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Abstract Chronic inhalation exposure to environmental carcinogens such as polycyclic aromatic 
hydrocarbons (PAHs), cigarette smoke, 4-aminobiphenyl (4-ABP), ethylene oxide, and styrene is 
associated with elevations in biomarkers such as DNA adducts, protein adducts, sister chromatid 
exchanges (SCEs), chromosomal aberrations, gene mutation, and/or oncogene activation. These 
biomarkers indicate an increased cancer risk for the exposed population, although quantitative 
estimates cannot be made with certainty. There is convincing epidemiological evidence that the 
antioxidant and free radical-scavenging vitamins C and E and 0-carotene (p-C) protect against cancer 
of the lung and other epithelial tissues, with somewhat weaker evidence for retinol. Experimental 
studies demonstrate that these micronutrients are capable of blocking or reducing tumor formation 
caused by diverse carcinogens. A variety of mechanisms appear to be involved, including suppression 
of carcinogen activation, enhancement of carcinogen detoxification, induction of cellular differentia- 
tion, inhibition of mutagenesis, enhancement of immunologic function, and/or reduction of the 
formation of carcinogen-DNA adducts, SCEs, micronuclei, and other markers of genotoxic damage. 
Therefore, we have recently investigated the possible modifying effect of serum vitamins C and E, p-C, 
and retinol on a number of such biomarkers in a case-control study of lung cancer, and in a cross- 
sectional study of heavy smokers. Preliminary results indicate an inhibitory effect of certain vitamins 
on DNA adduct formation. A significant number of human intervention trials are ongoing involving 
these vitamins. It appears that biomarkers can provide useful intermediate endpoints for assessment 
of both the mechanisms and the efficacy of chemopreventive agents. 0 1993 Wiley-Liss, Inc. 
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Molecular epidemiology attempts to  prevent 
cancer by using biomarkers t o  identify popula- 
tions and individuals at risk in time to inter- 
vene effectively. Molecular epidemiology can 
also be used to  determine the most appropriate 
intervention strategies (e.g., reducing or elimi- 
nating exposures, targeting chemoprevention to  
already "at riskf groups or individuals, or a 
combination) and to  monitor their effectiveness. 
While there are many steps yet  t o  be taken in 
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the validation of biologic markers for this pur- 
pose, the promise for prevention is great. An 
estimated 80% of cancer is deemed preventable 
because the causative factors are exogenous 
rather than inborn or inherent. This does not 
suggest that genetic factors do not play an im- 
portant role in influencing individual suscepti- 
bility, but that in the absence of external fac- 
tors (such as carcinogenic exposures related to 
lifestyle, occupation, and ambient environment) 
an estimated 400,000 of the annual 500,000 
deaths in the U.S. could be averted. With re- 
spect to lung cancer, over 100,000 of the 
140,000 annual deaths are theoretically avoid- 
able; even a 5% reduction in risk would result 
in 7,000 fewer deaths per year in this country. 
While active and passive cigarette smoke and 
occupational carcinogens are the major identi- 
fied causes of lung cancer, there is growing 
evidence that ambient exposures also contrib- 
ute, alone or in combination with smoking [ 1,2]. 
Given the very poor 13% overall survival rate in 
patients with lung cancer, there is an urgent 
need for new preventive initiatives in addition 
to  smoking cessation programs. 

The purpose of this paper is to assess the 
extent to which biomarkers can be useful in 
monitoring the efficacy of chemoprevention in 
lung cancer. The following areas will be re- 
viewed: (1) molecular epidemiologic and bio- 
monitoring data linking environmental expo- 
sure to biomarkers and/or lung cancer in 
humans; (2) experimental and epidemiologic evi- 
dence for a chemopreventive role of micronutri- 
ents in lung cancer; (3) molecular epidemiologic 
data relating to the protective effect of the same 
micronutrients on biomarkers associated with 
risk of lung cancer; and (4) recommendations 
for future molecular epidemiologic chemopre- 
vention studies. 

MOLECULAR EPIDEMIOLOGY RELEVANT 
TO ENVIRONMENTAL CARCINOGENESIS 

OF THE LUNG 

Recent studies, including our own, have ex- 
plored the relationship between inhalation expo- 
sure to  known carcinogens such as benzo(a)py- 
rene [B(a)P], 4-aminobiphenyl (CABP), styrene, 
and ethylene oxide and various biomarkers 
shown in Figure 1. As arranged along the con- 
tinuum between exposure and disease, these 

markers reflect the biologically effective or 
interacted dose of carcinogens, the resultant 
biologic/preclinical effects or the ge- 
netidacquired factors that influence these bio- 
logic responses, and presumably risk itself. 
These studies are briefly summarized in Ta- 
ble I. Each of the biomarkers listed in the table 
has been markedly elevated in exposed or "at 
risk' individuals as compared to controls in one 
or more studies, although results have not been 
uniformly positive. We found that inhalation 
exposure t o  carcinogens had a significant effect 
on multiple biomarkers [carcinogen-DNA and 
carcinogen-protein adducts, gene mutation, 
sister chromatid exchange (SCE), micronuclei, 
chromosomal aberrations, and alterations in 
oncogenes] in groups exposed to  both active and 
passive cigarette smoking, workplace contami- 
nants, and ambient air pollution. 

