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Introduction 

Diet composition and intake influence toxicity and car- 
cinogenicity of chemicals in laboratory animals.J4 In- 
teractions between diet and toxins range from nonspe- 
cific effects, for example, effects due to an influence 
of the toxin on dietary intake, to highly specific meta- 
bolic or molecular interactions. Many nonspecific and 
some specific interactions have been elucidated in 
studies of dietary effects on drug disposition and activ- 
ity; they include dietary influences on drug absorption, 
metabolism, and excretion and, conversely, alter- 
ations by drugs of intake, absorption, and utilization 
of nutrients. 5 Specific metabolic interactions of diet 
and chemicals include changes in the processing of 
chemicals through the microsomal oxygenase path- 
ways that activate or inactivate chemicals and their 
metabolites (Phase I metabolism), the glutathione 
(GSH) conjugation pathways in which GSH reacts 
with chemicals at electrophilic sites, and the glucuro- 
hide or sulfate conjugation pathways that produce 
more highly soluble excretory products (Phase II me- 
tabolism). There are many dietary effects on detoxifi- 
cation, oxygenation, and conjugation of chemicals, 6 
and knowledge of the substrate requirements and com- 
peting metabolic pathways indicates many other po- 
tential sites for interaction. 7'~ 

There is an extensive literature on nutritional and 
dietary effects on chemical carcinogenesis and on the 
stages of carcinogenesis at which the effects oc- 
cur. I-4'9-10 Alterations of carcinogen metabolism and 
DNA alkylation and adduction are a major mechanism 
by which diet alters chemical carcinogenesis at initia- 
tion. In this review, interactions that occur in the 
chemical initiation of carcinogenesis or on the effects 
of chemical promoters are discussed, since they arise, 
at least in part, from dietary interactions with chemical 
metabolism and disposition and with cell components 
that may be relevant to chemical toxicity in general. 

Supported in part by American Institute for Cancer Research, Grant 
#87A65. 
Address reprint requests to Dr. Adrianne E. Rogers, Department of 
Pathology, Mallory Institute of Pathology, Boston University 
School of Medicine, 80 E. Concord Street, Boston, MA 02118, 
USA. 
Received June 11, 1991; accepted July 16, 1991. 

In a 1982 review Wise jj discussed general effects of 
diet upon the results of toxicological bioassays and 
other investigations in laboratory animals. He dis- 
cussed the general effects of dietary deficiencies on 
appetite and, therefore, on intake of the test substance 
if it is present in the diet; deficiencies particularly 
likely to reduce feed intake are those of zinc and 
amino acids. The amount of dietary fiber may influ- 
ence absorption of test compounds and alter intestinal 
bacteria and their metabolism of test compounds. Phy- 
tate can bind and reduce absorption of metals; calcium 
(Ca) can bind and reduce absorption of lead (Pb). 
There have been many reviews and discussions of gen- 
eral dietary effects on toxicity and carcinogenicity of 
chemicals and recommendations made of diets appro- 
priate for use in bioassays.~2-~5 

This review focuses on selected recent publications 
reporting metabolic and toxicological interactions of 
diet, nutrition, and chemical toxicity, including carcin- 
ogenicity, that indicate potential for direct therapeutic 
or chemopreventive measures. 

Natural product versus purified diets 

Differences in chemical toxicity and carcinogenicity in 
laboratory animals fed natural diets, that is, diets that 
may also be termed cereal-based or chow® type diets, 
or fed diets composed of purified ingredients, that is, 
diets in which the components are refined to a greater 
or lesser extent from whole food sources or, rarely, 
are chemically pure, have been recognized for some 
time and attributed to many causes. The possible 
causes include the presence of inducers of Phase I and 
Phase II enzymes, antioxidants, and protease inhibi- 
tors and differences in fiber content in the two types 
of diet. Hepatic and intestinal microsomal enzyme ac- 
tivity and cytochromes P450 are generally higher in 
laboratory rodents fed natural-product diets than in 
rodents fed purified diets; the enzymes can be induced 
by vegetables or vegetable extracts in animals fed pu- 
rified diets.16 However, extrapolation of data on en- 
zyme induction in vivo to effects of tissuc extracts on 
in vitro bacterial mutagencsis by, or DNA-binding of, 
chemicals is not entirely predictable or consistent, and 
the results may not correlate with dietary effects on 
tumorigenesis by the same chemical, j6-js 
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Examples of differences in chemical carcinogenesis 
between rats fed natural-product or purified diets in- 
clude greater tumor induction in the liver by N-2 flu- 
orenylacetamide (AAF),~9 greater induction of poten- 
tially preneoplastic, enzyme-altered foci (EAF) in the 
liver by N-nitrosodiethylamine (DEN) and phenobar- 
bital (Phb), 2° and greater tumor induction in the liver 
and in the pancreas by L-azaserine, 21 all in rats fed a 
purified diet compared to rats fed a natural-product 
diet. 

The qualitative and quantitative associations of he- 
patic and renal "I-compounds" (DNA adduct-like 
compounds of unknown origin and identity that accu- 
mulate with age) with diet type may be useful in inves- 
tigations of the diet-induced differences in effects of 
chemicals. The compounds are increased in liver and 
kidney in rats fed natural-product diets compared to 
rats fed the purified AIN-76A diet. Levels of the "I- 
compounds" are inversely related to exposure to 
chemical carcinogens and to risk for spontaneous tu- 
mors in laboratory animals. 22'23 

Toxins that are more potent in animals fed purified 
diets than in animals fed natural-ingredient diets in- 
clude Pb and theobromine (TBR). In rats given Pb 
acetate (1 mg Pb per ml of drinking water for 5 weeks), 
toxicity and blood and tissue content of Pb were sig- 
nificantly increased in rats fed a purified diet compared 
to rats fed a natural-product diet. Rats fed the natural- 
product diet had increased urinary excretion of delta- 
aminolevulinic acid, a marker for Pb toxicity, but no 
clinical or hematogical evidence of Pb toxicity, while 
rats fed the purified diet had reduced weight gain and 
anemia. The purified diet was adequate in minerals, 
although marginal in copper; the natural-product diet 
contained levels of minerals two to five times the rec- 
ommended amounts. The investigators found no ame- 
lioration of Pb toxicity if they fed rats the purified 
diet supplemented with individual minerals, including 
copper, of if they adjusted the content of fat, carbohy- 
drate, or fiber to match the natural-ingredient diet. 
They concluded that total mineral content, rather than 
content of individual minerals, might be responsible 
for the difference in Pb toxicity in rats fed the two 
diets. 24 

Rats fed TBR, the major xanthine alkaloid in cocoa 
powder and chocolate and a metabolite of caffeine, 
manifested greater testicular toxicity and reduction of 
body weight gain if they were fed a purified diet than 
if they were fed a natural-ingredient diet; thymic toxic- 
ity of TBR was not affected by diet. Rats fed the puri- 
fied diet had significantly greater blood levels of TBR 
and excretion of unchanged TBR and lower excretion 
of metabolites of TBR than rats fed the natural- 
ingredient diet; the investigators attributed the greater 
toxicity of TBR in rats fed the purified diet to their 
lower metabolism and clearance of the alkaloid. 25 

