
Methods for Assessing the Effects of Mixtures of Chemicals

Edited by V. B. Vouk, G. C. Butler, A. C. Upton, D. V. Parke and S. C. Asher

(Q 1987 SCOPE

Mechanisms of Interaction and
Modulation of Response

Paul M. Newberne

1 INTRODUCTION

There is a large body ofliterature describing the many environmental factors that
modulate the response of humans and other mammalian species to environ-
mental toxins and carcinogens, most of which are encountered in mixtures.
Many factors or conditions are encountered routinely in daily life by the human
population; some are under individual control, others not. Table I illustrates the
numerous aspects of modern-day living that impinge on our responses to
mixtures of chemicals over which we do have some contro1.

One of the most striking examples of environmental effects is diet. The
following pages will fully indicate that environmental factors, many of which are
under voluntary control, contribute to risk of chronic disease. These factors are
confounding elements but provide a basis for planning strategies and approaches
to the predictive evaluation of multiple exposure to chemicals.

Table I Intrinsic and extrinsic factors
contributing to risk of chronic disease in
humans

A. Intrinsic factors
I. Dietary deficiencies
2. Hormonal factors
3. Metabolic deficiencies
4. Internal chemicals

B. Extrinsic factors
I. Life-style

(a) Alcohol
(b) Tobacco
(c) Diet

2. Air pollution
3. Food and water contaminants
4, Industrial ex.posure
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2 NUTRITION AND CARCINOGENESIS

Diet and nutritional status may influence susceptibility to cancer induction in a
number of ways. Dietary contaminants in the food chain (Newberne and
McConnell, 1980a,b) result in exposure to carcinogens and procarcinogens of a
number of types (Table 2). Interactions between nutrients and toxic substances
occur in the diet and after ingestion; these interactions can either enhance or
inhibit a toxic or carcinogenic effect. Nutritional status influences the activation
or deactivation of chemicals through a modulating effect on microsomal or
cytosolic enzyme systems. In addition, nutrients have a profound effect on the
immune system, influencing the body's surveillance mechanisms. There can be
little doubt that environmental influences, particularly diet, playa role in the
response of both humans and animals to toxic materials (NAS, 1982).

It is generally accepted that some natural substances (e.g. aflatoxin) are human
carcinogens; in concert with hepatitis B virus, aflatoxin is probably the major
cause of primary liver cancer in some areas of the world (Okudaet al., 1982;Peers
and Linsell, 1973).Food additives may contribute to human cancer in some small
way but the overall contributions from this source are probably not significant.

It is well established from studies in animals that nutrients can affect the
impact of some additives. Furthermore, it is clear that some of the macro-
nutrients (e.g. fats) act as promoters in animal carcinogenesis. It is also accepted
that nutrients such as vitamins E and C influence the formation of nitrosamines
in foods (Mirvish, 1983) or in vivo in biological systems and in this way may
modulate the incidence of some types of human cancer. One of the most common
food additives, table salt (sodium chloride), is associated with gastric cancer in
Japan, perhaps by producing injury to the gastric mucosa and thus permitting
increased exposure to nitrosamines or other carcinogens (Stemmermann et aI.,
1977).

Each figure represents a different lot from the same manufacturer. Not all diets contained all listed
chemicals. From Newberne and McConnell (1980a, b). Abridged, by permission.

Table 2 Contaminants found in natural product diets

Toxin Dietary content, various lots

Aflatoxin B, (ppb) 10 200 120 4 21 80
Nitrosamines (ppb)

N-Dimethylnitrosamine 8 32 18 5 83 12
N-Nitrosopyrrolidine 7 16 5 2 II 22

Nitrates (ppm) 23 41 180 5 90 3
PCBs (ppm) 9 3 28 15 23 5
Arsenic (ppm) 0.3 0 3 I 4 2
Lead (ppm) 0.8 4.2 3.2 1.0 0.2 2
Cadmium (ppm) 0.5 1.2 0.9 2.0 1.3 0.4
Mercury (ppm) 0.7 1.2 0.5 0.3 0.8 1.0
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2.1 Calories

2.1.1 Epidemiological Evidence

Epidemiological data regarding the effect of calories on cancer incidence do not
permit quantitation of total dietary intake, and thus total caloric intake cannot
be accurately determined. Many of the dietary studies in human populations
have been based on preselected food lists. The international distribution of
hormone-dependent cancers has generated suspicion that these types of tumours
may be related to affluence and in this way related to an overall total calorie effect
(Berg, 1975).Hill et a/. (1979)have suggested that affluencedoubles the mortality
from colorectal cancer in some human populations. Mortality rates for gastric
cancers fall as the per capita food intake increases but for intestinal cancer the
rates rise, perhaps reflecting effects of a longer lifespan in the populations where
increased per capita food intake is associated with decreased gastric cancer,
allowing more time for large bowel cancer to develop.

Doll and Peto (1981) and Gaskill et al. (1979)have reported a positive effectof
calories on cancer incidence but others have failed to find such an effect (Jain
et al., 1980; Miller et al., 1978).

In long-term prospective studies (Lew and Garfinkel, 1979) the American
Cancer Society has shown that cancer mortality was significantly elevated in both
sexes only among those that were 40 %or more overweight and that males under
similar weight excess had increased mortality from cancer of the colon and
rectum. Women, in addition to greater risk for breast cancer with increased
overweight, also had an increased risk for endometrial cancer.

2.1.2 Animal Studies

Tannenbaum (1942a,b, 1944, 1945a,b) showed that tumours induced by
benzo[a]pyrene in mice were inhibited by caloric restriction. Similar effectswere
observed by this investigator with dimethylbenzanthracene (DMBA). Mice
with a daily dietary intake of 11.7 calories had 25 %more spontaneous mammary
tumours than mice with a daily caloric intake of 9.6 calories.

