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Abstract Smoking is the major cause of upper aerodigestive tract cancers. Among the many 
constituents of tobacco smoke, polynuclear aromatic hydrocarbons and tobacco-specific nitrosamines 
are strongly implicated as causative factors for these cancers. The probability that these compounds 
will induce cancer in a given individual will depend on that person’s ability to  metabolically activate 
or detoxify them. Chronic production of DNA damage by these metabolically activated carcinogens 
is consistent with current concepts of carcinogenesis in which multiple genetic changes, such as 
activation of oncogenes or inactivation of tumor suppressor genes, appear to be critical. Chemopreven- 
tive agents which decrease the level of DNA damage should therefore decrease the risk for cancer. 
Biomarkers such as carcinogen-DNA adducts, carcinogen-hemoglobin adducts, and urinarymetabolites 
of carcinogens will indicate the amount of metabolically activated carcinogen which may damage DNA 
in an individual and can therefore be used as an index of risk. Selected biomarkers are discussed in 
this paper. These biomarkers of internal dose have great potential for application in chemoprevention 
trials. 0 1993 Wiley-Liss, Inc. 
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Smoking has been established conclusively as 
an important cause of upper aerodigestive can- 
cers including squamous cell, small cell, and 
adenocarcinoma of the lung, as well as oral, 
oropharyngeal, hypopharyngeal, laryngeal, and 
esophageal cancers [ 11. Shopland et al. [2] have 
estimated the risk of deaths from various can- 
cers which are attributable to smoking. U.S. 
data for 1991 indicated that 90.3% of deaths 
from lung cancer, 91.5% from oral cancer, 
81.2% from laryngeal cancer, and 78.2% from 
esophageal cancer in males were attributed to 
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smoking; corresponding values for females were 
78.5%, 61.2%, 86.7%, and 74.3%, respectively. 
Collectively, approximately 165,000 deaths from 
these cancers were attributed to smoking. I t  is 
clear that the best way to prevent upper aerodi- 
gestive tract cancer is to avoid smoking. Educa- 
tional and smoking cessation programs have 
been partially successful in this respect. Smok- 
ing has consequently declined, but there are 
still approximately 47,000,000 smokers in the 
U.S. and hundreds of millions worldwide. Ap- 
parently, the addictive power of nicotine pre- 
vents many individuals from avoiding tobacco 
products [3]. Chemoprevention represents a 
viable alternative for preventing upper aerodi- 
gestive tract cancer in those people who cannot 
stop smoking. 

0 1993 Wiley-Liss, Inc. 
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CAUSATIVE AGENTS FOR UPPER 
AERODIGESTIVE TRACT CANCERS IN 

TOBACCOPRODUCTS 

Tobacco smoke contains approximately 4,000 
identified compounds, of which at least 40 are 
known carcinogens in laboratory animals [ 1,4]. 
One can assess the possible contributions of 
these carcinogens t o  upper aerodigestive cancers 
by considering their levels in tobacco smoke, 
their carcinogenic properties in laboratory ani- 
mals, as well as biochemical evidence for their 
uptake and metabolic activation by smokers 
[ 1,461. Polycyclic aromatic hydrocarbons 
(PAHs) are well-characterized respiratory tract 
carcinogens. Benzo(a)pyrene [B(a)P, Fig. 11 is 
by far the most extensively studied of these 
compounds and has been regarded as a proto- 
type for the PAH class. It is a potent respirato- 
ry carcinogen in rodents and occurs in main- 
stream cigarette smoke in amounts generally 
ranging from 2 0 4 0  ng per cigarette. The pres- 
ence of B(a)P-DNA adducts in the lungs of 
smokers has been demonstrated and a correla- 
tion between induced levels of cytochrome P- 
450lA1 in human lung and B(a)P-DNA adduct 
levels has been noted [7,81. In addition to B(a)P, 
other PAHs are present in tobacco smoke; some 
of these, including the benzofluoranthenes, 
dibenz(a,h)anthracene, and 5-methylchrysene, 
are well-established potent carcinogens [ 1,4]. In 
addition to 5-methylchrysene, numerous other 
methylated PAHs are also present in tobacco 
smoke [9]. G to T transversion mutations iden- 
tified in ras and p53 genes isolated from lung 
tumors could conceivably result from PAH-DNA 
adducts [ 10-131. Extensive studies of tumor 
promoters and co-carcinogens in tobacco smoke 
have demonstrated that these constituents en- 
hance the carcinogenicity of PAHs [ 14,151. Cate- 
chols and their methylated derivatives, well- 
established co-carcinogens in tobacco smoke, 
could play a role in lung cancer induction. Col- 
lectively, the available data strongly support the 
potential role of PAHs as an important caus- 
ative factor for lung cancer induction in smok- 
ers. 