For example, we have evaluated biomarker 
levels in a population environmentally exposed 
to polycyclic aromatic hydrocarbons (PAHs) and 
other coal combustion products in the ambient 
air of Silesia, Poland [2]. Approximately 40 
residents from Silesia, an industrialized region 
characterized by high ambient levels of B(a)P 
(winter: 60 ng/m3; summer: 15 ng/m3), were 
compared to  a similar number of residents from 
a rural area with B(a)P levels about tenfold 
lower. Blood samples collected in both winter 
and summer months were assayed for carcino- 
gen-DNA adducts by immunoassay and 32P- 
postlabeling; SCE; chromosomal aberrations; 
and elevation in serum concentrations of the 
ras oncogene protein product p21. Adducts, 
SCE, and chromosomal aberrations were all 
significantly increased in the winter samples 
from the Silesian group as compared to the 
winter and/or the summer samples from the 
control group. The exposed group also showed 
a doubling in the frequency of p21 overexpres- 
sion compared to controls, although the differ- 
ence was not statistically significant. Aromatic 
DNA adducts were correlated with chromosomal 
aberrations (r = 0.29; p =0.05), linking the 
molecular dose of these pollutants with a bio- 
marker of genetic effect. Of the micronutrients, 
only retinol could be evaluated; it was not in- 
versely correlated with levels of biomarkers. 

A related study examined a similar panel of 
biomarkers in 46 foundry workers with B(a)P 
exposures ranging from <5 t o  60 ng/m3 [Perera, 
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Environmental 
Exposure 

Biologically Preclinicai 
Internal Dose +Effective Dose - b B i o l o g i c  Effect 

Agent or DNA Adducts Chromosomal aberration 
Metabolites Protein Adducts 

Gene mutation 
Oncogene activity 
Tumor suppressor 

gene inactivation 

L 

Disease 

Susceptibility 

Genetic/Metabol ic 
(P-450, GSTm 1 ) 

DNA repair 
Nutritional status 
Immunologic status 

Fig. 1. Categories of biomarkers arranged along the continuum between exposure and clinical disease. 

in press]. Of particular interest was the obser- 
vation that in 17 workers evaluated for adducts 
and mutations, hypoxanthine guanine phospho- 
ribosyl transferase (HPRT) mutation frequen- 
cies were highly correlated with PAH-DNA 
adducts (r = 0.67; p = 0.004). This finding of a 
strong association between a chemical-specific 
marker of biologic dose and response is consis- 
tent with experimental data on mutation induc- 
tion by PAHs. 

In a molecular epidemiologic study of lung 
cancer cases (n = 145 and non-cancer controls 
n = 1151, PAH-DNA adducts were measured by 
enzyme-linked immunosorbent assay (ELISA) in 
both peripheral blood leukocytes from cases and 
controls, and lung tumor specimens collected 
from cases at surgery [Tang, unpublished]. 
SCEs in lymphocytes, H-rus oncogene activa- 
tion, retinol, and carotenoids were evaluated in 
serum (see below for discussion). Information 

on smoking, diet, and occupational exposure 
was collected. Consistent with a prior study [3], 
PAH-DNA adducts in leukocytes were signifi- 
cantly higher in cases than in controls after 
adjusting for number of cigarettedday. PAH- 
DNA adducts were also associated with pack- 
years of smoking. Adducts in peripheral leuko- 
cytes showed a significant correlation with 
adducts in the lung tumor tissue. SCE and 
H-rus overexpression were elevated in cases 
compared to  controls, but the differences were 
not statistically significant. The association 
between SCE and pack-years of smoking was 
significant. 

In another study, PAH-DNA adducts were 
measured by ELISA in lymphocytes from 63 
heavy smokers and 27 nonsmokers [4]. Adduct 
levels and cotinine, a tobacco urinary metabo- 
lite, were significantly elevated in smokers com- 
pared t o  controls (p < 0.001). However, neither 
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cotinine nor DNA adducts in smokers correlated 
with the amount of smoking (cigarettes per day 
or pack-years). As described below, the role of 
micronutrients was examined as one possible 
contributor to the observed inter-individual 
variability. 

