite their power, we must always question the r e l i a b i l i t y 
of the information they are giving us. 

There are many causes or sources of v a r i a b i l i t y . Some are 
very general and occur i n p r a c t i c a l l y a l l chemical measurements. 
Others are spe c i f i c to the individual methods and thus are d i f f i 
c u l t to handle in a general way. Therefore, we w i l l concentrate on 
the general aspects which must be considered i n a l l a n a l y t i c a l 
operations. One of the most important i s sampling and handling of 
the samples and a second i s what to do with the f i n a l a n a l y t i c a l 
results. These points are not usually covered i n most textbooks 
since they are r e a l l y outside of the an a l y t i c a l operations. 
Sampling and handling of the sample i s the beginning of the 
sequence. The f i n a l disposition of the an a l y t i c a l results—how do 
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you interpret the d a t a — i s the end of the sequence. Each of these 
subjects could support an extensive lecture on i t s own. A l l we can 
do i s to point out now that both aspects are important and their 
neglect can lead to just as much trouble as poor an a l y t i c a l work. 

Sampling 

Stated simply, the job of the a n a l y t i c a l chemist i s to report 
what i s i n the container that he i s given. What the analyst t e l l s 
you only applies to what he works on. I f the toxicologist gives 
the chemist only half a l i v e r , i t w i l l be the t o x i c o l o g i s t 1 s job to 
extrapolate to the whole l i v e r , not the chemist's. The chemist 
should not take the resp o n s i b i l i t y for extrapolating the results 
of analyses to the whole organ, complete tissue, entire animal, or 
to a l l animals. The designer of the experiment should have taken 
into consideration the purpose of the work and b u i l t into the 
material sampled the a b i l i t y to extrapolate to the desired l e v e l 
of complexity. Therefore, one of the f i r s t things that should be 
looked at i s the design of the experiment, to ensure that the 
proper material was selected for analysis. 

Not only must the proper material be selected for analysis 
but i t must be handled properly to avoid contamination and a l t e r 
ation. P l a s t i c i z e r s frequently appear i n analyses from contact of 
the sample with p l a s t i c containers or protective films. Metallic 
contaminants appear from contact with metal instruments, metal and 
pla s t i c f o i l s and l i n e r s , spatulas, and grinders. Adventitious 
compounds can appear from the most unexpected places. Paper, for 
example, may contain numerous coating additives; fatty acids and 
their derivatives appear as coatings on pl a s t i c films and aluminum 
f o i l ; s i l i c o n e s are used to coat glass. Therefore, i f samples 
are i n contact with common protective films and containers, they 
could pick up something which may interfere with your trace 
analyses. It i s good an a l y t i c a l practice to supply to the chemist, 
portions of a l l materials which the samples may have contacted. 
These materials would be examined as potential sources of uniden
t i f i e d materials appearing i n recordings or printouts. 

Conducting blanks through the entire procedure i s an absolute 
necessity i n trace analysis to account for minute amounts of the 
analyte and interferences i n the reagents, absorbents, solvents, 
water, and other materials which contact the sample and i t s der
ivatives during the analysis. Materials which are ordi n a r i l y 
considered inert i n most chemical operations (e.g., solvents, 
f i l t e r paper, drying agents such as sodium sulfate) may contribute 
r e l a t i v e l y large quantities of in t e r f e r i n g materials as we go 
lower i n the concentration scale. 

The preparation, sampling, and analysis of animal feeds 
deserve special attention. The p r a c t i c a l i t i e s of d i s t r i b u t i n g 
uniformly parts per thousand, parts per mi l l i o n , and even parts 
per b i l l i o n of a test material into a heterogeneous feed mixture 
probably require the talents of a chemical engineer. We have 
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described overcoming the d i f f i c u l t i e s i n the preparation of an 
an a l y t i c a l sample involved i n a feeding study for trace quan
t i t i e s of metals (2). Scaling up this mixing procedure a hundred 
or a thousand fold undoubtedly requires considerable experi
mentation and operational control. A summary of the feed mixing 
procedure for the large scale toxicological study conducted at the 
National Center for Toxicological Research i s given by Oiler et 
a l . (3). 

We can summarize the importance of sampling by pointing out 
that in the case of the analysis of peanuts for the mold metabolite 
aflatoxin, at the parts per b i l l i o n l e v e l , 90? of the t o t a l v a r i a 
b i l i t y i s derived from sampling the commodity and preparing the 
laboratory sample, and only 10? i s derived from the a n a l y t i c a l 
operations. Based on the validating collaborative study, the 
interlaboratory c o e f f i c i e n t of variation (CV) of the method of 
analysis alone in this case i s about 30? at the 10 ppb l e v e l . 

The R e l i a b i l i t y of Analytical Methods 

The role of a n a l y t i c a l methods i n modern toxicology and i t s 
importance in "r i s k assessment" can be summarized by a quotation 
from a recent report to the Environmental Protection Agency (EPA) 
on pentachlorophenol (PCP) contaminants (4): 

"A key problem to overcome i n order to make an adequate 
evaluation of the r e l a t i v e hazard of PCP and i t s con
taminants i s the lack of ready a v a i l a b i l i t y of 
suitably sensitive and s p e c i f i c a n a l y t i c a l methods. 
Although progress has been made in developing appro
priate a n a l y t i c a l capability, routine analysis has 
been hampered by the u n a v a i l a b i l i t y of suitable 
a n a l y t i c a l standards for some of the isomers. In 
fact, the a v a i l a b i l i t y of appropriately s p e c i f i c 
a n a l y t i c a l methods may be the rate l i m i t i n g fac
tor i n assessing the hazard of dioxins and related 
chemicals. Thus, when there are several isomers 
with widely d i f f e r i n g t o x i c i t i e s , as i n the case 
with hexachlorodibenzo-£-dioxins, analyses of the 
isomers as a group only permit assessment of hazard 
based upon the most toxic isomer. This approach 
may, indeed, lead to overestimates of hazard, but, 
in the absence of more d e f i n i t i v e analyses of 
sp e c i f i c toxic chemical species, i t i s necessary 
to treat contamination data on a t o x i c o l o g i c a l l y 
worst-case basis." 
Analytical methods have two types of c h a r a c t e r i s t i c s — s c i e n 

t i f i c and p r a c t i c a l . The s c i e n t i f i c characteristics determine the 
r e l i a b i l i t y of the a n a l y t i c a l data; the p r a c t i c a l characteristics 
determine the u t i l i t y of the method. The s c i e n t i f i c attributes of 
a method include such things as accuracy, precision, s p e c i f i c i t y , 
and l i m i t of r e l i a b l e measurement; the p r a c t i c a l attributes 
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include cost of performance, time required, and le v e l of training 
needed. For research purposes, the pra c t i c a l aspects are of 
secondary consideration; for regulatory operations of compliance 
and surveillance, p r a c t i c a l i t y i s of great importance. L i t t l e 
enforcement i s possible using a method which turns out one 
anal y t i c a l value per day! 

S p e c i f i c i t y 

The fundamental property of a l l an a l y t i c a l methods i s speci
f i c i t y — t h e tests which are being applied must measure what they 
purport to measure. For example, many tests which measure chlor
ide also measure bromide and iodide; therefore such tests are for 
halides. They are useful for chloride determinations because of 
the absence of the other halides i n many materials. Colloquially 
we speak of methods for chlorides, but s t r i c t l y speaking such 
tests are for halides. When we did not have anything better, we 
measured the organochlorine pesticide residues by extracting the 
pesticide with an organic solvent and determining t o t a l chloride 
(really t o t a l halide). I n i t i a l l y , we called i t DDT, but as more 
related pesticides were introduced, i t had to be called organo
chlorine pesticides, then organochlorine compounds, and now we 
would have to c a l l i t organic solvent-soluble organohalide mate
r i a l . We now know that a l o t of what we assumed was DDT or related 
organochlorine pesticides, even by the early gas chromatographic 
methods, were in a l l probability PCBs (polychlorinated biphenyls). 
Schechter (5) had warned us about this point many years ago with 
his example of the "pre-DDT era" s o i l sample that had been kept i n 
a sealed container and had never been exposed to organochlorine 
pesticides. The gas chromatogram of the multiresidue method 
exhibited a series of peaks, a number of which had retention times 
at or close to those of known pesticides. Schechter concludes, 
"Data reported without application of suitable confirmatory tech
niques may not only be worthless, but what i s worse, incorrect 
information may be seriously misleading and may be unr e c t i f i a b l e . " 

We now have much better tools for assessing s p e c i f i c i t y than 
we had at the beginning of the pesticide age. Gas and thin layer 
chromatography can usually detect the presence of mixtures. They 
do not work so well the other way—proving the identity of a pure 
compound. For this you have to apply the instruments which work on 
the whole molecule, or appreciable or c r i t i c a l fractions of the 
molecule, such as infrared spectroscopy, nuclear magnetic reso
nance, or best of a l l , mass spectrometry. But there are always 
footnotes or reservations to the best of techniques. In this case, 
for unequivocal i d e n t i f i c a t i o n , apply the techniques only to pure 
samples; only a small amount i s needed, but i t must be pure! 

The required s p e c i f i c i t y w i l l depend upon the purpose of the 
ana l y t i c a l r e s u l t s . The main need for s p e c i f i c i d e n t i f i c a t i o n of 
analytes l i e s with the toxicologists. They indicate that many 
similar compounds have s i g n i f i c a n t l y different t o x i c i t i e s . Some 
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examples include the four closely related aflatoxins (B]_, B2, G]_, 
G2) whose re l a t i v e acute t o x i c i t i e s i n the duckling cover a range 
of 10 to 1 (6). In the family of polynuclear hydrocarbons, some 
are reported as carcinogenic and some are not (7). The most recent 
and complex example i s that of the polychlorinated dibenzo-£-
dioxins (CDDs), present as contaminants i n 2,4,5-trichlorophen-
oxyacetic acid (2,4,5-T) and related ester herbicides. There are 
75 possible isomers of CDDs, from monochlorinated to octachlor-
inated; there are 22 possible isomers of the tetrachloro compound. 
The f u l l y chlorinated octachlorinated compound i s r e l a t i v e l y inert 
b i o l o g i c a l l y but the symmetrical 2,3,7,8-tetrachlorodibenzo-£-
dioxin (2378TCDD) has been characterized as the most potent small 
molecule toxin known ( 8 ) . As yet, the toxicologists have not been 
able to set a l i m i t of toxicological insignificance as a target for 
method development for this compound. They have merely indicated 
that the chemist should go as low as he can, certainly into the 
parts per t r i l l i o n (ppt) region. 

The c o n f l i c t i n g requirements of measuring i n the low ppt 
region, and at the same time being sure that the most toxicolog-
i c a l l y potent isomer i s the one which i s being measured, presents 
an interesting dilemma: To obtain s p e c i f i c i t y for 2378TCDD 
requires an extensive cleanup from DDE and PCBs, using several 
adsorption columns and high pressure l i q u i d chromatographic steps, 
and selective c a p i l l a r y gas chromatography (for isomer separa
tio n ) . With a perfect cleanup, any detector, from a mass 
spectrometer to an electron capture gas chromatographic detector, 
may be used to ve r i f y the presence of the tetrachloro compound. 
S p e c i f i c i t y also may be obtained through the use of a less rigorous 
cleanup by relying upon a very expensive high resolution mass 
spectrometer to measure the exact peak locations of the t e t r a 
chloro compounds to 10 parts i n a m i l l i o n . At both extremes, as 
fewer ions (due to the compound of interest) are monitored or as 
the cleanup i s shortened, a lower l e v e l of d e t e c t a b i l i t y i s 
achieved, but always at the expense of s p e c i f i c i t y . Furthermore, 
as the procedure becomes longer, losses become greater, accuracy 
and precision deteriorate, and the operation becomes less prac
t i c a l . 

Other problems, not necessarily affecting different pro
cedures to the same extent, include lengthy cleanups and gas 
chromatographic separations, u n a v a i l a b i l i t y of isomeric TCDD 
standards, and impurities in isotopic internal standards. The 
choice of different signal-to-noise ratios by different labora
tories affects the detection and measurement l i m i t s . 

Another aspect of the analysis for TCDDs i s that the purpose 
of the work determines the degree of s p e c i f i c i t y that must be b u i l t 
into an a n a l y t i c a l procedure. If you are a regulatory agency 
s c i e n t i s t who must sustain the burden of proof against potential 
questions from skeptical s c i e n t i s t s and even more skeptical 
lawyers, you w i l l include every possible point of assistance, even 
s a c r i f i c i n g a low l i m i t of determination. If you are embarked on 
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a surveillance program, to determine the extent of TCDD con
tamination i n the environment or in the food supply, or a 
metabolism study, you need only s a t i s f y the s c i e n t i f i c questioning 
of your associates and supervisors. If you are engaged i n 
research, following a s p e c i f i c protocol, where there exists 
c o l l a t e r a l information on presence and absence of the test 
material and a dose-response curve to f a l l back on for the test of 
consistency, a minimum amount of characterization i s s u f f i c i e n t . 

In practice, then, achieving absolute s p e c i f i c i t y i s often 
not possible and sometimes not necessary. Absolute s p e c i f i c i t y i n 
trace analysis can usually be achieved only at the expense of other 
attributes of the procedure. 

Accuracy 

The accuracy of an a n a l y t i c a l result i s measured by the d i f 
ference between the measured value and the true or assigned value. 
In most residue or contaminant work, we do not know the true value 
of the constituent we are measuring. We therefore have to f a l l 
back on the a r t i f i c i a l situation of using the method of additions 
to approximate the o r i g i n a l content of our analyte, or the far more 
d i f f i c u l t task of estimating the true value by more d e f i n i t i v e 
methods. But we always seem to be thwarted i n our e f f o r t s to 
obtain reasonable values for our analytes. 

I w i l l use as an example a case which you would think would be 
a r e l a t i v e l y straightforward a n a l y t i c a l problem—the determina
tion of the stable inorganic element chromium, which has an 
important role i n the metabolism of carbohydrates. Figure 1 and 
Table 1 show the various published values for the chromium 
concentration i n human blood or plasma since 1948 as reported by 
Mertz i n 1975 (9), supplemented by some l a t e r values. I have drawn 
what appears to be a rough trend l i n e of values generally 
decreasing since the early 1960s, which required the use of four 
cycle log paper. There i s general agreement now that the actual 
chromium content of blood i s closer to 1 ppb than to 1 ppm, yet 
every one of the almost two dozen contributors to Figure 1, using 
six different types of methods, was s u f f i c i e n t l y convinced of the 
soundness of his work to provide a refereed paper offering his 
"true" value as developed by the most modern, sensitive, and 
r e l i a b l e procedure and instrumentation available at the time of 
presentation. 

Trying to discover a pattern among the methods does not seem 
to lead anywhere. The spectrophotometric (colorimetric) methods 
used i n i t i a l l y , which usually have numerous steps, seem to give 
high, but not the highest, values. Emission spectrometric methods 
appear to cluster i n the middle of the scale. Atomic absorption 
methods, some of which have extensive preliminary cleanup steps, 
have a downward trend, p a r t i c u l a r l y after the introduction of the 
graphite furnace. Two of the most recent values were obtained by 
neutron activation with chemical separation i n one case (0.16 ppb) 
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TABLE 1. 

T H E P E S T I C I D E C H E M I S T A N D M O D E R N T O X I C O L O G Y 

REPORTED CHROMIUM CONCENTRATIONS IN BLOOD 

Reference Year Method Concentration 
ug/L (ppb) 

Grushko, Ya. M. 
(Biokhimiya 13, 124-126; 
(CA 42, 8302i) 

1948 ES 35 

Urone, P. F. & Anders, H. K. 
(Anal. Chem. 22, 1317-1321) 

1950 Sp 50 

Monacelli, R., et a l . 
(C l i n . Chim. Acta 1, 577-582) 

1956 ES 180 

M i l l e r , D. 0. & Yoe, J. H. 
(Clin . Chim. Acta 4, 378-383) 

1959 Sp 30 

Paixao, L. M. & Yoe, J. H. 
(Clin . Chim. Acta 4, 507-514) 

1959 ES 24 

Herring, W. B., et a l . 
(Am. J. C l i n . Nutr. 8, 846-854) 

I960 ES 27 

Volod'ko, L. V. & Pristupa, Ch. V. 
(Vestsi Akad. Navuk B. SSR, 
No. 1, 107-109; ÇA 57, 11702a) 

1962 ES 200 

Schroeder, Η. Α., et a l . 
(J. Chronic Dis. 15, 941-964) 

1962 Sp 390 

Wolstenholme, W. A. 
(Nature 203, 1284-1285) 

1964 SSMS 1000 

Glinsmann, W. H., et a l . 
(Science 152, 1243-1245) 

1966 AA 27 

Feldman, F. J., et a l . 
(Anal. Chim. Acta 38, 489-497) 

1967 AA 29 

Niedermeier, W. & Griggs, J. H. 
(J. Chronic Dis. 23, 527-535) 

1971 ES 28 

Hambridge, Κ. M. 1971 ES 13 
(Anal. Chem. 43, 103-107) 
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TABLE 1. (continued) 

421 

Reference Year Method Concentration 
ug/L (ppb) 

Cary, Ε. E. & Allaway, W. H. 1971 
(J. Agric. Food Chem. 19, 1159-1161) 

AA 

Wolff, W. R., et a l . 1972 GC/MS 
(Anal. Chem. 44, 616-618) 

Davidson, I.W.F. & Secrest, W.L. 1972 
(Anal. Chem. 44, 1808-1812) 

Davidson, I.W.F. & Burt, R.L. 1973 
(Am. J. Obstet. Gynecol. 
116, 601-608) 

Pekarek, R. S., et a l . 1974 
(Anal. Biochem. 59, 283-292) 

L i , R. T. & Hercules, D. M. 1974 
(Anal. Chem. 46, 916-920) 

Versieck, J. et a l . 1978 
(Cl i n . Chem. 24, 303-308) 

Ward, Ν. I., et a l . 1979 
(Anal. Chim. Acta 110, 9-19) 

AA 

AA 

AA 

Chim 

NA 

NA 
AA 

10 

5.1 

4.7 

1.6 

146 

0.16 

20 
20 

ES = Emission spectroscopy 
Sp = Spectrophotometric (diphenylcarbazide) 
SSMS = Spark source mass spectrometry 
AA = Atomic absorption 
GC = Gas chromatography 
MS = Mass spectrometry 
Chim = Chemiluminescence 
NA = Neutron activation 
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Figure 1. Reported chromium concentration in blood as a function of date of 
publication 
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and by standard additions i n the other (20 ppb), which d i f f e r by 
two orders of magnitude. 

It i s interesting that many of these papers provide linear 
c a l i b r a t i o n curves and recovery of added chromium which approx
imate 100%. Excellent recoveries were reported despite several 
breaches i n good a n a l y t i c a l practice, such as working at concen
trations considerably above the le v e l of interest, operating with 
a performance blank that produces a background response that i s an 
appreciable fraction of the measurement response, and the use of 
samples suspected of being contaminated. Standard Reference 
Materials (SRM) of the National Bureau of Standards (NBS) cer
t i f i e d for chromium were not available u n t i l the middle 1970s. The 
or i g i n a l materials, orchard leaves and spinach, contain several 
parts per m i l l i o n of chromium, well outside our range of interest. 
A brewer's yeast c e r t i f i e d s p e c i f i c a l l y for chromium content at 
2.12*0.05 ug/g (SRM 1569) also became available i n 1976. Bovine 
l i v e r SRM c e r t i f i e d at 0.088 ug chromium/g i s now also available. 

Some of the l i s t e d procedures claim high and even unique 
s p e c i f i c i t y , low level of det e c t a b i l i t y , and extreme rap i d i t y . 
Often these claims are made with no mention of the rel a t i v e mag
nitude of the accompanying blank and with no evidence of appre
c i a t i o n of the problem of contamination. Frequently comparisons 
were made among methods but no mention i s made of the startin g 
point—whether i t was the or i g i n a l matrix or a common, prepared 
solution. Since i n almost a l l cases where concurrent methods were 
used, the various methods gave similar results, i t may be assumed 
that they shared a common basis for contamination, i f i t existed. 

Thus we see that although six basically different methods 
have been used for the determination of chromium i n a common, pre
sumably stable and f a i r l y constant b i o l o g i c a l substrate, blood, we 
do not know i t s chromium content. We cannot assume that the lowest 
value i s the most correct since there may have been losses; we can 
be quite confident that the high values were subject to some con
tamination. Yet every method was validated by spiking with known 
amounts of chromium, and even with labeled 51cr i n some cases, with 
"excellent r e s u l t s . " In many cases, blanks were mentioned as 
accounted for. If we cannot decide on the concentration of an 
inorganic element at trace levels i n blood, how can we do better 
with more complex and less stable organic molecules i n this and 
other tissues? 

The chromium example i s not unique. We have several other 
interesting examples in the area of trace analysis of bi o l o g i c a l 
materials. Most of them are from trace element analysis since t h i s 
specialty has been an active area of methods research for at least 
half a century, and there are available a number of SRMs from the 
NBS for use as reference points. 

The remarkable influence of methods of analysis on estimates 
of arsenic intake i s shown by an evaluation of the data given by 
Jelinek and Corneliussen (10) summarizing the arsenic content of 
FDA's "t o t a l d i e t " composites during the reporting periods of 1967 
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through 1975, supplemented by l a t e r , as yet unpublished, values 
through 1978. The average calculated annual daily intake of 
arsenic (as AS2O3) i s shown i n Figure 2. Substantial discon
t i n u i t i e s occur between 1970 and 1971 and between 1975 and 1976. 
In 1970 the program was consolidated i n a single laboratory and the 
molybdenum blue method of analysis was replaced by the s i l v e r 
diethyldithiocarbamate procedure, with a resulting lowering of the 
blank and operation at a lower l i m i t of r e l i a b l e measurement. Thus 
much of the apparent decrease i n the arsenic content of the diet 
(as AS2O3) from an average of 80 ug/day during the 1967-1970 period 
to 15 ug/day during 1971-1974 may be an a n a l y t i c a l a r t i f a c t that 
does not at a l l r e f l e c t a drastic decrease in the arsenic intake 
during this period. The 1975-1976 discontinuity coincides with a 
further method change from the s i l v e r diethyl-dithiocarbamate 
colorimetric procedure to the hydride-atomic absorption proce
dure. This change brought the t o t a l diet values back up to those 
o r i g i n a l l y given by the molybdenum blue method. This i n t e r 
pretation i s reinforced by the fact that an i d e n t i c a l a r t i f a c t i s 
noted i n the Canadian t o t a l diet program, but a year e a r l i e r . The 
le v e l of arsenic (as As) found during the f i r s t quarter of 1969, 
using a modified Guitzeit method, would contribute to the diet not 
more than 95 ug/day. Subsequently the method was changed to the 
s i l v e r diethyldithiocarbamate procedure. The maximum levels or 
arsenic (as As) i n the t o t a l diets dropped to not more than 30 
ug/person/day i n 1970, 30 in 1971, and 35 i n 1972-1973 (11). The 
Canadian program was discontinued before any further method change 
was introduced. 

Precision 

Precision i s the estimate of v a r i a b i l i t y of measurements. It 
i s often confused with, or used interchangeably (and incorrectly) 
with, accuracy. Accuracy r e f l e c t s systematic error; precision 
r e f l e c t s random error. The concept i s r e a l l y more complex since 
the systematic error term also i s subject to random v a r i a b i l i t y , 
but for our purpose we can treat the two attributes of a n a l y t i c a l 
methods as separate c h a r a c t e r i s t i c s . 

Precision i s a term which must be handled with care because 
there are many different precisions. Any time there i s a source of 
v a r i a b i l i t y , there i s a precision associated with i t . It i s 
usually expressed as a standard deviation at a certain l e v e l of 
analyte. It can be associated with sampling as a random v a r i a 
b i l i t y within a single material or as an among samples random 
v a r i a b i l i t y of a number of related materials. The most common 
ana l y t i c a l precision terms are repeatability, which i s the term 
associated with a single operator (within-laboratory) and re
pro d u c i b i l i t y , which i s the term associated with different opera
tors i n different laboratories (between-laboratory). For research 
work, repeatability i s most often reported; for regulatory work, 
the v a r i a b i l i t y between laboratories i s the most important. The 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
02

4

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



24. H O R W i T Z Analytical Measurements 425 

150 r 

120 

5 
Û 

< 
3. 

90 

60 

30 
Mo BLUE 

_ι_ 

AgDDC AA HYDRIDE 

1968 1970 1972 1974 1976 1978 

YEAR 

Figure 2. Annual average daily intake of arsenic (as As2Os) in the U.S. total diet 
as a function of the method of analysis: Mo blue = molybdenum blue method; 
AgDDC = silver diethyldithiocarbamate method; A A hydride = arsine evolution, 
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term most often reported in toxicological papers i s standard 
error, which i s a standard deviation of a mean within a laboratory. 
Its popularity probably l i e s i n the fact that i t results i n the 
smallest value of a l l the precisions mentioned. It does not 
r e f l e c t the v a r i a b i l i t y of individual measurements; rather, i t 
r e f l e c t s the v a r i a b i l i t y of means. In comparing precisions one 
must be sure that the same types of terms are being compared; 
otherwise interpretations are distorted. One of the most impor
tant statements of precision i s the 95% prediction i n t e r v a l for a 
single future assay at a s p e c i f i c concentration that encompasses 
a l l usual a n a l y t i c a l variables including different laboratories. 
A minimum of 30 data points i s needed for a reasonable estimate of 
this term. 

The next question i s what precisions are reasonably expected 
in trace analysis. At f i r s t glance this would appear to be a very 
d i f f i c u l t question to answer when you consider the complicated 
environment that a n a l y t i c a l chemists and toxicologists must deal 
with—mineral and vegetable; solids, l i q u i d s , and gases; single 
substances and complex mixtures; pure materials to trace organics; 
and small molecules to complicated polymeric mixtures. Superim
pose upon composition variables the variety of techniques at our 
disposal—spectrophotometry from infrared to X-rays; chromatog
raphy i n a l l of i t s v a r i a t i o n s — g a s , l i q u i d , and s o l i d ; electro
chemistry and mass spectrometry in a l l of their modifications; and 
the neglected gravimetric and volumetric procedures. Yet we have 
found that the results of our t o t a l a n a l y t i c a l measurement 
v a r i a b i l i t y can be summarized, in an oversimplified fashion to be 
sure, by plotting the determined mean CV expressed as powers of 2, 
against the concentration measured, expressed i n powers of 10, as 
shown in Figure 3- The sources of the data are the interlaboratory 
collaborative studies conducted under the auspices of the Asso
c i a t i o n of O f f i c i a l Analytical Chemists (AOAC) over the past 100 
years. The collaborative study technique subjects a c l e a r l y 
defined individual method to a test by at least a half dozen 
laboratories on a series of blind samples. The a n a l y t i c a l results 
are examined for bias, and for i n t e r - and intra-laboratory v a r i a 
b i l i t y to determine i f the methods are suitable for use i n 
enforcing laws and regulations by agencies such as the FDA, the 
Food Safety and Quality Service of the U. S. Department of 
Agriculture (USDA), and the EPA. 

The data supporting this relationship have been reviewed i n 
d e t a i l for pharmaceutical preparations at concentration levels of 
approximately 0.1 to 100? (12), for pesticide residues at about 1 
ppm (13), and for aflatoxins at about 10 ppb (14). We have 
recently reviewed the collaboratively studied methods for sulfona
mides i n feeds at about 100 ppm (0.01%), which shows a CV of about 
4%, and various drugs as tissue residues at about 1 ppm with a CV 
of about 16%. We have also spot checked individual studies of 
major nutrients at the 0.1-10% lev e l s , minor nutrients and drugs 
at the 10-100 ppm le v e l s , and trace elements by atomic absorption 
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and polarographic techniques at the ppm and below l e v e l s . They too 
f a l l approximately in the region bracketed by the curves of Figure 
3. There are no comparable experimental points below 10"^ (0.1 
ppb) but continuation of the exponential relationship i s expected. 
Some p a r t i a l studies have been made of methods for dioxins, 
p a r t i a l i n the sense that either the cleanup or the mass 
spectrometry has been studied collaboratively but not both to
gether as consecutive steps in a single procedure. The data thus 
far suggest a CV of about the anticipated 100% at 10 ppt. Even 
radioimmunoassays appear to correspond to the precision curve. 
Hunter and McKenzie (15) report what appears to be a f i n a l average 
between-laboratory CV of approximately 30% i n the United Kingdom 
national quality control scheme for the examination of serum 
growth hormone at the 5-100 ppb leve l by radioimmunoassay. 

It should be remembered that this curve i s merely a summary of 
the available interlaboratory data, covering methodological as
pects only. External influences such as sampling and con
tamination are not involved. The data points are averages of a 
number of studies of similar analytes over ranges which may cover 
several orders of magnitude. Any single study may deviate i n 
concentration by an order of magnitude or so. But i n general, 
these values taken from the curve may be interpreted as indicative 
of satisfactory performance of an a n a l y t i c a l method by different 
laboratories. Methods giving larger v a r i a b i l i t y than those i n d i 
cated by the curve can stand improvement; those methods giving 
values inside the curve probably are as good as can be expected. 

The data used for Figure 3 are given i n Table 2, and are based 
upon about 50 independent collaborative studies, using five types 
of determinative systems. On the basis of these data, the i n t e r 
laboratory precision as a function of concentration appears to be 
independent of the nature of the analyte or of the a n a l y t i c a l 
technique that was used for the measurement, a rather unexpected 
conclusion. Note p a r t i c u l a r l y the interesting data from c o l 
laborative studies on analysis of metals at decreasing concen
tration. The methods used in these studies have not been accepted 
by the A0AC for use at these low l e v e l s . These same studies also 
reveal an interesting relationship between the within-laboratory 
and between-laboratory v a r i a b i l i t y . The component essentially due 
to analysts (within-laboratory) i s usually one-half to two-thirds 
that of the t o t a l v a r i a b i l i t y (the sum of the within- and 
between-laboratory error). Ratios of within-laboratory to t o t a l 
v a r i a b i l i t y below 0.5 indicate a very personal method; an analyst 
can check himself very well but he cannot check other analysts i n 
other laboratories. A high r a t i o indicates either considerable 
interaction among laboratories or individual analyst replications 
so poor that they swamp out the between-laboratory component. 
This r a t i o of 0.50-0.67 also appears to be typical of methods 
u t i l i z e d in c l i n i c a l chemistry (16). 

There are some independent confirmatory pieces of evidence 
supporting these values. Quality control studies of pesticide 
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TABLE 2. INTERLABORATORY COEFFICIENT OF VARIATION AS A FUNCTION 
OF CONCENTRATION 

Determinative Approximate 
Approximate Analyte Methods Coefficient of 
concentration (substrate) variation 

Range Mean 
Units (100*=10°) 

0.25-20 1X10-1 s a l t 
% (foods) 

0.1-60 1X10-2 drugs 
% (formulations) 

Potentiometric i2 = 1.4 

0.1-0.05 2X10-4 

1X10"6 

1X10"6 

0.37-17 
ppm 

sulfonamides 
(feeds) 

pesticides 
(foods, feeds) 

trace 
elements 
(foods) 

2-200 1X10"° anatoxins 
ppb B 1,B 2,G 1,G 2 

(foods, feeds) 

1-100 1X10"8 pesticide 
ppb residues 

(total diet) 

0.05-5 1X10-9 aflatoxin M 
ppb ( f l u i d milk) 

Chromatographic ) 2 
separations, ) 

spectrophoto
metry, ) 

automated, manual) 

Spectrophotometric 2 2 

Gas chromatographic 21* = 16 

Atomic absorption 2^ = 16 

Thin layer 
chromatography 

2^ = 32 

Gas chromatographic 2^ = 32 

Thin layer 2 5 · 5 = 45 
chromatographic 

0.5 X10-6 copper Atomic absorption 22 
0.15 X10-6 Z i n c Atomic absorption 54 
0.05 X10"6 lead Voltametric 80 
0.005X10-6 cadmium Voltametric 220 
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residue determinations i n blood by EPA contractors showed that 
their CVs decreased with experience, but only down to an asymp
to t i c value approximating the 16% found i n the collaborative 
studies on foods. Similarly the quality control monitoring of 
laboratories determining aflatoxin by the Food Safety and Quality 
Service of the USDA gives a value which corresponds to the 32% CV 
given for aflatoxins at the 10 ppb l e v e l . 

It cannot be overemphasized that these values are for data 
from many laboratories i n blind studies. They are useful for 
interpreting the results of analysis of unknown samples, as ana
lyzed by a number of laboratories. They obviously do not corres
pond to the values for the repeatability (single laboratory) 
reported i n the l i t e r a t u r e for standard solutions, recoveries of 
added analytes, and comparisons with other methods. Rather, the 
values in Figure 3 r e f l e c t the expected precision on real blind 
samples analyzed under somewhat ideal conditions. Analysis under 
prac t i c a l conditions would be expected to be somewhat poorer; 
analysis i n a single laboratory by a single analyst would be 
expected to be considerably better. On balance, then, Figure 3 
approximates what should be expected of methods operated at the 
indicated l e v e l s . 

Limit of Reliable Measurement 

The f i n a l property of methods which we w i l l consider here i s 
the l i m i t of r e l i a b l e measurement. This i s the quantitative 
aspect of the common l i m i t of detection—the smallest amount or 
concentration of a substance which provides a measurable response 
by a specified method. Although the l i m i t of detection i s a widely 
used term, p a r t i c u l a r l y by advertisers of s c i e n t i f i c instruments, 
i t and related terms are not well defined, accepted, or under
stood. In fact, this c h a r a c t e r i s t i c , although i n t u i t i v e l y simple, 
may not be a stable attribute of a n a l y t i c a l methods, but more a 
function of external influences such as laboratory environment or 
electronic fluctuations. 

The l i m i t of detection proved to be quite useless and i n fact 
rather misleading when applied to the problem of determining 
dietary or environmental exposure to contaminants. In survey pro
grams, such as FDA's to t a l diet pesticide intake studies, the diet 
of a s p e c i f i c population i s analyzed to determine the consumption 
of specified components and changes with time. Many of the samples 
in such surveys are negative for the analyte of concern, and a 
s i g n i f i c a n t proportion are near or at the l i m i t of detection. 
Considerable uncertainty exists as to what value should be 
assigned, for calculation purposes, to amounts which are detec
table, but at a l e v e l for which the analyst i s unable to assign a 
definite quantitative value. In most cases, there are a few 
foods, such as animal fats containing organochlorine pesticides, 
that usually make such a large contribution to the t o t a l dietary 
intake of a pesticide that the contribution of trace amounts of the 
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pesticide i n other categories i s i n s i g n i f i c a n t . There can be more 
generally distributed analytes at "trace" levels that i n t o t a l may 
be to x i c o l o g i c a l l y s i g n i f i c a n t , as i n the case of dietary lead 
intake (17.), where 0.1 ppm i s considered the l i m i t of r e l i a b l e 
measurement. The calculated daily dietary lead intake was 57, 
159, or 233 ug, depending upon which of the following value 
assignments was made: zero for both zero and trace amounts; zero 
for zero amount and 0.09 ppm for trace; or 0.05 ppm for zero and 
0.09 ppm for trace. 

Too often the term " s e n s i t i v i t y " i s misapplied to the concept 
of l i m i t s of detection or determination. S e n s i t i v i t y i s the slope 
of the response curve—the change i n response per unit measured— 
as i n almost a l l other branches of measurement. The concept of 
least measurable amount i s better described as determinability, or 
l i m i t of r e l i a b l e measurement, and least detectable amount as 
detect a b i l i t y , or l i m i t of detection. 

Determinability as a property of an a l y t i c a l methods became 
important with the passage of the Pesticide Chemicals Amendment to 
the Food, Drug, and Cosmetic Act in 1954, which introduced the 
concept of "zero residue" to an a l y t i c a l chemistry. The amendment 
required that the tolerance for a pesticide residue i n food that 
has not been shown to be safe should be set at a l e v e l no higher 
than zero. The Delaney clause of the Food Additive Amendment of 
1958 prohibited the acceptance as a regulated food additive of any 
substance which was shown to be a carcinogen. The "zero tolerance" 
and "no carcinogen" ideals were introduced at a time when a 
fraction oi a part per mi l l i o n was considered as the l i m i t of 
detection. The invention of gas chromatography about this time 
revolutionized trace analysis and pushed the l i m i t of detection 
for pesticide and drug residues toward the parts per b i l l i o n 
l e v e l . Chemists and administrators began to real i z e that the 
terms "zero," "no," and "none" were not absolute e n t i t i e s but 
rather were functions of the method employed and the confidence 
required. The recognition of this fact resulted i n a further 
revision of the food additive section of the Act i n 1962 which 
permitted feeding carcinogenic drugs to animals providing "no 
residue of the additive w i l l be found by methods of examination 
prescribed or approved by the Secretary..." 

But the question remains as to what constitutes :*no residue." 
Currie (18) examined the corresponding problem of detection l i m i t s 
i n radiochemical procedures and was frustrated by the differences 
in terminology and definitions which resulted i n a range of three 
orders of magnitude for detection l i m i t s calculated for the same 
system. Figure 4, taken from his paper, shows the situation with 
respect to a sp e c i f i c r a d i o a c t i v i t y process. The horizontal l i n e s 
indicate three s p e c i f i c l e v e l s : Lq, "decision l i m i t , " the l e v e l a 
signal must exceed to permit a decision as to whether or not the 
result of an analysis indicates detection; Lp, "detection l i m i t , " 
the l e v e l above which an ana l y t i c a l procedure can be r e l i e d upon to 
lead to detection; and L q , "determination l i m i t , " the l e v e l above 
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Figure 4. Ordered detection limits—alternative literature definitions and proposed 
alternatives (IS) 
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which an ana l y t i c a l procedure w i l l be s u f f i c i e n t l y precise to 
yi e l d a satisfactory quantitative estimate. Currie considered 
" s u f f i c i e n t l y precise" as the point where the (presumably i n t r a -
laboratory) r e l a t i v e standard deviation was 10?. Figure 3, our 
precision curve, shows that this v a r i a b i l i t y i s ordinarily reached 
at the ppm l e v e l , where the intralaboratory CV of 10? i s 
approximately equivalent to the interlaboratory CV of 15? of the 
curve. This presents a real problem with regard to the r e l i a b i l i t y 
of determination l i m i t s which necessarily have to be conducted at 
lower l e v e l s — a f l a t o x i n s at parts per b i l l i o n and dioxins at parts 
per t r i l l i o n . 

In his e a r l i e r paper, Currie considered only the random error 
component. Later, Currie and DeVoe (19) considered the effect of 
systematic errors (bias) on detection l i m i t s (and by implication 
determination l i m i t s ) . At these levels, random error introduces a 
sizable component into the presumably stable bias component. 
Therefore, i n order to detect a systematic error of magnitude 
comparable to the standard deviation, one needs at least 15 obser
vations. If the systematic error i s not constant, these authors 
point out that i t becomes impossible to generate meaningful uncer
tainty bounds for experimental data. 

We can begin to analyze the s t a b i l i t y of methods at the parts 
per t r i l l i o n l e v e l by examining the results from the EPA p a r t i a l 
collaborative study on dioxins (^0). In this study, samples of 
beef fat and of human milk were extracted; the extracts were 
cleaned up i n a single laboratory; the cleaned up extracts and 
equivalent standards (as unknowns) were supplied to fiv e p a r t i c 
ipants for quantitation by mass spectrometry. Only two of the 
laboratories examined a l l samples. Three laboratories used single 
ion monitoring (m/e = 322); two used double ion monitoring (m/e = 
320, 322) and the average of the quantitative results was used as 
the value found, although both values were reported. 

Because of the unbalanced design, the use of different 
laboratories for the i s o l a t i o n and determination, and the small 
numbers of laboratories involved with each type of sample, the 
data cannot be examined by conventional means and consequently 
cannot easily be compared with the interlaboratory v a r i a b i l i t y of 
methodology for other contaminants. 

However, the report shows that the methods are completely 
unreliable with respect to negative and lowest l e v e l samples. The 
number of samples of each type examined and the percent of negative 
(no added dioxin) samples reported positive (false positives) are 
given i n Table 3. 

Most of the false negative reports (reporting zero when 
dioxin was added) occurred at levels of 9 ppt and below. The only 
false negatives at levels above 9 ppt, oddly enough, occurred i n 
the standard series (no interference). No false negatives were 
reported i n the beef fat and human milk series above 9 ppt. 
Therefore, examination of the data by inspection results i n an 
estimate of about 10 ppt for the l i m i t of r e l i a b l e measurement i n 
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TABLE 3. FALSE POSITIVE DIOXIN VALUES REPORTED IN EPA 
RECOVERY STUDIES (20) AT 9 PPT AND BELOW 

No. of 
labs 

No. of 
samples examined 

? False 
positives 

Standards 3 16* 19 

Beef fat 4 26* 42 

Human milk 3 12* 92 

*Where double ion monitoring was used, the value from 
each ion was considered as a separate sample. Ignoring 
the second ion value (to place a l l laboratories on a 
comparable basis) would not change the ? false positives 
s i g n i f i c a n t l y . Considering only the 322 values (instead 
of both 320 (when used) and 322) would give 17$, 43?, and 
90? false positives for the three types of samples. 
Similarly, the use of two types of methods by one labora
tory on beef fat was ignored. 
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this study. How r e l i a b l e the measurement at this l i m i t i s requires 
considerably more data than are available. However, a rough 
estimate of the interlaboratory precision indicates a CV of 
approximately 100? at 10 ppt ( 1 0 - 1 1 ) which can be considered as 
lyin g close to our prediction of 90? (2^-5) from the precision 
curve. A large uncertainty i s introduced because the extracts 
were prepared and cleaned up in a single laboratory and examined i n 
different laboratories. If each laboratory had performed i t s own 
anal y t i c a l operations as well as the mass spectrometry, the 
overall v a r i a b i l i t y probably would have been larger. 

Although most procedures for determining l i m i t of detection, 
determination, or r e l i a b l e measurement are based upon the c a l i 
bration curve, this approach does not appear to be p r a c t i c a l , 
based on the limited experience of the TCDD study. The slopes and 
intercepts at zero concentration of the ca l i b r a t i o n curves for 
standards and of the recovery curves for the beef and milk fats 
vary considerably from laboratory to laboratory with a range of 
the intercept of the recovery curve from -1.5 to +14 ( i . e . , 14 ppt 
must be added to obtain a 0 ppt TCDD found!) and a range of slopes 
from 0.37 to 1.36, as shown in Figure 5. In the report (20), 
regression curves and associated l i m i t s were also calculated for a 
single laboratory. Although the confidence interval of the curve 
( a l l values except (presumably) zero) was f a i r l y tight ( i . e . , at 
50 ppt, the interval was 12 ppt), the corresponding prediction 
interval for a single observation was about 50 ppt (100?). 

