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Curren~

trends in the biological monitoring of exposure
to carcinogens

by Harri Vainio, MOl
VAINIO H. Current trends in the biological monitoring of exposure to carcinogens. Scand J Work EnVl~on Health 11 (1985) !- 6. The biologic~ monitoring of exposure to carcinogens and mutagens has
gained a.lot of rese~rch mtc:rest recently. BIOlogical monitoring data, in conjunctionwith environmental
mo.mtonng data, wI!1 provide!nformation fo~ the ~eeded exposure assessment for directing preventive
actions. For the reviewed carcinogens aromatic arnmes, benzene, ethylene oxide, aflatoxins, N-nitroso
co~ poun ds , polynuclear ~romatl~ hydrocarbons, and alkylating anticancer drugs, there are methods
which are already routine In practice, whereas some promising methods are still used only for research
purposes.
~erms: chromosome ~berrations, DNA (deoxyribonucleic acid) adducts, micronuclei, mutagenicity
m unne, mutagens, protem adducts, SCE, sister chromatid exchange.

Key

Biological monitoring can be used for impro ving the
evaluation of the dose received from environmental
or occupational exposure and for the early detection
of reversible biological effects. The aim of mon itor ing
exposure to carcinogens and mutagens, in particular,
is to prevent irre versible to xic effects, since such
effects are assumed (although they have not been
proved) to be early steps in chemical carcinogenesis.
Biological monitoring is not, however, a substitute
for environmental monitoring; instead it is a complementary activity, especially in the case of carcinogens , for which the latency between exposure and effects may be long - often decades (3).
In the following review I shall give some examples
of the possibilities for monitoring exposure to carcinogens. Figure 1 shows the relationships between
external expo sure , several measures of dose, and
respon ses, with examples of tests that can be used in
each category. Two notes of caution should be introduced. First, although methods have developed
rapidly during the last few years, they are still very
much at the research stage . Second, when the results
of the biological monitoring of occupational exposure
are being interpreted, possible modifying and /or confounding effects of personal habits, such as smoking,
must be taken into account , especially in the case of
nonspe cific methods , such as measurements of urinary
mutagenicity and of sister chromatid exchange (SeE)
in lymphocytes.
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Aromatic amines