Taken in the context of the research summa- 
rized in Table I, these results demonstrate the 
ability of multiple biomarkers to  detect genetic 
and molecular damage in humans over a wide 
spectrum of exposure. It is also apparent that 
biomarkers are capable of documenting inter- 
individual variation and unraveling the factors 
contributing t o  this variation. What is less ap- 
parent from a general summary of this nature 
is the complexity of research design and analy- 
sis needed to  control appropriately for con- 
founders and other variables introduced by this 
interdisciplinary approach [for review see 51. 

EXPERIMENTAL AND EPIDEMIOLOGIC 
EVIDENCE FOR A CHEMOPREVENTIVE 

EFFECT OF MICRONUTRIENTS 
IN LUNG CANCER 

The evidence for a protective effect of micro- 
nutrients in lung cancer is briefly summarized. 
The available data largely concern antioxidants 
and free radical scavengers such as vitamin C, 
@-carotene (p-C), the carotenoids, vitamin E, 
and retinol [for review see 6,7]. 

Vitamin C effectively scavenges oxygen radi- 
cals, preventing free radical damage by super- 
oxides and regenerating the tocopheroxyl radi- 
cal. For example, vitamin C inhibits the meta- 
bolic conversion of PAH compounds t o  their 
carcinogenic intermediates, blocks nitrosamine 
formation by reducing nitrite, and has been 
shown to  detoxify various organochlorine pesti- 
cides (DDT, dieldrin, lindane, etc.) [7]. Vita- 
min C has been found to  affect metabolic activa- 
tion and detoxification of PAHs by inhibiting 
cytochrome P-450 [8] and microsomal aryl hy- 
drocarbon hydroxylase (AHH) activity i n  d r o  
[9]. Shah et al. [lo] reported decreased in uitro 
binding of B(a)P to  DNA. Other effects of vita- 
min C include the reduction of DNA adduct 
formation in rat lung by cigarette smoke con- 
densate [ 111 and suppression of mutagenesis in 
Salmonella by aflatoxin B, (AFB,) [ 121. In mice, 
vitamin C inhibits the induction of lung neo- 
plasms by B(a)P, nitrogen-containing com- 

pounds, fiberglass, and plutonium oxide, and 
protects against the transformation of hamster 
lung cultures by cigarette smoke [7,131. 

Beta-carotene is an antioxidant, quenches 
singlet oxygen, and like other carotenoids, af- 
fects cellular differentiation and enhances im- 
mune function [6]. It also enhances the activity 
of intestinal AHH in rats [14] and selectively 
increases the rat liver cytochrome P-450-medi- 
ated monoxygenase system for B(a)P detoxifica- 
tion [ E l .  In experimental systems, /3-C sup- 
presses the formation of carcinogen-DNA 
adducts by diverse carcinogens including 7,12- 
dimethylbenz (a)anthracene (DMBA) [ 161 and 
AFB, [17] as well as the induction of SCE by 
DMBA, N-nitrosodiethylamine (DEN), and N- 
methylnitrosourea (MNU) [ 181. Beta-carotene 
suppresses the mutagenicity of B(a)P and other 
mutagens in Salmonella [19,20] as well as cell 
transformation by diverse chemicals [21]. Ex- 
perimentally, some but not all studies have 
reported that 0-C inhibits the induction of UV- 
and chemically induced tumors [6]. In humans, 
the formation of micronuclei in smokers [22,23], 
betel quid chewers, and snuff takers was re- 
duced following administration of p-C [22]. 

Retinol and the retinoids enhance cell differ- 
entiation, suppress malignant transformation, 
and counteract the effect of tumor promoters 
[6]. Experimentally, they reduce the induction 
of DNA adducts, DNA damage, mutation, and/ 
or SCE by such diverse carcinogens as B(a)P, 
DMBA, AFB,, dimethylnitrosamine (DMN), and 
DEN [24-291. In human lung cancer cells, reti- 
noids increased the expression of the tumor 
suppressor gene p53 [30]. There is evidence that 
vitamin A deficiency strongly increases B(a)P 
mutagenicity [31]. Activity of cytochrome P-450- 
dependent mixed-function oxidases, the major 
enzyme system involved in B(a)P metabolism 
and activation, has been found to  decrease with 
vitamin A deficiency 132,331. Glutathione-S- 
transferase (GST) has also been reported to  
decrease in various cells and tissues with vita- 
min A deficiency [34,35]. 

