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Tobacco Smoke Carcinogens and Lung Cancer

Stephen S. Hecht

(10,11).Although the argument for further tobacco control and
The complexity of tobacco smoke leads to some confusionimproved cessation strategies is powerful, the numbers tell us
about the mechanisms by which it causes lung cancer.that the utopian goal of a smoke-free society is still distéint
Among the multiple components of tobacco smoke, 20 car- Moreover, exposure to environmental tobacco smoke (ETS) is
cinogens convincingly cause lung tumors in laboratory ani- widely accepted as a cause of lung cancer, although the risk is
mals or humans and are, therefore, likely to be involved in far lower than that of smoking and can be difficult to demon-
lung cancer induction. Of these, polycyclic aromatic hydro- strate, even in large studigd2-16). An understanding of
carbons and the tobacco-specific nitrosamine 4-(methylni- mechanisms of tobacco-induced lung cancer will lead to ne\/\g
trosamino)-1-(3-pyridyl)-1-butanone are likely to play major ~ strategies for decreasing lung cancer risk, for identifying highlyg
roles. This review focuses on carcinogens in tobacco smokesusceptible individuals, and for developing innovative tech-
as a means of simplifying and clarifying the relevant infor- niques for early detection.

mation that provides a mechanistic framework linking nico- Even in the writings of distinguished scientists with great g
tine addiction with lung cancer through exposure to such €Xpertise in cancer causes and mechanisms, one can read stiie—
compounds. Included is a discussion of the mechanisms byments such as: “The carcinogenic mechanisms of tobacco smok:
which tobacco smoke carcinogens interact with DNA and ing are not well understood(17). This review will attempt to
cause genetic changes—mechanisms that are reasonably welprovide the generally informed cancer scientist with a distilla- &

understood—and the less well defined relationship between tion of mechanistic information on the subject of tobacco smok 5
exposure to specific tobacco smoke carcinogens and mutaarcinogens and lung cancer and to cqnvince the reader that we
tions in oncogenes and tumor suppressor genes. MolecularknOW @ great deal about the mechanisms by which these cag

epidemiologic studies of gene—carcinogen interactions andCiNCgens cause lung cancer. While it is true that we may neveg

lung cancer—an approach that has not yet reached its full P€ able to map each detail of the complex process by whiclE
potential—are also discussed, as are inhalation studies ofcigarette smoking causes lung cancera_nd thatth_ere is unlikely to
tobacco smoke in laboratory animals and the potential role be a S|_ngl_e mechanism of tobacco carcinogenesis, there are ge%—
of free radicals and oxidative damage in tobacco-associatederal pr|n0|ple§ that have emerged from intensive research |n.thg
carcinogenesis. By focusing in this review on several impor- pa_lst_four to f_|ve (_ie(_:ades. The_ ove_rall frameV\_/ork for dlscussmﬁj\
tant carcinogens in tobacco smoke, the complexities in un- t.h's |nformat|or_1 |s_|||ustrat_ed_ in Fig. 1. Carcmogens_ fofm the 2
derstanding tobacco-induced cancer can be reduced, andllnk.bet_vveen nicotine addiction and I.ung cancer. N|cot|_ne ad-§

new approaches for lung cancer prevention can be envi- diction is the reason that people continue to sm@&). While &

N
sioned. [J Natl Cancer Inst 1999;91:1194-1210]
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nicotine itself is not considered to be carcinogenic, each cigag¥
rette contains a mixture of carcinogens, including a small dose oE
polycyclic aromatic hydrocarbons (PAHs) and 4-(methylnitro- &

Lung cancer continues to be the leading cause of cancer deg@mino)-1-(3-pyridyl)-1-butanone (NNK) among other lung Car-é
in both men and women in the United States, with more th&mnogens, tumor promoters, and co-carcinog€h®20). Car- g

158900 deaths expected in 19@8). Worldwide, lung cancer cinogens such as NNK and PAHSs require metabolic activation tc§
kills over one million people each yeé2). Extensive prospec- exert their carcinogenic effects; there are competing detoxifica-.
tive epidemiologic data clearly establish cigarette smoking tign pathways, and the balance between metabolic activation ang
the major cause of lung cand@®). It is estimated that about 90%detoxification differs among individuals and will affect cancer 3
of male lung cancer deaths and 75%-80% of female lung cant&k. E
deaths in the United States each year are caused by smokinyVe know a great deal about mechanisms of carcinogen metaz
(4,5). The risk of lung cancer diminishes after smoking cessholic activation and detoxificatio(21-25).The metabolic acti-
tion, but not during the first 5 years, and the relative risk nev&ation process leads to the formation of DNA adducts, which are
returns to that of a nonsmok¢8). In spite of the rising anti- carcinogen metabolites bound covalently to DNA, usually at
tobacco sentiment in the United States and improvementsginanine or adenine. There have been major advances in our
smoking cessation methods, approximately 25% of the U®)derstanding of DNA adduct structure and its consequences in
adult population, about 47 million people, continues to smoltee past two decades, and we now have a large amount of
cigarettes(6). Although the percentage of adult smokers denechanistic informatio(26,27).If DNA adducts escape cellular
creased following the first Surgeon General's ref@it from