The nicotine-derived tobacco-specific nitrosa- 
mine 4-(methylnitrosamino)-l-(3-pyridyl)-l- 
butanone (NNK, Figure 1) is also likely to play 
an important role in lung cancer induction. 
NNK is a potent respiratory tract carcinogen in 
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Fig. 1. Structures of some of the compounds discussed 
in the text. The enantiomer of BPDE illustrated is the most 
tumorigenic of the four possible enantiomers and most 
reactive with DNA. The enantiomer of B(a)P-7,8,9,1O-tetraol 
is the predominant one released from DNA upon hydroly- 
sis according to current studies. Two diastereomers of 
NNAL-Gluc are known metabolites of NNK; only one is 
illustrated. 

rats, mice, and hamsters, inducing tu- 
mors-mainly adenocarcinoma-over a wide 
range of doses; the lowest of which are compa- 
rable to human exposure levels, based both on 
the levels of NNK in cigarette smoke and on 
levels of its metabolites in smokers' urine 
[5,6,16,17]. Pyridyloxobutyl-DNA adducts re- 
sulting from metabolic activation of NNK, or a 
related tobacco-specific nitrosamine NNN, have 
been detected in lung tissue isolated from smok- 
ers [ 181; 7-methylguanine and 0'-methyl- 
guanine, which are formed upon metabolic acti- 
vation of NNK, have also been detected in lung 
tissue of smokers [19,201. Studies in mice have 
shown that pyridyloxobutyl adducts can induce 
G + T transversion mutations, as seen in mu- 
tated genes from lung tumors (Ronai Z, Peter- 
son L, Hecht SS, unpublished). G to  A transi- 
tion mutations, consistent with the presence of 
0'-methylguanine, have also been observed in 
analyzing p53 genes from lung tumors [21]. 
Considering the levels of NNK in tobacco 
smoke, its potent pulmonary carcinogenicity, 
and available biochemical data, its involvement 
in lung cancer induction in smokers appears 
likely. 

A number of other types of carcinogens which 
may also play a role in lung cancer development 
are present in tobacco smoke. These include 
aldehydes such as formaldehyde, acetaldehyde, 
and acrolein; simple unsaturated compounds 
such as butadiene; and metals such as chromi- 
um, cadmium, and polonium-210 [1,4]. The 
contribution of these compounds t o  lung cancer 
requires further study. 
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The lack of good animal models makes as- 
sessing the role of tobacco constituents in oral 
cavity cancer somewhat problematic. The com- 
pound most widely used to induce oral tumors 
in hamsters is 7,12-dimethylbenz (a)anthracene, 
a PAH which does not occur in tobacco or to- 
bacco smoke. B(a)P is not known to be a strong 
oral cavity carcinogen, although its metabolic 
activation by human oral tissue has been estab- 
lished [221. A mixture of NNK and NNN ap- 
plied to the rat oral cavity has been shown t o  
induce oral cavity tumors [23]. Human oral 
tissue metabolically activates these nitrosamines 
1241, but further studies are required to assess 
the presence of relevant cytochrome P-450 en- 
zymes in the oral mucosa. Although both PAHs 
and nitrosamines occur in tobacco smoke, this 
is not the case for smokeless tobacco, which is 
not a combustion product and consequently 
contains only trace amounts of PAHs. Levels of 
tobacco-specific nitrosamines in smokeless to- 
bacco are unusually high; human exposure to  
these compounds through snuff-dipping and 
tobacco chewing is more extensive than expo- 
sure to  virtually any other carcinogen [5]. Since 
snuff-dipping is an accepted cause of oral cancer 
and tobacco-specific nitrosamines are the most 
prevalent strong carcinogens in snuff, they are 
considered to  play an important role in causing 
oral cancer in humans [5l. 

Among the potential causative agents for 
esophageal cancer in tobacco smoke, nitrosa- 
mines are by far the best established carcino- 
gens in laboratory animals [5l. Numerous nitro- 
samines produce esophageal tumors in rats. 
Extensive dose-response studies have estab- 
lished that some, like N-nitrosodiethylamine, a 
constituent of tobacco smoke, are highly carci- 
nogenic [25]. The most prevalent esophageal 
carcinogen in tobacco smoke is NNN, which 
typically occurs in concentrations of approxi- 
mately 200 ng per cigarette in mainstream 
smoke. Its carcinogenicity for the rat esophagus 
and relative abundance in smoke support its 
role as an important agent in the induction of 
esophageal cancer in smokers [5l. 

BIOMARKERS OF INTERNAL DOSE OF PAH 
AND TOBACCO-SPECIFIC NITROSAMINES 

PAHs and nitrosamines are procarcinogens, 
i .e.,  they must undergo metabolic activation to 

ultimate carcinogens before they can bind to 
relevant cellular macromolecules such as DNA. 
The metabolic activation processes are complex, 
with competing detoxification pathways. Each 
person will have a different balance of these 
activation and detoxification pathways. There- 
fore, measurement of exposure to a carcinogen 
will not necessarily produce useful data; what is 
needed are methods to accurately quantify the 
amounts of metabolically activated carcinogens 
which reach target macromolecules in critical 
cells. Such measures are biomarkers of the 
internal dose of metabolically activated carcino- 
gens and should be directly relevant to cancer 
risk. The most commonly used biomarkers of 
internal dose are carcinogen-DNA adducts and 
carcinogen-hemoglobin or carcinogen-albumin 
adducts. The latter are more readily quantified 
than DNA adducts and have been regarded as 
surrogates for DNA adducts. Urinary metabo- 
lites can also indicate relative amounts of acti- 
vation and detoxification of a given carcinogen. 
Several reviews on the topic of biomarkers of 
internal dose have been published; no attempt 
will be made here to provide comprehensive 
coverage of this rapidly developing field [26-281. 
Some methods for quantifying internal doses of 
specific PAHs and nitrosamines will be de- 
scribed. 