There are interesting, complex, and unresolved in- 
teractions between diet and the effects of certain 
chemicals that promote urinary bladder cancer in rats; 
the interactions appear to be related to differences be- 
tween natural-product and purified diets but go be- 

yond these distinctions. The chemicals studied most 
extensively are sodium salts of saccharin or l-ascor- 
bate, which promote tumors initiated by one of several 
different carcinogens. The following mechanisms of 
the promoting action have been postulated: alteration 
of bladder epithelial cell membrane potential, intra- 
or extracellular or urine pH or sodium or other ion 
concentration, rate of cell proliferation, and urine vol- 
ume. 26'27 The strength of the promoting effect of both 
sodium saccharin and sodium L-ascorbate is influ- 
enced by the type of natural-product diet fed, although 
the test diets are nutritionally complete, and differ- 
ences in nutrient content appear minor. 2728 In a com- 
parison of natural-product and purified diets, Garland 
et al. 26 reported differences in stimulation by sodium 
saccharin of bladder epithelial hyperplasia in rats fed 
two different natural-product diets and no stimulation 
in rats fed the purified AIN-76A diet. Again, although 
the diets differed in many components, all three ap- 
peared nutritionally complete. Subsequently the same 
group reported that sodium saccharin promoted blad- 
der tumors in rats fed the natural-product diet that 
supported the greatest hyperproliferation of the epi- 
thelium but not when the rats were fed the AIN-76A 
diet. They postulated that the lower urinary pH in rats 
fed the purified diet blocked the promoting effect of 
sodium saccharin; 29 in a second large study, the same 
group reported that differences in urinary pH and so- 
dium also appeared to explain the differences between 
natural-product diets in supporting promotion. 2s 

In the studies cited, the composition of the natural- 
ingredient and purified diets varied from one study to 
another. The results do not permit evaluation of the 
contribution of particular diet components to the dif- 
ferent effects of the two general types of diet. 

Ethanol 

Acute or chronic exposure to ethanol can influence 
the effects of many classes of chemicals; examples are 
given in Table 1. Laboratory animal models for studies 
of ethanol effects are complex, and there is significant 
disagreement about their proper design. 3°'3~ Nonspe- 
cific alterations in feed and, in some cases, water in- 
take can be a major problem in defining specific toxic- 
ity and dietary and nutritional effects of ethanol. 32"33 
Recently studies have used the AIN-76A diet modified 
into a liquid form and containing 20-35% of calories as 
ethanol. 32-35 The liquid AIN-76A diet without alcohol 
supports normal growth in rats and mice; animals fed 
alcohol in the AIN-76A or other diets may have re- 
duced weight gain and may become dehydrated if they 
do not have access to drinking water at all times. 32 
Manifestations of ethanol toxicity are highly depen- 
dent upon diet composition and may be due in part to 
different dietary intake and growth, factors requiring 
pair-fed controls)  ~'34'36 Ethanol may be given by ga- 
rage in single or multiple doses or may be given in the 
diet or drinking water before or simultaneously with 
toxin exposure. Garage regimens tend to reduce he- 
patic glutathione (GSH) stores, increase hepatic tri- 
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Table 1 Effects of chemicals in male rats fed natural-ingredient diets and given ethanol by gavage 

Rats Ethanol 
Strain Weight (g) regimen a Effect of ethanol Reference 

Wistar 110-200 4 g/kg x 4, 21-48 Increased hepatotoxicity of aflatoxin B~, Toskulkao et al., 1985, 
hepatic aniline hydroxlase, paranitroani- 1988, 199039-41 
sole demethylase, lysosomal enzyme 
activity, l ipid peroxidation, and intracel- 
lular CA2*; decreased cytochrome B5, 
epoxide hydrolase activity, glutathione; 
no effect on NADPH-cytochrome c 
reductase, g lutathione-S-transferase, 
cytochrome P450 

No effect 

Sprague-Dawley 250-75 

4 g/kg x 1, 0 

7g /kg  x 1, 24 

5.56 g/kg/d x 30 

Decreased toxicity of Cd, Cd 
concentrations in hepatocyte 
organelles; increased metallothionein 
concentration, sequestration of Cd 
in hepatocyte cytosol, total Cd in liver 

Increased tissue Cd, reduced tissue Zn 

Toskulkao et al., 1985 
1988, 199039-41 

Kershaw et al., 199042 

Sharma et al., 199143 

a Given by gastric gavage; dose x no. of administrations, hours prior to administration of test chemical. Calorie control for ethanol not 
indicated. 

glycerides and marker microsomal oxidases, and re- 
duce epoxide hydrolase, whereas dietary exposure 
produces fatty liver of varying severity but less or no 
biochemical evidence of toxicity. 

Ethanol induces a specific cytochrome P450 (IIE1) 
as well as other enzymes that affect metabolism of 
other alcohols, carbon tetrachloride, therapeutic 
drugs, drugs of abuse, aflatoxin B 1 (AFBI), nitrosa- 
mines, and other carcinogens. 37 Selective induction of 
specific P450 isozymes may increase or decrease tox- 
icity of test compounds. Trichlorethylene hepatotoxic- 
ity is increased by prior exposure to ethanol in the 
diet. 38 Increased toxicity of AFB1 was reported in rats 
pretreated with ethanol gavage, presumably because 
the balance of AFB t metabolism had been altered in 
the direction of increasing the level of toxic metabo- 
iite(s) in the liver and because hepatic GSH was 
reduced. 39-41 Conversely, by increasing hepatic metal- 
lothionein (MT) concentration, ethanol reduced lethal- 
ity and hepatotoxicity of cadmium (Cd) in rats. Rats 
were given a single large dose of ethanol, 7 mg/kg, by 
gavage and, 24 hours later, given a lethal or sublethal 
but toxic dose of Cd intravenously. Ethanol pretreat- 
ment reduced Cd-induced mortality from 100% to 17% 
and, in rats given the lower dose, markedly reduced 
enzyme markers for hepatocyte damage. Biliary ex- 
cretion of Cd was reduced by ethanol while hepatic 
MT concentration increased ll-fold, and hepatic Cd 
concentration increased by 33%, virtually all of it 
bound to MT. 42 In another study, ethanol, given by 
gavage in a bolus of 5.56 g/kg/d for 30 days, increased 
hepatic and intestinal Cd in rats fed a complete, 
natural-product diet and tap water, but given no other 
source of Cd, as well as in rats given a daily intragas- 
tric dose of Cd of 10 mg/kg. No evidence of Cd toxic- 
ity was reported. Ethanol also decreased tissue zinc 
(Zn) content, an effect that may account for the shifts 

in Cd absorption and tissue deposition since the two 
metals are antagonistic. 43 Ethanol may have acted also 
by increasing tissue MT concentration and Cd 
binding. 42 