Conclusion 

Since important decisions affecting the health and welfare of 
humanity must be made on the basis of an a l y t i c a l results, 
considerable e f f o r t must be directed toward assuring greater 
confidence i n the r e l i a b i l i t y of the output of an a l y t i c a l labo
ratories. The Commission of the European Communities, after 
performing a study to determine the comparability of chemical 
analyses for drinking water quality, concluded that a n a l y t i c a l 
quality control must be required as a routine component of 
ana l y t i c a l work. They state (21), "Only the combination of 
intralaboratory controls of precision and accuracy complemented by 
interlaboratory intercomparison tests can lead to a si g n i f i c a n t 
evaluation and improvement of an a l y t i c a l r e s u l t s . " 

The most d i f f i c u l t part of the procedure of producing 
r e l i a b l e a n a l y t i c a l values w i l l be obtaining a recognition by 
analysts of the necessity for quality control as an inherent 
accompaniment of ana l y t i c a l work. If analysts do not u t i l i z e this 
technique voluntarily, outside auditors w i l l i n s i s t that such data 
accompany a l l regulatory submissions, as part of compliance with 
good laboratory practice regulations. 
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TCDD ADDED, PPT 

Figure 5. Regression lines of five individual laboratories (A-E) examining stand
ards (S), and extracts of beef fat (F) and milk fat (M) for TCDD as random un

knowns (EPA data (20)) 
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25 
Problems and Pitfalls in Analytical Studies in 
Toxicology 

J. D. McKINNEY, P. W. ALBRO, R. H. COX, 
J. R. HASS, and D. B. WALTERS 
Laboratory of Environmental Chemistry, National Institute of Environmental 
Health Sciences, P.O. Box 12233, Research Triangle Park, NC 27709 

The major interrelated divisions of environmental health 
sciences necessary to define a human health hazard are epidemi
ology, toxicology and chemistry. If one or more of these areas 
is lacking or incomplete in studies of environmental agents such 
as pesticides, then health hazard potential can not be fully 
assessed. Chemistry is essential in these relationships in order 
to provide timely and effective solutions to environmental health 
problems. Environmental Health Chemistry has been presented (1) 
as a new subdiscipline which emphasizes the chemistry needed to 
establish these relationships and permit assessment of the poten
tial human health hazards associated with chemical contamination 
of our environment. Fundamental to these various programs is 
assurance that good, reliable analytical data is generated 
especially in those cases which most directly affect the public's 
health and well being. How one generates good, reliable analyti
cal data is the primary focus of the papers in this session. Our 
position, which is similar to that taken by others (2), is one 
of adopting good analytical practices as an alternative to 
standard methods, licensing and certification. Our position is 
presented in brief in the following outline of criteria for 
analytical protocols. 

Good Analytical Practices 

General Considerations. It i s often more d i f f i c u l t to judge 
the v a l i d i t y of an an a l y t i c a l study than to perform the analyses. 
Since the d i f f i c u l t y most commonly arises because of f a i l u r e to 
specify the f u l l d e t a i l s of procedures in advance or report them 
adequately at the conclusion of a study, the present outline 
describes the types of information considered essential for both 
preparing protocols for prior approval and submitting f i n a l 
a n a l y t i c a l results in report form. Planning and reporting 
categories for the f i n a l processing steps, the actual determina
tion procedures, w i l l be the subject of future documents. The 
present guidelines pertain to a l l of those steps preliminary to 

This chapter not subject to U.S. copyright. 
Published 1981 American Chemical Society 
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determination; that i s , from sample c o l l e c t i o n to presentation of 
the f i n a l test preparation. The emphasis i s upon validation of 
procedures, and upon reporting in s u f f i c i e n t d e t a i l the procedures 
that can i n fact be evaluated subsequent to the submission of 
analyt i c a l r e s u l t s . 

Sample Selection. Assuming that the samples to be analyzed 
are to be selected from a larger population or populations, the 
manner in which samples w i l l be selected must be described. If 
selection i s intended to be random, enough de t a i l s must be given 
to enable one to distinguish random from haphazard. Since some 
s t a t i s t i c a l analysis may eventually be applied to the an a l y t i c a l 
results, one must be able to determine whether the sample groups 
are f u l l y independent, or the observations are naturally paired. 
F i n a l l y , evidence for considering the samples as representative 
of the larger populations must be described. 

Sample Collection and Storage. This step in an an a l y t i c a l 
study offers many opportunities for loss of integrity of samples, 
and must be described in f u l l d e t a i l . Precisely what tools w i l l 
be used to acquire the samples? Disposable scalpels, for example, 
are coated with an o i l that can contaminate tissues. Metal tools 
obviously should not be used to take samples for trace metal 
determination. Good judgement can not be assumed; de t a i l s must 
be provided. 

The sample containers must be f u l l y described. What material 
is used? Aluminum f o i l i s coated with drawing o i l . Bottle cap 
lin e r s are a common source of contamination. How are the con
tainers cleaned? 

How w i l l samples be stored prior to analysis? At what 
temperatures and for how long? W i l l they be exposed to light? 
Air? Details must be given. 

Sample Workup. Most trace l e v e l analyses start with some 
sort of extraction step. This should be described in d e t a i l 
("the samples were extracted with chloroform" i s not enough). 
How long does each step take? For how long are extraction 
mixtures s t i r r e d or shaken? How many cycles of a Sohxlet extractor? 
Enough information must be given to permit someone to duplicate 
the procedure. Is the sample f i n e l y divided prior to or during 
the extraction? What i s the solvent to sample ratio? 

Vague terms such as "warm solvent", "extracted exhaustively", 
or the l i k e must be avoided. If temperature, time, etc. are 
important, they should be precisely specified. Sources of s o l 
vents and reagents, and special means used to purify or dry them 
must be given. Terms such as "reagent grade" provide no assurance 
of freedom from relevant, interfering impurities. 

Cleanup Procedures. Most trace l e v e l analyses involve some 
sort of cleanup of the crude extract. Details of these procedures 
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must include sources and means of activation of chromatographic 
media, sources and some discussion of purity of solvents used, 
and s u f f i c i e n t description of the procedures themselves to permit 
their duplication. 

Validation Studies. Prior to the analysis of unknown samples, 
a l l procedures must be validated in terms of recovery, reproduci
b i l i t y , s e n s i t i v i t y , freedom from interference, and accuracy. 

Recovery Studies. Since these studies w i l l generally involve 
the use of "spikes", the f i r s t requirement i s for the spiking or 
f o r t i f i c a t i o n procedure i t s e l f to be validated. Either i t must 
be shown that the "spiked" chemicals equilibrate with the corre
sponding endogenous ones, or i t must be empirically demonstrated 
that the recovery of exogenous "spike" i s the same as the recovery 
of endogenous compound, over the f u l l range of concentration 
levels to be sought in the analysis of unknowns. The dependence 
of both percentage recovery and i t s standard deviation on concen
tration must be determined and reported. The actual f o r t i f i c a t i o n 
procedure must be described in s u f f i c i e n t d e t a i l to permit d u p l i 
cation. 

Limits of Detection. Since the clean-up and recovery 
achieved in the overall sample workup effects the detection l i m i t 
of the measurement technique, the actual l i m i t of detection i s , 
r e l a t i v e to the amount of sample available for analysis, always 
less than the l i m i t of the measurement technique. Thus, i f a 
measurement technique can respond to one microgram of material, 
but the recovery in the preliminary sample workup i s 50%, then 
the true effective detection l i m i t i s two micrograms, and i t i s 
this l a t t e r value that must be reported. Additionally, the l i m i t 
of detection of the measurement technique must be taken as not 
the smallest amount causing a response, but rather the smallest 
amount to which the an a l y t i c a l c r i t e r i a employed for qualitative 
i d e n t i f i c a t i o n can be applied. 

C r i t e r i a for Qualitative I d e n t i f i c a t i o n . The c r i t e r i a to be 
applied for qualitative i d e n t i f i c a t i o n must be described. 
Ideally, they should include at least one c r i t e r i o n unique to the 
compound of interest; f a i l i n g this, they must include a combina
tion of c r i t e r i a , which combination JLS unique to the compound 
sought. In addition, the c r i t e r i a by which interfering substances 
may be recognized must be described. 

C r i t e r i a for Quantitative Determination. Not a l l assays 
provide linear c a l i b r a t i o n curves. Calibration curves must be 
constructed from the analysis of spiked samples, to v i s u a l i z e any 
nonlinearity in recovery. If interpolation i s u t i l i z e d , the 
interpolation procedure must be f u l l y described; extrapolation 
should not be used. Standard curves must span the complete range 
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of values found i n the set of unknown samples. The samples used 
for spiking should i d e a l l y contain no detectable endogenous 
compounds responding to the assay, but i f zero background can not 
be achieved, the endogenous (background) l e v e l in the spiked 
samples must be accurately determined and compensated f o r . 

Blanks. "Procedure blanks", samples of the same matrix 
material that w i l l subsequently be analyzed in the study but 
known to lack detectable levels of the compounds of interest, 
must be put through the entire procedure including storage for 
the same (mean) length of time in the same environment as the 
test samples. Extraction and cleanup procedures applied to these 
"blanks" must involve the same amounts of solvents and chromato
graphic media as w i l l be used on the r e a l samples. In no other 
way can the likelihood of interferences (false positives) be 
convincingly assessed. 

This paper i d e n t i f i e s some unique problems and p i t f a l l s in 
providing a n a l y t i c a l support for toxicological research consistent 
with our position on good a n a l y t i c a l practices. Major areas 
relevant to toxicological research receiving some attention 
include environmental analysis, mechanism elucidation, testing 
programs, t o x i c i t y prediction, chemical epidemiology, and safety 
monitoring. 

Environmental Analysis 

Assessment of the human health hazard potential of environ
mental chemicals requires study of the environmental transforma
tion products. The products can include a variety of metabolites 
generated in plants, s o i l s and animal tissue as well as non-
b i o l o g i c a l products such as those derived from hydrolysis or 
photolysis. Therefore, environmental analysis i s of basic impor
tance in determining the substances reaching the human environ
mental interface. The commercial uses of polychlorinated biphenyl 
mixtures (PCBs) as insulating and d i e l e c t r i c f l u i d s i s an example 
of this problem. The commercial mixture consists of a complex 
mixture of chlorobiphenyls varying i n degrees and positions of 
chlorine substitution along with a few part-per-million (ppm) 
chlorinated dibenzofuran contaminants. We now know that the PCBs 
can be transformed chemically during use (3), b i o l o g i c a l l y in 
cultures and s o i l (5), and animal tissues (4) and under physical 
influence such as u l t r a v i o l e t l i g h t (5) and incineration condi
tions (6) (Table 1) . Residues in humans (7) largely consist of 
those PCB isomers with high chlorine content which are generally 
more resistant to chemical and b i o l o g i c a l transformation. The 
exact nature of these residues i s s t i l l being investigated in an 
attempt to assess the real human health hazard associated with 
the PCBs (1). 
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Table I 
C l a s s i f i c a t i o n and Occurrence of Compounds 

Associated with the PCB Problem 

In Commercial Product of Use 
Compounds Mixtures or Transportation 

PCBs and Related Derivatives: 
Non-ortho substituted with high 
meta-para substitution (Type I) X 

Ortho substituted 
V i c i n a l unsubstituted 
carbon atoms absent (Type II) Χ 
V i c i n a l unsubstituted 
carbon atoms present (Type III) X 

a 
Biphenyl Dimers and Trimers Χ 

Oxygenated Chlorinated Aromatic Compounds: 
Chlorinated Dibenzofurans Χ X 

a 
Chlorinated Diphenylethers X 
Hydroxychlorinated Biphenyls and ^ 
Related Oxygen Containing Compounds X 

a T h i s i s based on preliminary data (4) from analysis of the used 
f l u i d s as well as analysis of model chemical reactions under 
simulated use conditions. 
Bi o l o g i c a l Transformation. 

I t has been only recently (8) that the chlorinated dibenzo
furans have been tentatively i d e n t i f i e d along with PCBs in a 
higher animal. A r e l a t i v e l y new technique using negative chemical 
ionization mass spectrometry provides a rapid and sensitive 
qualitative screen for these compounds. This technique has had 
limited application thus f a r . However, i t i s not clear whether 
or not these furans are the o r i g i n a l contaminants of the PCB 
mixtures and/or transformation products of PCBs or other compounds 
in the environment. Confirmation i s needed to rule out possible 
interfering compounds such as chlorinated diphenyl ethers. The 
important point to make i s that the t o x i c i t y of the released 
products can be considerably d i f f e r e n t from the modified product 
which ultimately reaches man or any other higher monogastric 
animal. 
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Mechanism Elucidation 

One of the more extensively studied areas in drug metabolism 
has been the oxidative metabolism of alkenes and polycyclic 
aromatic hydrocarbons (PAHs). The evidence i s convincing that 
this proceeds by formation of epoxides and arene oxides in a 
reaction mediated by the cytochrome P-450 dependent monoxygenase 
system. The fate of these reactive oxides in b i o l o g i c a l systems 
and the relationships to b i o l o g i c a l endpoints and t o x i c i t y are 
receiving considerable attention ( 9 ) . Improved and more so p h i s t i 
cated methodology for elucidating these mechanisms of action are 
continually being developed. Two examples w i l l be described, one 
considered to be a major detoxication pathway and the other a 
major activating pathway, i l l u s t r a t i n g some of the problems and 
some of the newer ana l y t i c a l approaches to overcoming these 
problems. 

Conjugation of oxides with glutathione (GSH) catalyzed by 
glutathione transferases i s a major detoxication process for 
removal of these reactive molecules (10). However, studies of 
this metabolic process often do not f u l l y recognize the potential 
complexity of the metabolic p r o f i l e . For example, in our studies 
(11) of the metabolism of styrene oxide, i t has been demonstrated 
that both positional and diastereoisomeric metabolite conjugates 
of GSH and mercapturic acids are formed. The t o t a l characteriza
tion of this process has required the synthesis of styrene oxide 
conjugates of GSH, cysteinylglycine, cysteine and N-acetylcysteine 
(mercapturic acid), both positional and diastereoisomeric using 
o p t i c a l l y active isomers of styrene oxide. Characterization and 
measurement of these isomers immixtures further required the 
development of methodology in C nuclear magnetic resonance 
(NMR) spectroscopy and high pressure l i q u i d chromatography (HPLC). 
The GSH conjugates have also been prepared for α-methylstyrene 
oxide, trans-β-methylstyrene oxide, 1,2,3,4-tetrahydronaphthalene-
1,2-oxide, phenanthrene-9,10-oxide, pyrene-4,5-oxide and benzo[a] 
pyrene-4,5-oxide (BP-4,5-oxide). Using standards available from 
our synthetic studies, we have compared the enzymatic and chemical 
conjugation of glutathione with epoxides and found some interest
ing differences in the r eg io s p e c i f i c i t y and stereo s p e c i f i c i t y of 
the conjugation reaction. For example, the chemical conjugation 
of GSH with benzo[a]pyrene-4,5-oxide produces equal amounts of 
the 4- and 5-thioether isomers as a mixture of diastereoisomers. 
The enzymatic conjugation using rat l i v e r cytosol produces a 
mixture of the 4- and 5-thioether conjugates. However, the 
diastereoisomers of the conjugates are not formed in equal amounts. 
With a purified enzyme from the L i t t l e River Skate, an equal 
mixture of the 4- and 5-thioether conjugates are produced. But 
in this case, only one of the diastereoisomers of each positional 
isomer i s produced. Product analysis of the^jGSH conjugates 
obtained from C-labeled BP-4,5-oxide (4,5- C) established some 
de f i n i t e stereochemical requirements for the c a t a l y t i c step (12). 
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The data demonstrate that the skate l i v e r enzyme has high regio-
s e l e c t i v i t y and stere o s p e c i f i c i t y for each BP-4,5-oxide enantio-
mer. 

The mechanistic implications of these results concerning the 
re g i o s e l e c t i v i t y and ster e o s p e c i f i c i t y of enzymatic conjugation 
are being evaluated further. The importance and potent b i o l o g i c a l 
a c t i v i t y of certain glutathione conjugates i s being increasingly 
recognized (13) . 

Most chemical carcinogens require metabolic activation to 
highly reactive e l e c t r o p h i l i c intermediates to be carcinogenic. 
Such intermediates can bind covalently to c e l l u l a r constituents 
such as RNA, DNA, and proteins. Therefore, one approach to the 
study of chemical carcinogenesis i s to determine the nature and 
degree of covalent binding processes in b i o l o g i c a l systems. The 
role of arene oxides as reactive metabolic intermediates has 
been investigated extensively, and the subject of reactive metabo
l i t e s i s addressed in a separate paper in this conference. 
Evidence i s increasing to support the formation of arene oxides 
during the metabolism of certain PCBs (14) . In addition, chemical 
synthesis of certain PCB arene oxides has been completed and 
these oxides show the expected chemical properties consistent 
with their potential for rearrangement and covalent binding to 
various nucleophiles. 

However, reports of PCB binding to biopolymers i n vivo and 
in v i t r o generally do not d i f f e r e n t i a t e between bound and simply 
adsorbed residues. In order to prove that a chemical binds 
covalently to a biopolymer, i t i s necessary to iso l a t e and 
characterize the modified polymers and monomers. Simple f a i l u r e s 
to extract PCBs from tissues with organic solvents or physical 
methods of fractionation alone, do not constitute evidence of 
covalent binding. Such studies are greatly f a c i l i t a t e d by the 
use of radioisotopes since the amount of covalent binding i s 
usually quite small. 

Recent work (15) in mouse l i v e r ( i n vivo) with a slowly 
metabolized PCB (2,4,5,2 f,4 1,5 1-hexachlorobiphenyl) and a rapidly 
metabolized PCB (2,3,6,2',3 f,6 1-hexachlorobiphenyl) along with 
the appropriate controls has cl e a r l y demonstrated increased 
binding of the more rapidly metabolized isomer to biopolymers. 
This was determined through i s o l a t i o n and characterization of PCB 
bound biopolymers and monomers. The greatest binding was observed 
in RNA followed by protein and DNA, respectively, and binding 
occurs in tissues other than l i v e r as well. This binding i s 
l i k e l y to be covalent and the result of metabolic activation, but 
proof of this awaits further chemical characterization of the 
isolated materials. F i e l d desorption mass spectrometry (MS) and 
other specialized MS techniques should be useful i n characterizing 
such adducts (16). 

The a n a l y t i c a l capability now exists to determine the nature 
and extent of covalently bound chemicals in tissues. Further 
work should provide a data base upon which to draw some general-
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izations concerning l i k e l y targets for attack by reactive metabo
l i t e s . However, the quantitative aspects of the problem have 
received l i t t l e attention so f a r . In elucidating the mechanism 
of chemical carcinogenesis, one must determine the nature and 
degree of "effective binding" to biopolymers, i . e . what sp e c i f i c 
perturbations of the macromolecules are s u f f i c i e n t to induce 
neoplastic transformation. Progress in this area i s l i k e l y to be 
dependent upon the development of good ±a v i t r o models for studying 
neoplastic transformation in c e l l s (17). 

Structure-Activity and Toxicity Prediction 

The toxic propensity of a molecule resides in the chemical 
makeup of the molecule. The a v a i l a b i l i t y of multiple measures of 
physical/chemical, toxicological and pharmacokinetic properties 
allows us to understand the t o x i c i t y of a molecule. One can 
measure or calculate molecular properties and compare the magni
tude of these properties with the magnitudes of observed b i o l o g i 
c a l responses of animals exposed to the molecule. It i s essential 
to have r e l i a b l e and accurate b i o l o g i c a l measures of t o x i c i t y for 
correlation purposes. We have used the exquisite s e n s i t i v i t y 
(LD^Q) of the guinea pig to the toxic effects of halogenated 
aromatic hydrocarbons as a b i o l o g i c a l response for comparison 
with some measured molecular properties considered important in a 
specific receptor interaction (18) . Measured molecular features 
include size, shape, symmetry and p o l a r i z a b i l i t y . A variety of 
techniques have been used to make these measurements including X-
ray crystallography, nuclear magnetic resonance and mass spec
troscopy and gas chromatography. 

A number of isomers and homologs in the halogenated dibenzo-
p-dioxin, dibenzofuran, biphenyl and naphthalene classes have 
been tested in the guinea pig. Based on these and other relevant 
studies, some generalizations about structural properties important 
in their t o x i c i t y can be made. The c r i t i c a l halogenation pattern 
takes the approximate form of a 3 Χ 10 A box for chlorines and 
can be somewhat smaller and triangular for bromines. Planarity or 
coplanarity of rings i s necessary only to effect juxtaposition of 
four l a t e r a l chlorines. This imparts a certain degree of symmetry 
to the molecule, but symmetry per se i s not a requirement. 
Studies (19) of various isomers and homologs in the biphenyl 
series suggest that the underlying factor responsible for binding 
i s net molecular p o l a r i z a b i l i t y which has a preferred d i s t r i b u t i o n 
along the 10 A receptor distance in the molecule. We are cur
rently investigating ways to measure this property d i r e c t l y . 
Some variation in these properties through molecular conforma
tional preferences in the biphenyls i s thought to explain the 
apparent "mixed induction" a c t i v i t y seen for certain PCB isomers. 

Pharmacokinetic studies are obviously important for deter
mining the fate and disposition of chemicals in b i o l o g i c a l systems. 
The cost effectiveness of such work i s greatly increased by the 
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use of radiolabeled compounds to f a c i l i t a t e the monitoring of 
absorption, d i s t r i b u t i o n and excretion of the parent compound 
and i t s metabolites. A few examples w i l l be described that 
i l l u s t r a t e some of the problems in using both radioactive and 
stable labels as bi o l o g i c a l tracers. 

The a v a i l a b i l i t y of labeled materials with the desired 
properties can be a problem. Interest in carrying out pharmaco
kinetic studies on the toxic environmental contaminant 2,3,7,8-
tetrachlorodibenzofuran (2^,7,8-TCDF) engendered a need for 
synthesis of the compound C labeled at a high s p e c i f i c a c t i v i t y 
(greater than 50 mCi/mmol). After considerable synthetic work 
(20), the labeled 2,3,7,8-TCDF was obtained in low yi e l d Jjjt at 
high purity v i a Pschorr c y c l i z a t i o n of o^-phenoxyaniline-U C, 
chlorination of the resultant dibenzofuran and separation of the 
tetrachloro isomers by high pressure l i q u i d chromatography. 
Completely anomalous results were obtained when more convenient 
synthetic routes were tri e d that had been previously reported for 
"cold" material. These results were interpreted in terms of the 
intervention of "hot" free ra d i c a l intermediates. The effects 
observed in the promotion of reactive free r a d i c a l formation are 
perhaps not widely known. Similar e j e c t s could possibly obtain 
in the metabolic degradation of the C-2,3,7,8-TCDF affording 
again reactive r a d i c a l intermediates which could a l t e r the 
"normal" course of metabolism. 

There i s at least one report (21) describing^£he s i g n i f i 
cantly different gas chromatographic behavior of C-labeled 
2,3,7,8-tetrachlorodibenzo-rj-dioxin (2,3 ,7,8-TCDD) , sp e c i f i c 
a c t i v i t y greater than 150 mCi/mmole. This result suggests that 
at s u f f i c i e n t l y high spe c i f i c a c t i v i t i e s there can be an effect 
on physical/chemical properties. Whether the highly labeled C-
2,3,7,8-TCDD behaves in b i o l o g i c a l systems as unlabeled TCDD can 
not be answered d e f i n i t i v e l y , but i t i s important to be aware of 
this potential problem. 

The use of stable isotopes i s becoming increasingly pc-gular 
in b i o l o g i c a l work (22). Progress has been made in using C-
labeled compounds to f a c i l i t a t e metabolite i s o l a t i o n and i d e n t i 
f i c a t i o n by MS techniques. Other work has been ^ n e using C-
labels to help elucidate biomechanism. Several C-labeled 
benzo[a]j^rene metabolites were prepared with s p e c i f i c incorpora
tion of C-labels. J ^ e s e labeled compounds proved to be useful 
in the assignment of C-NMR spec^a to the BP metabolites. The 
(+) benzo[a]pyrene-4,5-oxide-4,5 C also proved to be useful i n 
determining the positional and diastereoisomeric glutathione 
conjugates as a result of i t s reaction wj^h glutathione trans
ferase in b i o l o g i c a l systems (12). The C enriched compound 
si g n i f i c a n t l y simplified the a n a l y t i c a l problem by enabling 
measurements to be made on much smaller amounts of metabolites. 
The double label at C-4 and C-5 in the BP-oxide was intended to 
f a c i l i t a t e the determination of r e g i o s p e c i f i c i t y of i t s reactions, 
but a single label at either C-4 or C-5 would have been just as 
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useful for this purpose and would have further improY^d J^e 
a n a l y t i c a l problem since the reduction in signal by C- C 
coupling would have been eliminated. The a v a i l a b i l i t y of the 
synthetic conjugates as standard reference compounds was essential 
in this work. 

Chemical Epidemiology 

The importance of chemical epidemiology i n assessing the 
health hazard potential of environmental chemicals i s obvious. 
The variety of demands that are made on the a n a l y t i c a l chemist in 
support of epidemiology studies has recently been discussed (23) 
and major factors i d e n t i f i e d which impact on the chemist. 

Two areas of concern currently receiving attention by the 
epidemiologist w i l l be described. The f i r s t i s the problem of 
PCBs in mother's milk and the potential transfer of these chemi
cals to the baby during breast feeding; the second i s the poten
t i a l problem of dioxin (2,3,7,8-TCDD) residues i n humans (milk 
and fat) associated with exposure to 2,4,5-T and related herbi
cides and their precursors. 

A study (24) i s in progress that w i l l attempt to correlate 
health effects in the developing infant with levels of PCBs and 
related compounds measured in mother's milk. Figure 1 i l l u s t r a t e s 
the sp e c i f i c problem of analyzing for PCB i n human milk by elec
tron capture-gas chromatography. Although several peaks appear 
to coincide with the Aroclor standard, the pattern in milk i s 
c l e a r l y d ifferent from the standard pattern. One r e a l l y can not 
compare these peaks since each one l i k e l y contains more than one 
compound with varying r e l a t i v e detector response. Therefore, 
there i s no true standard for quantitation purposes and absolute 
quantitation by this method i s not possible. The best that can 
be hoped for i s a reproducibly quantitative method that can be 
used for r e l a t i v e comparisons. In developing such reproducible 
methods, our experience has shown that extensive method val i d a t i o n 
i s required for each sample matrix of interest. Literature 
methods have been of l i t t l e value in f a c i l i t a t i n g the v a l i d a t i o n 
work. Reproducibility of methods i s c l e a r l y a function of both 
method technology and operational techniques. 

However, the a n a l y t i c a l problems of PCBs in human tissues i s 
further complicated by the uniqueness of the pattern found i n the 
general population (7). Residues in humans appear to be largely 
the ortho-substituted type PCBs with high chlorine content which 
are not readily metabolized and eliminated from the body. These 
isomers are also not p a r t i c u l a r l y toxic on a short term basis. 
Therefore, i t i s the PCBs which can not be measured by an extrac
tion method that may be of greater b i o l o g i c a l consequence. As a 
part of this epidemiological study, a method relying on neutron 
activation analysis has been developed (25) that w i l l allow 
determination of t o t a l organic chlorine residues i n body f l u i d s 
and tissues which includes both bound and unbound materials. 
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Figure 1. PCB pattern in human milk compared with Arochlor 1254 Standard. 
Peak off-scale is DDE. GC parameters: 3% OV-1, 220°C, 6 ft X 4 mm column. 
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The a n a l y t i c a l problems associated with dioxin residues in 
humans are similar in many ways but there are some key differences 
which should be pointed out (26) (Table 2). Absolute quantitation 
i s achievable since standard reference compounds are available or 
can be made available. However, because of the high t o x i c i t y of 
these compounds, the desired detection l i m i t i s i n the low part-
p e r - t r i l l i o n (ppt) range instead of the ppb to ppm range required 
for PCBs. Dioxins are also not generally considered to have 
ubiquitous d i s t r i b u t i o n in the environment although this has 
recently been challenged by the "chemistry of f i r e " proposal of 
Dow Chemical Company (27). As a result of the low concentrations 
being sought and the non-ubiquity of these residues, a considerably 
more complex and sophisticated a n a l y t i c a l method i s required to 
achieve the desired s e n s i t i v i t y and s p e c i f i c i t y needed. The 
method presently in use generally consist of some form of low or 
high resolution chromatography and high or low resolution mass 
spectrometry. 

Table 2 
Problems in Development of TCDD Analysis in Human Fat 

1) Sample size usually small (fat biopsy - 0.5 g or l e s s ) . 
2) Low p a r t - p e r - t r i l l i o n (ppt) s e n s i t i v i t y desired because of 

exquisite t o x i c i t y of the compound (1 ppt on 0.5 g sample 
requires 0.5 picogram in t o t a l sample). 

3) The analysis must not only be highly sensitive but highly 
spec i f i c for the 2,3,7,8-tetra isomer. 

4) Requires synthetic work to provide a n a l y t i c a l standards and 
highly compatible separation science and s p e c i f i c measurement 
c a p a b i l i t i e s under high resolution conditions (must eliminate 
interferences). 

5) Requires stringent a n a l y t i c a l protocols and safe handling 
procedures and f a c i l i t i e s to maintain sample integrity and 
avoid contamination of f a c i l i t i e s and exposure of personnel. 

Although existing methods for TCDD have already been put 
into use for supporting limited epidemiological studies, they can 
not be defended as unequivocal for determination of 2,3,7,8-TCDD. 
The methods available lack complete validation in the appropriate 
sample matrices and sizes. This in turn i s due to the lack of 
s u f f i c i e n t a n a l y t i c a l standards including other tetra dioxins, 
internal standards and possible interfering compounds. These 
standards are needed to validate a l l aspects of the method 
including spiking, extraction, cleanup, and measurement for the 
sample type, sizes and concentrations of interest. Such 
extensive method validation and elaboration are needed for unequiv
ocal determinations of 2,3,7,8-TCDD residues i n human samples. 
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Of particular concern i s the problem of potentially ubiqui
tous PCB metabolites that are exact mass equivalents of dioxins 
and can lead to f a l s e positives (28). Such tetrachlorobenzoqui-
none metabolites are known to occur in the metabolism of certain 
hexachlorobiphenyl isomers. At least one metabolite of this type 
can be drawn which shows a remarkable resemblance to the dioxin 
molecule and at the same time can possibly depolarize i t s e l f 
through electronic interactions between the two ring systems. 

H--C 

Our present technique involves high resolution mass spec
trometry using an instrument with reversed geometry capable of 
doing mass analyzed ion kinetic energy mass spectrometry (MIKES) 
experiments. Sample introduction i s by c a p i l l a r y gas chroma
tography. The information generated i s the elemental composition 
of the molecular ion, the elemental composition of the most 
unique fragment ion (M-COCl), the intensity r a t i o of these two 
ions, and the retention time of the presumptive TCDD. 

The a v a i l a b i l i t y of radioimmunoassay (RIA) procedures for 
environmental agents holds some promise i n minimizing the need 
for the more sophisticated and expensive instrumental methods of 
analysis by eliminating "negative" samples and for routine moni
toring of exposure in environments known to be contaminated by 
certain classes of compounds. There are a number of fundamental 
problems involved i n development of such RIA procedures and i n 
their use (Table 3). Double-antibody RIA's have been developed 
(29) for quantitating a number of chlorinated aromatic hydro
carbons of current concern from environmental samples including 
animal tissues. These chlorinated hydrocarbons include members 
of the dibenzo-£-dioxin, dibenzofuran, and biphenyl classes of 
compounds. The use of RIA procedures for trace residue analysis 
i s discussed further in another paper in this conference. 

These examples hopefully i l l u s t r a t e the complexity and 
considerations necessary for developing and applying a n a l y t i c a l 
methodology to support regulatory decisions made i n the interest 
of protecting human health. 
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Table 3 
Problems i n Development of Radioimmunoassay for TCDD 

1) Choice of Dibenzodioxin Derivative 
2) Choice of Coupling Method 
3) Choice of Carrier Protein 
4) Characterization of Antigen 
5) Immunization Schedule 
6) S o l u b i l i z a t i o n of TCDD 
7) Selection of Antisera 
8) P a r t i a l P u r i f i c a t i o n of Antibodies to Improve S p e c i f i c i t y . 

125 
9) Selection of Appropriate I-labeled Reagent. 

10) Prevention of Nonspecific Adsorption. 

Toxicity Testing 

The National Toxicology Program (NTP) was formed in 1978 to 
coordinate toxicological testing efforts of the Department of 
Health and Human S ervices (previously DHEW) and amounted to $42 
mi l l i o n for FY-79. Components of the National Toxicology Program 
include ^n v i t r o and in vivo bioassay testing programs at the 
National Institute of Environmental Health Sciences (NIEHS), the 
National Cancer Institute (NCI), the National Center for Toxico
l o g i c a l Research (NCTR) and the National Institute for Occupational 
Safety and Health (NIOSH) (30). 

Sound an a l y t i c a l chemistry support i s essential for the 
performance of these tasks. Chemistry assistance for the NTP i n 
v i t r o genetic toxicology and certain in vivo programs i s currently 
provided by contract laboratories. Chemistry problems are com
plicated by the sheer numbers of chemical requiring testing 
including storage, d i s t r i b u t i o n , analysis, disposal, computer 
inventory, etc. Analytical c a p a b i l i t i e s include: 

1. Chemical assay to determine the purity of the pr i n c i p a l 
chemical component(s) of commercial chemicals and major 
impurities (% level) which may be present. 
2. S t a b i l i t y and s o l u b i l i t y determinations performed as 
necessary to ascertain fate and d i s t r i b u t i o n of a chemical 
under sp e c i f i c conditions (time duration, temperature, 
l i g h t , solution media, etc.) as required for the particular 
bioassay experiment. 
3. Comprehensive analysis to determine a l l possible 
chemical components with i d e n t i f i c a t i o n and quantitation of 
trace impurities at the residue l e v e l . 
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The f i r s t two c a p a b i l i t i e s are straight forward; however, an 
explanation of the need for comprehensive analysis i s useful. 
The f i r s t step in the t i e r system of genetic toxicology blind 
bioassay testing i s the Salmonella, microbial (Ames) test. 
Because of the low cost of this bioassay test ($500-1,000/chemical) 
r e l a t i v e to the often unpredictable and always more costly 
demands of chemical analysis, most chemicals are bioassayed by 
Salmonella before they are chemically analyzed. Plans c a l l for 
300 chemicals to be tested in the microbial system in FY-80 with 
a eventual goal of 1,000 bioassays of new chemicals a year by 
1983. Test chemicals producing positive, ambiguous and selected 
negative bioassay results are then subjected to comprehensive 
chemical analysis. An important aspect i s that the separation 
technique used in the chemical analysis must insure: 

1. Composition of b i o l o g i c a l l y active compounds i s not 
altered. 

2. Maximum conservation of a l l components. 
3. Maximum separation of chemical groups. 
4. Minimum introduction of impurities. 
After separation, the resultant fractions are retested and 

the positive fractions are further fractionated or subjected to 
complete component i d e n t i f i c a t i o n and quantitation using sophis
ticated chromatographic and spectroscopic techniques, GC/MS (EI 
and CI), HPLC, NMR, IR, etc. Each component of the f i n a l active 
fraction i s then bioassayed separately to determine the chemical(s) 
responsible for the o r i g i n a l observed b i o l o g i c a l a c t i v i t y . I t 
may also become necessary to synthesize the isolated active 
chemical for confirmation purposes. 

The in vivo NTP efforts include the NCI l i f e t i m e rodent 
bioassay for carcinogenesis. Approximately 75-100 new chemicals 
are started on test each year at a t o t a l bioassay cost of about 
$500,000 per chemical. Chemical support for the bioassay testing, 
as shown i n Figure 2, i s also provided by contract laboratories 
and includes: 

1. Chemical purity and s t a b i l i t y analysis of bulk chemicals 
before testing and development of protocols for reanalysis 
of bulk chemicals. 
2. Development of protocols for assay and s t a b i l i t y deter
minations of chemical/vehicle mixes and dosage analysis. 
3. Development of procedures for analysis and s t a b i l i t y of 
reprocured as well as residual bulk chemicals. 
4. Development of procedures and protocols for a chemical/ 
vehicle quality control analysis program. Such programs are 
designed to insure that r e l i a b l e procedures are used by the 
bioassay and chemistry laboratories for the analysis of bulk 
chemicals and chemicals in the dosage/feed mixtures. 
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PROCUREMENT 

RECEIVE BULK 
CHEMICALS 

HOMOGENIZE REPROCURE 

TEST 
CHEMICALS 

REPOSITORY 
(PACKAGE, INVENTORY, DISPOSAL) , 

ANALYTICAL LABORATORY 

PURITY (%) , 
STABILITY RESIDUAL 

CHEMICALS 
FOR ANALYSIS 

& DISPOSAL 

SPECIAL CHEMISTRY: 
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Figure 2. Flow chart of chemistry support to in vivo bioassay testing 
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5, Special analyses as needed for: 
a. I d e n t i f i c a t i o n and quantitation of impurities i n 

bulk chemicals. 
b. Analysis of vehicles for toxic components. 
c. Analysis of chemicals in body f l u i d s and tissues. 
d. Development of chemical monitoring techniques to 

be used for safety and pollution concerns. 

Analysis to Insure Safe Working Environment 

Chemistry operations to support the NTP in v i t r o efforts are 
performed in a specially designed Hazardous Materials Laboratory. 
The Laboratory (31,32,33) i s under negative atmospheric pressure 
and a l l a i r and water effluents are f i l t e r e d through particulate, 
charcoal and other appropriate media before being discharged. 
The design of the Laboratory i s based on the principles of con
tainment and the effective use of engineering controls rather 
than reliance on personnel protection (34,35). Overreliance on 
personnel protection can lead to a fa l s e sense of security 
resulting i n an overt exposure to hazardous chemicals. Only 
through an understanding of the substances' chemical, physical 
and toxicological properties can adequate f a c i l i t i e s be designed 
and monitored for the safe use of these chemicals. 

Inherent with the use of containment f a c i l i t i e s i s a routine 
monitoring program which should include laboratory a i r , treated 
waste water and suitable surface areas. Because of the wide 
range of compound types and classes used in the Hazardous Materials 
Laboratory, a general monitoring procedure i s necessary. 

Laboratory a i r i s routinely monitored quarterly by the NIOSH 
charcoal tube sampling procedure. Laboratory a i r i s drawn through 
the tube for an 8 hour period and the charcoal adsorbant i s 
extracted with carbon d i s u l f i d e or other suitable solvents. The 
extract i s analyzed by gas chromatography using both flame ioniza
tion and electron capture detectors. Chromatograms from each 
sample are compared to those of blank samples collected prior to 
i n i t i a t i o n of Hazardous Materials Laboratory operations. Standard 
a n a l y t i c a l techniques (HPLC, GC/MS, etc.) are used, as required, 
for i d e n t i f i c a t i o n , confirmation and quantitation. 

Similarly, surface samples are collected quarterly. Cotton 
swabs saturated with acetone are used to c o l l e c t samples from six 
100 cm surface areas in the Laboratory. The swabs are extracted 
with acetone and analyzed by methods analogous to the charcoal 
extract above. 

Samples from the waste water effluent p u r i f i c a t i o n system 
are collected and analyzed quarterly. The samples are extracted 
according to the EPA's P r i o r i t y Pollutant Protocol and analyzed 
analogously to the above method. 
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Coupled with these f a c i l i t i e s and a n a l y t i c a l procedures are 
programs for routine weekly decontamination; waste disposal by 
incineration and b u r i a l ; personnel protection and safety training. 

Chemical analysis i s used in the in vivo program to insure 
that a safe working environment exists in which to do toxi c o l o g i 
c a l research. In addition to a l l the problems faced by the i n 
v i t r o support laboratory the jm vivo f a c i l i t y i s p a r t i c u l a r l y 
concerned about weighing and preparation of feed mixtures con
taining large quantities (several kg) of hazardous chemical. A 
similar negative pressure type mixing and feed preparation area 
i s used for this work. Several papers have appeared describing 
potential hazards of such operations (36,37,38,39). Only through 
effective chemical monitoring and periodic use of marker compounds 
such as fluorescein can the extent of the problem be realized and 
assurance for safe working environments be given. 

The NIEHS has two high hazard containment laboratories; one 
for chemical research (34) and the other for b i o l o g i c a l research 
involving hazardous chemicals (35). Programs are currently being 
developed for monitoring these rooms. The Chemical Containment 
Laboratory i s designed for three purposes: 

(1) organic synthesis of hazardous materials; 
(2) analysis by GC and HPLC of hazardous reaction mixtures 

and products; and 
(3) routine weighing of mg quantities of hazardous compounds. 

Monitoring procedures and frequencies for a i r , water and surfaces 
are simplified since the room i s used almost exclusively for 
aromatic halide compounds such as 2,3,7,8-tetrachlorodibenzo-£-
dioxin (TCDD) and similar compounds. Samples are prepared from 
a i r sampling through a suitable sorbate (polyurethane foam, PUF) 
followed by extraction or chromatography with an appropriate 
solvent(s) and analysis by GC/MS. Water samples are extracted 
and concentrated before analysis using a Kuderna-Danish receiver. 
Surface wipe samples are generally extracted overnight on a 
Soxhlet apparatus using a solvent chosen on the basis of compound 
c l a s s i f i c a t i o n ; methanol, toluene or methylene chloride. 

The High Hazard Laboratory for L i f e Scientists involves a 
wide assortment of compounds. For this reason, a broader general 
method for chemical monitoring was needed which could be followed 
up when necessary with a s p e c i f i c technique. Such a scheme i s 
currently being developed and involves monitoring of surface 
samples by the researcher using an inexpensive spectrophoto-
fluorimeter. If a reading i s recorded above the previously 
determined background l e v e l of fluorescence the sample i s sub
mitted to the Laboratory of Environmental Chemistry for i d e n t i f i 
cation and confirmation. The only requirement for this technique 
i s a short training period for a l l users of the High Hazard 
Laboratory; submission of a small amount (mg) of a l l research 
chemicals used i n the f a c i l i t y as reference material and back-up 
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by more sophisticated in-house c a p a b i l i t i e s . The benefits are 
speed, self-monitoring, low cost and minimal loss of research 
time. 

In conclusion, a n a l y t i c a l chemistry i s an underlying factor 
in essentially a l l aspects of toxicological work. It i s evident 
from these examples that the sophistication of the an a l y t i c a l 
methods available for use can to a large extent determine the 
complexity of the toxicological problem that can be approached 
and solved. The best a n a l y t i c a l approach i s designed to meet the 
spe c i f i c needs and emphasis of the toxicological research and i s 
consistent with good a n a l y t i c a l practices. 
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Analytical Aspects: A Summary 

WILLIAM HORWITZ 

Food and Drug Administration, HFF-101, 200 C Street, NW, 
Washington, DC 20204 

Modern toxicology is a multidiscipline approach to providing 
information on materials to which consumers are exposed. The 
primary test for safety is s t i l l a long-term animal study which 
must be monitored at every stage by the techniques of analytical 
chemistry. 

Dr. Cairns described a unique and probably never to be 
repeated experiment involving almost 25,000 mice handled over a 
33-month period, requiring the services of analytical chemistry 
from beginning to end, including: 
1. Identity, purity, properties, and stability of the test 

substance; 
2. Handling and storage of the test substance; 
3. Analysis of the feed and other essential bioassay supplies 

for essential and deleterious ingredients; 
4. Homogeneity, stability, and proper concentration of the 

test substance in the dosage form; 
5· Safety surveillance of personnel and work areas; 
6. Safe disposal of the test chemical and contaminated experi

mental material. 
For monitoring the test, environmental, and experimental 

systems, both Dr. Fishbein and Dr. McKinney described some of 
the powerful tools which can be applied to explore, interpret, 
and understand situations affecting our health and safety. These 
tools are applied to nitrosamines and dioxins, which are families 
of toxic chemicals isolated, purified, and characterized by chem
ical and physical techniques operating at levels of parts per 
billion and below. (Remember that 1 part per billion is one 
second in 33 years; 1 teaspoonful of vermouth in a 40,000 gallon 
tank of gin.) 

