
4. Other Data Relevant to an Evaluation of Carcinogenicity
and its Mechanisms

4.1 Absorption, distribution, metabolism and excretion

4.1.1 Humans

The Working Group attempted to provide extensive coverage of the published lite-
rature since 1985, in some cases referring to recent reviews.

(a) Introduction
Most carcinogens are enzymatically transformed to a series of metabolites as the

exposed organism attempts to convert them to forms that are more readily excreted. The
initial steps are usually carried out by cytochrome P450 (P450) enzymes that oxygenate
the substrate (Guengerich, 1997). Other enzymes such as lipoxygenases, cyclooxyge-
nases, myeloperoxidase and monoamine oxidases may also be involved, but less com-
monly. If the oxygenated intermediates formed in these initial reactions are electrophilic,
they may react with DNA or other macromolecules to form covalent binding products
known as adducts. This process is called metabolic activation. Alternatively, these meta-
bolites may undergo further transformations catalysed by glutathione S-transferases, uri-
dine-5′-diphosphate (UDP)-glucuronosyltransferases, epoxide hydrolase (EH), N-acetyl-
transferases (NATs) (Kadlubar & Beland, 1985), sulfotransferases and other enzymes
(Armstrong, 1997; Burchell et al., 1997; Duffel, 1997). Such reactions frequently, but not
always, result in detoxification.

Figure 4.1 presents an overview of the metabolism of the six tobacco smoke carci-
nogens for which the formation of DNA adducts has been demonstrated in human tissues,
namely, benzo[a]pyrene (IARC, 1983a, 1987), 4-(N-nitrosomethylamino)-1-(3-pyridyl)-1-
butanone (NNK) (IARC, 1985a; Hecht et al., 1994), N-nitrosodimethylamine (NDMA)
(IARC, 1978a; Shuker & Bartsch, 1994), N′-nitrosonornicotine (NNN) (IARC, 1985b;
Hecht et al., 1994), ethylene oxide (IARC, 1994a), and 4-aminobiphenyl (4-ABP) (IARC,
1972; Kadlubar, 1994). The major metabolic activation pathway of benzo[a]pyrene is con-
version to a 7,8-diol-9,10-epoxide, which is highly carcinogenic and reacts with DNA to
form adducts with the exocyclic N2 of guanine (Cooper et al., 1983). In competition with
this process are detoxification pathways leading to phenols, diols and their conju-
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gates as well as other metabolites. The major metabolic activation pathways of NNK and
its main metabolite, 4-(N-nitrosomethylamino)-1-(3-pyridyl)-1-butanol (NNAL), involve
hydroxylation of the carbons adjacent to the N-nitroso group (α-hydroxylation) which
leads, via diazonium ions, to the formation of two types of DNA adduct: methyl adducts
such as 7-methylguanine and O6-methylguanine (IARC, 1985a), and pyridyloxobutyl
adducts (Hecht, 1998). Glucuronidation of NNAL and pyridine-N-oxidation of NNK and
NNAL are detoxification pathways. The metabolic activation of NDMA occurs by α-
hydroxylation leading, via methyl diazonium ions, to the formation of 7-methylguanine

IARC MONOGRAPHS VOLUME 831006

Figure 4.1. Metabolism of six tobacco smoke carcinogens which produce DNA
adducts that have been identified in the lungs of smokers

Clockwise from top left: benzo[a]pyrene (BaP), 4-(N-nitrosomethylamino)-1-(3-pyridyl)-1-butanone (NNK),
N-nitrosodimethylamine (NDMA), N′-nitrosonornicotine (NNN), ethylene oxide and 4-aminobiphenyl (4-ABP)
P450s, cytochrome P450s; EH, epoxide hydrolase; UGTs, uridine-5′-diphosphate-glucuronosyl transferases;
GSTs, glutathione S-transferases; NNAL, 4-(N-nitrosomethylamino)-1-(3-pyridyl)-1-butanol; NATs, N-acetyl-
transferases; gluc, glucuronide; ‘NIH shift’, phenomenon of hydroxylation-induced intramolecular migration;
ADP, adenosine diphosphate; Ac, acetyl
In the 4-ABP scheme, X represents conjugates such as glucuronide or sulfate.
Adapted from Cooper et al. (1983); Preussmann & Stewart (1984); Kadlubar & Beland (1985); IARC
(1994a); Hecht (1998, 1999)
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and O6-methylguanine. Denitrosation, producing nitrite and methylamine, is considered to
be a detoxification pathway (Preussmann & Stewart, 1984). Aldehydes are also formed in
the metabolism of NNK and NDMA. Their role in carcinogenesis is unclear. α-Hydroxy-
lation of NNN can lead to the formation of pyridyloxobutyl adducts whereas detoxification
occurs by β-hydroxylation, pyridine-N-oxidation and denitrosation/oxidation to produce
norcotinine (Hecht, 1998). Ethylene oxide reacts directly with DNA to form
7-(2-hydroxyethyl)guanine and other adducts. There are competing detoxification path-
ways involving glutathione conjugation (IARC, 1994b). 4-ABP is metabolically activated
by N-hydroxylation. Conjugation of the resulting hydroxylamine with acetate or other
groups such as sulfate ultimately produces nitrenium ions that react with DNA to produce
adducts mainly at C-8 of guanine. Acetylation of 4-ABP can be a detoxification pathway
if it is not followed by N-hydroxylation. Ring hydroxylation and conjugation of the
phenols result in detoxification (Kadlubar & Beland, 1985).

The balance between metabolic activation and detoxification varies between indivi-
duals exposed to these genotoxic components of tobacco smoke and is likely to affect
cancer risk because DNA adducts are absolutely central to the carcinogenic process
induced by these agents (Hecht, 1999; Tang et al., 2001). DNA adducts, if unrepaired, can
cause miscoding during replication resulting in permanent mutation.

Cells have DNA repair systems that can remove adducts and restore the DNA to its
normal structure (Memisoglu & Samson, 2000; Pegg, 2000; Hanawalt, 2001; Norbury &
Hickson, 2001). There are interindividual differences in their capacity for DNA repair that
can affect cancer risk (Wei et al., 2000). Moreover, DNA repair systems are not com-
pletely efficient or error-free, and some adducts escape repair and persist in DNA. These
persistent DNA adducts can cause miscoding. For example, when the O6-position of
guanine in DNA is methylated following metabolic activation of NNK, the resulting DNA
adduct, O6-methylguanine, is misread by DNA polymerases as adenine, and thymine is
inserted during replication (Loechler et al., 1984). The consequence is the permanent con-
version of a G:C base pair to an A:T base pair. This mutation and others can activate onco-
genes such as KRAS or inactivate tumour-suppressor genes such as TP53. There are consi-
derable data to indicate that mutations in KRAS and TP53 result directly from the reaction
of these genes with metabolically activated carcinogens (Hecht, 1999). Many genetic ab-
normalities occur during the process of lung cancer induction. These include loss of
heterozygosity, microsatellite alterations, mutations in RAS oncogenes, MYC amplifi-
cation, BCL-2 expression, mutations in the TP53, RB, CDKN2A and FHIT tumour-sup-
pressor genes, expression of telomerase activity and others (Figure 4.2) (Wistuba et al.,
1997; Sekido et al., 1998). Although the temporal sequence of mutations is somewhat
unclear, we do know that carcinogens can, through the process just described, cause irre-
versible damage to critical genes involved in the control of cellular growth. Smokers are
subjected to a chronic barrage of metabolically activated carcinogens that cause these
multiple changes (Figure 4.2). This constant assault on genes is entirely consistent with
genetic derangements that lead to six proposed hallmarks of cancer:

— self-sufficiency in growth signals;
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— insensitivity to anti-growth signals;
— evasion of apoptosis;
— tissue invasion and metastasis;
— sustained angiogenesis; and
— limitless replicative potential (Hanahan & Weinberg, 2000).
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Figure 4.2. Scheme linking cigarette smoke carcinogens with genetic changes in lung
and lung cancer development

Adapted from Hecht (2002a)
This scheme may also apply to other cancers.
A key aspect is the chronic exposure of DNA to metabolically activated carcinogens resulting in the formation
of DNA adducts and consequent genetic changes. This chronic barrage of DNA damage, taking place daily over
a period of many years, is fully consistent with multiple genetic changes in lung cancer (it does not always take
30 years to get lung cancer; it may take only five years). Some cigarette smoke carcinogens may operate
through other mechanisms. The time periods and sequence of genetic changes are uncertain. For further details
see Sekido et al. (1998); Hecht (1999, 2002a).
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Urinary carcinogen metabolites, carcinogen-protein adducts, and carcinogen-DNA
adducts have been used as biomarkers to assess the uptake, metabolic activation and
detoxification of tobacco carcinogens in humans. These are discussed in the following
sections.

(b) Effects of tobacco smoke on human enzyme activities and metabolism
(i) Enzyme induction

In-vivo studies
The induction by tobacco smoke of several phase I and phase II enzymes in human

tissues, including P4501A1, P4501A2, P4502E1 and some isoforms of UDP-glucurono-
syltransferase has been widely reported (Anttila et al., 1991; Guengerich et al., 1991;
Bock et al., 1994). Similarly, the pharmacological interactions between tobacco smoking
and drugs, many of them as a consequence of enzyme induction, have been reviewed
(Zevin & Benowitz, 1999). The consequences of this induction are evident in the altered
rate of metabolism of many drugs and carcinogens (Zevin & Benowitz, 1999). For
example, smoking decreases the activity of H2-receptor antagonists in reducing nocturnal
gastric secretion (Boyd et al., 1983). The metabolic enzymes are also induced by poly-
cyclic aromatic hydrocarbons (PAHs), which may therefore be the components of tobacco
smoke that are largely responsible for its enzyme-inducing activity. Cigarette smoke con-
tains a variety of ligands that bind to the Ah receptor, which is known to mediate
induction of P4501A1 and P4501A2 (Zevin & Benowitz, 1999).

Pulmonary P4501A1 activity (reflected by aryl hydrocarbon hydroxylase (AHH) acti-
vity) is elevated in smokers, and a highly significant correlation between enzyme activity
and levels of PAH–DNA adducts has been reported (Geneste et al., 1991; Alexandrov
et al., 1992). Among smokers, women with lung cancer had higher levels of CYP1A1
mRNA and bulky DNA adducts than men with lung cancer (Mollerup et al., 1999).

Smoking results in induction of P450 activity in the human placenta. Evidence for this
comes from in-vitro experiments in which placental microsomes were incubated with
benzo[a]pyrene in the presence of calf thymus DNA; higher levels of DNA adducts result
from incubation of microsomes of smokers than of those from nonsmokers (Kim et al.,
1992). AHH activity is higher in placental microsomes from women who smoke than
from women who do not, but EH activity is not (Vaught et al., 1979). Placental P450 acti-
vity, as measured by in-vitro oxidation of 7-ethoxyresorufin, was found to be 10- to 30-
fold higher for female smokers than for nonsmokers (Manchester & Jacoby, 1981). In
another study, placental microsomes from 32 female smokers were twice as active in
benzo[a]pyrene metabolism as microsomes prepared from the placentas of 25 non-
smokers, but the in-vitro formation of DNA adducts in the presence of calf thymus DNA
was not significantly higher in smokers (Sanyal et al., 1994). In a recent study, maternal
smoking was found to be significantly associated with levels of placental CYP1A1 mRNA
(p < 0.01) but not with levels of PAH–DNA adducts measured by competitive enzyme-
linked immunosorbent assay (ELISA) (Whyatt et al., 1998).
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In humans, cigarette smoking significantly enhances CYP2E1 activity in alcoholic
patients, as measured by increased metabolism of chlorzoxazone in vivo (Girre et al.,
1994). CYP2E1 bio-activates some substrates in tobacco smoke and other pro-carci-
nogens and several hepatotoxins (Guengerich et al., 1991). 

The levels of three enzymes involved in DNA repair in the peripheral blood cells of
20 smokers and 17 nonsmokers were compared. O6-Alkylguanine–DNA–alkyltransferase
activity was the same in both groups, but the activities of methylpurine (MeP) and 2,6-
diamino-4-hydroxy-5N-formamidopyrimidine–DNA glycosylase were lower in non-
smokers; the difference was statistically significant only for MeP (Hall et al., 1993).
Exposure of human buccal cell cultures to organic extracts of tobacco (bidi) smoke con-
densate and betel leaf decreased O6-methylguanine–DNA methyltransferase activity (Liu
et al., 1997).

In-vitro studies
Although there have been many in-vitro studies of the properties of tobacco

carcinogens, their effects are not always the same as those of the complex mixture of
tobacco smoke. For example, exposure of human U937 cells (human [histiocytic]
lymphoma cell line) to tobacco smoke increased the expression of haeme oxygenase-1
(HO-1) and inhibited the activity of nuclear factor-κB (NF-κB) (Favatier & Polla, 2001).
However, the tobacco-specific nitrosamine NNK activates NF-κB and induces
cyclooxygenase (COX)-1 expression in U937 cells (Rioux & Castonguay, 2000).

(ii) Enzyme inhibition
In-vivo studies

Cigarette smoking has been demonstrated to reduce the level of monoamine
oxidase B in the brain by about 40%, relative to the levels in nonsmokers or former
smokers, although the effect is probably not caused by nicotine. This enzyme plays a key
role in dopamine pharmacokinetics (Fowler et al., 1996a). Measurable reductions in
monoamine oxidase B were not observed when nonsmokers smoked only one cigarette,
implying that the reduction seen in smokers requires chronic exposure and that it may be
a gradual response (Fowler et al., 1999). The activity of the enzyme was also significantly
lower in the platelets of 23 heavy smokers (≥ 20 cigarettes/day) than in those of 41 non-
smokers (p < 0.001) (Yong & Perry, 1986). Smoking cessation resulted in an increase in
the activity of platelet monoamine oxidase B, which started after a week of abstinence and
was approximately back to normal values after 4 weeks. Low baseline activity of mono-
amine oxidase B is related to more intense withdrawal symptoms (Rose et al., 2001).
Similarly, the activity of monoamine oxidase A was markedly reduced (average, 28%) in
the brains of smokers compared with nonsmokers (Fowler et al., 1996b). The emerging
view is that, whereas nicotine does not reduce monoamine (A and B) oxidase activity by
itself, the reduction of this enzyme by other components of tobacco smoke may lead to
the potentiation of nicotine’s effect by slowing down the catabolism of certain neuro-
transmitters, i.e. norepinephrine, dopamine and serotonin (Berlin & Anthenelli, 2001).
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The activity of EH in human lung was measured in samples obtained from patients
undergoing open chest surgery for lung cancer and non-neoplastic pulmonary disease. In
10 ‘non-recent’ smokers (who had not smoked for > 1 month prior to surgery), levels of
cytosolic EH activity, but not of microsomal EH activity, were significantly higher than
in nine ‘recent’ smokers (who had smoked in the month prior to surgery). Cytosolic EH
activity was positively correlated with the number of days since smoking cessation
(p < 0.05) and was inversely correlated with the number of cigarettes smoked per day
(p < 0.01) (Petruzzelli et al., 1992).

Emphysema is associated with decreased levels of α1-antitrypsin, a plasma protease
that inhibits neutrophil elastase activity. Cigarette smoking is associated with a decrease
in neutrophil elastase inhibitory capacity in the lower respiratory tract, increasing the risk
for the development of emphysema (Ogushi et al., 1991). Elastase activity in human
leukocytes can be suppressed in vitro by cigarette smoke extract (Ejiofor et al., 1981).
Serum antioxidant activity is significantly lower in smokers than in nonsmokers and,
although there is a compensatory increase in ceruloplasmin levels, this increase is insuffi-
cient to prevent the suppression of elastase inhibitory capacity of α1-antitrypsin by ciga-
rette smoke extract (Galdston et al., 1984).

In-vitro studies
Numerous studies have reported enzyme inhibition in cultured cells treated with

tobacco smoke, tobacco smoke condensate or extract, or known components of tobacco
smoke. 

A number of tobacco alkaloids, including N-n-octanoylnornicotine and N-(4-
hydroxyundecanoyl) anabasine have been shown to inhibit aromatase activity in cultures
of the human breast cancer cell lines, MDA-MB-231 and SK-BR-3, decreasing the
estrogen biosynthesis (Kadohama et al., 1993). In cultured MA-10 Leydig tumour cells,
tobacco alkaloids (nicotine, cotinine, anabasine) and aqueous extract of cigarette smoke
inhibited progesterone synthesis and cell growth by a cytotoxic mechanism; this
mechanism could reduce fertilization, implantation and early development of human
embryos (Gocze & Freeman, 2000).

The activity of lecithin:cholesterol acyltransferase, which is believed to play a pivotal
role in facilitating high-density lipoprotein-mediated removal of cholesterol from peri-
pheral tissues such as arterial cells, is inhibited in human blood plasma by cigarette smoke
extract and by a number of aldehydes present in tobacco smoke (i.e. acrolein (IARC,
1995a), hexanal, formaldehyde (IARC, 1995b), malonaldehyde (IARC, 1999a) and
acetaldehyde (IARC, 1999b)). The inhibition of the enzyme activity is probably involved
in the mechanism of smoking-induced atherosclerosis (Chen & Loo, 1995). There is evi-
dence that the mechanism for this inhibition is based on the covalent modification of the
two free cysteine residues (Cys-31 and Cys-184) of the enzyme (Bielicki et al., 1995).
Further studies have shown that the activity of another enzyme implicated in protecting
against atherosclerosis, plasma paraoxonase, is also inhibited through modification of its
thiol groups by cigarette smoke extract (Nishio & Watanabe, 1997). However, exposure
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to gas-phase cigarette smoke from four cigarettes over an 8-h period did not inhibit para-
oxonase in human plasma under conditions in which the activity of plasma leci-
thin:cholesterol acyltransferase was inhibited by > 80% and platelet-activating factor
acetylhydrolase by 50% (Bielicki et al., 2001).

Thiol depletion by cigarette smoke may be induced by α,β-unsaturated aldehydes such
as acrolein. The activation of respiratory burst by neutrophils stimulated by phorbol
myristate acetate (PMA) was impaired by exposure to gas-phase cigarette smoke, either
through depletion of cellular glutathione or by inhibition of NADPH oxidase activation.
These effects also occurred when neutrophils were exposed to acrolein (Nguyen et al.,
2001). Subsequent experiments demonstrated that acrolein inhibits neutrophil apoptosis and
that enzymes relevant to this process were either induced by acrolein, e.g. extracellular
signal-regulated kinase (ERK) and p38 mitogen-activated protein kinases (p38 MAPKs), or
their activation was prevented, e.g. caspase-3 (Finkelstein et al., 2001). In human bronchial
fibroblasts, reactive aldehydes such as acrolein have also been shown to be cytotoxic and to
inhibit the DNA repair enzyme O6-methylguanine–DNA methyltransferase, possibly by
reacting with the cysteine thiol group at the active site of the enzyme; no effect on uracil–
DNA glycosylase was observed (Krokan et al., 1985).

The activity of aldehyde dehydrogenase (ALDH) in human blood cells in vitro was
found to be inhibited by cigarette smoke condensate in a dose-dependent manner. This
inhibition was associated with the non-volatile fraction of the condensate. The lower
levels of ALDH activity observed in alcoholics could be due, in part, to smoking, as alco-
holics are frequently also heavy smokers (Helander et al., 1991).

Platelet-activating factor (PAF) (1-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine) is
a potent pro-inflammatory agent whose degradation is regulated by PAF acetyl hydrolase
(PAF-AH), a plasma enzyme. The activity of this enzyme is inhibited in a dose-dependent
manner by cigarette smoke extract, which may explain the increase in plasma PAF con-
centration noted in smokers and may be relevant to the development of smoking-induced
cardiovascular and pulmonary diseases (Miyaura et al., 1992).

(c) Biomarkers of tobacco smoke carcinogens 
(i) Urinary compounds

Urinary carcinogens and their metabolites are practical and useful biomarkers of the
uptake of tobacco smoke constituents. They can provide important information about
exposure to tobacco smoke carcinogens, carcinogen doses and mechanisms of carcino-
genesis. The use of urinary compounds as biomarkers for investigating the links between
tobacco and cancer has been reviewed (Hecht, 2002b). The structures of the compounds
discussed below are illustrated in Figure 4.3. 
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Figure 4.3. Structures of compounds discussed in Section 4.1.1.(c)

From Hecht (2002b)
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trans,trans-Muconic acid (trans, trans-2,4-hexadienedioic acid), S-phenyl-
mercapturic acid and other benzene metabolites

S-Phenylmercapturic acid (S-PMA) and trans,trans-muconic acid (tt-MA) are
believed to be the most sensitive biomarkers for exposure to low levels of benzene (IARC,
1982, 1987; Stommel et al., 1989; van Sittert et al., 1993; Boogaard & van Sittert, 1995,
1996; Qu et al., 2000). A recent review has summarized the literature on this subject
(Scherer et al., 1998). One pathway of benzene metabolism proceeds via ring oxidation
and ring cleavage to trans, trans-muconaldehyde and finally to tt-MA. This metabolite
has been widely used as a biomarker of benzene uptake. Significantly elevated levels of
tt-MA were found in the urine of smokers in 11 of 13 studies (Lee, B.L. et al., 1993;
Melikian et al., 1993; Lauwerys et al., 1994; Melikian et al., 1994; Ong et al., 1994;
Rauscher et al., 1994; Ghittori et al., 1995; Ruppert et al., 1995; Boogaard & van Sittert,
1996; Buratti et al., 1996; Ghittori et al., 1996; Kivistö et al., 1997; Ruppert et al., 1997).
The levels of tt-MA were 1.4–4.8 times higher in smokers than in nonsmokers and the
additional amount of tt-MA excreted by smokers ranged from 0.022 to 0.20 mg/g creati-
nine (Scherer et al., 1998). However, sorbic acid (trans, trans-2,4-hexadienoic acid), a
widely used food preservative that can be transformed metabolically to tt-MA, can also
contribute to background levels of tt-MA, thereby decreasing its specificity as a benzene
biomarker (Scherer et al., 1998; Pezzagno et al., 1999).

S-PMA is formed by normal degradation of the glutathione conjugate of benzene
epoxide. Levels of S-PMA were reported to be significantly higher in smokers
(1.71 µmol/mol creatinine) than in nonsmokers (0.94 µmol/mol creatinine) whereas levels
of tt-MA in smokers and nonsmokers were not significantly different (Boogaard & van
Sittert, 1996). 

Phenol (IARC, 1999c), hydroquinone (IARC, 1999d), catechol (IARC, 1999e) and
1,2,4-trihydroxybenzene are also urinary metabolites of benzene. Mixed results have been
obtained in studies of the relationship of the levels of these metabolites in urine to occu-
pational exposure to benzene because background levels are high (Inoue et al., 1988,
1989; Ong et al., 1995, 1996; Qu et al., 2000). There was no difference in levels of urinary
catechol between smokers and nonsmokers; diet being a major source of these meta-
bolites, the contribution of smoking is comparatively small (Carmella et al., 1982).

1- and 2-Naphthol
1-Naphthol and 2-naphthol (1- and 2-hydroxynaphthalenes) are metabolites of

naphthalene (IARC, 2002) that are excreted in urine as glucuronide and sulfate conju-
gates. The levels of these metabolites are higher in smokers than in nonsmokers (Hansen
et al., 1994; Heikkilä et al., 1995; Jansen et al., 1995; Andreoli et al., 1999; Kim et al.,
1999; Yang, M. et al., 1999; Nan et al., 2001). For example, Nan et al. (2001) found levels
of 3.94 ± 1.89 µmol (geometric mean ± geometric standard deviation)/mol creatinine 2-
naphthol in smokers as opposed to 1.55 ± 2.19 µmol/mol creatinine in nonsmokers
(p < 0.01). There is some indication that urinary naphthols may be particularly appropriate
as biomarkers of inhalation exposure to PAHs, possibly because of the high volatility of
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naphthalene (Jansen et al., 1995; Yang, M. et al., 1999; Nan et al., 2001). It has been
proposed that urinary 2-naphthol is a better biomarker of inhalation exposure than urinary
1-naphthol (Nan et al., 2001), because it correlated more closely with urinary cotinine
level than did 1-naphthol (Yang, M. et al., 1999). Levels of urinary 2-naphthol can be
affected by genetic polymorphisms in carcinogen metabolizing enzymes such as CYP2E1
and GSTM1 (Yang, M. et al., 1999; Nan et al., 2001).

Polycyclic aromatic hydrocarbons
Hydroxyphenanthrenes and phenanthrene dihydrodiols

Phenanthrene (IARC, 1983b, 1987) is the simplest of the PAHs with a bay region and
is a reasonable model for studies of the metabolism of carcinogenic molecules of PAHs
with bay regions. Hydroxyphenanthrenes and phenanthrene dihydrodiols have been quan-
tified in human urine. Heudorf and Angerer (2001), using high-performance liquid chro-
matography (HPLC) with fluorescence detection, reported highly significant differences
in concentrations of 2-, 3- and 4-hydroxyphenanthrene between smokers and nonsmokers
and dose–response relationships to cigarettes smoked per day, but such relationships were
not found with 1-hydroxyphenanthrene. For example, the amounts of 3-hydroxyphenan-
threne were 473 ± 302 ng (mean ± SD)/g creatinine in 100 smokers and 305 ± 209 ng/g
creatinine in 288 nonsmokers (p = 0.001). Jacob et al. (1999) measured phenanthrene
metabolites by gas chromatography–mass spectrometry (GC–MS). They found no signi-
ficant differences in urinary concentrations of hydroxyphenanthrenes or phenanthrene
dihydrodiols between 20 smokers and 10 nonsmokers. [The Working Group noted that the
study size was small.] It should be noted that there are important sources of phenanthrene
exposure other than smoking (Grimmer et al., 1993; Angerer et al., 1997; Grimmer et al.,
1997). 

Jacob et al. (1999) found a lower ratio of phenanthrene-1,2-dihydrodiol to phenan-
threne-3,4-dihydrodiol in the urine of smokers than in nonsmokers suggesting that
smoking induces formation of phenanthrene-3,4-dihydrodiol via induction of P4501A2.
Similar results were obtained by Heudorf and Angerer (2001) who found that the ratio of
1- plus 2-hydroxyphenanthrene to 3- plus 4-hydroxyphenanthrene decreased with
increased number of cigarettes smoked per day. Both studies also reported a decreased
ratio of phenanthrene metabolites to 1-hydroxypyrene with increased smoking, reflecting
greater intake of pyrene than phenanthrene in smokers. 

1-Hydroxypyrene
Pyrene (IARC, 1983c, 1987) is a non-carcinogenic component of all environmental

mixtures of PAHs. The major urinary metabolite of pyrene is 1-hydroxypyrene glucuro-
nide (Sithisarankul et al., 1997). Jongeneelen and colleagues pioneered the development
of a method for measurement of 1-hydroxypyrene in urine (Jongeneelen et al., 1985). It
has been measured in hundreds of studies of occupational and environmental exposure to
PAHs. Several reviews of the data on the effects of smoking have been published
(Jongeneelen, 1994; Van Rooij et al., 1994; Levin, 1995; Heudorf & Angerer, 2001;
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Jongeneelen, 2001). Most studies have measured significantly higher levels of 1-hydroxy-
pyrene in smokers than in nonsmokers. Some representative data from recent investi-
gations of urinary 1-hydroxypyrene are summarized in Table 4.1; these data are from non-
occupationally exposed individuals. The levels of 1-hydroxypyrene in the urine of
nonsmokers vary considerably and are likely to be influenced by environmental pollution
and diet. In most studies, the concentrations of 1-hydroxypyrene in the urine of smokers
are about twice as high as those in the urine of nonsmokers, although greater differences
have been reported. These concentrations may be influenced by genetic polymorphisms
in carcinogen metabolizing enzymes (Alexandrie et al., 2000; Nerurkar et al., 2000; Nan
et al., 2001; van Delft et al., 2001).

Benzo[a]pyrene metabolites
The concentrations of benzo[a]pyrene in cigarette smoke are quite low. In laboratory

animals its metabolites are excreted mainly in the faeces. Therefore, benzo[a]pyrene
metabolites are difficult to quantify in the urine of smokers.

IARC MONOGRAPHS VOLUME 831016

Table 4.1. 1-Hydroxypyrene in the urine of smokers and nonsmokers: selected 
recent studies 

Level of 1-hydroxypyrenea 

Nonsmoker Smoker 

Increaseb Reference 

0.233 µg/g Cc 0.408 µg/g C  1.8-fold Roggi et al. (1997) 
0.55 nmol/L urine 1.04 nmol/L urine  1.9-fold Sithisarankul et al. (1997) 
0.89 µmol/mol C 0.176 µmol/mol C (< 15 cig/day)  2.0-fold Merlo et al. (1998) 
 0.226 µmol/mol C (> 15 cig/day)  2.5-fold  
21.8 µg/24 h 60.3 µg/24 h  2.8-fold Jacob et al. (1999) 
0.25 µg/L urine 0.54 µg/L urine  2.3-fold Pastorelli et al. (1999) 
0.10 µmol/mol Cd 0.17 µmol/mol Cd  1.7-fold Alexandrie et al. (2000) 
0.02 µmol/mol Cd 0.04 µmol/mol Cd  2.0-fold Dor et al. (2000) 
0.04 µmol/mol C 
(average) 

0.20 µmol/mol C (light) 
0.46 µmol/mol C (medium) 
1.16 µmol/mol C (heavy) 

50.0-fold 
11.5-fold 
29.0-fold 

Li, H. et al. (2000) 

0.27 nmol/12 h 0.51 nmol/12 h  1.9-fold Nerurkar et al. (2000) 
0.157 µg/24 h 0.346 µg/24 h  2.2-fold Scherer et al. (2000) 
0.27 µmol/mol C 0.70 µmol/mol C  2.6-fold van Delft et al. (2001) 
0.03 µmol/mol C 0.05 µmol/mol C  1.7-fold Kim, H. et al. (2001) 
0.04 µmol/mol Ce 0.05 µmol/mol Ce  1.3-fold Nan et al. (2001) 
0.11 µmol/mol C 0.57 µmol/mol C  5.2-fold Szaniszló & Ungváry (2001) 

a Arithmetic mean unless otherwise stated 
b All increases statistically significant, except for that in the study of Nan et al. (2001)  
c C, creatinine 
d Median 
e Geometric mean 

pp1005-1080-Section 4.qxd  30/04/2004  11:03  Page 1016



3-Hydroxybenzo[a]pyrene is a major metabolite of benzo[a]pyrene in vitro and is
excreted in urine as its glucuronide. Several methods for quantitation of 3-hydroxybenzo-
[a]pyrene in human urine have been described (Grimmer et al., 1997; Gündel & Angerer,
2000; Simon et al., 2000). In occupationally exposed workers, the levels reported are
quite low, ranging from about 1 to 14 (median value) ng/L urine. Limited data are
available on the levels of 3-hydroxybenzo[a]pyrene in smokers. One small study reported
0.1–0.8 ng/L urine in three smokers as opposed to < 0.1–0.2 ng/L in three nonsmokers
(Simon et al., 2000). In workers in China occupationally exposed to coal smoke, elevated
levels of 3-hydroxybenzo[a]pyrene and 9-hydroxybenzo[a]pyrene have been reported in
the urine (Mumford et al., 1995).

r-7,t-8,9,c-10-Tetrahydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene (trans-anti-BaP-
tetraol) is a hydrolysis product of r-7,t-8-dihydroxy-t-9,10-epoxy-7,8,9,10-tetrahydro-
benzo[a]pyrene, the major established ultimate carcinogenic metabolite of benzo[a]-
pyrene. This metabolite has been quantified in the urine of psoriasis patients treated with
a coal-tar ointment and in coke-oven workers and smokers. Concentrations of trans-anti-
BaP-tetraol in the urine of smokers were lower than in the other two groups, ranging from
not detected to 0.2 fmol/µmol creatinine. It was detected in urine samples of nine out of
21 smokers (Simpson et al., 2000). 

Benzo[a]pyrene metabolites can be converted to benzo[a]pyrene by treatment with
hydrogen iodide. This reaction has been employed as the basis for a technique to deter-
mine urinary metabolites of benzo[a]pyrene and several other PAHs (Becher & Bjørseth,
1983; Becher et al., 1984; Venier et al., 1985; Haugen et al., 1986; Buckley et al., 1995).
In individuals who were not exposed occupationally, the concentrations of benzo[a]-
pyrene measured by this method ranged from 4 to 19 ng/mmol creatinine in nonsmokers
(n = 5) and 18 to 102 ng/mmol creatinine in smokers (n = 4) (Becher et al., 1984). The
disadvantages of this method include different conversion rates for various metabolites
and low analytical recoveries (Buckley et al., 1995).

The presence of an unstable benzo[a]pyrene–DNA adduct, 7-(benzo[a]pyren-6-yl)-
adenine, was reported in the urine of three out of seven smokers and measured in one as
0.6 fmol/mg creatinine (the concentrations were not quantifiable in the other two
smokers) (Casale et al., 2001).

Aromatic amines and heterocyclic aromatic amines
Aromatic amines, but not their metabolites, have been quantified in human urine. In

one study, smokers excreted 6.3 ± 3.7 µg/24 h 2-toluidine (ortho-toluidine, see IARC,
2000), whereas the concentrations in the urine of nonsmokers were 4.1 ± 3.2 µg/24 h, a
non-significant difference (El Bayoumy et al., 1986). Another investigation reported
higher concentrations of ortho-toluidine in the urine of smokers than in that of non-
smokers (0.6 and 0.4 ng/L urine, respectively) (Riffelmann et al., 1995). There appear to
be important sources of human uptake of ortho-toluidine other than cigarette smoke.
Smokers excreted amounts of 4-ABP (78.6 ± 85.2 ng/24 h) similar to those measured in
nonsmokers (68.1 ± 91.5 ng/24 h) and the amounts of 2-aminonaphthalene (2-naphthyl-
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amine) (IARC, 1974, 1987) excreted by smokers (84.5 ± 102.7 ng/24 h) and nonsmokers
(120.8 ± 279.2 ng/24 h) were also similar (Grimmer et al., 2000). 

DNA adducts have been detected by 32P-postlabelling in urinary bladder biopsies and
in exfoliated urothelial cells isolated from the urine of smokers and nonsmokers. At least
four adducts may have been related to smoking, one of which was qualitatively similar to
the N-(deoxyguanosin-8-yl)-4-aminobiphenyl adduct (Talaska et al., 1991a,b). 

Of the heterocyclic aromatic amines found in cigarette smoke, analyses of urinary
metabolites have been carried out on only one, 2-amino-1-methyl-6-phenylimidazo-
[4,5-b]pyridine (PhIP) (IARC, 1993a) (reviewed in Kulp et al., 2000). Most studies have
focused on the effects of diet, but one found no effect of smoking on levels of PhIP in
urine, after adjustment for ethnicity (Kidd et al., 1999).

N-Nitrosamines
N-Nitrosoproline (IARC, 1978b, 1987) and other nitrosamino acids

Ohshima and Bartsch (1981) demonstrated that N-nitrosoproline (NPRO) could be
formed endogenously in humans after the ingestion of proline and nitrate. This finding led
to the development of a test for endogenous nitrosation by measurement of NPRO in the
urine of people who had ingested proline and nitrate, or proline alone with or without
ascorbic acid, an inhibitor of nitrosation (Bartsch et al., 1989). The test is safe because
NPRO is not metabolized and has not been shown to be carcinogenic. The NPRO test has
been applied in several studies designed to compare endogenous nitrosation between
smokers and nonsmokers. The results indicate that endogenous formation of NPRO
occurs in smokers, and that thiocyanate catalysis may be important (Bartsch et al., 1989;
Tsuda & Kurashima, 1991; Tricker, 1997). However, mixed results have been obtained in
population-based studies (Tricker, 1997).

Several other nitrosamino acids are present in human urine. The major ones are N-
nitrososarcosine (NSAR) (IARC, 1978c), N-nitrosothiazolidine 4-carboxylic acid (N-
nitrosothioproline) (NTCA) and trans- and cis- isomers of N-nitroso-2-methylthiazolidine
4-carboxylic acid (NMTCA) (Bartsch et al., 1989; Tsuda & Kurashima, 1991). NTCA and
NMTCA are formed by the reaction of formaldehyde or acetaldehyde with cysteine,
followed by nitrosation. Some studies have demonstrated increased concentrations of
urinary NTCA and NMTCA in smokers (Tsuda & Kurashima, 1991). Total nitrosamino
acids correlated with urinary nicotine plus cotinine in smokers (Malaveille et al., 1989),
but mixed results have been obtained in other studies (Tricker, 1997). Collectively, the
available data support the concept that higher concentrations of nitrosamines can be
formed endogenously in smokers than in nonsmokers under some conditions.

4-(N-nitrosomethylamino)-4-(3-pyridyl)butyric acid (iso-NNAC) was suggested as a
potential monitor of the endogenous nitrosation of nicotine (Djordjevic et al., 1991). iso-
NNAC was found in the urine of four of 20 cigarette smokers (at levels of 44, 65, 74 and
163 ng/day). However, no evidence for its formation after the oral administration of nico-
tine or cotinine to abstinent smokers could be found (Tricker et al., 1993).
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Volatile nitrosamines
Low-molecular-weight nitrosamines such as NDMA and N-nitrosopyrrolidine

(NPYR) (see IARC, 1978d, 1987) are extensively metabolized, but small amounts of the
unchanged compounds have been quantified in urine (Tricker, 1997). One investigation
found that smokers excreted higher levels of NDMA than nonsmokers (Conney et al.,
1986), but two other studies reported no effect of smoking on the amounts of volatile
nitrosamines in urine (Mostafa et al., 1994; van Maanen et al., 1996). 

4-(N-Nitrosomethylamino)-1-(3-pyridyl)-1-butanol, its glucuronides and other meta-
bolites of 4-(N-nitrosomethylamino)-1-(3-pyridyl)-1-butanone (see Figure 4.1)

4-(N-Nitrosomethyl(amino)-1-(3-pyridyl)-1-butanol (NNAL), like NNK, is a pulmo-
nary carcinogen with particularly strong activity in the rat (Hecht, 1998). Glucuronidation
of NNAL at the pyridine nitrogen gives NNAL-N-Gluc while conjugation at the carbinol
oxygen yields NNAL-O-Gluc (Carmella et al., 2002). NNAL-N-Gluc and NNAL-O-Gluc
both exist as a mixture of two diastereomers and each diastereomer is a mixture of S- and
R-rotamers (Upadhyaya et al., 2001). The NNAL glucuronides are collectively referred to
as NNAL-Gluc. 