Primary aromatic amines such as 2-naphthylamine
and 4-aminobiphenyl have been identified epidemiologically as human bladder carcinogens; they also
produce cancer in the bladder and other organs of
dogs , monkeys, and rodents (17, 18). Biolog ical
mon itoring of exposure to aromatic amine s is of particular interest, for two reasons. First, some of these
compounds are well absorbed via the skin, so that
environmental monitoring alone is insufficient to
estimate dose. Second, since genetic factors are highly
important in the metabolism of aromatic amines,
susceptible individuals can be identified only through
biological monitoring.
Nonspecific methods, such as the measurement of
total urinary amino compounds, blood methemoglobin levels, and mutagenic activity in urine, can be
applied in situations where exposure is to a number
of different aromatic amines with differing toxicologic
properties (25). However, specific methods, such
as the measurement of blood protein adducts, are
preferable in situations where environmental measurements and occupational hygiene data indicate that
exposure may have been to a single aromatic amine.
It has been suggested (26) that the target organ
affected by an aromatic amine is, at least partially,
dependent on the rate of metabolic activation. In the
dog , which has low acetyl transferase activity with
regard to aromatic amines, 4-aminobiphenyl is an
effective bladder carcinogen. In humans, aromatic
amine acetyl transferase shows genetic polymorphism,
so that populations display two distinct phenotypes
- the "slow acetylator" or the "fast acetylator"
(10). Epidemiologic studies have shown an association between low acetyl transferase activity and the
risk of bladder cancer (7, 26).
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Skipper et al (39) have demonstrated that 4-aminobiphenyl administered to experimental animals results in the formation of two distinct types of covalent
adduct between the carcinogen and both serum albumin and hemoglobin. In albumin the site of attack
is the single tryptophan residue, and the adduct is
formed from acetylated 4-aminobiphenyl. In hemoglobin the adduct is assumed to be a product of the
direct action of a mixed-function oxidase on the
amine. The simultaneous measurement of these two
adducts thus offers an opportunity to investigate the
role of both 4-aminobiphenyl and acetylator status in
bladder carcinogenesis: albumin adducts are used to
measure the fraction of 4-aminobiphenyl that undergoes N-acetylation, while hemoglobin adducts measure the fraction that is not acetylated.
The method developed by Skipper et al (38) is
capable of detecting less than 100 pg of adduct in
10 ml of blood. A monoclonal antibody has been
produced to facilitate the quantitation of 4-aminobiphenyl-serum albumin adducts (39).
Benzene
Benzene is a leukemogen in humans (19) and a carcinogen at many sites in animals (27). It is unquestionably a myelotoxic agent, producing pancytopenia
and eventual aplastic anemia in all animal species
studied (19).
The biological monitoring of exposure to benzene
was reviewed recently (3). The main monitoring
methods used are measurement of the major urinary
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metabolite, phenol (free or conjugated), and measurement of benzene concentrations in exhaled air and
blood. The presence of phenol in urine is a nonspecific indicator and is perhaps not sensitive enough
to detect low levels of benzene exposure. The benzene
concentration measured in expired air during exposure
reflects the exposure only at the time of sampling; the
benzene content of breath the morning after exposure
best reflects the integrated exposure during the preceding day (25). The determination of benzene in
blood is specific and thus is the method of choice for
low levels of exposure to benzene. Since bone marrow
retains 20 times as much benzene as the blood at
equilibrium, the finding of even low levels of benzene
in blood may be of toxicologic significance (4).
Benzene has been shown to be a moderately strong
clastogen, as determined by cytogenetic analysis of
mouse bone marrow (29). Increases in the number of
chromosome-type aberrations have been noted in
persons exposed occupationally to high concentrations of benzene (12). This compound appears to induce chromosome damage only in cells that replicate
their deoxyribonucleic acid (DNA), a phenomenon
which would preclude a direct effect on peripheral
lymphocytes. Cytogenetic data on peripheral lymphocytes may therefore grossly underestimate the actual effect produced in bone marrow. The small effect produced in stem cells by such S-dependent
chemicals may be completely undetectable in the
cytogenetic analysis of peripheral lymphocytes (5).
Thus great caution should be exercised when the
results of cytogenetic surveys of benzene-exposed

persons are interpreted, especially when no obvious
effect is evident. When an effect is found, however,
it is reasonable to suggest that the increase in chromosome aberrations should be regarded as an indicator of genotoxic hazard. The induction of chromosome aberrations cannot be used, at present, for
risk assessment at the individual level but only at a
group level (12).
Ethylene oxide

Ethylene oxide is widely used as a chemical sterilant
and as a fumigant in food. It is mutagenic in bacteria,
plants, fungi, and insects (22). Ethylene oxide administered to rats by inhalation increased the incidence of mononuclear-cell leukemia (40). Epidemiologic studies of two occupationally exposed populations in Sweden are suggestive of an association between ethylene oxide and leukemia (15). [For further
discussion, see the report of the International Agency
for Research on Cancer (22).]
Considerable attention has been paid to the biological monitoring of exposure to ethylene oxide. Ehrenberg et al (9) have developed sensitive chemical methods for detecting the alkylation of hemoglobin after
exposure to electrophilic compounds such as ethylene
oxide. The measurement of hydroxyethyl groups in
amino acid residues in hemoglobin appears to provide
a good estimate of the dose of ethylene oxide delivered
to tissues and to tissue DNA, in both experimental
animals and humans (36, 45).
Exposure of workers to ethylene oxide in the workplace has been associated with increases in the frequencies of sister chromatid exchanges in their peripheral blood lymphocytes (22). A recent report
from three sterilization plants in the United States
also suggests a dose-dependent increase in the incidence of sister chromatid exchange in workers'
lymphocytes (42). Exposure to ethylene oxide has
also been found to lead to structural chromosome
aberrations in peripheral lymphocytes (14) and to an
increase in micronucleated bone marrow cells (14).
Although it is nonspecific, determining the frequency of sister chromatid exchange in blood lymphocytes from ethylene oxide-exposed workers thus
appears to be a sensitive and promising tool for
detecting biological effects, although possible confounding factors should be kept in mind when the
results of such occupational exposure monitoring
methods are interpreted.
Aflatoxins