The best characterized pathway of PAH met- 
abolic activation is the diol epoxide pathway, 
typified by the formation of anti-B(a)P-7,8-diol- 
9,lO-epoxide (BPDE, Fig. 11, which has been 
identified as one ultimate carcinogen of B(a)P 
[ 291. Immunoassays and 32P-postlabelling have 
been widely used to approximate levels of PAH- 
DNA adducts in human lung tissue, as well as 
in several other tissues [27,28]. These methods 
have the advantage of sensitivity, requiring only 
small amounts of DNA. However, they lack 
specificity. Other approaches have also been 
used. Combined gas chromatography-mass spec- 
trometry (GC-MS) as well as synchronous fluo- 
rescence spectroscopy (SFS) and high pressure 
liquid chromatography-fluorescence (HPLC- 
fluorescence) appear to be more specific and 
sensitive, at least for B(a)P-DNA adducts or 
B(a)P-hemoglobin adducts [7,8,301. Little infor- 
mation is available about other PAH adducts in 
humans. The GC-MS and HPLC-fluorescence 
methods quantify an isomer of B(a)P-7,8,9,10- 
tetraol (Fig. l), which is released from DNA or 



hemoglobin by hydrolysis. GC-MS has been 
applied for the positive identification of a 
BPDE-hemoglobin adduct; anarzti-chrysene- 1,2- 
diol-3,4-epoxide-hemoglobin adduct has also 
been identified [31]. Quantitative studies using 
these methodologies have not been published. 
Immunoaffinity chromatography combined with 
HPLC and SFS has been used to  quantify 
B(a)P-7,8,9,10 tetraol releasedfrom human lung 
DNA, as has HPLC-fluorescence [7,81. In a 
recent report, adduct levels were higher in 
smokers than in non-smokers [7]. These meth- 
ods appear to  be promising for further studies 
but would only apply to  PAH-DNA adducts with 
fluorescent chromophores. In contrast, GC-MS 
has potential utility for a broad spectrum of 
PAH adducts, but its application has been limit- 
ed to  date. 

As illustrated in Figure 2, NNK and NNN 
undergo metabolic activation to  a common in- 
termediate, 4-(3-pyridyl)-4-oxobutanediazohy- 
droxide (structure 7). This intermediate reacts 
with hemoglobin to give pyridyloxobutyl ester 
adducts and with DNA to  give adducts of un- 
known structure [32,33]. Base hydrolysis of the 
hemoglobin adducts or acid hydrolysis of the 
DNA adducts produces 4-hydroxy- 1-(3-pyridyl)- 
1-butanone (HPB), which can be quantified as 
its pentafluorobenzoate derivative by GC-MS 
[ 18,341. This methodology has detected pyri- 
dyloxobutylated DNA in the lung and trachea of 
smokers at levels higher than in non-smokers. 
It has also been used to  analyze hemoglobin 
adducts in smokers and snuff-dippers. Typical 
results of these studies are illustrated in Fig- 
ure 3. In studies carried out to  date, approxi- 
mately 20% of smokers have hemoglobin adduct 
levels elevated above those seen in non-smokers. 
Adduct levels in snuff-dippers were generally 
higher than in smokers. The results of these 
studies suggest that some individuals can meta- 
bolically activate NNK or NNN more extensive- 
ly than others and may therefore be at higher 
risk for upper aerodigestive tract cancers. 

NNK is metabolized rapidly t o  its carbonyl 
reduction product NNAL in virtually all systems 
examined to date. NNAL, like NNK, is a strong 
pulmonary carcinogen [35]. NNAL is in turn 
metabolized to diastereomeric glucuronides, 
NNAL-Gluc (one diastereomer is shown in 
Fin. 1). NNAL and NNAL-Gluc have been quan- 
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Fig. 2. Metabolic activation pathways of NNK and N N N  
known to produce DNA or hemoglobin adducts in vivo. 
With permission of the National Institute of Environmental 
Health Sciences. 
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Fig. 3. Data from ongoing studies on levels of HPB re- 
leased from hemoglobin of non-smokers, smokers. and 
snuff-dippers. With permission of the National Institute of 
Environmental Health Sciences. 

consistent with exposure to NNK in cigarette 
smoke, but not in the urine of non-smokers. 
Thus, NNAL and NNAL-Gluc are good bio- 
markers for the uptake of NNK by smokers. 