42% in 1965 to 25% in 1990, there has been virtually no change

since then, suggesting that we may have reached a hard-Cog&rrespondence tastephen S. Hecht, Ph.D., University of Minnesota Cancer
population of smoker$3). Approximately five hundred billion center, Box 806 Mayo, 420 Delaware St., S.E., Minneapolis, MN 55455 (e-mail:
cigarettes were sold in the United States in 1996 There are hecht002@tc.umn.edu).

one billion cigarette smokers worldwide, one third of whom live See"Notes” following “References.”

in China, where a major epidemic of lung cancer is predict@doxford University Press
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- Cigarette Metabolic ) Mutations and other
Nicotine smoking | PAH,NNK and activation | DNA  |Persistence »| changes: RAS, MYC »| Lung
addiction other carcinogens adducts Miscoding " p53, p16, RB, FHIT, | cancer
Metabolic . and other critical genes
detoxification Repair
Excretion Normal DNA Apoptosis

Fig. 1. Scheme linking nicotine addiction and lung cancer via tobacco smoke carcinogens and their induction of multiple mutations in critical geres. PAH
polycyclic aromatic hydrocarbons; NNk 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone.

repair mechanisms and persist, they may lead to miscodicgmponents are separated from the particulate phase by a glass-
resulting in a permanent mutation. As a result of clever strategidser filter. The particulate phase contains at least 3500 com-

that combine DNA adduct chemistry with the tools of moleculgsounds and most of the carcinoge(@). The components of

biology (28), we know a great deal about the ways in whicligarette smoke and how they have changed over time have be
carcinogen DNA adducts cause mutations. Cells with damagesiewed previously19,20,37,38). 9
DNA may be removed by apoptosis, or programmed cell death There are 55 carcinogens (Table 1, A) in cigarette smoke thak
(29,30).If a permanent mutation occurs in a critical region of aRave been evaluated by the International Agency for Research
oncogene or tumor suppressor gene, it can lead to activationoifCancer (IARC) and for which there is “sufficient evidence for 3
the oncogene or deactivation of the tumor suppressor gene. Milrcinogenicity” in either laboratory animals or humgas).
tiple events of this type lead to aberrant cells with loss of normgkher carcinogens not evaluated by the IARC may also be preZ
growth control and, ultimately, to lung cancer. While the sesent. For example, among the PAHs, multiple alkylated anc§
quence of events has not been as well defined as in colon cangyh-molecular-weight compounds have been detected but arg
there can be little doqbt that these molecular changes are iWCompIeter characterized with respect to their carcino-=
portant(29,30). There is now a large amount of data on mutggenicity (39,40).Individual pulmonary carcinogens in cigarette 2
tions in the human KRAS and p53 (also known as TP53) gengsioke, selected from the classes of carcinogens in Table 1,
in lung tumors from smokers, and attempts have been made,jg |isted in Table 1, B. The 20 compounds included in this list2
link these mutations to specific carcinogens in tobacco SMoKg,e heen found convincingly to induce lung tumors in at leas@.
(30-36).Blocking any of the horizontal steps in Fig. 1 may leagl,g animal species and have been positively identified in cigaZ

to decreased lung cancer, even in people who continue t0 SmQie smoke. The structures of the organic compounds are show
This review will focus on tobacco smoke carcinogens al Fig. 2 @

will consider certain aspects of the mechanistic pathway illus- Among the PAHSs, benza]pyrene (BaP) is the most exten-

e ahe, it e e o S i ey tcied compourd, and 1 ity o e ung umors
’ ’ g 9 €@50n local administration or inhalation is well documented 5

cinogen uptqke, metabpllsm, and DNA addUCt formation | 1,42,62,63)When administered systemically, it causes lung £
humans. It will also consider other mechanisms of DNA damage . ’ . .
mors in mice, but not in raté41,42,64).In studies of lung

via free radicals and reactive oxygen species. It will discuss or induction by implantation in rats. BaP is more carcino-
mutations in oncogenes and tumor suppressor genes and thelr. y Imp . g
LE:NC than the benzofluoranthenes or indeno[1¢2]Byrene Q
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possible relationship to specific carcinogens and molecular e 2 | tic studies. it h fen b d tef
demiologic investigations of carcinogen—gene interactions. ). In analytic studies, It has often been used as a surrogate Igy
er PAHs, and extensive data on its occurrence in cigarettg

the basis of these data, it will evaluate the role of specific cigg- . . :
rette smoke carcinogens and other factors as causes of | ke are available9,38).Thus, BaP is a potent lung carcino- 3

cancer. A detailed account of other aspects of the molecu , the occurrence of which is well documented. The vast lit-=

pathogenesis of lung cancer has recently been publi€ed erature on BaP tends to distract attention from other PAHs3
The goal of this review is to be illustrative rather than incluljowever, PAHs such as dibermgflanthracene, 5-methyl-

sive. Any of the topics mentioned in the previous paragra rysene, a?r? dltéer::)zgﬂpy_rene a;]re sutbstant;te;]lly strr]otrrw]gelr lqu E
would exceed the space limitations of this Journal if present ongens than Bar In mIce or hamsters, although the 1evels o

completely. This review used MEDLINE®, the International ese compounds in cigarette smoke are lower than those of BaP