Epidemiologic studies have strongly implicated hepatitis B virus infection as a major risk factor in the induction of primary liver cancer (28). However, a
number of other studies indicate a multifactorial
origin for this cancer, and additional risk factors,
such as aflatoxins, must still be considered to be of

etiologic importance, especially since aflatoxins have
been detected in many commonly consumed foodstuffs. Aflatoxin B 1 is a potent carcinogen in rats,
but it may also induce hepatic injury and hepatoma in
a wide species range, including nonhuman primates
(18). Its wide spectrum of animal hepatocarcinogenicity indicates that humans might not be an exception.
The recent development of immunologic techniques
that involve the use of antibodies that are highly
sensitive and specific against certain carcinogens,
including aflatoxin B1, opens the possibility of determining individual exposures in a relatively large human population (21).
The p 32-postlabeling technique (36) is nonspecific,
but the reaction between carcinogens and DNA can
be detected at levels of as little as 1 base/107-108
nucleotides. However, while the procedure appears
to be promising, it is still in the developmental stage,
and only a few studies have been carried out with
aflatoxins.
Measurements of aflatoxin B1 and its metabolites
in urine reflect recent exposure to aflatoxins. Preliminary studies from Kenya have been reporting the use
of a fluorescence assay for the detection of aflatoxin
Bj-guanine in the urine of subjects living in a region
with high exposure to aflatoxins and with an elevated
incidence of liver cancer (1). The adaptability of this
method to wide use in biological monitoring warrants
further investigation.
N·nitroso compounds

N-nitroso compounds have been shown to produce
tumors in 40 animal species to date and in most organs of the body. The question of whether humans
are resistant or not has not yet been convincingly
answered, but there is no reason to believe that they
are different from other species in this respect.
Humans may be exposed to carcinogenic N-nitroso
compounds as a result of the ingestion or inhalation
of preformed compounds in the environment or of
the nitrosation of amino precursors in the body.
Recently, a method was developed for estimating potential in-vivo nitrosation in humans (32). It is based
on the finding that certain N-nitrosamino acids, such
as N-nitrosoproline, are excreted predominantly in
the urine after precursors (proline and nitrate or
nitrite) are ingested. This finding makes it possible to
study the kinetics of and the factors affecting nitrosation in vivo in humans. The N-nitrosoproline test can
also be used to assess an individual's capability to
produce endogenous carcinogens. For instance it has
been found that endogenous nitrosation is increased
in tobacco smokers (13). Furthermore, this test can
be used in clinical and field studies to evaluate the role
of endogenous N-nitroso compounds in the etiology
of cancers at specific sites, such as the stomach and
esophagus (2).
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Polynuclear aromatic hydrocarbons

Exposure to polynuclear aromatic hydrocarbons
occurs principally through the direct inhalation of
tobacco smoke and polluted air and, possibly, through
the ingestion of contaminated and processed food
and water and dermal contact with soot, tar, and oil
(20). Polynuclear aromatic hydrocarbons have long
been considered potential human health hazards,
since many members of this class are carcinogenic in
animals.
The urine of workers exposed occupationally to
these hydrocarbons showed mutagenic activity, which
could be correlated with their concentration in urine
(23).