2.2 Protein and Amino Acids

2.2.1 Epidemiological Evidence

Kolonel et a/. (1981), Armstrong and Doll (1975), and others have reported
correlations between total protein intake and a number of forms of cancer
(Gaskill et a/., 1979;Gray et al., 1979; Gregor et al., 1969;Hems, 1978, 1980).
Others have not confirmed such an association (Bingham et a/., 1979;Jain etal.,
1980).
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2.2.2 Animal Studies

An inhibitory effect of selected amino acid deficiencies on tumour responses in
laboratory animals was reported as early as 1936 (Voegtlin and Maver, 1936;
Voegtlin and Thompson, 1936). Generally, animals that have been fed lower
dietary concentrations of protein have developed fewer tumours. Since several
factors in addition to protein were being varied at the same time it is difficult to
interpret the results of some of these studies. It should be noted also that in some
studies the levels of carcinogen varied between the high and the low dietary
protein groups of animals (Babson, 1954). Furthermore, the total food intake
was less for animals fed very high levels of protein.

There are a number of significant reports relative to the relationship of dietary
protein to chemically induced tumours in animal models. If aflatoxin is fed in
diets with varying levels of protein, the incidence of liver tumours is generally
lower in the animals fed the diets with lower concentrations of protein. Table 3,
taken from Madhavan and Gopalan (1968), illustrates a typical effect. Young
rats intubated with a carcinogenic dose of aflatoxin and then fed either 5 %or
20 %casein diets for one year cleady showed the effects of protein. The rats fed
5 % protein had no tumours whereas 50 %of those fed the 20 % casein diet had
tumours. Wells et al. (1976) and Temcharoen et al. (1978) essentially confirmed
the work of Madhavan and Gopalan.

In the case of aflatoxin Bl a protein effect is related to the rate of activation
of the parent compound by the mixed function oxidase enzyme system to the
2,3-epoxide which binds to DNA, and, while lesswell understood, in some degree
to repair of DNA.

A number of studies have been conducted in attempts to define the mechanism
of how protein may influence carcinogenesis. This is unclear at present but
probably is an indirect effect acting via the mixed function oxidase enzyme
systems which are responsible for metabolism of carcinogens such as aflatoxin Bl
(Camp belt 1979;Campbell et al., 1978;Mgbodile and Campbell, 1972;Preston
et al., 1976). Taken together, the evidence from both epidemiological and
laboratory studies only suggests that protein may have an effecton risk of cancer

Table 3 Effect of dietary protein on aflatoxin

Carcinogenesis
treatment:

aflatoxin, plus
No. rats

with tumours

High-protein diet
Low-protein diet

11/30
0/12

From Madhavan and Gopalan (1968). Abridged. by

permission.
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of certain sites but the lack of adequate data on this important dietary ingredient
precludes firm conclusions.

2.3 Carbohydrates

2.3. I Epidemiological Evidence

When fibre is excluded and considered separately from other carbohydrates there
is very little in the literature relative to this class of dietary ingredients and their
effect on cancer. The epidemiological and experimental evidence is not
convmcmg.

2.3.2 Animal Studies

A single experimental study relative to carbohydrate and experimental cancer in
animals offers some interesting data. Gershoff and McGandy (1981) examined
the interaction of dietary lactose fed at a level of 49 %, or sucrose varying from
43 %to 55 %of the diet and vitamin A deficiency. Urinary bladder tumours in
Charles River rats were associated with bladder stones induced by the high-
lactose diet.

2.4 Fibre

The real or potential effects of fibre as a type of carbohydrate are sufficiently
different from those of simple carbohydrates to require separate consideration.
The physiological significanceof dietary fibre is still in question as to an effect on
response to toxins and carcinogens. It is now recognized that fibres differ
markedly in digestibility and in the chemical constituency such as cellulose,
lignin, haemacellulose, pectins, and gums. However, a major characteristic
common to all of these is the capacity to form bulk in the gastrointestinal tract.

2.4.1 Epidemiological Evidence

Most of the data derived from epidemiological studies have been directed toward
the possible role of dietary fibre in protection against large bowel cancer. The
proposed mechanisms have ranged broadly from the capacity of fibre to dilute
carcinogens that are present in the large bowel, to speeding intestinal transit time
of ingesta, to influencing composition and metabolic activity of the microflora
of the gut, the latter involved in the production of putative carcinogens by
modification of faecal bile acids. At best, the epidemiological studies have yielded
conflicting results (Drasar and Irving, 1973; Liu et al., 1979).

In a study involving adult males from Denmark who are at a high risk for
colon cancer and comparing them to a g.roup from Finland, a low-risk
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population, it was found that the Danes consumed less fibre and stool weights
were much less than those of the Finns (MacLennan et al., 1978).Bingham et al.
(I 979), in studies in the United Kingdom, found no significant correlation
between total fibre intake and mortality rates from colorectal cancer (Bjelke,
1978; Dales et al., 1978; Martinez et al., 1979).

2.4.2 Animal Studies

There have been a relatively large number of studies done in animal models in
attempts to correlate fibre and colon cancer using chemical carcinogens.

Some reports (Table 4) suggest that bran has some protective effect in rats
against dimethylhydrazine-induced colon cancer (Barbolt and Abraham, 1978;
Chen et aI., 1978; Wilson et al., 1977). Freeman and coworkers have also
observed a protective effect by cellulose when fed to rats also exposed to
dimethylhydrazine (DMH) (Freeman et al., 1980). Other studies have been
conducted, the results of which are equivocal in many cases and conflicting in
others (Fleiszer et al., 1980; Watanabe et aI., 1978, 1979).

2.5 Dietary Lipids

The influence of quality and quantity of dietary fats has been studied from both
epidemiological and experimental standpoints, probably more than any other
single dietary ingredient. Moreover there is probably more convincing evidence
regarding fat and its relation to breast cancer than there is for any of the other
nutrients. Despite the fact that there have been large numbers of studies, it is

Table 4 Fibre, dirnethylhydrazine (DMH) and colon turnours
in rats

From Wilson et al. (1977). Abridged, by permission.

Percentage Turnours per
colon tumour-bearing

Treatment turnours rat

4 Doses DMH
Beef fat, no bran 68 1.9
Beef fat, plus bran 38 l.l
Corn oil, no bran 65 1.5
Corn oil, plus bran 43 1.6

8 Doses DMH
Beef fat, no bran 70 3.0
Beef fat, plus bran 63 3.1
Corn oil, no bran 63 3.1
Corn oil, plus bran 66 3.4
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sometimes difficult to interpret the findings because protein is almost always an
accompanying nutrient and it is difficult to say that the observed effectsare in fact
a result of fat alone.