Metabolism of NNK also produces methane- 
diazohydroxide, a methylating agent which may 
react with DNA to  produce 7-methylguanine7 
O*-methylguanine, and other adducts (see 
Fig. 2). Several studies have implicated 0'- 
methylguanine as an important adduct in NNK 
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tified in the urine of smokers [361 in quantities carcinogenesis in mice and rats [37,38]. In hu- 
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mans, levels of 06-methyldeoxyguanosine do not 
differ between smokers and non-smokers in 
analyses of DNA samples obtained from periph- 
eral lung and placenta [19,39]. However, a re- 
cent study demonstrated higher levels of 7- 
methyldeoxyguanosine in bronchial DNA sam- 
ples from smokers compared to non-smokers 
[201. 

Although exposure to PAHs derives from 
many sources, most notably food, exposure to  
NNK and NNN comes exclusively from tobacco 
products. Therefore, biomarkers of NNK and 
NNN uptake and metabolic activation may be 
particularly useful in assessing the relationship 
between cancer induction and tobacco products. 
Among these biomarkers, the adducts and me- 
tabolites containing pyridyloxobutyl or pyridyl- 
hydroxybutyl groups are potentially more valu- 
able than biomarkers of DNA methylation be- 
cause of their specific structural relationship to 
tobacco-specific nitrosamines. 

BIOMARKERS OF INTERNAL DOSE: 
POTENTIAL APPLICATION IN 

CH EMOPREVENTIO N STU DIES 

Classically, the genesis of upper aerodigestive 
cancers has been described by the three-stage 
model of carcinogenesis; initiation, promotion, 
and progression [401. Laboratory and epidemio- 
logic studies support the hypothesis that tobac- 
co smoke has tumor promoting activity [1,4]. 
However, it is unrealistic to  consider tobacco 
carcinogenesis only in this framework; people 
who use tobacco products are continually and 
simultaneously exposed t o  all constituents of 
the mixture, which include both "initiating" and 
"promoting" agents. Two models of tobacco 
carcinogenesis, the "classical sequential model" 
and the "chronic exposure model'' are outlined 
in Figure 4. The latter model is consistent with 
presently evolving data demonstrating that 
multiple genetic changes occur during the pro- 
cess of upper aerodigestive tract carcinogenesis, 
including the activation of oncogenes such as 
those in the ras family and the inactivation of 
tumor suppressor genes such as p53 [lo-131. 
These multiple genetic changes are most likely 
involved at different stages of the multistage 
carcinogenic process. They probably result, at 
least in part, from direct interaction of metabol- 
ically activated carcinogens such as B(a)P and 

Two Models of Tobacco Carcinogenesis 

Classical Sequential Model 
Initiation + Promotion + Progression 

(PAHINNKINNN) (Weak acids) (diet, alcohol, 
other cofactors) 

Chronic Exposure Model 
DNA Damaging Carcinogens 

(pAH/"KI"N) I multiple genetic 
changes (p53, ras) 

Other DNA Damaging Agents f 
(oxygen radicals, nitrogen oxides) 

Toxic and Cocarcinogenic Agents 
(aldehydes, catechols) enhancing effects 

Modifying factors f 
(diet, alcohol) 

Fig. 4. Two models of tobacco carcinogenesis. In the 
classical sequential model, exposure to a DNA damaging 
initiator is followed by exposure to agents which cause 
promotion and progression. In the chronic exposure mod- 
el, continual simultaneous exposure to all compounds in 
tobacco smoke leads to multiple genetic changes and 
other effects associated with the multistage carcinogenic 
process. 

NNK with critical target genes. Thus, chemo- 
preventive agents which would decrease the 
extent of these interactions would potentially be 
effective in delaying or blocking cancer induc- 
tion by tobacco products. Experimental studies 
have led to the discovery of many agents, both 
naturally occurring and synthetic, which inhibit 
lung tumorigenesis by B(a)P and NNK, through 
mechanisms that result partially or completely 
from inhibition of metabolic activation or en- 
hancement of detoxification. These include 
arylalkyl isothiocyanates [41], antioxidants such 
as butylated hydroxyanisole [42], constituents of 
citrus oils such as D-limonene [43,441, analogues 
of experimental chemotherapeutic drugs such as 
ipomeanol [45], ellagic acid [46], and constitu- 
ents of tea [47] to name just a few. The use of 
suppressing agents, Le., compounds which in- 
hibit or reverse the promotion or progression 
stages of carcinogenesis has, to date, been rela- 
tively unsuccessful in experimental models of 
lung cancer [481; however, retinoids and per- 
haps other agents are effective in chemopreven- 
tion of other upper aerodigestive tract cancers. 
The potential application of biomarkers of inter- 
nal dose in chemoprevention studies can be 
illustrated using our own studies on chemopre- 
vention of NNK-induced lung carcinogenesis by 
arylalkyl isothiocyanates. 
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We have shown that a non-toxic dose of phen- 
ethyl isothiocyanate (PEITC), administered in 
the diet of F344 rats before and during treat- 
ment with NNK by subcutaneous (sc) injection, 
causes a 50% decrease in adenocarcinoma of the 
lung; there was no effect on tumors induced in 
the liver and nasal cavity, which are subsidiary 
target tissues of NNK carcinogenesis [491. The 
molar ratio of PEITC dose to  NNK dose per kg 
body weight in this study was approximately 30; 
this ratio can be achieved in humans with a 
daily PEITC dose of less than 0.2 mg. In paral- 
lel studies of NNK-DNA binding at similar 
doses, there was approximately a 50% decrease 
in both DNA methylation and pyridyloxobutyla- 
tion in the lungs of rats treated with NNK and 
PEITC compared to  those treated with NNK 
alone. In liver and nasal mucosa, simultaneous 
inhibition of both pathways of DNA alkylation 
was not achieved [49]. 

