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Abstract 

Experimental carcinogenicity studies focus on identification of single carcinogens. Humans, however, appear 
exposed to a variety of low doses of carcinogens. Furthermore, few chemical entities are carcinogenic or toxic per se, 
but require metabolic activation to form ultimate carcinogens or toxins. In contrast to experimental animals, humans 
show considerable difference in genetic properties. In that situation it is particularly important to estimate individual 
capability for metabolic activation. To an increasing extent, activation includes formation of toxic oxygen metabolites. 
Particular targets for activated species are DNA and lipids; in particular low-density lipoproteins (LDL). Modifica- 
tions of DNA are important for initiating the multistep process of carcinogenesis, in particular if oncogenes are 
activated or if tumor supressor genes are inactivated. Such DNA modification can be identical regardless of the 
reactive specimens being a xenobiotic or an oxygen species. Modification of LDL can start the process of 
atherosclerosis by transforming macrophages into foam cells, deposited as fatty streaks in the arterial wall. 
Biomarkers for activation capacity of xenobiotics include the use of prototype substrates and molecular techniques to 
determine genetic polymorphisms. Oxidative DNA modification can be measured from urinary excretion of oxida- 
tively modified deoxynucleosides, particularly guanosine. Future efforts have to include individual measurements in 
order to improve the ‘resolution’ of molecular epidemiological approaches. 
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1. Introduction 

Studies of the relationships between exposure 
to exogenous and endogenous compounds and 
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disease are, to an increasing extent, founded on 

the use of biomarkers of individual dose, suscepti- 

bility and/or effects as recently reviewed, see 

e.g., Bartsch et al. (1992) and Sculte and Perera 

(1992). This approach, termed molecular epidemi- 

ology, is based on the concepts of the mechanism 

of the disease under study. In case of carcinogen 
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exposure and cancer development the multistep 
carcinogenesis theory is prevailing as depicted in 
Fig. 1 (Wogan, 1992). 

2. Identification of single important human 
carcinogens 

Experimental rodent carcinogenicity studies are 
designed to test the specific hypothesis of whether 
a particular xenobiotic is a carcinogen. In analogy, 
the human epidemiological studies of carcinogens 
usually focus on exposure to a single factor. The 
pioneering studies began in the end of the 19th 
century and were based on clinical observations 
of bladder cancer patients from the German dye 
industry (Case, 1966), which gave important evi- 
dence that occupational and environmental 
chemicals are related to cancer development in 
humans. 

Today, it is acknowledged that in the human 
situation exposure to a single carcinogen is not 
the common situation. Studies have established 
estimates of the contribution of various factors 
for cancer deaths (Doll and Peto, 1981) (Table 1). 
With regard to identification of single important 
carcinogens, large efforts are being made by the 
IARC to classify an increasing number of chemi- 
cals with regard to whether they are carcinogens 
or not (Vainio et al., 1991; Vainio and Wilbourn, 
1993). The classification depends on all available 
evidence, particularly on human and non-human 
etiological and epidemiological evidence. 

Studies that aim at identifying a single poten- 
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Fig. 1. The concept of the multistep carcinogenesis theory. 

tial carcinogen naturally put emphasis on meth- 
ods of estimating exposure (external dose, inter- 
nal dose and estimation of the extent of absorp- 
tion and distribution). Within this context identi- 
fication of a dose-response relationship is an im- 
portant and strong indication of causal relation- 
ship. With molecular epidemiology, the progress 
in knowledge of chemical carcinogenesis has ad- 
vanced the development of methods to estimate 
the biologically effective dose, i.e., amount or 
concentration of active xenobiotic available at 
critical or surrogate targets (e.g., DNA and pro- 
tein adducts, as described by K. Hemminki et al. 
in this issue, or later oxygen adducts). Similarly, 
substantial advances have been made in the 
methodology to establish early biological effects, 
comprehensive reviews can be found elsewhere 
(Bartsch et al., 1992). 

The number of single individual agents so far 
documented to be associated with human cancers 
remains small compared to the vast number of 
existing chemicals. Whereas some carcinogens are 
clearly associated with certain cancer cites such 
as lung, bladder, nasal sinus, skin, bone marrow 
and liver, few compounds are associated with 
cancers of the breast, colon, prostate or ovary 
(Vainio and Wilbourn, 1993). Among the docu- 
mented associations, the proportion of the cancer 
cases that actually can be attributed to exposure 

Table 1 
Ranking of factors for human cancer (adapted from Doll, R. 
and Peto, R. (1981) 

Factor Contribution % Range 

Diet 35 10-70 
Tobacco 30 25-40 
Infection 10 ? 
Reproductive and 

sexual behavior 7 1-13 
Occupation 4 2-8 
Alcohol 3 2-4 
Geophysical factors 3 2-4 
Pollution 2 l-5 
Industrial products 1 l-2 
Medicine and procedures 1 -5-2 
Food additives 1 0.5-3 
Other 3 ? 
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of the chemical, especially in the low dose range, 
is rarely high and it is frequently unknown. 