4,45).The presence in cigarette smoke of dibeaziypyrene,
Agency for Research on Cancer Monographs on the Evaluat %Pwighly carcinogenic PAH, has not been confirmed.

of Carcinogenic Risks to Humans, the Survey of Compounas . L .
Which Have Been Tested for Carcinogenic Activity, and se- Two aza-arenes, dibergflacridine and 7H-dibenzo[g-

lected previous reviews and key references to identify referen(f@ébamle’ are pulmonary tumorigens when tested by implanta-
on specific topics. Ion in the rat lung and instillation in the hamster trachea,

respectively(46,47). The activity of dibenz,hjacridine is sig-
PULMONARY CARC|NOGENS IN C|GARETTE SMOKE niﬁcantly less than that of BaP, while the aCtiVity of 7H-
dibenzog,dcarbazole is greater than that of BaP. The levels of
The mainstream smoke emerging from the mouthpiece obath compounds in cigarette smoke are relatively low.
cigarette is an aerosol containing about®particles/mL(20). Among theN-nitrosaminesN-nitrosodiethylamine is an ef-
About 95% of the smoke is made up of gases, chiefly nitrogefiective pulmonary carcinogen in the hamster, but not in the rat
oxygen, and carbon dioxide. In experiments, these vapor-ph§48,49). Its levels in cigarette smoke are low compared with

0c Yy
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Table 1, A. Summary of carcinogens in cigarette smoke*

Type

No. of compounds

Polycyclic aromatic hydrocarbons
Aza-arenes
N-Nitrosamines
Aromatic amines
Heterocyclic aromatic amines
Aldehydes
Miscellaneous organic compounds
Inorganic compounds

Total

10

Table 1, B.Pulmonary carcinogens in cigarette smoket

Amount in
mainstream
cigarette smoke, Sidestream/ Representative lung
Carcinogen class Compound ng/cigarettef mainstream ratio§ tumorigenicity in specids Reference Nd.
Polycyclic aromatic hydrocarbons ~ Benafgyrene 20-40 2.5-35 Mouse, rat, hamster (41,42)
Benzoplfluoranthane 4-22 Rat (41-43)
Benzo[]fluoranthane 6-21 Rat (41-43)
BenzoK]fluoranthane 6-12 Rat (41-43)
Dibenzof,ilpyrene 1.7-3.2 Hamster (41,42,44)
Indeno[1,2,3ed|pyrene 4-20 Rat (41-43)
Dibenzfa,hlanthracene 4 Mouse (41,42,45)
5-Methylchrysene 0.6 Mouse (42,45)
Asz-arenes Dibena[hlacridine 0.1 Rat (41,42,46)
7H-Dibenzog,glcarbazole 0.7 Hamster (41,42,47)
N-Nitrosamines N-Nitrosodiethylamine ND-2.8 <40 Hamster (48,49)
4-(Methylnitrosamino)-1- 80-770 1-4 Mouse, rat, hamster (22,50)
(3-pyridyl)-1-butanone (NNK)
Miscellaneous organic 1,3-Butadiene 20-70 X 10 Mouse (51)
compounds Ethyl carbamate 20-38 Mouse (52)
Inorganic compounds Nickel 0-510 13-30 Rat (53)
Chromium 0.2-500 Rat (53)
Cadmium 0-6670 7.2 Rat (54)
Polonium-210 0.03-1.0 pCi 1.0-4.0 Hamster (55-58)
Arsenic 0-1400 Nonef (59)
Hydrazine 24-43 Mouse (60)

*Adapted from(19,20) Compounds for which there is “sufficient evidence for carcinogenicity” in either laboratory animals or humans, according to evalua

by the International Agency for Research on Cancer.
TCompounds from Table 1, A, for which there is convincing evidence of pulmonary tumorigenicity in at least one species.
fData from(19,37); all values in ng/cigarette except polonium-210; NDnot detectable.

8Data from(61).
[|Studies in laboratory animals.

JEpidemiologic studies indicate that inorganic arsenic compounds are skin or lung carcinogens in humans.

those of other carcinogens. The tobacco-spedifititrosamine 1,3-butadiene in mice, but it is not a target in the (a1).

—
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NNK is a potent lung carcinogen in rats, mice, and hamstets3-Butadiene is a component of the vapor phase of cigarette
(22). 1t is the only compound in Table 1, B, that induces lungmoke, but in most inhalation studies the particulate phase
tumors systemically in all three commonly used rodent modelhows more overall carcinogenic activity. Ethyl carbamate is a2
The organospecificity of NNK for the lung is remarkable; itvell-established pulmonary carcinogen in mice, but not in other

induces tumors of the lung, mainly adenoma and adenocaspecies(52). Nickel, chromium, cadmium, and arsenic are all

noma, independent of the route of administration and in bopinesent in tobacco, and a percentage of each is transferred to
susceptible and resistant strains of mice (Tabl@2).NNK has mainstream smoke; arsenic levels are substantially lower since

not been tested by local administration in the respiratory tradiscontinuation of its use as a pesticide in 192®,37,38).