A recent study of interest in the area of interactions 
of diet and ethanol toxicity is the report that embryo- 
toxicity of ethanol garage (2.5 g/kg twice on gestation 
day I I) in rats was significantly increased by concomi- 
tant folate deficiency induced by dietary depletion and 
succinylsulfathiazole. Maternal ethanol toxicity, mani- 
fested by reduced weight gain, also was increased by 
the deficiency; folate-sufficient maternal rats showed 
no evidence of ethanol toxicity. 44 

Nutritional and dietary problems can interfere with 
assessment of toxicity of behavior-altering drugs such 
as delta-9-tetrahydrocannabinol (THC) and may mag- 
nify effects found in studies of embryotoxicity or tera- 
togenicity of the test substance. 45 Ethanol, cocaine, 
THC, and other compounds can influence maternal 
behavior in ways, other than by altering dietary in- 
take, that may be deleterious to the offspring but are 
not related directly to ethanol toxicity. In such cases, 
offspring may be fostered on surrogate dams. Studies 
of effects of drug combinations have been reported. 
Ethanol, fed for 6 days in a liquid AIN-76A diet to 
supply 25% of calories, significantly increased hepa- 
toxicity of a single dose of cocaine in both male and 
female mice. The control male mice pair-fed to the 
ethanol-fed mice showed markedly reduced toxicity of 
cocaine compared to control mice fed ad libitum, but 
no effect of reduced diet intake was reported in pair- 
fed females. Cytochrome P450 was induced by etha- 
nol; pair-feeding had no effect in males but increased 
P450 somewhat in females. There was, therefore, not 
a clear correlation of cocaine toxicity with effects of 
ethanol or diet intake on the hepatic monooxygenase 
system that activates cocaine to toxic metabolite(s). 
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Pair-feeding and chronic ethanol exposure reduced he- 
patic GSH content by 23-64%, but the results again 
did not clearly correlate with cocaine toxicity. 35 Poten- 
tiation of toxicity of cocaine by ethanol was reported 
also in vitro in human hepatocytes exposed to both 
drugs in concentrations consistent with human expo- 
sures. The toxicity was manifested as depression of 
GSH concentration and abnormalities of urea and gly- 
cogen synthesis. 46 

Antioxidants 

Many diet-induced alterations of chemical toxicity are 
postulated to be mediated by oxidant-antioxidant ef- 
fects. GSH is a major intracellular protectant against 
many toxic chemicals and drugs. Cell content of GSH 
and of enzymes governing its redox state are highly 
responsive to nutrients, particularly riboflavin and Se, 
though the significance of dietary deficiency-induced 
reduction in the enzymes or in GSH concentrations is 
not clear. 8 Depletion of GSH, by prior or excessive 
exposure to compounds that form GSH conjugates ei- 
ther directly or via glutathione-S-transferases (GST) 
or to oxidative and other free radical stresses that re- 
quire GSH peroxidase activity (GSH-PX), render cells 
susceptible to toxicity of chemicals detoxified by 
GSH .47,48 

GSTs are induced by AFBI in hepatocytes, and 
GSH concentrations are decreased by AFBj exposure 
in hepatocytes in vitro. There is extensive evidence 
that AFBI toxicity and carcinogenicity in rodents are 
inversely related to both GST activity in hepatocytes 
and to sulfhydryl detoxification pathways. 49 The 
mechanism of protection against AFB~ toxicity by 
agents such as butylated hydroxytoluene (BHT) that 
are nonspecific enzyme inducers may involve the bal- 
ance of the many enzymes induced and the affinities 
of the GSTs for AFB~ metabolites that produce cellu- 
lar or gene toxicity. However, in vitro there is not a 
good correlation between cellular GSH content and 
AFB l toxicity to hepatocytes. 5° 

Among thiol antioxidant chemoprotective com- 
pounds naturally present in foods are the dithiolthi- 
ones in cruciferous vegetables. The most extensively 
studied dithiolthione, oltipraz, is a synthetic dithiolthi- 
one antischistosomal drug. It reduced toxicity of AFB1 
and formation of hepatic AFBrDNA adducts, EAF 
and benign and malignant hepatocellular tumors in rats 
given a carcinogenic AFB~ regimen; it induced GSTs, 
other Phase II enzymes, and cytochrome P450- 
associated monoxygenases. 49'5~'5-' The unsubstituted 
parent dithiolthione also markedly reduced in vivo for- 
mation of hepatocyte AFBj-DNA adducts. 49 

Dietary Se is of interest because of its participation 
in and induction of the activity of glutathione peroxi- 
dases (GSH-Px) and its interactions in chemical toxic- 
ity and carcinogenicity. 53"54 Dietary Se deficiency in 
pregnant CD-1 mice, which reduced both Se-depen- 
dent and Se-independent peroxidases, increased the 
teratogenicity of phenytoin as evaluated by the inci- 
dence of cleft palate. 55 Toxicity of 1,2-dimethylhydra- 
zine (DMH) is increased in Se-deficient rats; 56 there is 
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a protective effect of Se on colon carcinogenesis by 
DMH, although the timing of the effect varies between 
experiments. The role of oxidative mechanisms is not 
clear. 575~ Pence reported a positive correlation be- 
tween colonic GSH-PX activity and dietary Se and a 
depression of colonic GSH and superoxide dismutase 
(SOD) by DMH. The changes demonstrated would be 
expected to decrease antioxidant activity in the colon 
of Se-deficient, DMH-treated rats, but no increase in 
peroxide was demonstrable in the colon of the ratsJ 4 

Selenium has somewhat variable effects on hepatic 
toxicity and carcinogenicity of AFB 1 and on induction 
of EAF by AFB~. Both deficient (0.05 ppm) and exces- 
sive (5 ppm) Se intakes in drinking water increased 
AFBI toxicity and carcinogenicity in rats. ~9 The lowest 
toxicity and carcinogenicity of AFB~ were found in 
rats given 1 or 2 ppm Se, levels considerably higher 
than the nutritional requirement, 0.1 ppm. In contrast, 
excessive intake (5 ppm) has been reported to sup- 
press the tumor-initiating activity of AFBj if rats were 
given phenobarbital as a promoter; deficiency had no 
effect on tumorigenesis in the same model. 6° Se-defi- 
cient rats, with significantly depressed hepatic but not 
esophageal mucosal GSH-Px, manifested the same re- 
sponse as Se-supplemented controls to the esophageal 
carcinogen, methylbenzylnitrosamine (MBN). Rats 
fed hypersupplemented diet (4 ppm) had increased 
esophageal but not hepatic GSH-Px, and, again, no 
consistent difference from controls in esophageal tu- 
mors. 6~ A similar dietary Se content (4 ppm) reduced 
gastric carcinogenesis by the direct-acting carcinogen, 
N-methyl-N-nitro-N-nitrosoguanidine (MNNG). 62 

Selenium deficiency can increase, and Se supple- 
mentation can reverse to some extent, the enhance- 
ment of chemical carcinogenesis in the mammary 
gland of rats fed a high corn oil diet, an effect exerted 
primarily after initiation. However, in rats fed diets 
high in fat content composed of a mixture of food fats 
rather than only corn oil, Se has not consistently in- 
fluenced tumorigenesis. 63-65 There is evidence that 
antiperoxidative activity may not be the mechanism 
by which Se acts. 63-65 Se reduces 7,12-dimethylbenz- 
anthracene (DMBA) adduction to mammary gland 
DNA, and it may, therefore, have an independent role 
at initiation. 66 Since Se deficiency reduces, and Se sup- 
plementation above the requirement enhances, gener- 
ation and activity of cytotoxic lymphocytes, 67 immu- 
nological mechanisms also are possible. 