These results indicate that the chemopreven- 
tion mechanism of PEITC in rats involved in- 
hibiting both DNA methylation and pyridyl- 
oxobutylation pathways in the lung. These 
results are consistent with ongoing studies that 
indicate the importance of both pathways in 
lung cancer induction by NNK in rats. Inhibi- 
tion of DNA adduct formation results in part 
from the ability of PEITC to inhibit cytochrome 
P-450 isozymes involved in the metabolic activa- 
tion of NNK [50,51]. We have also shown that 
the formation of DNA adducts by NNK in the 
lung and liver increases in proportion to  the 
formation of hemoglobin adducts over a wide 
dose range, although the relationship between 
these two parameters is complex [52]. In unpub- 
lished studies, we have examined the effect of 
dietary PEITC on the formation of pyridyloxo- 
butyl ester adducts in the hemoglobin of rats 
treated with NNK and found that formation of 
these adducts was inhibited. Collectively, these 
data suggest that hemoglobin adduct formation 
could be used as a biomarker to  assess the effi- 
cacy of PEITC as a chemopreventive agent in 
upper aerodigestive tract cancer in smokers. 
Presumably, hemoglobin adduct levels in smok- 
ers who consumed PEITC regularly would de- 
crease, as would the extent of DNA damage by 
NNK. Based on data from rodent studies, such 
decreases would signal a decrease in cancer risk. 

The mechanism of NNK-induced pulmonary 
carcinogenesis has been extensively studied in 

strain A/J mice using a single dose model which 
rapidly induces lung tumors. These studies have 
shown that the formation and persistence of 0'- 
methylguanine in pulmonary DNA is a critical 
event in NNK carcinogenesis, and that pyridyl- 
oxobutylation of DNA acts as a co-carcinogen by 
inhibiting the repair of 0'-methylguanine [37]. 
Analyses of lung tumors from NNK-treated 
mice revealed the presence of mutations in 
codon 12 of the K-rus gene in a high percentage 
of the tumors; the predominant mutation de- 
tected in these studies was a G to  A transition, 
consistent with the presence of 0'-methylgua- 
nine [53]. We have shown that treatment of 
strain A/J mice with arylalkyl isothiocyanates 
prior to  injection of NNK causes a decrease in 
the levels of 0'-methylguanine in the lung, with 
a corresponding decrease in lung tumor forma- 
tion [41]. As in the rat, this is at least partially 
due to  inhibition of cytochrome P-450 enzymes 
which metabolize NNK [54]. The efficacy of 
inhibition of lung tumor formation increases 
with increasing alkyl chain length; 6-phenyl- 
hexyl isothiocyanate is a highly effective inhibi- 
tor with activity at least ten times greater than 
that of PEITC. Although the use of NNK-hemo- 
globin adducts as a surrogate for DNA alkyla- 
tion has not been explored in the mouse, the 
same principles apply and results analogous to  
those obtained in the rat could be expected. 

CONCLUSIONS 

PAHs and nitrosamines are likely to  play a 
major role in the induction of upper aerodiges- 
tive tract cancers in smokers. Chemopreventive 
agents which inhibit the metabolic activation of 
these carcinogens or enhance their detoxifica- 
tion have great potential in inhibiting or delay- 
ing the development of upper aerodigestive tract 
cancers in smokers. Such agents would decrease 
the extent to  which these carcinogens interact 
with critical target genes involved in the multi- 
stage cancer development process. Therefore, 
biomarkers of internal dose of these carcinogens 
would be useful in chemoprevention trials. 
These biomarkers, which include quantitative 
measurements of DNA adducts, hemoglobin 
adducts, or urinary metabolites can be applied 
in chemoprevention trials to indicate the poten- 
tial efficacy in humans of compounds which 



Carcinogen Biomarkers 33 

have demonstrated chemopreventive activity in 
laboratory animals. 

While it is true that the great majority of 
upper aerodigestive tract cancers could be pre- 
vented by abstinence from tobacco, a large pop- 
ulation still uses tobacco products and is there- 
fore at high risk. The use of tobacco products 
will not cease in the near future. For those who 
are addicted, chemoprevention is one way to  de- 
crease risk. Beyond this, tobacco users, with 
their known exposure to  carcinogens and quan- 
tifiable risk for cancer, represent an important 
target population for testing chemoprevention 
strategies. 

ACKNOWLEDGEMENTS 

Our research on biomarkers and chemopre- 
vention is supported by Grants No. CA-29580 
and CA-46535 from the National Cancer Insti- 
tute. 

REFERENCES 

1. 

2. 

3. 

4. 

5 .  