The systemic administration of NNK to rats is a reproducibl®letal carcinogenicity depends on the valence state and anion;
and robust method for the induction of lung tumors; dosdhese are poorly defined in many analytical studies of tobacco
response data from two laboratories are summarized in Figs®oke. Thus, although some metals are effective pulmonary
(22). Cigarette smoke contains substantial amounts of NNtarcinogens, the role of metals in tobacco-induced lung cancer is
(19,38,65-67)and the total dose experienced by a smoker inraurky. Levels of polonium-210 in tobacco smoke are not be-
lifetime of smoking is remarkably close to the lowest total dodeved to be great enough to significantly impact lung cancer in

shown to induce lung tumors in raf82). Levels of NNK and smokerq68).Hydrazine is an effective lung carcinogen in mice

total PAHSs in cigarette smo

The lung is one of the multiple sites of tumorigenesis b{38,60).
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and has been detected in cigarette smoke in limited studies
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Fig. 2. Structures of organic
pulmonary carcinogens in to-

bacco smoke.
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Table 2.Induction of lung tumors by NNK
[4-(methylnitrosamino)-1-[3-pyridyl)-1-butanone]*

Species and strain

Routet

Mouse

Ald

Sencar

BALB/c

Swiss

C3B6F

C3H/HeJ

C57BL/6

(AJJ x TSG-p53) B
F344 rat

Syrian golden hamster
Mink

i.p. gavage, p.o.
Skin
Oral
Oral, i.p.
i.p.
i.p.
i.p.
i.p.

s.c., p.o., oral swab, gavage,

intravesicular

s.c., application to cheek pouch

S.C.

*Adapted from(22).

ti.p. = intraperitoneal; p.o= per os (i.e., orally via drinking water); and s.c.

Lung tumor incidence, %

Single subcutaneous dose (mg/kg)

3.4 34

0.034 0.34
T

100 T

®
o
I

D
(=]
T

£
o
T

N
o
I

I
0.01 0.1

T 1
1 10

Total dose (mmol/kg)
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Fig. 3. Relationship between dose of 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone and lung tumor incidence in male F344 rats. Data were combined fro@
protocols using subcutaneous (s.c.) injection, three times weekly for 20 week:

The carcinogens listed in Table 1, B, are also found in ETi®studies carried out by investigators at the National Institute of Environmental’y

(61). Sidestream smoke, the material released directly into tHealth Sciences() or the American Health Foundatio®], or by administra-
ir from th rning ti f igar | hat which diff on in the drinking water @) (American Health Foundation). Upperaxis,
a om the bu g tip of a cigarette plus that chd use‘é le s.c. dose refers to the magnitude of one of the 60 doses used. Each symbol

through the cigarette paper, constitutes the major portion of E‘j;%?esems a group of 20-80 rats. Fr(2a).

(61). Some sidestream—mainstream ratios are presented in Table

1, B. While these ratios are generally greater than 1, dilutigfyarette smoke contains high levels of acrolein, which is toxic
with am.b|ent air is such that passive uptake will bg far Iess_thﬁpthe pulmonary cilia, and other agents, such as nitrogen oxides,
uptake in a smoker, and the risk for lung cancer is accordingly.e(aidehyde, and formaldehyde, that could contribute indirectly

Iess(69). . to pulmonary carcinogenicit{38).
Cigarette smoke is also a tumor promo{d8,70). The ma-

jority of the activity seems to be due to uncharacterized weall\HaLATION STUDIES OF CIGARETTE SMOKE

acidic compounds. Substantial levels of cocarcinogens such as

catechol are present in cigarette smok&). Other co- While extensive studies clearly document the carcinogenicity
carcinogens include methylcatechols, pyrogallol, decane, undécertain cigarette smoke constituents, the results of inhalation
cane, pyrene, benzgpyrene, and fluoranthene. In additionstudies of whole-cigarette smoke or its vapor and particulate