Yet when we operate at such exquisitely low lev e l s , as well 
as in a l l of our s c i e n t i f i c work, we are constantly confronted 
by the fact of v a r i a b i l i t y . Dr. Tiede described s t a t i s t i c a l 
tools which have been found useful to describe and summarize 
this v a r i a b i l i t y . But the purpose of s t a t i s t i c s i s to manage 
data; s t a t i s t i c s cannot eliminate v a r i a b i l i t y . S t a t i s t i c s can 

This chapter not subject to U.S. copyright. 
Published 1981 American Chemical Society 
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Concentration 

Figure 1. Variation of the interlaboratory coefficient of variation (relative stand
ard deviation X 100) withconcentration 
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help us sort out important variables from unimportant ones. One 
of the speakers in another session provided a useful insight 
into the uses of s t a t i s t i c s . He said, " If you have to use 
numbers to answer questions regarding your s t a t i s t i c s , you 
haven't adequately interpreted your data " (1)< 

In my a n a l y t i c a l chemistry paper I t r i e d to give you some 
pr a c t i c a l information about the v a r i a b i l i t y of a n a l y t i c a l 
systems at the trace levels where toxicologists and residue 
chemists must operate. The lower you go, the more variable w i l l 
be the results. A copy of my curve re l a t i n g precision to concen
tration i s repeated below. Eventually, and probably before the 
parts per t r i l l i o n l e v e l , at the present state of the art 
(picograms), the results become so bad that the false positives 
and false negatives w i l l determine the l i m i t of detection and 
determination. 

Nevertheless, despite the high v a r i a b i l i t y of our a n a l y t i c a l 
chemistry values at trace l e v e l s , they are i n f i n i t e l y better and 
more stable than the results of our b i o l o g i c a l tests. Therefore 
both Dr. Cairns and Dr. McKinney aspire to be able to predict 
b i o l o g i c a l properties from chemical structure. This i s an 
aspiration we hope can be accomplished. But the basic data for 
such a deduction w i l l have to be r e l i a b l e and accurate b i o l o g i 
c a l measures of t o x i c i t y for correlation purposes. 

These papers have shown that the a n a l y t i c a l chemist has 
served the toxicologist well in identifying compounds and deter
mining their amounts. However, do not tempt him to push his art 
and science too far or your reward may be the receipt of faulty 
data without even recognizing this fact. As Dr. Cairns described 
trace analysis in one of his papers, "The a n a l y t i c a l chemist has 
his feet firmly planted in midair." 
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Regulatory Aspects: An Introduction 

PHILIP C. KEARNEY 

Chief of Pesticide Degradation Laboratory, U.S. Department of Agriculture, 
Beltsville, MD 20705 

Toxicology is playing an increasingly important role in the 
pesticide registration process. As the various mammalian toxico
logical tests for carcinogenicity, mutagenicity, and teratogeni
city become more sophisticated and complex, their interpretation 
vis-a-vis adverse effects on man also becomes increasingly com
plex and, therefore, subject to considerable debate. These data 
are used now as a major component in risk-benefit decisionmaking 
for the registration of new pesticides and the reevaluation of 
registered pesticides under the Rebuttable Presumption Against 
Registration process. The debate involves industry, represented 
by the manufacturers; government, represented by the regulatory 
agencies; and the public sector, represented largely by environ
mental and consumer groups. Major issues in this wide-ranging 
debate include questions of the need for additional toxicological 
testing and ensuing guidelines, regulations and rules, the 
quality and validity of data submitted to the regulatory agen
cies, the use of laboratory animals as human surrogates for 
evaluating safety, and the development of a reasonable formula 
for evaluating both risks and benefits. Each group may perceive 
the need for and interpretation of toxicological data in judging 
human safety from a different perspective. The viewpoint of each 
of these groups and the issues are presented in this symposium. 

The Congress of the United States, in the 1972 amendments 
to the Federal Insecticide, Fungicide, and Rodenticide Act 
(FIFRA), granted the Environmental Protection Agency (EPA) broad 
powers to regulate pesticides. The toxicological requirements 
under EPA are defined in a series of expanding guidelines. On an 
international basis, requirements for toxicological data vary 
considerably among the nations that make extensive use of p e s t i 
cides for crop production or public health programs. In Western 
Europe, the current registration process i s less stringent than 
that i n the United States. There i s emerging among the various 
countries in Western Europe an eff o r t to harmonize the needs for 
toxicological data i n pesticide registration. In contrast to the 
regulations evolved in North America, represented by the United 

This chapter not subject to U.S. copyright. 
Published 1981 American Chemical Society 
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States and Canada, and the p o l i c i e s and needs of Western Europe, 
the Peoples' Republic of China i s only now in the process of 
developing reg i s t r a t i o n standards and determining the role that 
toxicology w i l l play in these standards. This symposium presents 
the differences and s i m i l a r i t i e s between the United States, 
Canada, Western Europe, and the Peoples' Republic of China as to 
toxicology and i t s role in pesticide registration. 

RECEIVED March 10, 1981. 
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Risk Benefit Analysis: 
Role in Regulation of Pesticide Registration 

ROBERT A. NEAL 
Center in Toxicology, Department of Biochemistry, Vanderbilt University 
School of Medicine, Nashville, TN 37232 

The Environmental Protection Agency regulates the use of 
pesticides in such a way that they are permitted for use when 
the beneficial effects are deemed to outweigh the risks that may 
occur to man and his environment on use of those pesticides. 
Thus, in regulating pesticides, the EPA resorts to benefit and 
risk analysis as pertains to specific pesticides and specific 
uses of pesticides. 

Risk-benefit analysis as related to pesticides will be dis
cussed from the following points of view; (1) how does one 
determine risk, (2) what are the potential adverse health ef
fects in man from exposure to pesticides, (it must be recognized 
that adverse effects of pesticides on wildlife and non-target 
organisms are also an important part of risk-benefit analysis. 
However, because of time limitations we will restrict our consid
eration to adverse health effects in man), (3) principles and 
problems concerning the estimation of risk to man from exposure 
to pesticides and (4) effects of pesticides that are considered 
to be beneficial. 

Determination of Potential Risk 

There are a number of procedures that may be used i n deter
mining potential adverse health r i s k i n man from exposure to 
pesticides. These include epidemiology, which can be applied to 
pesticides currently i n use i n an attempt to determine i f any 
adverse health effects i n man are evident from the registered 
uses of the pesticide. Animal bioassays, perhaps the most 
important methodology used i n determining potential adverse 
health r i s k to man from exposure to pesticides, can be performed 

0097-6156/81/0160-0469$05.00/0 
© 1981 American Chemical Society 
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on new pesticide products which are intended for use. The 
animal bioassays can also be used to assess potential adverse 
health effects of pesticides currently Γη use for which the data 
base i s considered by EPA to be inadequate. Biochemical or 
morphological changes which occur i n nonmammalian species or i n 
bact e r i a l or mammalian c e l l s on exposure to pesticides can also 
be used to assess the potential adverse health effects of pe s t i 
cides. The major current use of these l a t t e r tests i s the deter
mination of the mutagenic properties of pesticides or contami
nants of these pesticides. 

Potential Adverse Health Effects 

There are a number of potential adverse health effects 
which may occur i n man on exposure to pesticides. These include 
acute to x i c i t y or tox i c i t y which occurs i n a very short period 
of time after exposure to the pesticide, usually less than 24 
hours; organ and organ system t o x i c i t y , that i s , damage to organ 
systems such as kidneys or l i v e r ; damage to the nervous system; 
to the blood forming system (the hematopoetic system); t o x i c i t y 
to the reproductive system of males or females of the species; 
teratogenesis or b i r t h defects; immune system t o x i c i t y ; carcino
genicity; and mutations of both somatic and germ c e l l s . In ex
amining the potential t o x i c i t y of a pesticide intended for use 
or reexamining pesticides currently i n use these are the major 
tox i c i t y endpoints which are considered. As noted above these 
tox i c i t y endpoints are examined for using epidemiology, rodent 
bioassays and examination for biochemical or morphological 
changes i n nonmammalian species or i n bacterial or mammalian 
c e l l s i n culture. 

Principles and Problems i n Risk Assessment 

A commonly used prin c i p l e i n r i s k assessment i s the "no 
observed effect l e v e l " which i s defined as the dosage of the 
compound at which no adverse health effect i s detected either i n 
epidemiological studies i n man or i n rodent bioassays. The "no 
observed effect l e v e l " may apply to both a variety of toxic ef
fects or to a s p e c i f i c toxic effect. The "no observed effect 
l e v e l " i s an important pr i n c i p l e i n estimating and controlling 
r i s k to man from exposure to toxic chemicals. A second impor
tant p r i n c i p l e i n r i s k assessment are the so-called safety 
factors. These factors are applied to the "no observed effect 
l e v e l " for a particular toxic effect of a chemical to provide an 
additional margin of safety for humans exposed to the chemical. 
The numerical value of the safety factors range from approxi
mately 10 for i n h i b i t i o n of enzymes such as acetylcholinesterase 
to 100 for organ system effects. Higher safety factors are 
sometimes applied for toxic effects on reproduction, terato
genesis etc. Another pr i n c i p l e used i n r i s k assessment i s the 
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"maximum tolerated dose". This i s the highest dose which i s 
administered i n a rodent bioassay. It i s a dose which causes 
some toxicological or pharmacological effects i n the experi
mental animal. However, these toxicological-pharmacological 
effects should, i d e a l l y , not interfere with the determination of 
the a b i l i t y of the compound to cause the toxic effect i n ques
tion. The administration of the maximum tolerated dose i s a 
controversial practice. On the one hand i t i s argued that to 
determine the potential for the occurrence of a toxic effect i n 
a large human population using a small number of animals, a dose 
which i s orders of magnitude higher than the expected human 
exposure must be administered. On the other hand, i t i s argued 
that the maximum tolerated dose overloads normal metabolic path
ways and exceeds the capacity for excretion of a chemical and, 
therefore, i s not physiological. Thus, data obtained using the 
"maximum tolerated dose" have l i t t l e or no v a l i d i t y i n predict
ing toxic effects i n man. In spite of this argument, the 
"maximum tolerated dose" i s s t i l l an established part of testing 
for t o x i c i t y endpoints and w i l l l i k e l y continue to be used u n t i l 
additional data i s brought to bear that indicates that some of 
the larger doses being administered i n rodent bioassays are 
inv a l i d i n predicting the potential adverse health effects i n 
man from exposure to the pesticide. Another area of controversy 
i n r i s k assessment i s the existence or lack of existence of 
tox i c i t y thresholds for a chemical for i r r e v e r s i b l e effects such 
as carcinogenicity. I think most toxicologists w i l l agree there 
i s a threshold for any b i o l o g i c a l effect of a chemical, includ
ing carcinogenesis. In other words there i s a l e v e l of exposure 
below which normal repair mechanisms, metabolic mechanisms for 
inact i v a t i o n and barriers to penetration of a chemical to a 
target s i t e which would not allow the compound to exert i t s 
toxic effect. However, for i r r e v e r s i b l e effects such as cancer, 
the existence of such a threshold i s d i f f i c u l t to demonstrate 
experimentally. Therefore, the discussion i s l i k e l y to continue 
u n t i l experimental data demonstrating the existence of a thres
hold i s obtained. In the meantime regulatory agencies w i l l 
continue to regulate on the basis that there i s no threshold for 
i r r e v e r s i b l e effects such as carcinogenicity and mutagenicity. 
Another area of considerable uncertainty i s the estimation of 
the r i s k to man from exposure to chemicals which have been shown 
to be mutagenic. It i s clear that exposure of man to mutagenic 
chemicals needs to be controlled. However, i t i s not clear how 
one goes about determining the r i s k to man implied by exposure 
to mutagenic chemicals. Much more work needs to be done into 
trying to determine what i s an acceptable l e v e l of exposure to a 
mutagenic chemical. F i n a l l y , another area of controversy i s the 
practice of estimating the number of tumors that may occur i n a 
human population on exposure to a certain l e v e l of a chemical as 
calculated using data on cancer incidence obtained by exposure 
of experimental animals to various levels of the chemical. Some 
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argue that the inaccuracy of this quantitative r i s k extrapola
tion practice i s so great that i t should not be used. Others, 
including myself, believe that quantitative r i s k extrapolation 
i s a useful exercise that tends to account for the potency of 
oncogenic chemicals and i s an indispensable tool to the regula
tor i n making judgments about chemicals which cause i r r e v e r s i b l e 
effects. 

Beneficial Effects of Pesticides 

I think the effects of a pesticide which are generally 
considered b e n e f i c i a l are, for example, i t s effect on the cost 
of a g r i c u l t u r a l products. A new pesticide may decrease the cost 
of production of a food or f i b e r product. Therefore i t should 
be considered b e n e f i c i a l for that reason. Likewise, the elimi
nation of the use of an old pesticide may increase the cost of 
the food or f i b e r . Use of pesticides may provide increased re
creational opportunities. Elimination or control of human 
disease organism would of course be considered a benefit. Like
wise, the elimination or control of unwanted animals or plants 
would also be considered a b e n e f i c i a l effect of pesticides. 

Summary 

With these various data elements i n hand, the regulator i s 
i n a position to make judgments about the d e s i r a b i l i t y of 
allowing continued marketing of a p e s t i c i d a l product that has 
the potential to cause adverse health effect i n man. 

Of most importance i n this decision process i s the toxic 
potency of the chemical, the degree of human exposure and the 
r e v e r s i b i l i t y ( i . e . organ damage) or i r r e v e r s i b i l i t y ( i . e . 
cancer, teratogenesis) of the toxic effect. The options a v a i l 
able to the regulator are a ban on the use of the chemical, 
r e s t r i c t i o n of some uses and methods of application of the 
pesticide, or r e l a t i v e l y unrestricted use. Which of these 
options i s chosen w i l l depend on the consideration of the scien
t i f i c assessment of the risk, the economic consideration of the 
benefits and, unfortunately too often, the p o l i t i c a l climate at 
the time the decision i s made and the p o l i t i c a l persuasion of 
the person making the decision. Of these various elements, the 
toxicology data r e l a t i v e to the potential t o x i c i t y of the com
pound i n question i s of greater importance. However, the exper
ience and judgment of the person evaluating the data i s as im
portant as the data i t s e l f . Toxicology i s not yet an exact 
science; nor i s i t l i k e l y to become one i n the foreseeable future. 
Thus, the a b i l i t y of an experienced and objective toxicologist to 
examine competently derived data and arrive at an assessment of 
the potential r i s k to man from exposure to the chemical i s the 
key element i n the process of risk-benefit analysis. 

RECEIVED March 18, 1981. 
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29 
An Environmentalist's View of Toxicology and 
Pesticide Regulation 

JACQUELINE M. WARREN 
Environmental Defense Fund, 475 Park Avenue South, New York, NY 10016 

The Environmental Defense Fund has been actively involved in 
the pesticide regulatory process for more than 12 years. Begin
ning in 1967, EDF lawyers and scientists have participated in 
administrative and judicial proceedings to suspend or cancel DDT, 
mirex, aldrin, dieldrin, chlordane, heptachlor and, currently, 
the herbicide 2,4,5-T. Along with pesticide manufacturers and 
user groups, EDF comments extensively on the development of the 
pesticide registration guidelines under §3 of FIFRA. EDF has 
also submitted comments and data in proceedings relating to a 
wide variety of regulatory and administrative actions proposed by 
the EPA. 

EDF's concerns about pesticide use have focused primarily 
upon involuntary human exposure to hazardous compounds, 
especially through the food chain, and upon detrimental effects 
of pesticide use on non-target species. Since pesticides are 
poisons by definition, and are specifically designed to kill, EDF 
has sought comprehensive testing and assessment of the health and 
environmental effects of pesticides before they are widely used. 
This preventive or "test-first" approach was incorporated into 
FIFRA in 1972, when Congress gave EPA the authority to develop 
hazard evaluation guidelines for the registration of pesticides. 
The basic regulatory standard, which requires that pesticides be 
shown to pose no unreasonable adverse effects on the environment, 
places the burden of establishing that a pesticide may be safely 
used directly upon the registrant. Since a l l pesticides are 
likely to be hazardous unless properly used, an applicant for 
registration must not only provide the EPA with comprehensive 
evidence of the potential adverse health and environmental 
effects of a particular compound, but must also demonstrate that 
the risks outweigh the benefits when the pesticide is properly 
used. The burden that FIFRA imposes upon registrants is a d i f f i 
cult one to meet, but the cost to society of a "use-first-test-
later" approach has been firmly rejected by Congress and the 
courts. 

0097-6156/81/0160-0473$05.00/0 
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In the face of extensive evidence of widespread contamina
tion of the environment, the food chain, and human tissues with 
pesticide residues, EPA has acted to remove a small number of 
persistent carcinogenic or otherwise highly toxic pesticides from 
the marketplace. The nature and extent of the exposure resulting 
from the use of some of those compounds was well i l l u s t r a t e d in 
the proceedings for suspension and cancellation of a l d r i n , 
d i e l d r i n , chlordane and heptachlor. For example, the FDA's 
annual Market Basket Surveys showed consistently high and increas
ing residues of d i e l d r i n and heptachlor epoxide in meat, f i s h , 
poultry and dairy products. In addition, the EPA's Human 
Monitoring Survey, which analyzes human adipose tissue samples 
from surgical procedures and autopsies, from 1970 to 1972 found 
measurable d i e l d r i n residues in 9 6 . 5 , 99-5 and 98.2% of the 
samples tested. Similarly, between 1971 and 197^ the Survey 
found heptachlor epoxide and oxychlordane residues, both meta
bolit e s of heptachlor and chlordane, in more than 90% of the 
tissue samples analyzed (Table I ) . The average residues of 
heptachlor epoxide and oxychlordane ranged from 0 . 0 8 - 0 . 0 9 ppm and 
10-12 ppm, respectively. 

Table I 
Percentages of Positive Samples Found from 1971-197** 

Year Heptachlor Epoxide Oxychlordane 

1971 9 6 . 2 9 3 . 3 
1972 9 0 . 3 9 2 . 3 
1973 9 7 . 7 9 8 . 3 
197^ 9 6 . 3 9 8 . 6 

Faced with evidence of the carcinogenicity in rodents of the 
pesticides in question, EPA cancelled their registrations for 
most uses. Those actions have been affirmed in a series of court 
decisions upholding the Agency's preventive approach to the 
regulation of carcinogens. The basic pr i n c i p l e i s that " i f 
regulation were withheld u n t i l the danger was demonstrated con
c l u s i v e l y , untold injury to public health could re s u l t . " EDF v. 
EPA, 598 F. 2d 62 (D.C. C i r . 1 9 7 8 ) . 

The same stringent registration standards applied to the 
chlorinated hydrocarbon pesticides mentioned above, and that a l l 
new pesticides must meet, are slowly being applied to 1500 
existing active pesticide ingredients, the various formulations 
of which comprise the approximately ^ 5 , 0 0 0 pesticide products 
currently registered. Over the next several years, a l l of these 
registrations must be reviewed by EPA and decisions made either 
to continue or to cancel them. The Agency's review process 
involves evaluation of the toxicology data supporting the regis
trations as well as consideration of the benefits provided by use 
of the pesticides. 
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The unreasonable adverse effects standard set forth in FIFRA 
requires the EPA to conduct a risk-benefit balancing in which the 
economic, s o c i a l , and environmental costs and benefits of the use 
of each pesticide are taken into account. To perform the statu
t o r i l y mandated balancing, EPA must have the most complete knowl
edge possible about the potential risks posed by use of a 
pesticide, as well as the rel a t i v e costs, a v a i l a b i l i t y and 
effectiveness of substitute compounds. The importance of 
accurate toxicological information for the performance of the 
risk-benefit balancing cannot be over-emphasized. For this 
reason, EPA has not only specified what data must be provided to 
support a pesticide registration, but has also recently proposed 
Good Laboratory Practice Guidelines for Toxicology Testing\ L ' in 
an e f f o r t to assure the integrity of the data. 

There are good reasons supporting EPA 1s decision to propose 
Good Laboratory Practice Guidelines. Beginning in 1975, there 
have been numerous disclosures of " i r r e g u l a r i t i e s " , both deli b 
erate and inadvertent, in data submitted to FDA to support 
various regulated food and drug products, and to EPA to support 
pesticide registrations and food tolerances. Such guidelines are 
long overdue. Indeed, several Congressional hearings and subse
quent regulatory agency investigations document drastic short
comings in the integrity of many t o x i c i t y studies and reports 
submitted to FDA and EPA. "Unacceptable laboratory practices" 
have been found at several contract laboratories, and at drug and 
pesticide manufacturing plants, that raise very serious questions 
about the v a l i d i t y of the data generated there. According to the 
EPA, 

"The unacceptable practices noted included selective 
reporting and underreporting of test results, lack of 
adherence to specified protocols, inadequate q u a l i f i c a t i o n 
and supervision of personnel, poor animal care procedures, 
poor record-keeping techniques and the general f a i l u r e of 
sponsors to monitor studies"'—'* 

In addition to these deficiencies, the data have also often 
been so poorly tabulated and summarized that a conclusion as to 
carcinogenicity could not be made. As a result of the problems 
that were created by these and other methodological shortcomings, 
such as an inadequate number of animals, f a i l u r e to report f i n d 
ings on a l l tissues studied, and lack of data on s t a t i s t i c a l 
differences in effects on treated as compared with control 
animals, a significant portion of the data supporting pesticide 
tolerances and registrations has been discredited as unreliable. 

In testimony before a Senate committee in 1976, EPA Deputy 
Administrator John Quarles admitted that his Agency's investiga
tion showed that "serious problems" might exist with the to x i 
cology data supporting pesticide registrations. One example of 
such "problems" was the deliberate withholding of v a l i d results 
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because a laboratory might be so dependent upon a pesticide pro
ducer for contract work that i t s independent s c i e n t i f i c judgment 
could be imparled by the close economic relationship. Quarles 
also suggested that a laboratory might intentionally misrepresent 
results at the request of the manufacturer. A v i v i d i l l u s t r a t i o n 
of such a situation was the 1978 federal grand jury indictment i n 
Chicago of six corporate o f f i c e r s of V e l s i c o l Chemical Corpora
tion for allegedly withholding studies indicating the carcino
genicity of heptachlor and chlordane from the Environmental 
Protection Agency. 

Other laboratories' procedures have also been found to be so 
questionable by a j o i n t EPA-FDA audit program that some of the 
audited f a c i l i t i e s have been referred to the Department of Jus
tice for possible prosecution. Thus, public confidence in Agency 
regulatory decisions based upon toxicology data generated and 
submitted by drug manufacturers and pesticide registrants, often 
the same companies, has been seriously undermined. The publica
tion and implementation of Good Laboratory Practice requirements 
by EPA and FDA should help to a l l e v i a t e some of the public's 
misgivings about the v a l i d i t y of data generated by the pesticide 
and drug industry, but i t i s clear that rigorous enforcement of 
these requirements w i l l be necessary i f the regulatory process i s 
to function e f f e c t i v e l y to protect public health and the 
environment. 

Perhaps the major area of disagreement between environmen
t a l i s t s and the pesticide industry i s the question of how much 
evidence of risk i s necessary to j u s t i f y regulatory action. It 
i s not merely a question of balancing risks and benefits, but of 
defining risks in the f i r s t place. Much of the public debate 
surrounding the regulation of carcinogenic pesticides, and of a l l 
environmental carcinogens, for that matter, has focused upon the 
histopathological d e f i n i t i o n of what i s a carcinogen, the extrapo
l a t i o n of animal carcinogenicity evidence to humans, and the 
quantification of cancer r i s k in humans. The science involved in 
these determinations i s so imprecise and so subject to varying 
interpretations that d e f i n i t i v e conclusions cannot be drawn. The 
debate i s further complicated by the background of mistrust and 
suspicion about the quality of industry-supplied t o x i c i t y data, 
that resulted from the aforementioned disclosures of 
improprieties in laboratory practice. 

The task of balancing risks and benefits i s extremely d i f f i 
c ult when there i s no agreement about what i s on either side of 
the equation. The evidence of potential hazard to humans i s very 
often hypothetical or suggestive rather than conclusive. Often 
the regulatory agencies are dealing with reasonable medical 
theory or epidemiological evidence suggesting, but not proving, 
associations between exposure to particular chemicals and 
increased incidence of disease. At the same time, the benefits 
of continued use of the compound in question, be i t a pesticide, 
drug or i n d u s t r i a l chemical, are usually claimed by the affected 
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industry and users to be very extensive. Government o f f i c i a l s 
charged with protecting public health and the environment must 
therefore make decisions which w i l l have measurable economic 
impacts in order to prevent potential harm, the magnitude of 
which cannot be readily ascertained. In such situations, the 
manufacturer and users of a pesticide, for example, argue for 
continued use, while environmentalists, consumers and public 
health o f f i c i a l s strongly urge a preventive approach. 

Based on past experience, Agency decisions to take pro
tective action w i l l generally be upheld by the courts. In a long 
l i n e of cases l i b e r a l l y construing the Agencies 1 authority to act 
to protect public health, the courts have recognized that the 
so c i a l cost of a wrong decision i s far less where only the bene
f i t of use of a product has been foregone; irreparable injury to 
health or the environment cannot be so readily recouped. 

These are some of the concerns that have directed EDF* s 
involvement in the pesticide regulatory process. EPA faces an 
immense task in reviewing the toxicological support for tens of 
thousands of pesticide registrations, which consists of more than 
a m i l l i o n studies. Only time and conscientious e f f o r t w i l l 
enable the agency to complete the job. To ensure that past 
abuses w i l l not occur in the future, however, the generation of 
toxicological data should be guided by careful compliance with 
the Good Laboratory Practice standards currently being developed 
by EPA for the testing of pesticides. 

Scientists have a r e s p o n s i b i l i t y to their profession and to 
future generations to f a c i l i t a t e the objective and complete 
evaluation of the potential health and environmental hazards of 
pesticides. We are a l l l i v i n g today with the consequences of the 
f a i l u r e s of the past. It i s time to put into practice the old 
adage that "an ounce of prevention i s worth a pound of cure." 

Literature Cited 
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30 
Industrial View of Toxicology and Pesticide 
Regulation 

J. L. EMMERSON 

Lilly Research Laboratories, Eli Lilly and Company, Greenfield, IN 46140 

Those of us who are engaged in the development and testing 
of new pesticides have, over the past ten years, been witness 
to a radical change in the regulation of these products. The 
authority for a more active role of government was granted by 
the Congress in the 1972 amendments to the Federal Insecticide, 
Fungicide, and Rodenticide Act (FIFRA). It is through the issu
ance of regulations, however, that we learn how this authority 
is to be exercised. The EPA, being the responsible agency, has, 
during the interim, proposed and re-proposed rules, regulations, 
and guidelines which encompass virtually every aspect of the 
testing and use of pesticide products. Although the regulations 
are not fully in place and are yet evolving, their scope is 
evident and the underlying philosophy unmistakable. In the 
formation of the regulations, which are detailed and prescrip
tive, the originators apparently presume that the public 
interest will be best served if the registration process can be 
standardized and if latitude in the design, conduct and report
ing of experimental work can be minimized. In the preface to 
EPA regulations which issued on July 3, 1975, the following 
purposes were cited to show why the Congress chose to amend the 
existing law. (Table I) That purposes one, two, and four have 
been realized as a result of the amendment is not questioned; I 
have serious misgivings, however, that the remaining two 
purposes, numbers three and fi v e , w i l l ever be brought about. 
The whole process of pesticide registration has become 
i n f i n i t e l y more complex, and with the increased complexity has 
come delay. 

To understand why we have come to the present state of 
a f f a i r s , i t i s necessary to provide some h i s t o r i c a l background 
and to discuss some of the factors that have influenced EPA 
policy during the 1970 decade. It is my intention then to 
review some past and present consequences of the changing 
regulatory scene. I am a toxicologist, one whose job i t i s to 
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assess the r e l a t i v e t o x i c i t y of new chemical substances, 
pharmaceuticals, feed additives, and a g r i c u l t u r a l chemicals, i n 
an i n d u s t r i a l laboratory. And as one who has been engaged i n 
safety evaluation work for almost 20 years, I have had an 
opportunity to view the regulatory process over a span of time 
that precedes and encompasses the present era. It i s from this 
perspective that I review the status of pesticide regulation. 

TABLE I 

CONGRESSIONAL PURPOSE IN ENACTING 
1972 AMENDMENT TO FIFRA 

1. Strengthening regulatory controls on the uses and users of 
pesticides ; 

2. Speeding up procedures for barring pesticides found to be 
undesirable; 

3. Streamlining procedures for making valuable new measures, 
procedures, and materials broadly available; 

4. Strengthening enforcement procedures to protect against 
misuse of these b i o l o g i c a l l y effective materials; 

5. Creating an administrative and legal framework under which 
continued research can produce more knowledge about better 
ways to use existing pesticides as well as developing 
alternative materials and methods of pest control. 

From the summary of the House Committee on Agriculture (Federal 
Register 40, No. 129, p. 28242, 1975). 

Scope of the Regulatory Task 

I am convinced that at the inception no one, neither the 
Congress, the EPA, nor the regulated industries, comprehended 
the magnitude of the regulatory task faced by the EPA as a 
result of the 1972 amendments. The new requirements which are 
shown in Table II appear on f i r s t analysis to be l o g i c a l and 
desirable. It is only when one begins to reduce to s p e c i f i c 
cases the general principles that one can perceive the d i f f i 
c u l t i e s . As shown in Table III there were estimated to be at 
the time of the i n i t i a l regulatory proposals 1400 individual 
chemicals and 33,000 formulations of these agents. Most have 
multiple uses; each use must be regulated. Represented i n each 
of the 15 classes of pesticides shown are tens and hundreds of 
individual compounds with the most diverse chemical, physical 
and b i o l o g i c a l properties imaginable. 
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TABLE II 

NEW REQUIREMENTS POSED BY 1972 AMENDMENTS TO FIFRA 

1. Intrastate products became subject to federal regulation. 

2. In conditions of use, pesticides must not have an 
unreasonable adverse effect on the environment. 

3. Pesticides s h a l l be c l a s s i f i e d for r e s t r i c t e d use i f i n 
general use unreasonable adverse effects on the environment 
may occur. 

4. Regulations shall be issued for the reg i s t r a t i o n and 
c l a s s i f i c a t i o n of pesticides (new) as well as the 
registration and r e - c l a s s i f i c a t i o n of pesticides registered 
prior to October 21, 1974. 

TABLE III 

SCOPE OF THE REGULATORY TASK 

Estimated number of registered pesticides (October 1974): 

1. Individual pesticides: 1400 

2. Formulated products: 33,000 

Classes of Pesticides Covered: 

1. Amphibian and r e p t i l e poisons or repellents 
2. Antimicrobial agents 
3. Attractants 
4. Bird poisons or repellents 
5. Defoliants 
6. Desiccants 
7. Fish poisons or repellents 
8. Fungicides 
9. Herbicides 

10. Insecticides 
11. Invertebrate animal poisons or repellents 
12. Mammal poisons or repellents 
13. Nematocides 
14. Plant regulators 
15. Rodenticides 
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Let us examine for a moment the implications of one of 
the new requirements. Pesticides s h a l l be c l a s s i f i e d for 
r e s t r i c t e d use i f in general use unreasonable adverse effects 
on the environment may occur. A number of formidable questions 
readily come to mind: What constitutes an unreasonable adverse 
effect? What tests are appropriate for the detection of an 
adverse environmental effect? - tests on which organisms? - at 
what levels of exposure? - for how long? One cannot adequately 
judge the potential adverse effects of a chemical unless the 
fate of the compound in the environment i s known. Is i t photo-
lyzed by sunlight? - degraded by s o i l bacteria? - taken up by 
plants? - consumed by animals? Is i t translocated, v o l a t i l i z e d 
or bound to so i l ? Is i t persistent? One question leads to 
another ad infinitum. It was clear that some c r i t e r i a would 
have to be established and in the interim those c r i t e r i a have 
appeared as regulations. 

Status of Regulations (Table IV) 

Just prior to the deadline set by Congress, the EPA pub
lished proposed registration, reregistration and c l a s s i f i c a t i o n 
procedures. After a period for comment and revision, these 
procedures were published i n f i n a l form on July 3, 1975. Broad, 
general requirements were given for the types of tests to be 
done for the determination of product hazard to humans as well 
as non-target organisms (environmental e f f e c t s ) . At the same 
time as the general regulations were issued, however, testing 
guidelines were also published. The guidelines for data 
requirements, which were f i r s t proposed on June 25, 1975, were 
reissued as proposals in July and August of 1978. While one 
who is not acquainted with pesticide research cannot easily 
grasp the ramifications of these proposals, a l i s t i n g of the 
major section headings can give an appreciation of the scope 
and the areas affected (Table V). The July proposal covered 
product specifications, studies on environmental fate, and 
toxicity studies i n birds and aquatic species, as well as a 
detailed description of t o x i c i t y studies to be done i n 
laboratory animals. In the proposal of these "guidelines," 
the EPA departed from conventionally accepted domestic and 
international regulatory practice i n two ways: 

1. The guidelines specified in considerable de t a i l 
the elements of experimental design; and 

2. The guidelines were published as proposed rules 
which would, i f formally adopted, become 
regulations with the force of law. 
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TABLE IV 

STATUS OF MAJOR EPA REGULATIONS ON PESTICIDES 

Subject 

Proposed Registration, 
Reregistration and 
C l a s s i f i c a t i o n Procedures 

Date of 
Publication Status 

Oct. 16, 1974 Proposed Rules 

Guidelines for Registering 
Pesticides i n the 
United States 

Jun. 25, 1975 Proposed Rules 

Regulations for the 
Enforcement of the Federal 
Insecticide, Fungicide, 
and Rodenticide Act 

J u l . 3, 1975 Fin a l Rules and 
Regulations 

Proposed Guidelines for 
Registering Pesticides in 
the United States 

Proposed Guidelines for 
Registering Pesticides in 
the United States; Hazard 
Evaluation: Humans and 
Domestic Animals 

J u l . 10, 1978 Proposed Rules 

Aug. 22, 1978 Proposed Rules 

Enforcement Policy Regarding 
Failures to Report Informa
tion Under Section 6(a)(2) 
of the Federal Insecticide, 
Fungicide and Rodenticide Act 

J u l . 12, 1979 Fin a l Rules and 
Regulations 

Guidelines for Registering Apr. 18, 1980 Proposed Rules 
Pesticides i n the United 
States; Proposed Good 
Laboratory Practice Guide
lines for Toxicology Testing 

During the 1970 fs, the guidelines have slowly evolved to 
their present state where they have been re-proposed i n 1978 
for additional comment. U n o f f i c i a l draft copies had been 
ci r c u l a t i n g for years prior to publication; before the f i r s t 
proposal i n 1975, there were said to have been seven consecutive 
drafts. While many changes have been made i n response to 
comments received, much to the dismay of many sci e n t i s t s i n 
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testing laboratories, the latest proposals for safety evaluation 
testing are more structured than the e a r l i e r versions. This 
has occurred even though most experienced toxicologists have 
continually advocated the use of general and u n o f f i c i a l testing 
guidelines, a method of operation which the FDA has developed 
and followed successfully for many years i n the application of 
similar data to the evaluation of the safety of drugs and food 
additives. While the l a t t e r approach provides f l e x i b i l i t y and 
permits the exercise of s c i e n t i f i c judgment in experimental 
design, i t is clear that the EPA has chosen a different 
regulatory posture, one in which one receives something akin to 
a recipe for r e g i s t r a t i o n . That the EPA has chosen this 
approach may be attributed to four factors: 

1. Several early EPA decisions were contested i n 
court. Internal support for a structured 
approach was strengthened in the b e l i e f that the 
Agency's position would be more defensible. 

2. Some manufacturers, in fact, sought prescribed 
rules in an attempt to eliminate uncertainties in 
the registration process. 

3. The Agency has not been successful i n attracting 
and retaining experienced toxicologists to review 
data. Neither have s c i e n t i f i c personnel with 
experience i n safety evaluation been sought out 
for high-ranking administrative positions. The 
present approach seems to be promoted on the 
b e l i e f that safety evaluation studies are so 
routine that they can be codified and given 
s u f f i c i e n t l y detailed instructions, the need for 
s c i e n t i f i c expertise can be minimized. 

4. The promulgation of guidelines i s an attempt to 
cope with a vast and changing market, which stems 
from the need to reduce a l l facets to writing so 
that the research and developmental process w i l l 
hold s t i l l for viewing and can thereby be 
controlled. 

TABLE V 

PESTICIDE GUIDELINES: TOXICOLOGY STUDY REQUIREMENTS 

Acute Testing 

Acute Oral Toxicity Study 
Acute Dermal Toxicity Study 
Acute Inhalation Toxicity Study 
Primary Eye I r r i t a t i o n Study 
Primary Dermal I r r i t a t i o n Study 
Dermal Sensitization Study 
Acute Delayed Neurotoxicity Study 
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TABLE V (CONTD.) 

Subchronic T e s t i n g 

Subchronic O r a l Dosing S t u d i e s 
Subchronic 21-Day Dermal T o x i c i t y Study 
Subchronic 90-Day Dermal T o x i c i t y Study 
Subchronic I n h a l a t i o n T o x i c i t y Study 
Subchronic N e u r o t o x i c i t y S t u d i e s 

C h r o n i c T e s t i n g 

C h r o n i c F e e ding Study 
O n c o g e n i c i t y S t u d i e s 
T e r a t o g e n i c i t y S t u d i e s 
R e p r o d u c t i o n Study 

M u t a g e n i c i t y T e s t i n g 

T e s t Standards f o r 
Test Standards f o r 

Mutations 
T e s t Standards f o r 

Recombination 

S p e c i a l T e s t i n g 

G e n e r a l Metabolism Study 

S p e c i a l Requirements 

Domestic Animal S a f e t y T e s t i n g 

A v i a n and Mammalian T e s t i n g 

A v i a n S i n g l e Dose O r a l LD50 
Avi a n D i e t a r y LC50 
Mammalian Acute T o x i c i t y 
A v i a n R e p r o d u c t i o n 

Simulated and A c t u a l F i e l d T e s t i n g f o r Mammals and B i r d s 

A q u a t i c Organism T e s t i n g 

F i s h Acute LC50 
Acute T o x i c i t y to A q u a t i c I n v e r t e b r a t e s 
Acute T o x i c i t y to E s t u a r i n e and Marine Organisms 
Embryo Larvae and L i f e - C y c l e S t u d i e s o f F i s h and A q u a t i c 

I n v e r t e b r a t e s 
A q u a t i c Organism T o x i c i t y and Residue S t u d i e s 

D e t e c t i n g Gene Mutations 
D e t e c t i n g H e r i t a b l e Chromosomal 

D e t e c t i n g E f f e c t s on DNA Re p a i r or 
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What were the fundamental changes wrought by the 1975 
regulations? 
1. The negligible residue concept was abandoned. Previously, 

i t was possible to obtain the registration of a product for 
which there was a residue on a food crop i f that residue 
did not exceed l/2000th of the no-effect dose i n 90-day 
animal studies. In the new rules, this procedure, which 
did not provide the degree of certainty desired, was 
rejected as a means of determining what was a toxicolog-
i c a l l y i n s i g n i f i c a n t residue. Given the s e n s i t i v i t y of 
modern analytical techniques and the resourcefulness of the 
residue chemists, one seldom encounters a pesticide which, 
in use, produces no residue. To obtain a tolerance for a 
residue, one must establish a no-effect dose i n 18-24 month 
rodent studies. The net effect of this change is to 
require long-term studies in laboratory animals for 
v i r t u a l l y every pesticide. 

2. Studies on non-target organisms (environmental studies) 
were required. Toxicity studies on wildfowl, f i s h and 
other vertebrate and invertebrate organisms had, i n 1975, 
been conducted in a few laboratories, but the methods were 
rudimentary and experimental. Nevertheless, laboratory 
tests were proposed without the s c i e n t i f i c basis that would 
permit the formulation of sound procedures. The proposal 
did stimulate research in this area; the methods are s t i l l 
i n a state of flux and the general implications of adverse 
findings poorly understood. It is ironi c to note in the 
proposed guidelines that the more uncertainty that 
surrounds a given test, the more apt the guideline is to 
specify with great exactitude what must be done. 

3. In long-term studies in rodents, no d i s t i n c t i o n would be 
made between benign and malignant tumors. This approach 
was adopted following court rulings on a l d r i n and d i e l d r i n 
i n which the Court of Appeals upheld the position of the 
Administrator of EPA i n his contention that for purposes of 
hazard evaluation the two findings should be considered 
synonymous. With this ruling the regulatory task was 
simplified, but was good science served? Among those who 
are professionally trained as pathologists, this position 
does not have general support. In essence, the diagnosis 
is made immaterial. 

4. An assessment of applicator or user hazard would be 
required. The law, which specified that a l l pesticides had 
to be c l a s s i f i e d for r e s t r i c t e d or for general use, prompted 
a review of the toxic properties of each chemical, not only 
for exposure through crop residues but also for acute dermal 
or inhalation exposure to the user. Depending upon the 
degree of to x i c i t y shown in acute or single exposure 
studies, materials were to be c l a s s i f i e d i n one of four 
categories with accompanying label and use r e s t r i c t i o n s . 
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Present Consequences 

1. The registrations for the use of a number of pesticides 
have been cancelled (Table VI). Although proceedings 
against some of these agents occurred prior to the formal 
promulgation of pesticide regulations, the rules, which 
were being proposed, were used to guide policy, even as is 
done today. The pesticides shown were either banned or 
their use severely r e s t r i c t e d because the properties of 
these chemicals ( i t was decided) did not permit their use 
without "an unreasonable adverse effect on the environment." 

2. The regis t r a t i o n process has inexorably slowed. In the 
re-proposed toxicology guidelines, i n addition to the major 
new test requirements, applicants are now directed to submit 
much of their o r i g i n a l or raw data which was, i n times past, 
only presented i n summary. We have estimated that i n one 
long-term rat study, including the tabulation and summariza
tion of data, individual data points may exceed 500,000. 
Not only does the preparation of such a report require a 
tremendous e f f o r t , a l l this data must be reviewed. One can 
safely predict an increasing review time as studies done 
and reports prepared under the guidelines issue. 

3. Publication of the EPA guidelines for safety evaluation 
presaged a spate of guideline writing a c t i v i t y that 
continues unabated today. Governmental agencies (domestic 
and foreign), interagency committees, j o i n t international 
groups, ad hoc committees from professional societies, 
trade organizations - everyone, i t seems, feels compelled 
to formulate guidelines as to how toxicology should be 
done. Needless to say, each group i s promoting i t s own set 
as authoritative and that each proposal, just to ensure 
attention, has introduced a variation that guarantees that 
the recommended procedure w i l l not be compatible with any 
other. If one wishes to comment authoritatively (that i s , 
with appropriate references), i t i s necessary to assign 
several full-time, experienced toxicologists to do nothing 
but review guidelines and prepare responses. 

TABLE VI 

SUSPENDED AND CANCELLED PESTICIDES 

Al d r i n 
Chloranil 
Chlordane 
DBCP 

DDT 
Di e l d r i n 
Heptaclor 
Kepone 

Lindane 
Mirex 
Toxaphene 

P a r t i a l l i s t of pesticides whose uses are banned or 
res t r i c t e d . (Taken from a May 1978 EPA l i s t i n g of 
suspended and cancelled pesticides.) 
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Prospects for the Future 

1. New pesticides that reach the marketplace w i l l be selective 
in a c t i v i t y and few i n number. Many that ultimately 
receive approval w i l l be available only under r e s t r i c t e d 
use. Two factors prompt these conclusions: a) the 
complexity of the registration process; and b) the chemical 
and physical properties of a pesticide that confer useful 
a c t i v i t y (biological a c t i v i t y with a degree of persistence) 
w i l l , in multiple safety testing, ensure that an effect i n 
some non-target organism is detected. The judgment as to 
whether that effect is not "adverse 1 1 is a d i f f i c u l t 
decision, one that is sure to be argued, reviewed and 
re-reviewed before a responsible agency manager affixes his 
name to the decision. 