2.5.1 Epidemiological Evidence

A number of studies have shown direct associations between the per capita intake
of fat and breast cancer incidence or mortality (Armstrong and Doll, 1975;Berg,
1975;Doll and Peto, 1981; Gaskill et al., 1979;Phillips, 1975). In most of these
studies the correlations have been higher for total fat than for other dietary
factors considered at the time, including animal protein, meat, or specific fat
components in oils. These data are strong for populations but weak for
individuals.

Kolonel et al. (1981) correlated the consumption of fat with breast cancer
incidence in Hawaii and found that there were significant associations between
breast cancer and total fat consumption, with animal fat, and with both
saturated and unsaturated fats. Phillips (1975) and Phillips et al. (1980) observed
a direct association between the frequency of consumption of high-fat foods in
breast cancer in a case-control investigation among Seventh-day Adventists in
California. Lubin et al. (1981), Miller et al. (1978), and Nomura et al. (1978),
using case-control studies, have also associated the consumption of fat with
breast cancer in a positive way.

2.5.2 Animal Studies

Experimental evidence for an effect by dietary fat on mammary carcinogenesis,
either spontaneous or chemically induced, was reported more than 40 years ago
by Tannenbaum (1942b). The incidence of spontaneous tumours in mice was
greater when the high-fat diets were started at 24 weeks of age compared with
waiting until the animals were 38 weeks of age, nearing half of their lifespan.
Furthermore, Tannenbaum (1942b, 1944, 1945b)has shown that fat, rather than
calories per se, was responsible for enhancing tumorigenesis by feeding mice
isocaloric high- and low-fat diets.

The quality as well as the quantity of fat were shown (Carroll, 1980) to be
important factors in the induction of breast cancer as was the carcinogen and its
dose. This investigator concluded that dietary fat exerts its effect during the
promotional phase of carcinogenesis and that unsaturated fat promoted
tumours more than saturated forms of lipids. Studies in our own laboratory
(Rogers and Wetsel, 1981;Wetsel et ai., 1981)and by others suggest that it is the
type of fat that determines whether or not it influences carcinogenesis during
exposure to the chemical or afterwards (initiation or promotion stages of
tumorigenesis). In most of the studies reported to date it appears that the
amount of unsaturated fatty acids, particularly linoleic acid, in the fat under
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consideration has a significant effect on the response of animals to chemical. .
carcinogenesIs.

Additional studies in animal models have shown that the effects of a high-fat
diet on breast carcinogenesis can be modified, particularly by diets that are
marginal in the lipotropic factors, choline and methionine (Newberne and
McConnell, 1980a,b; Rogers and Newberne, 1980).The tumour incidence
induced by AFB[ was lower (Table 5) and the death rate from tumours occurred
later in DMBA-treated rats if the diet was marginal in lipotropic factors,
compared with those fully supplemented.

Dietary fat can modify hepatocellular carcinomas induced in rats by aflatoxin
B[. When beef fat was fed to rats, the number of tumours was the same
irrespective of when the beef fat was fed, either during the period of exposure to
the carcinogen or before and after exposure to the carcinogen (Newberne et al.,
1979). On the other hand, feeding polyunsaturated fat before and after
carcinogen exposure resulted in 100 %tumour yield compared with only 66 %
tumours when the oil was fed only after tumour induction. It was concluded in
this study that unsaturated fats increased tumour yield more effectively than
saturated fats and that this effect may occur during the initiation or early
promotional phase of hepatocarcinogenesis.

Experiments in our laboratory, using both DMH (which requires metabolic
activation) and NMU (a direct-acting carcinogen) to induce colon tumours in

Table 5 Effects of dietary fat, during or after exposure to a carcinogenic dose of
aflatoxin B[ (AFB[), and tumour incidence

, Prior to feeding these diets, rats were fed a diet as follows ( %): casein, 20; sucrose, 15; dextrose, 14;
Rogers-Harper salts mix. 5; vitamin mix, 2; lard, 4; corn oil, 2; beef fat, 4. The vitamin mix was
complete for rats. All rats received crystalline aflatoxin BI' From Newberne et al. (1979). Reproduced
by permission of Cancer Research.

Dietary treatment and AFB[ exposure' After 14 months

Beef fat Corn oil
Incidence

During After During After of liver
treatment treatment treatment treatment tumours Incidence

Group with with with with of lung
number AFB[ AFBI AFB[ AFBI No. % metastases

1 + + 0 0 32 53 25.0
2 0 + 0 0 28 51 21.0
3 0 0 + + 60 100 60.3
4 0 0 0 + 38 66 36.8
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rats, have failed to support the hypothesis that quality and quantity of fat in our
experimental systems do indeed influence carcinogenesis (Locniskar et al., 1983).

With regard to dietary fat and cancer it would appear at this point that the
evidence for an effect of dietary fat in both experimental and epidemiological
studies is greatest for breast cancer. There is also evidence for dietary fat having
an influence on prostate cancer in men and, perhaps, uterine cancer in women.
The data on large bowel cancer, however, are equivocal and do not provide
convincing evidence at this point that fats have an influence on colon cancer.

2.6 Vitamins

A major current interest in regard to diet, nutrition and cancer is centred on
some of the vitamins (Newberne et aI., 1977, 1983). In particular, lipotropes,
vitamin A and the retinoids, vitamin C, and vitamin E have come under intense
study.

2.6.1 Vitamin A

2.6.1.1 Epidemiological Evidence One of the first investigators to report the
correlation between vitamin A and lung cancer was Bjelke (1975). This
investigator studied Norwegian men and observed lower values for vitamin A in
lung cancer cases than in controls, after controlling for cigarette smoking.
Additional studies by Gregor et al. (1980) and MacLennan et al. (1977, 1978),
while varying somewhat in assessment, indicated in both cases that those with
lung cancer had consumed less vitamin A than controls. Others have also pointed
out that lung cancer incidence has varied inversely with carotene intake and with
foods that contain higher concentrations of vitamin A (Mettlin et al., 1979;
Shekelle et aI., 1981; Smith and Jick, 1978). A similar finding with urinary
bladder cancer has been reported (Mettlin et al., 1981). This has also been
indicated in cancer of the larynx (Graham et al., 1972); the oesophagus (Cook-
Mozaffari et aI., 1979;Mettlin et al., 1981)and the stomach (Bjelke, 1978).More
recent cohort studies in the United Kingdom and in the United States have
suggested an inverse relationship between serum levels of vitamin A and cancer
risk in general (Shamberger, 1971;Wald et al., 1980).