= subcutaneous.
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phases have been less consistent. Cigarette smoke inhalatidce show moderately positive results. In these stu¢ii8sr4),
studies through 1985 have been reviewed elsew{8¥e There increased lung tumor multiplicity is observed in mice exposed to
are a number of operational problems inherent in these exp&iFS and then allowed a recovery period. It was concluded that
ments. The smoke must be delivered in a standardized fashiba vapor phase of ETS is as tumorigenic as is full ETS and that
that has been accomplished with a variety of designs. Bdtie responsible agents are not NNK or BaP. These studies re-
whole-body exposure and nose-only designs have been uspdre confirmation. Further research is needed to identify the
Generally, a 2-second puff from a burning cigarette is dilutgultative tumorigenic components of the vapor phase.
with air and forced into the chamber. Animals will undergo
avoidance reactions and will not inhale the smoke the way HBULMONARY CARCINOGENS: UPTAKE, METABOLISM ,
mans do. Thus, the dose to the lung in animals will be less thakp ADbucT FORMATION IN SMOKERS
that in humans. It will also be considerably less than in most
experiments that examine the carcinogenicity of individual com- Carcinogens are enyzmatically transformed to a series of me-
ponents of smoke. Other problems arise from the fact that tabolites as the exposed organism attempts to convert them to
dents are obligatory nose breathers and their nasal passage$oanes that are more readily excreted. The initial steps are usually
more complex than those of humans, thereby affecting the ayarried out by cytochrome P450 (P450) enzymes, encoded by
namics of particle deposition in the respiratory tract. The irrthe CYP family of genes, which oxygenate the subst(@®. o
tating and toxic properties of tobacco smoke create further didther enzymes, such as lipoxygenases, cyclooxygenases, m§—
ficulties. eloperoxidase, and monoamine oxidases, may also be involveg,
Nevertheless, in experiments with Syrian golden hamstebsjt less frequently. The oxygenated intermediates formed Ir%
whole-cigarette smoke and its particulate phase consistently tinese initial reactions may undergo further transformations byg
duce preneoplastic lesions and benign and malignant tumorgyhftathioneS-transferases, uridine-sliphosphate-glucuronosyl- 3
the larynx(38). This model system has been widely applied anansferases, sulfatases, and other enzy(i#s78).Some of the
is the most reliable one for induction of tumors by inhalation aghetabolites produced by the P450s react with DNA or other®
cigarette smoke. Tumors are observed in hamsters exposethszromolecules to form covalent binding products known a%
the particulate phase of smoke only. Results of experimentsaidducts. This is referred to as metabolic activation; other reaca
rats and mice are inconsistent, while those of experimentstions are considered as detoxification pathways with respect t@
rabbits and dogs are equivocal. Studies published since 1@8Bcinogenesis. Metabolic pathways of BaP and NNK, represengz
describe inhalation experiments with mi¢e—74).Two studies tative pulmonary carcinogens in cigarette smoke, are outlined i@
are negative, but two others evaluating the activity of ETS in AFig. 4 (21,22,42,79—-100)These have been extensively studied S

/:3dny

sulfates g
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Fig. 4. Metabolic pathways of benzajpyrene (BaP) and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), modified {2#y80,83).Some human enzymes
involved in the various reactions are indica{@®-100).EH = epoxide hydrolase; DHD= dihydrodiol dehydrogenase; UGF¥ UDP-glucuronosyl transferase;
GST = glutathioneStransferase; P456: cytochrome P450; NNAL= 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; 1-OH, 3-OH 1-hydroxy BaP, 3-hydroxy