NNAL and NNAL-Gluc can readily be determined in urine by gas chromato-
graphy–thermal energy analysis (GC–TEA) with nitrosamine-selective detection
(Carmella et al., 1993, 1995; Hecht et al., 1999a). The presence of these metabolites in
human urine has also been established by mass spectrometry methods, but these are less
convenient and sensitive than GC–TEA (Carmella et al., 1993; Parsons et al., 1998;
Carmella et al., 1999; Hecht et al., 2001). The amounts typically excreted are about
1 nmol NNAL/24 h and 2.2 nmol NNAL-Gluc/24 h (Hecht et al., 1999a); unchanged
NNK is not detected. The investigations of NNAL and NNAL-Gluc in the urine of
smokers are summarized in Table 4.2. In all studies to date, these biomarkers have been
found to be absolutely specific to tobacco exposure and have not been detected in the
urine of nonsmokers unless they had been exposed to secondhand tobacco smoke.
Because NNAL is not present in cigarette smoke (see Section 1), the NNAL and NNAL-
Gluc in urine originate from the metabolism of NNK. Most investigations to date have
demonstrated a correlation between NNAL plus NNAL-Gluc and cotinine. The ratio of
NNAL-Gluc:NNAL varies at least 10-fold in smokers and, because NNAL-Gluc is a
detoxification product of NNK whereas NNAL is carcinogenic, this ratio could be a
potential indicator of cancer risk (Carmella et al., 1995; Richie et al., 1997). In human
urine, (R)-NNAL-O-Gluc is the predominant diastereomer of NNAL-O-Gluc (68%)
whereas (R)-NNAL is only slightly in excess (54%) over (S)-NNAL (Carmella et al.,
1999). (R)-NNAL is the more tumorigenic enantiomer of NNAL in A/J mouse lung in
which it is as tumorigenic as NNK (Upadhyaya et al., 1999). NNAL and NNAL-Gluc are
released only slowly from the human body after smoking cessation (Hecht et al., 1999a)
and this finding has been linked to the particularly strong retention of (S)-NNAL
(Upadhyaya et al., 1999) [possibly at a receptor site].
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Table 4.2. 4-(N-Nitrosomethylamino)-1-(3-pyridyl)-1-butanol (NNAL) and its 
glucuronides (NNAL-Gluc) in urine of smokers: biomarkers of 4-(N-nitroso-
methylamino)-1-(3-pyridyl)-1-butanone (NNK) uptake 

Study group Main findings Reference 

11 smokers (9F)a 
7 nonsmokers 

NNAL (0.23–1 µg/24 h (1.1–4.8 nmol/24 h)) and 2 
diastereomers of NNAL-O-Gluc (0.57–6.5 µg/24 h (1.5–17 
nmol/24 h)) identified in urine of smokers, NNAL-GluC in 
1/7b nonsmokers’ urine. NNK not detected 

Carmella et al. 
(1993) 

61 smokers (31F) NNAL and NNAL-O-Gluc: day-to-day levels stable in 
smokers’ urine; NNAL-Gluc: NNAL ratios fairly stable, 
over a 4–5 day period; range of NNAL-Gluc:NNAL ratios 
0.7–10.8 

Carmella et al. 
(1995) 

11 smokers (6F) NNAL + NNAL-O-Gluc increased by 33.5% (p < 0.01) on 
days 2 and 3 when watercress was consumed compared with 
baseline period 

Hecht et al. 
(1995) 

19 smokers NNAL-Gluc:NNAL ratio and NNAL plus NNAL-Gluc 
fairly stable over a 2-year period in one individual 

Meger et al. 
(1996) 

61 smokers (33F) NNAL-Gluc:NNAL ratio higher in Caucasians than African 
Americans  

Richie et al. 
(1997) 

13 smokers (F) Indole-3-carbinol caused significant decreases in levels of 
NNAL and NNAL-Gluc and increased NNAL-Gluc: NNAL 
ratio 

Taioli et al. 
(1997) 

30 smokers (18F) Enantiomeric distribution of NNAL, 54% (R-NNAL); 
diastereomeric distribution of NNAL-Gluc, 68% (R-NNAL) 

Carmella et al. 
(1999) 

27 smokers (13F) NNAL and NNAL-Gluc highly persistent after smoking 
cessation: 34.5% of baseline amount remained after 1 week, 
15.3% after 3 weeks. No effect of nicotine patch use on 
levels or persistence of NNAL or NNAL-Gluc 

Hecht et al. 
(1999a) 

23 smokers (13F) Reduction in smoking caused a significant decrease in 
NNAL-Gluc, but not NNAL 

Hurt et al. 
(2000) 

20 smokers (M) Levels of NNAL and NNAL-Gluc were 1494 ± 1090 and 
1724 ± 946 pmol/day (mean ± SD), respectivelyc 

Meger et al. 
(2000) 

10 smokers (4 F) NNAL-N-Gluc identified in urine, comprises 50 ± 25% of 
total NNAL-Gluc 

Carmella et al. 
(2002) 

a Number and letter in parentheses represent number and sex of subjects; F, female; M, male 
b One nonsmoker appeared to excrete NNAL-O-Gluc (~0.7 µg/24 h); the urine of all the other non-
smokers were negative. 
c [In the original paper, numbers given in the text and table were different; data given in the text are 
reported here.] 
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In rodents, NNK and NNAL undergo metabolic oxidation at the pyridine nitrogen
giving NNK-N-oxide and NNAL-N-oxide, respectively. Both metabolites are less tumo-
rigenic in rodents than NNK and NNAL (Hecht, 1998; Upadhyaya et al., 1999). In
humans, analysis of the urine of smokers for NNAL-N-oxide found that it was present at
lower concentrations than NNAL; NNK-N-oxide was not detected in the urine of
smokers. Thus, pyridine-N-oxidation is a relatively minor detoxification pathway of NNK
and NNAL in humans (Carmella et al., 1997).

4-Hydroxy-4-(3-pyridyl)butanoic acid (hydroxy acid) and 4-oxo-4-(3-pyridyl)buta-
noic acid (keto acid) are metabolites of NNK resulting from the α-hydroxylation meta-
bolic activation pathway. These metabolites were investigated as potential biomarkers of
NNK metabolic activation in humans, but they are also formed from nicotine, which is
1400–13 000 times more abundant in cigarette smoke than is NNK. Since hydroxy acid
is chiral, it was thought possible that one enantiomer would be formed preferentially from
NNK, whereas the other would be produced from nicotine. Studies in rats demonstrated
that this was plausible (Trushin & Hecht, 1999). However, hydroxy acid is a more abun-
dant nicotine metabolite in humans than in rats and consequently even the minor enan-
tiomer, as formed from nicotine, was far greater in concentration than that which would
be produced from NNK. Because of the abundant metabolism of nicotine to hydroxy acid
and keto acid (see Section 4.1.1.e), these metabolites cannot be used as biomarkers of
tobacco-specific nitrosamine metabolism in humans (Hecht et al., 1999b; Trushin &
Hecht, 1999).

Products of oxidative DNA damage
Cigarette smoke contains free radicals and induces oxidative damage (Pryor, 1997;

Arora et al., 2001). The gas phase of freshly generated cigarette smoke contains large
amounts of nitric oxide (NO) and other unstable oxidants. The particulate phase is postu-
lated to contain long-lived radicals which are an equilibrium mixture of semiquinones,
quinones and hydroquinones that causes redox cycling (Pryor, 1997; Hecht, 1999). The
presence of such free radicals and oxidants can lead to oxidative DNA damage resulting
in the formation of products such as 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG)1,
[8-hydroxy-2′-deoxyguanosine (8-OHdG)], thymine glycol, thymidine glycol and 5-
hydroxymethyluracil. Repair of these modified DNA constituents ultimately leads to their
being excreted in urine. 8-OHdG has been quantified frequently in the urine of smokers
and nonsmokers and the results have been reviewed. Cigarette smoking usually results in
modest increases in the levels of 8-OHdG in urine; 16–50% higher than those in non-
smokers, although negative results have also been reported (Loft & Poulsen, 1998;
Priemé et al., 1998; Renner et al., 2000; Besarati Nia et al., 2001). Four weeks of smoking
cessation caused a decrease in the excretion of 8-OHdG by 21% (Priemé et al., 1998). A
longitudinal study showed that intra-individual variation in the levels of urinary 8-OHdG
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was greater than the increase due to smoking, suggesting that there may be a complex
pattern of factors determining the levels of this biomarker in urine (Kasai et al., 2001;
Pilger et al., 2001). No effect of smoking on urinary concentrations of 5-hydroxymethyl-
uracil was observed (Pourcelot et al., 1999).

Thioethers and mercapturic acids
Conjugation of electrophiles with glutathione ultimately results in the excretion of

mercapturic acids (N-acetylcysteine conjugates) in the urine (van Doorn et al., 1979,
1981). A method for determination of total thioethers in urine has been applied in nume-
rous studies comparing smokers and nonsmokers reviewed by van Doorn et al. (1981),
IARC (1986) and Scherer et al. (1996). Cigarette smokers excrete significantly higher
levels of thioethers in urine than nonsmokers. There is considerable interindividual varia-
tion when diet, a major source of sulfur-containing compounds, is not controlled (Aringer
& Lidums, 1988; Scherer et al., 1996). The assay of total thioethers in urine provides no
information about the structure of the electrophiles which are ultimately detected in urine
as conjugates.

More specific methods have been applied to investigate the presence of mercapturic
acids in human urine (Scherer et al., 2001a). 3-Hydroxypropylmercapturic acid, a likely
detoxification product of acrolein, has been detected in the urine of smokers (Mascher
et al., 2001).

Alkyladenines and alkylguanines
Reaction of alkylating agents with DNA results in the formation of alkyladenines and

alkylguanines among other products (Singer & Grunberger, 1983). Alkylation at the
3-position of deoxyadenosine or at the 7-position of deoxyguanosine weakens the glyco-
sidic bond, which readily breaks either spontaneously or is cleaved by glycosylases, ulti-
mately resulting in the excretion of 3-alkyladenines and 7-alkylguanines in urine.
3-Alkyladenines have been more extensively investigated as biomarkers of exposure to
alkylating agents than 7-alkylguanines because background levels in urine are expected to
be lower. However, substantial amounts of 3-methyladenine occur in the diet (Prévost
et al., 1993; Fay et al., 1997). Nevertheless, two controlled studies have demonstrated
increased excretion of 3-methyladenine in the urine of smokers compared with that of
nonsmokers (Kopplin et al., 1995; Prévost & Shuker, 1996). Background levels of
3-ethyladenine are lower than those of 3-methyladenine (Prévost et al., 1993). Two
studies demonstrated convincing increases in urinary concentrations of 3-ethyladenine in
smokers, indicating the presence in cigarette smoke of an unidentified ethylating agent
(Kopplin et al., 1995; Prévost & Shuker, 1996). There was no effect of smoking on the
concentration of 3-(2-hydroxyethyl)adenine in urine (Prévost & Shuker, 1996). One popu-
lation-based study found greater amounts of both 3-methyladenine and 7-methylguanine
in the urine of smokers than of nonsmokers (Stillwell et al., 1991) while a second found
no difference between 3-methyladenine concentrations in smokers and nonsmokers
(Shuker et al., 1991).
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Metals
Large studies in Germany and the USA demonstrated that urinary cadmium increased

with age and smoking (Hoffmann et al., 2000; Paschal et al., 2000). The study in the USA
involved 22 162 participants in the Third National Health and Nutrition Examination
survey (NHANES III 1988–94), and urine cadmium, expressed either as uncorrected
(µg/L) or creatinine corrected (µg/g creatinine), increased with age and smoking (Paschal
et al., 2000). The German study, involving 4021 adults, found that active cigarette
smoking was the predominant factor affecting cadmium concentrations in the blood and
urine of adults. Environmental and occupational exposure to cadmium played only a
minor role (Hoffmann et al., 2000). These results are consistent with those of other studies
of cadmium uptake in smokers (IARC, 1993b). The limited data available do not indicate
consistent significant differences in levels of urinary nickel (IARC, 1990a), chromium
(IARC, 1990b), or lead (IARC, 1980, 1987) between smokers and nonsmokers
(Morimoto et al., 1977; Schaller & Zober, 1982; Minoia et al., 1988; Jin et al., 1997;
Huang et al., 2000).

Conclusion
Representative levels (nmol/24 h) of eight urinary biomarkers discussed here are

summarized in Table 4.3. The amounts of these compounds in urine are generally propor-
tional to the levels of their parent compounds in cigarette smoke, with the possible
exception of 8-OHdG and 3-ethyladenine, the precursors for which are not known. It
should be noted that there are a number of established tobacco smoke carcinogens for
which no urinary biomarkers have been validated. Examples include formaldehyde,
acetaldehyde, 1,3-butadiene (IARC, 1999f), ethylene oxide and vinyl chloride (IARC,
1979, 1987; Hoffmann et al., 2001).

Of the urinary biomarkers discussed here, the following are consistently higher in
smokers than in nonsmokers: tt-MA, S-PMA, 1-naphthol, 2-naphthol, 1-hydroxypyrene,
NNAL and NNAL-Gluc, 8-OHdG, 3-ethyladenine and cadmium. For all of these bio-
markers, analytical methods with the requisite sensitivity and specificity are available, but
only NNAL and NNAL-Gluc have high specificity as biomarkers of exposure to tobacco
smoking because sources other than tobacco smoke, including environmental, dietary and
occupational exposure, can contribute to the urinary concentration of the other possible
biomarkers. Because NNAL and NNAL-Gluc are metabolites of the tobacco-specific
nitrosamine NNK, they are not found in the urine of nonsmokers unless they have been
exposed to environmental tobacco smoke (see the monograph on involuntary smoking,
this volume). It is possible that other sources, such as nicotine replacement products,
could, under certain conditions, contribute to the concentrations of urinary NNAL and
NNAL-Gluc but this has not been demonstrated to date (Hecht et al., 2000). Levels of
NNAL plus NNAL-Gluc of less than 1 pmol/mL of urine have seldom been observed in
smokers whereas the highest levels in nonsmokers exposed to environmental tobacco
smoke seldom exceed 0.4 pmol/mL (Hecht et al., 2001; Hecht, 2002b).
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(ii) Protein adducts in human tissues (blood)
Although proteins are not the target molecules for mutagenic events, protein modifi-

cations can be useful biomarkers because of the greater abundance of proteins than of
DNA and the fact that protein modifications are not subject to enzymatic repair. The rate
of turnover of the proteins and/or of the cells that harbour them implies that carci-
nogen–protein adducts can provide evidence of exposure on a time-scale of up to several
months. In theory, haemoglobin, serum albumin, histones and collagen are suitable
proteins to study for this purpose (Skipper et al., 1994), but in practice only haemoglobin
and albumin have been extensively studied as biomarkers of human exposure to environ-
mental carcinogens. 

Protein adducts are generally detected in one of three ways:
— mass spectrometric detection of the carcinogen moiety after its release from

protein by mild acid or base hydrolysis, or release and detection of the modified
N-terminal valine of haemoglobin;

— immunochemical analysis using antibodies raised against protein adducts; and 
— HPLC with fluorescence detection of the released carcinogen (Phillips & Farmer,

1995).
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Table 4.3. Representative concentrations of biomarkers in urine of smokers 

Biomarker Amount: nmol/24ha Precursor 
(see Section 1) 
[ng/cigarette 
smoke]a 

Reference 

tt-MA [1100] (153 µg/24 h) [6000–70 000]; 
r = 0.65b 

Scherer et al. (2001b) 

2-Naphthol [73c] (7.03 ng/mL) 
(8.49 µmol/mol creatinine) 

[2000–4000] Kim et al. (1999) 

3-Hydroxyphenanthrene [3.1] (598 ng/24 h) [85–620] Jacob et al. (1999) 
1-Hydroxypyrene 1.6 (0.35 µg/24 h) [50–270] Scherer et al. (2000); 

Hecht (2002b) 
trans-anti-BaP-tetraol [0.0008] (0.5 fmol/mL) [9] Simpson et al. (2000) 
NNAL + NNAL-Gluc 3.2d [100–200] Hecht et al. (1999a) 
8-OHdG 25 ? Pilger et al. (2001) 
3-Ethyladenine [0.85] (16–139 ng/24 h) ? Kopplin et al. (1995) 

a [   ], Calculated by the Working Group, on the basis of data given in the cited reference; 
b tt-MA excretion was significantly correlated with the number of cigarettes smoked per day. 
c Estimate based on 1.5 L urine excreted per day 
d NNAL/24 h = 944 pmol; NNAL-Gluc/24 h = 2200 pmol; NNAL + NNAL-Gluc = 3144 pmol/ 
24 h = 3.2 nmol/24 h; correlation with nicotine, r = 0.44 
tt-MA, trans,trans-muconic acid; BaP, benzo[a]pyrene; NNAL, 4-(N-nitrosomethylamino)-1-(3-
pyridyl)-1-butanol; NNAL-Gluc, NNAL glucuronide; 8-OHdG, 8-hydroxy-2′-deoxyguanosine; 
?, unknown 
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The use of protein adducts as biomarkers of human exposure to carcinogens has been
extensively reviewed elsewhere (Strickland et al., 1993; Skipper et al., 1994; Wild &
Pisani, 1998; Poirier et al., 2000).

The entire literature on smoking-related protein and DNA adducts in human tissues
has been produced since the previous IARC evaluation of tobacco smoking (IARC,
1986). These studies are summarized below.

Adducts formed by aromatic amines
In an early study of 22 smokers and 24 nonsmokers, 4-ABP–haemoglobin adducts1

were measured by GC–MS. The adduct levels of smokers were significantly higher than
those of nonsmokers and there was a significant correlation with average number of packs
smoked per day. It is noteworthy that the range of values for smokers (75–256 pg/g
haemoglobin) did not overlap with that for nonsmokers (7–51 pg/g) (Perera et al., 1987).
The absence of overlap was also reported in another study involving 19 smokers (mean,
154 pg/g) and 26 nonsmokers (mean 28 pg/g); the difference between the two groups was
highly significant (p < 0.001). The finding of detectable levels of adducts in all the non-
smokers is consistent with the existence of environmental sources of 4-ABP other than
tobacco smoking (Bryant et al., 1987).

In a group of male volunteers from a case–control study of bladder cancer in Turin,
Italy (Vineis et al., 1984), haemoglobin adducts of 15 different aromatic amines were
measured in nonsmokers and in smokers of blond- or black-tobacco cigarettes. The
smokers of blond tobacco (n = 40) and black tobacco (n = 18), and three subjects who
smoked both types, had significantly higher levels of 4-ABP adducts than 25 nonsmokers.
Furthermore, adduct levels were significantly higher (40–50%) for smokers of black
tobacco (mean, 288 pg/g) than for those of blond tobacco (mean, 176 pg/g). Adduct levels
were found to be correlated with amount smoked per day for all smokers (p = 0.0015) and
this correlation was also significant for smoking blond tobacco only (p = 0.0074). Of
other aromatic amines, the levels of 3-ABP adducts were also significantly elevated in
smokers (p < 0.0001) and associated with numbers of cigarettes smoked by the blond
tobacco users (p = 0.02). The levels of adducts derived from a further five aromatic
amines, 2-naphthylamine, ortho-toluidine, para-toluidine, 2-ethylaniline and 2,4-di-
methylaniline, were significantly higher in the smokers, while those of meta-toluidine,
2,5-, 2,6-, 2,3-, 3,5- and 3,4-dimethylaniline and 3- and 4-ethylaniline were not (Bryant
et al., 1988). In a subsequent analysis, the authors sought explanations for variability
observed between individuals. There appeared to be a distinct difference between the
levels measured for the binuclear compounds and those obtained with the mononuclear
compounds. Correlations between the levels of the three binuclear amines (2-naphthyl-
amine, 4-ABP and 3-ABP) were significant (p < 0.05) and 49/54 of the correlations
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1 [Aminobiphenyls in tobacco have been implicated in bladder cancer etiology in smokers. 3- and 4-ABP–
haemoglobin adduct levels are considered valid biomarkers of the internal dose of ABP to the bladder (Probst-
Hensch et al., 2000).]
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between different mononuclear amines were significant, but only 2/33 correlations
between a binuclear and a mononuclear amine were significant. These results suggest the
existence of two distinct pathways of metabolic activation of aromatic amines and explain
a part, but not all, of the interindividual variation in adduct levels observed (Ronco et al.,
1990).

As part of a validation exercise in a study of 4- and 3-ABP–haemoglobin adducts in
nonsmokers exposed to secondhand smoke (see the monograph on involuntary smoking,
this volume), seven smokers who quit were monitored on the day they stopped smoking
and again at least 2 months later. The mean levels of 4-ABP adducts fell by 75% from
130.4 pg/g at baseline to 33.3 pg/g and the mean level of 3-ABP fell by at least 80% (from
16.0 pg/g to a baseline of 1.7 pg/g) (in four cases levels of 3-ABP fell below the limit of
sensitivity of the assay) (Maclure et al., 1989). A further study of smokers enrolled at a
cessation clinic found that the 34 subjects starting the programme had a mean level of
4-ABP–haemoglobin of 120 ± 7 (SE) pg/g which declined to 82 ± 6 pg/g after 3 weeks.
In the 15 smokers who remained abstinent after 2 months, the level was 34 ± 5 pg/g. The
rate of decline was slightly more rapid than would be expected from the assumption that
erythrocytes have a lifespan of 120 days. There was little correlation between plasma coti-
nine levels and haemoglobin adducts (Maclure et al., 1990). Similar findings were
reported from another study of smoking cessation. The mean level of haemoglobin
adducts at baseline was four-fold higher than the mean value 8 months later. Depending
on the model used, the half-life of the adducts was estimated to be 7–12 weeks (Mooney
et al., 1995).

In a study of 50 nonsmokers, 31 smokers of blond tobacco, 16 smokers of black
tobacco and three pipe smokers, the relationship between smoking blond or black tobacco
and 4-ABP–haemoglobin adduct levels was confirmed (p = 0.0001 in both tests). A linear
relationship between adduct levels and the numbers of cigarettes smoked in the preceding
24 h was also observed. Furthermore, when the subjects were divided into slow and rapid
acetylators (by measuring their urinary excretion of caffeine after administration of a test
dose), it was found that the ratio of adduct levels in slow acetylators to that in rapid
acetylators was 1.6 for nonsmokers, 1.3 for blond-tobacco smokers and 1.5 for black-
tobacco smokers. This approximates to the estimated relative risk of the slow acetylator
phenotype for bladder cancer of 1.3 (95% CI, 1.0–1.7) (Evans, 1986; Vineis et al., 1990).
A further study of this group, as well as confirming these findings, also found that urinary
mutagenicity was associated with the number of cigarettes smoked, but not with the
acetylator phenotype (Bartsch et al., 1990). Subsequently, 4-ABP–haemoglobin adduct
levels in 21 nonsmokers, 11 blond-tobacco smokers and seven black-tobacco smokers
were found to correlate with the total amount of DNA adducts in exfoliated urothelial cells
(p = 0.03) (Talaska et al., 1991b).

In a case–control study of lung cancer with 53 cases (23 smokers) and 56 controls
(18 smokers) (33 with non-cancer pulmonary disease and 23 with non-pulmonary cancer),
levels of 4-ABP–haemoglobin adducts were higher in smokers than in nonsmokers and
reflected recent exposure to tobacco smoke. There was no association between adduct
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levels and lung cancer (Weston et al., 1991). [The control group may have biased the
results.] However, in a case–control study of bladder cancer, the mean adduct level in the
cases (n = 13, all smokers) was significantly higher than in the controls (n = 13, all
smokers) (103 ± 47 [SD] and 65 ± 44 pg/g haemoglobin, respectively; p = 0.04) (Del
Santo et al., 1991).

The levels of 4-ABP-haemoglobin adducts were also significantly higher in pregnant
women who smoked (n = 15) than in those who did not (n = 40) (183 ± 108 and
22 ± 8 pg/g haemoglobin; p < 0.001), respectively, in a study in which levels of the adduct
in fetal blood were also measured (see the monograph on involuntary smoking, this
volume) (Coghlin et al., 1991). Similarly, a study of 74 nonsmokers and an equal number
of smokers measured paired maternal–fetal blood samples. The levels of 4-ABP-haemo-
globin adducts were significantly higher in the smokers, and the ratios of adduct levels in
maternal and fetal cord blood were found to be similar to those reported in the previous
study. There was also a correlation between adduct levels in maternal blood and number
of cigarettes smoked per day (Myers et al., 1996).

In another study comparing 27 pregnant women who smoked with 78 who did not,
significantly higher levels of haemoglobin adducts of 3-ABP (p < 0.001), 4-ABP
(p < 0.001), ortho-toluidine (p < 0.001), para-toluidine (p < 0.001) and 2,4-dimethylani-
line (p < 0.05) were found in smokers than in nonsmokers (Branner et al., 1998).

A study of smokers and nonsmokers, in which an analysis of the haemoglobin adducts
of several aromatic amines was made, revealed significantly higher levels in smokers of
those adducts formed by 4-ABP (p < 0.001), 3-ABP (p < 0.001) and 2,4-dimethylaniline
(p < 0.05), but not of those formed by aniline, ortho-toluidine, meta-toluidine, para-tolui-
dine, 2-ethylaniline or ortho-anisidine (IARC, 1999g). For many of these comparisons,
the number of subjects was small (4–22 smokers, 4–16 nonsmokers) (Falter et al., 1994).

Comparisons of 3- and 4-ABP-haemoglobin adducts in three different racial groups
(white, black and Asian) led, as expected, to the detection of higher levels of both adducts
in 61 smokers than in 72 nonsmokers (these levels were highest in whites, intermediate
in blacks and lowest in Asians). There was also a correlation with the numbers of ciga-
rettes smoked per day (p < 0.0005). Subjects from all three ethnic groups with the slow
acetylator phenotype had higher adduct levels than those in rapid acetylators (2.5-fold
higher for 3-ABP, p < 0.0005; 1.2-fold higher for 4-ABP, p = 0.19) (Yu et al., 1994).

Differences in the levels of 3- and 4-ABP–haemoglobin adducts between men and
women have also been reported. When plotted against number of cigarettes smoked per
day, the slopes of the linear regression lines of adduct levels were significantly steeper for
women than for men in a cohort of 1514 patients with bladder cancer and 1514 matched
controls (p < 0.001 and 0.006 for 3-ABP and 4-ABP, respectively) (Castelao et al., 2001).

In a group of 55 smokers and four nonsmokers, the levels of 4-ABP–haemoglobin
adducts were related to the number of cigarettes smoked, although saturation of adduct
formation was apparent at > 30 cigarettes/day. GSTM1 and NAT2 polymorphisms did not
affect the levels of haemoglobin adducts (Dallinga et al., 1998). The same authors investi-
gated other genetic polymorphisms in 67 smokers and found no overall effects of poly-
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morphisms in NAT1, NAT2, GSTM1 or GSTT1 on 4-ABP–haemoglobin adduct levels,
except that in smokers of < 25 cigarettes/day, NAT2 slow acetylators had significantly
higher adduct levels than fast acetylators (p = 0.03) (Godschalk et al., 2001).

Another study also reported that NAT2 slow acetylators had significantly higher levels
of 4-ABP-haemoglobin adducts than rapid acetylators, but there was no association
between the NAT1*10 genotype and the levels of 3- or 4-ABP–haemoglobin adducts, after
adjustment for NAT2 phenotype. As in previous studies, smokers had significantly higher
levels of 3- and 4-ABP–haemoglobin adducts than nonsmokers and the levels increased
with increasing numbers of cigarettes smoked per day (p < 0.0001) (82 smokers, 321
nonsmokers) (Probst-Hensch et al., 2000).

Adducts formed by polycyclic aromatic hydrocarbons
In a study involving 87 mothers and their 87 children in which PAH–albumin adducts

in the plasma were investigated as a biomarker of the children’s exposure to secondhand
smoke from smoking by their mothers (see the monograph on involuntary smoking, this
volume), it was also noted that adduct levels were significantly higher in the mothers who
smoked than in those who did not (Crawford et al., 1994).

A GC–MS method was used to measure benzo[a]pyrene-diol epoxide (BPDE)–globin
adducts in 10 smokers and 10 nonsmokers. Subjects were also monitored for formation of
globin adducts of chrysene diol epoxide. In both cases the procedure involved measure-
ment of the respective tetrols of PAHs released from globin by acid hydrolysis. Levels of
BPDE adducts in smokers were 2.7-fold higher than those in nonsmokers (p < 0.01);
although the levels of the chrysene diol epoxide adducts were 1.25-fold higher in smokers,
this difference was not statistically significant (p = 0.06) (Melikian et al., 1997). 

BPDE adducts with both haemoglobin and serum albumin were determined by
GC–MS of tetrols released by acid hydrolysis in a study of 44 men with incident lung
cancer. Individuals who were positive for haemoglobin adducts (n = 6) all had detectable
albumin adducts, but not vice versa (24 subjects were positive for albumin adducts).
Those who were carriers of a CYP1A1 variant allele were more frequently positive for
albumin adducts (p = 0.03) and those with two ‘slow’ mEH alleles had a lower frequency
of these adducts (Pastorelli et al., 1998).

In another study, 27 smokers were found to have significantly higher levels of BPDE–
albumin adducts (p < 0.05) and non-significantly higher levels of BPDE–haemoglobin
adducts than 42 nonsmokers (Scherer et al., 2000) (see also the monograph on involuntary
smoking, this volume).

Adducts formed by tobacco-specific nitrosamines (TSNA)
Treatment of NNK– or NNN–haemoglobin adducts with mild bases releases

4-hydroxy-1-(3-pyridyl)-1-butanone (HPB), which is derivatized to its pentafluoro-
benzoate, which is detectable by GC–MS after purification. The mean value in 40 smo-
kers was 79.6 ± 189 fmol HPB/g haemoglobin (undetectable in 11 individuals; limit of
detection, 5 fmol/g), whereas that in 21 nonsmokers was 29.3 ± 25.9 fmol/g (undetectable
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in four individuals) [statistical significance not stated]. The HPB levels in 22 snuff
dippers were 517 ± 538 fmol/g, i.e. significantly higher than those in smokers
(p < 0.0001). No relationship was apparent between HPB levels in smokers and levels of
plasma cotinine or number of cigarettes smoked (Carmella et al., 1990).

In a comparison of 20 smokers and 15 nonsmokers, the HPB levels derived from
haemoglobin were significantly higher in smokers (69.2 ± 43.9 versus 34.4 ± 16.0 fmol/g
haemoglobin; p < 0.005) (Falter et al., 1994).

In another study of 18 smokers and former smokers and 52 never-smokers, the levels
of HPB–haemoglobin adducts were significantly higher in the smokers (26 ± 12 [SD]
fmol HPB/g haemoglobin) than in never-smokers (19 ± 8 fmol/g) (p = 0.02). No diffe-
rences were found between the sexes or between current smokers and former smokers
[duration of smoking cessation not stated] (Atawodi et al., 1998).

Significantly higher levels of haemoglobin adducts of TSNA (p < 0.001) were found
in pregnant women who smoked than in pregnant women who did not smoke (Branner
et al., 1998).

Adducts formed by other compounds
Ethylene (IARC, 1994b) is a major gaseous constituent of tobacco smoke that

converts, via ethylene oxide, the N-terminal valine of haemoglobin to N-(2-hydroxy-
ethyl)valine (HOEtVal). The level of this adduct correlates linearly with the alkylating
activity occurring in DNA: 10 pmol HOEtVal/g globin corresponds to 0.33 pmol adduct/g
DNA (Farmer et al., 1987; Bono et al., 1999). In 11 smokers who smoked more than 20
cigarettes/day, the levels of HOEtVal in haemoglobin were in the range 217–690 pmol/g
haemoglobin (mean ± SD, 389 ± 138), whereas in 14 nonsmokers the range was
27–106 pmol/g (58 ± 25). It is noteworthy that there was no overlap in values between the
two groups (Törnqvist et al., 1986). In a controlled experiment, two volunteers who were
regular smokers (of 29 and 18 cigarettes/day, respectively) abstained from smoking for
7 days and then resumed. From the measurements of levels of HOEtVal before stopping,
7 days after stopping and 7 days after resuming, the investigators calculated that in the
smoker of 29 cigarettes/day, each cigarette smoked increased the level of HOEtVal by
0.12 pmol/g globin. For the smoker of 18 cigarettes/day, the increase was 0.08 pmol/g
(Granath et al., 1994).

In a study of 26 smokers and 24 nonsmokers, the background levels of HOEtVal in
the nonsmokers averaged 49.9 pmol/g haemoglobin (range, 22–106). In the smokers, the
levels were significantly higher by an estimated 71 pmol/10 cigarettes/day (Bailey et al.,
1988).

As part of a maternal–fetal comparison of HOEtVal in haemoglobin (see the mono-
graph on involuntary smoking, this volume), samples from 10 pregnant women who did
not smoke and 13 pregnant women who smoked 15 or more cigarettes/day were analysed.
In nonsmokers, 63 ± 20 (mean ± SD) pmol/g haemoglobin were measured, whereas in the
smokers, the levels were 361 ± 107 pmol/g (p < 0.01) (Tavares et al., 1994).
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In a study of 146 adults (82 men and 64 women), 44 smokers were reported to have
significantly higher levels of HOEtVal in haemoglobin than did 74 nonsmokers and 29
self-reported passive smokers (mean ± SD: 59.5 ± 53, 17 ± 21 and 17 ± 23 pmol/g haemo-
globin, respectively). Linear regression analysis of adduct levels and the number of ciga-
rettes smoked per day showed a highly significant correlation coefficient (r = 0.63,
p < 0.0001). The adduct levels were also significantly higher in men than in women (mean
value 2.2-fold higher, p = 0.00001) (Bono et al., 1999).

Ethylene oxide is a substrate for GSTT1. To determine whether polymorphisms in
GSTT1 modulate HOEtVal formation, blood samples from 10 women (one smoker) and
17 men (five smokers) were analysed. The median level of the adduct was 5.6-fold higher
in smokers than in nonsmokers, but no correlation with daily cigarette consumption was
found. GSTM1 and GSTT1 genotypes did not influence the adduct levels in the smokers,
although the GSTT1 genotype did influence the adduct levels in nonsmokers (a two-fold
higher median HOEtVal value was detected in GSTT1-null individuals than in GSTT1-
positive individuals) (Müller et al., 1998).

The effect of GSTT1 was also investigated in a study involving 14 nonsmokers, 16
smokers of one pack of cigarettes a day and 13 smokers of two packs a day. HOEtVal
levels increased with increasing number of cigarettes smoked, and the differences
between the three groups were statistically significant. In addition, levels of N-(2-cyano-
ethyl)valine (CEVal), which is formed from acrylonitrile, were also significantly corre-
lated with increasing smoking in these subjects. HOEtVal and CEVal levels were found to
be significantly correlated in smokers (p = 0.003). There was no effect of GSTM1 or
GSTT1 genotypes on the levels of CEVal in any of the groups or of GSTM1 on HOEtVal
levels; however, GSTT1-null individuals had higher levels of HOEtVal compared with
GSTT1-positive individuals (slope of regression line 50% higher) (Fennell et al., 2000).

A study of the effects of exposure to acrylamide and acrylonitrile in laboratory
workers (smokers and nonsmokers) included the measurement of ethylene oxide–
haemoglobin adducts. The mean levels of adducts from acrylamide, acrylonitrile and
ethylene oxide in 10 smokers were 116, 106 and 126 pmol/g, respectively; these levels
were significantly higher than those in eight nonsmokers (31, < 2 and 17 pmol/g, respec-
tively). In smokers, the levels of acrylamide, acrylonitrile and ethylene oxide adducts
correlated with the number of cigarettes smoked per day (Bergmark, 1997).

Two other studies have reported on acrylonitrile–haemoglobin adducts in smokers. In
the first, four smokers had 75–106 pmol CEVal/g haemoglobin (mean, 88) whereas in four
nonsmokers the levels were all below the limit of detection of 20 pmol/g (Osterman-
Golkar et al., 1994). In the second study, 13 mothers who smoked had adduct levels in the
range 92.5–373 pmol/g haemoglobin (mean ± SD: 217 ± 85.1), but the levels in 10 non-
smoking mothers were below the limit of detection (1 pmol/g). In the smokers, there was
a linear correlation with number of cigarettes smoked per day (p = 0.02) and also with the
levels of the adducts in their newborn babies (see the monograph on involuntary smoking,
this volume) (Tavares et al., 1996).
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A study was conducted in 43 Chinese workers exposed to benzene and 44 unexposed
controls. The haemoglobin and albumin adducts of two metabolites, benzene oxide and
1,4-benzoquinone, were measured in these subjects. Tobacco smoking was found to have
an additive effect on 1,4-benzoquinone–albumin formation (p = 0.034), but not on
benzene oxide–albumin formation (p = 0.23) (Yeowell-O’Connell et al., 2001).

Human haemoglobin contains relatively high background levels of N-methylvaline,
which could limit its sensitivity as a biomarker of exposure to environmental carcinogens.
However, in a study of 11 pairs of monozygotic twins discordant for tobacco smoking,
both HOEtVal and N-methylvaline were found to be higher in the smokers than in the
nonsmokers. In the smokers the levels of HOEtVal and N-methylvaline were 143 ± 24
(mean ± SE) and 268 ± 13 pmol/g haemoglobin, respectively, and in the nonsmokers
15.6 ± 1.9 and 225 ± 11 pmol/g, respectively. Thus, the levels of N-methylvaline adduct
were significantly different between smokers and nonsmokers (p = 0.006) and there was
a highly significant correlation with the number of cigarettes smoked per day (p < 0.001)
(Törnqvist et al., 1992).

Similarly, levels of N-methylvaline were found to be higher in a group of 32 smokers
than in a group of 37 nonsmokers (mean ± SD: 1546 ± 432 versus 1175 ± 176 pmol/g
haemoglobin; p < 0.001); for the smokers there was also a linear correlation between
adduct levels and the number of cigarettes smoked per day (p < 0.001). An increment of
42 pmol/g haemoglobin per cigarette per day was calculated. A significant difference
between smokers and nonsmokers in levels of HOEtVal was also observed in this study
(Bader et al., 1995).

Because cigarette smoke contains reactive species that can cause oxidative and nitra-
tive damage in cellular macromolecules, samples of plasma protein from 52 lung cancer
patients (24 smokers, 28 nonsmokers) and 43 control subjects (18 smokers, 25 never-
smokers) were analysed for nitrotyrosine and carbonyl groups as markers of nitration and
oxidation, respectively. The quantities of nitrated proteins were significantly higher in the
patients than in the controls (p = 0.003), but were not related to smoking status. In
contrast, the amounts of oxidized proteins were higher in smokers (p < 0.001), but were
not related to disease status (Pignatelli et al., 2001).

(iii) DNA adducts and other types of DNA damage in human
tissues

The induction of DNA damage, frequently in the form of chemically stable adduct
formation, is an early and essential step in the sequence of events by which genotoxic
carcinogens initiate the carcinogenic process. The detection of DNA adducts in human
tissues is therefore a useful and appropriate means to assess human exposure to such
agents and several different procedures have been used for this.