2.6.1.2 Animal Studies It has been shown that if rats are maintained on a diet
deficient in vitamin A, neoplastic lesions induced by MCA (methylcholanthrene)
are enhanced resulting in the appearance of urinary bladder tumours in a shorter
period of time. The same applies for colon tumours (Suphakarn et aI., 1983).

A number of studies regarding vitamin A and in particular the synthetic
retinoids have been reported by Sporn et al. (1976)and Sporn and Newton (1979,
1981) to have a protective effect against a number of animal tumours. We have
shownin our laboratory (Newberneand McConnell, 1980a,b)that vitaminA
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Table 6 Vitamin A, 13-cis-retinoic acid and lung cancerin the
Syrian golden hamster

Malignant tumours
of respiratory tract

Treatment
(diet)

Control, 2 j1g/g
retinyl acetate, BP

Low vitamin A, 0.3 j1g/g
retinyl acetate, BP

High vitamin A, 30 j1g/g
retinyl acetate, BP

Control, 2 j1g/g
retinyl acetate
+ 13-cis-retinoic acid
during dosing BP

Control, 2 j1g/g
retinyl acetate
+ 13-cis-retinoic acid
during and after dosing BP

Control, 2 j1g/g
retinyl acetate
+ 13-cis-retinoic acid
after dosing BP

4/91 4.4

11/84 13.1

From Newberne and McConnell (I980b). Reproduced by permission of

Barry A. Scherr.

deficiency enhances but 13-cis-retinoic acid inhibits lung cancer in hamsters
(Table 6).

2.6.2 Vitamin C (Ascorbic Acid)

It was early in the 1960s when reports appeared in the literature noting that
consuming foods rich in ascorbic acid was inversely related to the appearance of
certain types of cancer. Shortly thereafter there were other reports that suggested
that vitamin C protected against gastric cancer, perhaps by blocking the reaction
of secondary amines with nitrite to form N-nitroso compounds, some of which
are gastric carcinogens (Mirvish, 1981, 1983; Mirvish et aI., 1972).

2.6.2.1 Epidemiological Evidence An inverse association between oesophageal
cancer and the consumption of fresh fruits which contain ascorbic acid (Cook-
Mozaffari et al., 1979)was reported for humans along the Caspian Sea. More

Number %

46/89 51.7

102/127 80.3

40/88 45.4

38/83 45.8
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recently, another report has appeared (Wassertheil-Smoller et al., 1981)which
indicates an inverse relationship between vitamin C consumption and uterine
cervical dysplasia in women in New York. On the other hand, Jain et al. (1980)
failed to find an association between ascorbic acid consumption and colon cancer
in a case-control study.

2.6.2.2 Animal Studies It has been shown conclusively that ascorbic acid can
prevent nitrosation of amines which in turn prevents the formation of
nitrosamines, some of which are gastric carcinogens (Mirvish, 1981; Mirvish
et al., 1972). Soloway et at. (1975), among others, have found no effects of
vitamin C. It must be remembered, however, that this class of compounds is only
one of several which are associated with gastric cancer. Banic (1981) observed
that vitamin C acted as a cocarcinogen to MCA.

Based on evidence available to date one can only suggest that vitamin C or
ascorbic acid may have an influence on human cancer, but in animal systems
it has been established only that it inhibits carcinogenesis through its effect on
nitrosamine formation. Other considerations require further elucidation.

2.6.3 J7itamin1:

2.6.3.1 1:pidemiological1:vidence There is no epidemiological evidence that
vitamin E has an effect on tumour induction in humans.

2.6.3.2 Animal Studies Vitamin E or IX-tocopherolcan have an influence on
tumours induced in experimental animals (Shklar, 1982) and there is some
indication that vitamin E acts the same as ascorbic acid doses in blocking the
formation of nitrosamines (Mergens et al., 1979; Wattenberg, 1972).

A number of investigators have studied the effectsof IX-tocopherolon DMBA-
induced mammary tumours in animals (Wattenberg, 1972).The ingestion of high
levels of IX-tocopherolduring the initiation stage of mammary tumours had no
effect. Shamberger et al. (1973, 1976)reported an inhibiting effectof vitamin E on
skin tumours in mice promoted by croton oil. Haber and Wissler (1962) noted
that there was a marked decrease in the carcinogenicity of MCA in mice if the
animals were given diets containing supplemental vitamin E.

2.7 Minerals

Of the essential trace element nutrients, only two (selenium and zinc) will be
discussed here. Cadmium, arsenic and lead, as poisonous heavy metals, will also
be briefly considered (Furst, 1979).

2.7.1 Selenium

2.7.1.1 1:pidemiological1:vidence Selenium deficiency and toxicity have been
economic problems in livestock for decades. It was in the 1930swhen a deficiency
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was clearly identified as the cause of important livestock diseases referred to as
'white muscle disease' (NAS, 1971). The work that led to a much better
understanding of selenium and its significance to animal and possibly human
disease was not done until the 1950s(Shamberger and Willis, 1971;Shamberger
et al., 1973, 1976).

Shamberger and colleagues have reported on selenium levels in the blood of
100 cancer patients and compared these with the selenium content in the blood
of 48 normal subjects (Shamberger et al., 1973). The analyses revealed that
patients with gastrointestinal cancer and Hodgkin's disease had significantly
lower levels of selenium than normal subjects but there were no differences
between normal subjects and patients with cancer at other sites.

Another group of workers (Schrauzer, 1976, 1979;Schrauzer et al., 1977a,b)
have correlated per capita intake of selenium with mortality rates in more than 20
countries. These reports were based on disappearance rates of major staple foods
rather than actual estimates of food intake. The blood levels of selenium and
corresponding cancer mortality rates in 22 different countries were compared;
these revealed an inverse relationship between selenium levels and most cancers
at various sites.