Nutrients, particularly anti- or pro-oxidants, can 
have direct chemical interactions with toxins. 
Ascorbic acid is a prime example with its ability to 
reduce toxic hexavalent chromium (Cr) to much less 
toxic trivalent chromium salts, discussed below. 6s 
Ascorbic acid also can reduce endogenous nitrosation 
of amines with reduction in tumorigenesis by and tox- 
icity of the nitrosamine produced. 697° 

Cancer chemotherapeutic agents 

Dietary and nutritional influences on toxicity of cancer 
chemotherapeutic agents are of particular interest in 
considerations of interactions of diet and chemical 
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Table 2 Diet and toxicity of cancer chemotherapeutic agents in rats 

Diet Age or Tumor 
component Strain Sex weight transplant Drug Effect of diet component Reference 

Riboflavin Sprague- M 10 wks No Doxorubicin Deficiency reduced drug- Pinto et al., 199078 
Dawley induced aldosterone secretion 

Riboflavin Holtzman M 9-15 wks No Doxorubicin Drug-reduced ocular lens GSH 
in deficient rats only 

Protein F 150-160 g R1Rhabdo- Methotrexate Severe deficiency delayed 
myosarcoma MTX excretion, increased 

marrow and gut toxicity 
L/W F 146-203 g AC33 Severe deficiency increased 

mammary drug-induced diarrhea, 
tumor leukocytopenia 

Sprague- M 4 wks No Marginal deficiency increased 
Dawley drug-induced disturbance of 

hepatic choline metabolism 

Protein 

Methyl 

WAG/Rij 

Dutta et al., 
199079 

Dunki-Jacobs et al., 
198972 

5-Fluorouracil Torosian et al., 
199073 

Procarbazine Rogers et al., 
19907s 

toxicity (Table 2). The patients being treated are often 
malnourished or at risk for malnutrition because of 
their disease and its treatment. Many of the drugs are 
toxic to rapidly proliferating normal cells, bone mar- 
row and gut epithelium, among others; some have spe- 
cific target organ toxicity, including the heart, kidney, 
and nervous system; several are carcinogenic in labo- 
ratory animals; and a few have been identified as hu- 
man carcinogens. The treatment regimens often in- 
duce anorexia, nausea, and vomiting. Therefore, 
provision of adequate nutrition and, if indicated, of 
dietary intake designed to block toxicity and carcino- 
genicity of the agents without interfering with their 
therapeutic efficacy is important. There are data on 
nutritional interactions with a few agents, but much 
more information is needed. 

Severe protein deficiency in rats significantly in- 
creased toxicity of the chemotherapeutic antimetab- 
olites, methotrexate (MTX)  71'72 and 5-fluorouracil 
(5-FU) .  73 A single dose of MTX was cleared less rap- 
idly from the blood of protein-deficient rats than from 
control rats; gut and bone marrow toxicity of the drug 
was considerably greater and more prolonged in the 
deficient rats. 72 Marrow and gut toxicity of 5-FU also 
was greater in protein-deficient than in normal rats. 73 
Because MTX itself induces methyl deficiency, TM its 
use in combination with potentially carcinogenic ther- 
apeutic agents is of some concern, and dietary or other 
provision of methyl may be important (see below).75'76 

Toxicity of the cancer chemotherapeutic agent 
doxorubicin is manifested in functional and morpho- 
logic abnormalities of the heart, gastrointestinal tract, 
liver, and kidney. Doxorubicin and other anthracy- 
cline drugs complex with flavin coenzymes, competing 
with them for protein binding sites and inhibiting for- 
mation of flavin adenine dinucleotide from riboflavin 
in skeletal and cardiac muscle. 77 In a series of studies 
of interactions of doxorubicin and riboflavin in rats, 
it has been shown that doxorubicin increases serum 
aldosterone and that dietary riboflavin deficiency in- 
hibits that rise. The mechanism by which the inhibi- 
tion occurs is unknown. TM In addition, riboflavin defi- 
ciency in rats depletes the ocular lens of GSH by about 
26% and reduces the activity in the lens of glutathione 

reductase, the enzyme that regenerates GSH. Doxoru- 
bicin, alone, reduces lens GSH to 52% of normal in 
riboflavin-deficient rats but does not alter the reduc- 
tase.  v9 The functional significance of these interactions 
of drug and riboflavin is not clear. 

Protein 

In addition to the affect of protein deficiency on MTX 
and 5FU toxicity, effects on carcinogenicity of chemi- 
cals are known (Table 3). In an extreme case, short- 
term feeding of a diet consisting only of carbohydrate 
reduced hepatic metabolism of N-nitrosodimethylam- 
ine (DMN), its hepatotoxicity, and alkylation of he- 
patic DNA; alkylation of renal cortical tubule cell 
DNA was increased because of the large amount of 
unmetabolized DMN reaching the kidney; renal me- 
tabolism was less severely affected by the diet. The 
long-term result of these alterations was a decrease in 
hepatic tumors and an increase in renal tumors. 8°83 
The carbohydrate diet had no effect on DNA alkyl- 
ation by the direct-acting carcinogen, N-nitrosometh- 
ylurea (MNU), which does not require metabolic acti- 
vation, s3 

In studies of less extreme protein deprivation, simi- 
lar protection of the liver against carcinogenesis has 
been described. Hamsters fed an 8% casein, otherwise 
nutritionally complete, diet that reduces hepatic cyto- 
chrome P450 and given another nitrosamine, N-ni- 
troso (2-hydroxypropyl) (2-oxopropyl)amine (HPOP), 
had reduced DNA alkylation, increased glucuronida- 
tion of HPOP, and, ultimately, a reduced incidence of 
hepatic and pancreatic tumors, s4 In rats fed marginal 
protein diets (8-12%) casein), AFB~ was less toxic and 
probably less carcinogenic than in rats fed adequate 
to high (20-30%) casein, as judged by body weight, 
serum content of liver enzymes, and occurrence or 
histology of putative preneoplastic lesions in the 
liver.SS, s6 

The metabolism of DMBA to DNA-adducting me- 
tabolites and mammary gland carcinogenesis by 
DMBA have been studied in relation to dietary protein 
content. Mammary cells isolated from rats fed 7.5% 
protein metabolized DMBA less rapidly and produced 
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Table 3 Dietary or nutritional effects on carcinogen metabolism and DNA adduction in vivo 