2. The increased reliance on existing products w i l l ultimately 
diminish the usefulness of the chemical tools we have. 
Experience has shown that many target organisms become more 
resistant as treatment is repeated from year to year and 
generation to generation; new strains emerge as a result of 
selection and adaptation. 

3. The cancellation of old products and the slowed a v a i l a b i l i t y 
of new agents w i l l , however, serve to create opportunities. 
To the laboratory that is able to discover that miraculous 
agent that is able to effect i t s a c t i v i t y without harm to 
the myriad of life-forms, microbial, plant and animal, that 
are found i n the world, ample rewards exist. 

4. The costs of research and development as a result of 
regulatory requirements w i l l diminish the number of 
laboratories competing. Only those corporations with the 
size and capital needed to sustain the long and expensive 
developmental process w i l l be able to persevere. 

Recommendations 

I wish to end this review with some recommendations. We 
who are engaged in research on pesticides stand or f a l l with 
the success or f a i l u r e of the EPA. By success I mean the 
expeditious review and approval of those agents that are 
effective and can be used safely. Any means to further that 
goal serves not only the interests of the EPA, as well as those 
engaged in research and development i n private industry, but 
also the public who w i l l ultimately benefit. 

In my review of the status of pesticide regulation in the 
United States, I have come to a disquieting conclusion. I do 
not believe that the EPA or any organization, no matter how 
well organized and managed, is equal to the task mandated by 
the Congress i n the 1972 amendments to FIFRA. That the EPA has 
i n their perception of their charge tended to expand the scope 
of their a c t i v i t i e s has made the goal of e f f i c i e n t pesticide 
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regulation that much more unachievable. For the task to become 
manageable, a change in philosophy or policy as well as a 
reduction in the scope of the program would be necessary; 
neither appears to be l i k e l y . The comments that I o f f e r , 
therefore, are made not with the hope of s t i r r i n g some radical 
change, but with the desire that some alternatives to the 
present mode of operation be considered. 

1. The Use of C e r t i f i e d Summaries. The preparation and review 
of toxicological data would be greatly simplified i f the 
EPA would permit the use of c e r t i f i e d summaries. Instead 
of the voluminous reports now required, the applicant would 
have the option of supplying i n summary form a l l pertinent 
data c e r t i f i e d as to i t s accuracy. In the summary reports, 
the applicant would prepare a complete description of the 
work done as would be expected for a s c i e n t i f i c publication. 
A l l adverse effects would be i d e n t i f i e d and relevant data 
supplied. If i n the Agency review, individual data were 
needed for reference, these data could be quickly supplied. 
A policy which permits the use of c e r t i f i e d summaries would 
complement and be consistent with the purposes of the EPA 
laboratory audit program. The l a t t e r program and the Good 
Laboratory Practice guidelines were in s t i t u t e d to assure 
that work of acceptable quality was done and that pertinent 
data were accurately reported. 

2. A C l a r i f i c a t i o n of the Objectives of the EPA GLP Program. 
Every toxicology laboratory that does safety evaluation 
work i n support of a new drug or a pesticide product i s 
subject to inspection by FDA or EPA personnel. Good 
Laboratory Practice regulations, which authorize this 
a c t i v i t y , have been published by the FDA and proposed by 
the EPA. The inspectors, who arrive on short notice, 
undertake an exhaustive comparison of raw data, point by 
point, with that contained in internal documents and i n the 
study report. Errors are tabulated and inspection reports 
issued. In response to the GLP inspection program many 
laboratories are engaged in what I regard as a quest for 
zero defects. This is done, in part, out of fear that the 
reputation of the laboratory w i l l be damaged by the 
mindless reporting of errors. This fear is fostered by the 
approach of the inspectors whose business i t is to find 
"errors" and who simply tabulate errors, typographical, 
transcriptional, major and minor, a l l apparently being 
given equal weight. In this context a minor error that has 
no bearing whatsoever on the s c i e n t i f i c v a l i d i t y of the 
study is assigned a disproportionate regard, and extra
ordinary and expensive measures are being employed to guard 
against that error. In safety evaluation work, as i n a l l 
human endeavors, errors w i l l be made. Major errors that 
affect the conclusions of the study are prominent and are 
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e a s i l y d e t e c t e d . Minor e r r o r s can be minimized but t h e i r 
complete e l i m i n a t i o n i s o n l y a c h i e v e d s l o w l y and a t g r e a t 
expense. The whole s u b j e c t needs to be addressed and a 
f o r t h r i g h t p o l i c y put f o r t h t h a t a s s u r e s t h a t the proper 
d i s t i n c t i o n s w i l l be made, t h a t p e r s p e c t i v e w i l l be 
m a i n t a i n e d , and t h a t measures w i l l be taken to ensure 
a g a i n s t the i n a d e r t e n t r e l e a s e of u n e v a l u a t e d i n s p e c t i o n 
r e p o r t s . 

3. The M o d i f i c a t i o n o f C u r r e n t Proprosed T o x i c o l o g y 
G u i d e l i n e s . The EPA has a r e p r e s e n t a t i v e on each o f 
s e v e r a l groups that are p r o p o s i n g g u i d e l i n e s , e.g., the 
Interagency R e g u l a t o r y L i a i s o n Group. I f the g u i d e l i n e s 
prepared by the j o i n t agency groups c o u l d be adopted, the 
b e n e f i t s would be immediate and p r o t r a c t e d . The a d o p t i o n 
of a uniform s e t of t o x i c o l o g y g u i d e l i n e s by U n i t e d S t a t e s 
agencies would serve as a very s t r o n g impetus f o r f o r e i g n 
governments to s u b s c r i b e to the same c o n v e n t i o n a l 
procedures. 

4. The A c q u i s i t i o n o f a S t a b l e , A u t h o r i t a t i v e Body o f 
S c i e n t i f i c P e r s o n n e l . I t may be i n f e r r e d from an 
examination of EPA r e g u l a t i o n s and g u i d e l i n e s i n c l u d i n g the 
comments i n the preambles to these documents t h a t the 
m o t i v a t i n g f o r c e i s a b e l i e f t h a t a) every problem i n the 
a d m i n i s t r a t i o n o f v a r i o u s p e s t i c i d e programs can be handled 
by i n n o v a t i v e r e g u l a t i o n and b) d e t a i l e d and p r e s c r i p t i v e 
r e g u l a t i o n s p r o v i d e the only t r u l y o b j e c t i v e and i m p a r t i a l 
procedure. While t h i s p h i l o s o p h y i n theory i s seen to have 
m e r i t , i n p r a c t i c e i t o f f e r s o n l y d e l a y and f r u s t r a t i o n . 
To be s u c c e s s f u l i n the Agency approach would r e q u i r e t h a t 
every contingency be a n t i c i p a t e d . T h i s i s c l e a r l y o n l y 
p o s s i b l e i n broad and g e n e r a l terms. No p r o v i s i o n i s made 
f o r the u l t i m a t e q u e s t i o n s , those t h a t are i n e v i t a b l e , are 
the most p e r p l e x i n g and are those which r e q u i r e s c i e n t i f i c 
judgment. 

Is an observed e f f e c t an adverse e f f e c t ? 
- How l a r g e a s a f e t y f a c t o r i s a p p r o p r i a t e ? 
- Were the s t u d i e s done p r o p e r l y designed i n l i g h t of 

the chemical p r o p e r t i e s , the b i o l o g i c a l a c t i v i t y 
and the e v e n t u a l use? 

- To approve an e x p e r i m e n t a l use permit, f o r an 
h e r b i c i d e f o r corn, f o r an i n s e c t i c i d e f o r 
c o n i f e r o u s t r e e s , f o r a s o i l s t e r i l a n t , what 
s t u d i e s should be r e q u i r e d ? 

While these q u e s t i o n s can be p o s t u l a t e d i n g e n e r a l terms, 
each can only be answered f o r a s p e c i f i c p e s t i c i d e f o r a 
s p e c i f i c use. The needs are d i f f e r e n t . The i m p o s i t i o n o f 
a d d i t i o n a l g u i d e l i n e s w i t h the v a i n hope t h a t the problems 
w i l l y i e l d to r e g u l a t i o n w i l l f i n a l l y o n l y encumber. The 
s o l u t i o n l i e s i n the presence of s c i e n t i f i c e x p e r t i s e . 
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I t has been my experience to f i n d Agency s c i e n t i f i c 
p e r s o n n e l c o n t i n u a l l y i n motion - coming, l e a v i n g , moving, 
s h i f t i n g j o b s . One seldom t a l k s to the same s c i e n t i s t i n 
the course o f one study and never throughout a r e s e a r c h 
program. A c o n c e r t e d e f f o r t should be made to h i r e 
e x p e r i e n c e d , n a t i o n a l l y r e c o g n i z e d e x p e r t s i n t o x i c o l o g y , 
seasoned s c i e n t i s t s who co u l d speak w i t h a u t h o r i t y . The 
second and i n s e p a r a b l e r e q u i s i t e i s th a t a u t h o r i t y be 
g i v e n . I t i s not p o s s i b l e to a t t r a c t s c i e n t i s t s of the 
c a l i b e r I mention u n l e s s p r o v i s i o n i s made f o r them to 
e x e r c i s e t h e i r a u t h o r i t y . The unacceptably slow pace o f 
the p r e s e n t review process i s d i r e c t l y r e l a t e d to the 
absence of exp e r i e n c e d s c i e n t i f i c p e r s o n n e l w i t h d e c i s i o n 
making a u t h o r i t y . 

C o m p e t i t i o n f o r t a l e n t i n the area of s a f e t y e v a l u a 
t i o n work i s i n t e n s e , the demand f o r ex p e r i e n c e d s c i e n t i s t s 
b e i n g l a r g e l y a f u n c t i o n of i n c r e a s e d r e g u l a t o r y p r e s s u r e s . 
Those o f us i n i n d u s t r y and i n p r o f e s s i o n a l s o c i e t i e s o f 
t o x i c o l o g y have a r e s p o n s i b i l i t y to work wi t h government 
agencies to f i n d ways to h e l p them r e c r u i t s c i e n t i f i c 
p e r s o n n e l . I re g a r d success i n t h i s e f f o r t as a necessary 
p r e r e q u i s i t e f o r any r e a l progress i n the attempt to 
r e g u l a t e the i n t r o d u c t i o n and use of p e s t i c i d e s . 

RECEIVED March 6, 1981. 
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Human Risk Assessment from Animal Data 

ROBERT A. SQUIRE 

Division of Comparative Medicine, Johns Hopkins School of Medicine, 
Baltimore, MD 21205 

A forum entitled "Animal Tests and Human Cancer" was 
reported in Chemical and Engineering News, June 27, 1977, with an 
eye-catching cover photo of a rat. The forum was prompted by the 
proposed ban on saccharin following the Canadian study which 
showed the induction of bladder cancer in rats. For the first 
time, it appeared the public was acutely aware of the impact of 
governmental regulatory legislation upon their personal lives. 
The possibility of this ban has stimulated widespread awareness 
and uncertainty about regulatory policies, and raised many ques
tions about the state of the art in animal testing. 

There are three fundamental methods for estimating potential 
human risk as the result of exposure to toxic substances, whether 
the exposure be from food, drugs, air, water or the workplace. 
These are: (l) epidemiological studies, (2) animal tests, and 
(3) short-term or in vitro analyses such as studies of DNA damage 
or mutagenesis. Of the three methods, the greatest confidence is 
placed upon epidemiological studies in humans. Unfortunately, 
however, epidemiology is limited in its sensitivity and its appli
cation to toxicity assessment. The greatest value has derived 
from recognition of occupational hazards where there i s high 
exposure to well defined human populations, or from studies l i k e 
those on cigarette smoking, where exposure may be c l e a r l y 
defined. However, in the case of more ubiquitous, i l l - d e f i n e d 
and low l e v e l exposure to toxic substances, observations in 
humans often lack the s e n s i t i v i t y to discern possible toxic 
effects. We are l e f t then with the next alternative, the use of 
other mammalian species as human surrogates. Intact mammalian 
systems are considered most relevant to human r i s k because no 
other methods can simulate the complex b i o l o g i c a l systems which 
allow us to survive and even thrive in an environment replete 
with natural and man-made chemical poisons as well as harmful 
physical and b i o l o g i c a l agents. There i s an e f f i c i e n t homeo-
sta t i c apparatus in the intact animal system which determines the 
safe versus toxic levels of exogenous substances. 

0097-6156/81/0160-0493$05.00/0 
© 1981 American Chemical Society 
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Table I 
Rationale for Use of Animals i n Toxicological Testing 

1. Mammals are anatomically, physiologically and 
biochemically similar. 

2. Mammals have similar health and disease manifestations 
and causes. 

3· Mammals respond s i m i l a r l y to exogenous chemical, 
b i o l o g i c a l and physical agents (differences are 
primarily quantitative rather than q u a l i t a t i v e ) . 

The three statements in Table I are simple and axiomatic 
They form the basis for a l l of the comparative medicine, and the 
use of animals in medical research and in toxicological and car
cinogenicity testing. They are however, broad generalizations of 
bi o l o g i c a l truths. They do not necessarily apply in every 
instance nor do they t e l l us which species i s most similar to 
human. It i s generally impossible to predict how any given 
species or individual w i l l respond to a potentially toxic 
substance without detailed metabolic and pharmacokinetic studies. 
Despite proclamations to the contrary by some s c i e n t i s t s , p o l i 
t i c i a n s , lawyers and others, the extrapolation of animal t o x i c i t y 
data to human ri s k assessment, although necessary in the regula
tory sense, i s often based upon several unproven assumptions. It 
i s this very uncertainty which allows and encourages diverse and 
opposing claims, predictions and warnings from those advocating 
one or another viewpoint, since most of the claims, no matter how 
extreme, cannot be proven or disproven. L i t i g a t i o n proceedings 
and hearings have not, in my view, provided the most e f f i c i e n t or 
rational means to resolving these questions. 

It i s p a r t i c u l a r l y true with respect to the assessment of 
carcinogenic risks that we have had to place v i r t u a l l y complete 
reliance upon extrapolation from animal tests. This has resulted 
in the r e s t r i c t i o n of use or removal from the marketplace of 
several chemical substances including pesticides - such as DDT, 
Aldr i n , D i e l d r i n , Chlordane and Heptachlor. Other pesticides and 
chemicals already in use have also been found to be carcinogenic 
to one or more animal species in the National Cancer Institute 
testing program - now part of the National Toxicology Program. 
It i s probably safe to assume that such animal testing a c t i v i t i e s 
w i l l increase, at least for the immediate future. 

Since we have learned that finding a carcinogenic response 
in a test animal may trigger decisions which have far reaching 
impact on our society and economy, i t i s useful to examine some 
of the procedures involved in evaluating toxicological data and 
estimating potential human ri s k . In doing so, i t should become 
apparent that several areas of uncertainty and potential error 
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can influence major regulatory decisions and mislead an 
uninformed public. 

Although the procedures could be discussed in many ways, I 
have chosen to use four main categories: (l) v a l i d i t y of animal 
data; (2) weight of toxicological evidence; (3) characteristics 
of the test substance; and f i n a l l y , (h) quantitative r i s k 
assessment. 

The f i r s t step i s to insure that the evidence that a sub
stance actually i s an animal carcinogen i s s u f f i c i e n t and 
persuasive. The degree of evidence for animal carcinogenicity 
varies considerably from very weak to overwhelming, but this 
aspect i s often overlooked when a positive finding i s reported. 

The next two categories, the weight of toxicological 
evidence and the chemical and bi o l o g i c a l characteristics of the 
test substance, can discriminate among the rel a t i v e potencies or 
virulence of potential human carcinogens and hopefully d i s p e l l 
the impression that a l l animal carcinogens pose equal threats to 
man. Lastly, I w i l l b r i e f l y discuss quantitative r i s k assessment 
which attempts to predict a numerical incidence or range of poten
t i a l toxic or carcinogenic responses in the human population. 

The v a l i d i t y of the animal data addresses not only the 
accuracy of the findings but also the relevance of the experi
mental data for man. If comparative metabolic or pharmacokinetic 
studies reveal a quantitative difference between the test animal 
and human responses or routes of exposure, the findings may 
to t a l l y lack predictive value. Such studies are rarely performed 
because of the limitations imposed by time and funding; thus 
there i s usually no alternative but to err on the side of pru
dence and accept positive animal findings. Unless there i s e v i 
dence to the contrary, a regulator has no choice but to assume 
that test animal data may be predictive of the response among at 
least some individuals in the heterogeneous human population. 

Dose levels employed p a r t i c u l a r l y in carcinogenesis testing 
remain an area of controversy. The rationale for the maximum 
tolerated dose concept i s based in part upon the i n s e n s i t i v i t y of 
tests which use small numbers of animals as compared to the large 
human population at risk . This i s a v a l i d toxicological premise 
for safety testing provided we assume the phenomenological events 
in carcinogenesis are dose related in a r e l a t i v e l y linear 
fashion. That i s , the pharmacokinetics, metabolism, extent of 
DNA damage versus repair, etc. are d i r e c t l y proportional to the 
dose; that toxic effects observed at high test doses accurately 
predict, qu a l i t a t i v e l y and quantitatively, the effects at actual 
low exposure levels. We have heard and read much about this 
issue for some time, and i t i s the basis for controversy surround
ing not only the choice of the maximum tolerated dose but also 
the selection of mathematical models when attempting to predict 
specific levels of human ri s k . In truth, the facts are usually 
not known since the necessary experiments are not performed. The 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
03

1

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



496 T H E P E S T I C I D E C H E M I S T A N D M O D E R N T O X I C O L O G Y 

choice of the high test dose, l i k e that of mathematical models, 
is based more upon conviction or theory than upon s c i e n t i f i c e v i 
dence, and yet these are two of the most important factors in 
extrapolating animal results to human r i s k . 

There are known animal carcinogens, or tumor inducers, i f 
you prefer, which probably would not have been detected i f 
animals had been treated at doses which were not overtly toxic. 
So, an important question i s : Do we r e a l l y want to know i f some
thing can cause cancer in animals at very high doses, even i f 
they are considered excessive or unphysiologic? I think i t 
important to have this information so I do not object to high 
test doses. But, in using this information to extrapolate to 
human ri s k , additional factors should also be considered other 
than the fact that a substance can induce cancer in test animals. 

Next, I cannot f a i l to stress the importance and the poten
t i a l errors involved in the pathologic evaluation. In the 
present p o l i t i c a l climate a carcinogen may be i d e n t i f i e d or 
obscured because there i s a s t a t i s t i c a l l y s i g n i f i c a n t difference 
in one or more tumor types in treated animals as compared to con
t r o l animals. The process, thus, may amount to a numbers game 
rather than a reliance upon the biomedical judgment which i s 
required. Part i c u l a r l y important i s knowledge of the spontaneous 
diseases in laboratory animals, a specialty f i e l d in i t s e l f . 

Proper pathological evaluation requires a r e l a t i v e l y com
plete and, above a l l , uniform examination of tissues in treated 
and control groups in order to determine actual tumor incidences. 
In past research studies dealing with known, strong carcinogens, 
pathologic accuracy was less important. Similarly today, i f test 
compound X turns out to be a strong carcinogen, this fact w i l l be 
readily apparent — probably as early as the necropsy examina
tions before any precise tissue counts or histologic examinations 
are performed. However, when trying to discern weak carcinogens 
from non-carcinogens, as most chemical testing now attempts to 
do, the addition or substraction of very few tumors from any one 
animal test group or another can s t a t i s t i c a l l y create a safe sub
stance or a carcinogen! 

Realize that aged control mice and rats may have high and 
variable spontaneous tumor rates, varying in some tissues from 
5-h0% among different control groups. These differences may be 
highly s i g n i f i c a n t , and undoubtedly result from the many environ
mental modifying factors which influence tumor incidences. This 
emphatically points out the p o s s i b i l i t y of spurious results in 
some carcinogenesis tests. The subject of false positive and 
false negative results in identifying weak animal carcinogens, 
therefore, requires more recognition and evaluation than i t has 
received. 

Another important issue i s that the diagnostic terms used by 
pathologists determine how many of each type of preneoplastic 
lesions or of benign or malignant tumors i s reported. On the 
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basis of pathogenesis or etiology some different tumor types 
should be lumped together for assessment of carcinogenic effects 
and others should not be. This, of course, i s c r i t i c a l to the 
s t a t i s t i c a l analysis and the f i n a l conclusion. These are medical 
decisions which must be made by the pathologists on a case-by-
case basis, and i f there i s controversy surrounding the 
diagnosis, or i f a significant regulatory decision rests upon the 
pathologic c l a s s i f i c a t i o n of certain lesions, then a peer review 
with consensus i s essential. The scope and impact of such deci
sions requires that the pathologic interpretations not be l e f t to 
a contradictory testimony or a single judgment. 

F i n a l l y , following the enumeration of pathologic diagnoses, 
the choice of the s t a t i s t i c a l model can, in i t s e l f , affect the 
conclusion. This i s especially true in discerning a negative 
from a weak positive effect. Thus, before we even approach the 
area of human ris k assessment, or extrapolation, the complex test 
required to determine whether or not a chemical i s an animal 
carcinogen, i . e . , the basis for the qualitative decision, i s 
already encumbered by many possible errors of procedure or 
judgment. 

Table II 
Weight of Evidence from Test Animal Data 

Number of species affected 
Number of tissue sites affected 
Latency periods 
Dose-response relationships 
Nature (severity) of lesions induced 

Table II represents an important aspect of animal to human 
extrapolation. These five points are, to me, the b i o l o g i c a l 
parameters which best determine the potency or virulence of an 
animal carcinogen, which i s to say the potency of a human car
cinogen according to current regulatory p o l i c i e s . To ignore this 
type of information, which i s often done, and consider a l l animal 
carcinogens as equal threats to man i s ludicrous in l i g h t of our 
knowledge. We know that there i s wide variation i n species and 
tissue s u s c e p t i b i l i t y to carcinogens. However, the more animal 
species which are susceptible the more confident we may be that 
man i s l i k e l y to be susceptible rather than unique in his 
response. We also know that carcinogenic response i s dose and 
time related, and that some carcinogens induce more malignant 
tumors than others. Thus, unless there i s evidence to the con
trary, the highest degree of potential human hazard should be 
attributed to chemicals which induce primarily malignant tumors, 
at multiple s i t e s , in short periods of time, at low doses, and in 
both sexes of several species. If the type of induced tumor in 
the animals i s normally rare, this should also be taken into 
consideration since the enhancement of tumors with genetically 
determined high spontaneous frequency may also be accomplished by 
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numerous dietary and other environmental modifiers which are not 
in themselves carcinogenic. 

Conversely the least concern might be attributed to a 
chemical which, aft e r multiple species tests, i s found to only 
enhance the incidence of common tumors, in one s i t e , in one sex 
and species, and only following long exposure at high and toxic 
dose levels. 

Table III describes the characteristics of the test sub
stance to be considered. Although in the case of carcinogenesis, 
we do not know the mechanisms involved, there are inherent 
b i o l o g i c a l and chemical properties which can indicate l i m i t s to 
the potential r e a c t i v i t y of chemicals with mammalian c e l l 
constituents. These include chemical s i m i l a r i t y to other known 
toxins, binding or adduct formation with c e l l macromolecules, 
genotoxicity or a c t i v i t y in short-term tests for carcinogenicity, 
metabolic and pharmacokinetic data, and other pertinent physiolo
g i c a l , pharmacological or biochemical properties. 

Table III 
Characteristics of Test Substance 

Chemical s i m i l a r i t y to other known toxins 
Binding to DNA, RNA, protein 
Genotoxicity or a c t i v i t y in short-term tests for 

carcinogenicity 
Metabolic and pharmacokinetic data 
Physiological, pharmacological, and biochemical 

properties 

Unless we are to ignore a l l of our heavily financed research 
on carcinogenesis to date, we must assume that b i o l o g i c a l l y inert 
substances, and those in which the parent compound or i t s metabo
l i t e s do not a l t e r DNA, are not genotoxic and do not induce c e l l 
transformation, are not l i k e l y to be genetic-type carcinogens. 
If they do induce tumors, i t can hardly be by a one-hit, muta-
genic-like event, but rather by non-genetic mechanisms including 
chronic tissue injury. This type of _in v i t r o and biochemical 
data, together with the weight of evidence from animal test 
results can contribute to a rational basis for regulatory 
judgment. 

F i n a l l y , there is the area of quantitative r i s k assessment 
(Table IV). This subject has recently assumed an importance and 
prominence which tend to obscure the underlying ignorance 
involved. Such procedures are attempts to predict the magnitude 
or incidence of toxicological responses in humans at low levels 
of exposure based upon responses observed in animals at high 
levels of exposure. Assumptions, again which are largely 
theoretical, must be made concerning not only high to low dose 
extrapolation but also concerning interspecies extrapolation. 
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Table IV 
Quantitative Risk Assessment 

1. S e n s i t i v i t y of test animals versus humans 
2. Arbitrary safe factors 
3· Biological assumptions and mathematical models 

a. one-hit 
b. multi-hit 
c. multi-stage 

The reason we are struggling in this area i s that the 
mechanisms of carcinogenesis remain obscure. We simply do not 
know what the bi o l o g i c a l events or risks are at low le v e l expo
sures to carcinogens where most human exposure occurs, and which 
is beyond the s e n s i t i v i t y of test animal observations. Thus, for 
example, thresholds or no-effect levels cannot be proven or di s -
proven, and we do not know which mathematical model i s best, or 
even i f any come close to ref l e c t i n g the actual b i o l o g i c a l 
process. 

The primary advantage of extrapolation using mathematical 
models i s that i t avoids the necessity of debating a no-effect or 
threshold l e v e l , which cannot be s c i e n t i f i c a l l y documented. 
Rather i t provides an estimate of ris k which can be judged as 
acceptable or unacceptable and such a decision i s a societal 
rather than a s c i e n t i f i c one. 

The one-hit, multi-hit or multi-stage mathematical models 
l i s t e d in Table IV r e f l e c t the range of current theories sur
rounding the molecular events in carcinogenesis. The one-hit 
model presumes that a single mutagenic-like event can i n i t i a t e 
the neoplastic process. This implies a linear dose-response 
relationship at low actual exposure levels and thus usually 
results in a prediction of the highest incidences of cancer and 
the lowest acceptable exposure levels of a chemical. The multi-
hit and multi-stage models, on the other hand, do not a p r i o r i 
assume a one-hit mechanism at any exposure l e v e l . 

A c r i t i c a l factor in the assumption of low-dose l i n e a r i t y i s 
the background of spontaneous tumor or disease rates, i.e. an 
additive effect from exposure to multiple carcinogens. Thus, the 
carcinogenic responses in the l i v e r or lymphoreticular systems of 
mice generally give a linear response regardless of the model 
employed. But mice have extremely high spontaneous rates of 
l i v e r cancer and lymphoma, and i t must be assumed that there i s a 
significant population of i n i t i a t e d or transformed c e l l s in the 
mouse whether they be virus induced or otherwise. One cannot 
necessarily assume a similar process in humans, since no cancer 
incidence approximates those of the l i v e r or lymphoreticular 
systems in mice. Conversely, however, one perhaps could expect a 
linear or even a concave response in some humans exposed to a new 
animal lung carcinogen as the result of the high existing lung 
cancer rate. The important point here again i s that a l l positive 
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animal carcinogenesis data do not necessarily indicate equal 
human hazard. The many factors I have outlined should he 
considered when estimating potential human r i s k , including the 
choice of a mathematical model which best r e f l e c t s the total 
b i o l o g i c a l and chemical evidence available concerning the 
substance in question. And i n l i g h t of our recent experience 
with mathematical predictions as they relate to animal tumor 
studies, the existing background of tumors in spe c i f i c tissues i n 
humans should perhaps receive greater attention in quantitative 
risk assessments and regulatory decisions. 

One f i n a l point i s the s e n s i t i v i t y of test animals versus 
humans. Certain committees and individuals have, on the basis of 
very few comparative observations, expressed the view that humans 
are generally more susceptible than the test animals, since car
cinogenic response appears to be d i r e c t l y proportional to t o t a l 
carcinogenic dose. Inasmuch as humans l i v e longer, potential 
exposure, and thus cancer r i s k , i s assumed to be greather than 
observed in test animals. In answer to t h i s , note that the 
spontaneous cancer and other disease rates in aged or 2 year old 
mice and rats are comparable to those in man at 70 years of age. 
Assuming that most cancers are, in the broad sense, environmental 
diseases in both man and animals, as the evidence strongly 
supports, i t may be equally or more plausible to assume that the 
s e n s i t i v i t y of rodents i s greater i f carcinogenic response 
depends upon total exposure, since they only l i v e a fraction of 
the human lifespan. The same inference can be drawn from other 
mammalian species. Degenerative diseases and cancer reach high 
levels at the end of their natural lifespans. Such responses 
therefore seem to depend upon b i o l o g i c a l processes which are not 
time related in the absolute sense. 

In summary, I would l i k e to stress several points. Extrapo
l a t i o n from experimental carcinogenesis data to human r i s k i s 
essential. Aside from the limited information derived from human 
epidemiological studies, i t i s the only means of regulating car
cinogens. However, our present p o l i c i e s may not be the best to 
serve the public interest. They thrive on the c r i t i c a l areas of 
s c i e n t i f i c ignorance in this f i e l d , and, unfortunately, there i s 
much to be gained — f i n a n c i a l l y , professionally, and p o l i t i c a l l y 
— by exploiting some of the uncertainties which exist. I f the 
public were f u l l y aware of the uncertainties rather than being 
confused by c o n f l i c t i n g claims, each sounding as i f i t were a 
proven fact, our cancer education and prevention ef f o r t s might be 
more effective in the long run. 

We cannot continue to propagate the notion that a l l animal 
carcinogens are equally hazardous any more than a l l other toxins 
are equally hazardous. This t o t a l l y discourages any attempts by 
individuals in society to p r i o r i t i z e and discriminate in their 
own risk/benefit analyses, and the public should c l e a r l y have 
this p r i v i l e g e . Much of the misinformation admittedly i s the 
result of media coverage and sensationalism. But i t should be 
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the res p o n s i b i l i t y at least of government agencies to correct 
this by proper educational e f f o r t s . The public canot discrimi
nate between press releases which announce positive carcinogenic 
findings unless the rela t i v e weights of evidence are also 
prominently presented in an understandable manner. 

As I have pointed out, there are many types and levels of 
animal evidence to be weighed, and when combined with genotoxic, 
biochemical and other data — we see a whole spectrum of evidence 
for carcinogenic potential. No r i g i d system of c l a s s i f i c a t i o n or 
of regulation can accommodate these b i o l o g i c a l variables. 

We can and should attempt to rank carcinogens by the nature 
and extent of the experimental data in mammalian and in v i t r o 
systems. This ranking based upon a spectrum of b i o l o g i c a l 
evidence, together with the use of mathematical models, when 
approprite, can provide a more rational basis for quantitative 
r i s k assessment on a case-by-case basis. 

RECEIVED March 12, 1981. 
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32 
Pesticide Regulation: 
Toxicology and Risk Evaluation 

EDWIN L. JOHNSON 

Deputy Assistant Administrator, Office of Pesticide Programs, 
U.S. Environmental Protection Agency, 401 M Street, SW, 
Washington, DC 20460 

It is a pleasure to be here today to discuss the role of 
toxicology in pesticide regulation - one of the Environmental 
Protection Agency's most controversial and difficult jobs. 
The Federal pesticide regulatory laws pose particular, even 
unique challenges within the broad spectrum of public policy 
decisions which EPA must take. The science of toxicology 
plays a leading role in that decision-making process. 

Pesticides are of tremendous value to society in 
agricultural and forest production, disease vector control and 
other areas. These benefits are fairly plain to see so that 
even as individuals, without recourse to sophisticated analyt
ical techniques, we are usually capable of making at least 
rudimentary estimates of the benefits of the pesticides we 
personally choose to use. 

However, in the last decade or so, we as a society have 
also become increasingly aware that pesticides can have the 
potential for causing significant adverse human health and 
environmental effects. This knowledge is particularly dis
quieting because we also know that we do not have a good 
understanding of what some of those potential health effects 
really are. Indeed, for certain pesticides whose use contrib
utes substantially to the total environmental burden of pesti
cides, we have positive test evidence of risks which are as 
yet unexamined. Moreover, as i n d i v i d u a l s , we are u s u a l l y not 
so a b l e to ass e s s p o t e n t i a l r i s k s of p e s t i c i d e s t o our h e a l t h 
and w e l l - b e i n g , as we are the b e n e f i t s which we see as i n d i 
v i d u a l s and a g r i c u l t u r a l producers i n the use of p e s t i c i d e s we 
choose t o employ. In f a c t , we are o f t e n unable t o choose 
whether or not we w i l l be exposed t o many of the p e s t i c i d e s 
now used, and thus cannot choose t h a t degree o f r i s k we wish 
to a c c e p t . 

This chapter not subject to U.S. copyright. 
Published 1981 American Chemical Society 
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I t f a l l s t o EPA, on b e h a l f of the many i n v o l v e d s e c t o r s 
of the p u b l i c , t o a s s e s s the degree o f r i s k s posed by the 
numerous p e s t i c i d e s a v a i l a b l e , and t o determine what l e v e l o f 
r i s k , tempered by b e n e f i t , s o c i e t y ought t o accept. T h i s 
l e v e l of r i s k i s not n e c e s s a r i l y the l e v e l which each of us 
i n d i v i d u a l l y would choose, nor i s i t p e r f e c t l y adapted t o 
every p a r t i c u l a r use s i t u a t i o n , but i s r a t h e r a guarantee of a 
minimum s t a n d a r d o f p r o t e c t i o n combined w i t h the o p p o r t u n i t y 
to enjoy a t l e a s t c e r t a i n b e n e f i t s o f the p e s t i c i d e as w e l l . 

R i s k / b e n e f i t b a l a n c i n g i s the c h i e f t o o l e s t a b l i s h e d i n 
the b a s i c p e s t i c i d e law, the F e d e r a l I n s e c t i c i d e , F u n g i c i d e , 
and R o d e n t i c i d e Act (FIFRA), f o r r e a c h i n g r e g u l a t o r y d e c i 
s i o n s . We may not ban a p e s t i c i d e simply because i t has a 
p o t e n t i a l f o r c a u s i n g harm. What we need t o know i s how much 
r i s k a p e s t i c i d e may pose and what are i t s b e n e f i t s t o s o c i e t y 
b e f o r e t a k i n g a c t i o n f o r or a g a i n s t use of a p e s t i c i d e . One 
of our f i r s t g o a l s , then, i s t o assure t h a t these o b j e c t i v e 
b u i l d i n g b l o c k s - r i s k s and b e n e f i t s - of what u l t i m a t e l y must 
be a s u b j e c t i v e r e g u l a t o r y d e c i s i o n are e v a l u a t e d on the b e s t 
s c i e n t i f i c b a s i s a t t a i n a b l e . And o b v i o u s l y , t o x i c o l o g y i s a 
major c o n t r i b u t o r to the b u i l d i n g o f the r i s k s i d e of the 
balance which i s f i n a l l y s t r u c k . 

D e s c r i b e d i n t h i s manner, p e s t i c i d e d e c i s i o n making seems 
very p r e c i s e and c l e a r . But we a l l known t h a t i t ' s not. What 
needs to be added i n t o the p r o c e s s i s a l a r g e element of 
u n c e r t a i n t y and a p r e s s i n g need f o r t i m e l i n e s s . U n c e r t a i n t y , 
because s c i e n c e i t s e l f i s o f t e n u n c e r t a i n , d e s p i t e i t s mantle 
of t r u t h and o b j e c t i v i t y . Technology i s changing, methods of 
e v a l u a t i n g r i s k are i m p e r f e c t , t h e o r i e s on the environmental 
causes of cancer and o t h e r adverse c h r o n i c h e a l t h e f f e c t s are 
s t i l l e v o l v i n g , and much remains unknown. T i m e l i n e s s , because 
i n a c t i o n f o r a r e g u l a t o r i s a c t i o n . No d e c i s i o n i s a d e c i s i o n 
to take the r i s k of a l l o w i n g a human e f f e c t to occur or con
t i n u e unchecked. Thus, i n e x e r c i s i n g i t s p u b l i c r e s p o n s i b i l i t y 
by b a l a n c i n g r i s k s w i t h b e n e f i t s , EPA i s a l s o r e q u i r e d t o 
balance s c i e n t i f i c c e r t a i n t y a g a i n s t t i m e l i n e s s o f d e c i s i o n s . 
We must decide on a weight of contemporaneous evidence, and 
not have as an o b j e c t i v e , the r e s o l u t i o n of each and every 
s c i e n t i f i c i s s u e r e l a t e d t o the d e c i s i o n . When do we have 
enough? The N a t i o n a l Academy of S c i e n c e s has put t h i s problem 
w e l l i n o b s e r v i n g t h a t , "Environmental r e g u l a t i o n i s not a 
detached l e i s u r e l y p r o c e s s o f t r a n s f e r r i n g v e r i f i e d r e s u l t s o f 
o b j e c t i v e s c i e n t i f i c r e s e a r c h i n t o c l e a r l y i n d i c a t e d e n v i r o n 
mental d e c i s i o n s . " (J_) F r a n k l y , i t o f t e n seems more l i k e a 
j u g g l i n g a c t than a b a l a n c i n g r o u t i n e . 
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Keeping t h i s r e g u l a t o r y scene i n mind, a pr o c e s s which 
depends h e a v i l y on assessment of p o t e n t i a l r i s k , you can see 
t h a t the r o l e of t o x i c o l o g y i n the pr o c e s s i s a c r i t i c a l one. 
Because P e s t i c i d e Programs has been g r a p p l i n g w i t h the problems 
of g a t h e r i n g data and making r e g u l a t o r y d e c i s i o n s on p e s t i c i d e s 
f o r some years now, we have developed procedures f o r r e v i e w i n g 
a p e s t i c i d e f o r r e g i s t r a t i o n , which we t h i n k h e l p t o reduce 
t i m e - c e r t a i n t y c o n f l i c t s f o r our r e g u l a t o r y s t a f f and enable 
us to respond i n a c o n s i s t e n t and r a t i o n a l manner. 

The d r i v i n g c r i t e r i a f o r d e t e r m i n i n g the ex t e n t o f review 
a p e s t i c i d e i s t o be g i v e n are r i s k r e l a t e d . To perform t h i s 
assessment, we r e q u i r e of the r e g i s t r a n t , as a c o n d i t i o n f o r 
r e g i s t r a t i o n , o r c o n t i n u a t i o n of r e g i s t r a t i o n , without which a 
p e s t i c i d e may not be marketed i n the U.S., a wide a r r a y of 
data d e a l i n g w i t h : 

chemical composition of the product i n c l u d i n g 
an assessment of i m p u r i t i e s and o t h e r i n c i d e n t a l 
contaminants; 

b i o l o g i c a l t e s t data on acute e f f e c t s such as o r a l 
L D 5 0 , dermal L D 5 Q , eye and s k i n i r r i t a t i o n ; 

t e s t data on c h r o n i c e f f e c t s which h e l p 
us judge such hazards as cancer, mutations, 
impaired r e p r o d u c t i v e a b i l i t y , nerve 
d i s o r d e r s , and 

t e s t data on e q u i v a l e n t r i s k i n d i c e s f o r 
f i s h and w i l d l i f e which c o u l d be exposed t o 
the p e s t i c i d e . 

The r e s u l t s of these s t u d i e s are compared i n i t i a l l y t o 
f i n i t e r e g u l a t o r y c r i t e r i a which p l a c e the p e s t i c i d e i n t o one 
of s e v e r a l c a t e g o r i e s . In the most u s u a l case the c r i t e r i a o f 
r i s k p o t e n t i a l a r e not exceeded and the mere f a c t t h a t the 
p e s t i c i d e performs i t s i n t e n d e d f u n c t i o n i s adequate t o d e t e r 
mine t h a t b e n e f i t s exceed r i s k s . Such p r o d u c t s a r e r e g i s t e r e d 
w i t h l i t t l e i f any s o p h i s t i c a t e d assessments of a c t u a l hazard, 
exposure o r economic b e n e f i t . 

Other p e s t i c i d e s demonstrate a r i s k p o t e n t i a l t h a t 
warrants keeping them from the g e n e r a l p u b l i c and r e s t r i c t i n g 
t h e i r use to s p e c i a l l y t r a i n e d a p p l i c a t o r s or i n o t h e r ways. 
The assessment here i s somewhat more complex and i n t e n s i v e and 
i n v o l v e s d e c i d i n g whether the r e d u c t i o n i n r i s k a c h i e v e d by 
the r e s t r i c t i o n i s s u f f i c i e n t t o outweigh the a d d i t i o n a l c o s t s 
t o s o c i e t y imposed by r e s t r i c t i o n . 
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And a r e l a t i v e h a n d f u l o f p e s t i c i d e s demonstrate a r i s k 
p o t e n t i a l , when judged by our c r i t e r i a , o f such magnitude t h a t 
i t i s presumed t h a t they ought not t o be r e g i s t e r e d a t a l l -
unl e s s an i n t e n s i v e e v a l u a t i o n of the r i s k s and b e n e f i t s of 
each use of the p e s t i c i d e demonstrates t h a t the b e n e f i t s o f 
such use warrant the acceptance of the r i s k s a s s o c i a t e d w i t h 
t h a t use. As many of you are aware, t h i s i n t e n s i v e review has 
been termed the r e b u t t a b l e presumption a g a i n s t r e g i s t r a t i o n -
or RPAR - p r o c e s s . That i s , the r i s k p o t e n t i a l of the p e s t i 
c i d e i s such t h a t the Agency presumes the p e s t i c i d e s h o u l d not 
be p e r m i t t e d f o r use. However, t h a t presumption on the p a r t 
of EPA may be r e b u t t e d by showing our data are i n c o r r e c t o r 
i n v a l i d , t h a t exposure t o humans i s i n c o n s e q u e n t i a l o r t h a t 
b e n e f i t s of use warrant t a k i n g the r i s k . S i n c e the RPAR pro 
cess has been i n e f f e c t f o r s e v e r a l years now, and many aca
demic, i n d u s t r y and user groups are f a m i l i a r w i th i t , I won't 
go i n t o d e t a i l e x p l a i n i n g i t s mechanics. 

Risk measures d e r i v e d from animal t e s t data, coupled i n 
some few cases with human e x p e r i e n c e , are used f o r a v a r i e t y o f 
a d m i n i s t r a t i v e purposes as w e l l . For example, acute t o x i c i t y 
and s k i n and eye e f f e c t s l e v e l s are used t o c l a s s i f y a l l 
p e s t i c i d e p r o ducts i n t o f o u r t o x i c o l o g i c a l c a t e g o r i e s f o r 
purposes of warning and c a u t i o n statements on l a b e l i n g , t o 
decide on the need f o r c h i l d r e s i s t a n t packaging and a v a r i e t y 
of s i m i l a r d e t e r m i n a t i o n s . However, the chemicals which t r i g 
ger an RPAR are those p r e s e n t i n g the b i g g e s t c h a l l e n g e t o the 
p u b l i c decision-maker and the bul k o f my remarks w i l l be c o l 
ored by those cases r a t h e r than the most simple cases o f low 
p o t e n t i a l r i s k . 