• 32P-Postlabelling analysis, in which DNA is digested and the resultant carci-
nogen-modified nucleotides are radiolabelled enzymatically with [32P]ortho-
phosphate, provides a sensitive method that requires no prior knowledge of the
structures of the adducts formed. A common feature of the postlabelled DNA
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obtained from cells or tissues exposed to complex mixtures of carcinogens, such
as tobacco smoke, is the appearance of a diagonal radioactive zone (DRZ) seen
when the material is resolved by two-dimensional thin-layer chromatography.
Although the material in the DRZ has not been fully characterized, its properties
are compatible with those of a complex mixture of aromatic and/or hydrophobic
DNA adducts.

• Another method used to detect DNA adducts in human tissues employs antibodies
raised against DNA or nucleotides modified by various carcinogens. Immuno-
histochemistry allows locating of adducts within a tissue specimen and measure-
ment of the intensity of fluorescent staining permits a semi-quantitative estimate
of adduct levels.

• Fluorescence detection of adducts in DNA, or of products released from DNA by
hydrolysis, has been used for carcinogens that have strongly fluorescent pro-
perties, for example PAHs.

• Mass spectrometry has been used for the chemical-specific detection of certain
adducts in DNA samples.

• Electrochemical detection has been used for some smaller DNA lesions, for
example 8-OHdG, formed in DNA by oxidative processes.

The uses, strengths and limitations of the various techniques have been extensively
described (Beach & Gupta, 1992; Strickland et al., 1993; Weston, 1993; Phillips, 1997;
Kriek et al., 1998; Wild & Pisani, 1998; Poirier et al., 2000). Earlier studies of tobacco-
related DNA adducts in human tissues have also been reviewed (Phillips, 1996).

Respiratory tract
Lung and bronchus

Many studies have been published comparing the levels and characteristics of DNA
adducts in the lung and bronchus of smokers and nonsmokers. These studies are sum-
marized in Table 4.4.

In most of these studies, significantly elevated levels of DNA adducts were detected
in the peripheral lung, bronchial epithelium or in cells obtained by bronchial lavage of the
smokers. This is the case for total bulky DNA adducts (as detected by the 32P-postlabelling
method) and for DNA adducts detected by more chemical-specific methods including
HPLC/fluorescence and GC–MS. However, the levels of 4-ABP-DNA adducts in lung did
not correlate with smoking status (Culp et al., 1997). In some studies in which smoking
status was not known, but was inferred from plasma cotinine levels (indicating smoking
habit at the time of death of the subjects), there was a poor correlation with the detection
of only one specific type of adduct, such as 7-methyldeoxyriboguanosine (7-MedG) (Kato
et al., 1995; Blömeke et al., 1996) or those formed by benzo[a]pyrene (Weston &
Bowman, 1991; Kato et al., 1995).

Some studies have found a linear correlation between adduct levels and daily or life-
time consumption of cigarettes (Phillips et al., 1988, 1990a; Dunn et al., 1991; Asami
et al., 1997) but, in other studies, no such relationship was found (Godschalk et al., 1998;
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Table 4.4. Studies of smoking-related DNA adducts in human lung and bronchus. Non-tumorous tissue was 
analysed except where indicated. 

Study Tissue Method of analysis Number of subjects Outcome 

Randerath et al. 
(1986) 

Bronchus 32P-Postlabelling 1 smoker 
1 nonsmoker 

Detection of DRZ from bronchial DNA in smoker only 
(> 1.5 packs/day for > 20 years, stopped smoking 
3 months before his death) 

Phillips et al. 
(1988) 

Lung 32P-Postlabelling 17 smokers 
7 former smokers 
5 nonsmokers 

Adduct levels significantly higher in smokers. Linear 
relationship between levels and cigarettes smoked/day 

Randerath et al. 
(1989) 

Lung, 
bronchus 

32P-Postlabelling 7 smokers 
3 former smokers 
1 nonsmoker 

DRZ detected in smokers’ lungs in a dose-dependent 
manner (2/3 former smokers are tobacco chewers) 

Weston et al. 
(1989a) 

Lung (tumour 
and normal 
tissue) 

Synchronous 
fluorescence 
spectroscopy 

5 lung tumours and 
4 matching normal tissues 

Only 1/4 normal tissues positive for BPDE–DNA. Lung 
tumour tissues negative 

Phillips et al. 
(1990a) 

Bronchus 32P-Postlabelling 37 smokers 
8 former smokers 
8 nonsmokers 

Adduct levels in smokers significantly higher than in 
former and nonsmokers. Among smokers, correlation 
found between adduct levels and smoke exposure 

Van Schooten 
et al. (1990a) 

Lung (tumour 
and normal 
tissue) 

32P-postlabelling, 
ELISA 

13 smokers 
8 former smokers (5 tumo-
rous; 16 non-tumorous 
tissues) 

DRZ detected in all non-tumorous tissue and 4/5 
tumours. BPDE–DNA adducts in 3 tumorous and 4 non-
tumorous tissues. ELISA positive for 5 non-tumour 
tissues and 3 tumours. Poor correlation between adduct 
levels and smoking among current smokers  

Dunn et al. 
(1991) 

Bronchus 32P-Postlabelling 28 smokers 
40 former smokers 
10 nonsmokers 
(biopsies of both tumour 
tissue and normal tissue 
available for 4 former 
smokers and 1 smoker) 

DRZ observed in all smokers, 24/40 former smokers and 
4/10 nonsmokers. Among smokers, levels correlated 
with smoke exposure. DRZ generally similar in 
tumorous and normal tissues except in 2 former smokers 
out of 5 for whom adduct levels were substantially 
higher in tumours 
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Study Tissue Method of analysis Number of subjects Outcome 

Foiles et al. 
(1991) 

Lung, tracheo-
bronchus 

GC–MS for 4-
hydroxy-1-(3-
pyridyl)-1-butanone 
after acid hydrolysis 

9 smokers, 8 nonsmokers 
(lung); 4 smokers, 
4 nonsmokers (bronchus) 

TSNA–DNA adducts measured by HPB levels were 
higher in smokers for both tissues studied (lung, 11 ± 16 
versus 0.9 ± 2.3 fmol/mg DNA, 7/9 positive versus 1/8 
in nonsmokers; tracheobronchus, 16 ± 18 versus 0.9 ± 
1.7, 2/4 positive versus 1/4).  

Geneste et al. 
(1991) 

Lung 32P-Postlabelling 19 smokers 
4 former smokers 

Smokers had significantly higher adduct levels, which 
correlated with AHH inducibility 

Izzotti et al. 
(1991) 

Alveolar 
macrophages 

Synchronous 
fluorescence 
spectroscopy 

16 smokers 
4 recent smokers 
6 former smokers 
13 nonsmokers 

BPDE–DNA detected in 84.6% (11/13 pooled from the 
16) smokers and 2/4 recent smokers, but not in former or 
nonsmokers 

Weston & 
Bowman (1991) 

Lung Synchronous 
fluorescence 
spectroscopy 

20 adults 
5 infants 

BPDE–DNA adducts detected in 6/25 samples; levels 
did not correlate with serum cotinine levels. 

Alexandrov 
et al. (1992) 

Lung HPLC/fluorescence or 
32P-postlabelling 

11 smokers 
2 former smokers 

BPDE–DNA detected in 9/11 smokers and 2/2 former 
smokers. Linear correlation noted between the 2 adduct 
methods 

Routledge et al. 
(1992) 

Lung 32P-Postlabelling 16 smokers 
7 former smokers 
14 nonsmokers 

Adduct levels significantly higher in smokers and 
former smokers than in nonsmokers 

Gallagher et al. 
(1993a) 

BAL cells 32P-Postlabelling 5 smokers 
11 nonsmokers 

Adduct levels 1.7-fold higher in smokers 

Mustonen et al. 
(1993) 

Bronchus 32P-Postlabelling  13 smokers 
7 nonsmokers 

7-Methylguanine–DNA adduct levels were significantly 
higher in smokers than in nonsmokers. For 5 smokers, 
lung adduct levels correlated with lymphocyte adduct 
levels. 
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Table 4.4 (contd) 

Study Tissue Method of analysis Number of subjects Outcome 

Schoket et al. 
(1993) 

Bronchus 32P-Postlabelling 45 smokers 
37 former smokers 
16 nonsmokers 

Levels in smokers and short-term former smokers were 
significantly greater than in long-term former smokers 
and nonsmokers. Weak association found between 
adduct levels and daily cigarette consumption 

Ryberg et al. 
(1994) 

Lung 32P-Postlabelling 49 smokers (38 male) 
14 nonsmokers (7 male) 

Significantly higher levels of adducts in smokers than 
nonsmokers. Women had higher levels than men after 
adjusting for smoke exposure. Linear regression analysis 
showed that adduct levels are inversely related to the 
number of years of smoking among male lung cancer 
patients. 

Kato et al. 
(1995) 

Lung 32P-Postlabelling  90 autopsies There was no correlation between levels of adducts 
(7-MedGMP or PAH-dGMP) and serum cotinine levels. 
Higher 7-MedGMP levels were associated with CYP2E1 
minor alleles (p = 0.05) and CYP2D6 genotype 
(p = 0.01). 

Sherman et al. 
(1995) 

BAL cells DNA single-strand 
breaks by fluor-
escence analysis of 
DNA alkaline 
unwinding 

11 smokers 
11 nonsmokers 

Alveolar macrophages from smokers had 35 ± 3% 
double stranded DNA, as against 41 ± 5% for 
nonsmokers. 

Wiencke et al. 
(1995) 

Lung 32P-Postlabelling 6 smokers 
10 former smokers 
(≤ 1 year) 
15 former smokers 
(> 1 year) 

Correlation with adduct levels in blood mononuclear 
cells (mean value 2.5-fold higher in lung) 
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Table 4.4 (contd) 

Study Tissue Method of analysis Number of subjects Outcome 

Andreassen 
et al. (1996) 

Lung 32P-postlabelling or 
fluorescence 

26 smokers 
11 former smokers 
2 nonsmokers 
(tumour and non-tumorous 
tissues from 39 lung cancer 
patients) 

Heavy smokers (> 20 cigarettes/day) had significantly 
higher levels of adducts in DRZ than light smokers. 
Using 32P, DRZ adducts were detected in 37 samples, 
and 33/37 samples had detectable adducts. Using 
fluorescence IAC, BPDE–DNA adducts were detected 
in 11/39 samples. 

Blömeke et al. 
(1996) 

Lung 32P-Postlabelling 10 autopsies Levels of 7-MedG adduct did not correlate with 
smoking exposure at time of death (plasma cotinine 
levels). 

Petruzzelli et al. 
(1996) 

BAL cells 32P-Postlabelling 10 smokers 
10 former smokers 
10 nonsmokers 

7-MedG was detected in 7/10 smokers, 2/10 former 
smokers and 2/10 nonsmokers. Levels of 7-MedG in 
smokers were significantly different (p = 0.028) from 
former smokers and nonsmokers. Adduct levels did not 
correlate with number of cigarettes smoked per day. 

Asami et al. 
(1997) 

Lung HPLC/ECD  14 smokers 
7 former smokers 
9 nonsmokers 

8-OHdG levels significantly higher in smokers than in 
nonsmokers; linear correlation with number of cigarettes 
smoked (daily and cumulative) 

Culp et al. 
(1997) 

Lung 32P-Postlabelling, 
ELISA, GC/MS 

14 smokers 
11 former smokers 

Levels of 4-ABP-DNA adducts in lung tissue did not 
correlate with smoking status. 

Ryberg et al. 
(1997) 

Lung 32P-Postlabelling 70 smokers Mean adduct levels increased significantly according to 
GSTP1 genotype AA<AG<GG (n = 25, 35, 10, 
respectively; p = 0.01, AA versus AG; p = 0.02, AA 
versus GG). 

Godschalk et al. 
(1998) 

BAL cells 32P-Postlabelling 78 smokers 
23 nonsmokers 

Adduct levels in BAL cells did not correlate with 
smoking (pack–years) after correcting for age. 
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Study Tissue Method of analysis Number of subjects Outcome 

Lodovici et al. 
(1998) 

Lung HPLC/fluorescence 12 smokers 
6 former smokers 
21 nonsmokers 

BPDE–DNA adduct levels in smokers and former 
smokers significantly higher than in nonsmokers 
(p < 0.05) 

Rojas et al. 
(1998) 

Lung HPLC/fluorescence 20 smokers BPDE DNA adduct levels were higher in 2 individuals 
with GSTM1 null and CYP1A1 MspI variant genotypes. 

Schoket et al. 
(1998) 

Bronchus 32P-Postlabelling 82 smokers 
25 short-term former 
smokers (< 1 year) 
20 long-term former 
smokers (> 1 year) 
23 nonsmokers 

Adduct levels significantly higher in current and short-
term former smokers than in long-term former and 
nonsmokers. Adduct levels are the same in 66 male and 
16 female current smokers. Apparent half-life of adducts 
~1.7 years. Adduct levels did not correlate with daily 
cigarette dose or with GSTM1 or CYP1A1 MspI 
genotypes. 

Butkiewicz 
et al. (1999) 

Lung 32P-Postlabelling 120 smokers 
22 former smokers 
23 nonsmokers 

PAH adduct levels significantly higher in smokers than 
in former and nonsmokers. High adduct levels (upper 
quartile) significantly associated with CYP1A1 Ile-Val 
allele carriers in individuals who were GSTM1 null 
(n = 86) 

Mollerup et al. 
(1999) 

Lung 32P-Postlabelling 122 smokers (29 women) 
37 nonsmokers (13 women) 

Adduct levels significantly higher in women than in men 
(p = 0.047 before adjustment for pack–years, p = 0.0004 
after adjustment). Lung expression of CYP1A1 
(15 women, 12 men) was significantly higher in women 
(p = 0.016) and in both sexes the correlation between 
CYP1A1 expression and adduct levels was significant 
(p = 0.009). 
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Table 4.4 (contd) 

Study Tissue Method of analysis Number of subjects Outcome 

Wiencke et al. 
(1999) 

Lung 32P-Postlabelling 57 smokers 
79 former smokers 
7 nonsmokers 

Smokers had significantly higher adduct levels than 
former smokers. Age of commencing smoking was 
associated with adduct levels in former smokers, but not 
in current smokers. Good correlation noted between 
DNA adduct levels in blood mononuclear cells and lung 
tissues 

Cheng et al. 
(2000) 

Lung 32P-Postlabelling 73 cancer cases (32 
smokers, 38 nonsmokers) 
33 non-cancer controls 
(11 smokers, 
22 nonsmokers) 

DNA adduct levels were significantly higher in cases 
than in controls, but not higher in smokers than in 
nonsmokers. Adduct levels not influenced by CYP1A1 
MspI or GSTM1 genotypes. 

Piipari et al. 
(2000) 

BAL cells 32P-Postlabelling 31 smokers 
16 nonsmokers 

PAH–DNA adduct levels 3-fold higher in smokers than 
in nonsmokers (p < 0.001) and correlated with number 
of cigarettes smoked daily. Smokers with high levels of 
CYP3A expression had higher adduct levels (p < 0.002). 

Schoket et al. 
(2001) 

Bronchus 32P-Postlabelling 94 smokers and short-term 
former smokers (≤ 1year) 

Evidence for a weak influence of some combinations of 
CYP and GST genotypes on adduct levels 

DRZ, diagonal radioactive zone; BPDE, benzo[a]pyrene diol epoxide; ELISA, enzyme-linked immunoassay; AHH, aryl hydrocarbon hydroxylase; 
GC–MS, gas chromatography/mass spectrometry; TSNA, tobacco-specific nitrosamines; HPB, 4-hydroxy-1-(3-pyridyl)-1-butanone; HPLC, high-per-
formance liquid chromatography; BAL, bronchio-alveolar lavage; 7-MedGMP, 7-methyl-2′-deoxyriboguanosine-3′-monophosphate; PAH, polycyclic 
aromatic hydrocarbons; IAC, immunoaffinity chromatography; 7-MedG, 7-methyl-2′-deoxyriboguanosine; 4-ABP, 4-aminobiphenyl; ECD, electro-
chemical detection; 8-OHdG, 8-hydroxydeoxyguanosine 
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Schoket et al., 1998). In one study in a group of male smokers with lung cancer, a linear
regression analysis showed that adduct levels were inversely related to the number of
years of smoking (Ryberg et al., 1994). Mean levels of adducts in former smokers
(usually with an interval of at least 1 year since smoking cessation) were generally found
to be intermediate between the levels found in smokers and in life-long nonsmokers.
From these comparisons, the half-life of adducts in the lung is estimated to be 1.7 years
in bronchial tissue from former smokers (Schoket et al., 1998). This is somewhat longer
than would be estimated from a consideration of the biochemical processes of DNA repair
and the rate of cell turnover, and may be a consequence of the slow clearance of
carcinogen-containing tar and particulate deposits from the lung, resulting in continued
metabolic activation of tobacco carcinogens after smoking cessation.

In a study in Norway, adduct levels were higher in the lungs of women smokers than
in those of men, a difference that was greater after adjustment for intensity of smoking
(Ryberg et al., 1994; Mollerup et al., 1999). However, in a study in Hungary, adduct
levels in male and female smokers with lung cancer were found to be the same (Schoket
et al., 1998).

Larynx
32P-Postlabelling analysis of DNA from larynx mucosa revealed the presence of

hydrophobic adducts (DRZ) in 21 smokers but not in four nonsmokers. The ability of both
the nuclease P1 digestion and the butanol extraction procedures to detect these adducts
suggested that they were formed primarily by PAHs rather than aromatic amines. Adduct
levels correlated with levels of P4501A1, 2C and 3A4, but not with levels of P4502E1
and 2A6 (Degawa et al., 1994).

Another study compared adduct levels in laryngeal tumours with those in non-tumour
tissue from 43 patients, 38 of whom were smokers. Adduct levels, as determined by 32P-
postlabelling, were higher in tumour tissue than in normal tissue, and the few non- or
former smokers had lower levels than the smokers (differences were not significant)
(Szyfter et al., 1994). In a subsequent study, 32P-postlabelling analysis was used to measure
levels of 7-alkylguanine in DNA from laryngeal biopsies. In larynx tumour tissues, the
levels reported in heavy smokers (> 40 cigarettes/day) were 2.5-fold higher than those in
moderate smokers (~20 cigarettes/day) and 5.5-fold higher than in nonsmokers and former
smokers. There was a significant correlation between 7-alkylguanine levels and aro-
matic/hydrophobic adduct levels in these tissue samples (Szyfter et al., 1996).

An immunohistochemical study of laryngeal biopsies from 38 patients, using anti-
bodies against 4-ABP–DNA adducts, included analyses of tumours (9), polyps (28) and
surrounding tissue (1). The investigators noted a significantly higher staining intensity of
polyps and surrounding tissue from smokers than of that from nonsmokers, but the diffe-
rences between tumour tissue from smokers and nonsmokers were not significant [limited
number of samples]. The study showed that 4-ABP–DNA adducts, related to smoking
exposure, are formed in the larynx (Flamini et al., 1998).
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An analysis of laryngeal tumour biopsies from 33 patients was carried out by 32P-post-
labelling. DNA from tumour tissue, non-tumour tissue and the interarytenoid area was
analysed separately. Large interindividual differences in adduct levels were reported, with
highest levels in the interarytenoid area. Adduct levels were reported to be correlated with
age (the highest levels in all tissues were noted in the 50–60-year and 60–70-year age
groups), sex (28 of the patients were men, five were women; adduct levels were higher in
the men), cigarette smoking (all patients were smokers, 19 smoked 20 cigarettes/day, 14
smoked 30–40) and stage of tumour progression (p values were not reported)
(Banaszewski et al., 2000).

Sputum
DNA isolated from sputum, induced by inhalation of nebulized saline solution, was

compared in a group of 20 smokers and 24 nonsmokers using the nuclease P1 digestion
method of 32P-postlabelling analysis. All smokers, but only one nonsmoker, showed a
DRZ in their adduct patterns, and adduct levels were significantly higher in smokers than
in nonsmokers (3.1 ± 1.4 versus 0.6 ± 0.8/108 nucleotides; p = 0.0007) (Besarati Nia et al.,
2000a). The same authors also found that the adduct levels in the induced sputum of nine
smokers (monitored on three occasions) were significantly higher than those in nine non-
smokers (monitored once) (Besarati Nia et al., 2000b). When immunohistochemical
analysis of induced sputum was carried out, the cells of 20 smokers were found to have
significantly greater intensity of staining when using antibodies against 4-ABP–DNA than
the cells of 24 nonsmokers (p = 0.001), but not when BPDE–DNA antibodies were used
(p = 0.07) (Besarati Nia et al., 2000c).

Oral and nasal cavities
In two early 32P-postlabelling studies of DNA from oral mucosal cells, varying

amounts of a variety of aromatic and/or hydrophobic adducts were seen in smokers and
nonsmokers, but none of them were specific to exposure to tobacco smoke (Dunn & Stich,
1986; Chacko & Gupta, 1988).

DNA from clinically normal oral tissue (mucosa) from patients undergoing surgery
for intraoral squamous-cell carcinoma was analysed by 32P-postlabelling using both
nuclease P1 digestion and butanol extraction enhancement methods. Both the range and
levels of adducts measured were greater with the latter method, and the mean level of
adducts in the smokers (n = 19 + 1 pipe smoker) was statistically significantly higher than
that in the four former smokers and nine nonsmokers combined (Jones et al., 1993). A
comparison between DNA obtained from oral biopsies and from buccal mucosa from the
same individuals showed that there was a good correlation between adduct levels from the
two sources, with a significantly higher level of adducts in DNA from 20 smokers than
that from 10 nonsmokers (Stone et al., 1995).

In a small study of nasal mucosal DNA from nine smokers, two former smokers and
10 nonsmokers, 32P-postlabelling analysis detected the DRZ in eight of the smokers, one
of the former smokers and one of the nonsmokers. The mean adduct level in smokers was
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significantly higher than that in the nonsmokers (p < 0.01; 4.8 versus 1.4/108 nucleotides
using the nuclease P1 digestion) and a linear relationship between adduct levels and daily
cigarette consumption was observed among the smokers (Peluso et al., 1997). In another
study, the levels of DNA adducts detected by 32P-postlabelling analysis in nasal cells from
six smokers were also significantly higher than the levels in cells of 14 nonsmokers (mean
value, 17.0 versus 6.8/108 nucleotides) (Zhao et al., 1997).

Using a 32P-postlabelling method to detect cyclic adducts such as 1,N2-propanodeoxy-
guanosine, possible products of the reaction of tobacco smoke constituents such as
acrolein (A) and crotonaldehyde (C) with DNA, significantly higher levels of each of
three such adducts (AdG, CdG1 and CdG2) were detected in the DNA of gingival tissue
of 11 smokers than in that of 12 nonsmokers; the total levels of the adducts were 4.4-fold
higher in smokers than in nonsmokers (Nath et al., 1998).

Using the alkaline comet (single-cell gel electrophoresis) assay to detect DNA strand
breaks in exfoliated buccal cells, significantly higher DNA migration was found to occur
in the cells of 11 smokers than in those of nine nonsmokers (Rojas et al., 1996).

A study of exfoliated oral cells from healthy volunteers used an immunohisto-
chemical technique to stain cells with antibodies raised against BPDE–DNA adducts. The
intensity of staining was significantly greater in cells from 33 smokers than in those from
64 nonsmokers, and increased intensity of staining was observed with increasing number
of cigarettes smoked per day by the smokers (Romano et al., 1999a). Similar results were
obtained in another study that used this technique. Both buccal cavity and mouth floor
cells were investigated; staining intensity in both cell types was found to be significantly
higher in 26 smokers than in 22 nonsmokers (Besarati Nia et al., 2000d). When antibodies
to 4-ABP–DNA adducts were used, staining intensity was also found to be significantly
higher in the exfoliated oral cells of 12 smokers than in those of 12 nonsmokers (Romano
et al., 1997).

Immunohistochemical staining of human oral mucosal cells, using antibodies against
BPDE–DNA adducts, revealed significantly higher intensities of staining in 16 smokers
than in 16 matched nonsmokers (Zhang et al., 1995). A second study, using antibodies
against BPDE–DNA adducts or against 4-ABP-modified DNA in exfoliated oral cells,
showed significantly higher levels of DNA damage in 20 smokers than in 20 matched
nonsmokers for both DNA adducts (Hsu et al., 1997). Subsequently, an analogous ana-
lysis using antibodies to malonaldehyde–DNA adducts has demonstrated higher levels of
this adduct, derived from lipid peroxidation, in the oral mucosal cells of 25 smokers than
in 25 matched nonsmokers (Zhang et al., 2002).

Urogenital tissues
Bladder

Investigations of the presence of smoking-related DNA adducts in bladder cells have
made use of autopsy and biopsy specimens and of exfoliated epithelial cells excreted in
urine.

TOBACCO SMOKE 1041

pp1005-1080-Section 4.qxd  30/04/2004  11:03  Page 1041



When the levels of DNA adducts were determined in bladder biopsy samples using
32P-postlabelling with both butanol extraction and nuclease P1 enhancement procedures,
the mean levels of several specific adducts were higher in 13 smokers than in 20 former
smokers and nine never-smokers; some adducts were present at similar levels in all groups
and thus were not smoking-related. One of the smoking-related adducts was chroma-
tographically identical to the major adduct formed in DNA by 4-ABP (Talaska et al.,
1991a).

Exfoliated urothelial cells recovered from the urine of 39 of 73 individuals yielded
sufficient DNA for 32P-postlabelling analysis (21 from nonsmokers, 18 from current
smokers). The DNA was found to contain several DNA adducts, of which at least four
were present in the DNA of smokers at levels 2–20 times higher than those in the DNA
of nonsmokers. One of these corresponded chromatographically to N-(deoxyguanosin-8-
yl)-4-ABP (Talaska et al., 1991b). In a further study of the same subjects, two DNA
adducts detected in exfoliated uroepithelial cells were found to be specifically associated
with smoking and with the levels of 4-ABP–haemoglobin adducts (Vineis et al., 1996).

In a study of bladder biopsies of 20 bladder cancer patients and of exfoliated bladder
cells of 36 healthy individuals, a dose–response relationship between smoking levels and
adduct levels was found for both groups [statistics not given and the sizes of the groups
studied were small]. The levels of adducts were not higher in the cases than in the controls
(Talaska et al., 1994).

Bladder tissue samples taken at autopsy from 56 individuals were analysed by 32P-post-
labelling of DNA. A positive but weak association (p = 0.09) between adduct levels and
tobacco smoking was found, and there was a correlation between the levels of adducts in
lung and bladder (p < 0.01, Spearman rank correlation test) (Routledge et al., 1992) (see
also Table 4.4).

A comparison of the adducts detected by 32P-postlabelling in bladder biopsies from 30
smokers with those from 24 nonsmokers revealed that, overall, adduct levels were not
significantly different between the two groups; 3–5-fold higher levels of adducts were
detected by the butanol extraction procedure than by nuclease P1 digestion, implying a
preponderance of aromatic amine-like adducts over those formed by PAHs. In a more
detailed analysis, however, the level of one minor DNA adduct was found to be twice as
high in samples analysed from 17 smokers than in those from eight nonsmokers
(p < 0.005, one-tailed) (Phillips & Hewer, 1993).

Biopsy samples from human bladder were subjected to immunohistochemical analysis
with antibodies to 4-ABP–DNA adducts to determine the relationship between smoking
history and intensity of staining. The adduct levels were significantly higher in 24 current
smokers than in 22 nonsmokers (p < 0.0001). There was also a linear relationship between
mean levels of adduct staining and number of cigarettes smoked per day (Curigliano et al.,
1996). In another study using the same technique, higher levels of 4-ABP–DNA adducts
were also observed in bladder specimens from 30 smokers than in those from 41 former
smokers and 24 nonsmokers, but the statistical significance of this difference was
borderline (p = 0.07) (Romano et al., 1999b). 

IARC MONOGRAPHS VOLUME 831042

pp1005-1080-Section 4.qxd  30/04/2004  11:03  Page 1042



Immunohistochemical staining of human exfoliated urothelial cells from urine, using
antibodies to BPDE–DNA adducts or to 4-ABP–DNA adducts, revealed significantly
higher (p < 0.0005) intensities of staining in 20 smokers than in 20 matched nonsmokers
in both cases (Hsu et al., 1997).

The presence of 3-alkyladenines in human urine was determined in two smokers who
underwent a period of voluntary abstinence from smoking. In one subject, the excretion
of 3-ethyladenine was significantly lower on nonsmoking days (p < 0.01). Smoking-
dependent differences in levels of 3-methyladenine were apparent only when volunteers
consumed a diet low in 3-alkyladenines during the study period. Thus, although both
adducts are produced by alkylating agents in tobacco smoke, natural dietary levels of 3-
methyladenine make this an insensitive biomarker of smoking (Prévost & Shuker, 1996).

In a study of depurinated adducts of benzo[a]pyrene in urine, detectable levels of
BaP-6-N7 Ade1 were found in the urine of three of seven smokers (not quantifiable but
detectable up to 0.1–0.6 fmol/mg creatinine), but not in the urine from any of 13 non-
smokers (Casale et al., 2001).

The comet assay was used to analyse urinary bladder cells for DNA damage. A signi-
ficant increase in comet tail moments for 18 smokers and former smokers was found as
compared with 12 nonsmokers (p < 0.03) (Gontijo et al., 2001).

In a study of oxidative DNA damage measured by 8-OHdG excretion in urine, 30
smokers were reported to have levels of the nucleoside that were 50% higher (corrected
for body weight) than 53 nonsmokers (Loft et al., 1992).

Taken together, the studies analysing DNA adducts in bladder tissue or exfoliated uro-
thelial cells demonstrate that smoking-related formation of DNA adducts is detectable, but
that some of the adducts present derive from other sources of environmental carcinogens.

Cervix
A pilot study of DNA isolated from cervical scrapes of 22 women and analysed by the

butanol extraction enrichment procedure of 32P-postlabelling showed the presence of the
DRZ and higher levels of adducts in three of nine smokers than in 13 nonsmokers
(Phillips et al., 1990b). In a subsequent study, sufficient DNA was isolated from 33 of 38
cervical smear samples and subjected to 32P-postlabelling analysis. Adduct levels were
significantly higher in the DNA from 18 smokers than in that from 15 nonsmokers
(Simons et al., 1995).

Using DNA isolated from cervical biopsies, 32P-postlabelling analysis with butanol
extraction was carried out on samples from 39 women (11 smokers, seven former
smokers and 21 never-smokers). Adduct levels were significantly higher in the smokers
and former smokers than in the nonsmokers (p = 0.048). Exclusion of those women
whose urinary cotinine levels did not confirm their self-reported nonsmoking status
(n = 7) increased the differences in levels of adducts between smokers and nonsmokers
(p = 0.03) (Simons et al., 1993).
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A study of cervical biopsy samples from 35 women (19 smokers, five former smokers
and 11 nonsmokers) found that DNA adduct levels, determined by 32P-postlabelling ana-
lysis with the butanol extraction procedure, were significantly higher in the smokers than
in the nonsmokers (p = 0.002), and an intermediate mean value was obtained for the
former smokers (Phillips & Ni She, 1993). This study population was subsequently
increased to 22 smokers, four former smokers and 14 nonsmokers and analysed by both
butanol extraction and nuclease P1 digestion procedures of 32P-postlabelling. Adduct
levels were significantly higher in smokers when the former procedure was used
(p = 0.005), but not with the latter (Phillips & Ni She, 1994). The lack of a difference
between smokers and nonsmokers using nuclease P1 digestion was also reported in
another small study in women not using oral contraceptives (15 smokers, eight non-
smokers) (King et al., 1994). However, in another larger study, 32P-postlabelling analysis
using nuclease P1 digestion found significantly higher levels (p = 0.07) in DNA from
histologically normal cervical biopsy tissue from 48 current smokers than in that from 48
non-current smokers (non-current smokers included nonsmokers, former smokers and
passive smokers) (Ali et al., 1994).

Immunohistochemical analysis of human cervical cells, using antibodies against
BPDE–DNA adducts, demonstrated significantly higher staining intensity (p = 0.04) in
smears from 16 smokers than in smears from 16 nonsmokers (Mancini et al., 1999).

GC–MS analysis of BPDE–DNA adducts in cervical epithelial cells found that the
level of adducts was approximately twofold higher in seven smokers than in seven non-
smokers and this difference was statistically significant (p = 0.02) (Melikian et al., 1999).

Other tissues
Breast

In a pilot study, a total of 31 samples of human breast tissue were analysed by 32P-
postlabelling using nuclease P1 digestion to determine the levels of aromatic/hydrophobic
DNA adducts. The breast tissues included samples from tumours and from tissues adja-
cent to tumours from 15 women with breast cancer and four samples from women who
had had reduction mammoplasties. The characteristic DRZ was detected in tumorous and
non-tumorous tissues from five of 15 cancer patients, all of whom were current smokers.
None of the eight former smokers and nonsmokers displayed this pattern (p < 0.01)
(Perera et al., 1995).

Another 32P-postlabelling study using nuclease P1 digestion of aromatic DNA adducts
was conducted on normal (non-tumour) breast tissue from 87 breast cancer patients under-
going mastectomy and from 29 women who did not have cancer (controls) undergoing
reduction mammoplasty. The characteristic DRZ was detected in 29 of 87 normal tissues
from breast cancer patients (17/17 smokers, 5/8 former smokers, 4/52 nonsmokers, 3/10
with unknown smoking status), and in two of 10 control tissues. In addition, a benzo[a]-
pyrene-like DNA adduct was observed in 36 normal adjacent breast tissue samples (27 of
them from nonsmokers) from cancer patients and its presence was not significantly asso-
ciated with smoking (Li et al., 1996). 
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Higher levels (p = 0.0001) of DNA adducts putatively derived from malonaldehyde
and detected by 32P-postlabelling using nuclease P1 digestion were determined in tissue
adjacent to tumours from 51 breast cancer patients than in tissue from 28 controls (under-
going reduction mammoplasty). The levels of these adducts were also associated with the
previously detected benzo[a]pyrene-like DNA adduct (see above), but were significantly
lower in smokers than in former smokers and in nonsmokers (Wang et al., 1996).

Immunohistochemical staining intensity of breast tumour tissue using antibodies
against BPDE-DNA adducts was not significantly different between 35 smokers, 72
former smokers who had smoked one cigarette or more per day for 6 months or longer
and 75 nonsmokers. However, among smokers and former smokers, there was a trend
towards higher intensities of staining with greater levels of exposure or earlier age at
starting smoking (Santella et al., 2000). Positive staining using antibodies against
BPDE–DNA adducts was also obtained with tissue samples from 48 patients with breast
tumours and tissue samples from 30 patients with benign disease (with higher adduct
levels being found in tissues from patients with benign breast disease than in cancer
tissues). This study was carried out on inhabitants of Upper Silesia, a region of Poland
that has been subject to high levels of environmental pollution. However, in neither group
of patients were staining intensities higher in smokers than in nonsmokers (Motykiewicz
et al., 2001). 

In a study of PAH–DNA adducts in breast tumour tissue from 119 cancer patients and
from 108 patients with benign breast disease, immunohistochemical analysis indicated a
significant association between adduct levels and breast cancer, but there was no
relationship between smoking status, stage or tumour size and adduct levels (Rundle
et al., 2000).

Pancreas
32P-Postlabelling analysis of 20 pancreatic tumours and 13 samples of normal tissue

adjacent to the tumour, using nuclease P1 digestion, led to the detection of significantly
higher levels of DNA adducts in the normal tissues surrounding the tumour than in either
the tumour tissue or in normal pancreatic tissue from five patients with non-pancreatic
cancer and 19 previously healthy organ donors who served as controls. Two novel clusters
of adducts were observed: 11/13 in adjacent normal tissues from pancreatic cancer
patients, 12/20 in tumour tissues and 2/24 in normal pancreatic tissues from controls. The
presence of these adducts was positively correlated with smoking status (Wang et al.,
1998).

Another study that used fluorescence spectral analysis for the presence of BPDE–
DNA adducts in pancreatic samples revealed no detectable levels in any of 11 samples
(six from smokers) (Alexandrov et al., 1996).

Colon
Fluorescence spectral analysis of samples of colon mucosa for the presence of

BPDE–DNA adducts resulted in their detection in three of four samples from smokers and
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one of three samples from nonsmokers. Adduct levels were estimated to be in the range
0.2–1.0 adducts/108 nucleotides (Alexandrov et al., 1996).

Stomach
Tumour DNA from 26 patients (18 smokers) with gastric cancer was analysed for

DNA adducts using 32P-postlabelling with butanol extraction. In men only, the numbers
of DNA adducts were found to be significantly higher in the samples from 14 smokers
than in that from four nonsmokers (Dyke et al., 1992). [The Working Group noted that the
number of nonsmokers was small.]

Placenta and fetal tissue
In the first study of placental DNA for the presence of DNA adducts, 32P-postlabelling

analysis and ELISA with antibodies against BPDE–DNA adducts were used. The use of
the ELISA found a small but non-significant increase in adducts in placental tissue from
smokers when compared with the numbers found in nonsmokers. Using 32P-postlabelling
analysis, one particular DNA adduct was found to be present in the DNA from 16 of 17
smokers, but in only three of 14 nonsmokers (Everson et al., 1986). In a subsequent study
using 32P-postlabelling, up to seven different adducts were detected in 53 specimens of
human placental tissue, three of these adducts were found ‘almost exclusively’ in smokers
(Everson et al., 1988).

The combined use of immunological, fluorescence spectroscopic and mass spectro-
metric methods has led to the detection and characterization of BPDE–DNA adducts in
human placental DNA and also provided evidence for the presence of adducts formed by
other PAHs (Weston et al., 1989b; Manchester et al., 1990). Synchronous fluorescence
spectroscopy for the detection of BPDE–DNA adducts gave positive results in 10 of 28
human placental samples, but there was no correlation with smoking status (Manchester
et al., 1988). In a subsequent study, five of seven placentas from smokers and three of nine
from nonsmokers gave positive results when analysed for these adducts (Manchester
et al., 1992).

Placental DNA from five smokers was found to contain adduct levels, detected as a
DRZ by 32P-postlabelling, 1.8-fold higher than that in placental DNA from five non-
smokers (4.3 ± 1.7 versus 2.3 ± 0.4 adducts/108 nucleotides) (Gallagher et al., 1993a)
[statistical significance not stated].