6. 

7. 

International Agency for Research on Cancer: "'To- 
bacco Smoking' IARC Monographs on the Evalua- 
tion of the Carcinogenic Risk of Chemicals to Hu- 
mans." Lyon, France: IARC, 1986, pp 312-314. 
Shopland DR, Eyre HJ, Pechachek TF: Smoking- 
attributable cancer mortality in 1991: Is lung cancer 
now the leading cause of death among smokers in 
the United States? J Natl Cancer Inst 83:1142- 
1148, 1991. 
Centers for Disease Control, Public Health Service, 
US Dept of Health and Human Services: "The 
Health Consequences of Smoking: Nicotine Addic- 
tion. A Report of the Surgeon General, 1988." Wash- 
ington, DC: US Govt Printing Office, 1988, p 5-20. 
Hoffmann D, Hecht SS: Advances in tobacco carci- 
nogenesis. In Cooper CS, Grover PL (eds): "Hand- 
book of Experimental Pharmacology." Heidelberg: 
Springer-Verlag, 1990, pp 63-102. 
Hecht SS, Hoffmann D: The relevance of tobacco- 
specific nitrosamines to human cancer. Cancer Surv 
8:273-294, 1989. 
Hecht SS, Hoffmann D: N-Nitroso compounds and 
tobacco-induced cancers in man. In O'Neill IK, 
Chen J, Bartsch H (eds): "Relevance to Human 
Cancer of N-Nitroso Compounds, Tobacco and My- 
cotoxins." Lyon, France: IARC, 1991, pp 54-61. 
Alexandrov K, Rojas M, Geneste 0, Castegnaro M, 
Camus A-M, Petruzzelli S, Giuntini C, Bartsch H: 
An improved fluorometric assay for dosimetry of 
benzo(a)pyrene diol-epoxide-DNA adducts in 
smokers' lung: Comparisons with total bulky ad- 
ducts and aryl hydrocarbon hydroxylase activity. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

Cancer Res 52:6248-6253, 1992. 
Weston A, Bowman E: Fluorescence detection of 
benzo(a)pyrene-DNA adducts in human lung. Carci- 
nogenesis 12:1445-1449, 1991. 
Snook ME, Severson RF, Arrendale RF, Higman 
HC, Chortyk OT Multi-alkylated polynuclear aro- 
matic hydrocarbons of tobacco smoke: Separation 
and identification. Beitr Tabakforsch 9:222-247, 
1978. 
Rodenhuis S, Slebos RJC, Boot AJM, Evers SG, 
Mooi WJ, Wagenaar SS, van Bodegom PC, Bos JL: 
Incidence and possible clinical significance of K-ras 
oncogene activation in adenocarcinoma of the hu- 
man lung. Cancer Res 48:573%5741, 1988. 
Hollstein M, Sidransky D, Vogelstein B, Harris CC: 
p53 Mutations in human cancers. Science 253:49- 
53, 1991. 
Bos JL: ras Oncogenes in human cancer: A review. 
Cancer Res 49:46824689, 1989. 
Chiba I, Takahashi T, Nau MM, D'Amico D, Curie1 
DT, Mitsudomi T, Buchhagen DL, Carbone D, Pian- 
tadosi S, Koga H, Reissman PT, Slamon DJ, Holmes 
EC, Minna JD: Mutations in the p53 gene are fre- 
quent in primary, resected non-small cell lung can- 
cer. Oncogene 51603-1610, 1990. 
Hecht SS, Carmella S, Mori H, Hoffmann D: Role of 
catechol as a major co-carcinogen in the weakly 
acidic fraction of smoke condensate. J Natl Cancer 
Inst 66:163-169, 1981. 
Hoffmann D, Wynder EL: A study of tobacco carci- 
nogenesis. XI. Tumor initiators, tumor accelerators, 
and tumor promoting activity of condensate frac- 
tions. Cancer 27:84%864, 1971. 
Hecht SS, Hoffmann D: Tobacco-specific nitros- 
amines, an  important group of carcinogens in tobac- 
co and tobacco smoke. Carcinogenesis 9:875-884, 
1988. 
Hecht SS, Hoffmann D: 4-(Methylnitrosamino)-1-(3- 
pyridy1)-1-butanone, a nicotine-derived tobacco- 
specific nitrosamine, and cancer of the lung and 
pancreas in humans. In Brugge J ,  Curran T, Har- 
low E, McCormick F (eds): "Origins of Human Can- 
cer: A Comprehensive Review." Cold Spring Harbor, 
NY: Cold Spring Harbor Laboratory Press, 1991, 
pp 745-755. 
Foiles PG, Akerkar SA, Carmella SG, Kagan M, 
Stoner GD, Resau JH, Hecht SS: Mass spectromet- 
ric analysis of tobacco-specific nitrosamine DNA 
adducts in smokers and nonsmokers. Chem Res 
Toxic01 4:364-368, 1991. 
Wilson VL, Weston A, Manchester DK, Trivers GE, 
Roberts DW, Kadlubar FF, Wild CP, Montesano R, 
Willey JC, Mann DL, Harris CC: Alkyl and aryl 
carcinogen adducts detected in human peripheral 
lung. Carcinogenesis 10:2149-2153, 1989. 
Mustonen R, Schoket B, Hemminki K Smoking- 
related DNA adducts: 32P-postlabelling analysis of 7- 
methylguanine in human bronchial and lymphocyte 
DNA. Carcinogenesis 14:151-154, 1993. 
Kishimoto Y, Murakami Y, Shiraisi M, Hayashi K, 



34 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

Hecht et al. 