BaP, etc. Other abbreviations are defined in the text.
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in rodent and human tissues. Multiple enzymes participate niot carcinogenic, the ratio of NNAL-Gluc to NNAL has been
many steps; some of the human forms involved are indicatedsinggested as a potential biomarker of susceptibility to lung can-
Fig. 4. The major metabolic activation pathway of BaP is comer (104). This ratio varies widely in smokerd04).1t is inter-
version to its 7,8-diol-9,10-epoxides (BPDE); one of the fowsting that the NNAL-Gluc: NNAL ratio was significantly lower
enantiomers is highly carcinogenic and reacts with DNA to forin black smokers than in white smokers, which suggests that
adducts withN? of deoxyguanosine. The major metabolic actipoor detoxification potential may be one factor contributing to
vation pathways of NNK and its main metabolite, 4-(methylnithe higher incidence and mortality rates of lung cancer in blacks
trosamino)-1-(3-pyridyl)-1-butanol (NNAL), occur by hydrox-than in whites(108). Related to this, two recent studies
ylation of the carbons adjacent to thé-nitroso group (109,110)have clearly demonstrated that serum cotinine levels
(a-hydroxylation), which leads to the formation of two types oére higher in blacks than in whites. This is postulated to result
DNA adducts: methyl adducts, such as 7-methyguanin®®r from higher nicotine intake per cigarette and slower clearance of
methylguanine, and pyridyloxobutyl addudB®-Methylguanine cotinine in blacks.
plays a critical role in mouse lung tumorigenesis by NNK, while BaP and benzé]fluoranthene have been detected in human
this adduct as well as pyridyloxobutyl DNA adducts are impotung; no differences between smokers and nonsmokers were
tant in lung tumor induction by NNK in rat€?2). noted(111,112).1-Hydroxypyrene and its glucuronide, urinary
Considerable information is available on pulmonary carcinoaetabolites of the noncarcinogen pyrene, have been widely usefl
gen metabolisnin vitro, both in animal and in human tissuesas indicators of PAH uptake. 1-Hydroxypyrene levels in smok- g
but fewer studies have been carried out on uptake, metaboligrs are generally higher than those in nonsmok&is-115). g
and adduct formation of cigarette smoke lung carcinogens @ther studieg116-122)have examined PAHSs in urine by re- &
smokers. Various measures of cigarette smoke uptake in humemsversion of metabolites to the parent compounds or have d&-:-
have been used, including exhaled carbon monoxide, carbotgeted specific PAH metabolites, including 3-hydroxy BaP and3
hemoglobin, thiocyanate, and urinary mutageni¢g8g). How- tetraols resulting from hydrolysis of BPDE. No firm conclusions = E:
ever, the most specific and widely used biochemical markeras the effects of smoking can be drawn from these latter studles
the nicotine metabolite cotining38,101). While cotinine and because the number of subjects is too small. Uptake of polon
other nicotine metabolites are excellent indicators of tobacoawm-210 has been examined in bronchial tissues of smokerg
smoke constituent uptake by smokers, the NNK metabolitaad nonsmokers; some studies [reviewed38)] have shown g
NNAL and its O-glucuronide (NNAL-Gluc) are excellent bio- higher concentrations in smokers. Overall, there is considerablg
markers of tobacco smoke lung carcinogen upt@2). NNAL evidence that pulmonary carcinogens in cigarette smoke arg
is a potent pulmonary carcinogen like NNK, while NNAL-Gluctaken up and metabolized by smokers (as well as by nonsmoke%
is a detoxified metabolite of NNK22). Since NNK is a tobacco- exposed to ETS), but there are still large gaps.
specific carcinogen, its metabolites NNAL and NNAL-Gluc are Fewer than 20% of smokers will get lung can¢a8). Sus-
found only in the urine of individuals exposed to tobacco proaeptibility will depend in part on the balance between carcino-&
ucts. Urinary NNAL and NNAL-Gluc have been quantified ingen metabolic activation and detoxification in the smokers. Th|s§
several studies of smokers and in nonsmokers exposed to EJ&n important area requiring intense further study. Most inves-=
(22,102-107).The ETS results demonstrate that uptake digations have focused on the activation pathways by quantifying=
NNAL-Gluc by nonsmokers is 1%-3% of that in smokers, cordNA or hemoglobin adducts. Other molecular epidemiologic £
sistent with the weaker epidemiologic evidence for a role sfudies have used genotyping approaches, as discussed later3A
ETS, compared with mainstream cigarette smoke, as a caussafes of reports by Bartsch et 1.23) provides considerable
lung cancer(69,107). Levels of cotinine plus cotinin® support for the activation of BaP to form DNA adducts in the
glucuronide in smokers’ urine are correlated with urinary NNALungs of smokers. Earlier investigations [reviewed38)] dem-
plus NNAL-Gluc (Fig. 5). Similar correlations are observed ionstrated that cigarette smoke induces aryl hydrocarbon hydroxe
passively exposed nonsmokégi$3,107). ylase (AHH) activity and proposed a relationship between AHH——
Since NNAL is a potent lung carcinogen, but NNAL-Gluc isactivity and lung cancer. The AHH assay measures conversioR
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Fig. 5. Correlation between cotinine plus cotinihkglucuronide
(cotinine-Gluc) and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butano
(NNAL) plus its glucuronide (NNAL-Gluc) in smokers’ urine &
.68, two-sidedP<.01). Unpublished observations from S. G. Car
mella and S. S. Hecht for 223 smokers from whom cotinine ar
cotinineN-glucuronide were determined by gas chromatography
mass spectrometry, and NNAL and NNAL-Gluc were determine|
by gas chromatography—nitrosamine selective detection.

[=}

jon

nmol COTININE+COTININE-Gluc / mL urine

0 2 4 6 8 10 12
pmol NNAL+ NNAL-Gluc / mL urine

Journal of the National Cancer Institute, Vol. 91, No. 14, July 21, 1999 REVIEW 1199



of BaP to 3-hydroxy BaP, which is mediated mainly byhan BPDE globin adduct levels, probably reflecting the lower
P4501A1 in human lung88—90).Therefore, cigarette smokingstability of the diazonium ion intermediates formed from NNK
induces CYP1A1 gene expression. Cancer patients who stopped\’-nitrosonornicotine compared with BPDE2). Levels of
smoking within 30 days of surgery had elevated levels of AHB-ethyladenine in urine were higher in smokers than in non-
activity compared with nonsmoking cancer patie(it24,125). smokers; some of the excreted 3-ethyladenine could be formed
Lung tissue from recent smokers with elevated AHH activitgs a result of metabolic activation ®-nitrosodiethylamine
also converted BaP-7,8-diol to tetraols to a greater extent th@61,162).