Using 32P-postlabelling with nuclease P1 digestion, DNA adducts were detected in
DNA from placenta and umbilical cord regardless of whether or not the mothers were
smokers. Adduct levels were significantly higher in maternal than in fetal tissue (and were
higher in placenta than in umbilical cord) and, combining data for all tissues, total levels
of DNA adducts were significantly higher in eight smokers than in 11 nonsmokers.
Although individual tissues showed a trend towards increased levels of adducts in
smokers, the differences were not statistically significant (Hansen et al., 1992, 1993).
DNA adducts derived from PAHs were detected by a competitive ELISA in six of 14
placentas and in five of 12 matched fetal lung samples from spontaneous abortions. None
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of the samples were from women who reported smoking during pregnancy; thus smoking
was not a likely source of the adducts (Hatch et al., 1990). However, in another study
using ELISA with antibodies against BPDE–DNA adducts, a linear correlation was found
between levels of adducts and levels of urinary cotinine for both placental DNA and
umbilical cord DNA, the former tissue having the higher adduct levels. Overall, adducts
were detected in 13 of 15 placental samples and 12 of 15 samples of umbilical cord blood
from smokers and three of 10 placental samples and one of 10 samples of umbilical cord
from nonsmokers (Arnould et al., 1997).

When placental DNA was analysed both for bulky DNA adducts by 32P-postlabelling
with nuclease P1 digestion and for 8-OHdG by electrochemical detection, neither method
showed a difference between 11 smokers, 10 nonsmokers and nine nonsmokers who were
exposed to secondhand smoke (Daube et al., 1997).

Thus, although some studies indicate the presence of smoking-related DNA adducts
in human placenta, overall the association between smoking status and adduct levels,
determined by a variety of different methods, is weak. The results appear to indicate that
there are significant sources of environmental carcinogens other than tobacco smoke that
result in DNA adducts being formed in this tissue.

Sperm
In a study in which sperm DNA from 12 heavy smokers (> 20 cigarettes/day), 12

moderate smokers (1–19 cigarettes/day) and 12 nonsmokers was subjected to 32P-post-
labelling analysis, no discernible differences were observed between the patterns or levels
of DNA adducts between the three groups of subjects (Gallagher et al., 1993b).

However, immunohistochemical analysis of sperm, with antibodies against BPDE–
DNA adducts showed significantly higher intensity of staining in the sperm of 11 smokers
than in the sperm of 12 nonsmokers (Zenzes et al., 1999a). Furthermore, in-vitro fertil-
ization experiments using sperm from smokers and oocytes from nonsmoking partners
suggested that there was transmission of benzo[a]pyrene-modified DNA to the embryos
(Zenzes et al., 1999b). In related studies, granulosa-lutein cells from women undergoing
in-vitro fertilization were analysed. Immunostaining for BPDE–DNA adducts was
confined to the nucleus and was significantly greater in cells from 14 smokers than in
those from seven passive smokers and 11 nonsmokers (Zenzes et al., 1998) (see also the
monograph on involuntary smoking, this volume).

The sperm DNA of 28 smokers contained levels of 8-OHdG about 1.5 times higher
than that of 32 age-matched nonsmokers, a difference that was statistically significant
(6.19 ± 1.71 versus 3.93 ± 1.33 8-OHdG/105 dG, p < 0.001) (Shen et al., 1997). The same
authors reported a correlation between sperm defects and levels of 8-OHdG in sperm
DNA, indicating that this lesion is useful for assessing sperm quality and male fertility
(Shen et al., 1999). 

In another study, the sperm DNA of smokers (n = 35) was found to be more sensitive
to acid-induced denaturation (p < 0.02) and to possess higher levels of DNA strand breaks
(p < 0.05) than that of nonsmokers (n = 35) (Potts et al., 1999).
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Cardiovascular tissues
In a pilot study investigating the presence of DNA adducts by 32P-postlabelling in a

number of human tissues at autopsy, the DRZ characteristic of smoking-related DNA
damage was observed in heart tissue from two smokers, but not in that of a nonsmoker
who chewed tobacco. Moreover, of all the tissues examined, which included lung and
bronchus, the levels of adducts were highest in heart tissue (Randerath et al., 1989). A
study comparing 32P-postlabelling, HPLC-fluorescence detection of BPDE–DNA adduct
hydrolysis products and synchronous fluorescence spectroscopy (SFS) detection of the
same products demonstrated that all three methods were capable of detecting DNA
adducts in atherosclerotic lesions in smooth muscle of human abdominal aorta. However,
because of the limited number of samples investigated (four from smokers, three from
former smokers), no conclusion could be drawn regarding the origins of the adducts
detected (Izzotti et al., 1995a). Another study measured DNA adducts by 32P-postlabelling
with nuclease P1 digestion in the thoracic aorta of 133 victims of sudden or accidental
death. Those with significant atherosclerotic changes and for whom atherosclerosis was
classified as the main cause of death were designated as 76 cases, those with few athero-
sclerotic changes as 57 controls. Smoking status was determined by measuring cotinine
levels in plasma. Levels of bulky aromatic DNA adducts were significantly higher in the
cases than in the controls, but when smokers and nonsmokers were compared, significant
differences were observed in the controls, but not in the cases (Binková et al., 2001).

Immunohistochemical staining of endothelial and smooth muscle cells of blood
vessels using antibodies against BPDE–DNA adducts resulted in higher intensity of the
endothelial cells. However, the correlation with smoking habits among the 33 subjects
studied (samples from nine of 11 smokers showed positive staining, compared with 12 of
22 nonsmokers) was not statistically significant (Zhang et al., 1998).

In a study of DNA from the right atrial appendage of 41 patients undergoing open
heart surgery, the levels of aromatic DNA adducts detected by 32P-postlabelling with
nuclease P1 digestion were significantly higher in 15 smokers than in 15 former smokers
(p < 0.01) and in 11 nonsmokers (p < 0.001). A significant linear relationship between
adduct levels and daily cigarette smoking was observed in the smokers (Van Schooten
et al., 1998).

Blood cells
Although nucleated peripheral blood cells are not generally considered to be target

cells for tobacco-induced tumorigenesis, the relative ease with which they can be obtained
from human subjects, when compared with many target organs, has led to a large number
of studies exploring the differences between cells from smokers and nonsmokers. The
studies in which smoking-related DNA adducts have been determined in blood cells are
summarized in Table 4.5.

The picture that emerges from these many studies is an inconsistent one. Measure-
ments made in the longer-lived cells (lymphocytes and monocytes) are more likely to
reveal significant differences between smokers and nonsmokers than measurements made
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Table 4.5. Studies of smoking-related DNA adducts in human blood cells 

Study Blood cellsa Method of analysis Number of subjects Outcome 

Perera et al. 
(1987) 

WBC ELISA 22 smokers 
24 nonsmokers 

BPDE–DNA adducts detected in 5/22 smokers and 
7/24 nonsmokers 

Perera et al. 
(1989) 

WBC ELISA 81 lung cancer cases 
(38 smokers, 43 former and 
nonsmokers) 
67 controls (19 smokers, 
48 former and nonsmokers) 

For cases, 19/38 smokers and 21/43 former and 
nonsmokers were positive for PAH–DNA adducts; for 
controls, 9/19 smokers and 27/48 former and 
nonsmokers were positive. Current smokers who were 
cases had higher (0.35) adduct levels than controls who 
smoked (0.14). But PAH–DNA adduct formation was 
unrelated to number of cigarettes smoked. 

Holz et al. 
(1990) 

Monocytes 32P-Postlabelling + 
nuclease P1 
enhancement 

5 smokers In a controlled experiment, smoking caused the 
formation of DNA adducts. Not all adducts observed 
were smoking-related. 

Jahnke et al. 
(1990) 

Lymphocytes 32P-Postlabelling 11 smokers 
15 nonsmokers 

Differences in distribution of lipophilic DNA adducts 
between smokers and nonsmokers not significant 

Kiyosawa 
et al. (1990) 

WBC HPLC/ECD 10 smokers 10 minutes after smoking 2 cigarettes, 8-OHdG adduct 
levels in volunteers were increased 1.5-fold (p < 0.05). 

Phillips et al. 
(1990a) 

WBC 32P-Postlabelling 31 smokers 
20 nonsmokers 

Adduct levels not significantly different in smokers and 
nonsmokers 

Van Schooten 
et al. (1990b) 

WBC ELISA 44 controls 30% of controls had detectable BPDE–DNA adducts. 
Smokers had significantly higher adduct levels than 
nonsmokers (11/28 versus 2/16).  

Savela & 
Hemminki 
(1991) 

Lymphocytes, 
granulocytes 

32P-Postlabelling 
with nuclease P1 
enhancement 

11 smokers 
10 nonsmokers 

DNA adducts in lymphocytes of smokers significantly 
higher (p < 0.05) than in those of nonsmokers. 
Differences in granulocytes not significant 
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Table 4.5 (contd) 

Study Blood cellsa Method of analysis Number of subjects Outcome 

Mustonen & 
Hemminki 
(1992) 

WBC, 
lymphocytes, 
granulocytes 

32P-Postlabelling 10 smokers 
10 nonsmokers 

DNA adduct levels as 7-methylguanine residues were 
significantly higher in smokers in all 3 cell populations. 
Adduct levels highest in lymphocytes and lowest in 
granulocytes 

Santella et al. 
(1992) 

Mononuclearb 
cells 

ELISA 63 smokers 
27 nonsmokers 
(all males) 

BPDE–DNA adduct levels were higher in smokers 
(70%) than in nonsmokers (22%). DNA adduct levels 
in smokers did not correlate with number of 
cigarettes/day or pack–years. 

Van Schooten 
et al. (1992) 

WBC 32P-Postlabelling, 
ELISA 

39 lung cancer patients Adduct levels were not significantly associated with 
smoking status, or with adduct levels in lung tissue 
(matching tissue for 20 subjects). 

Gallagher 
et al. (1993a) 

WBC, 
lymphocytes 

32P-Postlabelling 23 smokers 
16 nonsmokers 

Adduct levels 2.5-fold higher in smokers for both cell 
types (p < 0.01) 

Holz et al. 
(1993) 

Lymphocytes Nick translation to 
detect DNA single 
strand breaks 

5 smokers Under controlled conditions, single-strand breaks 
increased in 4/5 smokers who smoked 24 cigarettes in 
8 h, having refrained from smoking for 12 h prior to the 
test. 

Mustonen 
et al. (1993) 

Lymphocytes 32P-Postlabelling 13 smokers 
7 nonsmokers 

7-Methylguanine DNA adduct levels significantly 
higher in smokers than in nonsmokers. In 5 smokers, 
lung adduct levels correlated with lymphocyte adduct 
levels. 

Popp et al. 
(1993) 

Lymphocytes 32P-Postlabelling 
and alkaline elution 

23 oral cancer patients 
15 hospital controls 
21 healthy nonsmokers 

Significant correlation between smoking and DNA 
elution rates, but not DNA adduct levels 
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Table 4.5 (contd) 

Study Blood cellsa Method of analysis Number of subjects Outcome 

Grinberg-
Funes et al. 
(1994) 

Mononuclearb 
cells 

ELISA 63 male smokers No relationship between smoking and PAH–DNA 
adduct levels observed previously (Santella et al., 
1992), but significant association of serum vitamin E 
and C observed among GSTM1 null individuals with 
adduct levels  

Ichiba et al. 
(1994) 

WBC 32P-Postlabelling + 
nuclear P1 digestion 

26 chimney sweeps 
14 controls 

Smokers had 48% higher levels of aromatic DNA 
adducts than nonsmokers (statistically significant). 

Rojas et al. 
(1994) 

WBC HPLC/fluorescence, 
32P-postlabelling + 
nuclease P1 
enrichment and 
ELISA 

7 lung cancer patients 
(6 smokers); 3 controls 
(2 nonsmokers) 

BPDE–DNA adducts detected in the 6 patients who 
smoked at substantially higher levels than in the 
controls who did not smoke. A good correlation was 
obtained with results from fluorometry and 32P-
postlabelling, but not from fluorometry and ELISA. 

Binková et al. 
(1995) 

WBC 32P-Postlabelling 
with butanol 
enrichment 

9 smokers 
21 nonsmokers 

In a study designed to investigate exposure of women 
working outdoors to PAH, no effect of smoking on 
adduct levels was observed. 

Mooney et al. 
(1995) 

WBC ELISA 40 smokers In a smoking cessation study, a 50–75% reduction in 
PAH–DNA adduct levels was observed 8 months after 
cessation, with similar reductions in 4-ABP–haemo-
globin adduct levels. 

Rojas et al. 
(1995) 

Mononuclearb 
cells 

HPLC/fluorescence 39 coke-oven workers 
39 controls 

Workers had higher levels of BPDE–DNA adducts than 
controls. In both groups, mean level in smokers was 
higher, but differences not statistically significant (large 
interindividual variation). 

p
p
1
0
0
5
-
1
0
8
0
-
S
e
c
t
i
o
n
 
4
.
q
x
d
 
 
3
0
/
0
4
/
2
0
0
4
 
 
1
1
:
0
3
 
 
P
a
g
e
 
1
0
5
1



IA
RC M

O
N

O
G

RA
PH

S V
O

LU
M

E 83
1052

 

 
Table 4.5 (contd) 

Study Blood cellsa Method of analysis Number of subjects Outcome 

Schell et al. 
(1995) 

WBC, 
lymphocytes 

32P-Postlabelling 103 smokers 
107 nonsmokers 

In a study of several populations occupationally 
exposed to PAH and controls, no influence of smoking 
on adduct levels in WBC was evident, and only a weak 
trend in lymphocytes. 

Tang et al. 
(1995) 

WBC ELISA 119 lung cancer cases 
(52 smokers, 58 former 
smokers, 9 nonsmokers) 
98 controls (25 smokers, 
34 former smokers, 
39 nonsmokers) 

Adduct levels were significantly higher in cases than in 
controls (p < 0.01) and higher in smokers and former 
smokers in both groups (p < 0.05). Adducts increased 
with number of cigarettes smoked in cases who were 
current smokers (n = 51), but not in control smokers. 
Adducts in WBC correlated with adducts in lung 
tumour tissue (p < 0.05, n = 34). 

Wiencke et al. 
(1995) 

Mononuclear 
cells 

32P-Postlabelling 6 smokers 
10 former smokers 
(< 1 year) 
15 former smokers 
(> 1 year) 

Correlation of adduct levels in mononuclear cells with 
adduct levels in lung (value 2.6-fold higher in lung than 
in mononuclear cells) 

Asami et al. 
(1996) 

WBC HPLC/ECD 10 smokers 
10 former smokers 
10 nonsmokers 

Levels of 8-OH-guanine in DNA 1.88-fold higher in 
smokers than in nonsmokers (p = 0.013) 

Mooney et al. 
(1997) 

WBC ELISA 159 smokers enrolled in a 
smoking cessation 
programme 

PAH–DNA adduct levels 2-fold higher (p < 0.03) in 
individuals with CYP1A1 exon 7 Val alleled (n = 10). 
Association between plasma levels of β-carotene and 
adducts seen only in GSTM1 null subjects 
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Table 4.5 (contd) 

Study Blood cellsa Method of analysis Number of subjects Outcome 

Van Schooten 
et al. (1997) 

Lymphocytes 32P-Postlabelling 54 smokers 
21 nonsmokers 

Aromatic DNA adduct levels significantly related to 
daily exposure to cigarette tar, with evidence of 
saturation at > 29 cigarettes/day. No significant 
correlation with adduct levels in BAL cells 

Wang et al. 
(1997) 

Lymphocytes 32P-Postlabelling 94 smokers 
98 nonsmokers 

DNA adduct levels in smokers not significantly 
different from levels in nonsmokers. Plasma levels of 
β-carotene and α-tocopherol did not influence adduct 
levels significantly, nor did CYP1A1 or GSTM1 
genotype. 

Zhao et al. 
(1997) 

WBC 32P-Postlabelling 6 smokers 
14 nonsmokers 

Difference in adduct levels between smokers and 
nonsmokers of borderline significance (p = 0.051). No 
correlation between adducts and daily cigarette 
consumption  

Arnould et al. 
(1998) 

WBC ELISA 58 smokers 
20 nonsmokers 

BPDE–DNA adducts not detected in nonsmokers. 
Adduct levels in smokers correlated with tobacco 
consumption (p < 0.001) 

Dallinga et al. 
(1998) 

Lymphocytes 32P-Postlabelling 55 smokers 
4 nonsmokers 

DNA adduct levels correlated with cigarette and tar 
consumption, with evidence of saturation at higher 
smoking levels. No effect of GSTM1 genotype. Slow 
acetylators (NAT2) had significantly higher adduct 
levels (p < 0.05). 
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Table 4.5 (contd) 

Study Blood cellsa Method of analysis Number of subjects Outcome 

Godschalk 
et al. (1998) 

Lymphocytes, 
monocytes, 
granulocytes 

32P-Postlabelling 86 smokers 
23 nonsmokers 

Aromatic DNA-adduct levels significantly higher in 
lymphocytes and monocytes of smokers, but not 
granulocytes. Adduct levels in monocytes + 
lymphocytes of smokers (n = 78) linearly related to 
daily exposure to ‘cigarette tar’ but not cigarette 
consumption or pack–years 

Pastorelli 
et al. (1998) 

Lymphocytes GC–MS 44 male lung cancer 
patients, all smokers 

Significant correlation between levels of BPDE–DNA 
adducts and numbers of cigarettes smoked daily 
(p = 0.02) and pack–years (p = 0.05). No effect of 
CYP1A1, mEH or GSTM1 genotypes on levels of 
adducts 

Rojas et al. 
(1998) 

WBC HPLC/fluorescence 20 smokers (coke-oven 
workers) 

BPDE–DNA adduct levels higher in 1 individual with 
GSTM1 null and CYP1A1 2A/2A variant genotypes 

Hou et al. 
(1999) 

Lymphocytes 32P-Postlabelling 179 lung cancer cases 
(36 smokers, 29 recent 
former smokers, 27 long-
term former smokers, 
87 never-smokers) 
161 controls (46 smokers, 
12 recent former smokers, 
24 long-term former 
smokers, 79 never-smokers) 

Aromatic DNA adduct levels significantly higher in 
smokers (cases + controls) than in long-term former 
smokers (> 2 years) and nonsmokers (p = 0.0003). No 
significant differences between cases and controls for 
any of the smoking categories 

Pavanello 
et al. (1999) 

Mononuclear 
cells 

HPLC/fluorescence 130 subjects Subjects were exposed to PAH from a variety of 
occupational and iatrogenic sources. Smoking did not 
influence BPDE–DNA adduct levels. 
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Table 4.5 (contd) 

Study Blood cellsa Method of analysis Number of subjects Outcome 

Poli et al. 
(1999) 

WBC Comet assay 50 smokers 
50 nonsmokers 

Significant differences in DNA migrationc between 
smokers and nonsmokers (p < 0.001) 

Shinozaki 
et al. (1999) 

Lymphocytes Flow cytometry  40 smokers 
35 nonsmokers 

Mean level of BPDE–DNA adducts in smokers 
significantly higher than in nonsmokers. In smokers, 
adduct levels correlated with age, years of smoking and 
pack–years, but not with number of cigarettes/day. 

Wiencke et al. 
(1999) 

Mononuclear 
cells 

32P-Postlabelling 54 lung cancer patients A significant correlation was observed between adduct 
levels in blood mononuclear cells and in lung (r = 0.77, 
p < 0.001) 

van Zeeland 
et al. (1999) 

WBC 
leukocytes 

HPLC/ECD  57 smokers 
16 former smokers 
29 nonsmokers 

Levels of 8-OHdG in DNA significantly lower in 
smokers than in nonsmokers (p < 0.05) 

Besarati Nia 
et al. (2000b) 

Lymphocytes 32P-Postlabelling 9 smokers 
9 nonsmokers 

Lipophilic DNA adduct levels significantly higher in 
smokers than in nonsmokers (p = 0.0001). Levels of 
adducts in induced sputum higher than those in 
lymphocytes with adducts 

Duell et al. 
(2000) 

Mononuclear 
cells 

32P-Postlabelling 11 smokers 
38 former smokers 
11 nonsmokers 

Polyphenol–DNA adducts showed a weak positive 
trend with the presence of XRCC1 allele 399Gln. No 
association found with smoking. No effect of ERCC2 
polymorphism observed 

Georgiadis 
et al. (2000) 

Peripheral and 
cord WBC 

Competitive repair 
assay  

28 smokers 
5 smokers 

O6-Methylguanine levels in DNA not influenced by 
smoking status 

Jacobson 
et al. (2000) 

Mononuclearb 
cells 

ELISA  121 smokers PAH–DNA and 8-OHdG adduct levels in smokers 
reduced by vitamin supplements, but differences from 
placebo group not significant 
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Table 4.5 (contd) 

Study Blood cellsa Method of analysis Number of subjects Outcome 

Peluso et al. 
(2000) 

WBC 32P-Postlabelling 162 bladder cancer cases 
104 hospital-based controls 

No relationship between smoking and adduct levels 
found, although there was a strong association with 
case/control status. Adduct levels significantly reduced 
in subjects with higher fruit and vegetable 
consumption. Adduct levels influenced by NAT2 
genotype, but not by GSTM1, GSTT1, GSTP1, COMT 
or NQO1 genotypes 

Rojas et al. 
(2000) 

WBC HPLC/fluorescence 89 coke oven workers 
(35 smokers, 36 former 
smokers, 18 nonsmokers) 
44 controls (all smokers) 

BPDE–DNA adducts increased in smokers. GSTM1 
genotype also influenced adduct levels, as did 
combinations of GSTM1 and CYP1A1 genotypes, but 
GSTT1 genotype did not. 

Vulimiri et al. 
(2000) 

Lymphocytes 32P-Postlabelling  55 lung cancer cases 
(46 smokers, 6 former 
smokers, 3 nonsmokers) 
58 controls (39 smokers, 
6 former smokers, 
13 nonsmokers) 

Lung cancer cases had higher levels of aromatic 
adducts and 8-OHdG than controls regardless of 
smoking status; and among smokers, only higher levels 
of bulky adducts. No correlation was seen between 
levels of the two adduct types. 

Besarati Nia 
et al. (2001) 

Lymphocytes HPLC/ECD for 8-
OHdG; comet assay 
for oxidized 
pyrimidines 

21 smokers 
24 nonsmokers 

Smokers had lower levels of 8-OHdG adduct than 
nonsmokers (38.6 versus 50.9 106 dG, p = 0.05). Levels 
of oxidized pyrimidines were lower (not statistically 
significant) than in nonsmokers. 
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Table 4.5 (contd) 

Study Blood cellsa Method of analysis Number of subjects Outcome 

Godschalk 
et al. (2001) 

Mononuclear 
cellsb 

32P-Postlabelling + 
nuclease P1 
enrichment 

67 smokers A positive correlation was found between self-reported 
numbers of cigarettes smoked daily and aromatic-DNA 
adduct levels (p = 0.04). DNA adduct levels correlated 
with 4-ABP–haemoglobin adduct levels. Individuals 
with some combinations of GSTT1 or GSTM1 
genotypes with NAT1 and NAT2 genotypes had 
significantly different adduct levels. 

Hou et al. 
(2001) 

Lymphocytes 32P-Postlabelling + 
nuclease P1 
treatment 

170 lung cancer cases 
144 controls (113 smokers 
and recent former smokers, 
201 long-term former 
smokers and nonsmokers) 

Aromatic DNA adduct levels higher in smokers than in 
nonsmokers, especially in controls. Controls with the 
NAT2 slow genotype had higher adduct levels than 
controls with the rapid phenotype.  

Matullo et al. 
(2001) 

WBC 32P-Postlabelling 81 smokers 
92 former smokers 
131 nonsmokers 

No effect of smoking on adduct levels apparent, but 
within each group, polymorphisms in XRCC3 were 
associated with higher adduct levels. XRCC1 and XPD 
genotype affected adduct levels in nonsmokers only. 

Tang et al. 
(2001) 

WBC 32P-Postlabelling 89 lung cancer cases 
(36 smokers, 36 former 
smokers, 16 nonsmokers) 
173 controls (67 smokers, 
72 former smokers, 
32 nonsmokers) 

In this prospective study, among current smokers, the 
mean level of adducts among cases was double that 
among the controls (p = 0.03). Smokers had higher 
levels of adducts than former and nonsmokers, but 
differences not significant. 

van Delft 
et al. (2001) 

Lymphocytes 32P-Postlabelling 
TLC and HPLC 

37 controls (18 smokers, 
19 nonsmokers) 

PAH–DNA adduct levels significantly higher in 
smokers by TLC method 
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Table 4.5 (contd) 

Study Blood cellsa Method of analysis Number of subjects Outcome 

Whyatt et al. 
(2001) 

WBC 32P-Postlabelling, 
ELISA 

160 mother/newborn infant 
pairs (16 smokers, 
38 former smokers, 
106 nonsmokers) 

Cord blood of infants had higher aromatic DNA adduct 
levels than maternal WBC. When analysed by ELISA, 
PAH–DNA adduct levels were higher in 7/10 smoking 
mothers than in their infants (p = 0.05). Among 
mother/newborn pairs where blood samples were 
obtained concurrently (n = 61), aromatic DNA adducts 
were higher in the WBC of newborns than in the 
parental WBC in all groups except current smokers. 

Hou et al. 
(2002) 

Lymphocytes 32P-Postlabelling 185 lung cancer cases 
(97 smokers, 88 never-
smokers) 162 controls 
(83 smokers, 79 never-
smokers) 

Adduct levels similar in cases and controls, but 
increased in smokers and recent former smokers 
(statistically significant). Adduct levels significantly 
increased with increasing number of variant alleles in 
XPD exon 10 or exon 23 

WBC, white blood cells; ELISA, enzyme-linked immunosorbent assay; BPDE, benzo[a]pyrene diol epoxide; PAH, polycyclic aromatic hydro-
carbons; HPLC, high-performance liquid chromatography; ECD, electrochemical detection; 8-OHdG, 8-hydroxy-2′-deoxyguanosine; 4-ABP, 
4-aminobiphenyl; BAL, bronchoalveolar lavage; GC–MS, gas chromatography–mass spectrometry; dG, deoxyguanosine; TLC, thin-layer chroma-
tography 
a White blood cells = leukocytes = granular + non-granular (lymphocytes and monocytes) cells 
b Mononuclear cells: lymphocytes plus monocytes 
c DNA migration = distance between the edge of comet head and end of tail 
d Val allele = valine polymorphism 
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in whole white blood cell preparations (see Table 4.5). However, a study of adduct levels
in smokers following cessation of the habit did show a decline over time (Mooney et al.,
1995). It is clear from studies of populations occupationally exposed to agents such as
PAHs that there are many sources of exposure that result in DNA adducts in blood cells
and whether or not the influence of tobacco smoking is discernible probably depends on
the extent of the contribution of other occupational or environmental sources in particular
study populations. There have also been reports of the influence of nutritional factors on
levels of DNA adducts in blood cells in some studies (Grinberg-Funes et al., 1994;
Mooney et al., 1997; Jacobson et al., 2000), but not in others (Wang et al., 1997). The
modulating effects of genetic polymorphisms in xenobiotic metabolizing genes and DNA
repair genes have been implicated in several studies. In general, these observations have
been made on rather small numbers of subjects and the magnitude of the effects noted was
not large. Confirmation of the findings from larger studies is required.

A few reports have suggested that the levels of adducts in the blood of smokers corre-
late with the levels of adducts in the lung (Tang et al., 1995; Wiencke et al., 1995, 1999).
However, there are also conflicting studies in which no association was found between
levels of blood BPDE–DNA adducts and levels of adducts in lung (Van Schooten et al.,
1992) or in cells obtained by bronchio-alveolar lavage (Van Schooten et al., 1997).

A number of studies in lymphocytes have reported an increase in oxidative damage in
the DNA of smokers (Kiyosawa et al., 1990; Asami et al., 1996). The magnitude of this
increase, although significant, is generally small (less than twofold) and its biological
significance is unclear. In contrast, there have been two reports in which smokers had
lower levels of this lesion in DNA from their leukocytes or lymphocytes (van Zeeland
et al., 1999; Besarati Nia et al., 2001).

Several studies that have compared smokers with cancer with smokers who are free
of the disease have reported an approximately twofold higher level of lymphocyte adducts
in the cases. This has been observed in two case–control studies of lung cancer (Perera
et al., 1989; Vulimiri et al., 2000) and in one prospective study (Tang et al., 2001), but
not in another case–control study (Hou et al., 1999). The effect was also observed in a
case–control study of bladder cancer (Peluso et al., 2000). These findings suggest that
DNA adducts can be considered as biomarkers of risk in some populations, although the
magnitude of the changes in levels is small when seen against a background of wide inter-
individual variation, making the assessment of risk on an individual basis problematic.

Another approach to monitoring human exposure to carcinogens has been to detect
the antigenic response to BPDE-DNA adducts in blood cells. Serum antibodies to these
adducts have been detected in a number of groups of occupationally exposed workers, but
in a study of smokers only four of 50 heavy smokers initially tested positive for the anti-
bodies. Paradoxically, the frequency of positivity increased during a cessation programme
in which 28 subjects quit smoking and 22 reduced cigarette consumption by 75% (Pulera
et al., 1997). Nevertheless, in a larger population study of 1345 individuals tested for the
presence of detectable BPDE–DNA antibodies in serum, there was a positive association
with smoking in 17.8% of nonsmokers, 21.5% of former smokers and 25.7% of smokers.
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There was also a synergism between smoking and family history of lung cancer in deter-
mining the prevalence of antibodies (p = 0.02) (Petruzzelli et al., 1998).

(iv) Blood compounds
Tobacco use is associated with increased levels of several carcinogens in blood. These

compounds may prove useful as biomarkers of exposure to tobacco smoke when blood
samples are collected in epidemiological studies.

Tobacco is a major source of exposure to cadmium in the general population and
blood cadmium concentrations correlate positively with current tobacco smoking habits
(WHO, 1992). Cadmium levels increase with the number of cigarettes smoked per day
(Hoffmann et al., 2000). Current smokers have, on average, levels of cadmium that are
four to five times higher than those of never-smokers (Ellingsen et al., 1997; Hoffmann
et al., 2000). Cigarette smoking or both sheesha (tobacco–fruit mixture cooked) and ciga-
rette smoking lead to significantly higher blood cadmium levels than those observed in
nonsmokers or in smokers of only sheesha (Al-Saleh et al., 2000). Although smoking has
less effect on lead levels than on those of cadmium, slightly higher levels of lead in blood
have generally been reported for smokers than for nonsmokers or former smokers
(Brockhaus et al., 1983; Al-Saleh, 1995; Ellingsen et al., 1997).

Many studies have shown that the levels of certain volatile organic compounds in
blood were significantly higher in smokers than in nonsmokers (Ashley et al., 1996). The
mean levels of benzene and styrene in blood were significantly higher among smokers
than nonsmokers. The concentrations of benzene in blood were significantly associated
with the number of cigarettes smoked per day (Ashley et al., 1995). The difference in the
levels of benzene in blood persisted when comparisons between smokers and nonsmokers
in the general public and in occupationally exposed groups were made (Brugnone et al.,
1999).

The levels of NNAL (a metabolite of NNK) has been measured in the blood (unhydro-
lysed plasma) of smokers (Hecht et al., 1999a). NNAL and its detoxification product,
NNAL-glucuronide, can be detected in the blood plasma for up to 2 days after quitting
tobacco use. Levels of NNAL and NNAL-glucuronide in blood are 18.8% and [4.1%] of
those in urine, respectively (Hecht et al., 2002).

(v) Breath compounds
Exhaled carbon monoxide

The measurement of exhaled carbon monoxide (CO) has often been used as a tool for
validation of self-reported cigarette consumption and smoking histories and to distinguish
smokers from nonsmokers (Robertson et al., 1987; Muranaka et al., 1988; Morabia et al.,
2001).

The concentration of CO in exhaled air was significantly correlated with the self-
reported number of cigarettes smoked per day. The average concentration of expired CO
was 4.9 ppm (v/v) (n = 20) in nonsmokers and 18.5 ppm in smokers (n = 20; p < 0.001).
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The concentration of expired CO in male smokers (n = 12) was 22.7 ppm and in female
smokers was 12.0 ppm (n = 8; p < 0.05) (Muranaka et al., 1988).

Various measures of exhaled CO as a marker of exposure to cigarette smoke were
compared between 400 current regular male and female smokers. Cigarette consumption
was categorized as moderate (< 15 cigarettes/day for at least 5 days per week for the last
2 years) or heavy (> 15 cigarettes/day for at least 2 years). Individuals with genetic
variants of the CYP2A6 gene (CYP2A6*2 and CYP2A6*A genes) were not included in the
analysis (n = 25). No difference was found in the number of cigarettes per day or levels
of exhaled CO between the sexes among Caucasian smokers. Women smoked 19.3 ciga-
rettes per day and exhaled 19.6 ppm (v/v) CO, whereas men smoked 19.8 cigarettes/day
and exhaled 20.6 ppm CO. The ratio of nicotine:CO was determined using plasma
nicotine levels. Women had significantly lower levels of nicotine in the blood than men
(17.3 versus 20.9 ng/mL; p < 0.01). Although no significant difference was found in levels
of CO in breath, women tended to smoke cigarettes with a lower nicotine content and
their nicotine:CO ratios were lower than those measured in male smokers. Among other
ethnic groups, there were no statistically significant gender differences in the number of
cigarettes smoked per day, but men had higher concentrations of CO in exhaled air and
higher concentrations of blood nicotine and cotinine (p < 0.01) than women (Zeman et al.,
2002).

The CO level measured in exhaled breath condensate was significantly higher in
smokers (12.5 ppm) than in nonsmokers (3.4 ppm) and increased significantly to
19.6 ppm 30 min after exposure to tobacco smoke (Balint et al., 2001).

At the time of delivery, pregnant women who smoked exhaled 8.42 ppm (v/v) CO
corrected for inhaled air as opposed to 1.33 ppm exhaled by pregnant women who did not
smoke (p < 0.0001) (Seidman et al., 1999). The concentration of exhaled CO in mothers
who smoked was strongly correlated with the number of cigarettes smoked per day
(p < 0.000001). Within hours of delivery, the newborns of women smokers exhaled
10 ppm CO, whereas 1.74 ppm CO was exhaled by newborns of nonsmoking mothers
(p < 0.0001). Maternal exhaled CO correlated strongly (p < 0.000001) with neonatal
exhaled CO. 

No differences in concentrations of exhaled CO were found between smokers of
either three mentholated or three non-mentholated cigarettes with different nicotine
content (the three cigarettes were smoked 45 min apart, in a single session) (Pickworth
et al., 2002). According to Clark et al. (1996), African American smokers had signifi-
cantly higher levels of cotinine and CO per cigarette smoked and per millimetre of
tobacco rod smoked than white American smokers (p < 0.001). After adjustment for race,
number of cigarettes smoked per day and mean length of each cigarette smoked, the
presence of menthol was associated with higher concentrations of cotinine (p = 0.03) and
CO (p = 0.02).

A preliminary evaluation of a novel smoking system that employs electrical heating
of tobacco (600 °C) instead of combustion (900 °C) (Accord) was carried out by
enrolling 10 smokers of ‘light’ cigarettes (≥ 10 cigarettes/day). The novel system limited
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users to eight puffs per cigarette instead of their usual 10–11 puffs. The levels of expired
CO were lower in subjects using the novel system than when normal cigarettes were
smoked (Buchhalter & Eissenberg, 2000). 

Eclipse is a novel nicotine delivery device that primarily heats, rather than burns,
tobacco. In a cross-over study, the number of cigarettes smoked per day decreased from
19 at baseline to 2.1 after two weeks of using Eclipse (p < 0.001), but exhaled CO con-
centrations increased from 21 ppm to 33 ppm (p < 0.001). During use of Eclipse, the con-
centration of nicotine in blood remained fairly stable although it increased slightly from
16.8 ng/mL to 18.0 ng/mL (Fagerström et al., 2000). 

Smoking fewer cigarettes may reduce exposure to toxins even if the smoker adopts a
more intensive smoking behaviour to compensate for the reduced number of cigarettes. If
consumption is reduced from an average of 37 cigarettes/day to an average of five ciga-
rettes/day, the intake of tobacco toxins per cigarette increased roughly threefold and daily
exposure to tar and CO declined by only 50% (Benowitz et al., 1986). The reduction of
cigarette consumption from 40 cigarettes/day to 20 cigarettes/day was not followed by
any consistent reduction in the levels of biomarkers of exposure to tobacco carcinogens
(Hurt et al., 2000).

Exhaled nitric oxide
Nitric oxide (NO) is formed from L-arginine by the enzyme NO synthase (NOS). NO

is a highly reactive molecule that can be oxidized or complexed with other biomolecules
depending on the microenvironment. The stable oxidation products of NO metabolism are
nitrite and nitrate. Cigarette smoking is associated with an increased risk for respiratory
tract infection, chronic airway disease and cardiovascular diseases, all of which may be
modulated by endogenous NO (which acts as an endogenous vasodilator). Cigarette
smoking reduces the levels of NO exhaled by healthy subjects, but the mechanism for this
is unclear (Schilling et al., 1994; Yates et al., 2001). In the study by Yates et al. (2001),
the amount exhaled by active smokers was significantly less than the amounts of NO
exhaled by subjects who were exposed to sham and passive smoking for the same length
of time (49 ppb (v/v) after 15 min of active smoking, a 30.3% decrease from the baseline
level of 71 ppb versus 115 ppb in subjects exposed to sham smoking and 102 ppb in
subjects exposed to passive smoking). Schilling et al. (1994) reported the same trend, with
concentrations of exhaled NO being lower in smokers than in nonsmokers exposed to
secondhand smoke (mean, 16 ppb in women who smoked versus 21 ppb in women who
did not smoke and 15 ppb in men who smoked versus 19 ppb in men who did not smoke).
However, the absolute values were much lower than those reported by Yates et al. (2001).
In a single-breath analysis, smokers exhaled about 20 ppb NO, healthy controls, 40 ppb
and asthmatic patients, 60 ppb (Persson et al., 1994). Kharitonov et al. (1995) reported
that smokers exhaled 42 ppb NO, whereas the concentration exhaled by nonsmokers was
88 ppb (p < 0.01). There was a significant relationship between the amount of exhaled NO
and cigarette consumption (r = –0.77, p < 0.001). 
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Measurement of exhaled NO may yield information about the mechanisms
underlying cigarette-induced lung damage. Balint et al. (2001) found that there was no
difference between smokers and nonsmokers in the levels of nitrite, nitrite + nitrate, S-
nitrosothiols and nitrotyrosine in the exhaled breath condensate at the baseline visit.
Thirty minutes after smoking two cigarettes, the levels of nitrite + nitrate were
significantly increased (from 20.2 to 29.8 µM, p < 0.05) and returned to the baseline
within 90 min. There was no significant change in the levels of exhaled NO, nitrite, S-
nitrosothiols or nitrotyrosine 30 and 90 min after smoking two cigarettes. There was no
correlation between levels of exhaled NO and NO metabolites in breath condensate
before and after smoking. 