3. Oncogene activation 

Oncogenes are defined as genes that code for 
proteins involved in cell growth that unless 
properly regulated will result in inappropriate 
growth (Sculte and Perera, 1992). Proto-onco- 
genes are expressed during a variety of physiolog- 
ical conditions, e.g., embryogenesis, wound heal- 
ing, liver regeneration, and their protein products 
are important for cellular growth and differentia- 
tion. Increasing evidence suggests that neoplasias 
in many cases may require changes in at least two 
classes of cellular genes: proto-oncogenes and 
tumor suppressor genes (Weber and McClure, 
1987; Anderson et al., 1992). 

The mechanisms by which oncogenes are in- 
volved in carcinogenesis include several possible 
routes (Cline, 1994). A single point mutation at a 
critical site may be one mechanism, however, the 
mutation spectrum in lung, colon and pancreas 
tumors shows a distinct difference in K-rus codon 
12/13 (Anderson et al., 1992). Furthermore, the 
K-ras oncogene mutational spectrum shows con- 
siderable variability between individual studies. 
Other mechanisms for activation include amplifi- 
cation, i.e., the repeating of DNA sequences by 
up to 50-100 times, and chromosomal transloca- 
tion. 

It is still debated how early in the process 
oncogenes are activated, and several of them can 
be activated on top of inactivation of tumor sup- 
pressor genes (Cline, 1994). Late in the carcino- 
genic process, such alterations may play an im- 
portant role, as may oncogene amplification and 
chromosomal translocation. 

The sequence and importance of the activation 
of oncogenes and inactivation of tumor suppres- 
sor genes are understood to an increasing extent 
(Harris and Hollstein, 1993), including the con- 
siderable variability between individuals and sites. 
There is general agreement, however, that they 
can occur spontaneously, from oxidative stress 
and from activation of xenobiotics and that, in 
animals, mutational spectra are reproducible. 
Oncogene activation and inactivation of tumor 

suppressor genes may emerge as markers of the 
early changes in malignant transformation: surely 
they are important late events (Cline, 1994). 

4. Ideutiikation of multiple carcinogens and 
endogenous factors 

One intriguing observation that is continuously 
reported, and now well recognised, is the huge 
interindividual variation in susceptibility to 
chemical carcinogens. Many genetically de- 
termined factors appear, or are inferred to be, of 
importance for risk of developing cancer without 
a clear relationship to any particular carcinogen. 
Moreover, exogenous factors, including life-style 
factors, appear to be of great importance, e.g., the 
dietary intake of antioxidant vitamins and related 
compounds apparently modulates the risk of a 
variety of epithelial cancers (Dorgan and 
Schatzkin, 1991). 

More than 10 years ago it was pointed out that 
a vast number of (pro)mutagens are naturally 
present in the environment (Ames, 1983; Gold et 
al., 1992). The abundant and ubiquitous dioxygen 
radical (atmospheric oxygen), suggested to be in- 
volved in degenerative and carcinogenic processes 
(Ames and Shigenaga, 1992; Gold et al., 1992), 
appears to be equally important. Ranking carci- 
nogens according to estimated importance reveals 
that, viewed against the large background of nat- 
urally occurring carcinogens in typical portions of 
common foods, the residues of synthetic or envi- 
ronmental pollutants rank low (Gold et al., 1992). 
Most importantly, such analyses pinpoint that the 
human situation is characterized by exposure to a 
vast number of mutagens/carcinogens, as op- 
posed to the experimental setting where a single 
mutagen/carcinogen is given in controlled and 
huge doses. Accordingly, individual susceptibility 
factors, such as the capacity of the metabolic 
(in)activation enzymes and cellular repair mecha- 
nism, may be more important for the extent of 
DNA modification than the extent of exposure to 
a few selected carcinogens. Moreover, completely 
different carcinogens can induce the same biolog- 
ical changes, e.g., G-T transversion mutations 
can result from oxidative insults to DNA (Cheng 
et al., 19921, from exposure to nickel 
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(Higinbotham et al., 1992), aflatoxin (Chang et al., 
1990, or benzoe[a]pyrene (Keohavong et al., 
1992). Again, this signifies that the total sum of 
insults, e.g., to DNA, and the individual capacity 
of repair and regeneration may be more impor- 
tant for the risk of disease than the insults from a 
single substance. If one accepts the hypothesis of 
humans being exposed to multiple xenobiotics 
(Fig. 2), rather than to the single massive expo- 
sure used in animal studies, it is more relevant 
and, in fact easier, to examine the question: what 
is the activity range of the most important activat- 
ing enzymes? than the question: what is the range 
of exposure to the total amount of xenobiotics 
that potentially are converted into electrophiles 
and other reactive metabolites. 

Consequently, we also would like to draw at- 
tention to the most massive exposure man is 

subjected to, i.e., oxygen, and to man’s ability to 
activate xenobiotics. In the following two exam- 
ples of biomarkers, a combined environmental 
and genetic regulation of susceptibility and early 
biological effects are given: biomarkers of cy- 
tochrome P-450 (CYP) activities and oxidative 
DNA damage. 