Vitamin E protects against damage by radi- 
cals, reduces oxidative breakdown of fatty acids, 
scavenges oxygen radicals, and blocks the for- 
mation of nitrosamine [for review see 71. Vita- 
min E inhibited both the formation of B(a)P 
metabolites and PAH-DNA binding (361. Vita- 
min E also decreased mutagenesis in Salmonel- 
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la by B(a)P and AFB, 1121. Experimentally, low 
doses of Vitamin E combined with p-C sup- 
pressed formation of SCE by methyl-N-nitroso- 
guanine (MNNG) and 4-ABP 1371. Experimental 
and in uitro studies have suggested that vita- 
min E can enhance GST activity [38] and also 
increase P-450 levels in certain tissues 139,401. 
GST can catalyze the conjugation reaction be- 
tween glutathione (GSH) and substrates bear- 
ing hydrophobic and electrophilic sites e411, 
thereby enhancing detoxification and elimina- 
tion of various carcinogens. 

Epidemiologic studies show a convincing 
protective effect of fruits and vegetables rich in 
vitamin C and p-C for epithelial cancers includ- 
ing the lung [for review see 71. Twenty-nine of 
31 studies reviewed by Block showed a signifi- 
cant effect for lung cancer. Overall for the ma- 
jor epithelial cancers, 120/130 studies showed a 
statistically significant reduction in risk by 
vitamins C and E, and 0-C, or food sources rich 
in these micronutrients. By contrast, the epide- 
miologic evidence for a protective effect of reti- 
no1 is far less compelling [7,421. 

At the present time, approximately 40 clinical 
trials are currently being sponsored by the NCI, 
aimed at evaluating the efficacy of 0-C, retinol, 
retinoic acid, vitamins C and D, and several 
other agents in the prevention of various types 
of cancer [43]. 

MOLECULAR EPIDEMIOLOGIC EVIDENCE 
OF A PROTECTIVE EFFECT 

OF MICRONUTRIENTS 
IN LUNG CANCER 

Biologic markers already play an important 
role in evaluating chemopreventive agents, 
specifically in Phase I1 trials 143451. The most 
commonly used genetic markers in current 
trials involving lung and upper aerodigestive 
tract tumors include micronuclei, DNA content, 
and genetic alteration in oncogenes, as well as 
markers of proliferation, growth regulation, and 
differentiation 1441. Our results suggest that 
additional biomarkers of genetic damage such as 
carcinogen-DNA adducts can be useful in inter- 
vention studies of exposed or "at risk" popula- 
tions. 

Two of our own recent studies examined 
whether micronutrient levels of vitamins C and 
E, or 0-C or retinol in the serum of persons who 

have not been treated with chemopreventive 
agents, are inversely related to biomarkers that 
measure genetic damage and were previously 
associated both with exposure to  environmental 
carcinogens/mutagens and/or with lung cancer 
risk. 

In the lung cancer case-control study de- 
scribed above, the serum level of p-C was evalu- 
ated in 145 cases and 115 controls. Preliminary 
analysis showed that 0-C was inversely correlat- 
ed with PAH-DNA adducts in peripheral leuko- 
cytes of cases and controls, respectively, and 
combined. However, the association was not 
statistically significant. 

In the cross-sectional study of 63 heavy smok- 
ers mentioned earlier, serum concentrations of 
cholesterol-adjusted a-tocopherol, ascorbic acid, 
p-C, and retinol were evaluated in relationship 
to  the levels of PAH-DNA adducts in lympho- 
cytes measured in the same individuals 1461. All 
participants were current smokers; ninety per- 
cent had smoked one or more packs per day for 
at least 10 years. A significant inverse corre- 
lation was found between serum a-tocopherol 
and PAH-DNA adducts. Although the relation- 
ship was not statistically significant, serum 
ascorbic acid, p-C, and retinol were inversely 
correlated with adducts. 

RECOMMENDED STRATEGIES FOR 
FUTURE RESEARCH 

Environmentally exposed populations should 
be studied further to  determine the relationship 
between serum micronutrients and the levels of 
biomarkers which provide information on the 
biologically effective dose of environmental 
carcinogens and the preclinical biologic effects 
of exposure. In addition, as discussed above, the 
activity of certain markers of susceptibility, e.g., 
GST, may be modulated by micronutrients such 
as a-tocopherol. These markers should also be 
included to  examine in uiuo interactions. 

Case-control studies "nested1 within prospec- 
tive studies provide a valuable opportunity to  
evaluate these relationships in "baseline" blood 
samples drawn at the time of subject enrollment 
into a prospective study of lung cancer. Individ- 
uals who subsequently develop the disease are 
matched t o  controls, and biomarkers are ana- 
lyzed in the stored samples. This approach gives 
information about the predictive value of mark- 
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ers and the mechanistic interactions between 
them. 