Benzene
Breath analysis under controlled conditions has been used to measure the exposure to

benzene associated with active smoking (Jo & Pack, 2000). The mean benzene concen-
trations in exhaled breath measured 1 min after smoking 5.0 cm of a cigarette (to a
remaining butt length of 3.3 cm) ranged from 58.1 to 81.3 µg/m3, depending on the com-
mercial cigarette brand, whereas benzene concentrations measured prior to smoking
ranged from 15.9 to 19.2 µg/m3. These post-exposure concentrations of benzene in breath
were much higher than the mean concentrations of benzene in breath reported in some
previous studies (e.g. 16 µg/m3 among smokers versus 2.5 µg/m3 among nonsmokers;
p < 0.001) (Wallace & Pellizzari, 1986) in which the exposure conditions and post-
sampling times were not controlled. The concentration of benzene in breath increases
with the number of cigarettes smoked: from 9.4 µg/m3 (no cigarettes) to 47 µg/m3 (> 50
cigarettes/day). The increase in concentrations of benzene in breath after active smoking
is due to benzene being absorbed through the lung while an individual is smoking. From
direct measurements of benzene in mainstream smoke, it was calculated that a typical
smoker (30 cigarettes/day) inhales 2 mg benzene daily, whereas a nonsmoker inhales
0.2 mg/day (Wallace et al., 1987).

Volatile organic compounds 
Volatile organic compounds (VOC) other than benzene are often measured in expired

breath to determine the exposure to cigarette smoke. Among 20 VOC analysed by Wallace
and Pellizzari (1986), the levels of meta + para-xylene, ethylbenzene, ortho-xylene,
styrene and octane were found to be statistically significantly higher (p < 0.05) in smokers
(n = 198) than in nonsmokers (n = 322). Significant increases in the concentration in
breath with number of cigarettes smoked were noted for styrene, ethylbenzene and meta
+ para-xylene (Wallace et al., 1987). 

Gordon (1990) analysed VOC in the exhaled breath of 26 smokers and 43 non-
smokers to identify possible biochemical markers of exposure to cigarette smoke. Among
230 GC–MS peaks, 2,5-dimethylfuran was found to have sufficient discriminatory power
to allow almost complete distinction to be made between smokers and nonsmokers.
Several other compounds could also be used to distinguish between the two groups with
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a high level of accuracy. However, the half-lives of these compounds must be determined
before they can be exploited as practical indicators of exposure to smoking. 

Ethane, often used routinely as a marker of lipid peroxidation, has the potential to be
a non-invasive marker of free-radical activity. Ethane levels in exhaled air were found to
be higher in active smokers than in former smokers and nonsmokers (2.9 pmol/min/kg
versus 1.55 and 1.11 pmol/min/kg, respectively), reflecting the presence of ethane in ciga-
rette smoke (Habib et al., 1995).

The levels of isoprene in exhaled breath increased on average by 70% after smoking
one cigarette. The concentration of acetone increased by 22%, whereas that of ethanol
decreased by 28% after smoking one cigarette (Senthilmohan et al., 2001). 

(vi) Other
Polycyclic aromatic hydrocarbons

Several studies have quantified PAHs in lung tissue (Tomingas et al., 1976; Seto
et al., 1993; Tokiwa et al., 1993; Lodovici et al., 1998). In a recent investigation, the
quantities of 11 PAHs were measured in 70 lung tissue samples from 37 smokers and 33
nonsmokers (defined by serum cotinine concentration). The sum of PAH concentrations
was higher in smokers and there was a dose–response relationship for smoking characte-
rized by increasing serum cotinine (Goldman et al., 2001). 

Benzo[a]pyrene
Benzo[a]pyrene and several of its metabolites were detected in the cervical mucus of

both smokers and nonsmokers (Melikian et al., 1999). 

N-Nitrosamines
The tobacco-specific nitrosamine, NNK, was detected in 16 samples of cervical

mucus from 15 women who were smokers at concentrations of 11.9–115 ng/g (mucus)
(two samples were collected from one smoker at different times) and in nine of 10 samples
from nonsmokers at concentrations of 4.1–30.8 ng/g (mucus), but the concentrations of
NNK in specimens from cigarette smokers were significantly higher than in those
obtained from nonsmokers (Prokopczyk et al., 1997). Further studies demonstrated that
human cervical tissue can metabolize NNK by both α-hydroxylation and carbonyl
reduction (Prokopczyk et al., 2001). 

NNK was detected in 15 of 18 samples of pancreatic juice from smokers at concen-
trations of 1.4–604 ng/mL and in six of nine samples from nonsmokers (range of concen-
trations, 1.13–97 ng/mL), and the levels were significantly higher in smokers than in non-
smokers. NNAL was present in 11 of 17 samples from smokers and in 3/9 from non-
smokers. NNN was found in two of 17 samples from smokers (68 and 242 ng/mL)
(Prokopczyk et al., 2002).
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Particulate matter (tar)
A problem in the analysis of exposure to tobacco smoke is that there is no direct

marker for tar uptake (exposure). The biomarkers most frequently used for measuring the
uptake of tobacco smoke (nicotine and cotinine) reflect the exposure to particulate-phase
constituents.

Russel et al. (1986) and Woodward and Tunstall-Pedoe (1992) used an indirect
measure, based on the assumption that the intake of different smoke components relative
to one another is proportional to their concentration in the smoke, to evaluate the exposure
of smokers in large population studies. Two tar indices were calculated:

• tar index (CO) = eCO × tar yield/CO yield; and 
• tar index(cot) = serum cotinine × tar yield/nicotine yield

where the ‘yields’ were the values obtained by standard machine-smoking methods and
expired CO (eCO) and serum cotinine were the individual’s values. An average tar index
was calculated as a weighted mean of the two indices for each individual, using the
inverse standard deviations as the weights. This approach was validated by testing its abi-
lity to predict the levels of one marker by use of another. For example, using blood
carboxyhaemoglobin (COHb) concentrations and CO:nicotine yield ratio of the
cigarettes, the mean concentration of nicotine in the blood of smokers of low-tar
cigarettes was predicted to be 31.9 ng/mL, whereas the measured mean was 31.8 ng/mL.
Based on the measurements of the concentrations of cotinine, nicotine and COHb in blood
and the calculated tar indices for 392 smokers (255 women and 137 men) of ‘middle-tar’
(17–22 mg), ‘low-to-middle’ (11–16 mg) and ‘low-tar’ (< 11 mg) cigarettes, Russell et al.
(1986) concluded that despite substantial compensatory increases in inhalation, the low-
tar smokers took in about 25% less tar, 15% less nicotine and 10% less CO than smokers
of middle- and low-to-middle tar cigarettes. Similar outcomes were reported by
Woodward and Tunstall-Pedoe (1992). They evaluated the exposure of 1133 male and
1621 female smokers of the three groups of cigarettes (low tar [< 13 mg/cigarette], middle
tar [14–15 mg] and high tar [> 15 mg]) in the Scottish Heart Health Study by measuring
the expired CO, serum thiocyanate and serum cotinine and calculating the indices of tar
consumption. Expired CO and cotinine were found to peak in the middle-tar group. Tar
consumption increased with tar yield of the cigarette smoked, but the increase in
consumption was much lower than would be expected. This finding led to the conclusion
that the tar yield of a cigarette is not an accurate guide to the amount of smoke compo-
nents consumed by the smoker. 

The atherogenic potential of mainstream smoke is associated with the particulate and
vapour-phase components and not with CO. The thrombogenic potential is also associated
with the particulate matter and vapour phase (Smith & Fisher, 2001).

Nicotine and its metabolites as markers of exposure to tobacco smoke
Nicotine is the principal alkaloid present in tobacco. Nicotine is also the main addic-

tive constituent of tobacco products. It also has other pharmacological activities and toxic
effects (Domino, 1999). Manufactured cigarettes contain 1–7% nicotine by weight
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(6–12 mg nicotine/cigarette) and, of this, 15–25% enters the mainstream smoke while
75% is emitted into the air as sidestream smoke (Benowitz, 1999a). Nicotine is also found
in exhaled smoke (Curvall & Enzell, 1986; IARC, 1986; California Environmental Pro-
tection Agency, 1997) (see Section 1).

An overview of the pathways of nicotine metabolism is presented in Figure 4.4. Nico-
tine is hydroxylated at the 5′-position by cytochromes P450 to yield an unstable inter-
mediate, 5′-hydroxynicotine (5; see Figure 4.4), which exists in equilibrium with ∆1′(5′)

iminium ion (6). 5′-Hydroxynicotine is oxidized by aldehyde oxidase to cotinine (8). Coti-
nine, in turn, is metabolized further to cotinine–glucuronide (cotinine–Gluc, 9), trans-3′-
hydroxycotinine (12) and trans-3′-hydroxycotinine–glucuronide (trans-3′-hydroxy-
cotinine–Gluc, 13) (Gorrod & Schepers, 1999). 2′-Hydroxylation of nicotine, mediated by
cytochromes P450, gives 2′-hydroxynicotine (4), which spontaneously yields ∆1′(2′)

iminium ion (3) and 4-(methylamino)-1-(3-pyridyl)-1-butanone (aminoketone, 7), also
known as pseudooxynicotine. Aminoketone (7) is then converted to 4-oxo-4-(3-
pyridyl)butyric acid (keto acid, 11) and 4-hydroxy-4-(3-pyridyl)butyric acid (hydroxy
acid, 14) (Hecht et al., 2000).

The major urinary metabolite of nicotine in smokers is trans-3′-hydroxycotinine (12)
(about 40% of total urinary nicotine and metabolites). This is followed by cotinine (8) and
cotinine–Gluc (9) (12–15% of each), trans-3′-hydroxycotinine–Gluc (13) (10%), hydroxy
acid (14) (8%) and keto acid (11) (2%). Unchanged nicotine (8% of total urinary nicotine
plus metabolites) and nicotine–Gluc (2) (2–3%) also occur (Byrd et al., 1992; Benowitz
et al., 1994; Hecht et al., 1999b).

Since the mid-1980s, studies that have measured exposure to tobacco smoke and its
biological effects have predominantly used nicotine and its metabolite cotinine deter-
mined in blood, urine or saliva as biological markers of exposure and uptake of tobacco
smoke (IARC, 1986; National Research Council, 1986; US Department of Health and
Human Services, 1986; Environmental Protection Agency, 1993; California Environ-
mental Protection Agency, 1997). The main advantage of using nicotine and, consequently
that of cotinine, as a marker compound over other markers is their specificity for tobacco
and tobacco smoke. The measurements of all the metabolites in Figure 4.4 provides a
more complete assessment of nicotine uptake. 

The half-life of nicotine in the body is short, approximately 2 h in nonsmokers (IARC,
1986; Benowitz, 1996; Benowitz & Jacob, 1997; Benowitz, 1999b). Nicotine concen-
tration can therefore reflect only acute exposure. This limits its use as a biomarker (IARC,
1986; US Environmental Protection Agency, 1993; Benowitz, 1996). The concentrations
of nicotine in blood or plasma are higher in smokers than in nonsmokers, but vary consi-
derably, mainly depending on the number of cigarettes smoked recently. Other variables,
such as the tar content, yield of nicotine, average number of cigarettes smoked per day or
type of filter, have been found to be poor predictors of nicotine concentrations in the blood
(IARC, 1986).

The concentrations of cotinine can be measured in blood, urine or saliva samples.
Because of its specificity and the availability of sensitive methods for reliable measure-
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ments, cotinine, regardless of the body fluid, is currently the most widely used biomarker
for measuring tobacco smoke uptake (reviewed in IARC, 1986; National Research
Council, 1986; Jarvis et al., 1987; Muranaka et al., 1988; Etzel, 1990; US Environmental
Protection Agency, 1993; Benowitz, 1996, 1999b). It has a sensitivity of 96–97% and a
specificity of 99–100% (Jarvis et al., 1987). The half-life of cotinine in smokers is longer
than that of nicotine, on average about 16–20 h, with a range of approximately 10–40 h
(US Environmental Protection Agency, 1993; Benowitz & Jacob, 1994; Benowitz, 1996;
Pérez-Stable et al., 1998; Benowitz, 1999a,b). Cotinine concentrations are a good measure
of average daily exposure to tobacco smoke and reflect the exposure to tobacco smoke
over the past 2–3 days (IARC, 1986; National Research Council, 1986; US Environmental
Protection Agency, 1993). Cotinine concentration, however, is not suitable for measuring
more long-term exposure, although it may serve as a surrogate measure for that purpose. 
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Figure 4.4. Pathways of mammalian nicotine metabolism initiated by 5′′-hydroxyl-
ation and 2′′-hydroxylation

Other pathways not shown include N-oxidation, N-demethylation and N-methylation.
P450, cytochrome P450; UGTs, UDP-glucuronosyl transferases
Adapted from Hecht et al. (2000)
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The main determinant of cotinine levels in smokers and nonsmokers, like that of nico-
tine, is exposure to tobacco smoke (reviewed in IARC, 1986; National Research Council,
1986; US Environmental Protection Agency, 1993; Benowitz, 1996, 1999a) and also
exposure from use of products designed for nicotine replacement therapy (Leyden et al.,
1999). However, some variability due to individual differences in uptake, metabolism,
distribution and elimination occurs (Benowitz et al., 1982; Benowitz, 1996; Benowitz &
Jacob, 1997; Benowitz et al., 1999, 2002). The amount of nicotine converted to cotinine
in humans varies, and this variability is attributable to dietary, environmental and genetic
factors (Benowitz et al., 1996; Benowitz & Jacob, 1997; Benowitz, 1999a; Hecht et al.,
1999b; Sellers et al., 2000). Differences in the metabolism of nicotine and cotinine have
been reported to occur between various racial and ethnic groups (Wagenknecht et al.,
1993; Caraballo et al., 1998; Pérez-Stable et al., 1998; Benowitz et al., 1999; Kwon et al.,
2001). These differences have been associated with slower metabolism and lower uptake
of nicotine in some populations (Benowitz et al., 1999, 2002), whereas in others uptake
may be higher (Caraballo et al., 1998). 

Many studies have demonstrated that cotinine levels are clearly higher in smokers
than in nonsmokers, leading to increased levels of cotinine being detected in the urine,
serum and/or saliva of smokers. Generally, urinary cotinine concentrations are more than
one hundred times greater in smokers than those in nonsmokers (e.g. IARC, 1986;
National Research Council, 1986; US Department of Health and Human Services, 1986;
Jarvis et al., 1987; Etzel, 1990; Tunstall-Pedoe et al., 1991; Environmental Protection
Agency, 1993; Pirkle et al., 1996; Jarvis et al., 2001). The large studies have been
consistent in showing a positive correlation between cotinine levels and number of ciga-
rettes smoked per day regardless of the body fluid in which cotinine was measured;
however, the magnitude of the correlation varies to some extent (IARC, 1986; National
Research Council, 1986; US Department of Health and Human Services, 1986; US Envi-
ronmental Protection Agency, 1993; Law et al., 1997a; Etter et al., 2000).

Carboxyhaemoglobin and thiocyanate
The uptake of tobacco smoke constituents from the gaseous and particulate phases of

mainstream smoke, inhaled by smokers, and of secondhand smoke, breathed in by non-
smokers, was investigated by Scherer et al. (1990). Tobacco smoke uptake was quantified
by measuring COHb in erythrocytes and measuring nicotine and cotinine in plasma and
urine, and the data obtained were correlated with urinary excretion of thioethers (bio-
markers of electrophilic mainstream smoke carbonyls such as acrolein) and with muta-
genic activity. An increase in all biochemical parameters was observed in smokers who
inhaled the whole smoke of 24 cigarettes over a period of 8 h, whereas, after smoking the
gas phase of mainstream smoke under the same conditions, only an increase of COHb
and, to a minor degree, in urinary thioethers was found.

Serum thiocyanate has often been used for the validation of smoking histories as well
as for the assessment of passive exposure to cigarette smoke. There was a significant
increase (p < 0.01) in serum thiocyanate with increased smoking. The concentrations of
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serum thiocyanate in plasma were positively associated with moderate and heavy
smoking, but could not distinguish between nonsmokers, light smokers and passive
smokers. Fourteen smokers enrolled in this study had serum thiocyanate concentrations
higher than 70 µM. The complementary assay of exhaled CO was helpful in confirming
nonsmoking status. Using a combination of serum thiocyanate and exhaled CO levels,
nonsmoking status was confirmed in 98% of the cases (Robertson et al., 1987).

Genetic factors affecting the metabolism of nicotine to cotinine
Genetic factors are among the major determinants of the variation in the metabolism

of nicotine to cotinine. Poor metabolism of nicotine with lack of cotinine formation has
been seen and shown to have a genetic basis (Benowitz et al., 1995). Many P450 enzymes
are involved in the oxidative metabolism of nicotine; they include P4502A6, P4502B6,
P4502D6, P4502E1, P4501A2, P4503A4 and P4501A1 (Yamazaki et al., 1999), but, in
contrast to the findings reported from earlier studies, P4502D6 probably plays only a
minor role (Benowitz et al., 1996; Nakajima et al., 1996; Yamazaki et al., 1999). Accor-
ding to present data, the most important and rate-limiting gene in 5′-hydroxylation
[c-oxydation] of nicotine to cotinine is P4502A6 (Nakajima et al., 1996; Messina et al.,
1997; Yamazaki et al., 1999). In addition, there are data indicating that P4502A6 is
involved in 2′-hydroxylation of nicotine potentially leading to endogenous formation of
NNK. This was reported to occur in human liver microsomes incubated with nicotine at
a rate of about 6% of that of cotinine formation (Hecht et al., 2000).

P4502A6 enzyme activity can be lost as a result of a genetic polymorphism that can
give rise to homozygosity for the inactive alleles of CYP2A6. In addition, individuals who
are carriers of alleles with an inactivating mutation in a heterozygous condition and/or
carry defective alleles of decreased enzyme activity are deficient in metabolizing nicotine
to cotinine. Subjects with low P4502A6 enzyme activity have significantly lower levels
of cotinine, as seen in smokers and in those administered nicotine via another route
(Fernandez-Salguero et al., 1995; Oscarson et al., 1998; Kitagawa et al., 1999; Nunoya
et al., 1999; Oscarson et al., 1999; Nakajima et al., 2000; Kwon et al., 2001; Nakajima
et al., 2001; Yang et al., 2001; Xu et al., 2002). The prevalence of the homozygous geno-
types with two inactive alleles varies in different populations. They are very rare among
Caucasians and Japanese populations, but have been reported to be somewhat more
common in the Chinese population (Yokoi & Kamataki, 1998; Kitagawa et al., 1999;
Oscarson et al., 1999). More than 95% of members of Caucasian populations who show
the CYP2D6 poor-metabolizer phenotype can be diagnosed by gene analysis, whereas
about 20–30% of poor metabolizers can be diagnosed by the known mutant alleles in the
Japanese population. Subsequently to this finding, a new mutation, CYP2D6 J9 was found
in the Japanese population (Yokoi & Kamataki, 1998). In addition, a gene duplication
genotype associated with increased plasma cotinine has recently been reported to occur at
a low frequency in Caucasians (Rao et al., 2000). It has been proposed that CYP2A6 poly-
morphism may be a major determinant of an individual’s smoking behaviour and may
lead to less desire to smoke (Pianezza et al., 1998; Sellers et al., 2000).
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In addition to the individual and racial variation that occurs in the oxidative meta-
bolism of nicotine, variation in the glucuronide conjugation of nicotine and cotinine also
exists (Benowitz et al., 1999). Both nicotine and cotinine are metabolized by N-glucuro-
nidation catalysed by uridine-5′-diphosphate-glucuronosyltransferase (UGT) enzymes
(see Figure 4.4; Byrd et al., 1992; Benowitz et al., 1994). Although the specific UGTs
involved in these metabolic steps are so far not known, it has been observed that N-glucu-
ronidation of nicotine and cotinine is polymorphic, with evidence of slow and fast N-glu-
curonidation (Benowitz et al., 1999). Environmental factors may influence N-glucuroni-
dation, but with current data indicating that many of the genes encoding UGTs are poly-
morphic (Burchell et al., 2000; Mackenzie et al., 2000), genetic polymorphism may also
be involved. Distribution of slow and fast glucuronidation has been found to vary accor-
ding to ethnicity; the extent of N-glucuronidation is generally less in blacks than in whites
(Benowitz et al., 1999).

4.1.2 Experimental systems

(a) Effects of tobacco smoke on enzyme activities
In-vivo studies

Most investigations of the effects of tobacco smoke on enzyme activities in animals
have measured changes in levels of phase I, phase II and antioxidant enzymes in the lung
and liver of mice and rats (Table 4.6). Some studies have also measured its effects on
enzyme activities in other organs such as the kidney, stomach, heart and brain. 

Enzyme effects
The induction of several phase I enzymes, including P4501A1 (aryl hydrocarbon

hydroxylase), P4501A2, P4502B, P4502C, P4502D and P4502E1 by tobacco smoke in
mouse lung and liver has been reported (Table 4.6). An increase of at least twofold in the
activity of most of these enzymes is induced within a few days after initial exposure of
the mice to tobacco smoke, and the enzyme levels usually remain elevated throughout
exposure. It is probable that the induction of these enzymes can be attributed to the
presence of many carcinogens and toxins in tobacco smoke. P4502E1 appears to be
induced to a greater extent (5–13-fold) than other phase I enzymes both in the lungs and
liver of mice (Villard et al., 1994, 1998a,b). Similarly, P4502E1 is strongly induced by
tobacco smoke in mouse kidney (Seree et al., 1996). To investigate the role of nicotine in
the induction of CYP2E1, rats were treated once daily with saline or nicotine bitartrate
(0.1, 0.3 and 1.0 mg/kg bw, subcutaneously) for 7 days. After nicotine administration,
immunostaining for CYP2E1 was increased in the centrilobular region of the liver.
Western-blot analyses revealed that hepatic levels of CYP2E1 were increased 1.3–1.7-
fold by nicotine. In-vitro analysis of the metabolism of chlorzoxazone (i.e. 6-hydroxyl-
ation) showed that Vmax values were higher than those measured in saline-treated rats
when hepatic microsomes from nicotine-treated rats were used (2.35 ± 0.04 versus
1.32 ± 0.55 nmol/mg/min, p < 0.005), with no change in affinity. The magnitude of the
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Table 4.6. Effects of tobacco smoke on enzyme activities 

Species Strain/sex Enzyme affected Effect (tissue) Reference 

Mouse C57BL/M Aryl hydrocarbon 
 hydroxylase 

+ (lung) Gairola (1987) 

 NMRI/M P450 1A1 + (lung, liver) Villard et al.  
  P450 2B + (liver) (1994) 
  P450 2C + (liver)  
  P450 2D + (liver)  
  P450 2E1 + (lung, liver)  
  P450 3A + (liver)  

 NMRI/M P450 1A1 ND (kidney) Seree et al.  
  P450 2B ND (kidney) (1996) 
  P450 3A ND (kidney)  
  P450 2E1 + (kidney)  

 NMRI/M P450 1A1 – (lung) + (liver) Villard et al.  
  P450 1A2 + (lung) (1998a) 
  P450 2B + (lung, liver)  
  P450 2E1 + (lung, liver, kidney)  
  P450 3A + (liver)  
  UDP-glucuronosyl- 

 transferase 
+ (lung, liver)  

 NMRI/M P450 1A1 ± (lung) – (liver) Villard et al.  
  P450 2B + (lung) ± (liver) (1998b) 
  P450 2E1 + (lung, liver)  
  P450 3A + (liver)  

Rat S-D/M Aryl hydrocarbon 
 hydroxylase 

+ (lung) Gairola (1987) 

 Wistar/M Ethoxyresorufin-O- 
 deethylase 

+ (lung, liver) Godden et al. 
(1987) 

 S-D/M Aryl hydrocarbon 
 hydroxylase 

+ (lung, liver) Pasquini et al. 
(1987) 

  N-Nitrosodimethylamine 
 demethylase 

NE  

 S-D/M Aryl hydrocarbon 
hydroxylase 

+ (lung) Bagnasco et al. 
(1992) 

  Ethoxyresorufin-O- 
 deethylase 

+ (liver)  

 S-D/F Catalase NE (lung) Wurzel et al.  
  Glutathione peroxidase NE (lung) (1995) 
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Table 4.6 (contd) 

Species Strain/sex Enzyme affected Effect (tissue) Reference 

Rat Albino/M Glutathione reductase – (kidney) Anand et al.  
  Gluathione peroxidase + (kidney) (1996) 
  Catalase – (kidney)  

 Albino/M Aniline 4-hydroxylase + (lung) NE (liver) Eke et al.  
  7-Ethoxyresorufin-O- 

 deethylase 
+ (lung) + (liver) (1996) 

  para-Nitroanisole O- 
 demethylase 

+ (lung) + (liver)  

  Glutathione-S-transferase – (lung) ± (liver)  
  Aminopyrine N- 

 demethylase 
NE (lung) + (liver)  

 Fischer 344/M P450 1A1 + (lung, liver, nasal 
mucosa) 

Wardlaw et al. 
(1998) 

  P450 1A2 – (lung) + (liver, nasal 
mucosa) 

 

  P450 2B1/2B2 – (lung) + (liver) 
– (nasal mucosa) 

 

 Albino/M Catalase + (lung, liver, kidney) Baskaran  
  Superoxide dismutase + (lung, liver, kidney) et al. (1999) 
  Glutathione peroxidase + (lung, liver, kidney)  
  Glutathione-S-transferase + (lung, liver, kidney, 

brain) 
 

 S-D (sex not Nitric oxide synthase-1 NE (lung) Wright et al.  
 specified) Nitric oxide synthase-2 + (lung) (1999) 
  Nitric oxide synthase-3 + (lung)  

 Wistar/M Nitric oxide synthase-2 + (lung) Chang et al.  
  NF-κB + (lung) (2001) 
  Mitogen-activated protein 

 kinases (Mek1, Erk2) 
+ (lung)  

  Protein kinase C, Mekk1, 
 Jnk, p38, c-Jun, c-Myc 

NE (lung)  

Guinea-pig Hartley/M Aryl hydrocarbon 
 hydroxylase 

NE (lung) Gairola (1987) 

 Not specified Collagenase + (lung) Selman et al. 
(1996) 

M, male; F, female; +, induced; –, decreased; ±, some studies report an increase, others a decrease; 
ND, not detected; UDP, uridine-5′-diphosphate; S-D, Sprague-Dawley; NE, no effect; NF-κB, nuclear 
factor-κB 
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enhancement of metabolism by microsomes from nicotine-treated animals is consistent
with the observed increase in CYP2E1 protein as measured by immunoblot analysis. The
data suggest that nicotine may increase CYP2E1-induced toxicity (Howard et al., 2001).
Although not detectable in mouse lung, P4503A is induced by tobacco smoke in mouse
liver (Villard et al., 1994). Some investigations have reported conflicting results on the
extent of phase I enzyme induction by tobacco smoke. For example, in one study,
P4501A1 was induced in the liver of NMRI mice exposed to tobacco smoke (Villard
et al., 1994) whereas, in another study in the same laboratory, P4501A1 activity was
either reduced or not detected in the liver of NMRI mice (Villard et al., 1998b). These
opposing results might be explained by the length of the exposure period: P4501A1 was
induced in mice exposed to tobacco smoke for 4 or 8 days, and was reduced in mice
exposed for 30 days. In one report on the effects of tobacco smoke on phase II enzyme
activity in the tissues of mice exposed to tobacco smoke, UGT was induced in the lung
and liver, but not in the kidney (Villard et al., 1998a). 

The induction of phase I and phase II enzymes in rats has been thoroughly investi-
gated (Table 4.6). An early study demonstrated a three- to fourfold induction of Ahh in
lung microsomes of Sprague-Dawley rats exposed daily to either mainstream or side-
stream whole smoke for 16 weeks (Gairola, 1987). The magnitude of Ahh induction in
animals exposed to mainstream and sidestream smoke was similar, although the dose of
smoke particulates received from rats exposed to sidestream smoke was significantly less
than the amount inhaled by the corresponding group exposed to mainstream smoke. In
another study, Ahh was induced in both the lung and liver of Sprague-Dawley rats given
intraperitoneal injections of condensates of mainstream and sidestream smoke. The induc-
tion of the enzyme in the lung exceeded that in the liver, and the sidestream-smoke con-
densate was a more effective inducer than the mainstream-smoke condensate. The activity
of lung and liver NDMA demethylase was unaffected by treatment with either condensate
(Pasquini et al., 1987). Ethoxyresorufin O-deethylase (associated with P4501A1/2) acti-
vity was induced to a similar extent in both the lung and liver of Wistar rats after a single,
short exposure to cigarette smoke (Godden et al., 1987). In another study, Sprague-
Dawley rats were exposed to mainstream smoke produced by a commercial filter-tipped
cigarette for 8 consecutive days, amounting to a cumulative exposure to 75 cigarettes. The
most pronounced changes in enzyme expression consisted of a 2.6-fold induction of Ahh
in the lung and an eightfold induction of ethoxyresorufin O-deethylase in the liver
(Bagnasco et al., 1992). In addition to Ahh and ethoxyresorufin O-deethylase, other phase
I enzymes that were induced by tobacco smoke in either the lung or liver of rats included
aniline 4-hydroxylase, para-nitroanisole O-demethylase, and aminopyrine N-
demethylase (Eke et al., 1996). With the exception of aniline 4-hydroxylase, the
inducibility of these enzymes in the lung and liver was similar in rats ranging in age from
20 days to 360 days. Aniline 4-hydroxylase was induced in the lung and liver of 20-day-
old rats, but not in 360-day-old rats (Eke et al., 1997). A more recent study in Fischer 344
rats reported on the inducibility by tobacco smoke of P4501A1, P4501A2 and P4502B1/2
in the nasal mucosa, lung and liver. Rats were exposed to mainstream cigarette smoke or
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to filtered air for 2 or 8 weeks. The inducibility of the three enzymes varied significantly:
P4501A1 levels were increased in all three tissues; P4501A2 was increased slightly in
nasal mucosa and liver and decreased in lung; and P4502B1/2 was increased in liver and
decreased in nasal mucosa and lung (Wardlaw et al., 1998). These and other data suggest
that the regulation of xenobiotic-metabolizing enzymes varies from one rodent tissue to
another. 

In a study of the effects of tobacco smoke on the activity of phase II enzymes in rat
tissues, liver glutathione S-transferase (GST) activity with regard to ethacrynic acid was
increased by tobacco smoke whereas that with regard to 1,2-epoxy-3-(para-
nitrophenoxy)-propane was decreased (Eke et al., 1996). Hepatic GST activities against
1-chloro-2,4-dinitrobenzene or 1,2-dichloro-4-nitrobenzene were unaltered. In the lung,
however, the activity of GST against all substrates was decreased by tobacco smoke.
These results indicate that the regulation of hepatic and pulmonary GSTs is differentially
influenced by tobacco smoke. Cigarette smoke has the potential to depress severely the
detoxification capacity of the lung.

The effects of tobacco smoke on the activities of the antioxidant enzymes catalase,
superoxide dismutase, glutathione peroxidase and glutathione reductase in rat tissues have
been investigated (Table 4.6). In one study in which Sprague-Dawley rats were exposed
to mainstream cigarette smoke for 65 weeks, oxidative stress was increased whereas the
activities of catalase and glutathione peroxidase in the lung were not significantly altered
by exposure to smoke (Wurzel et al., 1995). In another study, the activities of glutathione
reductase and catalase were reported to be decreased in the kidney of rats exposed to
tobacco smoke for 3 months, whereas the activity of glutathione peroxidase and lipid
peroxide levels were increased. The excretion of glutathione and lipid peroxides in urine
was also increased. The authors concluded that the reduced activity of glutathione reduc-
tase and the increased activity of glutathione peroxidase may perturb the ratio of reduced
glutathione:oxidized glutathione, which in turn could lead to the increased levels of lipid
peroxide in the kidney and urine seen in chronic exposure to tobacco smoke (Anand et al.,
1996). In a more recent study, the activities of catalase, superoxide dismutase and
glutathione peroxidase were increased in the lung, liver and kidney of albino rats exposed
to tobacco smoke for 2 × 15 min per day for 30 days. The activity of GST was also
increased in the lung, liver and kidney. Interestingly, the activities of the antioxidant
enzymes were unchanged in the brain and heart of the animals, but GST was increased in
the brain. The authors concluded that tobacco smoke induces lipid peroxidation in the
lung, liver and kidney, and the levels of the antioxidant enzymes are enhanced to protect
these tissues against the deleterious effects of oxygen-derived free radicals (Baskaran et
al., 1999).

Nitric oxide synthase (Nos) catalyses the production of NO which, through its con-
version to peroxynitrite, can cause damage to cellular macromolecules. The effects of
tobacco smoke on Nos gene expression and protein production have been examined in the
lung of rats exposed to tobacco smoke either once only or daily and killed after 1, 2, 7 or
28 days of exposure. Nos1, Nos2 (inducible Nos (iNos)) and Nos3 mRNAs in whole lung
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were quantified using reverse transcription polymerase chain reaction, and Nos protein
levels were determined by Western blotting. Neither Nos1 gene expression nor protein
levels were altered by exposure to tobacco smoke. Levels of Nos2 expression were more
than doubled in animals exposed to smoke on day 1 and had decreased to control values
by 28 days, whereas protein levels did not change. Nos3 expression was increased by
approximately 35% after 2 days of exposure and remained at this level to 28 days,
whereas protein levels were increased by approximately 60% at day 7 and remained
elevated to 28 days. In-situ hybridization showed that Nos2 was diffusely expressed in the
lung parenchyma, airways and vessels, and that Nos3 was strongly expressed in vascular
endothelium. The authors concluded that tobacco smoke could directly and rapidly affect
Nos expression, and thus potentially affect the function of the pulmonary vasculature
(Wright et al., 1999). In another study, the expression of Nos2, NF-κB, the mitogen-acti-
vated protein kinases Mek1 (mitogen-activated extracellular kinase 1) and Erk2 (extra-
cellular signal-regulated kinase 2), phosphotyrosine protein and c-Fos was increased in
the terminal bronchioles of rats exposed to gas-phase tobacco smoke in association with
an increase in lipid peroxidation. In contrast, the levels of protein kinase C, Mekk1, Jnk,
p38, c-Jun and c-Myc in the terminal bronchioles were unchanged. The authors concluded
that exposure to tobacco smoke results in oxidative stress (NOx and ROS) that leads to
the induction of Nos2 (iNos) and c-Fos together with the induction of transduction signal-
ling proteins, protein tyrosine phosphorylation and Mek1/Erk2 which, in turn, may pro-
mote lung pathogenesis (Chang et al., 2001).

The effects of tobacco smoke on enzyme activities have also been investigated to a
limited extent in guinea-pigs. In contrast to the results obtained in mice and rats, daily
exposure of Hartley strain guinea-pigs to either mainstream or sidestream tobacco smoke
for 16 weeks did not result in an increase in Ahh activity in the lung (Gairola, 1987). In
another study, however, tobacco smoke-induced emphysema in the lungs of guinea-pigs
was associated with an increase in the activity of a proteolitic enzyme–collagenase acti-
vity in the alveolar walls and interstitium (Selman et al., 1996).

(b) Biomarkers of tobacco smoke carcinogens
(i) Urinary compounds

Urinary compounds are useful markers of the uptake of tobacco smoke constituents
(Hecht, 2002b). Most, if not all, of the compounds detected in the urine of human smokers
have also been found in the urine of animals exposed to mainstream tobacco smoke. Since
1985, however, there have been relatively few reports of the identification and quanti-
tation of urinary compounds in animals exposed to tobacco smoke (Table 4.7). Rats
exposed to four dilutions of cigarette smoke over a period of 4 weeks had a lower output
of hydroxyproline (relative to creatinine) for all dilutions of smoke and showed a negative
dose–response relationship (Read & Thornton, 1985). cis-3′-Hydroxycotinine was
detected as a nicotine metabolite in the urine of human smokers as well as in the urine of
rats and hamsters dosed with nicotine. This was the first report of the identification of cis-
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3′-hydroxycotinine as a urinary metabolite of nicotine (Voncken et al., 1990). The com-
pound 4-(methylnitrosamino)-4-(3-pyridyl)-butyric acid (iso-NNAC) was identified in
the urine of rats exposed to tobacco smoke and in the urine of human smokers (Pachinger
et al., 1993). 
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Table 4.7. Biomarkers affected by exposure to mainstream tobacco smoke 

Species Strain/sex Biomarker affected Effect (tissue) Reference 

  Metabolites   

Rat (ex Charles 
River)/M 

Hydroxyproline – (urine) Read & Thornton 
(1985) 

 S-D/M cis-3′-Hydroxycotinine + (urine) Voncken et al. 
(1990) 

 Not specified 4-(Methylnitrosamino)-4- 
 (3-pyridyl)-butyric acid 

+ (urine) Pachinger et al. 
(1993) 

Hamster Syrian/M cis-3′-hydroxycotinine + (urine) Voncken et al. 
(1990) 

  DNA adducts   

Mouse C57BL/6/M 
DBA/2/M 

BPDE–DNA ND (lung, liver) 
ND (lung, liver) 

Bjelogrlic et al. 
(1989) 

 A/J/F O6-MeG (reduced by 
 tobacco smoke) 

– (lung, liver) Brown et al. 
(1999) 

 B6C3F1/M Smoke-related + (lung, heart) Brown et al. 
(1997) 

Rat Fischer 344/ 
N/M&F 

Smoke-related + (lung) Bond et al. 
(1989) 

 S-D/M Smoke-related + (nasal mucosa, lung) 
ND (liver) 

Gupta et al. 
(1989) 

 S-D/M Smoke-related + (tracheal epithelial 
cells) 

Izzoti et al. 
(1995b) 

 BD6/F Smoke-related + (lung, heart) 
ND (oesophagus, liver) 
+ (oesophagus with 
ethanol) 

Izzoti et al. 
(1998) 

 S-D/M Smoke-related + (heart, lung, trachea, 
larynx, bladder) 

Gupta et al. 
(1999) 

Guinea-
pig 

Not specified Smoke-related + (lung) Gupta et al. 
(1999) 

M, male; F, female; S-D, Sprague-Dawley; BPDE, benzo[a]pyrene diol epoxide; O6-MeG, O6-methyl-
guanine; +, significant increase; –, decrease; ND, not detected 
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(ii) DNA adducts in animal tissues
Mouse

There have been several reports of the detection of DNA adducts in tissues of mice
exposed to tobacco smoke (Table 4.7). Synchronous fluorescence spectrophotometry was
used to investigate the formation of the BPDE–DNA adducts in the lung and liver of gene-
tically responsive C57BL/6 and non-responsive DBA/2 mice exposed to cigarette smoke
for 3–16 days. Interestingly, BPDE–DNA adducts were not detected in the lung and liver
of either mouse strain, although Ahh activity, an indicator of benzo[a]pyrene metabolism,
was clearly induced in the lungs of C57BL/6 mice. Thus, there appeared to be no clear
correlation between Ahh activity and the formation of BPDE–DNA adducts (Bjelogrlic
et al., 1989). 