Hazard Assessment 

Sin c e v a l i d s c i e n t i f i c data are needed t o t r i g g e r a f u l l 
RPAR review i n the f i r s t i n s t a n c e , I'd l i k e t o d i s c u s s b r i e f l y 
the use of data from animal t e s t s to est i m a t e human r i s k s . 
C e r t a i n l y the most c o m p e l l i n g data a re human e p i d e m i o l o g i c a l 
data demonstrating t h a t an adverse e f f e c t indeed o c c u r s i n 
humans. However, prudent p u b l i c a d m i n i s t r a t i o n does not, 
indeed cannot w a i t t o a c t u n t i l an e f f e c t i s observed i n a 
human p o p u l a t i o n . As Russ T r a i n once remarked, "We must put 
chemicals to the t e s t , not pe o p l e . " T h i s does not mean of 
course t h a t we never have evidence of human e f f e c t s of a 
p e s t i c i d e , but where we do, i t must be c o n s i d e r e d a measure of 
program f a i l u r e , not program s u c c e s s , s i n c e we sho u l d have 
d e a l t w ith the h e a l t h i s s u e s b e f o r e the e f f e c t s became w i d e l y 
evidenced i n a human p o p u l a t i o n . T h i s i s p a r t i c u l a r l y t r u e 
because humans are exposed t o a broad range of s t r e s s e s , chem
i c a l and other , which can r e s u l t i n i l l n e s s , d i s e a s e , and 
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death, and i t i s o n l y the most s i g n i f i c a n t o f these t h a t we 
can hope t o f e r r e t out by s t u d y i n g g e n e r a l human p o p u l a t i o n s . 

Thus we r e l y f i r s t on animal s t u d i e s designed t o show t he 
r e l a t i o n s of p e s t i c i d e exposure and t o x i c o l o g i c a l e f f e c t s . 
These are then t r a n s l a t e d t o the p o s s i b l e human ex p e r i e n c e by 
a d j u s t i n g f o r any known or h y p o t h e s i z e d d i f f e r e n c e s i n human 
s e n s i t i v i t y and the dose a human may r e a s o n a b l y be expected t o 
get. These animal data come from p e s t i c i d e manufacturers who 
have the primary r e s p o n s i b i l i t y f o r t e s t i n g under the s t a t u t e , 
from e x t e n s i v e s e a r c h i n g of the s c i e n t i f i c l i t e r a t u r e , and 
from d i r e c t communications w i t h r e s e a r c h s c i e n t i s t s . Thus, 
our r i s k assessment most o f t e n must r e l y s o l e l y on data from 
animal t e s t s s i n c e r e l i a b l e human e p i d e m i o l o g i c a l data a r e , 
and perhaps almost always w i l l be, u n a v a i l a b l e . 

When a v a r i e t y of data are a v a i l a b l e , EPA attempts t o 
f o l l o w a weight o f evidence approach which acknowledges d i f 
f e r e n c e s i n data types - t h a t i s human-epidemiology ve r s u s 
animal b i o a s s a y v e r s u s s h o r t term, i n v i t r o ( t e s t tube) t e s t s ; 
the c e n t r a l t e n d e n c i e s of the data toward s u g g e s t i n g the same 
e f f e c t ; and the s c i e n t i f i c adequacy o f the s t u d i e s i n v o l v e d . 
E x t r a p o l a t i o n from animal data to human r i s k i s , w h i l e s c i e n 
t i f i c a l l y supported, s t i l l f u l l o f u n c e r t a i n t y , but as I i n d i 
c a t e d e a r l i e r , r e g u l a t o r s cannot w a i t f o r c e r t a i n t y , nor can 
the p u b l i c . In the f a c e of s e r i o u s t h r e a t s t o p u b l i c h e a l t h 
we must a c t on the b e s t assessment of these data a v a i l a b l e a t 
the time. 

R i s k assessment - q u a n t i t a t i v e r i s k assessment i n 
p a r t i c u l a r - i s a v e r y c o n t r o v e r s i a l s u b j e c t . The Agency 
f a c e s t h i s c o n t r o v e r s y head on when c o n s i d e r i n g whether a f o o d 
t o l e r a n c e o r a c c e p t a b l e r e g i s t r a t i o n can be e s t a b l i s h e d f o r a 
p e s t i c i d e which, f o r example, may be a p o s s i b l e cancer agent. 
T r a d i t i o n a l methods which the Agency has used i n a s s e s s i n g the 
a c c e p t a b i l i t y o f an exposure l e v e l - the d e t e r m i n a t i o n o f a 
No Observed E f f e c t s L e v e l used t o c a l c u l a t e an A c c e p t a b l e 
D a i l y Intake L e v e l f o r food, or an a c c e p t a b l e l e v e l o f exposure 
from o t h e r sources, won't work f o r n o n t h r e s h o l d e f f e c t s . Thus 
the Agency has i n such cases made use of q u a n t i t a t i v e r i s k 
assessment procedures i n making d e c i s i o n s f o r c a r c i n o g e n i c 
p e s t i c i d e s . 

There a r e , o f cou r s e , two extreme views o f the v a l i d i t y 
of such q u a n t i t a t i v e r i s k assessment. On the one hand, i t i s 
h e l d t h a t t h e r e i s no v a l i d method f o r e x t r a p o l a t i n g cancer 
data i n animals t o a r r i v e a t r i s k assessments f o r humans. 
Thus t h e r e can be no s c i e n t i f i c a l l y a c c u r a t e weighing o f the 
p o t e n t i a l cancer r i s k s of a chemical a g a i n s t i t s b e n e f i t s . 
The o t h e r view i s t h a t v a l i d animal data on a chemical's 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
03

2

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



508 T H E P E S T I C I D E C H E M I S T A N D M O D E R N T O X I C O L O G Y 

c a r c i n o g e n i c p o t e n t i a l can be used t o e s t i m a t e human cancer 
r i s k by employing one or more s t a t i s t i c a l methods t o q u a n t i f y 
r i s k s w i t h v a r i o u s degrees of c e r t a i n t y . EPA has chosen t o 
accept q u a n t i t a t i v e r i s k assessment f o r n o n - t h r e s h o l d e f f e c t s 
such as cancer; however l i m i t e d and i m p e r f e c t they may be, 
they do p r o v i d e the a b i l i t y t o d i s c r i m i n a t e among p o t e n t i a l 
l e v e l s of r i s k posed by a l t e r n a t i v e p e s t i c i d e s and p r o v i d e a 
measure of r i s k f o r p r i o r i t y s e t t i n g on a r i s k b a s i s . 

I would a l s o l i k e t o c o n s i d e r b r i e f l y the r o l e , o r perhaps 
more a c c u r a t e l y , the p o t e n t i a l r o l e of s h o r t - t e r m t e s t s i n 
p e s t i c i d e r e g u l a t i o n . H i s t o r i c a l l y , EPA has focused on p e s t 
i c i d e a c t i v e i n g r e d i e n t s i n i t s r e g u l a t o r y a c t i v i t i e s . As we 
have grown more s o p h i s t i c a t e d i n our knowledge of p o t e n t i a l 
e f f e c t s and have sought ways t o t e s t f o r them, the range of 
s h o r t and long term data r e q u i r e d f o r these a c t i v e i n g r e d i e n t s 
has i n c r e a s e d . Long term, whole animal b i o a s s a y s have become 
a r o u t i n e element i n the r e q u i r e d t e s t i n g f o r r e g i s t r a t i o n . 

But w h i l e a c t i v e i n g r e d i e n t s have r e c e i v e d and w i l l 
i n c r e a s i n g l y r e c e i v e c l o s e s c r u t i n y , p e s t i c i d a l l y i n e r t i n g r e 
d i e n t s and contaminants have not t y p i c a l l y been s u b j e c t to 
much t e s t i n g o r c a r e f u l s c i e n t i f i c s c r u t i n y . T h i s i s so, even 
though we know i n e r t s and contaminants may a l s o p o t e n t i a l l y 
pose s i g n i f i c a n t h e a l t h r i s k s . One s o l u t i o n would simply be 
to r e q u i r e the same b a t t e r y of t o x i c i t y t e s t s f o r i n e r t s and 
contaminants as are now r e q u i r e d f o r a c t i v e i n g r e d i e n t s . I f 
t h i s approach were p r a c t i c a l l y p o s s i b l e , i t would c e r t a i n l y 
p r o v i d e us w i t h the b e s t a v a i l a b l e d a t a f o r c o n d u c t i n g r i s k 
assessments f o r i n e r t s and contaminants. 

However, manufacturers and l a b o r a t o r i e s w i l l be taxed 
c l o s e to t h e i r l i m i t by the t e s t i n g requirements f o r a c t i v e 
i n g r e d i e n t s a l o n e . Thus, from the r e g u l a t o r ' s p o i n t of view, 
s h o r t term b i o a s s a y s which c o u l d a t l e a s t r e l i a b l y i d e n t i f y 
c a r c i n o g e n s , f o r i n s t a n c e , would be a godsend f o r s e t t i n g 
p r i o r i t i e s f o r more e x t e n s i v e i n e r t s t e s t i n g . 

But one of the most c r u c i a l q u e s t i o n s t o be asked i n 
c o n s i d e r i n g the use of s h o r t term b i o a s s a y s i s what i s the 
p r o b a b i l i t y of f a l s e n e g a t i v e s ? Or what i s the chance t h a t a 
chemical found not p o s i t i v e i n a s h o r t - t e r m assay i s indeed 
not a carcinogen? I t does not seem c l e a r w i t h i n the s c i e n t i f i c 
community t h a t the p o s i t i v e c o r r e l a t i o n between mutagenic 
e f f e c t s i n s h o r t term t e s t s and chemicals which are c a r c i n o 
genic i n whole animal b i o a s s a y s i s s u f f i c i e n t t o p ermit regu
l a t o r y r e l i a n c e on s h o r t term t e s t s . A p p r o p r i a t e b a t t e r i e s o f 
s h o r t term t e s t s may reduce the p r o b a b i l i t y of f a l s e n e g a t i v e s , 
but t h i s apparent shortcoming t o r e g u l a t o r y s c i e n t i s t s remains 
a p r a c t i c a l l i m i t a t i o n on the u s e f u l n e s s of s h o r t term t e s t s 
i n r e g u l a t o r y d e c i s i o n making. 
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We are, however, c o n s i d e r i n g the use of m i c r o b i a l 
b i o a s s a y s i n our Product Chemistry G u i d e l i n e s as a means o f 
r a p i d l y s c r e e n i n g p e s t i c i d e s and i n e r t i n g r e d i e n t s f o r d e t e c t 
i n g the presence o f p o t e n t i a l l y t o x i c i m p u r i t i e s . The b a t t e r y 
of m i c r o b i a l b i o a s s a y s we w i l l be p r o p o s i n g are t e s t s which 
can be performed s p e e d i l y , a t reasonable c o s t , a re reproduc
i b l e i n a v a r i e t y o f l a b o r a t o r i e s , and are s e n s i t i v e a t the 
microgram l e v e l . These t e s t s would be used o n l y as a means of 
r a p i d s c r e e n i n g , not as a b a s i s f o r d e v e l o p i n g q u a n t i t a t i v e 
assessment of human r i s k s . P o s i t i v e r e s u l t s would l e a d t o 
mi n i m i z i n g any such i m p u r i t i e s , e s t a b l i s h i n g c e r t i f i e d upper 
composition l i m i t s f o r them and d e v e l o p i n g a n a l y t i c a l method
ology s u i t a b l e f o r m o n i t o r i n g commercial p r o d u c t s . 

When t h i s p a r t of the Product Chemistry G u i d e l i n e s i s 
p u b l i c l y proposed (sometime t h i s summer) we w i l l be l o o k i n g 
f o r some s t r o n g , c o n s t r u c t i v e r e a c t i o n t o the p r o p o s a l . In 
c o n s i d e r i n g the u s e f u l n e s s of these m i c r o b i a l b i o a s s a y s i t i s 
important to keep i n mind the d i f f e r e n c e between the needs of 
the s c i e n t i f i c community and those of the p u b l i c a d m i n i s t r a 
t o r . While s c i e n t i s t s seek c e r t a i n t y , p u b l i c a d m i n i s t r a t o r s 
must u s u a l l y make do w i t h i n f o r m a t i o n which i s i n d i c a t i v e , but 
not d e f i n i t i v e . Thus, d e s p i t e c u r r e n t l i m i t a t i o n s on the 
u s e f u l n e s s of s h o r t term t e s t i n g , I b e l i e v e these l i m i t a t i o n s 
can be reduced s u f f i c i e n t l y f o r r e g u l a t o r y purposes and we 
w i l l be f i n d i n g ways t o use s h o r t term t e s t i n g , a t l e a s t as as 
a screen o r i n d i c a t o r f o r d e c i d i n g where our l i m i t e d r e s o u r c e s 
s h o u l d be co n c e n t r a t e d . 

As you can see, t o x i c o l o g y , o r the c h a r a c t e r i z a t i o n of a 
p e s t i c i d e ' s r i s k p o t e n t i a l , i s c e n t r a l t o the assessment o f 
the r i s k a p e s t i c i d e poses, but i t does not complete t h a t 
assessment. Risk i s , of cou r s e , the product of the a b i l i t y t o 
cause harm coupled with human exposure t o the compound. 

So, what remains i s t o as s e s s human exposure t o the 
p e s t i c i d e . While I do not want t o d i s c u s s exposure asessment 
e x t e n s i v e l y today - i t i s not our t o p i c - I t h i n k a b r i e f 
d i s c u s s i o n would c l a r i f y how r i s k assessments based on t o x i c i t y 
data a re used i n completing a f u l l h a z a r d assessment. Expo
sure assessment i s not a new a r t . I t i s , however, an area 
t h a t r e q u i r e s a l o t of work. Most o f t e n we do not have moni
t o r i n g data to p r e c i s e l y d e s c r i b e human exposure, f o r example. 
Models are b i n g used to p r e d i c t these exposure p a t t e r n s but no 
standard p r o c e s s f o r making these p r e d i c t i o n s has y e t been 
e s t a b l i s h e d . 

Thus, the problem f o r us i s t h a t exposure data are o f t e n 
sketchy and meager. Of t e n t h e r e a r e no a v a i l a b l e exposure 
data and the Agency must develop r e a s o n a b l e worst case assump
t i o n s t o assess p o t e n t i a l r i s k . 
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Chemical a n a l y s i s of low l e v e l r e s i d u e s i s o f t e n c r i t i c a l 
to s u c c e s s f u l assessment of exposure and such work i s o f t e n 
conducted a t the s t a t e of the a r t l e v e l s o f d e t e c t i o n . O f t e n 
new methods pu s h i n g l e v e l s even lower are needed t o c h a r a c t e r 
i z e r e s i d u e s . G e n e r a l l y speaking though, your a b i l i t y as 
chemists to d e t e c t r e s i d u e s has o u t - s t r i p p e d our a b i l i t y t o 
d e a l w i t h the "so-what" q u e s t i o n o f the p o t e n t i a l hazard o f 
such exposure. 

In a s s e s s i n g r i s k i t i s n e c e s s a r y t o c o n s i d e r each use of 
the p e s t i c i d e , the p o t e n t i a l a l t e r n a t i v e s which may be used t o 
f i l l a p e s t c o n t r o l vacuum and t h e i r r e l a t i v e r i s k , the i n d i 
v i d u a l and c o l l e c t i v e r i s k s t o u s e r s of the p e s t i c i d e , workers 
exposed i n subsequent a g r i c u l t u r a l o r o t h e r a c t i v i t i e s , con
sumers of t r e a t e d food, people who l i v e nearby and those 
exposed through environmental c o n t a m i n a t i o n . Other d e s c r i p t o r s 
of the nature of the r i s k s are a l s o germane: 

who r e c e i v e s the b e n e f i t s compared t o who 
bears the r i s k s - e q u i t y 

v o l u n t a r y v s . i n v o l u n t a r y exposure 

the type of h e a l t h e f f e c t , whether i t i s 
f a t a l or not, whether i t i s r e v e r s a b l e or 
not; whether i t i s an e f f e c t r e a l i z e d i n 
o l d age or among the young. 

Thus the c h a r a c t e r i z a t i o n o f r i s k i s a m u l t i d i m e n s i o n a l 
and complex concept. 

A t t h i s stage we have completed a r i s k assessment -
coupled the p o t e n t i a l h a z a r d demonstrated by animal, epidemio
l o g i c a l or s i m i l a r i n f o r m a t i o n w i t h our b e s t e s t i m a t e s of 
exposure. In t h e o r y , t h i s i s p u r e l y a s c i e n t i f i c a n a l y s i s . 
In p r a c t i c e , the u n c e r t a i n t i e s and d a t a gaps a s s o c i a t e d w i t h 
t i m e - c o n s t r a i n e d r e g u l a t o r y a n a l y s e s r e q u i r e the i n f u s i o n o f 
some p u b l i c p o l i c y c h o i c e s i n t o the p r o c e s s . I f we are unsure 
of the l e v e l of e f f e c t , we presume, as a matter o f p u b l i c 
p o l i c y , t h a t i t i s the h i g h e r or more s i g n i f i c a n t of a reason
able range of c h o i c e s . I f we are unsure of the a c t u a l expo
sure, then we presume a r e a s o n a b l e worst exposure s c e n a r i o . 
Unknowns are r e s o l v e d so t h a t e r r o r s work i n f a v o r o f reduced 
p u b l i c r i s k - we t r y t o e r r on the s i d e of s a f e t y . T h i s means 
attempting t o minimize the chance of r e j e c t i n g s i g n i f i c a n t 
adverse p u b l i c h e a l t h outcome, which indeed i s the t r u e s t a t e 
of n a t u r e , i n f a v o r of a p o s s i b l e but l e s s adverse conse
quence. Thus we a r r i v e a t a s c i e n t i f i c a l l y d e r i v e d assessment 
of r i s k which i s perhaps more q u a l i t a t i v e than q u a n t i t a t i v e , 
laden w i t h u n c e r t a i n t i e s and tempered w i t h p u b l i c p o l i c y v a l u e s 
i n t r o d u c e d to span the lacunae i n our knowledge and our d a t a . 
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I have today d i s c u s s e d o n l y one s i d e of the r e g u l a t o r y 
decision-making p r o c e s s - I have not touched on b e n e f i t s 
assessment or the r o l e of s c i e n t i f i c and p u b ^ c review. I 
w i l l o n l y s t r e s s t h a t b e n e f i t s assessment and o u t s i d e review 
and p a r t i c i p a t i o n i n the r e g u l a t o r y p r o c e s s are e q u a l l y 
important. 

In c o n c l u s i o n , t h e r e i s much room f o r improvement - f o r 
i n s t a n c e , i n the a p p l i c a t i o n o f s t a t i s t i c a l d e c i s i o n t h e o r y , 
improved r i s k assessment methods and g e n e r a l l y b e t t e r data. 
But i t i s important t o remember t h a t the l i m i t i n g f a c t o r may 
be one s i n g l e p a r t o f the a n a l y t i c a l c h a i n - chemical detec
t i o n , o r exposure, o r b e n e f i t s - or u l t i m a t e l y , i t may be the 
l i m i t e d a b i l i t y o f the human mind t o a t t r i b u t e s o c i a l v a l u e s 
t o the myriad of r i s k and b e n e f i t d e s c r i p t o r s and t o c a l c u l a t e 
c o n c l u s i o n s a c c o u n t i n g f o r a l l of them. Improvements i n the 
pr o c e s s o f r i s k assessment must t h e r e f o r e a c h i e v e balance both 
among the v a r i o u s types of s c i e n t i f i c and economic i n p u t s t o a 
d e c i s i o n and w i t h the a b i l i t y of the d e c i s i o n maker t o use the 
i n p u t s . But even then we a l l do not, nor sh o u l d we neces
s a r i l y , have the same s e t o f v a l u e s t o a p p l y t o the d e c i s i o n , 
a s s u r i n g i n t e r e s t i n g and c o n t r o v e r s i a l p e s t i c i d e r i s k debates 
f o r some time i n the f u t u r e . 
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Pesticide Regulation in Europe 

PETER DUBACH 

CIBA-GEIGY Limited, Basel, Switzerland 

In the last decade many countries throughout the world 
have changed their relevant laws and regulations and, to be 
on the safe side, they have made the l is t of requirements an 
exhaustive one. This has happened also in Europe and require
ments thus have become rather uniform today. While in daily 
practice an applicant still has a hard life to cope with the 
numerous country-specific different details of study protocols 
and in the preparing, launching and following up of an appli
cation for registering a product, I certainly would bore you 
i f I tried to instruct you here on details. Although I have 
thus to stick to rather general terms, I do hope that some 
selected remarks on aspects of European Registration Require
ments, on European Registration Policies and Procedures, and 
on Activities of the European Economic Community will find 
your interest. These recapitulative remarks are of course 
shaped by my eight years of industry experience in registration 
and contain some very personal opinions. 

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

As i n d i c a t e d b r i e f l y i n t h e i n t r o d u c t i o n , r e q u irements i n 
Europe today do not d i f f e r b a s i c a l l y from t h o s e i n t h e U.S. o r 
elsewhere. Harmonizing e f f o r t s and s c i e n t i f i c and p o l i t i c a l 
environment p r o t e c t i o n a c t i v i t i e s have l e d t o a s o r t o f maxi
mum requirement c h e c k l i s t s i n n e a r l y a l l c o u n t r i e s . O f t e n t h e 
requirements are l i s t e d on a form which has t o be f i l l e d i n 
upon a p p l i c a t i o n . A l l i n a l l , t h e s e c h e c k l i s t s have been 
a p p l i e d so f a r r a t h e r r e a s o n a b l y i n Europe, i . e . t h e y are 
used by th e a u t h o r i t i e s t o check t h a t no t e s t i n g aspect i s 
o v e r l o o k e d w h i l e a c c e p t i n g v a l i d arguments t h a t i n many 
s p e c i f i c cases p a r t i c u l a r t e s t s on the c h e c k l i s t a r e not 
r e l e v a n t and need not be performed. I t i s u n d e r s t a n d a b l e t h a t 
t h e more e s t a b l i s h e d i n e x p e r t i s e an a u t h o r i t y i s t h e more 
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such f l e x i b i l i t y that authority i s l i k e l y to show as long as 
i t s experts have a r e a l administrative influence. For example 
provisional or, i n minor use situations, even f u l l registrations 
may be granted without chronic toxicity/carcinogenicity studies, 
although contained i n every checklist, provided the other data 
including mutagenicity and residue data are favorable. This 
p o s s i b i l i t y arises also from the fact that i n most instances 
the seasonal exposure of applicators i n Europe l a s t s only a 
few days and that re-entry problems largel y are nonexistent. 
In respect to mutagenicity many countries request data from 
three independent test systems, sometimes more tests are re
quired. 

A pronounced harmonizing influence i s being exerted by a 
Council of Europe publication "Pesticides" (formerly "Agri
c u l t u r a l Pesticides"), which gives guidance to authorities 
responsible for r e g i s t r a t i o n and which soon w i l l go into i t s 
5 t h edition ( l ) . In the Council of Europe, Europe's f i r s t 
embracing p o l i t i c a l i n s t i t u t i o n , which operates by re
commendations and agreements only, twenty member states are 
represented. Registration experts of a great number of these 
member states are responsible for the drafting and up-dating 
of this booklet on r e g i s t r a t i o n guidance. In about f i f t y 
pages the requirements of safety testing of pesticides are 
described, including Chemical Identity and Properties, Toxi
cology, Residues, Environment Phenomena, Disposal, C l a s s i 
f i c a t i o n , and Labeling. The s p i r i t of the authors emerges by 
c i t i n g a few general, introductory remarks: "It (the booklet) 
does not deal with these questions (data requirements) ex
haustively, nor are the various proposals to be taken as 
f i n a l . Manufacturers must r e a l i z e that they can always be asked 
to supply additional information about th e i r products. - A l 
though the features of a chemical which may need investigation 
can be l i s t e d ..., i t must be realized that what i s needed i s 
an appropriate ... examination of the substance and not the 
mere completion of some predetermined l i s t of t e s t s . - It i s 
strongly suggested that manufacturers should discuss t h e i r 
program of investigation with the responsible authorities at 
an early stage." 

This type of f l e x i b i l i t y i s reflected i n the laws and 
regulations of a l l European countries, which, of course, has 
two sides: i t can be applied reasonably by experts but i t can 
also be misused to ask for ever more data by non-experts or 
bureaucrats. It i s p r a c t i c a l l y impossible for today's manu
facturers of new active ingredients to l i v e up to the proposal 
to involve the responsible authorities i n a s p e c i f i c testing 
program, because for economic reasons they have usually to 
seek a quick market introduction simultaneously i n many 
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countries. This fact i s realized by European authorities and 
they are ready to accept that there might be more than one 
sound approach to investigate the safety of a chemical. 

It i s only recently that a few countries i n Europe have 
become active i n issuing rather detailed testing guidelines i n 
the f i e l d of toxicology, environment and residues. These 
guidelines are not f u l l y harmonized with other countries, 
which i s not a problem as long as they are applied with 
f l e x i b i l i t y . However, i t seems unavoidable that the mere 
existence of issued guidelines produces a loss of f l e x i b i l i t y 
and invites bureaucratic, u n s c i e n t i f i c formalism. This i s 
observable to some extent even with authorities which i n the 
past have impressed by t h e i r pragmatic approach. 

Integrating the data requirements i n European countries, 
which concentrate alternatively on different r e g i s t r a t i o n 
aspects, r e f l e c t i n g the influence and interest of individual 
o f f i c i a l s , I am not i n a position to say that they are less 
exhaustive than i n the USA, as Hahn (g) did when he reviewed 
pesticide regulation i n Europe in 1972. However, I f e e l that 
certainly the p o l i t i c a l and le g a l p o s s i b i l i t i e s and perhaps 
the status of the authorities to apply the f l e x i b i l i t y of the 
regulations i n individual cases are s t i l l more favorable i n 
Europe than e.g. presently i n the U.S. 

In respect of the extent of data requirements i n the f i e l d 
of ecological testing European authorities so far have been 
rather reasonable, but I f e e l that some are about to develop 
a tendency to go too far. Are we not going to ask for the 
impossible, i f we require a pesticide to display effective 
t o x i c i t y towards target organisms, to stay i n the area where 
i t i s applied, to degrade i n due time, not to accumulate, and 
yet to be harmless to other organisms which often have no r e a l 
place i n that cultivated area anyway. Maybe we could allow 
mankind to become again a l i t t l e more egocentric and be ready 
to accept that a pesticide, which i s considered to be safe to 
man based on favorable results i n today'1 s sophisticated t o x i 
cological and biochemical testing scheme, w i l l not be de
structive to eco-organisms. It i s doubtful whether such a 
pesticide which i m p l i c i t l y degrades at a reasonable rate and 
stays predominantly i n the place where i t i s applied can 
materially or permanently increase the effects on the ecology 
produced by nonchemical a g r i c u l t u r a l practices alone. It i s 
accepted that such a pesticide, according to i t s use, i n d i 
cates testing of acute effects on w i l d l i f e such as birds and 
f i s h . However, tests on organisms outside the cultivated 
area, e.g. on Daphnia, are not indicated, because adverse 
effects could hardly j u s t i f y the luxury to ban or r e s t r i c t 
essential uses of such a unique compound without questioning 
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o t h e r b a s i c elements o f our a g r i c u l t u r a l systems. Of c o u r s e , 
one can argue t h a t c a r e l e s s a p p l i c a t o r s c o u l d s t i l l contaminate 
s u r f a c e w a t e r s . C e r t a i n l y , care must be t a k e n t h a t the p r e s e n t 
day's s o p h i s t i c a t e d , product s a f e t y e v a l u a t i o n i s matched by an 
adequate and m o n i t o r e d r e s p o n s i b i l i t y i n t h e a p p l i c a t i o n o f t h e 
p r o d u c t s . I t would seem t h a t o n l y f o r c h e m i c a l s w i t h problems 
i n m o b i l i t y and/or d e g r a d a t i o n , o r w i t h a q u a t i c u s e s , a d d i t i o n a l 
t e s t s w i t h o t h e r eco-organisms, e.g. Daphnia, are i n d i c a t e d . 
I t i s hoped t h a t a f l e x i b l e s e q u e n t i a l approach w i l l be 
f o l l o w e d i n Europe a l s o i n t e s t i n g f o r e f f e c t s on eco-organisms. 

The danger o f r e q u e s t i n g c h e c k l i s t d a t a which cannot be 
c o n s i d e r e d i n the f i n a l e v a l u a t i o n and d e c i s i o n s h o u l d be more 
c a r e f u l l y r e c o g n i z e d by some European a u t h o r i t i e s . T h i s danger 
seems t o be p a r t i c u l a r l y apparent i n areas which o f f e r f a s c i 
n a t i n g s c i e n t i f i c p l a y g r o u n d s , e.g. e n v i r o n m e n t a l s t u d i e s and 
a n a l y t i c a l work, p a r t i c u l a r l y w i t h r a d i o l a b e l e d compounds. I 
admit t h a t e x t r e m e l y i n t e r e s t i n g redundant d a t a are not o n l y 
produced on r e q u e s t by a u t h o r i t i e s but o f t e n a l s o f r e e l y 
o f f e r e d by u n c r i t i c a l i n d u s t r i a l s c i e n t i s t s . One may have t o 
r e a l i z e t h a t d a t a r e q u i r i n g / p r o d u c i n g has reached a stage o f 
s e l f - p r o p e l l i n g dynamics as i t o f f e r s i n t e r e s t i n g b u s i n e s s 
o p p o r t u n i t i e s and h e l p s i n j o b enlargement and j o b s e c u r i t y 
i n government and i n the i n d u s t r y . A c c e p t i n g t h a t t h e r e 
e x i s t s no a b s o l u t e s a f e t y and t h a t t h e r e i s a l i m i t g i v e n t o 
the number o f d a t a which r e a s o n a b l y need and can be c o n s i d e r e d 
i n a s a f e t y assessment, the time w i l l come, or i s a l r e a d y 
h e r e , when adding new t e s t s t o the c h e c k l i s t has t o i m p l y t h e 
e l i m i n a t i o n o f o t h e r s . I am p o s i t i v e t h a t the a c c u m u l a t i o n 
o f e x p e r i e n c e i n t h e r a n k i n g o f t e s t s and i n t h e f u l l use o f 
d a t a w i l l a l l o w a s t o p t o the p r o l i f e r a t i o n o f t e s t s w i t h o u t 
l o s s o f elements f o r adequate r e g u l a t o r y d e c i s i o n making. An 
e n t r y i n t o the m o l e c u l a r b i o l o g y f i e l d opened w i t h muta
g e n i c i t y s t u d i e s may be i n s t r u m e n t a l i n t h i s endeavor. 

European R e g i s t r a t i o n P o l i c i e s and Procedures 

P r a c t i c a l l y i n a l l European c o u n t r i e s the key r o l e i n t h e 
a d m i n i s t r a t i v e h a n d l i n g o f a p p l i c a t i o n s f o r r e g i s t r a t i o n l i e s 
w i t h o f f i c e s o f t h e M i n i s t r i e s o f A g r i c u l t u r e . They accept t h e 
a p p l i c a t i o n s , o r g a n i z e the involvement o f e x p e r t s o f t h e 
M i n i s t r i e s o f H e a l t h and M i n i s t r i e s o r Agencies o f E n v i r o n 
ment, and t h e y i s s u e the f i n a l r e g i s t r a t i o n d e c i s i o n s . These 
d e c i s i o n s are o f t e n reached i n an i n t e r m i n i s t e r i a l s p e c i a l 
commission which may i n c l u d e e x p e r t s from academia, o r even 
i n d u s t r y . 

Noteworthy and unique i s t h e n o n s t a t u t o r y r e g i s t r a t i o n 
scheme i n t h e U.K. The P e s t i c i d e S a f e t y P r e c a u t i o n s Scheme, 
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as i t i s ca l l e d , was drawn up i n 1957 between the interested 
Ministries and Industrial Associations. I f agreements are to 
stay i n such a f i e l d they have to have the same enforcement 
power i n practice as corresponding laws. But the negotiation 
and up-dating of agreements may create a climate for more easy 
understanding among partners with divergent interests. 

Because of the key involvement of the Ministries of 
Agriculture i n the r e g i s t r a t i o n process t h e i r experimental 
stations are extensively involved i n the evaluation of the 
b i o l o g i c a l e f f i c a c y and the p r a c t i c a l usefulness of the pro
ducts. In t h i s evaluation aspects of integrated pest control 
are being increasingly considered and t h i s proves to be not 
the least hurdle to take i n registering a new product. Although 
efficacy i s not a reg i s t r a t i o n aspect i n the U.K., a 
corresponding approval by o f f i c i a l t esting i s needed for 
successful marketing. 

While the data actually required i n practice vary from 
country to country according to s p e c i f i c l o c a l interests and 
the p o s s i b i l i t y or readiness for f l e x i b i l i t y , the basic 
concepts of laws and regulations are homogeneous and not 
substantially different from those of the U.S. The generally 
prevailing conciseness of European pesticide laws and regu
lations would indicate that only a rather limited number of 
government lawyers have found a full-time engagement i n 
pesticide regulatory a f f a i r s . Private lawyers may not earn an 
appreciable amount of money in that domain since suing the 
authorities i s only rarely done by companies or industry 
associations. 

Registration o f f i c i a l s i n the various European countries 
have rather close contacts with each other. Although some 
aspects may be reviewed less thoroughly than others by i n d i 
vidual authorities, t h e i r d i f f e r e n t l y oriented primary i n 
terests coupled with t h e i r b i l a t e r a l contacts f i n a l l y result 
i n a rather thorough evaluation. It i s interesting to note 
that i n a given case requests for further information or 
data usually do not focus on the same question but may relate 
to as many areas as countries are involved. A standard request 
i n the application for r e g i s t r a t i o n i s to state where else 
r e g i s t r a t i o n has been asked for, has been already granted, 
or has been denied. Also the applicant must report when data 
or facts become known which may put those submitted i n doubt. 
European authorities have so far been prudent i n not trying 
to handle t h i s domain f o r m a l i s t i c a l l y as t h i s can e a s i l y lead 
to a voluminous bureaucracy. They consider that f i n a l l y i t i s 
the manufacturer who has to cope with a severe, rather 
consumer-friendly product l i a b i l i t y and that he w i l l be 
freely ready to involve them i n cases of a certain importance. 
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Fundamental d i f f e r e n c e s e x i s t between European c o u n t r i e s 
i n r e s p e c t o f t h e a d m i n i s t r a t i v e h a n d l i n g o f c r o p r e s i d u e s : 
Some a u t h o r i t i e s have d e l i b e r a t e l y not i n t r o d u c e d a r e s i d u e 
t o l e r a n c e - s e t t i n g system, a r g u i n g t h a t c a r e f u l e v a l u a t i o n o f 
the r e s i d u e s i t u a t i o n a t t h e time o f r e g i s t r a t i o n and sub
sequent p e r i o d i c a l m o n i t o r i n g o f t h e p r a c t i c a l s i t u a t i o n w i l l 
t a k e c a r e o f t h e problem. O t h e r s , m a i n l y t h e c o u n t r i e s which 
import a g r i c u l t u r a l produce, operate s y s t e m a t i c a l l y a 
t o l e r a n c e system v e r y much l i k e t h a t o f the U.S. The r e m a i n i n g 
c o u n t r i e s operate t o l e r a n c e systems o n l y f o r produce t o be 
e x p o r t e d , f o r c e r t a i n product c a t e g o r i e s , o r on a case-by-case 
b a s i s a f t e r o v e r a l l judgment o f t h e product and i t s use. 

I n a number o f important c o u n t r i e s r e g i s t r a t i o n s o f new 
products are i n p r i n c i p l e g r a n t e d o n l y f o r a l i m i t e d t i m e , 
m o s t l y f o r t h r e e y e a r s , w i t h o r w i t h o u t an accompanying re q u e s t 
f o r a d d i t i o n a l d a t a f o r r e - r e g i s t r a t i o n a f t e r t h a t p e r i o d . 
Some c o u n t r i e s o p e r a t e a phased r e g i s t r a t i o n scheme g i v i n g 
p r o v i s i o n a l r e g i s t r a t i o n s on a reduced but f a v o r a b l e database 
t o a l l o w e a r l y market i n t r o d u c t i o n o f new p r o d u c t s . As an 
example, phased r e g i s t r a t i o n schemes have a l l o w e d CIBA-GEIGY 
t o s t a r t s e l l i n g TILT®, a new f u n g i c i d e , t h i s y e a r i n France 
and the U.K., but i t w i l l be I98U when i t w i l l be a v a i l a b l e 
t o U.S. farmers. The d a t a which may p o s s i b l y be developed 
d u r i n g a p r o v i s i o n a l r e g i s t r a t i o n phase i n v o l v e c h r o n i c t o x i 
c i t y , s o i l metabolism, and o t h e r e n v i r o n m e n t a l s t u d i e s . As 
mentioned e a r l i e r , f i n a l r e g i s t r a t i o n s are g r a n t e d w i t h o u t 
c h r o n i c t o x i c i t y s t u d i e s i n minor use s i t u a t i o n s . 

European a u t h o r i t i e s are i n p r i n c i p l e sympathetic t o 
i n d u s t r y ' s p l e a t o p r o t e c t t h e p r o p e r t y r i g h t s o f companies 
w i t h r e s p e c t t o the d a t a developed and s u b m i t t e d d u r i n g t h e 
r e g i s t r a t i o n procedure and not t o use them i n f a v o r o f 
f o l l o w i n g r e g i s t r a n t s . They are aware o f t h e l a r g e and con
t i n u o u s investment i n p e r s o n n e l , space, equipment and time 
n e c e s s a r y t o produce r e g i s t r a t i o n d a t a . However, u n l i k e 
i n d u s t r y , which f e e l s t h a t t h i s p l e a i s w e l l covered by the 
v a r i o u s c o n s t i t u t i o n a l laws i n European c o u n t r i e s , most 
a u t h o r i t i e s s t r e s s t h a t c o r r e s p o n d i n g r e g u l a t i o n s need f i r s t 
t o be c r e a t e d , which so f a r has not been done i n Europe. 
P r e s e n t l y some a u t h o r i t i e s seem t o r e s p e c t i n f o r m a l l y , at 
l e a s t p a r t l y , p r o p e r t y r i g h t s on d a t a , o t h e r s are ready t o 
use d a t a i n f a v o r o f second r e g i s t r a n t s o n l y when t h e y can 
demonstrate t h a t t h e i r t e c h n i c a l a c t i v e i n g r e d i e n t has t h e 
same s p e c i f i c a t i o n s as t h a t o f the f i r s t r e g i s t r a n t ; and t h e 
r e s t o f t h e a u t h o r i t i e s a re not a b l e o r w i l l i n g t o pay 
a t t e n t i o n t o t h a t problem. 

A l t h o u g h s a f e t y and e n v i r o n m e n t a l q u e s t i o n s have reached 
and do r e a c h h i g h and sometimes e x p l o s i v e momentum i n Europe 
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t o o , I f e e l t h a t o f f i c i a l s s t i l l can r e a c h r e g i s t r a t i o n de
c i s i o n s i n a c l i m a t e w i t h o u t t o o much p o l i t i c a l p r e s s u r e . They 
can demonstrate r a t h e r severe l e g i s l a t i o n and are thus p r e 
s e n t l y not f o r c e d t o make p u b l i c t he d e t a i l e d arguments on 
which t h e y base i n d i v i d u a l r e g i s t r a t i o n d e c i s i o n s . 

A c t i v i t i e s o f the European Economic Community (EEC) 

W i t h i n t h e g e n e r a l endeavor o f removing b a r r i e r s t o t r a d e 
between t h e n i n e p r e s e n t member s t a t e s o f t h e Community, t h e 
EEC Commission has s t a r t e d t o become a c t i v e i n h a r m o n i z i n g 
laws i n t h e f i e l d o f che m i c a l s and p e s t i c i d e s . A C o u n c i l 
D i r e c t i v e o f the ye a r 1967 on the a p p r o x i m a t i o n o f t h e laws o f 
member s t a t e s r e l a t i n g t o the c l a s s i f i c a t i o n , p a c k a g i n g , and 
l a b e l i n g o f dangerous substances b a s i c a l l y covers a l l c h e m i c a l 
and has been extended w i t h s i x m o d i f i c a t i o n s t o an e q u i v a l e n t 
o f t h e U.S. T o x i c Substances C o n t r o l A c t (3.). T h i s d i r e c t i v e 
w i l l i n v o l v e a n o t i f i c a t i o n o f a u t h o r i t i e s on t h e market 
i n t r o d u c t i o n o f new c h e m i c a l s , e x c l u d i n g c h e m i c a l s r e g u l a t e d 
o t h e r w i s e , such as p e s t i c i d e s . However, t h e h a r m o n i z a t i o n o f 
th e e x i s t i n g p e s t i c i d e laws w i t h i n t h e Community proves t o 
be a p a r t i c u l a r l y d e l i c a t e a f f a i r , much i n t h e same manner as 
ot h e r q u e s t i o n s r e l a t e d t o a g r i c u l t u r e , but p a r t i c u l a r l y so 
because n a t i o n a l p e s t i c i d e l e g i s l a t i o n s and r e g i s t r a t i o n 
a u t h o r i t i e s i n t h e member s t a t e s have been w e l l e s t a b l i s h e d 
s i n c e a r a t h e r l o n g t i m e . 

Based on t h e above-mentioned d i r e c t i v e on c l a s s i f i c a t i o n , 
p a c k a g i n g and l a b e l i n g o f c h e m i c a l s , a s p e c i a l d i r e c t i v e (k) 
t o harmonize t h e s e a s p e c t s f o r p e s t i c i d e f o r m u l a t i o n s as s o l d 
t o t h e u s e r has been adopted by the C o u n c i l o f M i n i s t e r s o f 
the member s t a t e s and w i l l be i n f o r c e as o f January 1 , 1 9 8 1 . 
At t h e same t i m e , an a d d i t i o n a l d i r e c t i v e (5.) w i l l be i n f o r c e 
p r o h i b i t i n g o r r e s t r i c t i n g t h e use o f c e r t a i n p e s t i c i d e s i n 
a l l member s t a t e s . 

The d i s c r e p a n c i e s mentioned e a r l i e r i n t h e approach 
f o l l o w e d by European c o u n t r i e s i n r e g u l a t i n g p e s t i c i d e 
r e s i d u e s i n a g r i c u l t u r a l produce i s r e f l e c t e d by the d i f f i 
c u l t i e s encountered i n h a r m o n i z i n g t h i s domain. So f a r o n l y 
a d i r e c t i v e r e l a t i n g t o r e s i d u e s i n f r u i t and v e g e t a b l e s has 
been adopted. Three o t h e r s on r e s i d u e s i n c e r e a l s f o r human 
consumption, on r e s i d u e s i n p r o d u c t s o f anim a l o r i g i n , and 
on r e s i d u e s i n an i m a l feeds have remained i n t h e p r o p o s a l 
stage f o r q u i t e a l o n g t i m e . 