Finally, intervention studies should be carried 
out in smokers or in workers who were either 
formerly exposed or are currently exposed t o  
carcinogens without the immediate prospect of 
cessation. Subjects would be randomly assigned 
to  treatment groups (retinoids, 0-C, vitamins E 
and/or C) and levels of biomarkers monitored in 
serial samples. The substantial promise of che- 
moprevention justifies further biomarker re- 
search to  answer basic questions about mecha- 
nisms, dose-response and inter-individual varia- 
tion in response. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Perera FP, Boffetta P: Perspectives on comparing 
risks of environmental carcinogens. J Natl Cancer 
Inst 80:1282-1293, 1988. 
Perera FP, Hemminki K, Grzybowska E, Motykie- 
wicz G, Michalska J, Santella R, Young TL, Dickey 
C, Brandt-Rauf P, DeVivo I, Blaner W, Tsai WY, 
Chorazy M: Molecular and genetic damage from 
environmental pollution in Poland. Nature 360: 
256-258, 1992. 
Perera FP, Mayer J, Jaretzki A, Hearne S, Brenner 
D, Young TL, Fischman HK, Grimes M, Grantham 
S, Tang MX, Tsai WY, Santella RM: Comparison of 
DNA adducts and sister chromatid exchange in lung 
cancer cases and controls. Cancer Res 49:4446-4451, 
1989. 
Santella R, Grinberg-Funes R, Young TL, Dickey C, 
Singh V, Wang L, Perera FP: Cigarette smoking 
related polycyclic aromatic hydrocarbon-DNA 
adducts in peripheral mononuclear cells. Carcino- 
genesis 130 1):2041-2045, 1992. 
Schulte PA, Perera FP (eds): "Molecular Epidemiol- 
ogy: Principles and Practices." New York: Academic 
Press, 1993. 
NRC (National Research Council): "Diet and Health: 
Implications for Reducing Chronic Disease Risk." 
Washington, DC: National Academy Press, 1989. 
Block G: The data support a role for antioxidants in 
reducing cancer risk. Nutr Rev 50(7):207-213, 1992. 
Belvedere G, Miller H, Vatsis KP, Coon MJ, Gelboin 
HV: Hydroxylation of benzo(a)pyrene and bind- 
ing of (-)trans-7,8-dihydroxy-7,8-dihydrobenzo(a) 
pyrene metabolites to deoxyribonucleic acid cata- 
lyzed by purified forms of rabbit liver microsomal 
cytochrome P-450. Effect of 7,8-benzoflavone, butyl- 
ated hydroxytoluene and ascorbic acid. Biochem 
Pharmacol 29:1693-1702, 1980. 
Kiyohara C, Omura M, Hirohata T: In uitro effects 
of L-ascorbic acid (vitamin C) on aryl hydrocarbon 
hydroxylase activity in hepatic microsomes of mice. 
Mutat Res 251:227-232, 1991. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

Shah GM, Bhattacharya R K  Inhibition of L-ascor- 
bate of binding to DNA of benzo(a)pyrene and its 
metabolites. Indian J Biochem Biophys 17:96-98, 
1980. 
Randerath E, Danna TF, Randerath K: DNA dam- 
age induced by cigarette smoke condensate in uitro 
as assayed by 32P-postlabeling. Comparison with 
cigarette smoke-associated DNA (adduct) profiles in 
uiuo. Mutat Res 268(1):139-153, 1992. 
Raina V, Gurtoo HL: Effects of vitamins A, C, and 
E on aflatoxin B,-induced mutagenesis in Salmonel- 
la typhimurium TA-98 and TA-100. Teratogenesis 
Carcinog Mutagen 5:29-40, 1985. 
Kallistratos G, Fasske E: Inhibition of benzo(a)py- 
rene carcinogenesis in rats with vitamin C. J Cancer 
Res Clin Oncol 97:91-96, 1980. 
Edes TE, Thornton W Jr,  Shah J: Beta-carotene 
and aryl hydrocarbon hydroxylase in the rat: An 
effect of beta-carotene independent of vitamin A 
activity. J Nutr 119796-799, 1989. 
Tan B, Chu FL: Effects of palm carotenoids in rat 
hepatic cytochrome P45O-mediated benzo(a)pyrene 
metabolism. Am J Clin Nutr 53:1071S1075S, 1991. 
Das SK, Jia TZ, Bandyopadhyay AM, Banerjee MR 
Beta-carotene-mediated inhibition of a DNA adduct 
induced by 7,12-dimethylbenz(a)anthracene and 
7-hydroxymethyl-12-methylbenz(a)anthracene in 
mouse mammary gland in uitro. Eur J Cancer 6/7: 