The effect of tobacco smoke on the formation of promutagenic O6-methyldesoxy-
guanosine (O6-MeG) adducts from the TSNA NNK, in the lungs and liver of A/J mice has
been investigated. Mice were exposed to smoke generated from Kentucky 1R4F reference
cigarettes at 0, 0.4, 0.6 or 0.8 mg wet total particulate matter per litre of air for 2 h, and a
single intraperitoneal injection of NNK (0, 3.75 or 7.5 µmol/mouse) was administered
midway through the exposure. Tobacco smoke alone did not yield detectable levels of
O6-MeG but NNK did form this adduct. The number of O6-MeG adducts following intra-
peritoneal injection of NNK during cigarette smoke exposure was significantly (p < 0.05)
reduced in both lung and liver. The same effect was seen in mice co-exposed to NNK and
cotinine. The authors hypothesized that the reduction of O6-MeG in liver and lung results
from competitive inhibition by cotinine of the cytochrome P450 enzyme system for NNK
activation (Brown et al., 1999). The effect of exposure to tobacco smoke on the formation
of DNA adducts in the lungs and heart of B6C3F1 mice was determined using the 32P-
postlabelling assay. Mice were exposed for 1 h per day, 5 days per week for a period of 4
weeks to mainstream smoke at concentrations of 0, 0.16, 0.32 and 0.64 mg total parti-
culate matter per litre of air. There was an exposure-dependent increase in the numbers of
DNA adducts in lung and heart at all three concentrations; increases found in the mid- and
high-exposure groups were significant (p < 0.05) (Brown et al., 1997). 

Mainstream-smoke condensate and sidestream-smoke condensate were applied topi-
cally to mouse skin, and DNA adducts were quantified in skin, lung, kidney, liver and
bladder tissues by 32P-postlabelling. Mainstream-smoke condensate produced higher
levels of DNA adducts in mouse heart and bladder than sidestream-smoke condensate
(but the difference was not statistically significant). However, sidestream-smoke conden-
sate produced higher adduct levels in mouse skin, lung and kidney than mainstream
smoke (Carmichael et al., 1993).

Rat
The effect of mainstream tobacco smoke on the formation of DNA adducts in various

tissues of rats has been investigated extensively by use of 32P-postlabelling and SFS
(Table 4.7). The formation of DNA adducts in the nasal cavity, lung and liver of Sprague-
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Dawley rats exposed daily to fresh smoke from a University of Kentucky reference
cigarette (2R1) for up to 40 weeks was examined by 32P-postlabelling (Gupta et al., 1989).
The amount of total particulate matter inhaled with the smoke was 5–5.5 mg per animal
per day. The average concentration of COHb in blood was 5.5%. Mainstream smoke
induced at least four new DNA adducts in the nasal mucosa of rats and the amount of these
adducts increased with length of exposure. In the lung, smoke induced an accumulation
of one DNA adduct, which upon cessation of exposure for 19 weeks was reduced by about
75%. Smoke-related adducts were not detected in the liver. Selective chromatography and
butanol extractability suggested that the DNA adducts in all tissues examined were aro-
matic and/or lipophilic. In a more recent study, Gupta et al. (1999) reported increases in
the levels of DNA adducts in various tissues of Sprague-Dawley rats exposed to both
mainstream and sidestream tobacco smoke, but not in liver. Mean total adduct levels in
the various tissues ranked from heart > lung > trachea > larynx > bladder. Izzotti et al.
(1995b) employed 32P-postlabelling analysis to evaluate the effect of N-acetyl-L-cysteine
(NAC) on the formation of carcinogen–DNA adducts in tracheal epithelial cells of
Sprague-Dawley rats exposed (whole-body) to mainstream tobacco smoke for either 40 or
100 consecutive days. DNA adducts were observed after 40 days of exposure and no
further increase was noted after 100 days. NAC, given by gavage in the 40-day study and
in the drinking-water in the 100-day study, reduced the formation of smoke-related carci-
nogen–DNA adducts in the tracheal epithelium to the levels seen in sham-exposed control
rats. These results indicate the considerable efficacy of oral NAC, a chemopreventive
agent, in inhibiting the formation of smoke-related carcinogen–DNA adducts (Izzotti
et al., 1995b). 

32P-Postlabelling was also used to investigate the effects of exposure mode, sex and
time (adduct persistence) on the level of DNA adducts in tissues of Fischer 344 rats (Bond
et al., 1989). Rats were exposed to tobacco smoke for 6 h per day, 5 days per week for 22
days by intermittent nose-only, continuous nose-only or continuous whole-body exposure.
The animals were killed at either 18 h or 3 weeks after the 22-day exposure period and
DNA adducts in lung tissues were quantified. Significant (p < 0.05) increases in the levels
of DNA adducts were observed in both male and female rats exposed to tobacco smoke.
No significant effects of exposure mode or sex on the induction of lung DNA adducts
were observed. Significantly fewer clearly resolved DNA adducts were found in the lungs
of rats killed 3 weeks after exposure, suggesting that smoke-induced adducts were
repaired by DNA repair mechanisms. A single unidentified adduct accounted for about
20% of the total resolved lung DNA adducts and occurred at levels nine- to 14-fold higher
than those in control animals (Bond et al., 1989). It is not certain whether this adduct is
the same one as that described in the lung of Sprague-Dawley rats by Gupta et al. (1989)
or in the skin of mice by Randerath et al. (1986). Izzotti et al. (1998) used 32P-post-
labelling to investigate the effects of tobacco smoke and alcohol consumption on DNA
adduct levels in the oesophagus, lung, liver and heart of BD6 rats. Groups of female rats
were exposed to ethanol (5% in drinking-water for 8 consecutive months) and/or whole-
body to mainstream tobacco smoke (1 h per day, 5 days per week for 8 months). As
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expected, ingestion of alcohol alone did not affect the levels of DNA adducts in any of the
four organs studied. Exposure to tobacco smoke induced formation of DNA adducts in the
lung and heart, but not in the oesophagus or liver. Combined exposure to alcohol and
smoke, however, resulted in the significant formation of smoke-related DNA adducts in
the oesophagus and in a further increase in the number of adducts in the heart. Therefore,
a likely interpretation is that ethanol may solubilize water-insoluble smoke components
in the upper aerodigestive tract, thereby determining a first-pass effect in the oesophagus
(Izzotti et al., 1998). Another important mechanism may be the induction by ethanol of
CYP2E1-dependent microsomal monooxygenases that catalyse the metabolism of a
variety of xenobiotics (Tsutsumi et al., 1993; Gonzalez & Gelboin, 1994). 

The formation of smoke-related DNA adducts and their chemoprevention were inves-
tigated in tissues of Sprague-Dawley rats by SFS which, as mentioned above, can detect
BPDE–DNA adducts (Izzotti et al., 1992). Animals were exposed (whole-body) to main-
stream cigarette smoke once daily for up to 40 consecutive days. No adduct was detected
in liver DNA, whereas smoke-related DNA adducts were detectable in the lung from the
day 8 of exposure and continued to increase until the study ended at day 40. The levels of
adducts in heart DNA were even higher than those found in the lung. The daily adminis-
tration of NAC by gavage significantly inhibited the occurrence of the same adducts in
both heart and lung DNA, as measured by 32P-postlabelling of DNA adducts in tracheal
epithelial cells (Izzotti et al., 1995b).

It is currently not clear why rats exposed to cigarette smoke form lung DNA adducts
when previous studies have not demonstrated smoke-induced pulmonary carcinogenesis
in rats. However, it is possible that the previous studies failed to demonstrate smoke-
induced cancer because:

— a smaller dose of particulate matter was delivered per gram of lung tissue than in
human heavy smokers;

— less than lifetime exposures were used; and
— the experimental groups used were too small in number (Bond et al., 1989).

Interspecies comparison
32P-Postlabelling has also been used to detect and quantify DNA adducts in the lung

of guinea-pigs and mice exposed to mainstream and sidestream tobacco smoke. DNA
adducts were identified in lung, but less DNA-adduct formation was seen in guinea-pigs
than in either mice or rats at the same level of exposure to tobacco smoke (Gupta et al.,
1999). 

(iii) DNA damage in cultured human lung cells
In cultured human lung cells, bubbling cigarette smoke through phosphate-buffered

saline was found to induce DNA single-strand breaks and formation of 8-OHdG in DNA.
Evidence was presented that this was mediated, in part, by the formation of reactive
oxygen species (Leanderson, 1993). It was shown that cigarette tar promotes neutrophil-
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induced DNA damage in cultured human lung cells and that this activity is further
enhanced by iron and inhibited by catalase (Leanderson & Tagesson, 1994).

Treatment of human fetal lung cells with the TSNAs NNN and NNK caused single-
strand breaks in DNA. Inhibition of this effect by oxygen radical scavengers suggested
that the hydroxyl radical was an important intermediate in the process (Weitberg &
Corvese, 1993).

DNA damage, as measured by the alkaline single-cell gel microelectrophoresis
(Comet) assay, has also been shown to be induced in human embryo lung cells treated
with water-soluble compounds from cigarette smoke (Wang, Q. et al., 2000).

Treatment of tracheobronchial epithelial cells with gas-phase cigarette smoke caused
DNA strand breakage that was accompanied by increases in the levels of a number of
DNA lesions, including 8-OHdG, xanthine and hypoxanthine. These latter lesions can
arise from the deamination of guanine and adenine by a mechanism involving reactive
nitrogen species. Thus, DNA damage induced by cigarette smoking may be mediated by
both reactive oxygen species and reactive nitrogen species (Spencer et al., 1995).

(c) Other data
(i) Effects on particle clearance

Cigarette smoking induces a variety of carcinogenic and non-carcinogenic effects in
humans and laboratory animals. An issue of concern is the extent to which smoking might
influence pulmonary responses to other inhaled toxic materials. This influence can take
the form of a direct alteration of the deposition or clearance of another inhaled agent. For
example, it has been reported that cigarette smoking delays the pulmonary clearance of
inhaled, insoluble particles in humans (Bohning et al., 1982) and in laboratory animals
(Mauderly et al., 1989). 

Finch et al. (1995) investigated the influence of cigarette smoke exposure of Fischer
344 rats on the pulmonary clearance of inhaled, relatively insoluble radioactive tracer
particles. Following 13 weeks of whole-body exposure to air or mainstream tobacco smoke
for 6 h per day, 5 days per week at concentrations of 0, 100 or 250 mg/m3 total particulate
matter, rats were acutely exposed pernasally to 85Sr-labelled fused aluminosilicate (85Sr-
FAP) tracer particles; exposure to air or smoke was then resumed. A decreased clearance
of 85Sr-FAP from the lungs, which was smoke concentration-dependent, was observed. By
180 days after exposure to the tracer aerosol, about 14, 20 and 40% of the initial activity
of the tracer was detected in the control, 100-mg/m3 and 250-mg/m3 groups, respectively.
Exposure to mainstream smoke produced lung lesions that contained increased numbers of
pigmented alveolar macrophages throughout the parenchyma, and focal collections of
enlarged alveolar macrophages with concomitant alveolar hyperplasia. The severity of
lesions increased with duration of exposure. These data confirm previous findings that
exposure to cigarette smoke decreases the ability of the lung to clear inhaled materials. In
a subsequent publication, Finch et al. (1998) reported that chronic exposure to cigarette
smoke containing 100 or 250 mg/m3 total particulate matter increased the pulmonary
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retention and radiation dose of 239plutonium inhaled as 239PuO2 in two groups of Fischer
344 rats. Assuming a linear dose–response relationship between radiation dose and the
incidence of lung neoplasms, the exposure to 239PuO2 was predicted to increase the inci-
dence of lung tumours relative to that in controls by 20% or 80%, depending upon the con-
centration of total particulate matter in smoke.

(ii) Carboxyhaemoglobin
There have been several reports on the relationship between levels of exposure to

carbon monoxide from tobacco smoke and levels of COHb adducts in the blood of
animals. For example, Attolini et al. (1996) exposed male NMRI mice to tobacco smoke
for 2, 4, 8 or 31 days. The levels of COHb in blood increased significantly after 4 or 8
days of exposure and decreased after 31 days to a level which remained higher than the
level of the controls. Two hypotheses were proposed to explain the decrease in COHb
levels at 31 days.

(1) The mice may develop a state of tolerance against compounds in tobacco smoke:
the increase in respiratory rhythm leads to hyperventilation and to a concomitant decrease
in the quantity of CO fixed to haemoglobin.

(2) Chronic exposure to tobacco smoke increases the thickness of the airway epi-
thelium and alveolar septae, as well as mucus hypersecretion and ciliostasis, which
increases the barrier to smoke constituents, reducing their accessibility to the blood circu-
lation and therefore decreasing the level of CO fixed to haemoglobin.

Loennechen et al. (1999) exposed Sprague-Dawley rats to CO at 100 ppm for 1 week
or to 100 ppm CO for 1 week followed by 200 ppm for 1 week. The formation of COHb
was found to be dependent upon the amount of CO exposure; COHb was approximately
13% in the group exposed to the low level of CO and 23% in the group exposed to the
higher level. Exposure to a high level of CO increased the expression of endothelin-1
mRNA by more than 50% in both the left and right ventricles of the heart. The authors
concluded that chronic exposure to CO leading to COHb levels similar to those observed
in smokers increases endothelin-1 gene expression and induces myocardial hypertrophy
in the rat. 

4.2 Toxic effects

4.2.1 Humans

(a) Nicotine addiction
Cigarette smoking is the single largest avoidable cause of premature death and disa-

bility. Many smokers express a desire to stop smoking, and many have made one or more
unsuccessful attempts to quit, supporting the evidence that tobacco smoking is addictive.
Research has been focused on nicotine because it is the most addictive constituent of
tobacco products (see also Section 4.1.1(c)(vi)). Therefore, cigarette smoking should be
understood as a manifestation of nicotine addiction. This topic has been extensively
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reviewed (Benowitz, 1988; US Department of Health and Human Services, 1988;
Moxham, 2000).

Nicotine is an addictive drug and smoking of tobacco rapidly delivers a dose of nico-
tine to receptors in the brain. The effects on the central nervous system are more important
than those on the peripheral nervous system (Le Houezec & Benowitz, 1991). With
repeated experience, consolidation into physiological and psychological addiction is
reinforced by pronounced withdrawal symptoms.

To achieve a psychoactive impact, nicotine must be delivered rapidly to the brain
which is best achieved by inhalation of tobacco smoke. The speed of nicotine delivery is
a fundamental difference between cigarettes and products aimed at nicotine replacement.
The nicotine-replacement products deliver nicotine at lower, subaddictive rates and are
only effective in reducing cravings and withdrawal symptoms from tobacco-delivered
nicotine dependence.

It is far from clear that the benefits attributed to nicotine use, such as stress relief,
improved mood and enhanced cognitive performance, are real. Many of the perceived
benefits are actually attributable to the relief of nicotine withdrawal symptoms (Le
Houezec & Benowitz, 1991).

The addictive properties of nicotine imply that analytical measurements of tar and
nicotine yields from cigarettes do not reflect the true exposure to tar and nicotine
experienced by smokers. Smokers adjust the way they smoke in order to self-administer
a satisfactory dose of nicotine (Benowitz, 1995).

(b) Health effects other than cancer
Besides its carcinogenic effects, tobacco smoke has a number of other pathogenic

properties. Causal associations have been established between active smoking and a
number of specific diseases.

(i) Effects on the cardiovascular system
Cigarette smoking is a major independent risk factor for coronary heart disease and

the most important risk factor for atherosclerotic peripheral vascular disease. There is a
dose–response relationship between cigarette smoking and cardiovascular disease: the
risk increases with the number of cigarettes smoked daily, the total number of years for
which a person has smoked, the degree of inhalation and earlier age of initiation of the
smoking habit. Cigarette smoking has been found to elevate significantly the risk for
sudden death (US Department of Health and Human Services, 1983, 1989). Cigarette
smoking accounts for about half of deaths from coronary disease in women during middle
age. It has been shown that premenopausal women have lower rates of heart disease than
postmenopausal women. This protection is presumed to be provided by the presence of
circulating estrogens, but it is unknown whether estrogens have the same protective effect
in women who smoke (Villablanca et al., 2000). A synergistic effect between smoking and
the use of oral contraceptives has also been reported (US Department of Health and
Human Services, 1983). In female smokers who take oral contraceptives, particularly

IARC MONOGRAPHS VOLUME 831082

pp1081-1116-Sections 4.2-4.5  30/04/2004  11:06  Page 1082



those over the age of 35 years, there is a well-established increase in risk of myocardial
infarction and cerebrovascular disease (Villablanca et al., 2000).

Cigarettes that nominally deliver less tar or nicotine have not consistently been shown
to reduce the risk of cardiovascular disease (reviewed by Burns et al., 2001).

(ii) Effects on the cerebrovascular system
Cigarette smoking is a major cause of cerebrovascular disease (ischaemic stroke). It

is estimated that as many as 25% of all strokes can be attributed to smoking. The relative
risk of stroke is similar in male and female smokers and is maximal near middle age
(Hankey, 1999). Although nicotine has strong and potentially harmful effects on cerebral
and peripheral vascular tissues, it is not certain whether and how these effects are related
to stroke (Hawkins et al., 2002).

(iii) Effects on the respiratory system
Cigarette smoking is the most important cause of cough, sputum production, chronic

bronchitis and asthma (Hargreave & Leigh, 1999; Maestrelli et al., 2001; Ulrik & Lange,
2001). It increases the risk for dying from chronic bronchitis and pulmonary emphysema
(US Department of Health and Human Services, 1984; Aubry et al., 2000; Seagrave,
2000; Fraig et al., 2002).

(iv) Gastrointestinal effects
Smoking increases the risk for peptic ulcer and mortality from this disease (Ma et al.,

1998). It delays peptic ulcer healing and increases the risk of recurrence after healing
(Ashley, 1997). Nicotine has been shown to potentiate aggressive gastric factors and to
attenuate defensive ones; it also increases acid and pepsin secretions, gastric motility,
duodenogastric reflux of bile salts, the risk of Helicobacter pylori infection, levels of free
radicals and platelet-activating factor, endothelium generation and vasopressin secretion
(Endoh & Leung, 1994). Although the mechanisms by which smoking or nicotine
adversely affect the gastric mucosa have not been fully elucidated, the available evidence
supports the hypothesis that nicotine is harmful to the gastric mucosa (Endoh & Leung,
1994). Smoking is also a risk factor for Crohn disease in both men and women, but the
excess risk is higher among female smokers. There is growing evidence that smoking is
inversely related to ulcerative colitis (Westman et al., 1995; Rubin & Hanauer, 2000) and
some evidence that it is a risk factor for gallstones (Ashley, 1997).

(v) Neurological disorders
The relationship between smoking and some neurological diseases has been contro-

versial. A number of epidemiological studies have found a significant, negative asso-
ciation between cigarette smoking and Parkinson or Alzheimer disease, the risk among
nonsmokers being approximately twice that of smokers (Fratiglioni & Wang, 2000).
However, whereas a community-based longitudinal study of elderly people found a
higher risk of Alzheimer disease in smokers than in nonsmokers (Merchant et al., 1999),
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an analysis based on a comparison of persons with Alzheimer dementia with their
unaffected siblings suggests that smoking does not decrease the risk for the disease
(Debanne et al., 2000). Both retrospective and prospective epidemiological studies have
demonstrated an inverse association between cigarette smoking and Parkinson disease,
leading to theories that smoking and nicotine may be neuroprotective. Coffee and caffeine
consumption have been reported to have a similar effect (Ross & Petrovitch, 2001;
Hernan et al., 2002).

(vi) Other inverse associations of smoking with health effects
Some studies suggest that there may be inverse associations of smoking with uterine

fibroids and endometriosis, and protective effects against hypertensive disorders and
vomiting during pregnancy are likely. Inverse associations of smoking with venous
thrombosis after myocardial infarction are probably not causal, but indications of positive
effects with regard to recurrent aphthous ulcers and control of body weight may reflect a
genuine benefit. A variety of mechanisms for the potentially beneficial effects of smoking
have been proposed; of these three predominate:

— the anti-estrogenic effect of smoking;
— alterations in prostaglandin production; and
— stimulation of nicotinic cholinergic receptors in the central nervous system.
It should be noted that even established inverse associations cannot be used as a ratio-

nale to encourage cigarette smoking because overall effects on health and mortality are
clearly negative (Baron, 1996).

4.2.2 Animals

(a) Nicotine addiction/dependence
(i) Studies with animal models

Various animal models have been described that mimic nicotine dependence and with-
drawal syndromes. In one such model, dependence is induced in rats by continuous
subcutaneous infusion of nicotine (3 or 9 mg/kg bw per day as nicotine hydrogen tartrate)
over 7 days by the use of implanted osmotic minipumps. The nicotine is absorbed quickly
and almost completely. Abstinence is initiated through termination of infusion or by injec-
tion of nicotine antagonists. The resulting abstinence syndrome involves a pattern of beha-
viour somewhat resembling opiate abstinence, with weight gain and reduced locomotor
activity. The model has been replicated in a number of laboratories. It is sensitive to
various abstinence-alleviating therapeutic approaches, such as nicotine replacement and
the administration of nitric oxide synthase inhibitors and serotonergic compounds. A
strong reduction of abstinence symptoms was seen with bupropion and acetyl-L-carnitine,
both of which are used clinically as part of smoking cessation regimens (Malin, 2001).

Nicotine has also been given orally to experimental animals either in liquid diets or in
drinking fluids, or by forced oral administration (rats show an aversion to the taste of nico-
tine). When nicotine is given orally, it is absorbed slowly by the gastrointestinal tract and

IARC MONOGRAPHS VOLUME 831084

pp1081-1116-Sections 4.2-4.5  30/04/2004  11:06  Page 1084



the concentrations in blood remain considerably lower than those observed after subcuta-
neous infusion (Le Houezec et al., 1989).

In another experimental model, mice were given drinking-water containing gradually
increasing concentrations (50–500 µg/mL) of nicotine for 7 weeks. After replacement of
the nicotine solutions with tap-water, a significantly higher fluid intake was seen in the
nicotine-treated mice than in control animals, but this effect disappeared within 1 week.
Plasma nicotine concentrations in the treated mice were found to be similar to those
reported in heavy smokers. The results of a pharmacological study with this mouse model
suggested that the effects of nicotine in striatal dopamine metabolism are critical for its
stimulating and reinforcing effects (Pietilä & Ahtee, 2000).

(ii) Studies with genetically modified mice
Numerous studies have shown that nicotine is likely to be responsible for the addic-

tive properties of tobacco. In addition, nicotine has effects on locomotion, cognition,
affect and sensitivity to pain. In recent studies with transgenic mice, molecular biology
has been combined with pharmacology, electrophysiology and behavioural analysis to
elucidate the specific role of nicotine in these phenomena. The physiological effects of
nicotine are mediated by binding to and activation of nicotine acetylcholine receptors.
These receptors are pentamers made up of subunits with distinct expression patterns in
different neurons. More than 10 different neuronal receptor subunits have been identified,
and for seven of these subunits, knock-out mice lacking one receptor subunit have been
constructed. These mice are being used in studies to identify the receptor subtypes
responsible for the different effects of nicotine. As an example, nicotine self-adminis-
tration is abolished in mice lacking the β2 subunit of the receptor, which implies that this
subunit is a component of the receptor that mediates nicotine reinforcement (Marubio &
Changeux, 2000; Picciotto et al., 2000). 

(b) Other effects in experimental animals
(i) Effects on the cardiovascular system

To determine whether chronic exposure to tobacco smoke for less than 2 months
alters cardiovascular regulation, male Sprague-Dawley rats were exposed to tobacco
smoke from low-nicotine cigarettes (1 mg/cigarette) for 4–6 weeks, and a second group
served as sham controls receiving only puffs of room air. Reflex adjustments in mean
arterial blood pressure after bilateral common carotid occlusion were compared between
the two groups. In the anaesthetized control state, there was no significant difference
between the cardiovascular parameters measured in the two groups. However, the
increase in mean arterial blood pressure after carotid occlusion was significantly greater
in the smoke-treated than in the control animals (p < 0.05). In addition, the time required
to reach maximum arterial blood pressure after carotid occlusion was significantly less (p
< 0.05) for the smoke-treated animals (8.5 ± 0.2 s) than in the controls (11.2 ± 0.3 s). The
results show that chronic exposure to tobacco smoke in experimental animals for periods
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as short as 4–6 weeks alters the reflex regulation of the cardiovascular system (Bennett &
Richardson, 1990).

To determine whether exposure to sidestream cigarette smoke promotes atherogenesis
in a mouse model of human atherosclerosis, female ApoE-deficient mice, fed a western
diet, were exposed to sidestream smoke in a whole-body exposure chamber for a total of
6 h/day, 5 days per week, for 7, 10 and 14 weeks. Animals exposed to filtered ambient air
served as controls. Elevated concentrations of blood COHb and pulmonary CYP1A1 were
indicative of effective exposure. There were no consistent changes in serum concen-
trations of cholesterol between control and exposed mice. Morphometric assessment of
grossly discernible lesions covering the intimal area of the aorta showed remarkable
increases in exposed mice, at all three durations of exposure studied. Increases in the area
of the lesion were accompanied by higher levels of esterified and unesterified cholesterol
in the aortic tissues of exposed mice. The results clearly demonstrate promotion of the
development of atherosclerotic lesions by tobacco smoke in an atherosclerosis-susceptible
mouse model (Gairola et al., 2001).

(ii) Effects on the cerebrovascular system
Initial investigations with a rat model of nicotine exposure in adolescents have

demonstrated that the vulnerable developmental period for nicotine-induced brain cell
damage extends into adolescence. The effect of nicotine on cholinergic systems in ado-
lescent male and female rats was investigated with a nicotine-infusion protocol designed
to produce nicotine plasma concentrations similar to those measured in human smokers or
in users of transdermal nicotine patches. Choline acetyltransferase activity (ChAT), a
static marker that closely reflects the density of cholinergic innervation, and binding of
[3H]hemicholinium-3 (HC-3), which labels the presynaptic high-affinity choline trans-
porter, were monitored in the midbrain (the region most closely involved in reward and
addiction pathways), as well as in the cerebral cortex and hippocampus. During nicotine
treatment and for 1 month after termination of treatment, ChAT activity was significantly
reduced and HC-3 binding was significantly increased in the midbrain, but not in the other
regions. The levels returned to normal immediately after cessation of nicotine exposure
and subsequently showed a transient suppression of activity. Although the cerebral cortex
showed little or no change in HC-3 binding during or after nicotine administration,
activity was persistently reduced in the hippocampus. The regionally selective effects of
nicotine treatment of adolescent rats on cholinergic systems support the concept that ado-
lescence is a vulnerable developmental period for determining ultimate effects on beha-
viour (Trauth et al., 2000).

(iii) Effects on the respiratory system
To study the role of transforming growth factor-β1 (TGF-β1) in the pathogenesis of

chronic bronchitis and emphysema, an animal model was used in which hamsters were
exposed by chronic inhalation of cigarette smoke. The expression of TGF-β1 mRNA and
protein in the pulmonary tissue was measured. In a parallel experiment, bronchial epi-
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thelium was stimulated with cigarette smoke extract in vitro and the expression of TGF-
β1 was determined. After 3 months of exposure, the animals developed chronic bronchitis
and emphysema. The increase in TGF-β1 immunoreactivity in the pulmonary tissue and
in the cultured bronchial epithelial cells was significantly higher than in the controls
(p = 0.001). The expression of TGF-β1 mRNA was also increased in the pulmonary tissue
of exposed animals. The results indicate that exposure to cigarette smoke can induce over-
expression of TGF-β1 in bronchial epithelia; this may be one of the mechanisms for
smoking-induced chronic bronchitis and emphysema (Li et al., 2002).

To assess induction of emphysema in the rodent lung, B6C3F1 mice and Fischer 344
rats were exposed, whole-body, to cigarette smoke at a concentration of 250 mg/m3 total
particulate matter for 6 h per day, 5 days per week, for either 7 or 13 months. Morpho-
metry included measurements of parenchymal air-space enlargement and tissue loss. In
addition, centriacinar intra-alveolar inflammatory cells were counted to assess species
differences in the type of inflammatory response associated with the exposure. In mice,
significant differences in many of the morphometric parameters indicating emphysema
were noted between smoke-exposed and control animals. In rats exposed to cigarette
smoke, only some of the parameters differed significantly from control values. Morpho-
logical evidence of tissue destruction in the mice included alveoli that were irregular in
size and shape and alveoli with multiple foci of septal discontinuities and isolated septal
fragments. There were more morphometric anomalies in the mice at 13 months than at 7
months, suggesting a progression of the disease. Inflammatory lesions in the lungs of
mice contained significantly more neutrophils than these lesions in rats. These results
suggest that B6C3F1 mice are more susceptible than Fischer 344 rats to the induction of
emphysema by this exposure regimen and that the emphysema may be progressive in
mice. Furthermore, the type of inflammatory response may be a determining factor for
species differences in susceptibility to the induction of emphysema by exposure to
cigarette smoke (March et al., 1999).

The hypothesis was tested that variations in α1-antitrypsin expression modulate the
pattern of emphysema and functional consequences in mice exposed to cigarette smoke.
The effects of cigarette smoke were investigated in C57BL/6J (C57) mice and in low-α1-
antitrypsin, C57BL/6J pa+/pa+ (pallid) mice. After 4 months of exposure, a significant
increase in the extent of emphysema was seen in pallid mice, but not in C57 mice. After
6 months, mechanical properties of lung, the extent and type of emphysema, and the
cellular inflammatory response were measured. C57 mice and pallid mice had similar
degrees of emphysema, whereas pallid mice, but not C57 mice, had developed a T-cell
inflammation in the alveolar wall (p < 0.01). Although lung compliance was not changed
in C57 mice after exposure to smoke, it increased significantly in pallid mice over the 6
months of exposure (p < 0.0082). In summary, exposure to cigarette smoke induced
emphysema in C57 and pallid mice, but the emphysema, inflammatory infiltrate and the
resulting physiological abnormalities were substantially different in the two strains, with
the C57 and pallid mice exhibiting features similar to centrilobular and panlobular
emphysema, respectively (Takubo et al., 2002).
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To determine whether smoking affects the clearance of asbestos fibres, guinea-pigs
were given amosite asbestos by intratracheal instillation. They were divided into groups
that received (a) no further treatment, (b) were exposed to tobacco smoke after asbestos
instillation, or (c) were exposed to smoke both before and after asbestos instillation. The
numbers and sizes of the asbestos fibres were measured in respiratory tract tissue and in
lavage samples at 1 week and 1 month after exposure. During this time, the asbestos
burden in the first group decreased sixfold on average, whereas no significant decrease
was seen in either of the smoke-exposed groups. The mean length of retained fibres
increased in the first group (asbestos only), but decreased in both the smoke-exposed
groups. This phenomenon was seen in tissue samples and lavage samples, although the
fibres in the lavage fluid were consistently shorter than those in tissue. The authors con-
cluded that, in this model, cigarette smoking impeded asbestos clearance, largely by
increasing retention of short fibres. This increased pulmonary fibre burden may be impor-
tant in the increased rate of parenchymal fibrosis and carcinoma of the lung seen in
asbestos workers who smoke (McFadden et al., 1986).

(iv) Neurological disorders
In view of the suggested inverse relationship in humans between cigarette smoking

and the risk for Parkinson and Alzheimer disease, which are both characterized by
enhanced oxidative stress, the antioxidant potential of nicotine was investigated in rats.
Initial chromatographic studies suggested that nicotine can affect the formation of the
neurotoxin 6-hydroxydopamine resulting from the addition of dopamine to Fenton’s
reagent (i.e. Fe2+ and hydrogen peroxide). Under certain circumstances, nicotine can
strongly affect the course of the Fenton reaction. In in-vivo studies, adult male rats treated
with nicotine showed greater memory retention than controls in a water-maze task.
However, neurochemical analysis of neocortex, hippocampus and neostriatum from these
animals revealed that nicotine had no effect on the formation of reactive oxygen species
or on lipid peroxidation in any brain region studied. In an in-vitro study with rat neo-
cortical homogenates, there were no differences in lipid peroxidation between nicotine-
treated rats and controls. The results of these studies suggest that the beneficial/protective
effects of nicotine in both Parkinson disease and Alzheimer disease may result, at least
partly, from antioxidant mechanisms (Linert et al., 1999).

The effects of nicotine on the central nervous system are mediated by the activation
of neuronal heteromeric acetylcholine-gated ion channel receptors (also termed nicotinic
acetylcholine receptors). The neuroprotective effects of nicotine were studied in two
animal models of parkinsonism: diethyldithiocarbamate-induced enhancement of 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine toxicity in mice and methamphetamine-
induced neurotoxicity in rats and mice. The neuroprotective effect of nicotine was very
similar to that of the non-competitive N-methyl-D-aspartate receptor antagonist, MK-801.
In parallel experiments, nicotine was shown to induce the basic fibroblast growth factor-
2 (FGF-2) and the brain-derived neurotrophic factor in rat striatum. The effect on the
induction of FGF-2 was prevented by the nicotinic acetylcholine receptor antagonist,
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mecamylamine, whereas MK-801 induced FGF-2 in the striatum. As trophic factors have
been reported to be neuroprotective for dopaminergic cells, these data suggest that the
increase in neurotrophic factors is a possible mechanism by which nicotine provides pro-
tection from experimental parkinsonism (Maggio et al., 1998).

(v) Effects on the immune system
Five groups of 2-month-old male Syrian golden hamsters were exposed to cigarette

smoke for three 10-min periods per day, on 5 days per week, for the duration of their lives.
Three of the groups were also chronically exposed to aerosols of chrysotile asbestos,
cobalt oxide or nickel oxides. The fourth group was exposed to smoke and sham dust and
was compared with the control group exposed to sham smoke and sham dust. The fifth
group received 12 weekly injections of 0.25 mg of N-nitrosodiethylamine. Each cigarette
smoke-exposed group was compared with the group exposed to sham smoke and the
respective aerosol treatment. The cigarette smoke-exposed groups lived significantly
(p < 0.01) longer than the sham-exposed groups and the untreated controls. Their mean
body weights were significantly (p < 0.01) lower than those of the sham-exposed groups.
The delayed onset of amyloidosis and the lower body weight in the smoke-exposed
hamsters may have been responsible for their increased lifespans. The results suggest that
cigarette smoke affects the immune system of the animals, resulting in retardation of amy-
loidosis, a frequent cause of death in hamsters (Wehner et al., 1976).

In rats, chronic inhalation of cigarette smoke preferentially inhibited the plaque-
forming cell response of lung-associated lymph nodes (LALN) to sheep erythrocytes
rather than anatomically distant lymph nodes. Inhibition of the antibody response in
LALN of smoke-exposed animals was first detected after 21 weeks of smoke inhalation
and was well established by the 27th week of exposure to smoke. After prolonged expo-
sure (> 34 weeks) to cigarette smoke, similar changes in the plaque-forming cell response
were also observed in other lymphoid tissues. Cigarette smoke affected the response of
LALN cells to sheep erythrocytes, a T cell-dependent antigen, but did not alter the relative
percentages of W3/13-positive (T cells) or Ig-positive (B cells) cells, or those of T-cell
subsets as scored by their surface phenotypes, i.e. T helper (W3/25+) or T suppressor/cyto-
toxic (OX-8+) cells. The percentage of phagocytic cells and the accessory cell functions
of macrophages remained comparable between sham-exposed and smoke-exposed ani-
mals. Exposure to cigarette smoke did not significantly alter the response of LALN cells
to T-cell mitogens (concanavalin A and phytohaemagglutinin). However, response to
trinitrophenyl Brucella abortus, a T-cell-independent antigen, was also significantly
reduced. The results show that exposure to cigarette smoke results in a decreased antibody
response in the rat, primarily affecting the B-cell function (Sopori et al., 1989).

Chronic exposure of mice and rats to cigarette smoke affects T-cell responsiveness
which may account for the decreased T-cell proliferative and T-dependent antibody
responses in humans and animals exposed to cigarette smoke. However, the mechanism
by which cigarette smoke affects the T-cell function is not clearly understood. Chronic
exposure of rats to nicotine has been shown to inhibit the antibody-forming cell response,
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to impair the antigen-mediated signalling in T cells and to induce T-cell anergy. To study
cigarette smoke-induced immunosuppression and to compare it with the effects of chronic
nicotine exposure, rats were exposed to diluted, mainstream cigarette smoke for up to 30
months or to nicotine (1 mg/kg bw per day) by osmotic minipumps for 4 weeks, and were
evaluated for immunological function in vivo and in vitro. The T cells from rats subjected
to long-term exposure to cigarette smoke showed decreased antigen-mediated prolife-
ration and constitutive activation of protein tyrosine kinase and phospholipase C-γ1 acti-
vities. Moreover, spleen cells from smoke-exposed and nicotine-treated animals had
depleted inositol-1,4,5-trisphosphate-sensitive Ca2+ stores and a decreased ability to raise
intracellular Ca2+ concentrations in response to T-cell antigen receptor ligation. The
results suggest that chronic smoking causes T-cell anergy by impairing the antigen recep-
tor-mediated signal transduction pathways and depleting the inositol-1,4,5-trisphosphate-
sensitive Ca2+ stores. Moreover, nicotine may be responsible for or contribute to the
immunosuppressive properties of cigarette smoke (Kalra et al., 2000).

(vi) Toxic effects of kreteks
Kreteks are a type of small cigarette containing approximately 60% tobacco and 40%

ground clove buds (Stratton et al., 2001). The typical chemical composition of main-
stream smoke per kretek is total particulate matter, 52.3 mg; nicotine, 2.4 mg; and CO,
23.7 mg. In the several inhalation studies that have looked specifically at exposure of rats
and hamsters to kreteks smoke, few signs of toxicity (focal alveolitis, bronchiolar epi-
thelial hyperplasia, alveolar haemorrhage) were observed after 1 or 14 days’ exposure
(LaVoie et al., 1986; Clark, 1989, 1990), but the routes and methods of exposure used do
not replicate human exposure (Guidotti, 1989).

4.3 Reproductive and hormonal effects

4.3.1 Humans

(a) Reproductive effects
Cigarette smoking has clearly been associated with a wide range of adverse effects on

reproduction, some of which may have implications for cancer risk. 