I n 1976 a f i r s t attempt t o harmonize p e s t i c i d e 
r e g i s t r a t i o n procedures was made i n t h e form o f a p r o p o s a l o f 
a d i r e c t i v e which would c r e a t e t h e p o s s i b i l i t y o f a type o f 
EEC-accepted p l a n t p r o t e c t i o n product w i t h t h e aim o f h a v i n g 
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i n t he f u t u r e a c a t a l o g u e o f EEC-accepted p r o d u c t s b e s i d e s 
t h e n a t i o n a l l y r e g i s t e r e d ones. As t h e EEC Commission does 
accept t h a t most p e s t i c i d e s have s p e c i f i c importance f o r l o c a l 
o r r e g i o n a l a g r i c u l t u r a l needs and t h a t t h e y do have t o 
corre s p o n d t o l o c a l o r r e g i o n a l e c o l o g i c a l and e n v i r o n m e n t a l 
s i t u a t i o n s , t he Commission a l s o a c c e p t s t h a t member s t a t e s 
s h o u l d s t a y f r e e t o r e g u l a t e p e s t i c i d e s f o r t h e i r own t e r r i 
t o r i e s i n accordance w i t h t h e i r n a t i o n a l l a w s . T h e r e f o r e , i n 
t h i s proposed d i r e c t i v e on p u t t i n g i n t o c i r c u l a t i o n EEC-
acc e p t e d p l a n t p r o t e c t i o n p r o d u c t s (6_), due f l e x i b i l i t y has 
been i n c o r p o r a t e d . The o p t i o n i s l e f t open t o seek e i t h e r , as 
up t o now, n a t i o n a l r e g i s t r a t i o n s i n t h e v a r i o u s c o u n t r i e s o r 
t o a p p l y f o r EEC acceptance o f a product i n a member s t a t e o f 
f r e e c h o i c e . That member s t a t e would have t o n o t i f y t h e o t h e r 
member s t a t e s and t h e Commission on the r e c e i p t o f such an 
a p p l i c a t i o n and r e s p e c t a r e l a t e d d i r e c t i v e i n d r a f t stage 
on u n i f o r m p r i n c i p l e s ( i . e . t h e t e s t s r e q u i r e d ) f o r c h e c k i n g 
compliance w i t h t he requirements f o r EEC acceptance o f a 
p l a n t p r o t e c t i o n p r o d u c t . I f t h e member s t a t e g r a n t s EEC 
acceptance t o a product i t has t o i n f o r m t h e o t h e r member 
s t a t e s and t h e Commission on t h e elements o f t h a t d e c i s i o n 
documented w i t h a l a b e l copy. Member s t a t e s and t h e Commission 
may r e q u e s t a f u l l copy o f t h e a p p l i c a t i o n s u b m i s s i o n f o r 
t h e i r own r e v i e w and make known p o s s i b l e r e s e r v a t i o n s w i t h i n 
one y e a r ' s t i m e . A f t e r w a r d s no r e s t r i c t i o n s on t h e f r e e 
c i r c u l a t i o n o f t h e product may be imposed by member s t a t e s . 
I t i s r e q u i r e d t h a t EEC-accepted p l a n t p r o t e c t i o n p r o d u c t s 
c o n t a i n e x c l u s i v e l y a c t i v e i n g r e d i e n t s l i s t e d i n a 
c o r r e s p o n d i n g appendix o f the d i r e c t i v e . 

A S c i e n t i f i c Committee f o r P e s t i c i d e s e s t a b l i s h e d i n 
1978 c o n s i s t i n g o f h i g h l y q u a l i f i e d s c i e n t i s t s i s t o be 
mentioned, which may be c o n s u l t e d by t h e Commission on 
s c i e n t i f i c and t e c h n i c a l problems r e l a t i n g t o t h e use and 
ma r k e t i n g o f p e s t i c i d e s and t o t h e i r r e s i d u e s . 

C o n c l u d i n g Remarks 

No fundamental d i f f e r e n c e s i s p e s t i c i d e r e g u l a t i o n 
between t h e U.S. and European c o u n t r i e s can be noted. How
ev e r , due a t t e n t i o n has t o be drawn t o some r e l e v a n t 
d i f f e r e n c e s i n f l e x i b i l i t y o f l a w s , g u i d e l i n e s and r e q u i r e 
ments, as w e l l as i n t h e p o l i t i c a l r e g u l a t o r y environment. 

A l t h o u g h i t s t i l l may t a k e a l o n g time u n t i l a c e n t r a l 
p e s t i c i d e r e g i s t r a t i o n becomes a p r a c t i c a l r e a l i t y i n t h e 
European Economic Community, t h e i n i t i a t e d a c t i v i t i e s w i l l 
c e r t a i n l y speed up t h e h a r m o n i z a t i o n o f r e g u l a t i o n s and 
d e c i s i o n making i n t h e member s t a t e s . 
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O f f i c i a l s from European c o u n t r i e s , supported by e x p e r t s 
from i n d u s t r y , are a c t i v e l y c o o p e r a t i n g i n t h e OECD e f f o r t s 
t o harmonize t h e t e s t i n g o f c h e m i c a l s . The need f o r agreed 
t e s t s and f o r g u i d e l i n e s i n Good L a b o r a t o r y P r a c t i c e i s w e l l 
r e c o g n i z e d . Most European d e l e g a t e s w i l l be a c t i v e t o secure 
o p t i m a l f l e x i b i l i t y i n emerging g u i d e l i n e s . 

The p r o l i f e r a t i o n o f d a t a r e q u e s t e d f o r r e g i s t r a t i o n , 
s p e c i f i c a l l y i n t h e f i e l d o f e n v i r o n m e n t a l a s p e c t s , may s t i l l 
c o n t i n u e f o r some t i m e . But i t i s hoped t h a t f i n a l l y e x p e r i e n c e 
i n i n t e g r a t e d human and e n v i r o n m e n t a l s a f e t y t e s t i n g w i l l make 
i t p o s s i b l e t o re a c h b e t t e r d e c i s i o n s on a s m a l l e r number o f 
r e l e v a n t key d a t a . 

Literature Cited 

1. Council of Europe, Ed. "Pesticides"; 4th ed., 
Strasbourg, France, 1977. 

2. Hahn, S.; Proc. 11th Br. Weed Control Conf., 1972, 1028. 
3. Off. J. of the Europ. Comm., 1967, No 196, 1. 
4. Off. J. of the Europ. Comm., 1978, No L206, 13. 
5. Off. J. of the Europ. Comm., 1979, No L33, 36. 
6. Off. J. of the Europ. Comm., 1976, No C212, 3. 

RECEIVED February 2, 1981. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
0,

 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

16
0.

ch
03

3

In The Pesticide Chemist and Modern Toxicology; Bandal, S., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



34 
Pesticide Chemistry and Regulation in the 
People's Republic of China 

ZHENG-MING LI (CHENG-MING LEE) 1 

Research Institute of Elemento-Organic Chemistry, Nankai University, 
Tianjin, People's Republic of China 

Development of Pesticide Chemistry in China 

In comparison with the United States, China has similarities 
in size of territory, and geographical latitude. But China has a 
population of 1 billion (4.5 times that of the U.S.) and a har
vested land of 100 million hectares (about 80% of that of the 
U.S.). China grows rice which comprises nearly half of the 
national grain production in the southern provinces, while in the 
northern provinces wheat, corn, millet and sorghum are produced. 
Due to nation-wide irrigation construction, popularization of 
high-yielding seeds, usage of futilizer and pesticides, and 
intensive cultivation, China has made great strides in providing 
adequate food for her large population. In 1979, China's grain 
output reached 324.9 million tons, the output of oil-bearing 
crops topped 6.43 million tons, and of cotton amounted to 2.2 
million tons (1). In these achievements, the research and 
development of Pesticide Chemistry has contributed its part. 

The pest situation in China i s somewhat different from that 
i n the United States. Some of the major pests are l i s t e d below: 

Insects: r i c e paddy borer (Tryporuza incertules Walker) 
plant hopper (Nilaparvata lugens stal) 
leafhopper (Nephotettix c i n c i t i c e p s Uhler) 
wheat armyworm (Leucania separata Walker) 
corn borer (Ostrinia n u b i l a l i s Hubner) 
cotton aphid (Aphis gossypii Glover) 
cotton bollworm (Heliothis armigera Hubner) 

Fungi: Rice blast ( P i r i c u l a r i a oryzae Cavara) 
Rice b a c t e r i a l blight (Xanthomonas oryzae Dowson) 
Sheath blight of r i c e ( P e l l i c u l a r i a sasakii 
(Shirai) S. Ito) 

1 Current address: Visiting Scientist, OCSL, AEQI, USDA, Beltsville, MD 20705. 

This chapter not subject to U.S. copyright. 
Published 1981 American Chemical Society 
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524 T H E P E S T I C I D E C H E M I S T A N D M O D E R N T O X I C O L O G Y 

Fusarium w i l t of cotton (Fusarium vasinfectum Atk.) 
Wheat rust (Puccinia t r i t i c i n a Eriksson, and 
Puccinia glumarum (Schmidt) Eriksson et Henning) 

Weeds: Nutgrass flatsedge (Cyperus rotundus Linnaeus) 
Barnyard grass (Echinochloa c r u s g a l l i (L.) Beauvois) 
Wild oat (Avena fatua Linnaeus) 
Cogangrass (Imperata c y l i n d r i c a (L.) Beauvois) 
Bermuda grass (Cynodon dactylon Persoon) 

Due to the requirements of the expanding agriculture i n 
China, pesticide industry has now grown from v i r t u a l l y n i l before 
the l i b e r a t i o n in 1949 into large-scale production. It was 
reported that pesticide production in China i n 1977 was probably 
500,000 tons (in gross weight) (2). Though many pesticides are 
produced in terms of large tonnage, the supply can only meet 
about 60% of the present demand. 

Following i s a p a r t i a l l i s t of the pesticides produced i n 
China (structures of pesticides of Chinese o r i g i n are shown in 
Table I.): 

Insecticides 

Organic CI: 

Organic P: 

Carbamates : 

Fungicides 

EMC (ethyl mercuric chloride), DD mixture, HCB 
(hexachlorobenzene), PCNB, Ambam (diammonium ethylene 
bis(dithiocarbamate)), Zineb, Urbazid (methylarsine 
bis(dimethyldithiocarbamate)), Captan, Captafol, 
Asozine methylarsine s u l f i d e , p-aminobenzene sulfonic 
acid 
401, Jingangmycin, Duo-Jun-Ling 

Herbicides and Plant Growth Regulators 

PCP, Herbicide no. 1, nitrofen, 2,4-D, dalapon, pro-
panil, NAA, 920 (gibberellins), MCPA, Ethephon 

Since the f i f t i e s , many research i n s t i t u t i o n s i n China have 
screened about 10,000 of their synthetic compounds and new 

BHC (benzene hexachloride), lindane, DDT, 
toxaphene, tetradifon 

Ethion, phorate (Thimet), parathion, 
methylparathion, demeton, t r i c h l o r f o n 
(Dipterex), dichlorvos (DDVP), dimethoate 
(Rogor), Malathion, phosphamidon 

carbaryl (Sevin) 
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a n t i b i o t i c s i n bioassays. Many candidate pesticides have gone 
under different tests, and some of the pesticides shown i n Table 
I have gone into production. These are China's f i r s t e f f orts at 
originating her own pesticides to adapt to her peculiar needs. 
In recent years, certain research groups i n China have also been 
active i n the f i e l d s as insect pheromones (3), pyrethroids and 
natural bio-active products. Nevertheless, they are i n the stage 
of research and development rather than large-scale production. 
At the present 90% of a l l pesticides produced i n China are 
insecticides, but recent emphasis has been placed on the research 
and development of fungicides, herbicides, and plant growth 
regulators. China also imports new pesticides from abroad to 
supplement some of her special needs. 

The Impact of Modern Toxicology 

From Rachel Carson's "Silent Spring" (15) published i n 1963 
as a turning point, many environmentalists have become much 
concerned with the environmental pollution a r i s i n g from the 
widespread use of pesticides. Since then, many countries, 
including China, have strengthened their control over the 
regulation of pesticides. Today research on pesticide chemistry 
not only involves the collaborative efforts of chemists and 
bio l o g i s t s , but also that of biochemists, pharmacologists, 
toxicologists and environmental s c i e n t i s t s . 

It might be be n e f i c i a l to review some development stages of 
pesticide chemistry i n China. In the m i d - f i f t i e s , when highly 
active organic-phosphorus insecticides were f i r s t introduced to 
the market, their large-scale production was encouraged not
withstanding the fact that many of them are highly toxic sub
stances. Many "highly active, highly toxic" pesticides actually 
went into production, and only acute t o x i c i t y data was required 
at that time. In the s i x t i e s , due to the growing awareness of 
some serious accidents that occured during the handling of these 
highly toxic substances, the preference was shifted gradually to 
produce new "highly active, low toxic" pesticides. Besides the 
acute t o x i c i t y data, subchronic data emerged as an important 
problem. Thus some r e l a t i v e l y low-toxicity pesticides came 
into production i n place of some old ones. Starting i n the 
seventies, due to the rapid advances i n the f i e l d of toxicology, 
several national pesticide conferences were held i n China to 
discuss guidelines for the future development of pesticides. New 
pesticides have been required to be "highly active, highly 
selective, low residual, less expensive". Checking residual 
effects on nontarget organisms has been greatly emphasized. Now 
for every new pesticide comprehensive carcinogenic, mutagenic 
and teratogenic data must be submitted before production. An 
integrated Pest Management (IPM) policy has been o f f i c i a l l y 
announced and i s greatly encouraged. A l l kinds of cu l t u r a l and 
bi o l o g i c a l control methods have also been popularized nation-wide 
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(16,17,18). Production, storage and application of mercury-
containing pesticides have been s t r i c t l y prohibited. Tin and 
Arsenic-containing pesticides have been discarded. Organo
chlorine pesticides have been greatly r e s t r i c t e d and are 
gradually being phased out. Though some were reported recently 
to cause delayed neurotoxicity, other organophosphorus and 
carbamate pesticides are s t i l l considered to be acceptable due 
to the r e l a t i v e ease with which they are degraded b i o l o g i c a l l y 
and chemically. 

The Regulation of Pesticides 

Pesticide regulation became complicated when chronic 
toxicological problems stepped into the picture. In 1974 when 
the National Pesticide Information Conference was held i n China, 
Wuhan Medical College presented their own toxicological data 
about an imported low-toxicity fungicide dichlozoline (Sclex), 
[3-(3,5-dichlorophenyl)-5,5-dimethyl-2,4-oxazolidinedione]. In 
their chronic tests, they confirmed that dichlozoline could cause 
cataracts and induce malignant tumors in experimental mice. 
Subsequently there was the chlordimeform (Fundal) case. At that 
time Chinese s c i e n t i s t s were trying to use the low-toxicity 
chlordimeform (Fundal), [N f-(4-chloro-o-tolyl)-N,N-dimethyl 
formamidine] to replace the t r a d i t i o n a l organochlorine i n s e c t i 
cides in combating r i c e paddy borers. Reports from abroad 
that chlordimeform was possibly carcinogenic surprised 
everyone and the application of chlordimeform was abruptly 
stopped. These two events spurred the Chinese workers to start 
their own toxicological research. Later a series of national 
conferences were held. In 1976, the National Forum on Pesticide 
Toxicology and Residues was held. In 1978, the Ministry of 
Chemical Engineering, the Ministry of Agriculture and the 
Ministry of Public Health called for a national meeting to 
discuss the toxicology and residue problems of pesticides and 
f i n a l l y drafted "Proposed Regulations of Experimental Methods 
for Pesticide Toxicology" (19) and "Proposed Regulations for 
Pesticide Toxicology and Residues" (20). This was an attempt 
for the f i r s t time i n China to standardize the methodology 
involved i n the toxicological tests. Soon after another paper 
"Proposed Regulations of Toxicity Experiments for Fishes" was 
also drafted (21). In A p r i l 1980, a decisive step was taken 
j o i n t l y by the Ministry of Agriculture, the Ministry of Chemical 
Engineering, the Ministry of Public Health, and the Environmental 
Protection Agency (an organization d i r e c t l y responsible to the 
State Council). After consulting with the s p e c i a l i s t s and 
practitioners concerned, the four departments j o i n t l y drafted 
out the "Regulations for Pesticide Management" (22). At present 
i t i s submitted to State Council for f i n a l promulgation. It 
w i l l be the legal basis for regulating and monitoring the 
research production and application of a l l pesticides i n the 
future. 
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The "Regulations for Pesticide Management" consists of three 
parts: (a) processing of applications for pesticide r e g i s t r a 
tions, (b) rules of quality control of pesticides, and (c) rules 
of safe application of pesticides. 

According to the new regulations, the application for regis
tration of any new pesticide must f i r s t be submitted to the 
Institute for the Controlling of Pesticides, an authoritative 
state organization subordinated to the Ministry of Agriculture. 
This Institute w i l l review the submitted sections on b i o a c t i v i t y , 
phytotoxicity and residues on behalf of the Ministry of Agr i c u l 
ture. A l l the other data w i l l be sent simultaneously to the 
Ministry of Chemical Engineering (MCE), the Ministry of Public 
Health (MPH) and Environmental Protection Agency (EPA) for j o i n t 
review. The MCE w i l l scrutinize the related production techno
logy, a n a l y t i c a l methods, waste management, etc. The MPH w i l l 
probe into the toxicology problem in d e t a i l , and the EPA w i l l 
examine the pesticide pollution on s o i l , water system, and a i r . 
Only after a l l the data are cleared for f i n a l approval from 
these Ministries can the formal registration be granted by the 
Ministry of Agriculture. (Step D-F) 

In applying for r e g i s t r a t i o n of a candidate pesticide, 
there are s t i l l more steps to go through; the whole process i s 
shown schematically below in Figure 1. (Step A-H)· 

When an organization, be i t industry, university or research 
i n s t i t u t i o n , has a candidate pesticide, the f i r s t step after the 
minimum research i s completed (Step A) i s to f i l e an application 
for a Preliminary Technical Appraisal Conference (Step B). At 
this conference, organized by the appropriate national or l o c a l 
authorities, an steering appraisal committee w i l l be set up. The 
committee i s composed of representatives invited from national 
or provincial organizations of Science and Technology, Chemical 
Engineering, Agriculture, Environmental Protection, agriculture 
research i n s t i t u t i o n s , medical i n s t i t u t i o n s , occupational hygiene 
research i n s t i t u t i o n s , Academy of Science, universities and 
other concerned bodies. These representatives w i l l examine 
carefully a l l the reports which must include: 

(a) Background 
(b) Comparison of different synthetic routes 
(c) Analytical methods 
(d) Bioassay results of greenhouse and test plots 
(e) Acute and subchronic t o x i c i t y data ( i t was affirmed 

recently (19,20) that subchronic teratogenic and 
mutagenic data should be included. For organo
phosphorus compounds, delayed neurotoxicity testing 
i s required. Residue analysis i n food crops, forage, 
poultry, animals and aquatics biota i s also needed) 

(f) Experimental waste disposal 
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Laboratoryl ν 
work 

Preliminary T e c h n i c a l ^ 
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Intermediate Technical 
Appraisal Conference 

Institute for the| 
Controlling of 
Pesticides 

D 

Ministry of Chemical 
Engineering 

Ministry of Public 
Health 

Environmental Protection^ 
Agency ____________ 

Ministry of 
Agriculture 

^. (formal . 
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Ministry of 
Chemical 
Engineering 

Production 

Figure 1. Steps involved in the registration of a candidate pesticide 
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34. L i Pesticide Regulation in China 531 

Only after a l l the reports are discussed, inquiries and 
suggestions are made and the research work i s evaluated as 
acceptable and satisfactory w i l l a Preliminary Appraisal 
C e r t i f i c a t e be drafted and signed by every representative and 
the chief practitioners who are responsible for the reports. To 
reach this stage usually take 1-3 years. With this formal step 
completed, further f i n a n c i a l support can be sought for additional 
research work, which often takes 2-4 more years ( f i e l d tests and 
chronic toxicology tests require data for 2 successive years). 
Then a l l reports have to submit into the authorities concerned 
to request an Intermediate Technical Appraisal Conference. A 
larger group of representatives from a l l the related f i e l d s w i l l 
be invited to examine and scrutinize a l l the detai l s of the 
reports. These reports should include the following: 

(a) P i l o t plant test runs 
(b) Industrial a n a l y t i c a l methods 
(c) Bioassay i n large demonstration and i n productive f i e l d 

tests 
(d) Subchronic and chronic toxicological data (subchronic-

t o x i c i t y tests, 3 months; chronic-toxicity tests 2 
years. Chronic-toxicity tests include carcinogenicity 
and reproduction tests (3 generations), residue 
dynamics, and metabolism and degradation data 
(metabolism tests in animals w i l l be required af t e r 
1980) 

(e) Formulation data 
(f) Standardization of product, and impurities and residue 

allowances 
(g) Waste management test runs on p i l o t plant 
(h) Standard measures for occupational hygiene, d e t o x i f i 

cation and safety, the determination of ADI, (Acceptable 
Daily Intake), etc. 

(i) Calculation of production costs 

Many questions and requirements w i l l be raised at this point. 
Another Intermediate Appraisal C e r t i f i c a t e has to be signed i n a 
si m i l i a r manner. Then a l l the documents, reports, and c e r t i f i 
cations are sent to the Ministries (Step D and E) for j o i n t 
review and approval. Only after the formal l e g i s t r a t i o n i s 
granted (Step F) can the chemicals and equipments be disbursed 
from the Ministry of Chemical Engineering (Step G). The design and 
materialization of this project w i l l take probably another 1-3 
years before the new pesticide f i n a l l y goes into production 
(Step H). These rather complicated steps are set up to regulate 
new pesticides properly and assure the utmost benefit to the 
people. For example, after getting through Step A-C, the 
required papers for the new insecticide Sha-Chung-Shuang (see 
Table I) are now being submitted to the Institute for the 
Controlling of Pesticides for further review (23). 
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The above procedure i s applied primarily to the new p e s t i 
cides or the old pesticides with new formulations. It w i l l 
gradually cover the re-registration of the older pesticides 
already in use. Registration for imported pesticide with 
r e l i a b l e chronic t o x i c i t y data w i l l be granted for f i e l d 
application. However i n the case of dichlozoline mentioned 
above, Chinese workers confirmed i t s chronic-toxicity problems 
with their own data and decided later to discontinue i t s use 
in China. 

As conditions require, the above sequence of processing can 
be stopped at any step. Take Di-ku-Shuang (DKS) (see Table I) 
f o r example. It i s a new fungicide developed in the early 
iventies by Sichuan Pesticide Research Institution. It has 

c * a excellent systemic effect on bac t e r i a l leaf blight of r i c e , 
which i s ranked as one of the major crop diseases in China. 
After much research work, i t s synthetic steps are well worked 
out and i t s production cost i s found as reasonable. Its acute 
to x i c i t y i s rather low. (LD50 for mouse oral : 2250 mg/kg; 
dermal: 150 mg/mg). It has a skin i r r i t a t i o n as side effect. 
Many formulations were t r i e d , and a paste formulation was 
developed to avoid the skin i r r i t a t i o n during f i e l d application. 
It passed the Preliminary Appraisal Conference. Then many 
inst i t u t i o n s cooperated to carry i t through the following stages 
of development, and intensive efforts were involved i n the 
succeeding two years to conduct pilot-plant runs, f i e l d tests 
and chronic t o x i c i t y tests (including autopsy and histopathology 
work on several non-rodent species). Results showed no carcino
genic effects, but unfortunately i t was found during the repro
duction tests to have a teratogenic effect on f e t a l mice (24). 

Despite the great need for new 
fungicides in China and the considerable investment and efforts 
poured into i t , the DKS project was resolutely interrupted at 
Step C and i t s production was o f f i c i a l l y banned. Another new 
insecticide Ming-Lin-Wei (an analogue of Herbicide no. 1, also 
developed by Nankai University) had satisfactory effects on 
paddy rice borer and was promising as a replacement for the 
organochlorine insecticides. Its acute oral t o x i c i t y i s LD50: 
500 mg/kg (rat), 100 mg/kg (mouse). Sub-chronic tests showed 
a favorable low accumulation. But i n teratogenic tests, there 
i s a phenomenom of incomplete c a l c i f i c a t i o n of mouse sternum 
(25), so this new insecticide i s withheld temporally from 
production u n t i l more data are obtained. 

Some experts in China argued recently that overemphasis on 
low t o x i c i t y might lead in the wrong direction, since low-
to x i c i t y frequently refers to the acute-toxicity data, which 
can not r e f l e c t the f u l l picture i n carcinogenic, teratogenic 
and mutagenic characteristics. Some low-toxicity pesticides as 
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mentioned above (chlordimeform, dichlozoline, DKS, Ming-Lin-Wei) 
have chronic t o x i c i t y problems. Some highly toxic insecticides 
as aldicarb (Temik), carbofuran, monocrotophos (Azodrin) could 
have their t o x i c i t y reduced by improvement i n formulation and 
s t i l l be used safely in the f i e l d s . This i s the reason why 
acute t o x i c i t y should not be the prime c r i t e r i o n i n pesticide 
regulation today. 

Perspective 

It seems clear now that modern toxicology has played a 
decisive role i n the future development of the pesticide chem
i s t r y (26,27,28). Besides oncogenicity and teratogenicity, the 
importance of which has been f u l l y recognized, the metabolic 
pathways and the mutagenic effects on reproduction are also 
becoming the main c r i t e r i a i n assaying the toxicological aspect 
of a l l pesticides. The situation i s further complicated by the 
fact that when a pesticide gets into contact with the surrounding 
environment, under the influence of sunlight and various enzymes 
existing in different l i v i n g organisms (insects, mammals, plants, 
micro-organisms), various pathways w i l l produce many degradation 
products and metabolites. Thus scores of new compounds with 
unknown t o x i c i t y w i l l be derived from just one simple structure. 
Take two well known types of fungicides for example. Dithio-
carbamates metabolize in plants to form ethylene thiourea (ETU) 
which i s known for i t s carcinogenicity and teratogenicity 
(fortunately, ETU i s very sensitive to UV l i g h t and i s degradable 
under sunlight). Another fungicide, PCBA (Pentachlorobenzyl 
alcohol), causes no chronic toxic problem i t s e l f , but i t can be 
changed by microbial metabolism i n the s o i l into 1,2,5,6-
tetrachlorobenzoic acid, which i s phytotoxic to following crops 
planted i n the same f i e l d . Thus we notice that i n such a 
d i v e r s i f i e d metabolic pathways i n different l i v i n g organisms, 
any one of these metabolites that has a serious t o x i c i t y problem 
w i l l probably jeopardize the p r a c t i c a l application of this 
pesticide, even though the pesticide i t s e l f causes no t o x i c i t y 
problem at a l l . 

Since the pests possess the peculiar a b i l i t y to propagate 
tremendously and adapt swiftly to the changing environment, we 
should believe that pesticide chemistry with i t s f l e x i b i l i t y 
and v e r s a t i l i t y s t i l l can play an important role i n combating 
pests. The point at argument i s not to discard a l l the chemical 
pesticides, as some people have advocated, but to design and 
produce more active, more selective and more biodegradable kind 
of new chemical pesticides. Chemical pesticides have suppressed 
or eliminated many of the le t h a l contagious diseases, thus saving 
millions of human l i v e s , and contributed much to the greatly 
increased output of farm produce. In human history, chemical 
pesticides should be honored for their achievements instead of 
being t o t a l l y discredited. Although during the progress of 
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pesticide chemistry, there have regrettably been some serious 
adverse effects on the environment which were not f u l l y realized 
u n t i l many new an a l y t i c a l and toxicological techniques were 
developed i n the recent years. In the face of the discouragement 
caused by the ever-stricter regulations and the high risks i n 
volved i n the discovery and development of any new chemical 
pesticides, we should be aware of some of the promising f i e l d s 
(pheromones, juvenile hormones, pyrethroids, amino-acid fungi
cides, phytoalexins, etc.) which have shown sound progress. 
There i s also much room for improvement in application and 
formulation technique for chemical pesticides to reduce the 
environmental pollution, since the major portion of an applied 
pesticide often h i t s nontarget organisms rather than target 
pests. Any improvement i n methodology to simplify the chronic 
t o x i c i t y tests that can cut down the immense costs and amount 
of s c i e n t i f i c manpower involved w i l l certainly encourage the 
development of pesticide chemistry. 

Modern agriculture needs a new generation of pesticides to 
keep i n pace with the demands of the modern world. Today 
pesticide chemistry i s entangled in so many f i e l d s of science 
that i t can no longer be undertaken by small groups of s p e c i a l i s t s 
i n just a few line s of study. Only through persistent and 
intensive basic research i n collaboration with a l l the s c i e n t i s t s 
concerned can we r i s e to the challenge ahead of us. 
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35 
Pesticide Regulation in Canada 

DAVID J. CLEGG 
Toxicology Evaluation Division, Food Directorate, Health Protection Branch, 
Health and Welfare Canada, Ottawa, Canada, K1A 0L2 

The main authority for regulation of pesticides in Canada 
resides in two Acts of Parliament, the Pest Control Products Act, 
administered by Agriculture Canada, and the Food and Drugs Act, 
administered by Health and Welfare Canada. This dichotomy of 
authority necessitates close cooperation between the two depart

ments. In addition, various other acts address such aspects as 
water quality, fisheries, wildlife, etc., with respect to pesti
cides. 

Agriculture Canada is responsible for registration of all 
pesticides sold in Canada. To comply with this task, the 
Department enlists the cooperation of other government depart
ments, as advisors on specific aspects of pesticide activity. 
Prior to registering any active ingredient under the Pest Control 
Products Act, Agriculture Canada obtains expert advice from 
such Departments as Environment Canada, and from Fisheries and 
Oceans, with respect to the potential ecological impact of the 
chemical; from Health and Welfare Canada, with respect to 
potential adverse human health effects and acceptable food 
residues and from any other Department with expertise for input 
on specific non-agricultural aspects of the use of the chemical. 
On the basis of their own expertise on efficacy, use pattern 
potential, etc., combined with the advice and recommendations 
from the other Departments (if these are all favourable) 
Agriculture Canada will then initiate registration of the 
product. 

The Food and Drugs Act provides the authority to Health 
and Welfare Canada to promulgate regulations indicating the 
maximum residue limits of pesticides permissible on food at the 
time the food first enters into commerce. The regulations list 
the permitted levels, and also indicate that any food with a 
residue level not listed in the Regulations, but exceeding 0.1 
ppm of the pesticide is considered to be adulterated, and hence 
is not permitted for human consumption. This, of course, does 
not preclude the listing of maximum residue limits below 0.1 ppm. 

This brief introduction, covering the legislative responsi-

0097-6156/81/0160-05 37$05.00/0 
© 1981 American Chemical Society 
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b i l i t i e s of the various departments has served to indicate where 
Health and Welfare Canada f i t s into the pattern of pesticide 
regulation. To meet the r e s p o n s i b i l i t i e s i n this pattern, the 
work i n Health and Welfare can be subdivided into two major 
areas - the residue area, and the toxicology. The former, I 
intend to touch on only s u p e r f i c i a l l y . In t h i s area, data from 
supervised f i e l d t r i a l s on the various crops which may be exposed 
to the pesticide are assessed and evaluated and maximum residue 
l i m i t s , proposed by the petitioner are either modified or accept
ed. According to the data on plant metabolism, maximum residue 
l i m i t s for parent compound + metabolites may be proposed or even 
on rare occasions separate maximum residue l i m i t s are proposed 
for the metabolites. Analytical methodology for detecting re
sidues i s examined for f e a s i b i l i t y , and such factors as the 
a b i l i t y to detect t o t a l residues ( i . e . parent + metabolites) or 
separate e n t i t i e s (e.g. EBDCfs and ETU) are determined. Once 
the maximum residue l i k e l y to be found i s determined (even i f 
th i s i s at the l i m i t of an a l y t i c a l detection) and characterized, 
this information i s passed to the toxicologists, to aid i n the 
provision of an assessment of the safety of potential food 
residues. 

The toxicology evaluation can also be subdivided into two 
major areas - l ) the data pertaining to safety of food residues, 
and 2) the data pertaining to occupational exposure (e.g. by 
formulators, mixer applicator, etc.) and bystander exposure. 

There are no l i s t e d requirements for submission of t o x i c i t y 
data to support registration i n Canada. However, the Acts place 
the onus on petitioners to submit data to support the safety of 
thei r pest control products. Thus considerable latitude exists 
with respect to the toxicology data base which may be required 
for any particular compound. 

In the early 1950 Ts, the toxicology data base u t i l i z e d i n 
assessing the safety i n use of a pesticide was frequently 
extremely limited. In reviewing old f i l e s from that era, a 
recommendation for re g i s t r a t i o n of a pesticide, s t i l l i n use 
today, was noted. This recommendation was based on a single 
acute oral study, and a three week feeding study i n rat - the 
parameters measured being limited to body weight gain, haemat-
ology on 2 rats/sex/dose l e v e l , and histopathology of 6 organs 
on a l l survivors. Survival was 100$, and hence 36 rats (three 
dose levels using 6 male and 6 female rats/dose level) were 
examined. I hasten to add that, today, t h i s compound i s sup
ported by a wide range of studies, including two rodent l i f e 
time studies, multigeneration reproduction studies, teratology 
studies, mutagenicity studies, etc. etc. Thus a very marked 
change i n t o x i c i t y data requested by the Health Protection 
Branch has occurred during the last 30 years. 

Because of the absence of any sp e c i f i c l e g a l requirements 
for submission of particular types of studies, i t i s almost 
impossible to trace the h i s t o r i c a l development of t h i s pro-
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gression towards data requirements requested to support safety 
i n use of pesticides today. However, certain trends can be 
delineated. 

By early i 9 6 0 , pesticides used on food had been divided 
into two major categories - those which l e f t a s i g n i f i c a n t 
residue on the food, as determined by specified a n a l y t i c a l 
techniques, and those which did not. The t o x i c o l o g i c a l require
ments for these categories differed considerably. It was argued 
that, i f there was no detectable exposure v i a the food, minimum 
t o x i c i t y data should be required for the l a t t e r group of compoun
ds. These data comprised at least acute oral studies i n two 
species (one of which should be non-rodent) and two 90 day feed
ing studies (again, one of which should be i n a non-rodent spe
c i e s ) . This was supplemented i n 1965* to include absorption, 
d i s t r i b u t i o n and excretion studies in animals. In addition, de
pending upon the method of application of the pesticide, dermal 
and eye i r r i t a t i o n studies, sensitization studies acute dermal 
studies, and inhalation studies were requested. 

The toxicology data were then evaluated, and a "no observ
able t o x i c o l o g i c a l effect l e v e l " (NOEL) was determined. A 
large safety factor (usually 1000 f o l d , based on 10 f o l d for 
interspecies variation, 10 f o l d for intraspecies v a r i a t i o n , and 
10 f o l d because of the limited nature of the data) was applied 
to the NOEL, and t h i s was designated as the "negligible daily i n 
take" (NDI) for man. The NDI was considered to be a t o x i c o l o g i -
c a l l y i n s i g n i f i c a n t exposure l e v e l , v i a the food. 

To determine the possible exposure l e v e l v i a the food, the 
"theoretical daily intake" (TDl) was calculated. This figure 
was derived by u t i l i z i n g data on the rate of disappearance of 
the food item i n Canada, provided by S t a t i s t i c s Canada, and 
determining from these data, the consumption of the crop per 
capita (assuming disappearance rate and consumption to be com
parable). It was assumed that the t o t a l crop could have 
residues present at about the l e v e l of a n a l y t i c a l s e n s i t i v i t y 
of the method of detection. Thus based on the consumption 
l e v e l and the maximum residue l e v e l , an estimate of exposure 
from each crop can be calculated. The t o t a l exposure from a l l 
crops i s the TDI. 

I f a comparison between the TDI, and the NDI indicated the 
NDI to exceed the TDI, no further data were required p r i o r to 
recommending reg i s t r a t i o n . In the converse situation, additional 
data could be requested - e.g. increased a n a l y t i c a l s e n s i t i v i t y 
of the method; additional t o x i c i t y studies, etc. 

In the situation where f i n i t e residues were detected, i t 
was s t i l l possible that the NDI would exceed the TDI, and hence 
human exposure would be considered to be t o x i c o l o g i c a l l y 
negligible. However, in the majority of cases, even i n the 
early 1 9 6 0 fs, when permissible residues were l i s t e d i n the Food 
and Drugs Act and Regulations, additional studies were required. 
At that time, these usually comprised 2 year studies i n both a 
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rodent and a non-rodent species, together with data on meta
bolism, ide n t i f y i n g the major animal metabolites. In the early 
1 9 6 0 !s multigeneration studies, and shortly thereafter, 
following the thalidomide tragedy, f i r s t reported i n 1 9 6 l , 
teratogenicity studies were added to the battery of test re
quested. Further changes occurred i n the 1 9 T 0 fs. Thus, i n 1975» 
the requirement for 2-year dog studies was reduced to one year -
a provision which i s s t i l l extant - and which d i f f e r s from the 
U.S. requirement for 6 month dog studies. More recently, the 
acceptable multigeneration study, which used to comprise 3 
generation, with 2 l i t t e r s , per generation has also been reduced 
with reference to the minimum requirement. Today, 2 generations 
and a minimum of k l i t t e r s i s requested. This again, d i f f e r s 
from the U.S.A. where 2 generations with one l i t t e r per generation 
is acceptable. 

In addition to the "major" studies mentioned above, changes 
have occurred i n the "minor" studies requested for submission. 
Thus, for the organophosate insecticides potentiation studies 
were requested i n the 60's and well into the 7 0 Ts. However, 
since the protocol used for most of these studies range from 
f a r c i c a l to barely acceptable, emphasis i n t h i s area has de
creased. Conversely the improving knowledge i n the area of 
delayed neurotoxicity testing has increased our requests for 
additional studies on those compounds which may have toxic 
potential i n t h i s f i e l d . 

As things stand today, policy i s i n process of change. So 
far I have concentrated on t o x i c i t y requirements for pesticides 
i n r e l a t i o n to food residues. In 1 9 7 8 , a separate unit was 
established in the Environmental Health Directorate, which 
serves to advise Agriculture Canada on the adequacy of t o x i c i t y 
data to support safety in use, with reference to occupational 
and by-stander exposures. Obviously, i n t h i s area of concern, 
the presence or absence of residues i n food i s only a r e l a t i v e l y 
minor portion of the potential exposure of the in d i v i d u a l . 
Further, different routes of exposure such as dermal, or 
inhalation exposure are of much more importance than exposure 
vi a the oral route. Thus, the old concept of minimal t o x i c i t y 
data for pesticides which do not leave residues i n food i s being 
abandoned. 

The absence of s p e c i f i c guidelines, or l e g a l requirements 
for t o x i c i t y data submission on specified studies places the 
Health Protection Branch i n the position that i t can require 
any type of study p r i o r to establishing maximum residue l i m i t s , 
or recommending re g i s t r a t i o n to Agriculture Canada. This 
provides the advantage that each compound can be considered 
in d i v i d u a l l y , and the data requirements can be t a i l o r e d to 
f i t the compound. 

This approach can be exemplified by comparing the t o x i c i t y 
data base required for, l e t us say, a s o i l s t e r i l a n t and an 
insecticide applied by a e r i a l spraying. In the former case, 
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the test material may be applied as a s o i l d r i l l , the formulation 
used being a dustless granular material. Thus operator and by
stander exposure i s minimal. Further the probability of food 
residues i s minimal. In contrast, the insecticide may require 
mixing i n a suitable solvent, prior to spraying; flagmen, etc., 
w i l l be exposed and residues may occur on the crop. D r i f t may 
also occur, resulting i n by-stander exposure. Obviously, the 
requirement for t o x i c i t y data in the former case, to assess 
safety i n use, w i l l be much less than that required i n the l a t t e r 
case, since human exposure would be negligible, i f i t occurred 
at a l l . 

The basic differences between the U.S. requirements, and 
those i n Canada apply mainly to the durations of studies. At 
the present time, dog studies of 90 days duration are accepted 
i n Canada, for thosecompounds where human exposure v i a the 
food, i s negligible. However, where maximum residue l i m i t s are 
requested, a one year dog study i s requested, as opposed to the 
U.S. requirement for a study of 6 months minimum duration. This 
position was promulgated in the mid 1 9 7 0 Ts and was based on a 
b r i e f internal examination of previously submitted dog studies. 
However, since t h i s decision was made, the minimum number of dogs/ 
sex/dose l e v e l , u t i l i z e d in t o x i c i t y studies, has increased from 
h to 6 ; the parameters investigated i n dog studies have increased 
i n number and the accuracy and s e n s i t i v i t y of tests to determine 
these parameters has increased. With these factors i n mind, the 
Health Protection Branch i s considering analysing results of 
more recent studies to determine the necessity for requiring the 
1 year study, as opposed to the 6 month study. 

A second type of study, where Canadian and U.S. requirements 
d i f f e r , i s the multigeneration reproduction study. In EPA, I 
understand the requirement i s for 2 generations with 1 l i t t e r / 
generation, as a minimum. Following an analysis of some 70 
reproduction studies, HPB has also reduced the number of 
generations required to two. However, a t o t a l of k l i t t e r s i s 
required, at least one l i t t e r being produced i n both generations. 
Thus, HPB requires more data than the U.S.A. 

Changes i n Canadian regulations during the l a s t decade which 
were i n i t i a t e d because of adverse t o x i c i t y data generated on the 
active ingredient, contaminants i n the technical material, or 
metabolites of the active ingredient, have largely resulted 
because of concerns r e l a t i n g to potential carcinogenicity. Maxi
mum residue l i m i t s were rescinded for monuron, and for chlordime-
form, because of carcinogenicity studies, which indicated 
positive effects. In the case of chlordimeform considerable 
additional data i s known to have been generated, but since i t 
has been withdrawn from use i n Canada, the only present use 
being on cotton, these data have not been reviewed by HPB. 

Several of the organochlorine pesticides have been 
implicated as potential human carcinogens as a result of the 
induction of hepatocellular carcinomas i n mice. Unlike the 
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o f f i c i a l position i n the U.S.A. Canadian toxicologists accept 
the hypothesis that there are instances where a "no e f f e c t " 
l e v e l can exist for a carcinogen. In the case of the mouse 
hepatocellular carcinoma, l i v e r hypertrophy appears to "be a 
necessary precursor for nodular hyperplasia, and subsequent 
hepatocellular carcinoma formation. U n t i l the mid f70 fs, the 
l i v e r hypertrophy noted i n mouse was considered to be a functional 
hypertrophy, rather than a true t o x i c o l o g i c a l e f f e c t , and hence, 
although i t was considered i n the o v e r a l l evaluation, i t was not 
attributed the concerns which we now r e a l i z e are merited. This 
change i n position resulted i n marked reductions i n maximum 
residue l i m i t s in foods, and i n cancellation i n use, i n some 
cases due to the potential hazards from formulâtor/applicator 
exposures. 

Use of lead arsenate as a pesticide was also cancelled on 
most crops - the basis for the cancellation being two-fold -
the i r r e v e r s i b i l i t y of neurological damage resulting from lead 
exposure of children and the potential for lead-induced renal 
tumors noted at high levels i n rodents resulted i n a requirement 
to reduce the t o t a l lead exposure from a l l sources, and secondly 
the occupational exposure data indicates the potential for human 
skin cancer resulting from arsenic exposure. 

A l l the ethylene bis-dithiocarbamate (EBDC) maximum residue 
l i m i t s i n food were cancelled, and replaced on a r e s t r i c t e d 
number of crops, at lower l e v e l , because of concern regarding 
the potential for exposure to the metabolite, ethylene thiourea 
(ETU) which was generated p a r t i c u l a r l y during cooking of crops 
bearing EBDC's. ETU i s a thyroid carcinogen, but again thyroid 
hyperplasia appears to be a necessary prerequisite for tumor 
formation. Since "no observable effect l e v e l s " can be assessed 
for the thyroid hyperplasia the p o s s i b i l i t y of a "no e f f e c t " 
l e v e l for the carcinogenicity of ETU exists. However, since our 
knowledge of r e v e r s i b i l i t y of thyroid hyperplasia i s s t i l l the 
subject of basic research, Canadian regulations under the Food 
and Drugs Act do not permit the presence of any ETU i n food 
crops. 