Goswami UC, Saloi TN, Firozi PF, Bhattacharya 
RK. Modulation by some natural carotenoids of 
DNA adduct formation by aflatoxin B, in uztro. 
Cancer Lett 47:127-132, 1989. 
Manoharan K, Banerjee MR Beta-carotene reduces 
sister chromatid exchanges induced by chemical 
carcinogens in mouse mammary cells in organ cul- 
ture. Cell Biol Int Rep 9:783-789, 1985. 
Brockman HE, Stack HF, Waters MD: Antimuta- 
genicity profiles of some natural substances. Mutat 

He Y, Campbell TC: Effects of carotenoids on afla- 
toxin B,-induced mutagenesis ins .  typhimurium TA 
100 and TA 98. Nutr Cancer 13:243-253, 1990. 
Bertram JS, Pung A, Churley M, Kappock TJ, Wil- 
kins LR, Cooney RV: Diverse carotenoids protect 
against chemically induced neoplastic transforma- 
tion. Carcinogenesis 12:671-678, 1991. 
Rosin MP, Dunn BP, Stich HF: Use of intermediate 
endpoints in quantitating the responses of precan- 
cerous lesions to chemopreventive agents. Can J 
Physiol Pharmacol 65:483487, 1987. 
van Poppel G, Kok FJ, Hermus RJ: Beta carotene 
supplementation in smokers reduces the frequency 
of micronuclei in sputum. Br J Cancer 66:1164- 
1168, 1992. 
Pezzuto JM, Chou J ,  Jia-Xiong J, Kudo S, Swanson 
S: Effect of beta-retinyl acetate on B(a)P metabo- 
lism and binding to nuclear macromolecules with 
cultured bronchus. Cancer Res 27:84, 1986. 
Bhattacharya RK, Francis AR, Shetty TK: Modify- 

1124-1129, 1992. 

Res 267:157-172, 1992. 



26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

Biomarkers in the Prevention of Lung Cancer 127 

ing role of dietary factors on the mutagenicity of 
aflatoxin B,: In vitro effect of vitamins. Mutat Res 

Budroe JD, Shaddock JG, Casciano DA: Modulation 
of ultraviolet light-, ethyl methanesulfonate-, and 
7,12-dimethylbenz(a)anthracene-induced unsched- 
uled DNA synthesis by retinol and retinoic acid in 
the primary rat hepatocyte. Environ Mol Mutagen 
10:129-139, 1987. 
Firozi PF, Aboobaker VS, Bhattacharya R K  Action 
of vitamin A on DNA adduct formation by aflatoxin 
B, in a microsome catalyzed reaction. Cancer Lett 
34(2):213-220, 1987. 
Huang CC: Retinol (vitamin A) inhibition ofdimeth- 
ylnitrosamine (DMN) and diethylnitrosamine (DEN) 
induced sister-chromatid exchanges in V79 cells and 
mutations in Salmonella/microsome assays. Mutat 

Cozzi R, Bona R, Polani S ,  De Salvia R. Retinoids as 
modulators of metabolism: Their inhibitory effect 
on cyclophosphamide and 7,12-dimethylbenz(a)an- 
thracene induced sister chromatid exchanges in a 
metabolically competent cell line. Mutagenesis 5(4): 
397-401, 1990. 
Ledinko N, Costantino RL: Modulation of p53 gene 
expression and cytokeratin 18 in retinoid-mediated 
invasion suppressed lung carcinoma cells. Antican- 
cer Res 10(5A):1335-1339, 1990. 
Colin C, Narbonne JF, Migaud ML, Grolier P, Cas- 
sand P, Pellissier MA: Lipid peroxidation and ben- 
zo(a)pyrene activation to mutagenic metabolites: In 
vivo influence of vitamins A, E, and C and glutathi- 
one in both dietary vitamin A sufficiency and defi- 
ciency. Mutat Res 246159-168, 1991. 
Hauswirth JW: Vitamin A status and metabolism of 
benzo(a)pyrene in the rat. Nutr Cancer 7(1&2): 

Alzieu P, Cassand P, Colin C, Grolier P, Narbonne 
JF: Effect of vitamins A, C, and glutathione on the 
mutagenicity of benzo(a)pyrene mediated by S9 
from vitamin A-deficient rats. Mutat Res 192:227- 
231, 1987. 
Gupta PH, Mehta S ,  Mehta SK: Effects of dietary 
benzo(a)pyrene on intestinal phase I and phase I1 
drug metabolizing systems in normal and vita- 
min A-deficient rats. Biochem Int 19(4):709-722, 
1989. 
Ammigan N, Nair UJ, Bhide SV: Modulation of 
Masheri- and benzo(a)pyrene-inducible carcinogen- 
metabolizing enzymes by dietary vitamin A. Bio- 
chem Med Metab Biol44:181-191, 1990. 
Matsura T, Ueyama H, Nomi S ,  Ueda K Effect of 
alpha-tocopherol on the binding of benzo(a)pyrene 
to nuclear macromolecules. J Nutr Sci Vitamin01 

Deng DJ, Hu GG, Luo XM: Effect of beta-carotene 
on sister chromatid exchanges induced by MNNG 
and aflatoxin B, in V79 cells. Chin J Oncol lO(2): 
89-91,1988. 
Chen LH, Shiau C-CA: Induction of g1utathione-S- 

188:121-128, 1987. 