5. Metabolic activation of carcinogens: CYP 
activities from biomarkers 

Among the enzyme systems involved in 
metabolic activation of xenobiotics to proximate 
or ultimate carcinogens, the cytochrome P-450 
superfamily is the most important. Particularly, 
the CYPlA-family (PAHs, aromatic amines), the 
CYP2El (nitrosamines, halogenated hydrocar- 
bons) and the CYP3A family (mycotoxins, PAHs) 

J xenobiotic 2 

xenobiotic 3 
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Fig. 2. Multi-exposure, multi-step, multi-effect hypothesis for carcinogenesis. 
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show preference for converting xenobiotics into 
highly reactive electrophiles that bind covalently 
to DNA (Guengerich et al., 1991). With regard to 
the importance of genetically controlled enzymes 
(Table 2) involved in metabolic (in)activation and 
their assessment by means of biomarkers, evi- 
dence of associations with diseases has recently 
been reviewed in, e.g., Wolf (19911, Kadlubar et 
al. (i992) and Poulsen et al. (1993). Many of the 
enzymes showing genetic polymorphism have been 
associated with the risk of various cancers without 
any relation to a particular carcinogen; for exam- 
ple, the CYP2D6 enzyme has a very poor affinity 
for most known carcinogens. 

Genetic polymorphisms of the important carci- 
nogen-activating CYPs have not yet been clearly 
identified, with the exception that RFLPs of 
CYPlAl and CYP2El have been described and 
associated with lung cancer in Japanese but not 
in Caucasian populations (Kawajiri et al., 1990; 
Tefre et al., 1991; Uematsu et al., 1991; Hirvonen 
et al., 1993; Persson et al., 1993). More impor- 
tantly, the enzyme activities appear unimodally 
distributed and are modified by environmental 
factors, e.g., CYPlA1/2 induction by smoking 
(Sesardic et al., 1988; Bartsch et al., 1991; Vis- 
tisen et al., 1992) and from environmental expo- 
sure to polybrominated biphenyls (Lambert et al., 
1990), CYP2El induction by ethanol and acetone, 
and CYP3A4 inhibition by naringenin, the agly- 
cone of the bitter principal of grape fruits 
(Guengerich et al., 1990; Bailey et al., 1991). In 
fact, a large proportion of the interindividual 
variation in, e.g., CYPlA2 activity in a population 
(Fig. 31, may be ascribed such factors (Vistisen et 
al., 1992). The individual activity appears quite 
stable in an unperturbed environment and can 
easily by manipulated by a factor of 2 by known 
inhibitors and inducers (Dossing et al., 1983). 
Accordingly, these CYP activities may be re- 
garded as biomarkers of susceptibility as well as 
of important biologically effective doses which 
alter susceptibility. 

The CYPlA2 activity can be determined by 
means of HPLC analysis of caffeine metabolites 
in spot urine sample some hours after ingestion 
of coffee or tea (Grant et al., 1984; Campbell et 
al., 1987; Kalow, 1993) or, alternatively, after 

Cytochrome P450lA2 

log(AFMU+lX+lU/17U) 

smoker abstainer 

Fig. 3. Distribution of CYF’lA2 activity, redrawn with permis- 
sion from the authors (Vistisen et al., 1992). 

administration of pure caffeine (Butler et al., 
1992). This offers a non-invasive method for 
CYPlA2 activity determination that can be ap- 
plied in large scale epidemiological studies. 
CYPlA2 activity appears unimodally distributed, 
although a genetic polymorphism concerning in- 
ducibility has been suggested (Butler et al., 1992). 
The methodology also gives information about 
the N-acetyltransferase phenotype and xanthine 
oxidase activity. A similar non-invasive method is 
available for the estimation of CYP3A4 activity 
by means of the urinary 6fl-hydroxycortisol:corti- 
sol ratio, whereas the estimation of CYP2El ac- 
tivity so far requires determination of the phar- 
macokinetics of an administered drug, chlorzoxa- 
zone (Peter et al., 1990). 

For many of the polymorphic enzymes, molecu- 
lar techniques that determine the genotype are 
replacing or supplementing measurements of the 
enzyme activity towards prototype substrates. Al- 
though genotyping may be simpler it does not 
allow determination of potentially important vari- 
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ation in activity within one genotype. Neverthe- 
less, tools for study of constitutively and environ- 
mentally induced high (or low) activity of CYPs 
and other enzymes involved in carcinogen 
metabolism as risk factors are available. For the 
CYPs presently considered of greatest impor- 
tance in the activation of xenobiotics (CYPlA, 
CYP2E1, CYP3A), there are no usable genotyp- 
ing assays available. 