Although maximum residue l i m i t s of leptophos were considered 
to be i n s u f f i c i e n t to be of t o x i c o l o g i c a l importance the estim
ates of potential formulâtor/applicator exposure resulted i n the 
deregistration of t h i s compound, because of the potential to 
induce delayed neurotoxicity i n humans. 

Legislation has also been enacted with respect to levels of 
contaminants permitted i n technical active ingredients. An 
obvious example i s the l i m i t of 0.1 ppm tetrachlorodibenzo-p-
dioxin, permitted as a maximum l e v e l i n technical 2,t,5-T, 
which incidentally i s s t i l l registered for use by Agriculture 
Canada. 

A further example, i n the more recent past, i s the require
ment for less than 1 ppm of n-nitrpsodipropylamine i n t r i f l u r a l i n . 
As yet, the l i m i t s for nitrosamine content of other d i n i t r o -
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analine pesticides have not been set. It i s , however, under very 
active review at t h i s time. 

Whilst no s p e c i f i c l e g a l requirements exist with regard to 
studies which must be submitted to support safety i n use of 
pesticides, there are u n o f f i c i a l minimum requests which must be 
met. Thus, a p e t i t i o n received some 8 years ago which contained 
one page of " t o x i c i t y data" indicating that "over 13,000 animals 
have been exposed to the test material without any adverse 
effects. The menstrual cycle of rodents was unaffected" was 
obviously rejected. Not only was the absence of supporting data 
unacceptable - the s c i e n t i f i c i n t e g r i t y of any petitioner be
l i e v i n g rats have a menstrual cycle must be i n some doubt I! 

The basic minimum data base, which might be considered as 
acceptable would include acute oral and dermal LD n

! s , acute 
inhalation L C C Q e v e > a n d skin i r r i t a t i o n studies ; reeding studies 
of at least 90 days duration on adequate numbers of animals of 
at least two species, one of which would be a non-rodent species, 
absorption, d i s t r i b u t i o n and excretion data i n one of the species 
used i n the 90 day studies, mutagenicity screening studies, 
possibly a multigeneration reproduction study, and any special 
studies indicated by the chemical structure of the compound under 
test. 

Provided the test compound does not result i n any residues 
exceeding 0.1 ppm on food crops, applicator exposure i s minimal, 
and the limited t o x i c i t y data indicate that the negligible daily 
intake ( i . e . that dose below which intake, on a dai l y basis for 
a l i f e t i m e i s considered to be t o x i c o l o g i c a l l y i n s i g n i f i c a n t -
usually a dose l e v e l of l/l000th of the "no observable effect 
l e v e l " on the most sensitive t o x i c o l o g i c a l parameter examined, i n 
the most sensitive species) w i l l not be exceeded i t i s possible 
that r e g i s t r a t i o n would be recommended. The tendency i s , how
ever, to require considerably more data than the minimum accept
able package described above. 

Looking ahead to the future, I would suggest that three 
phases are l i k e l y to be distinguishable. F i r s t l y , the data 
base requested as minimum data w i l l be expanded to include 
rodent carcinogenicity studies on a l l pesticides. In addition, 
data on reproductive effects, and on teratogenicity w i l l also be 
included i n minimum requirements. The second and t h i r d phases 
are less predictable but are d i s t i n c t p o s s i b i l i t i e s . As the 
evaluation and extrapolation of shorter term carcinogenicity 
screening studies becomes more precise a reduction i n the 
requirements for l i f e t i m e carcinogenicity studies should, I 
believe occur. This would comprise phase 2. However, con
comitant with t h i s reduction, development of r e l i a b l e methodology 
in the areas of behavioral toxicology, and immuno-toxicology i s 
also a reasonable postulate. As our a b i l i t y to extrapolate 
such data increases then since the present state of knowledge 
indicates that, at least i n the case of behavioral toxicology, 
s e n s i t i v i t y of tests appears to exceed the s e n s i t i v i t i e s of 
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present routine tests i t i s extremely l i k e l y that such tests 
w i l l become requirements for inclusion i n the basic data needed 
for safety evaluation. 

Overall therefore, i t i s l i k e l y that i n the future minimal 
requirements for toxicology data i n Canada w i l l increase i n the 
near future, but hopefully w i l l s t a b i l i z e i n quantity required, 
with a change i n emphasis with regard to the types of tests 
requested. 

RECEIVED March 9, 1981. 
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36 
Regulatory Aspects: A Summary 

PHILIP C. KEARNEY 
U.S. Department of Agriculture, Building 050 BARC West, 
Beltsville, MD 20705 

The emerging importance of toxicology in pesticide regis
tration policy has not only depended on major scientific achieve
ments in the discipline of toxicology, but also in the growing 
involvement of various segments of society who are concerned 
about risk assessment and public health. These societal groups 
have also had a major impact on the use of toxicolgical data to 
force regulatory agencies to develop more sophisticated methods 
of risk/benefit assessment. This session of the symposium 
examines some of these public forces that comment on pesticide 
regulations, and then examines regulations in various countries 
of the world. 

Industry is concerned how the intent of the authority 
granted to the Environmental Protection Agency (EPA) by Congress 
in the 1972 amendments to the Federal Insecticide, Fungicide and 
Rodenticide Act (FIFRA) are being mandated by a growing number of 
and changes in regulations, rules and guidelines. The whole 
process of pesticide registration is perceived as becoming 
infinitely more complex. A major problem in the reregistration 
process is the large number of compounds involved (l4OO indivi
dual pesticides and 33,000 formulated products encompassing some 
15 classes of pesticides). Because of the enormity of the regu
latory task, reglations have been proposed and adopted over a 
period of six to eight years; the process is not yet complete. A 
number of fundamental changes were made: 

(1) The negligible residue concept was abandoned; 

(2) Studies on non-target organisms ( i . e . environmental 
studies) were required; 

(3) Pesticides were to be c l a s s i f i e d for general or 
rest r i c t e d use; and, 

(k) An assessment of applicator or user hazard was 
required. 

This chapter not subject to U.S. copyright. 
Published 1981 American Chemical Society 
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As a result of the change in regulations, the use of a 
number of pesticides has been r e s t r i c t e d , and, in some cases, 
registrations have been canceled. The registration process has 
become lengthy and much more complicated. Industry proposes some 
recommendations that could ultimately benefit private industry 
and the public. These recommendations include the use of c e r t i 
f i e d summaries, c l a r i f i c a t i o n of the objectives of the EPA Good 
Laboratory Practices program, modification of the current pro
posed toxicology guidelines and acquisition of a stable, 
authoritative body of s c i e n t i f i c personnel to review toxicology 
data. 

The environmental groups, represented by the Environmental 
Defense Fund (EDF), are concerned about the accuracy of toxi
cology data being provided to the Environmental Protection Agency 
to do the risk/benefit analysis. The environmentalists want com
prehensive testing and assessment of pesticides before they are 
widely disseminated into the environment. The reason for these 
concerns are based on some unacceptable laboratory practices that 
have been found in several drug and pesticide laboratories. They 
strongly support uniform requirements for testing because of past 
inaccuracies and encourage good laboratory practices. EDF favors 
a preventative approach to pesticide registration based on sug
gested evidence from animal studies rather than actual harm to 
human populations. They believe the societal costs are too great 
to r i s k less than near absolute safety in pesticide registration. 

To a lesser extent consumer groups have had an impact on 
toxicology as i t relates to pesticides. The Consumer Federation 
of America, the nation's largest consumer organization, and other 
consumer groups have not been highly active in pesticide regula
tory a f f a i r s , but sometimes consumer and environmental interests 
work j o i n t l y to comment on Federal regulatory p o l i c i e s . They 
closely scrutinize proposed guidelines published in the Federal 
Register. Consumer groups work hard to assess and report the 
views of ordinary people, p a r t i c u l a r l y their pocketbook 
interests, and gain c r e d i b i l i t y from this grass roots connection. 
Joint industry, professional, and consumer seminars and work 
sessions are being convened in related f i e l d s (e.g., Food Safety 
Council) because they agree that Government i s seriously d e f i 
cient in i t s handling of their interests. Consumer groups are 
interested in working with s c i e n t i f i c societies, l i k e ACS, who 
want to explore the p o s s i b i l i t y of frank and open meetings with 
consumer advocates who have the same long range interests as 
industry and science in safe, e f f e c t i v e , and reasonably priced 
pesticides. 

Before discussing regulation of pesticides, some discussion 
of the use of animal data in assessing human r i s k i s necessary, 
since i t forms the basis of many judgments from both societal and 
regulatory groups. There are three fundamental methods of e s t i 
mating potential human r i s k as a result of exposure to toxic 
substances. These are (l) epidemiological studies, (2) animal 
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tests, and (3) short-term or in v i t r o analyses such as studies of 
DNA damage or mutagenesis. Of these the greatest confidence i s 
placed upon epidemiological studies in humans. Due to problems 
in obtaining human epidemiological data, we are l e f t then with 
the next alternative — the use of other mammalian species as 
human surrogates. The rationale for using animals in toxicologi
c a l testing are based on the fact that mammals are anatomically, 
physiologically and biochemically similar, have similar health 
and disease manifestations and causes, and respond simi l a r l y to 
exogenous chemical, b i o l o g i c a l , and physical agents. The 
v a l i d i t y of animal data in assessing human r i s k must consider 
factors such as test animal species, route of administration, 
dose le v e l s , adequacy and uniformity of pathological examina
tions, disease prevalence in control animals, and false negatives 
or false positive s t a t i s t i c a l analyses. The fiv e most important 
b i o l o g i c a l parameters which best detemine the potency or v i r u 
lence of an animal carcinogen are number of species affected, 
number of tissue sites affected, latency periods, dose-response 
relationships, and nature or severity of lesions induced. A l l of 
these factors, plus others, must be considered in extrapolating 
animal to human ri s k situations. 

In the United States, the Environmental Protection Agency 
(EPA) i s responsible for pesticide regulation, and more s p e c i f i 
c a l l y for assessing the degree of r i s k posed by the numerous 
pesticides available, and determining what l e v e l of r i s k , tem
pered by benefit, society ought to accept. Risk/benefit analysis 
i s the chief tool established in the basic pesticide law, the 
Federal Insecticide, Fungicide and Rodenticide Act (FIFRA) for 
reaching regulatory decisions. The Rebuttable Presumption 
Against Registration (RPAR) process i s the review mechanism by 
which risks and benefits are measured. Animal studies form the 
primary basis for assessing pesticide r i s k . To a limited extent, 
human epidemiological data are used to judge r i s k , although pru
dent public administration cannot wait to act u n t i l an effect i s 
observed in a human population. EPA i s concerned, however, that 
extrapolation from animal data to human r i s k i s , while 
s c i e n t i f i c a l l y supported, s t i l l f u l l of uncertainty. One of the 
most troublesome areas i s extrapolating cancer data in animals to 
arrive at r i s k assessment in humans. Reliable short-term bio
assays or appropriate batteries of short-term tests offer one of 
the best and perhaps most expedient methods for conducting r i s k 
assessments on active ingredients, and possibly inerts and 
contaminants in the future. Improved human exposure models w i l l 
also play a major role in future pesticide policy decisions. 

A typical example of risk/benefit analyses by EPA was the 
recent RPAR against the herbicide pronamide. Pronamide was found 
to produce l i v e r tumors in male mice. After careful evaluation 
of the exposure levels in humans, the number of excess tumors to 
be expected from this exposure, the monetary loss i f the regis
tration of pronamide were canceled, and the a v a i l a b i l i t y of 
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substitute herbicides, EPA proposed that the registration of 
pronamide should be continued after some changes in use pattern 
and method of application. 

Pesticide registration requirements in Europe today do not 
d i f f e r b a s i c a l l y from those in the United States or elsewhere on 
an international basis. The key administrative processing of 
pesticide registration l i e s with the Ministries of Agriculture as 
compared to EPA in the U.S. Administration of the European 
requirements may be somewhat more f l e x i b l e . For example, a check
l i s t developed by various countries may be used to provide f u l l 
or provisional registrations without carcinogenicity or chronic 
toxicology data, when a l l available data, including mutagenicity 
and residue tests, are favorable. Harmonization of registration 
standards i s achieved by the Council of Europe through publica
tion of Pesticides. From a toxicology standpoint, a few 
countries in Europe have issued detailed testing guidelines in 
the f i e l d of toxicology. It i s anticipated that some countries 
may soon adopt similar, more stringent toxicology testing require
ments. One trend that i s apparent in Europe i s a tendency to 
require more ecological testing. One difference existing between 
European countries deals with setting tolerances for pesticide 
residues in crops. 

Canadian pesticide authority resides in two Acts of 
Parliament: the Pesticide Control Products Act administered by 
Agriculture Canada, and the Food and Drugs Act administered by 
Health and Welfare Canada. Agriculture Canada i s responsible for 
reg i s t r a t i o n of a l l pesticides sold in Canada. It obtains expert 
advice from a number of other governmental agencies. Health and 
Welfare Canada promulgates regulations on the maximum residue 
l i m i t s of pesticides permissible on food at the time i t f i r s t 
enters commerce. The major toxicological evaluation of p e s t i 
cides can be subdivided into two major areas: (l) data pertain
ing to safety of food residues, and (2) data pertaining to 
occupational exposure and bystander exposure. Theoretical d a i l y 
intake (TDI) values and negligible daily intake (NDI) values are 
used to estimate exposure and set registration policy. Although 
no specific legal requirements exist for studies which must be 
submitted to support safety in use of pesticides, certain u n o f f i 
c i a l minimum requests must be met in Canada. These include acute 
o r a l and dermal LD^Q'S; acute inhalation LD^o's; eye and skin 
i r r i t a t i o n studies; feeding studies of at least 90 days duration 
on adequate numbers of animals of at least two species, one of 
which would be a non-rodent species; absorption, d i s t r i b u t i o n and 
excretion data in one of the species used in the 90 day studies; 
mutagenicity screening studies, and any special studies indicated 
by the chemical structure of the compound under test. 

Pesticide regulations in the People's Republic of China 
began to take form in the la s t f i v e years. A series of national 
conferences held in 1976 and 1978 produced two papers en t i t l e d 
"Proposed Regulations of Experimental Methods for Pesticide 
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Toxicology" and "Proposed Regulations for Pesticide Toxicology 
and Residues" that form the basis of the regulatory program. 
An application for a new pesticide progresses through a review 
system involving an Institute for Controlling Pesticides, 
followed by simultaneous review by the Ministry of Chemical 
Engineering, Ministry of Public Health, and the Environmental 
Protection Agency. Formal registration i s granted by the 
Ministry of Agriculture. As an example, a new fungicide (DKS) i s 
traced through i t s testing and review at various stages of 
development. This promising fungicide was o f f i c i a l l y banned when 
a large scale study suggested s t a t i s t i c a l evidence for health 
e f f e c t s . 

RECEIVED March 10, 1981. 
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37 
Discussion Groups and Workshops: A Report 

MARGUERITE L. LENG 

Health and Environmental Sciences, The Dow Chemical Company, 
Midland, MI 48640 

As a new feature in special conferences sponsored by the 
Division of Pesticide Chemistry, eight workshops were organized 
to discuss topics related to our main theme: The Pesticide 
Chemist and Modern Toxicology. Capacity crowds attended several 
sessions of particularly timely interest while smaller groups 
discussed more specialized topics. Participation was often 
lively and those who attended the workshops enthusiastically 
endorsed this informal means for sharing points of view on 
current issues. 

Leaders and recorders were appointed on an ad hoc basis from 
those who expressed interest in a specific topic. Notes from the 
discussion groups were drafted into summaries prior to the end of 
the conference, and were distributed for review and comment by 
others who attended the sessions. We trust that the following 
brief reports present the main conclusions drawn by the partici
pants in the various workshops. 
EPA Guidelines for Good Laboratory Practice in Hazard Evaluation 

A group of 45 participants devoted 3 hours on Tuesday 
evening to discuss EPA's Proposed Good Laboratory Practices 
Guidelines for Toxicology Testing (Federal Register, April 18, 
1980, pp. 26373-26385). These guidelines would be applicable to 
studies conducted to meet requirements of EPA's Proposed Guide
lines for Registration of Pesticides - Hazard Evaluation: Humans 
and Domestic Animals (Federal Register, August 22, 1978, 
PP. 37336-37403). 

An outline of nine points developed during the discussion 
was submitted by Dr. Gerald G. S t i l l to EPA on August 5 , 1980 as 
comments on these proposed GLP guidelines on behalf of the D i v i 
sion of Pesticide Chemistry through the Division's Committee on 
Chemistry and Public A f f a i r s . The comments centered around the 
following areas of concern to the group. 

Multiple GLP Standards. Laboratories conducting toxicology 
studies cannot comply with three or four different GLP standards 

0097-6156/81/0160-0553$05.00/0 
© 1981 American Chemical Society 
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for testing products regulated under different laws. Consistent 
standards must be adopted by various government agencies to avoid 
the unnecessary costs of duplicating studies, maintaining 
separate f a c i l i t i e s , and keeping different records for varying 
lengths of time to meet different requirements. 

Many laboratories are already conducting studies in compli
ance with FDA's Good Laboratory Practice Regulations for Non
c l i n i c a l Laboratory Studies (Federal Register, December 2 2 , 1978, 
pp. 5 9 9 8 6 - 6 0 0 2 5 ) . These standards were f i r s t proposed by FDA on 
November 1 9 , 1976, and became f i n a l on June 2 0 , 1979, after more 
than two years of widespread review, comment and consideration 
from various sectors of the s c i e n t i f i c , regulatory, and indus
t r i a l communities. The FDA regulations for testing drugs and 
food additives are reasonable and should be adopted by EPA 
without change for studies required for registration of p e s t i 
cides under the Federal Insecticide, Fungicide, and Rodenticide 
Act (FIFRA). In fact, the FDA standards for testing may be law 
for studies in support of pesticide food tolerances which are 
regulated under the Food, Drug and Cosmetics Act. 

To further compound the problem, test laboratories are also 
faced with EPA's Proposed Health Effects Test Standards for Toxic 
Substances Control Act Test Rules and Proposed Good Laboratory 
Practice Standards for Health E f f e c t s . These proposed test stan
dards were published separately for studies on chronic health 
effects (Federal Register, May 9 , 1979, pp. 2733^-27375) and for 
acute, subchronic, mutagenic, teratogenic, reproductive, and 
other health effects (Federal Register, July 2 6 , 1979, pp. hk05k-
kk093)· Testing guidelines have also been drafted by the Inter
agency Regulatory Liaison Group (IRLG) for acute t o x i c i t y studies 
and other studies (Federal Register, August 2 1 , 1979, pp. ^9015-
1+9016). 

Although EPA's guidelines for testing pesticides are s t i l l 
only proposed, they are in effect being implemented by Agency 
reviewers and by some industry toxicologists anxious to proceed 
with their research programs. [ E d i t o r i a l note: Subsequent to 
this conference, EPA published a data c a l l - i n program for a l l 
registered pesticides (Federal Register, October 7 , 1980, 
pp. 6 6 7 3 6 - 6 6 7 ^ 0 ) . This proposed rule l i s t e d a number of r i g i d 
rejection c r i t e r i a to be used by registrants for judging the 
v a l i d i t y of toxicological studies conducted in accordance with 
standards of acceptance in effect at the time they were 
o r i g i n a l l y submitted to FDA (or EPA since 1 9 7 1 ) · ] 

International Implications. GLP guidelines have also been 
developed by the international Organization for Economic Coopera
tion and Development (OECD). The OECD Principles of GLP were 
provisionally accepted by the OECD Chemicals Group High Level 
Meeting in May I98O (and were reviewed by the OECD Expert Group 
on GLP in Washington in September I 9 8 O ) . These principles 
closely p a r a l l e l the FDA regulations for toxicology testing but 
also encompass other types of studies such as environmental 
testing. 
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Participants in the conference discussion included represen
tatives from Europe who expressed concern about the acceptability 
to EPA of studies done in countries other than the United States 
of America, and vice versa, the acceptability of U.S. studies 
elsewhere. 

Concern was also expressed over potential c o n f l i c t between 
proposed EPA procedures for inspection of laboratories conducting 
toxicology studies in other countries and national laws regarding 
foreign inspection. Further c l a r i f i c a t i o n i s needed on require
ments for c e r t i f i c a t i o n or accreditation of personnel in foreign 
laboratories, and on the qualifications needed for quality assur
ance o f f i c e r s . 

[ E d i t o r i a l note: Mr. Douglas Costle, Administrator of the 
EPA has pledged that studies conducted according to OECD guide
line s would be acceptable to EPA. An international GLP seminar 
i s scheduled for May 11+-15, 1 9 Ô 1 , in Rome. The preliminary pro
gram includes national and international aspects of GLP com
pliance issues, as well as function, r e s p o n s i b i l i t i e s and 
training for quality assurance.] 

Cost vs Benefit of Proposed GLP Guidelines. Compliance with 
EPA 1s proposed guidelines and excessive GLP requirements w i l l not 
necessarily result in better data. The ultimate r e s p o n s i b i l i t y 
for the s c i e n t i f i c quality of a study rests with the study 
director, technical st a f f , and management. 

Compliance with meaningless, redundant, excessive GLP 
requirements i s a waste of precious laboratory resources, and a 
waste of time for highly trained personnel. These excessive 
costs are p a r t i c u l a r l y burdensome to laboratories where the work
load exceeds the c a p a b i l i t i e s of the available f a c i l i t i e s and/or 
s c i e n t i f i c personnel, at a time when more and more studies w i l l 
be required to meet escalating requirements for testing of 
chemicals. 

The quality assurance aspects of EPA 1s proposed GLP require
ments are estimated to add as much as k0% to the cost of studies. 
No evidence has been presented to show that the quality of data 
would be reduced by compliance with existing FDA GLP regulations 
in contrast to the more stringent and costly proposed EPA require
ments. Additional burdensome regulations are not necessary, such 
as co-signing of o r i g i n a l data entries, analysis of a l l l o t s of 
f o r t i f i e d diet, excessive retention time for archival records and 
samples of diet, etc. 

Variations in Inspection C r i t e r i a . Uniform c r i t e r i a are 
required for inspection of f a c i l i t i e s and study records. Unfor
tunately, implementation of the regulations by various labora
tories, and interpretation of the regulations by various 
inspectors can change with time. These p r a c t i c a l problems 
already exist and w i l l increase as testing f a c i l i t i e s are sub
jected to inspection by o f f i c e r s from different government 
agencies, and possibly from foreign countries with different 
national inspection laws. 
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Metabolism/Pharmacokinetic Studies* The group also di s 
cussed the p r a c t i c a l i t y of applying GLP principles to metabolism 
studies where methodology and operating practices would, of 
necessity, depend on the chemicals being tested. The group also 
questioned whether the proposed pharmacokinetic approach was 
appropriate for the evaluation of pesticides in contrast to human 
drugs, since such studies are not relevant for non-target 
organisms. The consensus of opinion was that the proposed 
exhaustive study in rats (Section 163 .85-I) should be replaced by 
conventional pesticide studies on material balance, tissue 
residues, and metabolite i d e n t i f i c a t i o n . 

Metabolite Significance - A n a l y t i c a l vs Toxicological 

Interest was high among the 75 registrants who attended a 
2-hour discussion on the toxicologic significance of major and 
minor metabolites of pesticides. In general, the mere presence 
of a detectable residue of a metabolite may have l i t t l e r elation 
to i t s toxicologic significance. Major metabolites may not make 
a sign i f i c a n t contribution to the t o x i c i t y of a substance whereas 
minor metabolites can be b i o l o g i c a l l y very s i g n i f i c a n t . 

Toxicity Testing of Metabolites. The group discussed the 
necessity of testing the t o x i c i t y of a l l metabolites of plant or 
animal o r i g i n , and of photoproducts and formulation impurities. 
Primary metabolites in plants are often b a s i c a l l y the same as 
those in animals whereas photoproducts may be structurally quite 
different. In general, t o x i c i t y tests should not be needed for 
animal metabolites i f testing of the parent compound does not 
reveal toxicological problems such as carcinogenicity or neuro
to x i c i t y . An exception would be i f the pattern of metabolism in 
humans i s found to be markedly different than that in the test 
organisms. On the other hand, unique plant metabolites and 
photoproducts whose chemical structures indicate potential 
toxicological concern should be synthesized and tested in 
p a r a l l e l with the parent compound. However, their b i o a v a i l 
a b i l i t y to animals should also be considered in making this 
decision. 

Analytical Significance of Metabolites. The c l a s s i f i c a t i o n 
of metabolites as major or minor i s a convenient approach from an 
ana l y t i c a l standpoint but may have l i t t l e r e l a t i o n to toxico
l o g i c a l significance. Metabolites can also be c l a s s i f i e d as 
organosoluble, water soluble, nonextractable, and releasable by 
acid, base or enzyme action. Most studies are done on organo
soluble metabolites because suitable analytic techniques are 
available. Development of analytic methods for water soluble and 
nonextractable "metabolites" may demonstrate that many are simply 
endogenous biochemical compounds into which the radioactive lab e l 
has been incorporated. The l i m i t s for identifying minor metabo
l i t e s should be consistent with the state of the art in 
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a n a l y t i c a l methodology. (See Waggoner, Biochemical Aspects, 
herein). In general, EPA w i l l accept a residue method which 
measures a common moiety without quantification of individual 
metabolites. 

Potential t o x i c i t y of metabolites may depend on activation 
reactions in resistant vs sensitive strains. Reactive metabo
l i t e s generated in resistant plants are generally l a b i l e and 
would not l i k e l y be incorporated into animals in measurable 
le v e l s . In animals, the resultant t o x i c i t y of a compound may 
depend on the proportion converted into active metabolites in 
sensitive vs resistant species of test animals. (See G i l l e t t e , 
Biochemical Aspects, herein). 

Dosage Levels for Metabolism and Toxicology Studies. 
Administration of doses above those which saturate metabolic 
systems or the capacity-limited elimination rate in the test 
species can cause toxic effects which do not occur at lower 
dosage levels. This saturation can be the most sensitive 
indicator of overdosing and should be taken into consideration in 
choosing the Maximum Tolerated Dose (MTD) for t o x i c i t y studies. 
Toxicological effects generated in overdosed animals may simply 
be a r t i f a c t s from which v a l i d extrapolations to potential effects 
in humans cannot be made. 

Under current requirements, chemicals with extremely low 
t o x i c i t y must be tested at u n r e a l i s t i c a l l y high doses. Instead, 
the group suggested conducting chronic t o x i c i t y studies at doses 
related to actual environmental exposure levels incorporating an 
adequate margin of safety (such as 100-fold). Consideration 
should also be given to actual b i o l o g i c a l concentrations of 
chemicals and to the p o s s i b i l i t y of b i o l o g i c a l magnification. 
(See Ramsey, Biochemical Aspects, herein). 

Structure-Activity Relationships. Further research i s 
needed on the relation between chemical structure and toxic 
responses. A computer program for pattern recognition might be 
helpful, but actual t o x i c i t y testing i s s t i l l needed to confirm 
predictions based on structure. 

Analytic Aspects of Pesticide Chemistry Research 

Discussion by the 33 participants was f a c i l i t a t e d by posting 
a l i s t of topics related to pesticide a n a l y t i c a l techniques. 
Among the topics discussed were advantages of various detectors, 
packing techniques for columns, s p e c i f i c i t y of analyses, i n t e r 
pretation of spectra, advantages of buying a complete unit such 
as GC-MS coupled to a data system, cleanup techniques, and 
methods for cleaving pesticide conjugates. 

It i s proposed to hold similar discussions on a regular 
basis at national meetings of the ACS, and possibly to organize a 
subdivision of the Pesticide Division for those interested 
s p e c i f i c a l l y in a n a l y t i c a l aspects of pesticide chemistry 
research. 
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High Performace Liquid Chromatography. The Radial Com
pression Module (RCM) was found to be p a r t i c u l a r l y useful for 
a n a l y t i c a l HPLC work and Gel Permeation Chromatography was d i s 
cussed for cleanup of metabolites and bound residues. Two main 
advantages for the electrochemical detector (Kissinger c e l l 
Bioanalytical Systems, Lafayette, IN) were economical replacement 
of the c e l l ($100) and good s e n s i t i v i t y (picogram levels for 
chlorophenols in the oxidative mode). Good s e n s i t i v i t y and 
s e l e c t i v i t y were also reported for the Tracor photoconductivity 
detector and the Technicon post-column derivatization-fluorescent 
detection system. Improved s e n s i t i v i t y to 250 dpm was reported 
for Radioactive Monitoring (RAM) detectors such as those 
currently available from Bertholde and C.A.I. 

Gas-Liquid Chromatography (GLC). Among the topics discussed 
was a new technique of using packed columns interfaced with a 
Packard c a p i l l a r y column for cleanup and analysis, or with 
Fourier Transform-IR detection for metabolite i d e n t i f i c a t i o n to 
0·5-1·0 micrograms. New packed columns such as Supelco 12U0DA 
permit direct gas chromatography of polar compunds with minimum 
derivatization but have limitations of low load and low operating 
temperatures (180-200°C). 

Mass Spectrometry. HPLC-MS was thought to be p a r t i c u l a r l y 
useful in conjunction with selected ion monitoring (SIM). 
Pyrolysis-GC-MS has been successful in the analysis of bound 
residues. Negative Chemical Ionization (NCI) i s more spec i f i c 
than EC-GC for the detection of chlorinated aromatic compounds, 
and permits specific detection of the 2,3,7,8- isomer of tetra-
chlorodibenzo-p-dioxin (TCDD). In GC-MS analysis of metabolites, 
spectral interpretation is f a c i l i t a t e d by use of labeled 
compounds i f the ratio i s known. The group concurred 
that adding a data system to an existing GC-MS system i s not as 
good as buying a complete GC-MS-DS unit. 

General Techniques. Cleanup of a n a l y t i c a l samples can be 
done conveniently with Waters Sep-Paks or equivalents available 
from Extrelut or Merck, and they can be regenerated. The major 
problem in i s o l a t i o n , characterization, and analysis of pesticide 
conjugates i s ensuring 100% cleavage of many conjugates. 

Re-entry Standards - Relevance to Farm Worker Safety 

EPA fs February I98O draft guidelines for re-entry data were 
discussed by 15 participants concerned about possible require
ments for additional data on residues of pesticides under f i e l d 
conditions. These draft guidelines are s t i l l being revised to 
incorporate comments made by EPA 1s S c i e n t i f i c Advisory Panel and 
others who attended a workshop conference in Tucson in February 
I98O. 

The re-entry interval i s defined as the time between l a s t 
application and the time a worker can enter a f i e l d and work for 
more than one-half hour without protective clothing. Re-entry i s 
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not to be confused with preharvest intervals which pertain to 
legal residues on food crops. 

The new guidelines were developed by EPA as a result of 
problems concerning i l l n e s s among farm workers in C a l i f o r n i a , 
p a r t i c u l a r l y among those exposed to parathion in treated c i t r u s 
groves. C a l i f o r n i a found that Federal standards for re-entry 
were inadequate and imposed more stringent requirements for 
pesticides which i n h i b i t cholinesterase. Other states such as 
Florida found less need for re-entry standards. 

EPA 1s proposed standards would apply to any pesticides that 
produce acutely toxic or chronic effects in a l l kinds of situa
tions. In general, three sets of data would be needed to set 
federal standards for re-entry of farm workers into treated 
f i e l d s : 
1. Determination of dislodgeable residues on foliage and f r u i t , 

i . e . those residues which can be removed by mechanical 
action (using specific equipment designed and developed by 
researchers in C a l i f o r n i a ) . 

2. Correlation between dislodgeable residues and external 
exposure (by as yet undefined means). 

3· Relation between external exposure and toxic effects. (This 
i s d i f f i c u l t to evaluate because, in some cases, no data are 
available on what constitutes an effect l e v e l by dermal expo
sure, nor on how to relate dermal absorption to dietary 
level.) 
Of concern to the group was the proposal to require 90-day 

subchronic dermal toxicity studies in animals. Current require
ments specify a 21-day rabbit dermal study which takes 6 months 
at a cost of about $1+0,000. The proposed 90-day study would cost 
about $ 1 0 0 , 0 0 0 and would provide no additional useful information. 
The question remains as to whether the study should be done with 
only the parent compound or with each formulated product due to 
potential effect of surfactants and solvents on the rate of 
absorption of the active ingredient(s) into the exposed subjects. 

Participants also expressed concern over techniques for 
estimating dermal exposure such as the use of patches, and the 
interpretation of data generated from patch contamination. Patch 
exposure cannot be correlated with uptake by unprotected skin, 
nor with blood levels or urinary excretion (except in some cases 
such as the phenoxy herbicides). Among questions remaining are: 
how to extrapolate the ratio between acute dermal and acute oral 
doses in animals to man, whether re-entry data w i l l be needed for 
every pesticide in every crop or crop grouping for every geogra
phic location, and whether humans can l e g a l l y be used for dermal 
absorption studies. 

[ E d i t o r i a l note: Another workshop on methods for estimating 
exposure was held on October 2 9 - 3 1 , 19Ô0, in Hershey, PA. 
Revised proposed guidelines for re-entry requirements are to be 
published by EPA in the Federal Register, possibly in the spring 
of 1981 . ] 
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The RPAR Process - Is I t Working? 

About 30 participants met to discuss EPA 1s process of 
Rebuttable Presumption Against Registration (RPAR) for evaluating 
pesticides deemed to present an unreasonable r i s k to humans or 
the environment. A l u c i d description of the mechanics of the 
RPAR process, and the role of EPA 1s S c i e n t i f i c Advisory Panel 
(SAP) in this process, was presented by Dr. Robert Neal, a member 
of SAP. No EPA representative was present to f i e l d questions or 
express EPA 1s viewpoint on this controversial topic. 

Comments centered mainly on the advantages of having docu
mentation of safety data and an improved or more complete d e f i n i 
tion of a wide variety of terms employed to evaluate safety, 
r i s k , and benefits. Also discussed were items such as dose/ 
response data, occupational exposure of chemical manufacturer 
employees, formulators, applicators, growers, f i s h and w i l d l i f e , 
and the general public. 

Problems related to the RPAR process were also discussed. 
For the most part cri t i c i s m s were related to the frustration of 
i n d u s t r i a l s c i e n t i s t s who must accept the delays encountered in 
the decision process. Usually product manufacturers must develop 
and document réponses to an RPAR within a r e l a t i v e l y short f i n i t e 
period of time. On the other hand, there i s no requirement or 
time l i m i t for an EPA decision to be made or published. 

Some suggestions on ways to shorten the time required for 
review of responses were discussed. Because of the large volume 
and broad range of s c i e n t i f i c d i s c i p l i n e s covered, EPA may parcel 
out various sections of responses to selected members of the 
s c i e n t i f i c community for objective review and opinion. However, 
an individual reviewer may then see only a small part of the 
picture and may not have an opportunity to review reports that 
could have a direct relation to the reports reviewed. It was 
recommended that reviewers should have a complete copy of 
responses in order to develop a comprehensive opinion. Another 
alternative would be to develop and maintain the expertise within 
EPA to reach the decision point in a more timely manner. 

EPA Guidelines for Subchronic Toxicity Testing 

A group of 10 participants discussed EPA 1s proposed guide
lines for subchronic toxicology studies (Sections 1 6 3 . 8 2 - 1 in 
Proposed Guidelines for Registering Pesticides in the U.S.; 
Hazard Evaluation: Humans and Domestic Animals, Federal 
Register, August 2 2 , 1978, pp. 3 7 3 6 3 - 3 7 3 6 6 ) . Although f i n a l 
rules for subchronic testing have not been issued, the group 
anticipated considerable modification of the requirements. 

In May 1979, EPA sponsored a workshop in Denver, Colorado, 
to review their proposed guidelines for subchronic t o x i c i t y 
testing. Attendance was limited to invited participating and 
observer scientists from academia, public interest groups, 
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industry and government who are knowledgeable in subchronic 
testing procedures. To date, only draft reports of the workshop 
have been available for review. 

The overall thrust of proposed revisions to the proposed 
guidelines for end-result subchronic studies i s to decrease the 
number and complexity of required tests and to place more 
emphasis on the s c i e n t i f i c judgment of the study director. The 
group enthusiastically supported the following recommended 
changes : 
1. Reduction of the required histologic tissues sections from 

about hO to 20. 
2. Only one of paired organs need be examined. 
3 · Urine analyses would not be required. 
h. The number of c l i n i c a l chemistry tests would be reduced to 

13. 
5· I n i t i a t i o n of testing would be delayed u n t i l the animals 

were older. 
The groups agreed that these revisions in the guidelines would 
s i g n i f i c a n t l y reduce the cost of subchronic studies without 
reducing the quality. 

Mutagenicity Testing - Relevance to Carcinogenicity 

A group of about 10 participants discussed the "battery" of 
acceptable tests to be used in the genotoxic evaluation of a new 
chemical/pesticide. Considerable concern was expressed about 
r e l i a b i l i t y and reproducibility of various test systems and 
reasons for these concerns were addressed. The test methods 
(assays) chosen should minimize v a r i a b i l i t y . It was generally 
agreed that good predictors of carcinogenicity are currently 
available in the battery of mutagenicity assays. 

Evaluation of new chemicals for genotoxicity should be done 
through a t i e r system, or battery or core of tests which evaluate 
a l l types of genetic damage including gene mutations, chromosomal 
damage and DNA damage. Specific assays and tests in a battery 
should include the Ames Test, Micronucleus Test, Sister Chromatid 
Exchange, Yeast Gene Conversion, Transformation, Mammalian Point 
Mutation Assays, DNA Damage with Eschericia c o l i , and Unscheduled 
DNA Synthesis. 

Communicating Technical Information 

A select group of seven assembled to discuss how to effec
t i v e l y exchange information among sci e n t i s t s and the general 
public. Individuals recounted some of their experiences and 
frustrations, admitting that communicating technical information 
to the public i s d i f f i c u l t but important. Discussants sensed 
that the s c i e n t i s t has lost the confidence of the public and 
cannot be "trusted". To a l l e v i a t e this problem, scien t i s t s 
should participate in community groups but must avoid an 
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adversary approach or "talking down" to the lay person- The 
media was f e l t to be responsible for much misinformation by 
distortion or selection of information so as to make i t 
"newsworthy". 