Sekiya T: Aberrations of the p53 tumor suppressor 
gene in human non-small cell carcinomas of the 
lung. Cancer Res 52:47994804, 1992. 
Murphy SE, Hecht SS: Dual-label high performance 
liquid chromatographic assay for femtomole levels 
of benzo(a)pyrene metabolites. Anal Biochem 146: 
442447, 1985. 
Hecht SS, Rivenson A, Braley J ,  DiBello J, Adams 
JD, Hoffmann D: Induction of oral cavity tumors in 
F344 rats by tobacco-specific nitrosamines and 
snuff. Cancer Res 46:41624166, 1986. 
Castonguay A, Stoner GD, Schut HAJ, Hecht SS: 
Metabolism of tobacco-specific N-nitrosamines by 
cultured human tissues. Proc Natl Acad Sci USA 

Gray R, Pet0 R, Branton P, Grasso P: Chronic 
nitrosamine ingestion in 1040 rodents: The effect of 
the choice of nitrosamine, the species studied, and 
the age of starting exposure. Cancer Res 51:6470- 
6491, 1991. 
Skipper PL, Tannenbaum SR: Protein adducts in 
the molecular dosimetry of chemical carcinogens. 
Carcinogenesis 11:507-518, 1990. 
Talaska G, Roh JH, Getek T: 32P-Postlabelling and 
mass spectrometric methods for analysis of bulky, 
polyaromatic carcinogen-DNA adducts in humans. 
J Chromatography 580:293-323, 1992. 
Santella RM: DNA adducts in humans as biomark- 
ers of exposure to environmental and occupational 
carcinogens. Environ Carcino & Ecotox Revs C9(1): 
57-81, 1991. 
Conney AH: Induction of microsomal enzymes by 
foreign chemicals and carcinogenesis by polycyclic 
aromatic hydrocarbons: G.H.A. Clowes Memorial 
Lecture. Cancer Res 42:48754917, 1982. 
Day BW, Naylor S, Gan LS, Sahali Y, Nguyen TT, 
Skipper PL, Wishnok JS, Tannenbaum SR: Molecu- 
lar dosimetry of polycyclic aromatic hydrocarbon 
epoxides and diol epoxides via hemoglobin adducts. 
Cancer Res 50:46114618, 1990. 
Day BW, Skipper PL, Wishnok JS, Coghlin J, Ham- 
mond SK, Gann P, Tannenbaum SR: Identification 
of an in vivo chrysene diol epoxide adduct in human 
hemoglobin. Chem Res Toxicol 3:340-343, 1990. 
Carmella SG, Kagan SS, Hecht SS: Evidence that a 
hemoglobin adduct of 4-(methylnitrosamino)-1-(3- 
pyridy1)-1-butanone is a 4-(3-pyridyl)-4-oxobutyl 
carboxylic acid ester. Chem Res Toxicol 576-80, 
1992. 
Hecht SS, Spratt TE, Trushin N: Evidence for 4-(3- 
pyridyl)-4-oxobutylation of DNA in F344 rats treat- 
ed with the tobacco specific nitrosamines 4-(methyl- 
nitrosamino)-l-(3-pyridyl)-l-butanone and N'-ni- 
trosonornicotine. Carcinogenesis 9:161-165, 1988. 
Carmella SG, Kagan SS, Kagan M, Foiles PG, Palla- 
din0 G, Quart AM, Quart E, Hecht SS: Mass spec- 
trometric analysis of tobacco-specific nitrosamine 
hemoglobin adducts in snuff-dippers, smokers, and 
non-smokers. Cancer Res 5054384445, 1990. 
Rivenson A, Hoffmann D, Prokopczyk B, Amin S, 