lung tissue from nonsmokers or ex-smokgra6). Subsequently ~ DNA repair processes are important in determining whether
(127),BPDE-DNA adducts were quantified in human lung tisDNA adducts persist. Because smoking is a chronic habit, one
sue by high-pressure liquid chromatography—fluorescence of Yéauld expect a steady-state DNA adduct level to be achieved by
leased tetraols; adduct levels were found to be associated Wt opposing effects of damage and repair. There are three
AHH activity in the same samples. In an additional st(#igs), mechanisms of DNA repair: direct repair, base excision repair,
tetraols released from BPDE-DNA adducts were detected od nucleotide excision repair. These topics have been reviewed
in lung tissue of individuals null for the glutathioSransferase €/Sewherg163-165) With respect to smoking and lung cancer,
M1 (GSTM1) gene: among these, a group of subjects with m@irect repair of O>-methyldeoxyguanosine byo"-

tated CYP1A1 showed the highest adduct levels. Collectivej€thylguanine—DNA alkyltransferase (AGT) and nucleotide ex-g
these results support the existence of a cigarette smoke-inducisii®n repair of PAH-DNA adducts would appear to be the mostg
pathway leading to BPDE-DNA adducts in smokers’ lungs, é'&levar!t' processes. AGT removes the methyl group from th%
illustrated in Figs. 1 and 4; however, larger studies are necessQr%pos'F'on_Of deoxyguanosw_le In a st0|ch|ometr|_c reaction, re-g
to confirm these results. Epidemiologic studies on polymofONVerting it to deoxyguanosir(@64). Several studies have ex- =

phisms in carcinogen-metabolizing enzymes, such as CYPlﬁ\Tined levels of this repair enzyme in tissues from smokgrs and
and GSTML1, are discussed in more detail below. nonsmokers. In broncho-alveolar lavage cells and perlpher%

Fluorescence and phosphorescence techniques have also Bleoeoﬁj mongnuclear cells, there was a}W|de interindividual varla-%-

. : 10N In activity but no effect of smokingl166).In human lung &
used to identify tetraols released from BPDE-DNA adducts {lnssue and in human placenta, small but statistically significant
human lung(129,130).Many studieg(131—137)have used im- P : Y sl9 b

munoassays angfP-postlabeling to estimate levels of “PAH_mcreases in AGT activity were observed in smokers compared:

DNA adducts” or *hydrophobic DNA adducts” in white bloodwith nonsmokerg167,168).Expression of AGT was higher in

. . : non-small-cell lung carcinomas from smokers than from non-;
cells and other human tissues including the lung. Many of theg kerq(169).In smokers, AGT would repal®-alkylguanines
have shown elevated adduct levels in smokers. One Serie§§rmed frorﬁ NNK Ninitrosodimethylamine oIN-

rsr%(tjalfii(ig?ﬁllig)deDrE%ng;[r@tc?ri:rI]gtrr]gnI?r\]/Sns (():];)igldsltjg:lst 3v?t?1 Ft)hnltrosodiethylamine. In rats treated with NNK, AGT activity
g ' ecreases in Clara cells, the nonciliated cells in the epitheli

o, concer shaeres I e ecem0I0Y g of the bronciced1.70) Other stucesT1-173yshon
i ' 9 trat pyridyloxobutylated DNA inhibits the activity of AGT in

32 ; ; o
and P-post!abelmg has |dent|f|e_:d the structures of the conli o BPDE_DNA adducts and other PAH—DNA adducts are
pounds leading to adduct formation. Probably some are PA 3paired by nucleotide excision rep4it74). In human cells,

but individual PAHSs differ widely in carcinogenic activity; thus, . . . .
e . ) : repair of BPDE adducts in the hypoxanthine phosphoribosyl-
the results are difficult to interpret. PAH diol epoxides such Fansferase gene occurs preferentially in the transcribed stra

BPDE form adducts with hemoglobin and albunfi®1-148). . - 5
. 175).Repair of the BPDE-DNA adducts is highly dependent on>
Tetraols released by hydrolysis of these adducts have been qlzi;\%'uct conformatioifl76). Thus, cis-adducts of BPDE with?

tified by gas chromatography-mass spectrometry (GC-MS) a deoxyguanosine are repaired more rapidly ttrans-adducts;

are higher in smokers than in nonsmokgr46-148). : .
. rates of repair are also highly dependent on the nature of the base
Several studie¢l49-154)have detected 7-methyldeoxyguay posite the addu¢f.76).DNA repair capacity has been studied %

N . . 0
Egi?riolﬂe?sr?na?vvlgngf ;ié%lss\ivig)hIsguherelgtiﬁmct)lrjg'zsl\ltlr\]l?(n \,vrﬁ)th respect to lung cancer susceptibilfty77); this is discussed %’

! Sugg 9 further below. The effects of smoking on nucleotide excisiona
may be one source of these adducts. Another likely source j 3

o . o
N-nitrosodimethylamine. 7-Ethyldeoxyguanosine has also beree}alr in the human lung do not seem to have been exammedg

detected149,153) While 7-methylguanine is not generally confFrRee RaDICALS IN CIGARETTE SMOKE AND
sidered as a miscoding adduct, other methyl adducts which @Q,pative DNA DAMAGE

have miscoding properties, such @S-methylguanine, are

formed at the same time, but at lower levels. One s{i&p)did Cigarette smoke contains free radicals and induces oxidative
report the presence @°-methylguanine an®°®-ethylguanine in damage in humans. The gas phase of freshly generated cigarette
the lung. Pyridyloxobutylated DNA has been detected by GGmoke contains up to 640y of nitric oxide(38). The particulate