In preliminary studies, benzo[a]pyrene-DNA adducts were detected in tissues and in peripheral blood
samples from people exposed to benzo[a]pyrene,
through either smoking or occupational exposure.
Wide interindividual variation in the amounts of adducts formed has been found, and this variation may
reflect differences in exposure to benzo[a]pyrene, in
its metabolic activation or inactivation, or in DNA
repair rates (33, 37).

Anticancer drugs

Many anticancer drugs are both carcinogenic and
mutagenic (16). Patients treated with these drugs
represent an ideal population for dosimetric and
epidemiologic studies of genetic end points, which
could be used in "parallelogram-type methods" (6)

to correlate findings from experimental animals with
those from humans.
The urine of patients treated with alkylated cytostatic drugs is mutagenic to bacteria (11), and such

treatment increases the frequency of sister chromatid
exchange in their peripheral blood lymphocytes (24).
Patients treated with certain anticancer drugs have
also been shown to have an increased risk for second
primary tumors (8).
The first indication of a possible risk of hospital
personnel exposed to anticancer drugs came from a
study by Falck et al (11), in which an association was
made between increased mutagenicity in urine and
contact with cytostatic drugs. Urinary mutagenicity
measured by the bacterial fluctuation assay was significantly higher among oncology nurses than among
office clerks. Subsequently, however, conflicting results were reported on the association between the
occupational handling of cytostatic drugs and mutagenicity in urine (43).
Many anticancer drugs, such as alkylating cytostatic
drugs and some antibiotic-type chemotherapeutic
agents, have been shown to induce both chromosome
aberrations and sister chromosome exchange in human and rodent cells in vitro and in cancer patients
in vivo (43). A few cytogenetic studies have also
shown effects of low-level exposures at the group
level. Thus a group of oncology nurses showed a significantly increased frequency of sister chromosome
exchange in their lymphocytes as compared with office
workers (31, 41). Waksvik et al (44) also reported an
increase in the number of sister chromosome ex-
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changes and of chromosome gaps among nurses
handling cytostatic drugs , and Nikula et al (30) found
a higher frequency of chromosomally aberrant lymphocytes in oncology nurses than in laboratory workers and hospital clerks (30).
These limi ted results suggest that per sonnel handli ng an ticancer drugs may be exposed th rough inhalation and skin contact. They also suggest that
nonspecific methods, such as measuring mutagenicity
in urine and clastogenic changes in lymphocytes,
could be used for monitoring such exposure biologicall y.

Biological monitoring as a bridge between
laboratory and epidemiologic studies
The identification and as sessment of risk can benefit
from the merging of experimental studies and epidemiologic investigations. Although epidemiologic
studies provide unique information about the responses o f humans who ha ve been expo sed to suspect
agents, they can detect onl y relatively large increases
in relative risk, and usually only retrospectivel y. In
addition, although they may provide evidence for an
association they often cannot provide direct proof
of a cause and effect relationship. Results of expo sure monitoring, dubbed " m olecular cancer epidem io logy" by Perera & Weinste in (34), must be
combi ned with epidemiologic methods in order to
ident ify end effects other than cancer as early warn ing
signs . Table 1 illustrates the need to integrate the
disciplines of in vitro to xicology, experimental carcinogenicity, and biological monitoring studies with
epidemiology, it shows where nec essary data, especiall y on exposed humans, are lacking for the evaluation of the health hazards of given expos ures. Expo sure monitoring provides a bridge between laboratory stud ies and studies of humans and can overcome some of the limitations of cancer epidemiology.
Furthermore, the fact that data, obtained through
the biological monitoring of biologically effective
doses, and early (reversible) effects can be validated
in parallel in laboratory animals and humans opens
new avenues for improving human risk assessment.
Th e incorporation of biological monitoring methods
int o con vent ional epidemiologic studies can increase
their po wer to detect car cinogenic risk earlier, and at
lower exposures, as well as to estimate more accurately
the ma gnitude o f human risk .
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