80~6694-6697, 1983. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

Hecht SS: Induction of lung and exocrine pancreas 
tumors in F344 rats by tobacco-specific and areca- 
derived N-nitrosamines. Cancer Res 48:6912-6917, 
1988. 
Carmella SG, Akerkar S, Hecht SS: Metabolites of 
the tobacco-specific nitrosamine 4-(methylnitrosami- 
no)-l-(3-pyridyl)-l-butanone in smoker's urine. 
Cancer Res, 53:721-724, 1993. 
Peterson LA, Hecht SS: 06-Methylguanine is a 
critical determinant of 4-(methylnitrosamino)-1-(3- 
pyridy1)-1-butanone tumorigenesis in A/J mouse 
lung. Cancer Res 51:5557-5564, 1991. 
Belinsky SA, Foley JF, White CM, Anderson MW, 
Maronpot RR Dose-response relationship between 
06-methylguanine formation in Clara cells and 
induction of pulmonary neoplasia in the rat by 4- 
(methylnitrosamino)-l-(3-pyridyl)-l-butanone.Can- 
cer Res 50:3772-3780, 1990. 
Foiles PG, Miglietta LM, Akerkar SA, Everson RB, 
Hecht SS: Detection of 06-methyldeoxyguanosine in 
human placental DNA. Cancer Res 48:41844188, 
1988. 
Pitot HC: "Fundamentals of Oncology." New York, 
New York: Marcel Dekker, Inc., 1981, pp 103-144. 
Morse MA, Eklind KI, Hecht SS, Jordan KG, Choi 
C-I, Desai DH, Amin SG, Chung F-L: Structure- 
activity relationships for inhibition of 4-(methyl- 
nitrosamino)-l-(3-pyridyl)-l-butanone lung tumori- 
genesis by arylalkyl isothiocyanates in A/J mice. 
Cancer Res 51:184&1850, 1991. 
Speier JL, Lam LKT, Wattenberg LW Effects of 
administration to mice of butylated hydroxyanisole 
by oral intubation on benzo(a)pyrene-induced pul- 
monary adenoma formation and metabolism of 
benzo(a)pyrene. J Natl Cancer Inst 60:605-609, 
1978. 
Wattenberg LW, Coccia JB: Inhibition of 4-(methyl- 
nitrosamino)-l-(3-pyridyl)-l-butanone carcinogenesis 
in mice by D-limonene and citrus fruit oils. Carcino- 
genesis 12 : 115-1 17, 1991. 
Wattenberg LW, Hanley AB, Barany G, Sparnins 
VL, Lam KT, Fenwick G R  Inhibition of carcinogen- 
esis by some minor dietary constituents. In Hayashi 
Y (ed): "Diet, Nutrition and Cancer." Tokyo, Japan: 
Sci SOC Press, 1986, pp 193-203. 
Lin J-M, Desai DH, Morse MA, Amin S, Hecht SS: 
Inhibition of4-(methylnitrosamino)-l-(3-pyridyl)-l- 
butanone pulmonary metabolism and tumorigenicity 
in mice by analogues of the investigational chemo- 
therapeutic drug 4-ipomeanol. Chem Res Toxicol 
5674-679, 1992. 
Pepin P, Rossignol G, Castonguay A: Inhibition of 
NNK-induced lung tumorigenesis in A/J mice by 
ellagic acid and butylated hydroxyanisole. The Can- 
cer Journal 3:266-273, 1990. 
Xu Y, Ho CT, Amin SG, Han C, Chung FL: Inhibi- 
tion of tobacco-specific nitrosamine-induced lung 
tumorigenesis in A/J mice by green tea and its 
major polyphenol as antioxidants. Cancer Res 52: 
3875-3879, 1992. 



Carcinogen Biomarkers 35 

48. 

49. 

50. 

51. 

Moon RC, Rao KVN, Detrisac CJ, Kelloff GJ: Reti- 
noid chemoprevention of lung cancer. In Watten- 
berg L, Lipkin M, Boone CW, Kelloff GJ (eds): 
"Cancer Chemoprevention." Boca Raton, FL: CRC 
Press, 1992, pp 83-93. 
Morse MA, Wang C-X, Stoner GD, Mandal S, Con- 
ran PB, Amin SG, Hecht SS, Chung F-L: Inhibition 
of 4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone- 
induced DNA adduct formation and tumorigenicity 
in lung of F344 rats by dietary phenethyl isothio- 
cyanate. Cancer Res 49549-553, 1989. 
Smith TJ, Guo Z, Thomas PE, Yang CS: Kinetics 
and enzyme involvement in the metabolism of 4- 
(methylnitrosamino)-l-(3-pyridyl)-l-butanone by rat 
lung and nasal mucosa. Carcinogenesis 13:1409- 
1414, 1992. 
Guo Z, Smith TJ, Ishizaki H, Yang CS: Metabolism 
of 4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone 

52. 

53. 

54. 

(NNK) by cytochrome P-450IIB1 in a reconstituted 
system. Carcinogenesis 12:2277-2282, 1991. 
Murphy SE, Palomino A, Hecht SS, Hoffmann D: 
Dose-response study of DNA and hemoglobin adduct 
formation by 4-(methylnitrosamino)-l-(3-pyridyl)- 
1-butanone in F344 rats. Cancer Res 505446-5452, 
1990. 
Belinsky SA, Devereux TR, Maronpot RR, Stoner 
GD, Anderson MW The relationship between the 
formation of promutagenic adducts and the activa- 
tion of the K-ras proto-oncogene in lung tumors 
from A/J mice treated with nitrosamines. Cancer 

Smith TJ, Guo Z, Thomas PE, Chung F-L, Morse 
MA, Eklind K, Yang CS: Metabolism of 4-(N-meth- 
yl-N-nitrosamino)-l-(3-pyridyl)-l-butanone in mouse 
lung microsomes and its inhibition by isothio- 
cyanates. Cancer Res 50:6817-6822, 1990. 

R ~ s  49~5305-5311, 1989. 