Age 
Diet or or 
diet components a Carcinogen a Species Strain Sex weight Effect of diet Reference 

CHO only DMN Rat 
vs complete 
diet 

CHO only DMN Rat 
vs complete 
diet 

Prote i n 
(7.5% vs 15%) 

NMU Rat 
DMBA Rat 

Casein HPOP Hamster 
(8% vs 20%) 

Zn deficient MBN Rat 
vs Zn sufficient b 

Se DMBA Rat 
(2 vs 0.1 ppm) 

Porton- M 140-180 g Decreased btood clearance,. Swann and McLean, 
Wistar or hepatic but not renal 19718° 
Sprague- metabolism of DMN; 
Dawley decreased 

Wistar M 4 wks Reduced alkylation of hepa- Fan et al., 198983 
tocyte DNA; increased 
alkylation of DNA in renal 
cortical tubules and mes- 
enchyme 

Wistar M 10-11 wks None 
Sprague- F 160-185 g Decreased DMBA metabo- Singletary and Milner, 

Dawley l ism and DNA adduction 1987a, 1987b 8788 
by mammary gland cells 
in vitro; increased DNA 
adduction by hepatocytes 
in vitro with no significant 
effect on metabolism 

Syrian M 85-90 g Reduced hepatic cytochrome Kokkinakis and 
P450, DNA alkylation Scarpelli, 198984 

Sprague- M 7 wks Increased 06- and N7-methyl- Barch and Fox, 
Dawley guanine in esophageal 198792 

DNA, 1-24 hrs 
Sprague- F 55 d Decreased DMBA-DNA Ejadi et al., 198966 

Dawley adducts after 2-4 wks, 
but not after 1 week, 
of feeding 

a Abbreviations: AFB~, aflatoxin B1; AHH, arylhydrocarbon hydroxylase; CHO, carbohydrate; DMBA, 7,12-dimethylbenz(a)anthracene; DMN, 
N-nitrosodimethylamine; GST, glutathione-S-transferase; HPOP, N-nitroso (2-hydroxypropyl) (2-oxopropyl)amine; 13C, Indole-3-carbinol; 
MBN, N-nitrosomethylbenzylamine; NMU, N-nitrosomethylurea. 
b Controls pair-fed to deficient rats. 

lower amounts of DNA adducts than cells from rats 
fed 15% protein. 87 However,  when hepatocytes were 
tested, using exogenous rather than endogenous DNA 
to measure adducts, cells from rats fed 7.5% protein 
produced larger amounts of DNA adducts than cells 
from rats fed 15% protein; the rates of DMBA metabo- 
lism in deficient and control hepatocytes were not dif- 
ferent, so presumably there was less inactivation of 
active metabolites by the hepatocytes of deficient 
rats. 88 Since a single dose of DMBA is carcinogenic 
for the mammary gland but not for the liver, extrapola- 
tion of the in vitro results to DMBA carcinogenesis is 
not clear. There are conflicting data on the effects of 
dietary protein on DMBA carcinogenicity with no 
clear consensus. 87'88 The variability between experi- 
ments may be due, at least in part, to variations in the 
balance between hepatic and mammary gland metabo- 
lism of DMBA, with different amounts of active or 
inactive metabolites formed at the two tissue sites. 

Minerals 

Nutrient and non-nutrient metals can be toxic and 
have well-documented interactions in gastrointestinal 
absorption, distribution, tissue deposition, and excre- 
tion. An antagonistic Zn-Cd interaction can be demon- 
strated at high or deficient dietary intakes of Zn. Cd 
toxicity is thought to be due, at least partially, to inter- 

ference by Cd in Zn-enzyme mediated metabolism. Cd 
toxicity can be blocked by excess dietary or other sup- 
ply of Zn, as can Cd tumorigenicity in the testis and 
at the site of injection. Marginal dietary Zn deficiency 
increases Cd nephrotoxicity and tumorigenicity in 
rats. The mechanism of action of Zn deficiency may 
be reduction of MT, which is normally induced by Zn, 
permitting tissue accumulation of Cd without seques- 
tration by binding to MT. 89 

Zn-Copper (Cu) interactions have led to the thera- 
peutic use of Zn in Wilson's disease, a disease of ab- 
normal metabolism and resultant toxicity of Cu. Zn 
reduces absorption of Cu from the gut, induces intesti- 
nal epithelial cell MT, and reduces the rate of Cu accu- 
mulation in tissues and hepatic toxicity of Cu, as mea- 
sured by serum enzymes. 9° In rats a subcutaneous Zn 
depot also induced high MT levels in liver and small 
intestine and protected against hepatic accumulation 
and toxicity of a high Cu diet (750 Ixg Cu/g). Adminis- 
tration of Zn after Cu loading restored rats to normal 
growth rate and reduced hepatic toxicity of Cu without 
reducing total liver Cu. The extent of Cu binding to 
MT in liver was greatly increased while binding to 
other proteins was greatly decreased, a shift that was 
thought to account for the reduced hepatic toxicity. 9° 

Zinc deficiency increases the methylation of esoph- 
ageal DNA by methylbenzylnitrosamine (MBN), an 
esophageal carcinogen that is more effective in Zn-de- 
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ficient than in normal rats. 9L92 The increased methyla- 
tion may be due to increased esophageal mucosal acti- 
vation of MBN; 92 to increased cell division in the 
target epithelium; 9~ or both. Zn deficiency reduces he- 
patic activity of a major enzyme for DNA repair, ade- 
nine dinucleotide phosphoryltransferase (ADPRT), an 
effect that may account for some of the effects of Zn 
deficiency on carcinogenesis; 93 however, Barch and 
Fox 92 found no evidence of a reduced rate of adduct 
removal in deficient rats. Other work has shown that 
hypersupplementation with molybdenum reduces 
MBN esophageal carcinogenesis in rats; 94 the mecha- 
nism is unknown. 

There are interesting prospective epidemiological 
data associating increased body iron stores with in- 
creased risk for cancer, particularly colon cancer in 
men over 50 years of age; the results were corrected 
for smoking and indicated no association with re- 
ported dietary intake of iron or with hemoglobin and 
hematocrit. 95-98 Results from another prospective 
study gave weak support to an inverse relationship 
between body iron stores and lung cancer risk but not 
risk of other cancers in women. In contrast to the 
result in men, anemia and high total iron-binding ca- 
pacity were associated with a significantly reduced 
risk of developing lung cancer. 99 Postulated mecha- 
nisms include the pro-oxidant effect of iron contribut- 
ing to cell damage and tumor promotion, and a nutri- 
tional effect of iron on growth of tumor cells. 
However, the evidence for an effect is weak and re- 
quires confirmation in more focused studies. ~°° 

In the MNU-induced rat model for breast cancer, 
high dietary iron intake (1200 ppm in diet) was associ- 
ated with greater final tumor incidence than either ade- 
quate (120 ppm) or low (2 ppm) intake. The increased 
tumor incidence did not appear until relatively late in 
the experiment. ~°~ DMH colon carcinogenesis was 
somewhat, although not significantly, increased in rats 
fed a diet high in iron (580 ppm) compared to rats fed 
an adequate amount (35 ppm). Acute toxicity of DMH 
was not affected by the high dietary iron. 98 In mice 
fed a much greater concentration of iron (3.5% iron 
fumarate in a natural-product diet) during a 10-week 
exposure to DMH and then fed a control diet, colon 
tumor number was increased significantly compared 
to mice fed the diet without iron. ~02 Again, the effects 
are relatively weak; the organs affected are not major 
storage sites for iron, although iron does accumulate 
in them. 