6. Metabolic activation of oxygen estimated by 
urinary excretion of %-hydroxy-deoxyguanosine 
@oxodeoxyguanosine, %oxodG) 

Living organisms are continuously exposed to 
reactive oxygen species as a consequence of 
biochemical reactions as well as external factors. 
The internal formation of reactive oxygen species 
has been estimated to be l-5% of oxygen con- 
sumption (Chance et al., 1979), deriving from a 
minor 4-single electron pathway metabolism of 
oxygen. The targets in the cells are multiple, 
including an estimated lo5 oxidative modifica- 
tions of DNA per cell per day (Adelman et al., 
1988; Shigenaga et al., 1989; Loft et al., 1992). 
This rate is so high that extensive repair is neces- 
sary, yet the steady-state level of oxidatively mod- 
ified bases in human DNA is about 25 per lo5 
bases (Olinski et al., 1992). Moreover, in brain 
and lung tumours, the cancerous tissue showed 
elevated levels of oxidatively modified bases com- 
pared to the surrounding normal tissue (Olinski 
et al., 1992). By comparison, xenobiotic DNA 
adducts in smokers determined by 32 P-postlabel- 
ing assays ranged from 2 to 13 per 10s nu- 
cleotides (Bartsch et al., 1991), i.e., oxidative mod- 
ifications outnumber the xenobiotic adducts by 
three orders of magnitude. It should be noted 
that exact comparison of such numbers may not 
be of value; however, the order of magnitude is 
intriguing. 

A complete pattern of oxidative DNA modifi- 
cation can be studied after acid hydrolysis of 
isolated DNA or chromatin, and trimethylsilyla- 
tion by means gas chromatography/mass spec- 
trometry with selected-ion monitoring (Di- 
zdaroglu et al., 1991; Halliwell et al., 1992). The 

oxidative DNA modification of the guanine base 
always amounts to a two digit percentage of the 
total DNA modification (Olinski et al., 1992). 
Thus, the relatively simple determination of only 
8-oxodG in DNA isolated from target or accessi- 
ble tissue, by means of HPLC with electrochemi- 
cal detection, probably represents or correlates 
with the most important oxidative DNA damage. 
In replicating DNA, 8-oxodG leads to G-T 
transversions, as well as other mutations and co- 
don 12 activation of c-Ha-rus or K-ras oncogenes 
in mammalian systems (Shibutani et al., 1991; 
Cheng et al., 1992; Higinbotham et al., 1992; 
Kamiya et al., 1992). In vivo 8-oxodG may be 
repaired by both an enzyme complex similar to 
the E. coli formamidopyrimidine-DNA glycosy- 
lase (FPG) (Yamamoto et al., 1992) and by nu- 
cleotide excision (Czeczot et al., 1991). The exact 
contribution of each pathway and the relative 
distribution between resulting free base and nu- 
cleoside has not been determined. In addition, 
digestion of damaged DNA from cell renewal and 
mitochondrial turnover will liberate 8-oxodG to 
an unknown extent. The cellular pools of nucleo- 
sides and nucleotides may be oxidized and lead to 
mutations if incorporated into DNA (Kamiya et 
al., 1992; Shibutani et al., 1991). In fact, a human 
enzyme corresponding to the E. coli MutT pro- 
tein hydrolyses the phosphates of 8-oxodGTP with 
high affinity (MO et al., 1992). As a candidate for 
a non-invasive biomarker of oxidative DNA, mod- 
ification 8-oxodG appears most attractive since it 
is readily excreted unchanged into the urine, 
whereas 8-oxodG in the diet, or oxidation of dG 
during excretion, is not a contributing factor 
(Shigenaga et al., 1989). By contrast, 8-0xoG in 
the diet ends up in the urine (Shigenaga et al., 
1989). 

Inter-species correlations show a strong depen- 
dence on metabolic rate, supporting the impor- 
tance of oxidative modifications in ageing and 
degenerative changes, e.g., cancer (Adelman et 
al., 1988; Loft et al., 1993). In man, in vivo, we 
have found the major determinants for urinary 
excretion to be smoking and oxygen consumption 
(Loft et al., 1993). The 50% increased excretion 
in smokers is depicted in Fig. 4. It is notable that 
there is a seven-fold range in the individual excre- 
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Fig. 4. Distribution of 8-oxodG (8-hydroxydeoxyguanosine, 8- 
OHdG) excretion in 24-h urine, redrawn with permission from 
the authors (Loft et al., 1992). 

tion. This might predict the individual risk for 
early ageing and development of degenerative 
diseases, e.g., cancer; a hypothesis that needs to 
be tested in prospective epidemiological surveys 
or in case control studies. A strong correlation 
between 8oxodG excretion and oxygen consump- 
tion found in 33 smoking and non-smoking women 
supports the involvement of mitochondrial gener- 
ation of reactive oxygen species in oxidative DNA 
damage and, by inference, the risk of cancer and 
rate of ageing (Loft et al., 1994). 

Constitutively and environmentally induced ox- 
idative stress may be a considerable modifier of 
the individual cancer risk. Biomarkers of oxida- 
tive DNA damage appear to be a valuable tool 
for studying this hypothesis. 