Res 187(3):133-140, 1987. 

53-58, 1985. 

25:495-504, 1979. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

transferase activity by antioxidants in hepatocyte 
culture. Anticancer Res 9:1069-1072, 1989. 
Chen Y-T, Ding J-H: Vitamins E and K induce aryl 
hydrocarbon hydroxylase activity in human cell 
cultures. Biochem Biophys Res Commun 143(3): 
863-871, 1987. 
Williams DE, Carpenter HM, Buhler DR, Kelly JD, 
Dutchuk M: Alterations in lipid peroxidation, anti- 
oxidant enzymes, and carcinogen metabolism in 
liver microsomes of vitamin E-deficient trout and 
rat. Toxicol Appl Pharmacol 116(1):7%84, 1992. 
Tampo Y, Yonaha M: Vitamin E and g1utathione-S- 
transferase from oxidative stress in microsomes. 
Pharmacol Toxicol 66:259-265, 1990. 
Willet WC: Vitamin A and lung cancer. Nutr Rev 

Kelloff GJ, Malone WF, Boone CW, Steele VE, 
Doody LA: Intermediate biomarkers of precancer 
and their application in chemoprevention. J Cell 
Biochem (Suppl) 16G: 15-2 1, 1992. 
Benner SE, Hong WK, Lippman SM, Lee JS, Hittel- 
man WM: Intermediate biomarkers in upper aerodi- 
gestive tract and lung chemoprevention trials. J Cell 
Biochem (Supp1)16G:3338, 1992. 
Freedman LS, Schatzkin A, Schiffman MH: Statisti- 
cal validation of intermediate markers of precancer 
for use as endpoints in chemoprevention trials. J 
Cell Biochem (Supp1)16G:27-32, 1992. 
Grinberg-Funes RA, Young T-L, Dickey C, Norkus 
EP, Agrawal M, Perera FP, Santella RM: Cigarette 
smoking related PAH-DNA adducts in lymphocytes 
and their relationship to micronutrient intake and 
serum levels. Proc Am Assoc Cancer Res 83rd Annu 
Mtg 33:288, 1992. 
Eadsforth CV, Coveney PC, Sjoe WHA: An improved 
analytical method, based on HPLC with electro- 
chemical detection, for monitoring exposure to 
3-chloro-4-fluoroaniline. J Anal Tox 12:330-333, 
1988. 
Jongeleen FJ, Anzion RBM, Theuws JLG, Bos RP: 
Urinary 1-hydroxypyrene levels in workers handling 
petroleum coke. J Tox Environ Health 26:133-136, 
1989. 
Vainio H, SorsaM, Falck K Bacterial urinary assay 
in monitoring exposure to mutagens and carcino- 
gens. In Berlin A, Draper M, Hemminki K, Vainio 
H (eds): “IARC Sci. Publ. No. 59.” Lyon: 1984. 
Brenner D, Jeffrey A, Latriano L, Wazneh L, War- 
burton D, Toor M, Per0 R, Andrews L, Walles S, 
Perera FP: Biomarkers in styrene-exposed boat- 
builders. Mutat Res 261:225-236, 1991. 
Osterman-Golkar S, Bailey E, Farmer PB, Gorf SM, 
Lamb JH: Monitoring exposure to propylene oxide 
through the determination of hemoglobin alkyla- 
tion. Environ Health 10:99-102, 1984. 
Calleman CJ, Ehrenberg L, Janson B, Osterman- 
Golkar S ,  Segerback D, Svensson K, Wachtmeister 
CA: Monitoring and risk assessment by means of 
alkyl groups in hemoglobin in persons occupational- 
ly exposed to ethylene oxide. J Environ Pathol Tox- 

48~201-211, 1990. 