Calcium salts reduce absorption of Pb salts from 
the gut and reduce tissue Pb accumulation in rats. 
However, feeding Ca acetate at 0.3% or more in the 
diet of rats fed also 1% Pb acetate resulted in in- 
creased, rather than decreased, toxicity of the Pb, as 
judged by reduced weight gain and increased renal tu- 
morigenesis. Paradoxically, renal lead content was re- 
duced by the Ca feeding.~°3 

Hexavalent chromium salts (Cr 6) are toxic and car- 
cinogenic in humans and laboratory animals; trivalent 
chromium (Cr 3) is much less toxic and is not known 
to be carcinogenic. Cr 6 is reduced to Cr 3 in tissues 
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by the action of GSH and other reducing pathways. 
Asorbic acid can protect against Cr 6 toxicity, presum- 
ably by reductive activity. Compared to control pigs, 
guinea pigs fed an ascorbic acid defcient diet and 
given a lower daily maintenance dose of ascorbate (0.5 
mg) had severely reduced tissue ascorbate (7-12% of 
control). They showed significantly increased bone 
marrow chromosome aberrations in response to a sin- 
gle injection of Cr 6. Less severely deficient pigs given 
Cr 6 in drinking water had increased micronuclei in 
polychromatophilic erythrocytes, another indicator of 
genetic toxicity, compared to controls who showed no 
effect of Cr 6 exposure. Tissue vitamin C levels in the 
deficient pigs were 30-50% of control. 68 

Non-nutrient components of diet 

There are many examples of non-nutrient food compo- 
nents that influence toxicity and carcinogenicity of 
chemicals in laboratory animals (Table 4) and, pre- 
sumably, in humans, since mixed vegetable extracts 
and other diet components alter xenobiotic metabo- 
lism and conjugation in humans 1°4 as they do in labora- 
tory rodents. 2"16 The chemopreventive activity of non- 
nutrient components may be responsible for some of 
the observed differences in chemical toxicity in ani- 
mals fed purified versus natural-product diets. 

Green tea extracts reduced AFBrinduced bone 
marrow chromosome aberrations in rats. Both the 
whole extract and its tannin components were effec- 
tive if given 24 hours but not 2 hours before AFBI 
administration. In contrast, other components--caf- 
feine and ellagic acid--were most effective if given 2 
hours before AFBI. ~°5 Green coffee beans and, to a 
lesser extent, roasted coffee products contain com- 
pounds, such as kahweol and cafestol palmitate, that 
induce glutathione-S-transferase (GST) activity and in- 
hibit polycyclic aromatic hydrocarbon (PAH) carcin- 
ogenesis in rat mammary gland and hamster cheek 
pouch. Since the beans and caffeine also reduce 
weight gain, the reduction in carcinogenesis in the 
models may be a result not only of changes in carcino- 
gen metabolism but also of reduced weight gain.~°6-8 

Ellagic acid, a coumarin-related lactone present in 
fruits, nuts, and vegetables, as well as in green tea, 
reduces hepatic carcinogenesis by AAF ~°9 and binds 
to carcinogenic metabolites of PAH, thereby reducing 
DNA adduction and skin, mammary gland, and fore- 
stomach carcinogenesis by PAH's in rodents.~° Ellagic 
acid is active in the skin tumor models, whether given 
by topical application or in the diet, and in PAH- 
induced lung tumorigenesis, whether given in diet or 
intraperitoneally (ip), although ip injection is more ef- 
fective.~°9 Ellagic acid reduces also esophageal carci- 
nogenesis by MBN, ~° activation of MBN and methyl- 
DNA adduct formation in esophageal explants ~ ~1 and 
reduces AFB~ microbial mutagenicity and DNA ad- 
duction in tracheobronchial explants.~2 

When fed in the diet, eUagic acid induces hepatic 
and esophageal cytochromes P450, hepatic aryihydro- 
carbon hydroxylase (AHH), and esophageal, but not 
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Table 4 Effects of non-nutrient components on nuclear, genetic, or chromosomal in vivo assays of toxicity of chemicals 

Diet Age or Effect of diet 
component Species Strain Sex weight Chemical component References 

Indole-3-carbinol Mouse ICR M 30 g B(a)P Reduced B(a)P, DMN binding to Shertzer 1983, 
Swiss DMN hepatic DNA, protein 1984 ~71~8 

Diallyl sulfide Rat F-344 M 120-150 g DMH Reduced DNA adducts and Hayes et al., 1987 ~35 
prevented necrosis in liver 

Diallyl sulfide Rat Sprague- M 100-125 g MBN Reduced esophageal nuclear Wargovich et al., 
Dawley aberrations; reduced MBN 1988 ~3° 

metabolism by hepatic micro- 
somes but had no effect on 
esophageal metabolism 

Ellagic acid Rat Sprague- M 7 wks MBN Reduced esophageal but Barch and Fox, 1988, 
Dawley not hepatic MBN metabolism; 19891141~5 

reduced 06 but not N7 
methylation of guanine in 
esophageal DNA 

Reduced bone marrow 
chromosome aberrations 

Green tea extract, a 
tannins, a 
caffeine, b 
ellagic acid c 

Rat Wistar M 4-5  wks AFB~ Ito et al., 1989 ~°5 

a 24 hrs before AFB~; not effective if given 2 hrs before or after AFB1 
b 24 or 2 hrs before AFB v 
c 2 hrs before AFB 5 not effective if given 24 hrs before AFB~. 

hepatic, MBN metabolism in vivo and in vitro. ~3-~ ~5 It 
reduced formation of 0 6 methyiguanine but not other 
DNA adducts of MBN in the esophagus in vivo, but 
in vitro formation of DNA adducts by MBN was not 
altered by prior in vivo exposure to ellagic acid. Prior 
exposure of the DNA to ellagic acid reduced alkyl- 
ation by MBN; binding of ellagic acid to DNA ap- 
peared to block, selectively, methylation of guanine 
at 0 6.j14 Therefore, ellagic acid appears to act in the 
esophagus both by reducing activation of MBN and 
by blocking specific DNA sites of adduction. Ellagic 
acid fed in the diet at the anticarcinogenic dose of 4g/ 
kg is not toxic to rats. 1~° 