2.7.1.2 Animal Studies Results of experimental animal studies have been
controversial and conflicting. Studies that wereconducted by the Food and Drug
Administration (FDA) during the 1940s indicated that high levels of selenium
induced or enhanced tumour formation (Nelson et al., 1943).In addition, a series
of studies from Russia (Volgarev and Tscherkes, 1967) reported, two decades
later, that animals given high levelsof selenium supplements in the diet developed
liver cirrhosis and hepatocellular carcinoma. There are a number of major
defects in both of these studies; the FDA investigators used diets that were low in
protein and, to compound the stress, they used a protein of low quality. The
difficulty in the interpretation of the Russian studies was related to the fact that a
selenium-free control group was not used.

Results of both of these studies appear to have been influenced by extraneous
dietary factors or conditions unrelated to selenium.

Studies in our laboratories (Newberne and Conner, 1974; Newberne and
McConnell, 1980a,b)have shown that either a deficiency or an excess of selenium
can adversely influence the acute or chronic response of rats to aflatoxin Bi
(Table 7) (Newberne, 1974). The chronic studies were terminated after 12
months, insufficient to induce tumours at the low dose of carcinogen (total 50 /lg
of aflatoxin Bi). Nevertheless, even at this low dose and short duration, tumours
developed in livers damaged by the 5 ppm levelof selenium, a hepatotoxic dietary
concentration. A more recent study (unpublished) indicated that a deficit or an
excess enhances aflatoxin Bi cancer but that 2 ppm selenium is protective. Other
investigators have reported a protective role for selenium in rodents exposed to a
variety of carcinogens (Greeder and Milner, 1980; Ip and Sinha, 1981; Jacobs
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Aflatoxin B, was administered after 8 weeks on diet, 5 daily doses of 10 J.Lgeach. Rats were
sacrificed at the end of 12 months. From Newberne and McConnell (I 980b). Reproduced
by permission of Barry A. Scherr.

et al., 1981;Medina and Shepherd, 1980; Medina et aI., 1983;Schrauzer et al.,
1978; Thompson and Becci, 1980).

The animal data regarding selenium and cancer strongly suggest an effect of
this trace element on the induction of cancer in animal models, but the limited
evidence does not permit firm conclusions.

2.7.2 Zinc

Zinc is essential to more than 100 mammalian enzyme systems, and it has been
demonstrated to be effective in reversing certain types of diseases in human
populations (Prasad, 1978). Its role in animal nutrition has been established for
many decades. It is also accepted that severe zinc deficiencydoes occur in humans
and more moderate forms of deficiency are not uncommon (Prasad, 1978).

2.7.2.1 Epidemiological Evidence The levels of zinc in blood and other body
tissues have been examined in cancer patients and compared with controls by a
number of investigators. Schrauzer et al. (1977a,b) observed that the mean zinc
concentration in food and in blood correlated directly with corresponding
mortality rates from cancer of the large bowel, breast, ovary, lung, bladder, and
oral cavity. Zinc levels in the blood were inversely correlated with each of these.
Strain et al. (1972), in examining patients with bronchogenic carcinoma,
observed that zinc levels differed between the cancer patients and age-matched
controls. Copper levels were also lower in controls resulting in high ratios of zinc
to copper in cancer patients. Davies et al. (1968) had reported earlier that the
levels of zinc in the plasma of bronchogenic carcinoma patients were lower than
those of other patients with other types of cancer and were also lower than
normal laboratory values.
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Table 7 Influence of selenium on aflatoxin B, (AFB,) carcinogenesis

Treatment (ppm)
Liver Nodular Hepatocellular

Group AFB, Selenium Injury hyperplasia carCInoma

I - 0.05 0 0 0/20
2 + 0.10 0 0 0/20
3 + 0.50 0 0 0/20
4 + 1.00 0 0 0/20
5 + 2.00 0 1/20 0/20
6 + 3.50 + 3/20 0/20
7 + 5.00 + 20/20 14/20
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Studiesfromour ownlaboratory (Linet aI., 1977)haveshownthat thelevels
of zinc in serum, hair, and from the diseased but non-cancerous oesophageal
tissue from oesophageal cancer patients were significantly lower than levels in
patients with other types of cancer, in patients with other types of disease, or in
normal subjects. The concentration of zinc in the hair was lower in all cancer
patients than in normal subjects. In agreement with the observation of Strain
et al. (1972), our work (Lin et al., 1977)found significantly elevated copper levels
in oesophageal cancer patients, affecting the zinc: copper ratios. Furthermore,
the serum of such patients had much lower iron levels than normal subjects.

2.7.2.2 Animal Studies The studies of Petering et ai. (1967), who worked with
transplanted Walker 256 carcinoma in rats, showed that zinc deficiencyinhibited
the growth of transplanted tumours in animals and also prolonged the survival
time. These data were confirmed by DeWys et ai. (1970) and DeWys and Poires
(1972), where the effectsof zinc wereextended to leukaemia, lung carcinoma, and
plasmacytoma TEPC-183 (Fenton et al., 1980). Studies conducted in our own
laboratory using the oesophagus as the tumour target organ (Fong et ai., 1978;
Gabrial et al., 1982) have consistently shown an enhancing effect of zinc
deficiency on nitrosamine-induced oesophageal cancer and an inhibitory effect if
supplements were administered at levels of nutritional requirements.

Poswillo and Cohen (1971) have reported that a high level of dietary zinc,
greatly exceeding the nutritional requirements, suppressed the carcinogenic
effect ofDMBA in hamsters. Additional evidence for an effect of excess zinc was
reported also by Duncan and Dreosti (1975).

From the foregoing conclusions it seems clear that the epidemiological
evidence is not yet available to make specific comments on the effects of zinc in
human cancer, but in experimental animal models it does have a profound effect,
the results of the studies depending on the tissue examined and the animal model
used in the investigation.

3 TOXIC HEAVY METALS

3.1 Cadmium

3.1.1 Epidemiological Evidence

Berg and Burbank (1972) observed direct associations between cadmium levels
and mortality from myeloma, lymphoma, and cancer ofthe oral cavity and upper
neck area, including the oesophagus. In addition, cadmium exposure was
associated with cancer of the breast, lung, and large intestine as well as with the
urinary bladder. These data were based on mortality from cancer by state, in the
United States, and the trace element content of the water supplies.