Perera et al. 128 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

icol 2:427442, 1978. 
van Sittert NJ, Jong GD, Garner RC, Davies R, 
Dean BJ, Wren W, Wright AS: Cytogenicity, immu- 
nological and haematological effects in workers in 
an  ethylene oxide manufacturing plant. Br J Ind 
Med 42:19-26, 1985. 
Farmer PB, Bailey E, Gorf SM, Tornqvist M, Oster- 
man-Golkar S, Kautiainen S ,  Lewis-Enright DP: 
Monitoring human exposure to ethylene oxide by 
the determination of haemoglobin adducts using gas 
chromatography-mass spectrometry. Carcinogene- 
sis 7:637-640, 1986. 
Tornqvist M, Osterman-Golkar S, Kautiainen S ,  
Jensen S, Farmer PB, Ehrenberg L: Tissue doses of 
ethylene oxide in cigarette smokers determined 
from adduct levels in hemoglobin. Carcinogenesis 
7:1519-1521, 1986. 
Mayer J ,  Warburton D, Jeffrey A, Pero R, Walles S ,  
Andrews L, Toor M, Latriano L, Wazneh L, Tang D, 
Tsai WY, Kuroda M, Perera FP: Biologic markers in 
ethylene oxide-exposed workers and controls. Mutat 

Sherson D, Sabro P, Sigsgaard T, Johansen F, Aut- 
rup H: Biological monitoring of foundry workers 
exposed to polycyclic aromatic hydrocarbons. Br J 
Ind Med 47:448-453, 1990. 
Santella RM: DNA adducts in humans as biomark- 
ers of exposure to environmental and occupational 
carcinogens. Environ Carc Rev C957-81, 1991. 
Sarto F, Cominato I, Pinto AM, Brovedani PG, 
Faccioli CM, Bianchi V, Levis AG: Cytogenetic dam- 
age in workers exposed to ethylene oxide. Mutat Res 

Galloway SM, Berry PK, Nichols WW, Wolman SR, 
Soper KA, Stolley PD, Archer P: Chromosome aber- 
rations in individuals occupationally exposed to 
ethylene oxide and in a large control population. 
Mutat Res 170:55-74, 1986. 
Evans J Cytogenetic studies on industrial popula- 
tions exposed to mutagens. In Bridges BA, Butter- 
worth BE, Weinstein IB (eds): "Indicators of Geno- 
toxic Exposure, Banbury Report No. 19." Cold 
Spring, NY: Cold Spring Harbor Press, 1982. 

R ~ s  248:163-176, 1991. 

1381185-195, 1984. 

62. 

63. 

64. 

65. 

66. 

67. 

68. 

69. 

Hemstreet GP, Schulte PA, Ringen K, Stringer W, 
Altekruse EB: DNA hyperploidy as a marker for 
biological response to bladder carcinogen exposure. 
Int J Cancer 42:817-820, 1988. 
Messing K, Seifert AM, Bradley WEC: In uiuo mu- 
tant frequency of technicians professionally exposed 
to ionizing radiation. In Sorsa M, Norppa H (eds): 
"Monitoring of Occupational Genotoxicants." New 
York: Alan R. Liss, Inc., 1986. 
Hogstedt B, Akesson B, Axell K, Gullberg B, Mitel- 
man F, Pero RW, Skewing S ,  Welinder H: Increased 
frequency of lymphocyte micronuclei in workers 
producing reinforced polyester resin with low expo- 
sure to styrene. Scand J Work Env Health 49:271- 
276, 1983. 
Perera FP, Santella R, Brandt-Rauf P, Kahn S, 
Jiang W, Mayer J: Molecular epidemiology of lung 
cancer. In Brugge J ,  Curran T, Harlow E, McCor- 
mick F (eds): "Origins of Human Cancer: A Compre- 
hensive Review." Cold Spring, NY: Cold Spring 
Harbor Laboratory Press, 1991. 
Walles SAS, Norppa H, Osterman-Golkar S, Maki- 
Paakkanen J Single-strand breaks in DNA of pe- 
ripheral lymphocytes of styrene-exposed workers. In 
Bartsch H, Hemminki K, O'Neill IK (eds): "Methods 
for Detecting DNA Damaging Agents in Humans: 
Applications in Cancer Epidemiology and Preven- 
tion, IARC Sci. Publ. No. 89." Lyon: 1988. 
Carrano AV, Moore DH: The rationale and method- 
ology for quantifying sister chromatid exchange in 
humans. In Heddle JA (ed): "Mutagenicity: New 
Horizons in Genetic Toxicology." New York: Acade- 
my Press, 1982. 
Wilcosky TC, Rynard MR Biological markers in 
epidemiology: Sister chromatid exchange. In Huka  
BS, Wilcosky TC, Griffith JD (eds): "Biological 
Markers in Epidemiology." New York: Oxford UP, 
1990. 
Pero RW, Bryngelesson T, Widergren B, Hogstedt 
B, Welinder H: A reduced capacity for unscheduled 
DNA synthesis in lymphocytes from individuals 
exposed to propylene oxide and ethylene oxide. 
Mutat Res 104:193-200, 1982. 