The indole glucosinolates are a class of compounds 
in plants that yield biologically active components that 
are of interest because of their metabolic and anti- 
carcinogenic effects. ~6 The major dietary vegetable 
sources of the indole glucosinolates are cabbage, 
Brussels sprouts, broccoli, turnips, and cauliflower. 
The active metabolites, of which indole-3-carbinol 
(I3C) is the most extensively studied, induce activity 
of xenobiotic metabolizing enzymes in intestine and 
liver in mice and rats and prevent carcinogen adduc- 
tion to DNA. ll7'jl8 In higher doses they induce Phase 
I1 enzymes, GST, and epoxide hydratase. They can 
reduce carcinogenesis in the lung, gastrointestinal 
tract, and mammary gland by PAH and in the liver by 
AFBj, although in some cases feeding I3C or the 
whole vegetables has increased chemical carcinogene- 
sis in rats ~19'~2° and trout. 12H22 The pure compound, 
13C, has been studied extensively in AFB~-exposed 
trout and, more recently, in rats. When fed to trout 
before and during AFB~ exposure, it reduces hepato- 
carcinogenesis in a dose-responsive manner that cor- 
relates with reduction of AFBI-DNA binding.123 How- 
ever, I3C promotes hepatic tumor development in 

trout when they are fed beginning immediately, or as 
late as 12 weeks, after AFBI. The effective doses are 
similar to the doses that block carcinogenesis at initia- 
tion. The results with whole vegetables or I3C raise 
interesting questions about the probable balancing of 
promoting and anti-promoting or anti-initiating agents 
in vegetables and other plant products.12H22 

Formulation of diets containing large amounts of 
freeze-dried or otherwise processed vegetables re- 
quires significant attention to nutrient content and bal- 
ance because of the bulk, fiber, and nutrient content 
of the vegetables. Birt et al. ~2° reported enhanced ni- 
trosamine carcinogenesis in pancreas and gallbladder 
in hamsters fed approximately 10% freeze-flied cab- 
bage, compared to hamsters fed a control diet com- 
posed of the same components except cabbage and 
adjusted carefully for nutrient and calorie content. 
They monitored the animals closely and detected no 
evidence of nutritional abnormality that might account 
for the increase in tumors in cabbage-fed animals. In 
a similar experiment in mice, they found that cabbage 
feeding increased skin tumorigenesis by DMBA. 

Glucarate, an anticarcinogenic component of fruits 
that is converted to o-glucaro-l,4-1actone in the stom- 
ach, inhibits B-glucuronidase in rat mammary gland, 
colon, and in small intestine, as well as in other tis- 
sues, and inhibits carcinogenesis by several different 
chemicals in rats and mice. It may inhibit carcinogene- 
sis by preventing hydrolysis of glucuronides of carcin- 
ogens and their metabolites, thereby preventing en- 
terohepatic recirculation or local activity of active 
compounds or, as demonstrated in the mammary 
gland, by inhibiting DNA synthesis. ~24-27 Rat tumor 
models in which calcium glucarate inhibits tumorigen- 
esis include DMBA-induced mammary tumors 124 and 
azoxymethane-induced colon tumors. ~25 The amounts 
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of glucarate fed give no evidence of toxicity, and the 
compound has inhibiting activity at both initiation and 
promotion of tumors by carcinogenic chemicals. 

Garlic extracts have significant effects on the toxici- 
ties of DMH, carbon tetrachloride, and DMN and also 
on the carcinogenicity of several chemicals in rodents. 
The extracts and pure chemicals isolated from them 
reduce markedly esophageal carcinogenesis by MBN, 
colonic carcinogenesis by DMH and related com- 
pounds, and lung and forestomach tumor induction by 
benzo(a)pyrene.~2832 The reduction of carcinogenicity 
appears to be the result of inhibition or inactivation of 
monoxygenase and cytochromes P450 that activate 
the carcinogens in the liver and target organs and the 
induction of other monooxygenases, cytochromes 
P450 and GSTs. 129J3°'133 In addition to its influence on 
xenobiotic metabolism, the major component of garlic 
studied, diallylsulfide (DAS), appears to influence 
DNA repair mechanisms. 13°'134 In all cases, garlic ex- 
tracts and the individual components tested exert their 
effects when given before but not when given after 
exposure to chemical carcinogens. DAS protected 
liver against DMH-induced toxicity much more effec- 
tively than it protected against DMH-induced DNA 
adducts or abnormal foci, a possible indication that 
different metabolites are responsible for toxicity than 
for carcinogenesis, at least in the liver.~3-s There are in 
vitro data suggesting that DAS and other garlic com- 
ponents may be protective against AFB~, but anticar- 
cinogenic activity has not been reported. ~36 

The effects in the skin tumor models are interesting, 
although somewhat tangential to a consideration of 
dietary effects. Application of garlic oil to the skin 
of Sencar mice, 30 minutes prior to application of 
DMBA, significantly reduced tumor induction; in con- 
trast to the effects of ingested extracts, cutaneous ap- 
plication was effective also after carcinogen exposure. 
Application of garlic extract to the cheek pouches of 
hamsters for 3 weeks, followed after 11 weeks by 
DMBA applications, reduced tumorigenesis. ~37 Sev- 
eral mechanisms of action of topical application have 
been proposed and include, in addition to alteration 
of carcinogen metabolism, inhibition of cell division, 
antitoxidant activity, and inhibition of lipoxygenase 
and cyclooxygenase, t38 

Methyl group donor deficiency 

Dietary deficiency of methyl group donors, primarily 
methionine, choline, folate, and vitamin BI2, often 
designated as lipotrope deficiency or methyl defi- 
ciency, has marked effects on chemical toxicity and 
carcinogenicity. 76'j39'~4° In early studies on chemical 
toxicity, it was shown that methyl deficiency reduces 
the hepatotoxicity in rats of a single dose of AFBI 
while increasing the toxicity, as well as the carcinoge- 
nicity, of multiple small doses. The deficiency reduces 
also the hepatotoxicity of the pyrrolizidine alkaloids, 
lasiocarpine and monocrotaline. ~41,142 There was evi- 
dence that reduced metabolism of AFB1 and the two 
alkaloids was responsible for the decreased acute tox- 
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icity in methyl-deficient rats, but the mechanism of 
the increased toxicity and carcinogenicity of multiple 
doses of AFBI and of many other hepatocarcinogenic 
chemicals is not known. There is a large body of litera- 
ture on methyl nutriture and toxicity and carcinogenic- 
ity of chemicals. 76 It has been found that the deficiency 
alone is hepatocarcinogenic, perhaps by inducing hy- 
pomethylation of DNA and altering expression of on- 
cogenes and other genes 143'144 as well as by inducing 
hyperproliferation of hepatocytes and many other bio- 
chemical and metabolic changes. 76 

There have been studies of antitoxic and antitumor 
effects of injected S-adenosylmethionine (Adomet), 
which may or may not act by similar mechanisms. 
Parenteral Adomet reduces the acute toxicity of etha- 
nol, carbon tetrachloride, acetaminophen, and other 
chemicals. ~45-4v It gives some protection against the 
mycotoxin, anguidine, or diacetoxyscirpenol, which is 
toxic to the gut, hematopoietic tissues, and the cardio- 
vascular system. ~4~ The mechanisms of action of Ado- 
met in these experiments are unknown, and their rele- 
vance to methyl nutrition is not clear. 