(i) Effects on female fertility
Women who smoke cigarettes have an increased risk for both primary and secondary

infertility, with an odds ratio of 1.6 (95% CI, 1.3–1.9) (Augood et al., 1998 (meta-analysis
of 12 studies); US Department of Health and Human Services, 2001). The resulting
decrease in parity could have implications for risk for cancers of the breast, endometrium
and ovary. There is also evidence that women who smoke cigarettes are more likely to be
subfertile, and to take longer to get pregnant than women who do not smoke (Baird, 1992;
Hughes & Brennan, 1996; Jensen et al., 1998, Hull et al., 2000; US Department of Health
and Human Services, 2001). 
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(ii) Effects on pregnancy
The use of tobacco products by pregnant women is associated with placenta praevia,

placental abruption, premature rupture of membranes, pre-term birth, intrauterine growth
restriction and sudden infant death syndrome (Castles et al., 1999; Andres & Day, 2000;
US Department of Health and Human Services, 2001). The association between smoking
and pre-term delivery appears to be more pronounced for older women (US Department
of Health and Human Services, 2001). There is also a relatively modest increase in the
risk for spontaneous abortion and stillbirth among women who smoke during pregnancy
(Windham et al., 1999). Smoking may be responsible for 15% of all pre-term births,
20–30% of all infants of low birth weight, and for a 1.5-fold increase in overall perinatal
mortality (Andres & Day, 2000). 

Women who smoke cigarettes during pregnancy have been observed to have a
decreased risk for various pregnancy-related disorders, including hypertension of pre-
gnancy and pre-eclampsia, even after control for relevant covariates (Castles et al., 1999;
US Department of Health and Human Services, 2001).

Pre-eclampsia is caused by damage to the placenta and develops in the second half of
pregnancy, usually in the last few weeks, or immediately after delivery. Initially, the main
symptoms are raised blood pressure and the presence of protein in the urine of the mother,
and a slower-than-normal growth of the unborn child. In rare cases, women can go on to
develop fits, known in pregnancy as eclampsia. Cigarette smoking has been associated
with a lower rate of pre-eclampsia among women who were pregnant for the first time,
independent of other maternal factors (Newman et al., 2001). For pre-eclampsia,
however, dose–response relationships have not regularly been found (US Department of
Health and Human Services, 2001). The limited data available regarding the association
between cigarette smoking and the risk of eclampsia are mixed (US Department of Health
and Human Services, 2001).

(iii) Effects on menopause
Cigarette smoking has repeatedly been found to be associated with an earlier meno-

pause. Current female smokers are about twice as likely to reach menopause at an earlier
age as nonsmokers; the relative risk increases with the average number of cigarettes
smoked. When the effect is expressed as a difference in the median (or mean) age at
menopause, women who smoke reach menopause about 0.8 to 1.7 years earlier than
never-smokers, again with a greater effect among heavier smokers. Women who have
stopped smoking reach menopause at an age similar to that of never-smokers, or some-
what later (Midgette & Baron, 1990; US Department of Health and Human Services,
2001). 

The association between smoking and earlier age-at-menopause has been very consis-
tently found in studies from Asia (Kato et al., 1988), northern Europe (Andersen et al.,
1982; Luoto et al., 1994; Torgerson et al., 1994), southern Europe (Parazzini et al., 1992;
Meschia et al., 2000) and the USA (Jick et al., 1977). Studies using various designs have
reported this association, including cross-sectional surveys of patient populations (Jick
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et al., 1977), population-based surveys (Andersen et al., 1982; McKinlay et al., 1985;
Luoto et al., 1994; Gold et al., 2001), retrospective cohort studies (Kaufman et al., 1980)
or prospective cohort studies (Willett et al., 1983; Bromberger et al., 1997; Kato et al.,
1998). In a study from Nigeria, the effect of smoking on age-at-menopause could not be
demonstrated because of the small numbers of female smokers in that country, where
smoking by women is a social taboo (Okonofua et al., 1990).

The mechanisms underlying this association are not entirely clear. However, at least
in animals, the PAHs contained in cigarette smoke are toxic to ovarian follicles (Mattison
& Thorgeirsson, 1978) and the human ovary probably contains the microsomal mono-
oxygenases required to convert toxic chemicals into reactive species that affect oocytes.
Smoking has been implicated in the increased rate of follicular atresia in women
(Matisson, 1982). The higher concentrations of follicle-stimulating hormone in premeno-
pausal smokers than in premenopausal nonsmokers are consistent with ovarian toxicity
(Velasco et al., 1990; Cooper et al., 1995; Cooper & Thorp, 1999; Cramer et al., 2002).
The occurrence of a diminished ovarian reserve is significantly higher among women who
smoke, as was shown in studies of infertile women undergoing assisted reproduction
(Sharara et al., 1994; El-Nemr et al., 1998). Premenopausal women who smoke may have
fewer ovarian follicles than nonsmokers (Westhoff et al., 2000), although the data are
conflicting. One study reported that smoking is associated with smaller ovarian volume
(Syrop et al., 1995), whereas another failed to demonstrate this association (Flaws et al.,
2000). 

(iv) Effects on male reproductive potential
Cigarette smoking has repeatedly been associated with modest reductions in sperm

density, motility and morphology (Vine et al., 1994; Wong et al., 2000). It has also been
associated with increases in the levels of estrone, estradiol, testosterone and free testos-
terone in serum (Vine, 1996; Trummer et al., 2002). This effect may be mediated in part
by constituents of seminal plasma. In one study, exposure of spermatozoa from non-
smokers to seminal plasma from smokers was associated with decreased viability. On the
other hand, when spermatozoa from smokers were incubated in seminal plasma from non-
smokers, an improvement in the quality of semen was seen (Zavos et al., 1998). Despite
the relatively clear effects of smoking on sperm parameters and the possible delay in con-
ception, smoking by the male partner has not been found to have a consistent impact on
fertility (Bolumar et al., 1996; Curtis et al., 1997; Hull et al., 2000). 

(b) Hormonal effects
(i) Sex hormones

Estrogens
Smoking is thought to exert an ‘antiestrogenic’ effect in women (Baron et al., 1990;

US Department of Health and Human Services, 2001). This is based on the observation
that smoking increases the risk for estrogen-deficiency disorders, and decreases the risk
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for many disorders associated with estrogen-excess. Generally, this effect seems more
pronounced in postmenopausal women. Of the estrogen-deficiency disorders, smoking
has been found to be associated with an increased risk for hip fracture (Law & Hackshaw,
1997; Law et al., 1997; US Department of Health and Human Services, 2001). Of the
estrogen-excess disorders, smoking has been found to be inversely associated with endo-
metrial cancer, uterine fibroids, endometriosis, vomiting during pregnancy and hyper-
tensive disorders of pregnancy (Baron et al., 1990; US Department of Health and Human
Services, 2001). 

Cigarette smoking does not seem to affect endogenous levels of the major estrogens
in either premenopausal (Lucero et al., 2001; Manson et al., 2001) or postmenopausal
women (Baron et al., 1990; Law et al., 1997; Verkasalo et al., 2001) although there are
reasons for predicting such effects: nicotine or smoke-associated PAHs may inhibit aro-
matase, an enzyme that is required for estrogen production, in granulosa cells (Barbieri
et al., 1986). This lack of effect indicates that smoking alters estrogen-related processes
in women in ways other than through direct modulation of endogenous estrogen levels.
Nevertheless, among postmenopausal women who take oral estrogens, cigarette smoking
has been shown to reduce circulating levels of estradiol (Jensen et al., 1985; Jensen &
Christiansen, 1988; Bjarnason & Christiansen, 2000), unbound estradiol (not bound to
sex hormone-binding globulin) (Cassidenti et al., 1990) and estrone (Jensen et al., 1985;
Jensen & Christiansen, 1988; Geisler et al., 1999). During oral estrogen therapy, estrone
sulfate accounts for a higher proportion of circulating total estrogens in smokers than in
nonsmokers (Geisler et al., 1999; Cassidenti et al., 1990). With lower-dose regimens,
smokers seem to have higher levels of follicle-stimulating hormone than nonsmokers
(Bjarnason & Christiansen, 2000). 

On the other hand, smoking does not affect the estradiol or estrone levels in plasma
of women treated with parenteral (transdermal) estrogens (Jensen & Christiansen, 1988),
at least in the dose-range studied. However, plasma levels of estrone sulfate may be
reduced during parenteral estrogen therapy, although not significantly (Geisler et al.,
1999). This difference from the findings after oral treatment suggests that cigarette
smoking induces the hepatic enzymes that affect hormone metabolism in a ‘first pass’
manner. 

The biological mechanisms that may explain an anti-estrogenic effect of smoking are
not clear. Changes in body weight and age at menopause caused by smoking do not seem
sufficient by themselves to provide an explanation. Some of the potentially anti-estro-
genic effects occur in premenopausal women and adjustment for body weight and age at
menopause does not greatly affect the observed associations. Smoking-related changes in
adrenal androgens are also insufficient to explain the effects observed (Thomas et al.,
1993) (see below). A smoking-induced shift in estrogen metabolism towards 2-hydro-
estrogens and catechol estrogens with weak estrogenic potency may play a role
(Michnovicz et al., 1986, 1988). A recently described molecular mechanism may also be
relevant. Cigarette smoking is a rich source of PAHs and other ligands for the aryl hydro-
carbon receptor. The ligand–receptor complex has the capacity to bind to response ele-
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ments in the promoter region of estrogen-regulated genes, thereby serving as a trans-
cription repressor. This inhibition of estrogen may explain the lack of estrogen stimulation
in women with normal estradiol and estrone levels (Safe et al., 1998, 2001; Safe &
McDougal, 2002). 

Androgens
In women, the most potent circulating androgen, testosterone, derives both from the

ovary (predominantly in premenopausal women) and the adrenal gland. Androstenedione
and dihydroepiandrosterone, which have an adrenal origin, are much less potent as
androgens, but may serve as precursors for other, more potent hormones, such as dihydro-
epiandrosterone sulfate (DHEAS). Circulating levels of testosterone, androstenedione and
perhaps DHEAS have been associated with cancers of the breast and endometrium
(Dorgan et al., 1997; Zeleniuch-Jacquotte et al., 1997; Akhmedkhanov et al., 2001; Endo-
genous Sex Hormones and Breast Cancer Collaborative Group, 2002). 

In postmenopausal women, cigarette smoking clearly increases serum concentrations
of the adrenal androgens, androstenedione and DHEAS (Law et al., 1997). In premeno-
pausal women who smoke, DHEAS levels are significantly increased (Manson et al.,
2001); for androstenedione, findings are consistent with an increase, but the relevant
studies are small and the results of individual studies are not statistically significant
(Longcope & Johnston, 1988; Ruiz et al., 1992; Thomas et al., 1993). 

The levels of the major circulating androgen, testosterone, seem unaffected by
smoking in women. For example, Law et al. (1997) found that testosterone concentrations
in postmenopausal women seem not to be substantially affected. Studies in premeno-
pausal women have generally been small and have yielded conflicting results. Never-
theless, one larger investigation (of > 600 women) reported higher testosterone concen-
trations in the serum of female smokers than in nonsmokers (Sowers et al., 2001), whereas
an earlier study had reported a decreased free testosterone index (Ortego-Centeno et al.,
1994).

(ii) Diabetes mellitus and insulin resistance
Diabetes mellitus is a risk factor for endometrial and breast cancers and possibly also

for colorectal cancer (Giovannucci, 2001; Gupta et al., 2002). Epidemiological data on
type 2 diabetes suggest that cigarette smoking is a risk factor for this common disease.
Type 2 diabetes, generally incident among children or young adults, has strong immuno-
logical and genetic determinants, and has essentially not been studied with respect to
possible associations with tobacco use. 

Recent cohort studies have shown a modest association of smoking with risk for inci-
dent type 2 diabetes mellitus, though typically the increased risks were found only in the
heaviest smokers and in those who start smoking at a younger age (Feskens & Kromhout,
1989; Rimm et al., 1993, 1995; Kawakami et al., 1997; Manson et al., 2000). The asso-
ciation was still observed after adjustment for multiple covariates, including body mass
index and alcohol intake. 
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The biological plausibility of these findings is supported by the results from other
investigations showing that cigarette smoking can induce insulin resistance (Facchini
et al., 1992; Hautanen & Adlercreutz, 1993; Zavaroni et al., 1994; Eliasson et al., 1997).
Smokers have also been observed to have higher concentrations of glycosylated haemo-
globin (HbA1 and HbA1C) than nonsmokers, indicating a tendency to higher glucose
levels (Modan et al., 1988; Simon et al., 1989; Nilsson et al., 1995; Sargeant et al., 2001).

There are some hormonal mechanisms that might explain an association of smoking
with an increased risk for diabetes. Smoking increases secretion of catecholamines,
glucocorticoids and probably growth hormone; these are all ‘counter-regulatory’
hormones, i.e. they counteract the effects of insulin in glucose metabolism.

(iii) Body weight and obesity
Cigarette smoking distorts the normal association between leanness and health

because current cigarette smokers weigh less than never-smokers and have a lower body
mass index (Klesges et al., 1989; Perkins, 1993; Flegal et al., 1995; US Department of
Health and Human Services, 2001). The relationship is ‘U-shaped’; moderately heavy
smokers weigh less than nonsmokers and also less than heavy smokers. The weight diffe-
rences are larger for women and become more pronounced with age (Klesges et al., 1989;
Williamson et al., 1991; Perkins, 1993; Rasky et al., 1996; Molarius et al., 1997; US
Department of Health and Human Services, 2001). Initiation of smoking seems not to
lead to weight loss — rather, continued smoking probably suppresses age-related weight
gain (US Department of Health and Human Services, 2001). 

It is clear that smoking cessation leads to weight gain, such that former smokers
weigh more than current smokers of the same age (and smoking duration before cessa-
tion) (Williamson et al., 1991; Perkins, 1993; Flegal et al., 1995; US Department of
Health and Human Services, 2001). The weight gain following cessation has generally
been found to be greater in women than in men (Flegal et al., 1995; O’Hara et al., 1998;
US Department of Health and Human Services, 2001). 

The mechanisms underlying these effects have been studied extensively. The lower
body weights of current smokers are not the result of taking more exercise or of lower
caloric intake: if anything, smokers tend to consume more calories and be less active than
never-smokers (Klesges et al., 1989; Grunberg, 1990; US Department of Health and
Human Services, 2001). After smoking cessation, there seems to be a transient increase
in caloric intake, but this is not sufficient to explain the weight gain (Perkins, 1993).
Metabolic studies, however, have repeatedly shown that smoking acutely increases
energy expenditure, particularly in individuals who are not at rest (Perkins, 1993). Animal
experiments and studies of individuals who use nicotine replacement as an aid to stop
smoking suggest that nicotine is responsible for the weight differences (Grunberg, 1990).
This may be due to the release of catecholamine associated with smoking (US Depart-
ment of Health and Human Services, 1983). 

In addition to its effects on body weight, cigarette smoking also affects the distri-
bution of body weight. Although body weight is lower, the waist-to-hip ratio, an index of
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abdominal obesity associated with an increased risk for cardiovascular disease, is higher
in smokers. As for body weight, this association also appears to be stronger among women
than among men (Duncan et al., 1995; Croft et al., 1996; Ishizaki et al., 1999; US Depart-
ment of Health and Human Services, 2001). 

(iv) Growth hormone, insulin-like growth factors and insulin-like
growth factor-binding proteins

Growth hormone is secreted by the pituitary gland; most of its effects are mediated
through insulin-like growth factors (IGFs) that are synthesized under the influence of
growth hormone in a variety of tissues. Relatively heavy exposures to tobacco smoke (e.g.
smoking of two or more cigarettes in succession) acutely increase the levels of circulating
growth hormone, at least in men (Cryer et al., 1976; Winternitz & Quillen, 1977; Wilkins
et al., 1982). In women, data are limited, but are consistent with a similar effect. The
increase in growth hormone concentration is similar in obese and lean female smokers
(Szostak-Wegierek et al., 1996). 

Under the control of growth hormone, the liver synthesizes IGFs that are secreted into
the circulation. High serum concentrations of IGF1 have been associated with cancers of
the breast, prostate, colorectum and lung (Chan et al., 1998; Ma et al., 1999; Yu & Rohan,
2000; Kaaks et al., 2000; Toniolo et al., 2000; Giovannuci, 2001; Fürstenberger & Senn,
2002). The data regarding circulating IGF1 levels and cigarette smoking are conflicting.
Although the studies on growth hormone have suggested that IGF1 levels might be
increased by smoking (Eliasson et al., 1993; Kaklamani et al., 1999), a few studies have
reported decreased IGF1 levels in smokers (Landin-Wilhelmsen et al., 1994;
Probst-Hensch et al., 2001) and other investigations have found no association
(Goodman-Gruen & Barrett-Connor, 1997; Ma et al., 1999; Lukanova et al., 2001). One
study calculated free IGF1 levels and reported lower values in ever-smokers than in non-
smokers, but this result is biased by the inclusion of former smokers with current smokers,
and by the apparent lack of adjustment for covariates (Janssen et al., 1998).

Research in this area is complicated by the presence of IGF-binding proteins, which
can alter the availability and effects of the IGFs. There are few data regarding the effect
of smoking on the binding proteins and some have suggested that smoking may decrease
the levels of IGFBP3, the principal binding protein for IGF1 (Kaklamani et al., 1999;
Lukanova et al., 2001), although other studies have found no association (Yu et al., 1999;
Probst-Hensch et al., 2001). 

(v) Vitamin D
Vitamin D is well known as a family of hormones that regulate calcium, magnesium,

phosphorus and bone metabolism. Vitamin D also has important effects on cell differen-
tiation and proliferation, and may be inversely related to the risks for cancers of the breast,
prostate and colorectum (Schwartz & Hulka, 1990; Martinez & Willett, 1998; Lipkin &
Newmark, 1999; Bretherton-Watt et al., 2001; Polek & Weigel, 2002). 
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Cigarette smoking has repeatedly been associated with reductions in serum levels of
25-hydroxyvitamin D (25-OH vitamin D), the compound that best reflects vitamin D
status. A number of studies have reported that smokers have lower serum concentrations
of 25-OH vitamin D than nonsmokers (Mellstrom et al., 1993; Brot et al., 1999; Harris
et al., 2000; Rapuri et al., 2000; Chapurlat et al., 2001; Need et al., 2002). Most of these
investigations adjusted for several covariates such as bone mineral density, vitamin D
intake and exposure to sunlight (Brot et al., 1999; Harris et al., 2000; Rapuri et al., 2000).
1,25-Dihydroxyvitamin D (1,25-(OH)2 vitamin D) levels are tightly regulated and do not
reflect vitamin D status except under conditions of obvious deficiency or excess. Never-
theless, in some studies (Brot et al., 1999; Need et al., 2002), but not all (Rapuri et al.,
2000), serum concentrations of this hormone have been found to be decreased in smokers.

The data reviewed in this section can be summarized as follows:
• Cigarette smoking has widespread and serious effects on reproductive function in

women. Some of these effects may have implications for cancer risks in women.
• Cigarette smoking has important hormonal and metabolic effects that may be

related to cancer risk at several sites. Smokers have an increased risk for type 2
diabetes, which may, in turn, increase the risk for cancer at several sites. Smokers
also have a lower average body weight than nonsmokers, and smoking cessation
has been associated with weight gain. Although this weight gain is admittedly a
negative outcome, the benefits of smoking cessation still far exceed it. 

• The ‘anti-estrogenic’ effect of cigarette smoking may be relevant to the develop-
ment of cancers at several anatomical sites in women, and the effects of smoking
on vitamin D status may be involved in the carcinogenic effects of tobacco.

• The implications of the findings regarding the association between smoking,
insulin-like growth factors and adrenal androgens are not clear. 

4.3.2 Animals

(a) Reproductive and perinatal effects
(i) Effects on embryonic growth and malformations

A study was conducted to determine whether chronic treatment of gestating monkeys
with nicotine alters the concentrations of known regulators of energy balance in the new-
born offspring. Gestating rhesus monkeys were treated with nicotine tartrate (1.5 mg/kg
bw per day) starting on day 26 of gestation and were maintained until day 160 of gesta-
tion. Exposure to nicotine had no significant effect on absolute birth weights of the
monkeys, although there was a 10% reduction in birth weights in animals exposed to
nicotine when normalized to maternal weight. Plasma leptin concentrations on postnatal
day 1 were lower by about 50% in the nicotine-treated group than those in controls,
suggesting that the infant monkeys exposed to nicotine may also have lower body-fat
levels. These data suggest that exposure to nicotine during gestation may increase energy
expenditure in the developing fetus through actions on hypothalamic systems, resulting in
lower birth weights and body-fat levels (Grove et al, 2001).
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Gestating C57BL or mutant ‘curly tail’ mice were exposed to tobacco smoke in a smo-
king machine for 10 min, three times a day, either on the day of conception (day 0) and
days 1 and 2, on days 3, 4 and 5, or from day 0 until day 17. After the first two treatments,
embryonic development was subsequently assessed on day 9. Both these periods of expo-
sure were associated with a dose-related retardation in embryonic growth, but the retar-
dation was more marked in embryos exposed on days 0, 1 and 2. It would seem, therefore,
that even brief episodes of maternal smoking are detrimental to the very early embryo, and
even if smoking is stopped, the effects persist at least for some days and there is no
immediate catch-up growth. In mice exposed continuously for 17 days, the fetuses were
studied on day 18: a significant reduction in fetal body weight was observed in both
strains of mice. There was also a reduction in the number of skeletal ossification centres,
showing that developmental delay also occurred. In C57BL mice, one rib abnormality
occurred, but no major congenital malformations were seen. However, in the curly tail
mutants, 60% of which normally have a curly tail or an open neural tube defect, there was
a modest increase in the frequency of open spina bifida and exencephaly; a few minor rib
abnormalities also occurred, and one case of cleft lip with cleft palate. These results indi-
cate that tobacco smoke, although detrimental to the developing fetus, is not a potent tera-
togen in the mouse, but may have minor effects in those individuals genetically pre-
disposed to an abnormality. These results may explain the generally inconclusive findings
regarding congenital malformations in the children of women who smoked during
pregnancy. In all experiments, the detrimental effects were seen with both higher-tar
cigarettes (tar and nicotine yields, 12.9 and 1.19 mg/cigarette, respectively) and lower-tar
cigarettes (4.8 and 0.54 mg/cigarette, respectively), indicating that tobacco modification
is not beneficial to the developing fetus (Seller & Bnait, 1995).

(ii) Effects on the fetal respiratory system
Exposure of fetal rats to nicotine gives rise to increased mortality when animals are

challenged postnatally with hypoxia. In one study, gestating rats received nicotine infu-
sions simulating the plasma nicotine concentrations of smokers. At 1–2 days postpartum,
the nicotine-treated group displayed normal heart rates, electrocardiogram waveforms and
respiratory rates under normal oxygen conditions. With hypoxia (5% O2, for 10 min),
controls showed initial tachycardia and a subsequent slight decline in heart rate. Atrio-
ventricular conduction was gradually impaired and repolarization abnormalities also
appeared. The group exposed to nicotine showed no tachycardia and their heart rate
declined rapidly and precipitously within a few minutes after the start of hypoxia.
Changes in respiration were identical in the two groups: initial tachypnoea and subsequent
decline. These results suggest that prenatal exposure to nicotine affects sinoatrial reacti-
vity to hypoxia without impairing cardiac conduction per se. These mechanisms would
explain the increased hypoxia-induced mortality noted in animals exposed to nicotine pre-
natally, and could contribute to increased morbidity, mortality and sudden infant death
syndrome in humans (Slotkin et al., 1997).
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Rats were exposed to cigarette smoke or room air from days 2–22 of gestation. Immu-
noblots of dorsocaudal brainstem lysates at day 2 postpartum revealed no differences in
protein kinase C (PKC) (α and β) or endothelial NOS expression. However, the immuno-
reactivities of PKC-γ, PKC-δ and neuronal NOS were reduced in the smoke-exposed
group. The results indicate that smoking during gestation is associated with selective
reductions in PKC and NOS isoforms within the dorsocaudal brainstem, which could
decrease respiratory drive and lead to enhanced vulnerability to hypoxia in infants of
mothers who smoke. These conditions are implicated in sudden infant death syndrome
(Hasan et al., 2001).

Gestating rats received either nicotine (6 mg/kg bw per day) or vehicle administered
continuously with an osmotic minipump from day 6 of gestation to days 5 or 6 post-
partum. On days 5 or 6 postpartum, pups were either exposed to a single period of
hypoxia (97% N2; 3% CO2) and their time to last gasp was determined, or exposed
repeatedly to hypoxia and their ability to autoresuscitate from primary apnoea was deter-
mined. Perinatal exposure to nicotine did not alter the time to last gasp, but it did impair
the ability of pups to autoresuscitate from primary apnoea. In the control group, pups
were able to autoresuscitate from 18 ± 1 (SD) periods of hypoxia, whereas, after exposure
to nicotine, the treated pups were able to autoresuscitate from only 12 ± 2 periods
(p < 0.001) of hypoxia. These data provide evidence that perinatal exposure to nicotine
impairs the ability of newborn rats to autoresuscitate from primary apnoea during
repeated exposure to hypoxia, such as may occur during episodes of prolonged sleep
apnoea (Fewell & Smith, 1998).

(iii) Mutagenic effects in the embryo
Long-term chronic exposure to tobacco smoke is believed to be necessary for carcino-

genesis. An investigation was conducted into the relationship between short-term expo-
sure to smoke and the frequency of deletions in the mouse embryo. Deletions and other
genome rearrangements are associated with carcinogenesis and inheritable diseases. The
pink-eyed unstable (pun) mutation in C57BL/6J mice is the result of internal duplication
of 70 kb of DNA within the p gene. Spontaneous reversion events in homozygous pun/pun

mice occur by deletion of one copy of the duplicated sequence. Reversion events occur-
ring in the embryonic premelanocytes of the developing fetus give rise to black spots on
the grey fur of the offspring after birth. The effects of exposure of pregnant pun mice to
cigarette smoke and cigarette-smoke condensate on the frequency of black spots occur-
ring in the offspring were investigated. Gestating dams were exposed (whole body) to
smoke generated by either filtered or unfiltered cigarettes for 4 h, or alternatively, mice
were given a 15-mg/kg bw dose of cigarette-smoke condensate during day 10 of gesta-
tion. The concentrations of total particulate matter, CO, plasma nicotine and cotinine were
determined to characterize the smoke exposure. There was a significant increase in the
number of DNA deletions in the embryo as indicated by spotted offspring in both of the
smoke-exposed groups and in the condensate-exposed group. The results suggest that
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embryos are highly sensitive to the genotoxic activity of cigarette smoke following a
single exposure of only 4 h (Jalili et al., 1998).

(iv) Effects on the postnatal brain
The effects of prenatal exposure to CO, a major component of cigarette smoke, on the

structural and neurochemical development of the postnatal brain at 1 and 8 weeks were
studied alone or in combination with postnatal hyperthermia. Gestating guinea-pigs
(n = 11) were exposed to 200 ppm CO for 10 h per day from mid-gestation until term (68
days), whereas control dams (n = 10) breathed room air. On postnatal day 4, neonates
from the control and CO-exposed groups were exposed to hyperthermia (35 °C) for
75 min or remained at ambient temperature (23 °C). Semiquantitative immunohisto-
chemical techniques revealed the following neurotransmitter alterations in the medulla
after 1 week: a decrease in met-enkephalin-immunoreactivity following postnatal hyper-
thermia and an increase in 5-hydroxytryptamine immunostaining following a combination
of exposure to CO and hyperthermia. No alterations were observed in substance P- or
tyrosine-hydroxylase staining in animals subjected to any of the treatments. At 8 weeks of
age, the combination of prenatal exposure to CO followed by a brief hyperthermic stress
postnatally resulted in lesions throughout the brain and an increase in immunoreactivity
of glial fibrillary acidic protein in the medulla. Such effects on brain development could
be of relevance in cardiorespiratory control in the neonate and could have implications for
the etiology of sudden infant death syndrome, in which smoking and hyperthermia are
major risk factors (Tolcos et al., 2000).

Because the identity of the teratogenic agent in cigarette smoke remains controversial,
a study was conducted to investigate whether nicotine can cause neural dysmorphology
and, hence, act as a nervous system teratogen in cultured rat embryos. This in-vitro study
confirmed the conclusion of previous reports on in-utero exposure that nicotine leads to
growth retardation and impaired development of the nervous system, particularly of the
forebrain and the branchial arches. This could lead to microcephaly and cleft palate in
term fetuses. Cellular disruption and necrosis occurred in the neuroepithelium and under-
lying mesenchyme; the effect was dose-dependent. There was severe disruption of cell
and organelle membranes, and many healthy cells were found to contain engulfed, whole
condensed or remnants of dead cells. The results show that nicotine acts as a nervous
system teratogen leading to gross and cellular dysmorphology. This could be explained by
a direct effect of this highly lipid-soluble compound on the membranes, or by an indirect
effect through oxidative membrane damage (Joschko et al., 1991).

(b) Hormonal effects
(i) Estrogens

Two groups of female rats (aged 2.5–3 months and 6 months) were exposed to main-
stream cigarette smoke for 2 h per day for 3 weeks or 3 months. Exposure to tobacco
smoke did not induce any changes in uterine weight or estrous cycle, but led to a decrease
in the estradiol (E2) concentration in uterine tissue, in particular in the 6-month-old rats
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and in the young rats after 3 months of exposure. No signs of aneuploidy were found in
the uterus of the smoke-exposed animals. Flow cytometry analysis showed that both the
cell proliferation index and the proportion of cells in S-phase were increased by 3 weeks
of exposure and both were decreased by 3 months of exposure (Berstein et al., 1999)

(ii) Glucose tolerance, insulin
Cigarette smoking is a major risk factor for coronary heart disease. The effect of nico-

tine on blood pressure and glucose tolerance was studied in adult male Sprague-Dawley
rats randomly assigned to receive either nicotine or placebo pellets as subcutaneous
implants. Body-weight gain was controlled by pair-feeding, and was not significantly
different between nicotine-treated and placebo-treated animals. Blood pressure increased
throughout a 3-week treatment period in nicotine-treated animals and was significantly
higher (p < 0.05) than in placebo-treated rats; it returned to normal within 1 week
following exhaustion of the pellets. Oral glucose tolerance tests conducted at 2.5 weeks
after implantation showed similar glucose, insulin and free fatty acid profiles in both
groups. The results show that exposure to nicotine leads to sustained but reversible hyper-
tension in rats without deterioration of glucose tolerance or insulin action, under condi-
tions of controlled body-weight gain. Smokeless nicotine adversely affects the coronary
risk profile by increasing blood pressure (Swislocki et al., 1997).

(iii) Vitamin D
The effects of 2 months of nicotine treatment on bone formation and resorption were

studied in adult female rats. In addition, the concentrations of calciotropic hormones, inclu-
ding parathyroid hormone, calcitonin, 25-OH vitamin D and 1,25-(OH)2 vitamin D were
determined. Groups of seven animals received either saline or nicotine at 3.0 or 4.5 mg/kg
bw per day, delivered by subcutaneously implanted osmotic minipumps, for 2 months.
Serum, right tibia, left femur and lumbar vertebrae (3–5) were collected to determine hor-
monal concentrations as well as histomorphometric parameters, bone-mineral density, bone-
mineral content and vertebral strength. Although nicotine-treated rats had a lower level of
25-OH vitamin D (54.4 ± 3.1 ng/mL for the lower-dose group and 55.8 ± 2.8 ng/mL for the
higher-dose group (mean ± SEM)) than the controls (74.8 ± 2.8 ng/mL) (p < 0.01), no
significant difference could be detected between the levels of the remaining hormones.
Similarly, no statistical differences were detected in histomorphometric parameters, bone-
mineral density, bone-mineral content or vertebral strength between nicotine-treated and
control rats. The results indicate that exposure to nicotine for 2 months causes a 30% reduc-
tion in serum concentration of 25-OH vitamin D, but no alteration in bone mass, strength or
formation and resorption (Fung et al., 1998).

(iv) Effects on the hypothalamus–hypophysis–adrenal hormones
The possible long-term effects of postnatal exposure to cigarette smoke were studied

in male Sprague-Dawley rats exposed to the smoke from two Kentucky reference IR-1
type cigarettes every morning from day 1 after birth for a period of 5, 10 or 20 days. The
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rats were killed 24 h (for exposure periods of 5, 10 and 20 days), 1 week (for 20 days of
exposure) or 7 months (for 20 days of exposure) after termination of the last exposure.
Catecholamine levels and changes in catecholamine utilization in discrete hypothalamic
regions were analysed by quantitative histofluorimetry. Serum prolactin, luteinizing
hormone, thyroid-stimulating hormone and corticosterone concentrations were deter-
mined by radioimmunoassay. In the postnatal period, serum levels of luteinizing hormone
were significantly increased 24 h after a 10-day or 20-day period of exposure to cigarette
smoke. A highly significant increase in serum prolactin concentrations was observed in
adults who had been exposed postnatally to cigarette smoke for a 20-day period, although
the levels had been unaltered by this exposure when measured during the postnatal period.
Twenty-four hours following a 20-day postnatal exposure, catecholamine utilization was
increased in the medial palisade zone of the median eminence and was substantially
reduced in the parvocellular and magnocellular parts of the paraventricular hypothalamic
nucleus. Following 20 days of postnatal exposure to cigarette smoke, measurements made
1 week and 7 months later revealed no alterations in levels or utilization of catecholamine
in various hypothalamic areas including the median eminence. No alteration in the deve-
lopment of body weight was observed with any of the above changes. The results indicate
that marked but temporary increases in the secretion of luteinizing hormone occur 24 h
after postnatal exposure to cigarette smoke, whereas increases in prolactin secretion deve-
lop only in adult life, when maturation of the brain and/or the anterior pituitary gland is
complete. Changes in levels and utilization of catecholamine have been found in discrete
hypothalamic nerve terminal networks, but do not play a major role in mediating the
above changes in anterior pituitary function and are probably the result of a withdrawal
phenomenon (Jansson et al., 1992).

Male rats were exposed to the smoke of 1–4 Kentucky reference IR-1 type cigarettes.
Catecholamines in the diencephalon were measured by quantitative histofluorimetry in
discrete dopamine (DA) and noradrenaline (NA) nerve terminal systems. Blood concentra-
tions of thyroid-stimulating hormone, prolactin, luteinizing hormone, follicle-stimulating
hormone, adrenocorticotropic hormone, vasopressin and corticosterone were determined
by radioimmunoassays. Exposure to unfiltered, but not to glass fibre-filtered cigarette
smoke resulted in dose-dependent reductions of NA levels in the various hypothalamic NA
nerve terminal systems, and in dose-dependent increases of amine turnover in the various
DA and NA nerve terminal systems in the hypothalamus. The decrease that was observed
in secretion of thyroid-stimulating hormone, luteinizing hormone and prolactin after expo-
sure to unfiltered smoke was probably induced by nicotine activating the lateral and medial
tubero-infundibular DA neurons. Furthermore, unfiltered cigarette smoke produced a dose-
related increase in corticosterone secretion (Andersson et al., 1985).
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4.4 Genetic and related effects

This topic was reviewed previously by DeMarini (1983) and Obe (1984) and sum-
marized in the first IARC Monograph on tobacco smoking (IARC, 1986). The present
monograph provides only a brief overview of work prior to 1986 and, instead,
summarizes work published since then.

4.4.1 Humans

(a) Mutagenicity, sister chromatid exchange, HPRT mutation and
other effects
(i) Urinary mutagenicity

Urinary mutagenicity in smokers was detected first by Yamasaki and Ames (1977) by
testing the XAD/acetone-extractable organic compounds from urine in the Salmonella
(Ames) mutagenicity assay. Several years later, studies using essentially the same
methods confirmed and clarified this original observation (Putzrath et al., 1981; Kriebel
et al., 1985). The general approach to these studies has remained similar over the years.
It involves concentration of the organic compounds from the urine by means of a solid-
phase resin followed by elution with an organic solvent and then testing the resulting con-
centrate, after its fractional analysis by HPLC, in the Salmonella (Ames) mutagenicity
assay in the presence of rat liver S9 mix for metabolic activation.

A comparison of three types of resin (C18, XAD-2 and CN) followed by elution with
acetone showed that the highest levels of urinary mutagenicity were detected using C18
resin. This study found that urinary genotoxicity was higher in smokers of black tobacco
than in smokers of blond tobacco (Kuenemann-Migeot et al., 1996). A study of the stabi-
lity of stored urine samples showed that no significant loss of mutagenic activity occurred
in urine stored frozen for as long as 175 days, although near significance was reached, as
a result of decreasing mutant response as storage time increased, for two of the higher
doses tested (Williams et al., 1990). A Salmonella microsuspension assay is generally
more sensitive at detecting urinary mutagens from smokers than the standard plate-incor-
poration assay (Kado et al., 1983; Nylander & Berg, 1991). Peak mutagenic activity of
the urine occurred 4–5 h after the beginning of smoking and decreased to pre-smoking
levels 12 h after the cessation of smoking in occasional smokers and after 18 h in heavy
smokers (Kado et al., 1985). This study suggested that the mutagens are absorbed rapidly
(3–5 h) and are eliminated from the body following first-order kinetics; the excretion rate
constant for the occasional smoker was ~0.1 h–1, and the half-life (T1/2) was ~7 h. A study
in which the SOS Chromotest was used as the indicator assay showed that urine from
smokers that was mutagenic in Salmonella typhimurium TA98 was not mutagenic in the
SOS Chromotest; this test is therefore not suitable for assaying urinary mutagens (De
Méo et al., 1988). Urine concentrates from subjects who both smoked tobacco and
chewed areca nuts induced sister chromatid exchange and chromosomal aberrations in
Chinese hamster ovary cells (Trivedi et al., 1993, 1995).
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The urine of smokers who smoked cigarettes that heated, but did not burn tobacco had
levels of urinary mutagenicity similar to those of nonsmokers (Doolittle et al., 1989;
deBethizy et al., 1990; Smith et al., 1996). However, the urine of occupationally exposed
bidi tobacco rollers was mutagenic (Bhisey & Govekar, 1991), suggesting that exposure
to tobacco per se rather than tobacco pyrolysate products may be sufficient to produce
mutagenic urine. Urinary mutagenicity generally correlated with the number, but not the
tar level, of cigarettes smoked (Tuomisto et al., 1986; Kuenemann-Migeot et al., 1996).
Interestingly, the urine of smokers of black tobacco was twice as mutagenic as the urine
from smokers of blond tobacco, and there was a higher risk for bladder cancer in smokers
of black tobacco than in smokers of blond tobacco (Vineis et al., 1984; Bryant et al., 1988;
Malaveille et al., 1989; see also Section 2.1.2.(a)(iii)). One study of bladder cancer
patients showed that there was no association between levels of urinary mutagenicity and
tumour status or recurrence of the bladder tumours (Kanaoka et al., 1990).

Although consumption of fried meat can also produce mutagenic urine, experiments
with subjects eating controlled diets showed that the higher urinary mutagenicity in
smokers compared with nonsmokers was not the result of enhanced mutagenicity caused
by diet-related heterocyclic amine mutagens in their urine (Doolittle et al., 1990a).
Although not reviewed exhaustively here, smoking was generally a potential factor in
studies investigating urinary mutagenicity of occupational exposures, such as inks and
pharmaceuticals (Dolara et al., 1981), tyres (Crebelli et al., 1985), coke or graphite-elec-
trodes (Ferreira et al., 1994), steel and coal processing (De Méo et al., 1987) and benzi-
dine (DeMarini et al., 1987). 