7. Oxidative modification of LDL 

Lipid peroxidation has been in focus as a result 
of oxidative damage and recent evidence points to 
oxidation of LDL as a major free radical mecha- 
nism of atherosclerosis (Steinberg et al., 1989; 
Esterbauer et al., 1991). The atherosclerotic 

process is characterized by accumulation of lipids 
and proliferation of smooth muscle cells. The 
early events appear as accumulation of lipid-laden 
foam cells in the arterial intima accumulating to 
fatty streaks and plaques (Stam et al., 1989). It is 
assumed that oxidized LDL is taken up by the 
macrophages, via the scavenger receptor, without 
down-regulation by the internalized cholesterol. 
This leads to loading of the cell with cholesterol 
and cholesteryl esters, and their irreversible 
transformation into foam cells (Steinberg et al., 
1989; Esterbauer et al., 1992). 

In epidemiological studies, an inverse correla- 
tion has been found between intake or plasma 
concentrations of vitamin E and mortality from 
ischemic heart disease (Gey and Puska, 1989; Gey 
et al., 1991; Rimm et al., 1993; Stampfer et al., 
1993) and, in accordance with this, vitamin E 
appears to be the major antioxidant in LDL 
(Esterbauer et al., 1991, 1992). Yet, other antioxi- 
dants, such as vitamin C and p-carotene, may 
sustain the antioxidant effect of vitamin E in 
LDL by acting as plasma reductants to protect or 
recycle vitamin E (Kagan et al., 1992). The pres- 
ence of autoantibodies against oxidized low-den- 
sity lipoproteins has been claimed to predict pro- 
gression of carotid atherosclerosis (Salonen et al., 
1992); however, these findings have been disputed 
(Laakso et al., 1992). 

It remains to be established whether registra- 
tion of antioxidant intake, plasma vitamin E con- 
centration or, possibly, LDL vitamin E concentra- 
tion, measures of resistance of LDL to in vitro 
oxidation (Esterbauer et al., 19921, or measure- 
ment of autoantibodies against oxidized LDL 
(Salonen et al., 19921, is the best predictor of the 
risk of development and progression of atheros- 
clerosis. 

8. The future 

Methodological advances have made it possible 
to identify individual factors of importance for 
the activation of chemical carcinogens, to esti- 
mate biologically effective doses, to determine 
early biological effects and alterations in cellular 
structure and function. Similarly, the possibilities 
for measuring early events in the atherosclerotic 
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process have made it feasible to determine fac- 
tors of importance for atherosclerotic diseases. At 
the present stage, application of such measures 
into a large scale investigation on humans is 
emerging. In contrast to animal experiments, ge- 
netic variability and many environmental factors 
cannot be controlled. However, in future molecu- 
lar epidemiological studies, the designs can utilize 
the huge variation and identify subpopulations 
with constitutively high susceptibility, allowing 
identification of environmental risk factors which 
are obscured in the population at large. 

Identification and classification of single 
xenobiotics, such as carcinogens, is important and 
relates to situations where humans are exposed to 
one dominating carcinogen. However, we have to 
realize that the most massive xenobiotic dose man 
is exposed to is oxygen, which is activated to the 
mutagenic and atherogenic reactive oxygen 
species in the body. Furthermore, we have to 
realize that, besides this massive exposure, the 
human situation is characterized by life-long ex- 
posure to a huge number of naturally occurring 
potential carcinogens and oxidants, the sum of 
which may easily exceed that of a single massive 
exposure. In addition we have to realize that 
many different xenobiotics can lead to the same 
early biological effects, e.g., G-T transversion 
mutations. 

Future efforts have to include more elaborate 
markers of oxidative modifications and markers 
of individual activation of xenobiotics, in addition 
to the biomarkers of early biological effects and 
altered structure and function. 

References 

Adelman, R., Saul, R.L. and Ames, B.N. (1988) Oxidative 
damage to DNA: Relation to species metabolic rate and 
life span. Proc. Natl. Acad. Sci. USA 85, 2706-2708. 

Ames, B.N. (1983) Dietary carcinogens and anticarcinogens: 
Oxidative radicals and degenerative diseases. Science 221, 
1256-1263. 

Ames, B.N. and Shigenaga, M.K. (1992) Oxidants are a major 
contributor to aging. Ann. NY Acad. Sci. 663, 85-96. 

Anderson, M.W., Reynolds, S.H., You, M. and Maronpot, 
R.M. (1992) Role of protooncogene activation in carcinoge- 
nesis. Environ. Health. Perspect. 98, 12-24. 

Bailey, D.G., Spence, J.D., Munoz, C. and Arnold, J.M.O. 

(1991) Interaction of citrus fruit juices with felodipine and 
nifedipine. Lancet 337, 268-269. 

Bartsch, H., Petruzelli, S., De Flora, S., Hietanen, E., Camus, 
A.-M., Castegnaro, M., Geneste, O., Camoirano, A., Sara&, 
R. and Giuntini, C. (1991) Carcinogen metabolism and 
DNA adducts in human lung tissues as affected by tobacco 
smoking or metabolic phenotype: a case-control study on 
lung cancer. Mutat. Rex 250, 103-114. 