There is evidence of methyl donor deficiency during 
exposure to repeated doses of chemical carcino- 
gens. 76'139'140 A new type of interaction was found re- 
cently in experiments examining the role of methyl 
deficiency in procarbazine (PCZ) carcinogenesis in 
rats. Procarbazine is a cancer chemotherapeutic agent 
used in treatment of Hodgkin's disease and other tu- 
mors. In rats made methyl deficient by diet or by re- 
peated injections of MTX, PCZ was a more effective 
mammary gland carcinogen than in control rats. Sur- 
prisingly, PCZ treatment caused markedly elevated 
hepatic choline and phosphocholine. 7s This result con- 
trasts with effects of certain other carcinogens or tox- 
ins that reduce Adomet or alter the balance of folate 
compounds in the l i ver .  74"76'139"j4° The deficient diet or 
chronic exposure to MTX alone reduced hepatic cho- 
line and phosphocholine as well as other choline me- 
tabolites and Adomet. TM PCZ presumably interferes 
with choline utilization, an effect that may contribute 
to its carcinogenesis. 

Hepatic toxicity of chemicals can be studied in vitro 
in short-term hepatocyte cultures from rats pretreated 
in vivo with dietary alterations or drugs or toxins.~49 
Methyl deficiency had a detectable but not significant 
effect in the system, decreasing susceptibility of hepa- 
tocytes to toxicity of MTX. Ethanol feeding decreased 
hepatocyte susceptibility to toxicity of doxorubicin, 
MTX, cycloheximide, and AFB~. Pretreatment with 
AFB~, other hepatocarcinogens, or doxorubicin de- 
creased susceptibility to toxicity of numerous chemi- 
cals while pretreatment with MTX reduced suscepti- 
bility only to its own toxicity. This model, which is 
particularly useful for study of mechanisms of multiple 
drug resistance in tumor cells, may be useful also for 
studies of diet-induced changes in chemical responses 
of hepatocytes. Multiple drug resistance is a charac- 
teristic of hepatocytes in EAF and of hepatocellular 
carcinoma; one demonstrated mechanism for the 
change is a marked increase in capacity for drug or 
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chemical excret ion through induction of a plasma 
membrane-bound enzyme.  Another  mechanism of 
chemical resistance in preneoplastic hepatocytes  is 
the loss of  lipoprotein receptors  that bind chylomicron 
remnants and of  asialoglycoprotein receptors.  Ethi- 
onine, a hepatocarcinogen and an antimetabolite of 
methionine that may act by mechanisms similar to 
methyl deficiency, as well as AAF and AFBj all re- 
duce both receptors  early in the carcinogenic process. 
The receptors are specific for hepatocytes.15° 

Fatty acids 

Pharmacological and dietary modifiers of synthesis 
and activity of  eicosanoids have wide-ranging effects 
on chemical toxicity and carcinogenesis.  The biologi- 
cally active eicosanoids induce or influence many as- 
pects of tissue responses to injury.151'~52 Dietary modu- 
lation of  eicosanoid synthesis is accomplished by 
changes in fat composit ion,  since n-3 polyunsaturated 
fatty acids, such as are found in fish and some plant 
oils, generate a different group of eicosanoids than n-6 
polyunsaturated fatty acids present in the more com- 
monly used plant oils. The fatty acids are also incorpo- 
rated into phospholipids of  cell membranes and may 
influence chemical toxicity by altering the properties 
of the membranes  and, therefore,  of enzyme receptors 
and other  factors that interact with or depend upon 
membrane structure.  153-58 

Cyclosporine,  an immunosuppressive drug widely 
used in organ transplant patients, is nephrotoxic.  The 
mechanism is thought to be related to altered eicosa- 
noid synthesis and balance. Studies in rats showed 
that fish oil supplements reduced cyclosporine nephro- 
toxicity. ~59 Supplementat ion of patients on long-term 
cyclosporine therapy with fish oil for 3 months gave 
evidence of reversal of renal damage, compared to 
results in patients given corn oil supplements.~6° 

There is a recent  report  that acetaminophen toxicity 
is reduced in mice fed a 20% fish oil diet compared to 
mice fed a 20% olive oil diet. 158 The mechanism of 
the reduction was thought to be an alteration of drug 
metabolism, although questions of eicosanoid influ- 
ences and cell membrane changes were raised. How- 
ever,  there was a significant difference in weight gain 
between the two groups of mice, and diet composition 
was not given, so the specificity of the findings is not 
clear. 

There  are numerous  reports of reduced growth and 
metastasis of  tumors,  particularly of mammary gland 
and colon, in laboratory animals fed diets with in- 
creased ratios of  n-3 to n-6 fatty acids; in most cases 
the effect was found during tumor promotion and 
progression. T M  These effects are, therefore,  not 
evidence of a direct effect of fish oils upon chemical 
toxicity. 

Obesity 

Obesity, or the dietary patterns associated with it, can 
alter drug toxicity. There are clinical reports of in- 

creased toxicity of  aminoglycoside antibiotics and of 
halogenated anesthetic gases in obese patients and re- 
ports that aminoglycoside toxicity is increased in 
obese patients even if blood levels are kept within the 
accepted range.t64 In an overfed,  obese rat model, re- 
nal toxicity of  furosemide and gentamycin was in- 
creased when doses were adjusted to produce blood 
levels of  the drug comparable to levels in controls. If 
the adjustment was not made, and doses were given on 
the basis of body weight, toxicity was more markedly 
increased. The composit ion of the diets fed to obsese 
rats differed from the control diet, a factor that may 
have contributed to the apparent effect of obesity, but 
obese rats were fed the control diet for 1-2 weeks 
before drug exposure,  a period sufficient to normalize 
urine pH and probably to normalize gentamycin excre- 
tion.164 In studies of  hepatic and renal toxicity of acet- 
aminophen,  in which lean and obese rats were fed the 
same diet but consumed different amounts of it, the 
metabolism and clearance of acetaminophen were sim- 
ilar in obese and nonobese rats, but toxicity was 
greater in obese r a t s .  164'165 Corcoran and Salazar ~64 
postulated that the kidney and the liver of obese rats 
may be more susceptible to injury than tissues of con- 
trols by unknown mechanisms not related to drug me- 
tabolism or excretion.  The subject is interesting and 
clinically relevant and requires further investigation. 

Summary 

Nutrient and non-nutrient diet components  influence 
the biological activity of many chemicals in different 
ways and by different mechanisms. The most inten- 
sive investigation has focused on interactions between 
diet and chemical carcinogenicity, and some general 
metabolic interactions have been elucidated that are 
applicable to groups of chemicals or diet components.  
Similar interactions are known for noncarcinogenic 
chemicals and for drugs. In most cases, however,  
present knowledge consists of observed phenomena 
without mechanisms or explanations. These cases 
present opportunities for research that will permit 
greater understanding and generalization of results. 
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