Indirect evidence suggests that the chemicals responsible for smoking-related urinary
mutagenicity are primarily aromatic amines and/or heterocyclic polyaromatic amino com-
pounds. For example, the urine of smokers was much more mutagenic in strain YG1024
of Salmonella, which overproduces O-acetyltransferase, than in strains with less of this
activity (e.g. TA98) or that overproduce nitroreductase (YG1021) (Einistö et al., 1990;
Camoirano et al., 2001). One study in which the urine of smokers was fractionated by
reversed-phase HPLC and the fractions were then evaluated for their ability to induce
chromosomal aberrations in Chinese hamster ovary cells concluded that clastogenic
agents were present in the urine of smokers. This clastogenic activity was reduced by the
addition of catalase or superoxide dismutase, suggesting that the activity of these agents
may result from the production of active oxygen species (Dunn & Curtis, 1985).

Urinary mutagenicity has been shown to correlate with the levels of a 4-ABP–DNA
adduct1 in exfoliated urothelial cells from smokers (Talaska et al., 1991b). However, the
levels of a 4-ABP-haemoglobin adduct2 showed a more complex association with urinary
mutagenicity (Bartsch et al., 1990). Chemical analysis of urine from a smoker with excep-
tionally high urinary mutagenicity revealed the presence of the mutagen 2-amino-7-
naphthol, which is a metabolite of the bladder carcinogen 2-aminonaphthalene (β-naphthyl-
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amine), a component of cigarette smoke (Connor et al., 1983). Chemical fractionation of
mutagenic urine from smokers indicated that much of the mutagenic activity may be due to
PAHs and/or heterocyclic amines (Mure et al., 1997). Although the concentration of urinary
nicotine plus its metabolites correlated with urinary mutagenicity in smokers (Rahn et al.,
1991; Granella et al., 1996), nicotine and its metabolites were not responsible for the muta-
genicity. The absence of urinary mutagens in subjects who smoke cigarettes in which
tobacco is heated but not burned has been demonstrated, although large quantities of nico-
tine and cotinine were found in the urine of such subjects (Curvall et al., 1987; Rahn et al.,
1991). 

(ii) HPRT mutations
Several reviews (Cole & Skopek, 1994; Robinson et al., 1994; Curry et al., 1999)

have noted that smoking generally increases the hypoxanthine-guanine phosphoribosyl-
transferase (HPRT) (also called HGPRT) mutant frequency in peripheral blood lympho-
cytes by ~50%. However, the increases did not reach statistical significance in some
studies because of the large interindividual variability of HPRT mutant frequencies. Using
the autoradiographic HPRT assay, some elevated portion of the HPRT mutant frequency
was shown to reflect recent exposure to tobacco smoke rather than the cumulative effect
of past exposure. The two categories of smoker (light and heavy) had frequencies of
mutant cells significantly different from each other and both were significantly higher
than those of nonsmokers and former smokers (Ammenheuser et al., 1997). Most impor-
tantly, HPRT mutant frequencies were similar in patients with lung cancer and in controls
with the same smoking status, indicating that lung cancer per se has little if any effect on
HPRT mutant frequency in lymphocytes. However, when cases and controls were com-
bined, the HPRT mutant frequency was significantly higher in ever-smokers than in
never-smokers (Hou et al., 1999). Although some analyses have found no difference in
the mutation spectrum at the HPRT locus between smokers and nonsmokers (Curry et al.,
1999), an increase in transversions, in particular, GC→TA, has been frequently noted
among smokers (Burkhart-Schultz et al., 1996; Podlutsky et al., 1999; Hackman et al.,
2000). This is the primary class of base substitution induced by those PAHs that form
bulky DNA adducts giving rise to transversion mutations. An excess of this class of muta-
tion in the HPRT mutation spectrum of smokers would be consistent with exposure to the
PAHs in cigarette smoke. 

(iii) Genotoxic effects in reproductive tissues/fluids and in children
of smokers

Pregnant women who smoke not only had elevated HPRT mutant frequencies them-
selves, but analysis of cord blood indicated that their children also had elevated
frequencies (Ammenheuser et al., 1994, 1998). Sequencing of HPRT mutants in cord
blood from mothers who smoke indicated that most (85.7%) of the mutations were illegi-
timate V(D)J recombinase activity-associated exon 2-3 deletions (Bigbee et al., 1999).
V(D)J recombinase is an enzyme system that mediates genomic rearrangements of germ-
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line-encoded variable (V), diversity (D) and junctional (J) regions responsible for gene-
rating T-cell receptor and immunoglobulin gene diversity for antigen-specific recognition.
These genomic HPRT deletions are an illegitimate recombination event associated with
haematopoietic malignancies in early childhood (Gu et al., 1992). In-utero exposure to
tobacco smoke increased translocation frequencies in the newborn, and a significant asso-
ciation was found between the CYP1A1 MspI polymorphism (variant genotypes of
CYP1A1) and frequencies of chromosomal aberration in the newborns (Pluth et al., 2000).
Evidence has been obtained to suggest that smoking by the mother may cause detectable
DNA strand breaks and alkali-labile damage in the lymphocytes of newborns detected by
single-cell gel electrophoresis; the percentage of damaged cells increased with the fre-
quency of smoking (Sardas et al., 1995).

Smoking was shown to induce aneuploidy in sperm for certain chromosomes, inclu-
ding 1, 13, and YY disomy (Rubes et al., 1998; Härkönen et al., 1999; Shi et al., 2001), but
not for others, such as XX, XY, 7 or 8 (Robbins et al., 1997; Rubes et al., 1998; Härkönen
et al., 1999). Smoking also appeared to induce oxidative damage to sperm DNA as indi-
cated by higher levels of 8-OHdG in sperm DNA of smokers than in that of nonsmokers
(Shen et al., 1997). Consistent with this was the finding of higher levels of DNA strand
breaks in the sperm from smokers than in that from nonsmokers (Potts et al., 1999).

In investigations on the effects of smoking on oocytes, smokers were found to have
fewer retrieved oocytes than nonsmokers, a finding consistent with the known reduction in
their fertility (Zenzes et al., 1995). The oocytes with diploid complements of chromosomes
were more frequent in smokers than in nonsmokers. This diploidy probably resulted from
the prevention of first polar body extrusion, which indicates meiotic immaturity. The pro-
portion of diploid oocytes was strongly associated with the number of cigarettes smoked
per day (Zenzes et al., 1995). In addition, triploid zygotes occurred more frequently among
smokers than nonsmokers, suggesting that digynic fertilization is an important mechanism
leading to triploidy among smokers (Zenzes et al., 1995). These results strongly indicated
that cigarette smoking is hazardous to the viability and function of developing oocytes and
their resulting embryos, and a recent study suggested that expression of the aromatic hydro-
carbon receptor-driven Bax gene is required for premature ovarian failure caused by expo-
sure of mice to PAHs. This ovarian damage caused by PAHs was prevented by aromatic
hydrocarbon receptor Ah2 or Bax inactivation. Oocytes in human ovarian biopsies grafted
into immunodeficient mice also accumulated Bax and underwent apoptosis after exposure
to PAHs in vivo (Matikainen et al., 2001). These data also suggest that the early onset of
menopause in women smokers is caused, at least in part, by the pro-apoptotic action of
tobacco smoke-derived PAHs in human oocytes.

The cervical mucus of smokers was more mutagenic than that of nonsmokers when
tested in the Salmonella (Ames) mutagenicity assay (Holly et al., 1986), and XAD/ace-
tone extracts of amniotic fluid from mothers who smoke induced a higher number of sister
chromatid exchanges in Chinese hamster ovary cells than did extracts from nonsmokers
(Lähdetie et al., 1993). This is consistent with the finding that cervical epithelial cells
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from smokers had higher numbers of micronuclei than those from nonsmokers (Cerqueira
et al., 1998). 

As noted in the reviews by Sastry (1991) and Zenzes (2000), smoking causes nume-
rous reproductive problems, as well as effects on meiotic spindle function, DNA damage
(oxidative damage as well as PAH adducts) to spermatozoa and oocytes, in addition to
gametic and placental transmission of genetic damage. As discussed above, smoking is
also associated with second-generation effects. Together, these data provide suggestive
evidence for paternal and possible maternal gametic transmission of genetic damage as
well as indirect support for the possibility that tobacco smoke may be a germ-cell
mutagen.

(iv) Cytogenetic effects
Micronuclei

Bonassi et al. (2003) reviewed many studies that examined the influence of smoking
on the frequency of micronuclei in peripheral lymphocytes. However, mixed results have
been obtained. A pooled re-analysis of 24 databases from the Human MicroNucleus
(HUMN) international collaborative project showed that smokers did not have an overall
increase in the frequency of micronuclei in their lymphocytes. However, when the inter-
action with occupational exposure was considered, smokers of 30 cigarettes or more per
day had a significantly higher frequency of micronuclei than did nonsmokers (Bonassi
et al., 2003). An increased frequency of micronuclei in smokers has been observed to
occur preferentially in B lymphocytes and suppressor/cytotoxic T8 lymphocytes
(Larramendy & Knuutila, 1991). Elevated frequencies of micronuclei have also been
found in the tracheobronchial epithelium of smokers (Lippman et al., 1990). Workers
exposed to tobacco while making bidi cigarettes also had an elevated frequency of micro-
nuclei in buccal epithelium (Bagwe & Bhisey, 1993).

Sister chromatid exchange
In contrast to micronuclei, the frequency of sister chromatid exchange in peripheral

lymphocytes was generally higher in smokers than in nonsmokers. Numerous studies of
the frequencies of sister chromatid exchange in peripheral lymphocytes in environ-
mentally or occupationally exposed or unexposed populations have found that cigarette
smoking induces sister chromatid exchange and can be a confounding factor in occu-
pational studies (Sarto et al., 1985; Stenstrand, 1985; Nagaya & Toriumi, 1985; Wulf
et al., 1986; Husgafvel-Pursiainen, 1987; Perera et al., 1987; Bender et al., 1988; Kelsey
et al., 1988; Reidy et al., 1988; Thompson et al., 1989; Nordic Study Group, 1990;
Brinkworth et al., 1992; Górecka & Gorski, 1993; Lazutka et al., 1994; Rajah & Ahuja,
1995; Anderson et al., 1997; Lemasters et al., 1997; Bukvic et al., 1998; Cebulska-
Wasilewska et al., 1999; Rowland & Harding, 1999). Of all the cytogenetic end-points,
sister chromatid exchange is the most sensitive to the effect of smoking. One study even
demonstrated that smoking was associated with higher frequency of sister chromatid
exchange in peripheral lymphocytes than in bone marrow. An explanation of this finding
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may be that circulating lymphocytes, with an average lifespan of 4.4 years, may accu-
mulate more DNA damage than bone-marrow cells because they have a shorter lifespan
(Kao-Shan et al., 1987). However, among healthy adults, smoking may account for only
19% of the variation in frequencies of sister chromatid exchange between individuals
(Husum et al., 1986). There was a decrease in sister chromatid exchange in former
smokers during the first 78 days after stopping smoking; the decrease then was much
slower from the 78th to the 233rd day after cessation (Sarto et al., 1987). The mechanism
by which smoking induced sister chromatid exchange does not appear to involve extra-
cellularly generated free radicals (Lee et al., 1989).

The smoking of various types of tobacco product, including bidis (Ghosh & Ghosh,
1987; Murthy et al., 1997; Yadav & Thakur, 2000a) and hookah (Yadav & Thakur, 2000b)
also induced sister chromatid exchange.

Chromosomal aberrations
Studies of large populations using classical cytogenetic banding techniques for chro-

mosomal aberrations have given mixed results. One study found that the frequencies of
chromosomal aberrations were not increased by smoking (Bender et al., 1988), whereas
another found that smoking caused a 10–20% increase in such aberrations (Nordic Study
Group, 1990). The results of smaller studies have also been mixed although several have
found significantly higher frequencies of chromosomal aberrations in lymphocytes from
smokers than in those from nonsmokers (Littlefield & Joiner, 1986; Sinués et al., 1990;
Tawn & Whitehouse, 2001). Molecular cytogenetic techniques, such as fluorescence in-
situ hybridization, have also yielded mixed results. Some studies found that smoking:

— did not increase the frequency of stable or unstable aberrations, but did increase
the frequency of hyperploidy (van Diemen et al., 1995);

— produced a marginal increase in translocation frequency (Pressl et al., 1999); or
— caused a significant increase in stable aberrations (translocations and insertions)

(Ramsey et al., 1995).
Chromosomal aberration frequencies were found to be elevated among workers in a

bidi tobacco plant who were exposed to tobacco particles and volatile constituents by the
cutaneous and nasopharyngeal routes (Mahimkar & Bhisey, 1995). 

Mechanistic considerations include the observation that smokers had lower levels of
folic acid in their red cells than nonsmokers and this decrease in folic acid may play a role
in the higher levels of chromosomal aberrations detected in smokers relative to those in
nonsmokers, probably as a result of induction of common fragile sites (Chen et al., 1989).
Various studies have found that exposure of peripheral lymphocytes from smokers to
various mutagens such as radiations or chemical compounds in vitro resulted in higher
frequencies of chromosomal aberrations than such types of exposure caused in lym-
phocytes from nonsmokers (Au et al., 1991; Ban et al., 1995; Strom et al., 1995; Wang,
L.-E. et al., 2000; Paz-y-Miño et al., 2001). The levels of methylpurine–DNA glycosylase
and 2,6-diamino-4-hydroxy-5N formamidopyrimidine (FaPy)–DNA glycosylase were
higher in the peripheral blood leukocytes of smokers than in those of nonsmokers (Hall
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et al., 1993). Collectively, these studies suggested that the cells of smokers, especially
those from men, were less able to repair DNA damage and that DNA repair enzyme
levels, fragile sites and telomeric associations can be affected by recent exposure.

A large international study showed that an elevated frequency of chromosomal
aberrations in lymphocytes predicted the risk for cancer independently of exposure to
carcinogens, including cigarette smoke (Bonassi et al., 2000). However, many studies
have demonstrated an association between smoking and certain genetic changes specifi-
cally predictive of various types of tumour. For example, in comparison with those of
nonsmokers, the lymphocytes of smokers had higher frequencies of fragile sites and meta-
phases with extensive breakage, as well as elevated expression of fragile sites at cancer
break-points and oncogene sites (Kao-Shan et al., 1987). Analysis of normal bronchial
epithelium from smokers using fluorescence in-situ hybridization found a considerable
percentage of cancer-free tobacco smokers with trisomy 7 (Lechner et al., 1997), and the
frequence of loss of heterozygosity involving microsatellite DNA at three specific loci-
chromosomes was significantly elevated at chromosomal sites containing putative
tumour-suppressor genes in histologically normal bronchial epithelium from chronic
smokers (Mao et al., 1997). Perhaps most importantly, the fractional allelic loss or gain
occurred at a much higher frequency in lung tumours from smokers (48%) than in those
from nonsmokers (11%), suggesting that lung cancer in smokers resulted from genetic
alterations distinct from those resulting in lung cancer in nonsmokers (Sanchez-Cespedes
et al., 2001).

Other genetic changes
Microsatellite instability in colon tumours (Slattery et al., 2000) and chromosome 9

alterations in bladder tumours (Zhang et al., 1997) have been associated with cigarette
smoking. Smoking has also been associated with mutagen sensitivity of lymphocytes as
a predictor of upper aerodigestive tract cancer (Spitz et al., 1993). In another study,
smoking was found not to be significantly associated with mutagen sensitivity of lym-
phocytes as an indication of predisposition to oral premalignant lesions (Wu et al., 2002).
Various cytogenetic changes and smoking have been associated with risk for leukaemia
and other myelodysplastic syndromes (Sandler et al., 1993; Davico et al., 1998; Björk
et al., 2000, 2001; Moorman et al., 2002).

DNA strand breaks and oxidative damage
A higher frequency of DNA strand breaks detected by the single-cell gel electro-

phoresis ‘comet’ assay has been found in lymphocytes (Einhaus et al., 1994; Piperakis
et al., 1998; Poli et al., 1999), buccal cells (Rojas et al., 1996) and urothelial cells
(Gontijo et al., 2001) of cigarette smokers than in those of nonsmokers. Smoking also
increased the level of F(2)-isoprostanes (one of the lipid peroxidation biomarkers), an
index of oxidant stress (Dietrich et al., 2002).

The role of smoking-induced oxidative DNA damage is discussed elsewhere in this
monograph (see Section 4.1.1(c)).
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(v) Chemoprevention of the formation of smoking-associated
biomarkers of genotoxicity

In humans, the administration of N-acetylcysteine to smokers significantly reduced
the level of urinary mutagenicity (De Flora et al., 1996) as well as the frequency of micro-
nuclei in the mouth floor and in the soft palate cells (Van Schooten et al., 2002). Admi-
nistration of vitamins C and E as antioxidants to smokers also reduced the frequency of
micronuclei in blood lymphocytes (Schneider et al., 2001). Higher intakes of vitamin A
and selenium were associated with a reduced frequency of sister chromatid exchange in
smokers (Cheng et al., 1995). However, administration to smokers of the anti-carcino-
genic dithiolethione, oltipraz, had no influence on the levels of urinary mutagenicity
(Camoirano et al., 2001). Similarly, supplementary niacin (nicotinic acid precursor of
NAD+, a substrate for the DNA repair-related enzyme poly(ADP-ribose)polymerase
(PARP)) did not decrease the frequencies of HPRT variants or micronuclei in peripheral
blood lymphocytes in smokers. However, sister chromatid exchange was increased in
these cells after the same supplementation (Hageman et al., 1998). Thus, the levels of
smoking-associated urinary mutagenicity and micronuclei can be reduced by appropriate
chemoprevention.

(b) Mutations in TP53, K-RAS and related genes
Smoking is associated with cancer of various organs, and mutations in these smoking-

associated tumours have been identified in both oncogenes and tumour-suppressor genes.
The gene most frequently found to be mutated in smoking-associated lung tumours is
TP53, and the studies of this observation have been extensively reviewed (Hernandez-
Boussard & Hainaut, 1998; Hainaut & Pfeifer, 2001; Hussain et al., 2001). Briefly, TP53
mutations are more common in smokers than in nonsmokers, and the frequency of TP53
mutations shows a direct correlation with the number of cigarettes smoked. TP53
mutations are found in preneoplastic lesions of the lung, indicating that they are early
events that are linked temporally to DNA damage caused by smoking.

The TP53 mutation spectrum in lung tumours of smokers contains 30% GC→TA
transversions, whereas only 10% of the TP53 mutations in nonsmokers or other tumours
are of this type. This percentage in lung exceeds 75% only after exposure resulting from
the use of a PAH-rich smoky coal in poorly ventilated homes (DeMarini et al., 2001). The
elevated frequency of GC→TA transversion in smokers reflects the type of DNA damage
and resulting mutations produced by PAHs, which are important carcinogenic components
of cigarette smoke. There is a precise correspondence between the mutational hot spots
and the sites of DNA adducts remaining after cells exposed to BPDE and other diol
epoxides have undergone a period of DNA repair (Denissenko et al., 1996; Smith et al.,
2000). These mutations are targeted at methylated CpG sites. There is a bias for most of
the mutated guanines of the GC→TA mutations to be in the nontranscribed DNA strand
in lung tumours from smokers. This bias results from the preferential binding and slow
repair of BPDE adducts formed on the nontranscribed strand at mutational hot spot sites
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in the TP53 gene and therefore the preferential repair of DNA adducts on the transcribed
strand (Denissenko et al., 1998). Taken together, these and other data indicate strongly
that the TP53 mutations in lung tumours of smokers are a result of direct DNA damage
caused by the carcinogens in cigarette smoke. Although one report argued that TP53
mutations in smoking-associated lung cancer were not induced by mutagens in cigarette
smoke, but were pre-existing mutations selected by physiological, non-genotoxic stress
(Rodin & Rodin, 2000), subsequent analysis has refuted this proposal (Hainaut & Pfeifer,
2001).

Mutations at the K-RAS or (KRAS 2) gene (codons 12, 13 or 61) occur in ~30% of the
lung adenocarcinomas of smokers and are primarily GC→TA transversions as seen in
TP53 (Slebos et al., 1991; Husgafvel-Pursiainen et al., 1993; Westra et al., 1993; Gealy
et al., 1999; Ahrendt et al., 2001). These mutations are associated with smoking and occur
less frequently in nonsmokers (Marchetti et al., 1998; Gealy et al., 1999). 

Mutations in TP53 and other genes, such as FHIT1, BCL-2 and BAX, loss of hetero-
zygosity at specific chromosomal locations and gene overexpression (TP53, MDM2) have
also been characterized in smoking-associated tumours, including those of the bladder,
oral cavity and breast (Spruck et al., 1993; Schreiber et al., 1997; Sozzi et al., 1997; Baral
et al., 1998; Kaur et al., 1998; Dosaka-Akita et al., 1999; Gealy et al., 1999; Tseng et al.,
1999; LaRue et al., 2000; Hirao et al., 2001; Conway et al., 2002). Collectively, these
observations are consistent with the mutagenic effects of cigarette smoke condensate and
tobacco smoke as demonstrated in experimental systems.

(c) Influence of polymorphisms in carcinogen-metabolizing genes
on smoking-associated biomarkers

Numerous polymorphisms have been studied for their modulating effect on smoking-
associated biomarkers, such as urinary mutagenicity or HPRT mutant frequency.
However, much of this literature reports studies using small populations, and many
studies have either not been repeated, or conflicting results have been obtained in repeated
studies (Vineis et al., 1999). Where effects were observed, they were frequently quite
modest. Because of the incomplete and/or conflicting nature of this literature, firm con-
clusions cannot be drawn regarding the modulating effects of polymorphisms on
smoking-associated biomarkers.
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4.4.2 Experimental systems

(a) Genotoxic effects, mutagenicity of cigarette-smoke condensate,
urinary mutagenicity and mutation spectra

As reviewed previously (IARC, 1986), cigarette-smoke condensate (CSC) is muta-
genic in a variety of systems. Most studies have used condensate generated from various
reference cigarettes, such as K1R4F, which was developed jointly by the US National
Cancer Institute, the US Department of Agriculture and the University of Kentucky
Tobacco and Health Research Institute (Steele et al., 1995). The average mutagenicity of
cigarette-smoke condensates of mainstream smoke from US commercial brands and
K1R4F reference cigarettes in the Salmonella mutagenicity assay (on a revertants/mg con-
densate or revertants/cigarette basis) was not significantly different between cigarettes
representing > 70% of the US cigarette market (Steele et al., 1995). Similar results were
recently obtained in the studies of the K1R5F cigarette (Chepiga et al., 2000), indicating
that these reference cigarettes are acceptable standards with which to compare muta-
genicity of cigarettes typically purchased in the USA. 

More recent studies have confirmed and extended the initial observations showing
that cigarette-smoke condensate is mutagenic in Salmonella and SOS assays (Morin et al.,
1987; Ong et al., 1987; Chen & Lee, 1996), induces micronuclei in Vicia faba root tips (Ji
& Chen, 1996), deletions at the Tk+/– locus in mouse lymphoma cells (Cobb et al., 1989),
Hprt mutants in Chinese hamster ovary cells (Jongen et al., 1985), and can transform
human endocervical cells in culture to a malignant line with up-regulated levels of B-Myb,
p53 and WAF1 genes (Yang et al., 1997). Comparisons with wood-smoke condensate or
liquid smoke food flavourings have shown that some flavourings are more cytotoxic than
cigarette-smoke condensate. Nevertheless none of the liquid smoke food flavourings or
wood-smoke condensates was mutagenic in an assay using S. typhimurium TA98 and only
some of the liquid smoke food flavourings tested were positive with strain TA100, while
cigarette-smoke condensate was mutagenic in both strains (Putnam et al., 1999).
However, the levels of exposure must be considered in evaluating the risk posed by such
substances (Fitzgerald, 2001; Smith et al., 2001). The relative mutagenic potencies of
organic extracts of cigarette-smoke condensate and other combustion emissions rank
similarly in Salmonella, mouse lymphoma Tk+/– and mouse skin tumour-initiation assays,
suggesting that the results obtained using these different systems are reasonably compa-
rable (Williams & Lewtas, 1985).

Most of the sister chromatid exchange-inducing ability of cigarette-smoke condensate
appears to reside in its neutral and highly polar, acidic/neutral fractions (Curvall et al.,
1985; Salomaa et al., 1988); the sister chromatid exchange response of the acidic/neutral
fraction was observed only after metabolic activation, suggesting that the PAHs and acidic
compounds in cigarette-smoke condensate are responsible for this activity. Also, the acidic
fraction was the most potent direct-acting fraction that induced mutations involving dele-
tions and/or chromosomal loss by non-disjunction in mammalian AL hybrid cells of CHO-
K1, a Chinese hamster ovary cell containing one human chromosome 11 (Matsukura et al.,
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1991). The acid fraction included phenolic compounds such as catechol and hydroquinone
(Jansson et al., 1986) that may generate free radicals (quinone and oxygen radicals) that
could have produced the clastogenic effects observed. Reconstruction of a mixture contai-
ning the primary PAHs in cigarette-smoke condensate failed to reproduce the mutagenic
activity of the condensate, suggesting that PAHs were not the primary cause of the activity
(Asita et al., 1991).

Nicotine and its metabolites were not mutagenic in Salmonella, did not induce sister
chromatid exchange in Chinese hamster ovary cells in a study by Doolittle et al. (1995)
and nicotine did not produce mutagenic urine in rats (Doolittle et al., 1991). However,
nicotine was reported to induce sister chromatid exchange in Chinese hamster ovary cells
(Trivedi et al., 1990). Although cigarette-smoke condensate contains a wide variety of
agents of varying toxicity (Smith & Hansch, 2000), varying the amounts of 333 ingre-
dients (e.g. casing materials, volatile top flavourings and menthol) added to typical com-
mercially blended test cigarettes did not add significantly to the overall mutagenicity,
cytotoxicity or inhalation toxicity of the resulting cigarettes (Carmines, 2002; Roemer
et al., 2002).

Several lines of evidence indicate that the primary source of mutagenic activity of
cigarette-smoke condensate in the Salmonella mutagenicity assay is the aromatic amine
and heterocyclic amine protein pyrolysate products. As reviewed previously (DeMarini,
1983; Obe, 1984; IARC, 1986), most of the mutagenic activity of this condensate resides
in the basic or base/neutral fraction (Austin et al., 1985; Salomaa et al., 1988), which
contains the aromatic amines and heterocyclic amines. The removal of protein and
peptides from flue-cured or burley tobacco using water extraction followed by protease
digestion reduced the mutagenicity of the resultant condensate by ~80% in S. typhimu-
rium TA98 and ~50% in S. typhimurium TA100 (Clapp et al., 1999). Condensates
produced from tobacco smoke aerosols generated at temperatures below 400 °C or 475 °C
were not mutagenic in TA98 or TA100, respectively, but those produced above those tem-
peratures were (White et al., 2001). Heterocyclic amine pyrolysate products from proteins
are formed only at high temperatures, and the fact that mutagenic activity is found only
in cigarette-smoke condensate produced at high temperatures indicates that such com-
pounds are important contributors to this mutagenic effect. Exposure of hamsters to ciga-
rette smoke enhanced the ability of their livers to convert heterocyclic amines to
mutagens, suggesting that cigarette smoke, like heterocyclic amines themselves, induces
cytochrome P4501A2. Therefore, this induced isoform metabolizes heterocyclic amines
(Mori et al., 1995).

Heterocyclic amines are much more mutagenic in S. typhimurium TA98 than in
TA100. This probably explains the greatly reduced mutagenic activity of cigarette-smoke
condensate in TA98 relative to TA100 when protein was removed from the tobacco prior
to combustion (Clapp et al., 1999). In addition, some of the activity detected in TA100
may be due to PAHs, which are more mutagenic in TA100 than in TA98. At the molecular
level, the mutation spectrum of cigarette-smoke condensate in TA98 was identical to that
of the heterocyclic amine Glu-P-1 (2-amino-6-methyldipyrido[1,2-a:3′,2′-d]imidazole),
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suggesting that this class of compound was primarily responsible for the frameshift muta-
genic activity of the condensate detected in TA98 (DeMarini et al., 1995). In contrast,
most of the mutations (78%) induced by CSC in TA100 were GC→TA transversions; this
most closely resembled the mutation spectrum of a model PAH, benzo[a]pyrene
(DeMarini et al., 1995). GC→TA transversions are not only the primary class of base-
substitution induced by cigarette-smoke condensate in TA100, but are also a primary class
of base-substitution found in lung tumours of cigarette smokers (see Section 4.4.1(b)). 

(b) Cytogenetic effects of cigarette smoke and its condensate in vitro
Data reviewed previously (IARC, 1986) and confirmed by Rutten and Wilmer (1986)

have shown that cigarette smoke and its condensate induced sister chromatid exchange in
mammalian cells in culture. Tobacco particulate matter has also been shown to induce
structural and numerical chromosomal aberrations (Lafi & Parry, 1988) and micronuclei
(Jones et al., 1991) in cultured mammalian cells. Based on the lack of association between
micronuclei induction and DNA adducts, Jones et al. (1991) suggested that the micro-
nuclei were not induced by aromatic compounds but, perhaps, by a direct-acting agent that
may induce small alkylations or damage caused by radicals in DNA. Jansson et al. (1986,
1988) and Curvall et al. (1985) showed that the neutral fractions and weakly acidic, semi-
volatile components of cigarette-smoke condensate were the most potent inducers of sister
chromatid exchange in cultured human lymphocytes. They identified a number of
potential candidate compounds, most of which were alkylphenols and benzaldehydes
(benzenes having vicinal oxygenation or a conjugated double bond), that may be
responsible for this activity. Whole smoke also induced micronuclei in Chinese hamster
V79 cells without a metabolic activation system (S9) (Massey et al., 1998). In another
study based on immunocytochemical antikinetochore staining, which allowed differen-
tiation between the clastogenic and aneugenic action of cigarette smoke, V79 cells
exposed to cigarette smoke appeared to be kinetochore-positive, suggesting that the
micronuclei formed were due to aneuploidy rather than clastogenicity (Veltel &
Hoheneder, 1996).

(c) Cytogenetic effects of cigarette smoke in vivo
As noted in the earlier review (IARC, 1986), exposure of rodents to cigarette smoke

has generally produced sister chromatid exchange in the bone marrow. However, studies
on the induction of chromosomal aberrations in pulmonary alveolar macrophages by
exposure of rodents to cigarette smoke have produced some negative results (Lee, C.K.
et al., 1992, 1993) and one positive result (Rithidech et al., 1989). Exposure of rodents to
cigarette smoke has consistently produced micronuclei in polychromatic erythrocytes of
the bone marrow (Balansky et al., 1987; Mohtashamipur et al., 1987; Balansky et al.,
1988; Mohtashamipur et al., 1988; Stoichev et al., 1993; Nersessian & Arutyunyan, 1994;
Balansky et al., 1999), in normochromatic erythrocytes in peripheral blood (Balansky
et al., 1988, 1999) and in pulmonary alveolar macrophages (Balansky et al., 1999). 
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(d) DNA strand breaks
Several studies have demonstrated that both cigarette smoke and its condensate can

induce DNA strand breaks either in rodents, mammalian cells in culture or in DNA
in vitro (Nakayama et al., 1985; Willey et al., 1987; Fielding et al., 1989; Leanderson &
Tagesson, 1990; Bermudez et al., 1994; Leanderson & Tagesson, 1994; Spencer et al.,
1995; Seree et al., 1996; Yoshie & Ohshima, 1997; Liu et al., 1999; Yang, Q. et al., 1999).
Cigarette smoke also induced nuclear accumulation of TP53 protein in mouse cells in
culture, providing an indirect indication of DNA damage (Hess & Brandner, 1996).
Collectively, these studies are consistent with the demonstrated clastogenicity of cigarette
smoke and its condensate in experimental systems and humans. Several of these studies
have indicated that reactive oxygen or nitrogen species formed in cigarette smoke and its
condensate are the primary cause of the strand breaks.

(e) Studies on cigarettes that primarily heat but not burn tobacco, and
modified cigarettes

Although cigarettes that primarily heat rather than burn tobacco (Borgerding et al.,
1998) are not generally available commercially, studies generally found that their smoke
condensate was not mutagenic in Salmonella and did not induce sister chromatid
exchange, chromosomal aberrations or Hprt mutations in Chinese hamster ovary cells or
unscheduled DNA synthesis in rat cells (Doolittle et al., 1989; deBethizy et al., 1990;
Doolittle et al., 1990b; Bombick, B.R. et al., 1997). Whole smoke from such cigarettes
was also either non-mutagenic or only slightly mutagenic in Salmonella and a weak
inducer of sister chromatid exchange in Chinese hamster ovary cells, and it was negative
in rat bone marrow for chromosomal aberrations, micronuclei and sister chromatid
exchange. The relative cytotoxic and genotoxic potential observed in Chinese hamster
ovary cells exposed to the whole smoke from these cigarettes is likely to reside in the
vapour phase (Lee et al., 1990a,b; Bombick et al., 1998). Humans who smoked these
cigarettes produced urine that was ~70% less mutagenic than the urine of smokers of
standard cigarettes (Doolittle et al., 1990b; Smith et al., 1996; Bowman et al., 2002).

In 1990, ~20% of the ~5200 deaths from fires in the USA occurred in those started by
cigarettes (Brunnemann et al., 1994). The smoke condensate from an experimental
cigarette that has low-ignition propensity, and is therefore less likely than regular
cigarettes to ignite surrounding material, was as mutagenic as that of reference cigarettes
(Brunnemann et al., 1994). An experimental carbon filter that reduces the amounts of
certain vapour-phase components of tobacco smoke relative to charcoal filters currently
used in commercial cigarettes produced whole smoke that was less mutagenic in Salmo-
nella and induced less sister chromatid exchange in Chinese hamster ovary cells than
smoke from cigarettes with the usual type of charcoal filter; however, the genotoxicity of
the resulting smoke condensate was not significantly different from that of the condensate
from standard cigarettes (Bombick, D.W. et al., 1997).
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Masheri, a pyrolysed tobacco product mainly used in India to clean the teeth, induced
chromosomal aberrations, sister chromatid exchange and micronuclei in bone-marrow
cells of mice and Hprt mutations in Chinese hamster lung fibroblast V79 cells as well as
mutations in Salmonella (Kulkarni et al., 1987). 

(f) Transplacental effects
Exposure of gestating mice to cigarette smoke showed that fetal liver, and peripheral

blood and liver of newborn mice had elevated levels of micronuclei (Balansky &
Blagoeva, 1989), and such exposure also induced sister chromatid exchange in mouse
fetal liver (Karube et al., 1989). Therefore, tobacco smoke contains clastogens that cross
the mouse placental barrier and cause chromosomal damage in erythroblasts in fetal liver.
Both tobacco smoke and its condensate have been shown to induce DNA deletions
(reversion of the pink-eye unstable mutation) in the embryo of exposed mice (Jalili et al.,
1998).

(g) Modulation of genotoxicity of tobacco smoke and cigarette-smoke
condensate

Many studies have examined the ability of various agents to modulate the
genotoxicity of tobacco smoke or its condensate in vitro or in experimental animals.
Studies in rodents exposed to tobacco smoke (De Flora et al., 2003) or those in Salmo-
nella exposed to cigarette-smoke condensate (Camoirano et al., 1994; Romert et al.,
1994) have identified a variety of agents that either inhibit or modulate the genotoxicity
of tobacco smoke and/or its condensate. Such agents include N-acetylcysteine, chloro-
phyllin, phenolic compounds, isothiocyanates, dithiocarbamates, indoles, tetrapyroles and
flavonoids. As noted in Section 4.4.1(a)(v), some of these agents have been shown to
modulate the formation of smoking-associated biomarkers in humans. 

4.5 Mechanistic considerations

Classically, tobacco smoke has been described as acting both as a tumour initiator and
a tumour promoter (IARC, 1986). In the light of recent developments in the understanding
of the molecular effects of tobacco smoke, this knowledge can be extended to describe
how genetic and epigenetic changes cooperate in tobacco-induced carcinogenesis.

The modern synthesis of molecular biology and cancer biology identifies at least six
major pathways that must be disrupted for a normal cell to become a tumour cell. These
include self-sufficiency in growth signals, insensitivity to anti-growth signals, evasion of
apoptosis, tissue invasion and metastasis, sustained angiogenesis and limitless replicative
potential. Disruption of these major pathways can occur through genetic or genomic alte-
rations in well-defined genes or through a number of epigenetic processes, including
methylation of DNA, post-translational modifications of proteins and modification of
gene expression patterns (Hanahan & Weinberg, 2000). There is evidence that smoking is
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associated with some of the genetic and epigenetic changes affecting these major path-
ways (Heusch & Maneckjee, 1998; Aoshiba et al., 2001; Brandau & Bohle, 2001; Chang
et al., 2001; Forgacs et al., 2001; Hittelman, 2001; Jull et al., 2001; Kang & Park, 2001;
Kim, D.H. et al., 2001; Wistuba et al., 2001). Some of these genetic and epigenetic
changes have also been observed in smoking-associated diseases other than cancer, such
as atherosclerosis and rheumatoid arthritis, indicating that these diseases share common
pathways with cancer, and that these pathways are disrupted by tobacco smoke (Chen &
Loo, 1995; Albano et al., 2001; Wang, H. et al., 2001).

Conceptually, the effects of tobacco smoke as a carcinogen can be viewed as the result
of both genetic and epigenetic changes. Although epigenetic changes can trigger a com-
plex, suppressive cellular stress response, genetic changes may endow some cells with a
capacity to escape normal immunosuppression. Thus, the changes in the cellular environ-
ment inflicted by tobacco smoke may produce a selection procedure that favours the emer-
gence of cells that have acquired the capacity to undergo clonal expansion. This pheno-
menon can occur simultaneously at several sites within an exposed tissue field, resulting
in multifocal lesions, some of which can progress to cancer (field carcinogenesis). 

Moreover, there is a remarkable convergence between the molecular changes induced
by tobacco smoke summarized here, such as DNA damage and mutation, and recent
experimental evidence for mechanisms of carcinogenesis. Collectively, these data support
a multistep model of carcinogenesis in which the components of tobacco smoke are the
direct cause of the cellular changes that accumulate to drive the carcinogenenic process.

The previous IARC Monographs on tobacco smoking (IARC, 1986) provided convin-
cing evidence of the carcinogenicity of tobacco smoke. The present volume extends this
evidence and provides compelling molecular data that explain some of the mechanisms
by which tobacco smoke is carcinogenic. Most importantly, these data have largely been
obtained from studies in humans, rather than in experimental animals. Thus, their
relevance cannot be denied, and their explanatory powers cannot be easily dismissed.
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