Bartsch, H., Kadlubar, F. and O’Neil, I. (Eds), (1992) Bio- 
markers in human cancer, Part I. Predisposition and use in 
risk assessment. In: Biomonitoring in Human Cancer: Ap- 
plications in Molecular Epidemiology and Risk Assess- 
ment, October 26-November 1, 1991, Kailua-Kona, Hawaii. 

Butler, M.A., Lang, N.P., Young, J.F., Caporaso, N., Vineis, P., 
Hayes, R.B., Teitel, C.H., Massengrill, J.P., Lawsen, M.F. 
and Kadlubar, F.F. (1992) Determination of CYPlA2 and 
NAT2 phenotypes in human populations by analysis of 
caffeine urinary metabolites. Pharmacogenetics 2, 116-127. 

Campbell, M.E., Spielberg, S.P. and Kalow, W. (1987) A 
urinary metabolite ratio that reflects systemic caffeine 
clearance. Clin. Pharmacol. Ther. 42, 157-165. 

Case, R. (1966) Tumours in the urinary tract as an occupatio- 
nal disease in several industries. Ann. R. Coll. Surg. 39, 
213-235. 

Chance, B., Sies, H. and Boveris, A. (1979) Hydroperoxide 
metabolism in mammalian organs. Physiol. Rev. 59, 
527-605. 

Chang, Y.J., Mathews, C., Mangold, K., Marien, K., Hen- 
dricks, J. and Bailey, G. (1991) Analysis of rus gene muta- 
tions in rainbow trout liver tumors initiated by aflatoxin B,. 
Mol. Carcinogenesis 4, 112-119. 

Cheng, K.C., Cahill, D.S., Kasai, H., Nishimura, S. and Loeb, 
L.A. (1992) 8-Hydroxyguanine, an abundant form of oxida- 
tive DNA damage, causes G-T and A-C substitutions. J. 
Biol. Chem. 267, 166-172. 

Cline, M.J. (1994) The molecular basis of leukemia. N. Engl. J. 
Med. 330,328-336. 

Czeczot, H., Tudek, B., Lambeert, B., Laval, J. and Boiteux, S. 
(1991) Escherischia coli fpg protein and UvrABC endonu- 
clease repair DNA damage induced by methylene blue plus 
visible light in vivo and in vitro. J. Bacterial. 173,3419-3424. 

Dizdaroglu, M. (1991) Chemical determination of free 
radical-induced damage to DNA. Free. Radic. Biol. Med. 
10, 225-242. 

Doll, R. and Peto, R. (1981) The causes of cancer: Quantita- 
tive estimates of avoidable risk in the United States today. 
J. Natl. Cancer. Inst. 68, 1191-1303. 

Dorgan, J.F. and Schatzkin, A. (1991) Antioxidant micronutri- 
ents in cancer prevention. Hematol. Oncol. Clin. N. Am. 5, 
43-68. 

Dossing, M., Pilsgaard, H., Rasmussen, B. and Poulsen, H.E. 
(1983) Time course of phenobarbital and cimetidine medi- 
ated changes in hepatic drug metabolism. Eur. J. Clin. 
Pharmacol. 25, 215-222. 

Esterbauer, H., Dieber-Rotheneder, M., Striegl, G. and Waeg, 
G. (1991) Role of vitamin E in preventing the oxidation of 
low-density lipoprotein. Am. J. Clin. Nutr. 53, 314%321s. 



H. E. PO&en, S. Loft / Toxicology 101 (1995) 55-64 63 

Esterbauer, H., Gebicki, J., Puhl, H. and Giinther, J. (1992) 
The role of lipid peroxidation and antioxidants in oxidative 
modification of LDL. Free. Radic. Biol. Med. 13,341-390. 

Gey, K.F. and Puska, P. (1989) Plasma vitamins E and A 
inversely related to mortality from ischemic heart disease 
in cross-cultural epidemiology. Ann. NY Acad. Sci. 579, 
268-282. 

Gey, K.F., Puska, P., Jordan, P.H. and Moser, U.K. (1991) 
Inverse relation between plasma vitamin E and mortality 
from ischemic heart disease in cross cultural epidemiology. 
Am. J. Clln. Nutr. 53,325%334S. 

Gold, L.S., Slone, T.H., Stem, B.R., Manley, N.B. and Ames, 
B.N. (1992) Rodent carcinogens: Setting priorities. Science 
258,261-265. 

Grant, D.M., Tang, B.K and I&low, W. (1984) A simple test 
for acetylator phenotype using caffeine. Br. J. Clin. Phar- 
macol. 17,459-464. 

Guengerich, F.P. and Kim, D.H. (1990) In vitro inhibition of 
dihydropyridine oxodation and aflatoxin B, activation in 
human liver microsmomes by naringenin and other 
flavonoids. Carcinogenesis 11,2275-2279. 

Guengerich, F.P. and Shimada, T. (1991) Oxidation of toxic 
and carcinogenic chemicals by human cytochrome P-450 
enzymes. Chem. Res. Toxicol. 4,391~407. 