In a case-control study where the combined exposure to cadmium from three
different sources was evaluated, it was reported that cadmium contained in the
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diet, in cigarette smoke, and in the workplace was associated with an increased
risk of renal cancer (Kolonel, 1976). A number of observations have been
reported, based on occupational exposure, which have indicated a relationship
between cadmium and prostatic cancer in men (Adams et aI., 1969;Kipling and
Waterhouse, 1967;Lemen et al., 1976).This was not confirmed by a later case-
control study (Kolonel and Winkelstein, 1977).

3.1.2 Animal Studies

In experimental carcinogenesis studies the effect of dietary cadmium on
carcinogenicity has been reported from only one long-term study (Schroeder
et al., 1964, 1965)and this has not been confirmed. There are, however, a number
of reports on the mutagenicity of cadmium and on various sources of cadmium,
most of which support a mutagenic role for this element (Casto et al., 1976;
Shiraishi et al., 1972; Sirover and Loeb, 1976; Yagi and Nishioka, 1977).

3.2 Arsenic

3.2.1 Epidemiological Evidence

The consumption of water contaminated with arsenic has been associated with
an increased risk of skin cancer in some areas of the world (Tseng, 1977;Tseng
et al., 1968).Vineyard workers in Germany and in France are reported to suffer
from a higher incidence of cancers of the skin, lung, and liver, associated with
clinical evidence of chronic arsenical poison (Galy et aI., 1963; Latarjet et al.,
1964; Roth, 1957). Others (Tsuchiya, 1977) have failed to find an effect.

3.2.2 Animal Studies

Baroni et al. (1963) reported no effect of arsenic, as 0.01 %of drinking water,
given to Swiss mice. Furthermore, skin painting studies and exposure through
drinking water in other laboratories have been negative (Boutwell, 1963;Hueper
and Payne, 1962). All other attempts to induce cancer in animals with arsenic
have been negative (Byron et al., 1967;Casto et aI., 1976;Nordenson et al., 1978;
Petres et aI., 1970, 1977).

Arsenic is one of the few chemicals associated with cancer in humans for
which we do not have an animal model that reproduces experimental cancer.
This suggests in part that there are other cofactors involved in the human
observations which have not been revealed in the laboratory as yet.

3.3 Lead

3.3.1 Epidemiological Studies

Leadhas been directly correlated with cancer of the stomach, small intestine,
large intestine, ovary, and kidney, as well as with myeloma and all forms of



570 Methods for Assessing the Effects of Mixtures of Chemicals

leukaemia (Berg and Burbank, 1972).Nelson et al. (I973), on the other hand,
found that there was no increased risk of cancer mortality in a population that
consumed apples from orchards treated with lead arsenate. Most of the studies
on occupational exposures to lead have shown no association between lead and
any form of cancer (Dingwall-Fordyce and Lane, 1963; Robinson, 1976).
Cooper and Gaffy (1975) have reported on a study which is difficult to interpret
but the results might be construed as being either positive or negative; thus, it
does not add to epidemiological evidence for a significant role for lead in cancer
and human populations (IARC, 1980; Kang et ai., 1980).

3.3.2 Animai Studies

In contrast to human populations it has been shown by VanEsch and Kroes
(1969) that mice fed 0.1 % lead subacetate had a significant increase in renal
tumours compared with their untreated controls. In addition, Wistar rats fed
lead acetate have exhibited more renal tumours than their untreated controls
(Boyland et ai., 1962; Mao and Molnar, 1967; Shakerin and Paloucek, 1965;
VanEsch et ai., 1962).In most of the feeding studies rats exposed to lead in the
diet have developed renal tumours (Boyland et ai., 1962;Hass et ai., 1967; Ito,
1973; Ito et aI., 1971).

Lead acetate was negative in the Ames test (Rosenkranz and Poirier, 1979)and
in the host-mediated assay in SwissWebster mice (Simmon et ai., 1979).In most
other reported studies lead has, in fact, been negative for mutagenicity even
though some studies have shown chromosome abnormalities including chro-
matid breaks (Teodorescu and Calugaru, 1972). Sister chromatid exchange in
human leukocytes was not affected by lead (Beek and Obe, 1974, 1975).

The animal experimentation suggests a role for lead in some types of cancer
but the epidemiological evidence in human populations is lacking.

4 OTHER CONTAMINANTS

In this review contaminants will be considered in the broadest sense to include
those factors that we take intentionally or which are added unintentionally to our
diet, as well as those that find their way into the food chain unintended by human
populations.

4.1 Intentional Contaminants

Probably no other class of chemicals added to foods has created more
controversy in recent years than the non-nutritive sweeteners, saccharin,
cyclamate, and aspartame (Morrison and Buring, 1980).These three will briefly
be considered in this review as they may relate to human risks of cancer.
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4.1.1 Saccharin

There have been a number of epidemiological studies relative to saccharin and
bladder cancer (Hoover and Strasser, 1980; IARC, 1980) primarily directed at
the possible effects in diabetics who earlier on were the primary users of
saccharin. The results did not indicate a direct association between saccharin and
bladder cancer.

Furthermore, studies in England and Wales and in other countries have failed
to show an increased bladder cancer mortality (Morgan and Jain, 1974;Simmon
etal., 1979). The work of Arnold etal. (1977,1980) has established that
saccharin is an animal carcinogen.

4.1.2 Cyclamates

Cyclamic acid, sodium cyclamate, and calcium cyclamate were also used as non-
nutritive sweeteners in the United States until 1970 when they were banned
(USDA, 1978). Much of the use was as a mixture of 10parts cyclamate to I part
saccharin used in dry beverage bases, diet foods, sweetener formulations, and
carbonated beverages (Wiegand, 1978).

The fact that cyclamates were largely used in combination with saccharin
made it a difficult matter to determine just what effect cyclamates per se might
have on biological systems. Apparently for this reason there is no epi-
demiological evidence on cyclamates alone that indicates they are carcinogenic.