A recommendation was made that greater use should be made of 
appropriate committees of the American Chemical Society for 
interpreting s c i e n t i f i c issues to the public where technological 
problems are involved. 
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Carbaryl, metabolic detoxification of 269/ 
Carcinogen(s) 

active in limited in vivo bioassays .. 77/ 
antagonistic effects of 201 
vs. cancer risk factors 173-174 
chemical 

laboratory models and pure 198 
metabolic activation require

ments of 445 
pulse doses of 207 
short-term tests for detecting 

potential 57 
designation 172-173 
detection, in vitro short-term 

test for 69 
direct-acting complete 176 
dose-response considerations of 

complete 179 
epigenetic 47, 62/ 

carcinogens vs. genotoxic 276 
evaluation (of) 

chemical as a potential 63 
decision point approach to 61/ 
in vitro short-term tests for 69-75 

genotoxic 47, 62/ 
molecules, covalent binding of 201-203 
NOEL for 542 
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short-term tests for detecting 

potential 57 
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epidemiology 448-452 
evaluation of the hazardous poten

tial of 57 
Industry Institute of Toxicology 

(CUT) 134 
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effects of 115-155 
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Chemically induced 
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Chemically reactive metabolites, 
examples of the formation of . . 225/ 

Chemically reactive metabolites, 
toxicity determination 218 

in vitro 222-224 
in vivo 222-224 

Chemiluminescence detectors 353 
Chemiluminescent detection with a 

TEA 354/ 
Chemiluminescent detectors in 

nitrosamine analysis 350-368 
Chemistry and toxicology, future 

trends in " 342-346 
Chemistry in toxicology, 

increased role of 335-347 
Chemists and epidemiologists 160 
China 

development of pesticide chemis
try in 523-525 

stages of 525 
pesticide(s) 

chemistry and regulation in 523-535 
developed in 526/-527/ 
procedures for registering 528-533 
produced in 524 
regulation of 528-533 
steps involved in the registra

tion of 530/ 
pests in 523 

Chlorfenvinphos, metabolic detoxifi
cation of 269/ 

Chlorinated cyclic hydrocarbon pesti
cides, carcinogenicity of 45 

Chloroform as an example of the 
cytotoxic threshold 252 

Chloroform, tissue damage and/or 
tumors in mice exposed to 253/ 

Cholinesterase biomonitoring pro
grams 165-166 

Chromatograms 
of the Group A anilines 375/ 
of the Group Β anilines 376/ 
obtained using a 15-cm Zorbax 

C-18 column 373/ 
Chromium in blood, methods for 

determination of 423 
Chromium concentration(s) in 

blood 421/-422/ 
as a function of date of publication 420/ 

Chromosomal alterations 90 
Chromosome tests 68 
Chronic bioassay 78 

from animal studies, long-term 336 
CUT (Chemical Industry Institute 

of Toxicology) 134 
Clinical studies 164 
Cocarcinogenesis 200 
Confidence interval(s) 389-391 

interpreting 390 

Consistency in data collection 413-414 
Controlled-independent-variable 

approach 402 
Correlation analysis 399 

possible outcomes from 401/ 
Correlation coefficient 399 
Cyclic hydrocarbon pesticides, car

cinogenicity of chlorinated 45 
Cyclic voltamograms of anilines 378/ 
Cysteamine 231 
Cysteine and prevention of liver 

necrosis 231 
Cytoxic threshold 251-252 

for chemically induced cancer 239 
chloroform as an example of 252 

Cytotoxicity, chemically induced 
recurrent 251 

D 

Data 
collection, consistency in 413-414 
determining the reliability of 

chemical and physical 413 
extrapolation of 396/ 
raw 412 
smoothed 403/ 

by method of averages 404/ 
by method of medians 405/ 
by taking 12th differences 406/ 

smoothing 
by averages 408 
by differencing 408 
by medians 408 
methods 402-409 

data illustrating 407/ 
DBCP (l,2-dibromo-3-chloropropane) 167 
DDT 50 

inhibition of metabolic cooperation 
between hepatocytes and an 
A R L TG resistant strain 
by 52/ 

Decision point approach to carcino
gen evaluation 61/ 

Decision point approach for evaluat
ing the potential carcinogenicity 
of chemicals 60-69 

Delineation of cell lineages during 
hepatocarcinogenesis 207 

N-Demethylation enzyme on 3'-
methyl-DAB to produce 3'-
methyl-AB, action of 204 

Deoxyribonucleic acid (DNA) 
adducts detected/assayed by 

immunochemical procedures .. 300/ 
base, induction of a mutation by 

direct reaction of an electro
phile with 288/ 
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Deoxyribonucleic acid (DNA) (continued) 
damage 

or chromosome effects, tests for 65 
in eukaryotic systems, pesticides 

positive only for 99/ 
in prokaryotic and/or eukaryotic 

systems, pesticides positive 
for point/gene mutation 97/ 

in prokaryotic systems, pesti
cides positive only for 98/ 

and repair 191 
assays of 90 
balance vs. no-threshold 

premise 172 
dose determination 293 
dose in humans 327 
in vitro, reaction between 

dichlorvos and 302/ 
interaction of carcinogenic 

organochlorine compounds 48/ 
repair 67-68 

synthesis, autoradiographic 
measurement of 67 

tests 65 
target cell 205 

Dependent variable 391 
Detectaibility of analytical methods 431 
Detection limits in radiochemical 

procedures 431 
Detector response vs. quantity 

injected for anilines 379/ 
Determinability of analytical methods 431 
Detoxication pathways 39-40 
Detoxification reactions of pesticide 

metabolites 268 
Di-ku-Shuang (DKS) 532 
Dialkylnitrosamine, metabolic activa

tion of 278/ 
Dibenzo-p-dioxins (CDDs) 418 
1,2-Dibromo-3-chloropropane 

(DBCP) 167 
Dichlorvos 301 

and DNA in vitro, reaction 
between 302/ 

hydrolysis of 302/ 
Dinitroaniline herbicides 367 
Dioxin 

molecule configuration 451 
residues in humans 448 

analytical problems associated 
with 450 

values reported in EPA recovery 
studies, false positive 434/ 

Di-n-propylnitrosamine (NDPA) 367 
yV-Dipropylnitrosamine, MS of 356/ 
Direct-acting complete carcinogens 176 
Discussion groups and workshops 553-562 
DKS (Di-ku-Shuang) 532 
DNA (see Deoxyribonucleic acid) 

Dosage 
levels for metabolism and toxi

cology studies 557 
levels, structure-activity relation

ships for 557 
in metabolism studies, multiple 

vs. single 314 
Dose 

in a conjugate, multiple vs. single .. 313/ 
level(s) 

calculated carcinogenic response 
at various 246/, 248/ 

in carcinogenesis testing 495 
carcinogenic response observed 

at a given 246 
ratio between steady concentra

tion of the parent chemical 
and 247/ 

-response 
considerations of complete 

carcinogens 179 
curve 247/, 250/ 

typical 244/ 
relation in carcinogenesis 200-201 
relationships 240 

Dosing test animals at substantial 
levels 180 

Ε 
EBDC (Ethylene bis-dithiocarbamate) 542 
EDF (see Environmental Defense 

Fund) 
EF (Environmental Factor) 345 
Effect categories 72 
Electrochemical 

detection, detection of trace con
taminants by the T E A 349-350 

detection, utility of HPLC with 377 
detector(s) 

disadvantages of 372 
factors affecting sensitivity of .... 377 
of trace levels of pesticides 371-377 

Electrophilic metabolites, activation 
of procarcinogens to 176-177 

Embryonic 
and fetal development in the hu

man, mouse, and rat, time 
periods of 123/ 

organ systems to teratogenic agents 
during organogenesis, differen
tial susceptibilities of 125/ 

organ systems to teratogens, differ
ential sensitivities of 126/ 

Employee physical examination 
findings 164 

Environment, analysis to ensure safe 
working 455-457 
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570 T H E P E S T I C I D E C H E M I S T A N D M O D E R N T O X I C O L O G Y 

Environmental 
agents, radioimmunoassays for 451 
analysis 442-443 
Defense Fund (EDF) 473, 546 

concerns about pesticide use 473 
Factor (EF) 345 
Protection Agency (EPA) 503, 545 

guidelines 
GLP 475 
for GLP in hazard evalua

tion 553-556 
pesticide regulations 482 
for subchronic toxicity 

testing 560-561 
Human Monitoring Survey 474 
pesticide guidelines, changes 

brought on by 486-487 
phased approach for the appli

cation of short-term tests 190 
proposed health effects test 

standards for toxic sub
stances control act test rules 554 

recovery studies, false positive 
dioxin values reported in 434/ 

regulation of pesticides, factors 
contributing to 484 

regulations on pesticides, status 
of major 483/-484Z 

report on PCP contaminants 416 
risk-benefit analyses by 547 
suspended and cancelled pesti

cides 487/ 
toxicology 285 

Environmentalist's view of toxicology 
and pesticide regulation 473-477 

Enzyme induction in mammals 203 
Enzymes, xenobiotic metabolizing 36 
EPA (see Environmental Protection 

Agency) 
Epidemiologic 

data, early 197 
studies related to pesticide expo

sure, review of selected 166-168 
techniques used to assess health 

effects related to occupational 
exposure to pesticides 162-164 

Epidemiologists 
and biostatisticians 162 
and chemists 160 
and industrial hygienists 160 
and physicians 162 
and toxicologists 161-162 

Epidemiology 
chemical 448-452 
the contribution of 157-169 
definition and concerns of 157-159 
interface with other scientific 

disciplines of 160-162 
OverView of occupational 159 
role of 190 

Epigenetic 
carcinogens 47, 62/ 

vs. genotoxic carcinogens 276 
mechanism of action of organo

chlorine pesticides 50-52 
mechanisms of action of carcino

genic organochlorine pesti
cides 45-56 

Ethylene bis-dithiocarbamate (EBDC) 542 
Ethylene thiourea (ETU) 542 
Eukaryotic systems, pesticides posi

tive only for DNA damage in .... 99/ 
Eukaryotic systems, pesticides posi

tive for point/gene mutation 
and DNA damage in prokaryotic 
and/or 97/ 

Europe 
and crop residue regulations 518 
pesticide registration requirements in 548 
pesticide regulation in 513-521 

European 
Economic Community (EEC) 519 
registration policies and proce

dures for pesticides 516-519 
registration requirements for 

pesticides 513-516 
Excision repair 67 
Extrahepatic vs. hepatic microsomal 

activities 36-37 
Extrahepatic metabolism 34 
Extrapolation 394 

animal to human 497 
of data 396/ 
models and risk assessment 172-173 
of toxicological data 277-279 
using mathematical models, 

advantage of 499 

F 
False positive dioxin values reported 

in EPA recovery studies 434/ 
Farm worker safety 558-560 
Farm workers into treated fields, fed

eral standards for re-entry of 558-560 
FDA (see Food and Drug 

Adminstration) 
Federal Insecticide, Fungicide, and 

Rodenticide Act 
(FIFRA) 479,504,545 

congressional purpose in enacting 
1972 amendment to 480/ 

new requirements posed by 1972 
amendments to 481 

Feed(s) 
components, effects of autoclaving 

on selected animal 339/ 
sampling of animal 415 
surveillance, twenty parameters 

used in animal 338/ 
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I N D E X 571 

Fetal anomalies, skeletal examina
tion of 131 

Fetal development in the human, 
mouse, and rat, time periods of 
embryonic and 123/ 

FIFRA (see Federal Insecticide, Fun
gicide, and Rodenticide Act) 

First-order rate equations for 
biological process 241 

Fischer rats, acetaminophen in 230 
Food and Drug Administration (FDA) 127 

GLP regulations for nonclinical 
laboratory studies 554 

Good laboratory practice (GLP) 
(continued) 
principles to metabolism studies, 

application of 556 
standards, multiple 553-554 
variations in inspection criteria 

for 555-556 
GSH (see Glutathione) 
Guidelines for Reproductive Studies 

for Safety Evaluation of Drugs 
for Human Use 127-131, 129/ 

H 

Gas-liquid chromatography (GLC) 558 
GC or HPLC, N-nitroso compounds 

during 358 
Gene 

expression in target cells 206 
mutagens, short-term in vivo assays 

for 89 
mutation in insects, pesticides 

positive only for 100/ 
Genetic 

control of susceptibility of 
toxicants 9 

damage, classes of 89 
programs of target cells, molecu

lar alterations in 205-206 
risks in man, target dose approach 

for the assessment of 301 
toxicology and carcinogen testing 57-87 

Genotoxic carcinogens 47, 62/ 
epigenetic carcinogens vs 276 

Genotoxicity 
detection, quantitative aspects of 79-81 
and initiation 174-175 
limited in vivo bioassays for 75 
of organochlorine pesticides, lack of 48 
and promotion 175-176 
tests for 48 

Genotypic cellular markers 210-211 
German measles (Rubella) 115 
GLP (see Good laboratory practice) 
Glucuronide formation, phénobarbital 

pretreatment 39 
Glutathione (GSH) 39 

conjugates, pathways of phenacetin 
metabolism leading to the 
formation of 233/ 

conjugation of oxides with 444 
Good laboratory practice (GLP) 

guidelines 553 
cost vs. benefit of proposed 555 
EPA's 475 
international implications of 554-555 

OECD principles of 554 

Hansch analysis 12 
Hazard 

assessment 506-511 
evaluation, EPA guidelines for 

GLP in 553-556 
evaluation, heirarchy of 12/-15 

Hazardous materials laboratory 455 
Hazardous potential of chemicals, 

evaluation of 57 
Health 

effects occurring in humans exposed 
to pesticides, potential adverse 470 

related to occupational exposure to 
pesticides, techniques used to 
assess 163-164 

epidemiologic 162-164 
and Welfare Canada 538 

Hepatic microsomal activities, extra
hepatic vs 36-37 

Hepatocarcinogenesis by concomitant 
administration of 3-methylchol
anthrene, inhibition of 3'-
methyl-DAB-induced 202/ 

Hepatocyte primary culture (HPC) . 48 
/DNA repair results 49/ 
/DNA repair test 48 

Hepatocytes and an A R L TG resist
ant strain by DDT, inhibition of 
metabolic cooperation between 52/ 

Hepatotoxins 36 
Heptachlor epoxide 474/ 
Herbicides, dinitroaniline 367 
HGPRT (hypoxanthine-guanine 

phosphoribosyl transferase) 49 
High-Hazard Laboratory for Life 

Scientists 456 
High-performance liquid chromatog

raphy (HPLC) 558 
detection of halogenated anilines . 371 
with electrochemical detection, 

utility of 377 
N-nitroso compounds during 

GC or 358 
Homeostasis 7 
HPC (see Hepatocyte primary culture) 
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572 T H E P E S T I C I D E C H E M I S T A N D M O D E R N T O X I C O L O G Y 

Human(s) 
dioxin residues in 448 

analytical problems associated 
with 450 

DNA dose in 327 
epidemiology, animal toxicity vs. 

human 340 
exposed to pesticides, potential ad

verse health effects occurring 
in 470 

exposure to pesticides, assessing .... 509 
exposure to pesticides containing 

trace amounts of nitrosamines 
or agricultural residues of 
nitrosamines 367 

fat, problems in development of 
TCDD analysis in 450/ 

health hazard potential of environ
mental chemicals, assessment 
of 442 

milk compared to arochlor 1254 
standard, PCB pattern in 449/ 

monitoring survey, EPA's 474 
risk assessment from animal 

data 493-501 
risk assessment, extrapolation from 

animal toxicity to 137-140 
sensitivity of test animals vs 500 
strategy for prevening chemically 

induced cancer in 180 
studies of toxic action 15 
target dose in 327 
teratogenic agents 117 
tissues, analytical problems of 

PCBs in 448 
Use, Guidelines for Reproductive 

Studies for Safety Evaluation 
of Drugs for 127-131, 129/ 

Hydrocarbon pesticides, carcino
genicity of chlorinated cyclic .... 45 

N-Hydroxy-AAF 203 
N-Hydroxyacetaminophen 229 
/V-Hydroxymethylation leading to 

detoxification of N-methylcarba-
mate insecticides 272/ 

Hyperplastic toxicity 178-179 
Hypoxanthine-guanine phosphori-

bosyl transferase (HGPRT) 49 

I 

Immunology, toxicologic aspects of 26 
Immunotoxicology 10 
In vitro 

condition, trapping reactive inter
mediates under 317 

metabolite studies 310 
short-term test for carcinogen 

detection 64 

In vitro (continued) 
short-term tests for carcinogens, 

evaluation of 69-75 
test systems for teratogenicity 

screening 134 
toxicity determination for chemi

cally reactive metabolites .222-224 
In vivo 

assays 
for gene mutagens, short-term . . 89 

bioassay(s) 
for carcinogenicity 189 
carcinogens active in limited 77/ 
for genotoxicity, limited 75 
summary of limited 78 
testing, flow chart of chemistry 

support to 454/ 
metabolite studies 310 
toxicity determination for chemi

cally reactive metabolites .222-224 
Independent variable 391 
Industrial hygienists and epidemi

ologists 160 
Industrial view of toxicology and 

pesticide regulation 479-491 
Inhalation study of rats exposed to 

zinc chromate 312/ 
Initiation 

genotoxicity and 174-175 
-promotion system of cancer 

development 198-200, 202/ 
stage of carcinogenesis 174 

Insects, pesticides positive only for 
gene mutation in 100/ 

Insoluble metabolites 316-317 
Interlaboratory coefficient of variation 

as a function of concentration 429/ 
Interlaboratory coefficient of varia

tion, variation of 427/ 
Interpolation 394 
Intoxication processes, the nature 

of 287—289 
4-Ipomeanol (IPO) ' . ' 27-31,189 

activation and 3MC 32 
age-related changes in kidney 

activation 37 
organ alkylation, organ toxicity, 

and lethality, species differ
ences in 30/, 33/ 

structure of 29/ 
target organ necrosis produced by 37 
tissue necrosis, metabolic toxication 

and detoxication in 29/ 
toxicity (of) 

effect of 3-methylcholanthrene 
pretreatment on the in vivo 
alkylation and 33/ 

mechanism of 28 
and organ-specific 28-31 
pulmonary 31 
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I N D E X 573 

Κ 
Kepone 166 
Kidney activation of IPO, age-related 

changes in 37 

L 
Laboratory practices, good 336-340 
Lead arsenate as a pesticide in 

Canada 542 
Least square analysis 392 
Lesions, determinants of the nature 

and magnitude of key 291/ 
Linear pharmacokinetic profile 242 
Linear relationship between variables 395/ 
Linearity, low-dose 499 
Linuron, metabolic detoxification of 263/ 
Lipid peroxidation 8 
Liver 

cancer, experimental induction 
of 207-210 

cell membrane alloantigenic 
determinants 210 

necrosis 
via acetaminophen in mice 230 
N-acetylcysteine and prevention 

of 232 
caused by acetaminophen 226/ 
cysteine and prevention of 231 

Logarithmic transformations 397-398 
Long-term chronic bioassays from 

animal studies 336 

M 

Malathion, metabolic detoxification of 262/ 
Mammalian 

carcinogenicity of A A F 261 / 
metabolism of A A F 263/ 
metabolism of the glucoside con

jugate of 1-naphthol 272/ 
mutagenicity tests 66-67 
toxicology 285 

biochemical research in 286 
Mammals, enzyme induction in 203 
Mammals, teratogenic agents in 118/ 
Man, comparison of laboratory ro

dents and sub-human primates as 
metabolic models for 279/ 

Man, evaluating the toxicological 
significance of pesticides to 264 

Market Basket Surveys, FDA's 474 
Mass-analyzed ion kinetic energy 

mass spectrometry (MIKES) 451 
3MC (see 3-Methylcholanthrene) 
Measurement(s) 

limit of reliable 430-435 
precision in 424-430 
variability of 414-415 

Mechanism elucidation 444-446 
Metabolic 

activation 
of an aromatic amine 275/ 
chain of events attendant upon 14/ 
of a dialkylnitrosamine 278/ 
of parathion 270/ 
of polycyclic aromatic hydrocar

bons to reactive electro
philes 275/ 

requirements of chemical 
carcinogens 445 

of schradan 270/ 
activity, factors modifying 

target-tissue 37 
aspects of pesticide 

carcinogenicity 274-276 
mutagenicity 274-276 
toxicology 257-284 

basis for pesticide selectivity 260-264 
cooperation between hepatocytes 

and an A R L TG resistant 
strain by DDT, inhibition of .. 52/ 

detoxification of 
carbaryl 269/ 
chlorfenvinphos 269/ 
linuron 263/ 
malathion 262/ 

and disposition patterns of pesti
cides in higher animal 
systems 262/ 

models for man, comparison of 
laboratory rodents and sub
human primates as 279/ 

pathways of brombenzene 313/ 
reactions, nature of 258-260 
transformation of methiocarb 270/ 
transformations of propoxur 270/ 

Metabolism 
of AAF, mammalian 263/ 
of acetaminophen 224 
comparative 308-310 
extrahepatic 34 
of the glucoside conjugate of 

1-naphthol, mammalian 272/ 
pesticide 

prospects and problems 280-281 
studies, methodology, goals, and 

regulatory considerations 
of 265-267 

studies, objectives of 306-308 
traditional approaches to 305-316 

of phenacetin 224 
research, the importance of 

planning in 308 
studies 

application of GLP principles to 556 
multiple vs. single dosage in 314 
and safety evaluation 264-265 
of xenobiotics 286 
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Metabolism (continued) 
and systemic transport in the for

mation of bladder tumors by 
2-naphthylamine, role of 35/ 

and systemic transport in the 
toxicity of pyrrolizidine 
alkaloids, role of 35/ 

and toxicology studies, dosage 
levels for 557 

of xenobiotics, chemicals that 
inhibit 38 

Metabolite(s) 
analytical significance of 556-557 

vs. toxicological 556-557 
in the body, hypothetical pharma

cokinetic model describing 
the disposition of a parent 
chemical and its 244/ 

of carbanolate, Phase I 259/ 
of carbanolate, Phase II 259/ 
chemically reactive 

examples of the formation of 225/ 
postulated mechanisms of 

toxicity by 219/ 
toxicity determination in 218 

in vitro 222-224 
in vivo 222-224 

detection of activated 13 
identification 312-316 

dosage in 312-315 
isotope labeling in 315 
products and effects in 315-316 
stability in 315 

insoluble 316-317 
isolation and identification by 

MS techniques, use of 
radiolabeled compounds 
to facilitate 447 

metabolism of 316 
pesticide 

activation reactions of 268 
detoxification reactions of 268 
and the regulatory process 267-277 
testing for carcinogenic 

hazards of 273 
testing for mutagenic hazards 

of 273 
toxicological characteristics of 277 
toxicological significance of ... 268-271 

of procarcinogens, proximate and 
ultimate 203 

protein— 221 
residues 306 

bioavailability of unextractable 
C-14 307/ 

chemical analysis of low-level 510 
in oragnosoluble 316 

stability and transport of reactive 32-34 
stress 27 

Metabolite(s) (continued) 
studies 

for animal, selection of minor 
vs. major 267 

in vitro 310 
in vivo 310 

target— 221 
in the target tissue, formation 

reactive 31 
testing systems for identifying 310-311 
toxic potential in 217-237 
toxicity testing of 556 
water-soluble 316 

Metabolizing enzymes, xenobiotic .... 36 
Methiocarb, metabolic transformation 

of 270/ 
3'-Methyl-AB action of the N-de-

methylation enzyme on 3'-
methyl-DAB to produce 204/ 

3'-Methyl-DAB-induced hepatocar
cinogenesis by concomitant ad
ministration of 3-methylcholan
threne, inhibition of 202/ 

3'-Methyl-DAB to produce 3'-methyl-
AB, action of N-demethylation 
enzyme on 204/ 

3-Methylcholanthrene (3MC) 31 
inhibition of 3'-methyl-DAB-

induced hepatocarcinogenesis 
by concomitant administra
tion of 202/ 

IPO activation 32 
pretreatment on the in vivo alkyla

tion and toxicity of 4-ipomea-
nol, effect of 33/ 

N-Methylcarbamate insecticides, 
N-hydroxymethylation leading 
to detoxification of 272/ 

Mice 
exposed to chloroform, tissue 

damage and/or tumors in 253/ 
liver necrosis via acetaminophen 

in 230 
with phénobarbital, pretreatment of 228 
tumor response in 199 

Michaelis-Menten kinetics 242 
Microsomal activities, extrahepatic 

vs. hepatic 36-37 
MIKES (mass-analyzed ion kinetic 

energy mass spectrometry) 451 
Milk, PCBs in mother's 448 
Morbidity studies 164 

of pesticide exposure 166 
Mortality studies in a worker 

population 163 
Multi-step cellular lineage 208/ 
Multiple regression 392 
Mutagenesis 25 

assay results, ARL/HGPRT 50/ 
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INDEX 575 

Mutagenesis (continued) 
bacterial 65-66 
and carcinogenesis of environ

mental chemicals, a phased 
approach for evaluating 92/ 

evaluation, pesticide 94/ 
tests 64 

Mutagenic hazards of pesticide 
metabolites, testing for 273 

Mutagenic potential of pesticides 89-113 
Mutagenicity 

batteries 59-60 
testing 91 

and carcinogenicity 271-274 
results, comparison of 102/-105/ 
testing, phased approach to 91-101 
testing, primary objective of 80 

metabolic aspects of pesticide 274-276 
testing, its relevance to carcino

genicity 561 
tests, mammalian 66-67 

Mutagens, short-term tests for 
detecting potential chemical 57 

Mutation(s) 
by direct reaction of an electrophile 

with a DNA base, induction of 288/ 
point 89 
in target cells, cancer and the 

induction of 251 

Ν 
2-Naphthylamine, role of metabolism 

and systemic transport in the 
formation of bladder tumors by 35/ 

National Institute of Environmental 
Health Sciences (NIEHS) 452 

high-hazard containment labora
tories of 456 

National Toxicology Program (NPT) 452 
NDPA (di-H-propylnitrosamine) 367 
Negligible daily intake (NDI) 539 
Neurological effects of pesticide 

exposure 166-167 
NIEHS (see National Institute of 

Environmental Health Sciences) 
Nitrosamine(s) 353 

or agricultural residues of nitrosa
mines, human exposure to 
pesticides containing trace 
amounts of 367 

analysis, chemiluminescent 
detectors in 350-368 

analysis, TEA in 350-368 
contamination, screening for 359 
instrument operating parameters 

for GLC and LC analysis for 363/ 
on L C - T E A , procedure for screen

ing and identifying nonvolatile 365/ 

N-Nitrosamines as pesticide con
taminants, volatile 355 

Nitrosation of pesticides in soil, 
water, and plants 368-371 

N-Nitroso compounds 
during GC or HPLC 358 
exposure to 353 
TEA analysis and 355 
at trace levels, thermal energy 

determination of 355 
N-Nitroso contamination 358 
Nitrosoatrazine 370 

synthetic 371 
Nitrosobutralin 370 
NOEL (No observable toxicological 

effect level) 539 
for a carcinogen 542 

Nonclinical laboratories studies .336-340 
FDA's GLP regulations for 554 

Nonlinear pharmacokinetic profile .... 242 
NTP (National Toxicology Program) 452 

Occupational 
epidemiology, overview of 159 
exposure to pesticides, techniques 

used to assess health effects 
related to 163-164 

epidemiologic 162-164 
illness, OSHA categories for 165/ 
illness, OSHA definition of 164-166 

One-step cellular lineage 208/ 
Ordered detection limits 432/ 
Organ 

alkylation, organ toxicity and 
lethality, species differences 
in 4-ipomeanol 30/, 33/ 

necrosis produced by IPO, 
target 37 

-specific toxicity 27-31 
factors influencing patterns of ....31-40 
IPO 28-31 

specificity in toxic action, bio
chemical aspects of 27-43 

analysis of 188 
structure and cell-specific 

activation 34-36 
Organization for Economic Coopera

tion and Development (OECD) .. 554 
principles of GLP 554 

Organochlorine 
compounds, DNA interaction of 

carcinogenic 48/ 
pesticides, epigenetic mechanism 

of action of 50-52 
carcinogenic 45-56 

pesticides, lack of genotoxicity of .. 48 
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Organogenesis, differential suscepti
bilities of embryonic organ 
systems to teratogenic agents 
during 125/ 

Organosoluble residues, metabolites 
in 316 

OSHA categories for occupational 
illness 165/ 

OSHA définition of occupational 
illness 164-166 

Oxychlordane 474/ 
Oxygen toxicity, protecting cells 

against 8 

PAs (see Pyrrolizidine alkaloids) 
PAPS (3'-phosphoadenosine-5'-

phosphosulfate) 231 
Parathion 320 

metabolic activation of 270/ 
PCBs (see Polychlorinated biphenyl 

mixtures) 
Pentachlorophenol (PCP) 416 

contaminants, EPA report on 416 
Peroxidation, lipid 8 
PERT charts 412 
Pesticidal trace contaminants, aspects 

of analytical toxicology related 
to analysis 349-385 

Pesticide(s) 
assessing human exposure to 509 
authority, Canadian 548 
beneficial effects of 472 
in Canada 

categories 539 
lead arsenate as 542 
regulation 537-544 
testing 540 

carcinogenesis evaluation 94/ 
carcinogenic potential of 89-113 
carcinogenicity of chlorinated 

cyclic hydrocarbon 45 
carcinogenicity, metabolic aspects 

of 274-276 
chemist and toxicology, aspects of 

analytical 331-333, 461-463 
biochemical 195-196,323-328 
regulatory 467-468, 545-549 
toxicological 3-191 

chemistry 
in China, development of 523-525 
and regulation in China 523-535 
research, analytic aspects of 557-558 

in China 
developed 526/-527/ 
procedures for registering 528-533 
produced 524 

Pesticide(s) (continued) 
in China (continued) 

regulation of 528-533 
steps involved in the registra

tion of 530/ 
conjugates 268-271 
containing trace amounts of nitrosa

mines or agricultural residues 
of nitrosamines, human 
exposure to 367 

contaminants, volatile N-nitrosa
mines as 355 

electrochemical detectors of trace 
levels of 371-377 

EPA's suspended and cancelled 487/ 
European registration policies and 

procedures for 516-519 
European registration requirements 

for 513-516 
exposure 

morbidity studies of 166 
neurological effects of 166-167 
reproductive effects of 167 
review of selected epidemiologic 

studies related to 166-168 
studies on field workers 167-168 

guidelines, changes brought on 
by EPA 486-487 

guidelines, toxicology study re
quirements for 484/-485/ 

in higher animal systems, meta
bolic and disposition patterns 
of 262/ 

to man, evaluating the toxicologi
cal significance of 264 

management, regulations for 529 
metabolism 

prospects and problems 280-281 
studies, methodology, goals, and 

regulatory considerations 
of 265-267 

studies, objectives of 306-308 
traditional approaches to 305-316 

metabolites 
activation reactions of 268 
detoxification reactions of 268 
and the regulatory process .276-277 
testing for carcinogenic 

hazards of 273 
testing for mutagenic hazards of 273 
toxicity assessment of 267 
toxicological characteristics of 277 
toxicological significance of .268-271 

mode of action of carcinogenic 190 
mutagenesis evaluation 94/ 
mutagenic potential of 89-113 
mutagenicity, metabolic aspects 

of 274-276 
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I N D E X 577 

Pesticide(s) (continued) 
having a negative response in six 

or more genetic bioassays 96t 
observed toxicities of various 320/ 
-organism interactions, aspects of 269/ 
organochlorine, epigenetic mecha

nism of action of 50-52 
carcinogenic 45-56 

organochlorine, lack of geno
toxicity of 48 

positive only 
for DNA damage in eukaryotic 

systems 99/ 
for DNA damage in prokaryotic 

systems 98 
for gene mutation in insects 100/ 

positive for point/gene mutation 
and DNA damage in prokary
otic and/or eukaryotic 
systems 97/ 

registration 
present consequences of 487 
requirements in Europe 548 
risk-benefit analysis—role in 

regulation of 469-472 
regulation(s) 

environmentalist's view of toxi
cology and 473-477 

EPA 
factors contributing to 484 
guidelines for 482 
status of major 483/-484/ 

in Europe 513-521 
the impact of modern toxi

cology on 525-528 
industrial view of toxicology 

and 479-491 
and registration, recommenda

tions for improvements 
in 488-491 

role of short-term tests in 508 
role of toxicology in 503 
status of 482-486 
toxicology and risk evaluation 503-511 
U.S. vs. Canadian require

ments for 541 
regulatory task, scope of 480-482 
risk potential of 505, 509 
RPAR for evaluating 560 
Safety Precautions Scheme 516 
selectivity, metabolic basis for 260-264 
in soil, water, and plants, 

nitrosation of 368-371 
techniques used to assess health 

effects related to occupational 
exposure to 163-164 

epidemiologic 162-164 
tolerance 276 

Pesticide(s) (continued) 
toxicity, new strategies in bio

chemical studies for 285-304 
toxicology 

applications of the target dose 
approach in 301-303 

metabolic aspects of 257-284 
problems and pitfalls in bio

chemical studies for 305-321 
use, EDF's concerns about 473 
use patterns 265 

Pests in China 523 
Pharmacokinetic(s) 

model describing the disposition 
of a parent chemical and its 
metabolite in the body, 
hypothetical 244/ 

principles 241-242 
profile, linear 242 
profile, nonlinear 242 
threshold 242-245 

concepts at low levels of 
exposure 239-256 

Phase I metabolites of carbanolate .... 259/ 
Phase II metabolites of carbonolate .. 259/ 
Phased approach for the application 

of short-term tests, 
EPA's 190 

Phased approach to carcinogenicity 
and mutagenicity testing 91-101 

Phenacetin 232 
metabolism 224 

leading to the formation of gluta
thione conjugates, pathways 
of 233/ 

Phénobarbital pretreatment and glu-
curonide formation 39 

Phénobarbital, pretreatment of mice 
with 228 

Phenocopies 120 
3'-Phosphoadenosine-5'-phospho-

sulfate (PAPS) 231 
Physicians and epidemiologists 162 
Point 

estimates 389 
/gene mutation and DNA damage 

in prokaryotic and/or eukary
otic systems, pesticides posi
tive for 97/ 

mutations 89 
Pollutants, surveillance indices for 

selected 346 
Polychlorinated biphenyl mixtures 

(PCBs) . 442 
binding 445 
in human tissues, analytical 

problems of 448 
in mother's milk 448 
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578 T H E P E S T I C I D E C H E M I S T A N D M O D E R N T O X I C O L O G Y 

Polychlorinated biphenyl mixtures 
(PCBs) (continued) 

pattern in human milk compared 
to arochlor 1254 standard 449/ 

problem, classification and occur
rence of compounds associ
ated with 443/ 

Postnatal development landmarks in 
the Fischer-344 rat, acquisition 
of 138/ 

Postnatal testing 137 
Precarcinogens 274 
Precision in measurement 424-430 
Precisions in trace analysis 426 
Prediction 

intervals in calibration analysis, 
calculation of 400/ 

intervals, types of 394 
as a statistical method 392-397 

Prenatal development in the Rodentia 
and Lagomorpha 139 

Procarcinogens to electrophilic 
metabolites, activation of 176-177 

Procarcinogens, proximate and ulti
mate metabolites of 203 

Prokaryotic and/or eukaryotic sys
tems, pesticides positive for 
point/gene mutation and DNA 
damage in 97/ 

Prokaryotic systems, pesticides posi
tive only for DNA damage in .... 98/ 

Promotion 
genotoxicity and 175-176 
stage of carcinogenesis 174 
system of cancer development, 

initiation- 198-200, 202/ 
Pronamide 548 
Propoxur, metabolic transformations 

of 270/ 
Protein—metabolite 221 
Pulmonary toxicity of IPO 31 
Pulse doses of chemical carcinogens 207 
Purine analog resistance 66 
Pyrrolizidine alkaloids (PAs) 32 

indigestion 32 
role of metabolism and systemic 

transport in the toxicity of .... 35/ 

Q 
Quantitative risk assessment 498, 499/, 507 
Quantitative structure-activity 

relationships (QSAR) 12 

R 
Radiochemical procedures, detection 

limits in 431 
Radioimmunoassays (RIAs) 451 

double-antibody 451 

Radioimmunoassays (RIAs) (continued) 
for environmental agents 451 
for TCDD, problems in develop

ment of 452/ 
Radiolabeled compounds to facilitate 

metabolite isolation and identi
fication by MS techniques, use of 447 

Random sample 389 
Rat(s) 

acetaminophen in Fischer 230 
exposed to zinc chromate, 

inhalation study of 312/ 
Fischer-344 

acquisition of postnatal develop
mental landmarks in 138/ 

fetuses, skeletal anomalies 
detected in 133/ 

fetuses, soft tissue anomalies 
detected in 132/ 

whole body autoradiograms 
(WBAR) of pregnant 135/ 

ratio between the amount of vinyl 
chloride metabolized and the 
concentration of inhaled 
vinyl chloride in 250/ 

Reactive 
intermediate(s) 317-320 

effort needed to determine the 
presence of 319/ 

reactivity of 318/ 
trapping 318/ 

metabolites, stability and 
transport of 32-34 

metabolites in the target tissue, 
formation of 31 

Rebuttable Presumption Against 
Registration (RPAR) 547 

for evaluatiing pesticides 560 
Regression 

analysis, sample data for 393/ 
lines of laboratories examining 

for TCDD 436/ 
multiple 392 
problem 392 

Regulations for pesticide management 529 
Regulatory aspects of the pesticide 

chemist and toxicology 467-468, 
545-549 

Repeatability and reproducibility 424 
Reproduction study, three-generation 130/ 
Reproductive 

effects of pesticide exposure 167 
Studies for Safety Evaluation of 

Drugs for Human Use, 
Guidelines for 127-131, 129/ 

and teratogenic effects of 
chemicals 115-155 

toxicity 25 
RIAs (see Radioimmunoassays) 
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INDEX 5 7 9 

Richardson and Cunningham effect 204/ 
Risk 

assessment 342,416 
from animal data, human 493-501 
application of fundamentals 

in 171-185 
carcinogenic 245 
extrapolative model(s) for 172-173 

based on target dose concept 295/ 
current 294/ 

principles and problems in 470-472 
quantitative 498, 499/, 507 
target dose and 292-296 

-benefit 
analyses by EPA 547 
analysis—role in regulation of 

pesticide registration 469-472 
balancing 504 

determination of potential 469-470 
estimation 245-251 
evaluation, pesticide regula

tion—toxicology and 503-511 
factors, evaluating cancer 181 
potential of pesticides 505, 509 
as a result of exposure to toxic 

substances, methods of esti
mating potential human 546 

RPAR (see Rebuttable Presumption 
Against Registration) 

Rubella (German measles) 115 

S 
Safe working environment, analysis 

to ensure 455-457 
Safety evaluation, metabolism 

studies 264-265 
Sampling 415-416 

of animal feeds 415 
Saturable biological processes 241 
SCE (sister chromatid exchanges) 68 
Schradan, metabolic activation of 270/ 
Score table for short-term test results 

using the weighed contribution 
method 71/ 

Second-order rate equations for 
biological process 241 

Sensitivity factor 246 
Short-term in vivo assays for gene 

mutagens 89 
Short-term test(s) 

for carcinogen detection, in vitro 64 
for carcinogens, evaluation of 

in vitro 69-75 
for detecting potential chemical 

carcinogens 57 
for detecting potential chemical 

mutagens 57 
EPA's phased approach for the 

application of 190 

Short-term test(s) (continued) 
in pesticide regulation, role of 508 
results using the weighed contri

bution method, score table 
for 71/ 

test concentration factor for 73/ 
SI (see Surveillance index) 
Sister chromatid exchanges (SCE) 68 
Skeletal anomalies detected in 

Fischer-344 rat fetuses 133/ 
Skeletal examination of fetal 

anomalies 131 
Soft tissue anomalies detected in 

Fischer-344 rat fetuses 132/ 
Species differences in 4-ipomeanol 

organ alkylation, organ toxicity, 
and lethality 30/, 33/ 

Species variations in predicting 
toxicity, problem of 277-279 

Specificity of analytical methods 417-419 
Specificity, assessing 417 
Statistical 

calibration 398-399 
calculation of 398 

considerations in the evaluation of 
toxicological samples 387-409 

evaluation, factors influencing 387 
method(s) 387-409 

prediction as 392-397 
population 389 

Statistics based on a sample 389-409 
Stress metabolites 27 
Structure-activity relationships for 

dosage levels 557 
Subchronic toxicity testing, EPA 

guidelines for 560-561 
Sulprofos, structures of 278/ 
Surflan 368 
Surveillance 

Index (Si) 342 
for selected pollutants 346 

twenty parameters used in 
animal feed 338/ 

of worker populations 164 
Susceptibility to toxic effect, individual 9-10 
Susceptibility of toxicants, genetic 

control of 9 
Synthetic nitrosatrazine 371 

Τ 
Target 

cell(s) 
cancer and the induction of 

mutations in 251 
DNA 205 
gene expression in 206 
molecular alterations in the 

genetic programs of 205-206 
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580 T H E P E S T I C I D E C H E M I S T A N D M O D E R N T O X I C O L O G Y 

Target (continued) 
dose 

approach 
for the assessment of genetic 

risks in man 301 
limitations in 299-301 
in pesticide toxicology, 

applications of 301-303 
concept 292 

extrapolative model for risk 
assessment based on 295/ 

determination 292 
estimation 296-299 

analytical problems of 298-299 
qualitative aspects of 296-299 
quantitative aspects of 296-298 

in humans 327 
and risk assessment 292-296 

—metabolite 221 
—tissue metabolic activity, factors 

modifying 37 
TCDDs (see Tetrachlorodibenzo-

p-dioxins) 
TDI (theoretical daily intake) 539 
TEA (see Thermal energy analyzer) 
Teratogenesis, mechanism of 140-141 
Teratogenic 

agents 119/ 
categories of 117-120 
human 117 
in mammals 118/ 
during organogenesis, differential 

susceptibilities of embryonic 
organ systems to 125/ 

effects of chemicals, reproductive 
and 115-155 

response, factors influencing 121/ 
susceptibility, determinants of 120-127 

Teratogenicity 188 
screening, in vitro test systems for 134 

Teratological response, specificity of 
chemical agent on 122/ 

Teratological testing 127-137 
Teratology 115, 116 
Test substance, characteristics of 498/ 
Tetrachlorodibenzo-p-dioxins 

(TCDDs) 418,456 
analysis in human fat, problems 

in development of 450/ 
problems in development of RIAs 

for 452/ 
regression lines of laboratories 

examining for 436/ 
TF (Toxicity factor) 345 
Thalidomide 116 
Theoretical daily intake (TDI) 539 
Thermal energy analyzer (TEA) 349, 353 

analysis 
in nitrosamine 350-368 

Thermal energy analyzer (TEA) (continued) 
analysis (continued) 

and N-nitroso compounds 355 
scheme to distinguish com

pounds using 357/ 
chemiluminescent detection with .. 354/ 
and electrochemical detection, 

detection of trace contami
nants by 349-350 

schematic of 354/ 
Thermal energy determination of 

N-nitroso compounds at trace 
levels 355 

Threshold 
concepts at low levels of exposure, 

pharmacokinetics and 239-256 
concepts, the number zero and 240 
cytotoxic 251-252 

for chemically induced cancer .... 239 
chloroform as an example of ... 252 

pharmacokinetic 242-245 
Tissue 

damage and/or tumors in mice 
exposed to chloroform 253/ 

formation of reactive metabolites 
in the target 31 

undergoing chemically induced car
cinogenesis, schematic of an 
experimental approach to 
search for the cellular com
ponents of 209/ 

Tolerance intervals 391 
Tolerance limits 391 
Toxic 

action 
biochemical aspects of organ 

specificity in 27-43 
analysis of 188 

human studies of 15 
mechanisms of 15 
shifting target of 188 

agents, classes of 289 
effects 

of aflatoxin, species variability of 309/ 
individual susceptibility to 9-10 
stages in the development of 288/ 

interactions 10—11 
potential in metabolites 217-237 
substances, methods of estimating 

potential human risk as a 
result of exposure to 493, 546 

Toxicants to enter the environment, 
ways for 372 

Toxicants, genetic control of 
susceptibility to 9 

Toxicity(ies) 
assessment of pesticide metabolites 267 
by chemically reactive metabolites, 

postulated mechanisms of 219/ 
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I N D E X 581 

Toxicity(ies) (continued) 
correlations between in vitro alkyla

tion and in vivo alkylation 36 
determinants of 289-292 

magnitude of key interactions 
of 290-292 

nature of key interactions of 287-290 
determination in chemically reac

tive metabolites 218 
in vitro 222-224 
in vivo 222-224 

factor (TF) 345 
factors influencing patterns of 

organ-specific 31 -40 
to human risk assessment, extrapo

lation from animal 137-140 
hyperplastic 178-179 
IPO 

mechanism of 28 
and organ-specific 28-31 
pulmonary 31 

and molecule make-up 446 
the nature and dimensions of 9 
new strategies in biochemical 

studies for pesticide 285-304 
organ-specific 27-31 
parameters of concern over 24 
prediction, structure activity and 446-448 
predictive 12 
problem of species variations in 

predicting 277-279 
of pyrrolidine alkaloids, role of 

metabolism and systemic 
transport in 35/ 

reproductive 25 
testing 452-455 

compound selection for 187 
EPA guidelines for 

subchronic 560-561 
of metabolites 556 

of various pesticides, observed 320/ 
Toxicologic aspects of immunology 26 
Toxicological 

aspects of the pesticide chemist 
and modern toxicology 3-191 

assessment, selection of test 
material for 11 

characteristics of pesticide 
metabolites 277 

data, extrapolation 277-279 
samples, statistical considerations 

in the evaluation of 387-409 
significance of pesticide 

metabolites 268-271 
significance of pesticides to man, 

evaluating 264 
testing, rationale for using animals 

in 494/ 
Toxicologists and epidemiologists 161-162 

Toxicology 187-191 
biochemical research in 

mammalian 286 
and carcinogen testing, genetic 57-87 
environmental 285 
evaluation in Canada 538 
future trends in chemistry and ...342-346 
increased role of chemistry in .335-347 
mammalian 285 
pesticide 

applications of the target dose 
approach in 301-303 

biochemical studies, problems 
and pitfalls in 305-321 

chemist and 
analytical aspects 

of 331-333,461-463 
biochemical aspects 

of 195-196,323-328 
regulatory aspects of 467-468 

guidelines, study requirements 
for 484Z-485/ 

metabolic aspects of 257-284 
regulation 

environmentalist's view of 473-477 
the impact of modern 525-528 
industrial view of 479-491 
and risk evaluation 503-511 
role of 503 

related to analysis of pesticidal 
trace contaminants, aspects 
of 349-385 

revolution in 7-20 
studies 

analytical, problems and 
pitfalls in 439-460 

biochemical, aims of 285 
dosage levels for metabolism and 557 

widening concepts of 21-26 
Toxins 

concentrations of 23-24 
of concern 22-23 
exposure time to 21-22 
localization and distribution of 22 
species 22 

Trace 
analysis, precisions in 426 
contaminants, aspects of analytical 

toxicology related to analysis 
of pesticidal 349-385 

contaminants by the T E A and 
electrochemical detection, 
detection of 349-350 

organic analysis, steps 350 
Trapping reactive intermediates 318/ 

under in vitro conditions 317 
Treflan 368 
Trifluralin 367,542 

mass fragmentogram of 356/ 
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Tumor 
promoter(s) 178 

potentiators 177 
promotion activity 199 
response in mice 199 

Two-step cellular lineage 208/ 

U 

U.S. vs. Canadian requirements for 
pesticide regulation 541 

V 
Variability 

of measurements 414-415 
patterns 414 
sources of 414 

Variable(s) 
approach, controlled-independent- 402 
dependent 391 
errors in 399-402 
independent 391 
linear relationship between 395/ 
relationships among 391-392 

Variation as a function of concentra
tion, interlaboratory coefficient 
of 429/ 

Vinyl chloride, inhaled 249-251 
Vinyl chloride metabolized and con

centration of inhaled vinyl chlo
ride, ratio between the amount of 250/ 

W 

Water-soluble metabolites 316 
Weighed contribution method, score 

table for short-term test results 
using 71/ 

Weighed contribution method, test 
concentration factor for short-
term tests score table using 73/ 

Whole body autoradiograms (WBAR) 
of pregnant Fischer-344 rats .... 135/ 

Wilson technique, examination for live 
fetus soft tissue anomalies by .... 131 

Worker(s) 
compensation claims 164 
pesticide exposure studies on 

field 167-168 
population, mortality studies in 163 
populations, surveillance of 164 

Workshops, discussion groups and 553-562 

X 
Xenobiotic(s) 

chemicals that inhibit the 
metabolism of 38 

metabolism studies of 286 
metabolizing enzymes 36 

Ζ 
Zinc chromate, inhalation study of 

rats exposed to 312/ 

Jacket design by Carol Conway. 
Production by Candace A. Deren and Cynthia E. Haie» 

The book was composed by Service Composition, Baltimore, MD, 
printed and bound by The Maple Press Co., York, PA. 
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