Halliwell, B. and Dizdaroglu, M. (1992) The measurement of 
oxidative damage to DNA by HPLC and GC/MS tech- 
niques. Free. Radic. Res. Commun. 16, 75-87. 

Harris, C.C. and Hollstein, M. (1993) Clinical implications of 
the ~53 tumor-suppressor gene. N. Engl. J. Med. 329, 
1318-1327. 

Higinbotham, KG., Rice, J.M., Divan, B.A., Kasprzak, K.S., 
Reed, CD. and Perantoni, A.O. (1992) GGT to GTT 
transversion in codon 12 of the K-rus oncogene in rat renal 
sarcomas induced with nickel subsulfide or nickel subsul- 
fide/iron are consistent with oxidaitve damage to DNA. 
Cancer Res. 52,4747-4751. 

Hirvonen, A., Husgafvel-Pursiainen, K., Anttila, S., Kar- 
jalainen, A. and Vainio, H. (1993) The human CYP2El 
gene and lung cancer: DruI and RFaI restriction fragment 
length polymorphisms in a Finnish study population. Carci- 
nogenesis 14,85-88. 

Kadlubar, F.F., Butler, M.A., Kaderlik, K.R., Chou, H.C. and 
Lang, N.P. (1992) Polymorphisms for aromatic amine 
metabolism in humans: relevance for human carcinogene- 
sis. Environ. Health Perspect. 98, 69-74. 

Kagan, V.E., Serbinova, EA., Forte, T., Scita, G. and Packer, 
L. (1992) Recycling of vitamin E in human low density 
lipoproteins. J. Lipid. Res. 33, 385-397. 

Kalow, W. (1993) The use of caffeine for enzyme assays: a 
critical appraisal. Clin. Pharmacol. Ther. 53,503-514. 

Kamiya, H., Miura, K, Ishikawa, H., Nishimura, S. and Oht- 
suka, E. (1992) c-Ha-ru.s containing 8-hydroxyguanine at 
codon 12 induces point mutations at the modified and 
adjacent positions. Cancer Res. 52,3483-3485. 

Kawajiri, K., Nakachi, K., Imai, K., Yoshii, A., Shinoda, N. and 
Watanabe, J. (1990) Identification of genetically high risk 

individuals to lung cancer by DNA polymorphisms of the 
cytochrome P45OL41 gene. FEBS L.&t. 263,131-133. 

Keohavong, P. and Thilly, W.G. (1992) Determination of point 
mutational spectra of benzoe[abyrene-dial epoxide in hu- 
man cells. Environ. Health Perspect. 98, 215-219. 

Laakso, M., Poikolainen, K., Pyiirtilti, K. et al. (1992) Oxidised 
LDL and progression of atherosclerosis. Lancet (letters) 
334,234-236. 

Lambert, G.H., Schoeller, D.A., Humphrey, H.E.B., Kotake, 
A.N., Lietz, H., Campbell, M., Kalow, W., Spielberg, S.P. 
and Budd, M. (1990) The caffeine breath test and caffeine 
urinary metabolite ratios in the Michigan cohort exposed to 
polybrominated biphenyls: a preliminary study. Environ. 
Health Perspect. 89, 175-181. 

Loft, S., Vistisen, K., Ewertz, M., Tjtinneland, A., Overvad, K. 
and Paulsen, H.E. (1992) Gxidative DNA-damage esti- 
mated by 8-hydroxydeoxyguanosine excretion in man: in- 
fluence of smoking, gender and body mass index. Carcino- 
genesis 13, 1561-1568. 

Loft, S., Fischer-Nielsen, A., Jeding, I.B., Vistisen, K. and 
Poulsen, H.E. (1993) 8-Hydroxydeoxyguanosine as a uri- 
nary biomarker of oxidative DNA damage. J. Toxicol. Envi- 
ron. Health 40,391-404. 

Loft, S., Ash-up, A., Buemann, B. and Poulsen, H.E. (1994) 
Gxidative DNA damage correlates with oxygen consump 
tion in humans. FASEB J. 8, 534-537. 

MO, J.Y., Maki, H. and Sekiguchi, M. (1992) Hydrolytic elimi- 
nation of a mutagenic nucleotide, 8-oxodGTP, by human 
18-kilodalton protein: sanitization of nucleotide pool. Proc. 
Natl. Acad. Sci. USA 89, 11021-11025. 

Olinski, R., Zastawny, T., Budzbon, J., Skokowski, J., Zegarski, 
W. and Dizdaroglu, M. (1992) DNA base modification in 
chromatin of human cancerous tissues. FEBS Lett. 309, 
193-198. 

Persson, I., Johansson, I., Bergling, H., Dahl, M.-L., Seideg%rd, 
J., Rylander, R., Rannug, A., Hagberg, J. and Ingehnan- 
Sundberg, M. (1993) Genetic polymorphism of cytochrome 
P4502El in a Swedish population. FEBS L&t. 319,207-211. 

Peter, R., Biicker, R., Beaune, P.H., Iwasaki, M., Guengerich, 
F.P. and Yang, C.S. (1990) Hydroxylation of chlorzoxazone 
as a specific probe for human liver cytochrome P-450IIEl. 
Chem. Res. Toxicol. 3, 566-573. 