In animal systems, particularly in mice, cyclamates have been largely negative
in regard to carcinogenic effects (Branton et aI., 1973;Homburger, 1978;Kroes
et al., 1977; Roe et aI., 1970). Some rather bizarre experiments have been
conducted in which very potent carcinogens have been applied along with or
prior to the feeding of sodium cyclamate (Chowaniec and Hicks, 1979; Hicks
et al., 1978).In lifetime studies under such unusual experimental design there was
a significantly higher incidence of bladder cancer and a significant decrease in the
latent period compared with animals treated with NMU only. These kinds of
data are unconvincing as to the carcinogenicity of cyclamates and, in fact, are
misleading.

4.1.3 Aspartame

Aspartame, the newest addition to the FDA-approved non-nutritive sweeteners,
is a methyl ester of the amino acids phenylalanine and aspartic acid. It is
approximately 180times sweeter than sugar (NAS, 1978).After almost a decade
of arguments between and among the manufacturer, the FDA, and consumer
advocates as to the validity of safety evaluation data, the FDA finally approved
the use of aspartame as a sweetener or flavouring agent in certain foods in 1981.

There are no convincing data that aspartame is carcinogenic in animals (Ishii
et ai., 1981;Searle& Co., 1974a,b).
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Aspartame is also negative for mutagenicity (Searle & Co., I974a,b) using the
Ames test with and without S9 fraction in rats and using the host-mediated assay
in rats and in mice (Searle & Co., 1974b).Based on all of the evidence available to
date, aspartame is not carcinogenic or mutagenic in any of the animal species
used in studies conducted to this time.

4.1.4 Antioxidants

It is only from some unusual experimental designs that either BHA (butylated
hydroxyanisole) or BHT (butylated hydroxy toluene) has shown effects suggest-
ive of carcinogenicity (NCI, 1979).The effect has been mainly in the promotion
of tumours induced by other known carcinogens (Witschi, 1981). In addition
some studies have indicated that BHT may have some mutagenic activity
(Trosko et al., 1982).Both BHA and BHT, used according to standard protocols,
have anticarcinogenic activity, probably through their capacity to scavenge lipid
peroxy radicals or 'active' oxygen formed during prostaglandin synthesis
(USFDA, 1977).

4.1.5 Diethylstilboestrol

Diethylstilboestrol (DES) is one of about 20 growth hormones that have been
used in animal feed to promote increased animal protein production. DES is the
one compound that has been examined in greatest detail for carcinogenicity
primarily because it was reported to be carcinogenic in animals as early as 1964
(Fitzhugh, 1964).An additional cause for concern (Cutler et aI., 1972)has been
related to the administration of DES to human patients for the prevention of
menstrual disorders and miscarriages, and as chemotherapy for prostate cancer
in men and breast cancer in women. These practices were allowed until 1978
when they were banned mainly because of the occurrence of vaginal turnours in
young women born to mothers who used DES during pregnancy (Greenwald
et al., 1973; Herbst and Cole, 1978).

DES fed to mice increases the incidence of mammary cancers (Gass et aI.,
1974). Rats fed DES for a major portion of their lifespan developed pituitary
tumours in excess over controls and an increase in liver and mammary tumours.
The progeny of pregnant Syrian golden hamsters which had been administered
DES by intubation exhibited a high incidence of neoplastic lesions of the genital
tract (Rustia, 1979).

DES was not mutagenic in the Ames test (Glatt et al., 1979) although
chromosome aberrations and other positive results have been reported in some
systems (Chrisman, 1974; Ivett and Tice, 1981; Martin et al., 1978).

Both the data in humans and the data in animals clearly indicate that DES is a
carcmogen.
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4.1.6 Other Food Additives

There are many other intentional food additives including an estimated 12000
chemicals which are used in various aspects of food processing, packaging and
distribution which must be included here, although only about 3000 substances
are intentionally added to processed foods (Flavor and Fragrance Materials,
1981).Since these food additives including those that impart colour, flavour, or
taste to foods are added in such minute quantities, their testing in animals or
studies in people is virtually impossible in terms of realistic concentrations under
conditions of use. Furthermore, there has been no evidence provided to date that
the rather marked increase in use of food additives over the past three or four
decades has significantly contributed to the overall risk of cancer in humans.

4.2 Non-intentional Contaminants

These substances include trace elements and organometallic compounds, natural
and synthetic radioactive substances, and natural or synthetic organic
compounds.

4.2.1 Pesticides

Pesticide residues often remain on agricultural commodities after they have been
prepared for consumer purchase. Furthermore, they are also found in processed
foods derived from commodities used for human consumption. Despite the long
and widespread exposure of large human populations to pesticides there is very
little reliable information about real or potential effects on human health. The
three major types of pesticides are the organochlorines, the organophos-
phates, and the carbamates, all of which are commonly detected in the diet of
humans but generally at levels one or two orders of magnitude below the
acceptable daily intake (IARC, 1974). Of the three classes, the organochlorine
compounds are metabolized slowly and accumulate in body tissues (USFDA,
1977). In addition, organochlorines and organophosphates have the potential
for modulating the activity of microsomal enzymes and through this mechanism
they affect in some way either the activation or the deactivation of other
chemicals in the environment. Some of these chemicals produce either benign or
malignant tumours in experimental animals and must be viewed with some
concern. However, it is also reasonable to predict that the amounts that are
present in the average US diet do not make a major contribution to human
cancer risk (Barthel, 1976; IARC, 1974; USEPA, 1975, 1979, 1980;Wang and
Grufferman, 1981; Wang and MacMahon, 1979).

With the exception of parathion (NCI, 1979), the organophosphates do not
cause cancer in laboratory animals. However, a number of the organochlorine



574 Methods for Assessing the Effects of Mixtures of Chemicals

pesticides do cause rodent tumours (Cabral et al., 1979; Inneset aI., 1969;NCI,
1977, 1978a, b; Thorpe and Walker, 1973).

4.2.2 Benzo[a]anthracene

Benzo[a]anthracene has been found in the average American diet but there are
no reports indicating an effect of this compound on human cancer. It has been
shown, however, that the administration of benzo[a]anthracene to mice
produces papillomas of the forestomach, liver and lung adenomas (Bock and
King, 1959;Klein, 1963) and further that it is mutagenic in the Ames test and
positive in the DNA repair tests (Hollstein et al., 1979; Moryeau et al., 1976).
Benzo[a]anthracene thus is carcinogenic when administered orally to rodents.

4.2.3 Benzo[a]pyrene

This compound has been established as an animal carcinogen by numerous
investigators. When administered intragastrically it produces forestomach
turnours in mice (Peirce, 1961).In the diet it also produces forestomach tumours,
lung tumours, and leukaemia (Rigdon and Neal, 1969). Sprague-Dawley rats
have increased incidences of mammary tumours, and hamsters fed
benzo[a]pyrene developed oesophageal, intestinal, and stomach tumours (Chu
and Malmgren, 1965;Huggins and Yang, 1962).Benzo[a]pyrene has also been
shown to be mutagenic in a number of systems (Hollstein et aI., 1979;Nagao and
Sugimura, 1978; Tong et al., 1981).

4.2.4 Polychlorinated Biphenyls (PCBs)

This class of chemicals consists of complex mixtures of chlorinated hydro-
carbons and has been in use for well over 50 years (IARC, 1978).

The major route of exposure to low levels of PCBs for humans is dietary
exposure. They have been identified in cheese, eggs, fish, milk, and animal feed
derived from animal products such as fish meal (Jelinek, 1981).PCBs have also
been detected in human tissues (Kutz and Strassman, 1976) and limited
epidemiological data (Brown and Jones, 1981) suggest that exposure to high
levels may be associated with malignant melanomas (Bahn et aI., 1976;
Kuratsune, 1976;Kuratsune et aI., 1976).However, no conclusion can be drawn
about the varied low levels that occur in contaminated foods. It is now considered
more likely that PCBs may act primarily as tumour-promoting agents (Kimura et
al., 1976) based in part on their capability for inducing microsomal enzyme
systems associated with the activation of carcinogens. On the other hand, it has
been shown that one of the PCBs (Aroclor 1254) induces dose-related
hepatocellular carcinoma in female rats and enhances other types of induced
liver cancer (Kimbrough and Linder, 1974; Kimbrough et al., 1978, 1981;
Preston et aI., 1981).
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4.2.5 Polybrominated Biphenyls (PBBs)

This class of chemicals is related to PCBs and has been used as flame retardants in
a number of industrial processes. As with PCBs, PBBs persist in the environment
and accumulate in body fat.

The most extensive exposure to PBBs is that which occurred in Michigan in
1973; the exposure was associated with a number of adverse effects on health
(Kay, 1977).The time interval between exposure and the measurement of effects,
however, has been short and these studies did not provide definitive information
about the relationship between PBBs and cancer (Kimbrough et al., 1978, 1981).

4.2.6 Mycotoxins

These natural contaminants will be covered in other sections of the proceedings
and will be only briefly alluded to here. The family, particularly members of the
aflatoxin group, contaminate foods of both man and other animals (Newberne,
1974) and, as such, constitute a health hazard and a source of modification of
response to other chemicals. The mycotoxins to which man and animals are
exposed include aflatoxins, mainly B1, sterigmatocystin, ochratoxin A, zearal-
enone, T-2 toxin, patulin, penicillic acid, griseofulvin, luteoskyrin, cyclochloro-
tine, and ergot. Aflatoxin Bl appears to be the most important; a consistent body
of evidence, based on correlational data, associates the contamination of foods
by aflatoxin Bl with a high incidence of liver cancer in parts of Africa and Asia.
Epidemiological studies have also indicated a high correlation between primary
hepatocellular carcinoma and exposure to hepatitis B viral infection, but
aflatoxin is likely also involved. Aflatoxin is carcinogenic in several species of
animals, including rats, mice, trout, ducks, monkeys, and marmosets; generally,
in a dose-response fashion, it induces mainly tumours of the liver and, to a lesser
extent, tumours in the kidney, lung, stomach, and colon, more readily in males
and in the young. The carcinogenicity of aflatoxin is paralleled by its
mutagenicity in various systems (NAS, 1982; Newberne, 1974). There is no
reliable information about the role of other mycotoxins in carcinogenesis in
humans.

4.2.7 Nitrosamines

Epidemiological evidence (Shank, 1981) suggesting that N-nitroso compounds
playa role in the development of cancer in humans is largely circumstantial.
However, the findings from several epidemiological studies of certain geographi-
cal/nationality groups are consistent with the hypothesis that the exposure of
humans to high levelsof nitrate and/or nitrite may be associated with an increased
incidence of cancers of the stomach and oesophagus. In these studies, the level,
duration, and time of exposure were not studied in relation to cancer incidence,
and exposure to other known or suspected carcinogens was not excluded.
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In animals, nitrate has not been shown to be carcinogenic or mutagenic per se.
The data on nitrite, while suggestive (Newberne et al., 1979),indicate that nitrite
is probably not carcinogenic other than as a nitrosating agent, but that it is
mutagenic.

5 CONCLUSIONS

The list of factors and conditions which can modify a response to environmental
toxins and carcinogens is long and continues to grow daily as our knowledge
expands in this important area of toxicology. High on the list is life-style, with
particular interest in diet and nutrition. Deficiency, and sometimes an excess, of
essential dietary nutrients can predispose human and lower animal populations
to environmental toxicants. Vitamins A and C, total calories, protein and amino
acids, lipotropes, selenium, and zinc have been associated with enhancement or
inhibition of neoplasia in human and other species. Toxic heavy metals (lead,
cadmium, arsenic) have all been associated with animal toxicity and some forms
of human neoplasia and, aside from arsenic, carcinogenicity has been
demonstrated in experimental animals. Aflatoxin has now been declared a
human carcinogen by IARC.

Some of the intentional and non-intentional exposures are more recent and
their effects are less well understood because of the short time frame over which
the exposure has occurred. Intentional food additives would appear to be
relatively safe, but aflatoxins, nitrosamines, pesticides, PAH, and PCB and PBB
compounds are of significance as toxic or carcinogenic agents and they modify
responses to other environmental contaminants.

In terms of improvements in methodologies for evaluation of environmental
toxicants, research animals should be free of disease, housed properly, and given
a diet free of toxicants or, at a minimum, containing known quantities, and
containing proper amounts and ratios of essential nutrients. Test animals should
not be permitted to become obese, and certain dietary modifications might be
considered to increase the sensitivity of animals to chemical toxins.
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