Poulsen, H.E., Loft, S. and Wassermann, K. (1993) Cancer risk 
related to genetic polymorphisms in carcinogen metabolism 
and DNA repair. Pharmacol. Toxicol. 72, Suppl. I, 93-103. 

Rimm, E.B., Stampfer, M.J., Ascherio, A., Giovannucci, E., 
Colditz, G.A. and Willett, W.C. (1993) Vitamin E consump- 
tion and the risk of coronary heart disease in men. N. Engl. 
J. Med. 328, 1450-1456. 

Salonen, J.T., Ylii-Herttuala, S., Yamamoto, R., Butler, S., 
Korpela, H., Salonen, R., Nyysonen, K., Palinski, W. and 
Witztum, J.L. (1992) Autoantibodies against oxidised LDL 
and progression of carotid atherosclerosis. Lancet 339, 
883-887. 

Sculte, P.A. and Perera, F.P. (1992) Molecular Epidemiology. 
Principles and Practices, Academic Press, Inc., San Diego, 
p. 51. 



64 H.E. Pouhen, S. Lofl / Toxicology 101 (1995) 55-64 

Sesardic, D., Boobis, A.R., Edwards, R.J. and Davies, D.S. 
(19881 A form of cytochrome P450 in man autologous to 
form d in the rat catalyses the 0-deethylation of phenacetin 
and is inducible by cigarette smoking. Br. J. Clin. Pharma- 
col. 26, 363-372. 

Shibutani, S., Takeshita, M. and Grollman, A.P. (19911 Inser- 
tion of specific bases during DNA synthesis past the oxida- 
tion damaged base S-oxodG. Nature 349, 431-434. 

Shigenaga, M.K, Gimeno, C.J. and Ames, B.N. (1989) Urinary 
S-hydroxy-2’-deoxyguanosine as a biological marker of in 
vivo oxidative DNA damage. Proc. Nat]. Acad. Sci. USA 86, 
9697-9701. 

Stam, H., Hiilsmann, W.C., Jongkind, J.F., van der Kraaij, 
A.M.M. and Koster, J.F. (1989) Endothelial lesions, dietary 
composition and lipid peroxidation. Eicosanoids 2, 1-14. 

Stampfer, M.J., Hennekens, C.H., Manson, J.E., Colditz, G.A., 
Rosner, B. and Willett, W.C. (1993) Vitamin E consump- 
tion and the risk of coronary disease in women. N. Engl. J. 
Med. 328, 144441449. 

Steinberg, D., Parthasarathy, S. Carew, T.E., Khoo, J.C. and 
Witztum, J.L. (1989) Beyond cholesterol. Modifications of 
low lipoprotein that increase its atherogenecity. N. Engl. J. 
Med. 320,915-924. 

Tefre, T., Ryberg, D., Haugen, A., Nebert, D.W., Skaug, V., 
Bragger, A. and Borresen, A.-L. (1991) Human CYPlAl 
(cytochrome P450) gene: lack of association between the 
MspI restriction fragment length polymorphism and inci- 
dence of lung cancer in a Norwegeian population. Phar- 
macogenetics 1, 20-25. 

Uematsu, F., Kikuchi, H., Motomiya, M., Abe, T., Sagami, I., 
Ohmachi, T., Wakui, A., Kanamaru, R. and Watanabe, M. 
(1991) Association between restriction fragment length po- 
lymorphism of the human cytochrome P450IIEl gene and 
susceptibility to lung cancer. Jpn. J. Cancer. Res. 82, 
254-256. 

Vainio, H., Shuker, L., Wilbourn, J. and Tomatis, L. (1991) 
The IARC classification system for carcinogens [letter; 
comment]. Am. J. Indust. Med. 20, 819-822. 

Vainio, H. and Wilbourn, J. (1993) Cancer etiology: Agents 
causally associated with human cancer. Pharmacol. Toxicol. 
72, Suppl. I, 4-11. 

Vistisen, K., Loft, S. and Pot&en, H.E. (1992) Foreign com- 
pound metabolism capacity in man measured from 
metabolites of dietary caffeine. Carcinogenesis 13, 
1561-1568. 

Weber, J. and McClure, M. (1987) Oncogenes and cancer. Br. 
Med. J. 294, 1246-1248. 

Wogan, G.N. (1992) Molecular epidemiology in cancer risk 
assessment and prevention: Recent progress and avenues 
for future research. Environ. Health. Perspect. 98, 167-178. 

Wolf, C.R. (1991) In: L.M. Franks, (Ed), Cancer Surveys, 
Oxford Press, Oxford, pp. 437-474. 

Yamamoto, F., Kasai, H., Bessho, T., Chung, M.-H., Inoue, H., 
Hori, T. and Nishimura, S. (1992) Ubiquitous presence in 
mammalian cells of enzymatic activity specifically cleaving 
S-hydroxyguanine-containing DNA. Jpn. J. Cancer Res. 83, 
351-357. 