MS analysis of lung tissue from smokers in one study, reflectiqpase contains free radicals that are stable enough to be detected
metabolic activation of NNK or a related nitrosamind;,- by electron spin resonance and spin trapp{®@8,179).The
nitrosonornicotine; a second study was negaf&3,156).The major free radical species was postulated to be a quinone—
detection of methyl and pyridyloxobutyl adducts in DNA fromhydroquinone complex “held in a tar matrix180). Further
smokers’ lungs is consistent with the ability of human lunmvestigation(181) led to the hypothesis that the tar radical
tissue to metabolically activate NNK, but the quantitative asystem is an equilibrium mixture of semiquinones, hydroquinones,
pects of the relationship of metabolism to DNA adduct levels aeed quinones. It is suggested that this free radical complex
unclear(22). Pyridyloxobutylated globin has also been detectethuses redox cycling that generates superoxide anion from mo-
in smokerg(22,157-160)Adduct levels in smokers were lowerlecular oxygen and leads to the formation of hydrogen peroxide
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and hydroxyl radical181). The reactive species generated itype of DNA adduct formed, the extent to which it is repaired,
this cascade cause DNA nickiii$j81). Other studie§182—187) its sequence context, and the DNA polymerases involved. It is
demonstrate that cigarette smoke causes single-strand breaksidiely stated that G, A transitions at CpG sites in the p53 gene
DNA of cultured rodent and human cells. Quinone-associatessult from deamination of 5-methylC, and although this is a
redox cycling may also be involved in these effects; hydrogudlausible result of endogenous processes that would cause this
none and catechol are believed to play major roles. It has bagrange, definitive evidence that this occimsvivo, or in the
shown that nitric oxide in the gas phase acts synergistically wiilihg, is lacking. Indeed, a recent stu(300) demonstrates that
cigarette “tar” to cause DNA single-strand breakage in pBR323tosine methylation greatly enhances guanine alkylation at all
plasmid DNA(188). It was suggested that peroxynitrite, genercpG sites in the p53 gene by a variety of carcinoged$.
ated from nitric oxide and superoxide anion, might be involveglikylguanines, such as those formed from nitrosamines, are an-
in this effect(188). Another study(189)also suggests a role for pther likely cause of G- A transitions(28). With respect to the
peroxynitritg in oxidative stress induced by aqueous cigaregﬁgin of G- T transversions in the p53 gene, a study by De-
smoke fractions. ~ nissenko et al(201) is widely quoted as having provided de-
Experimentsn vitro demonstrate that the gas phase of ciggnjtive evidence that BPDE is responsible. These investigators
rette smoke causes lipid peroxidation of human blood plasm@y gemonstrate that BPDE selectively forms adducts at CpG
this is prevented by the addition of ascorbic af1®0). Both  gjtes in codons 157, 248, and 273 similar to three major sites of
whole-cigarette smoke and gas-phase cigarette smoke cause{feyion in the p53 gene in lung cancer. However, their studie$
mation of carbonyls in human plasni#91). Ascorbic acid lev- 540 >02)also clearly show that methylated CpG sites are tar-3
els are lower in smokers than in nonsmokers; only SmOkeééts of a variety of activated carcinogens, as mentioned abov&

consuming more than_ 200 mg_of ascorbic amd_per day had ser. Hus, the results strongly suggest that other DNA-reactive coms’
ascorbate concentrations equivalent to those in nonsmokers "ﬁﬂ%ﬁ

meet the recommended dietary allowance of ascorbic(a6id).
Convincing evidence of oxidative damage by cigarette smo

nds and DNA adducts derived from tobacco smoke woul
Egve similar effects. These include diol epoxides of other PAHsE
. . . . & ridyloxobutylating intermediates derived from NNK anht- 5
was provided by measurements of increased circulating prod 0 : : L9
nitrosonornicotine, hydroxylamines derived from aromatic o

of lipid peroxidation (E-isoprostanes) in smoke(393). Con- amines, as well as acrolein, crotonaldehyde, and 8-oxodeoxy3

sistent with these findings and the possible role of reactive oxy- ! . 2
gen species in DNA damage as discussed above, several stugll 05ing(203-208).All of thes_e reactive compounds or ad- 8
JCts can cause GT transversions, although the results may §

(194-196)have demonstrated moderately increased levels Vhry depending on other factors such as sequence context s

8-oxodeoxyguanosine, a miscoding adduct, in DNA from SMog ed above. In summary, while it is likely that cigarette smokeZ
ers’ lungs, leukocytes, and sperm. Increased urinary excretioncgfcmo ens .are res ons)i/t,)le for a substar{tial ergenta e of theé
8-hydroxydeoxyguanosine has also been ndi€y,198). 9 P P 9 '

mutations observed in the p53 gene from human lung cancer%_
ErFecTs oF ToBAaCCO SMOKE CARCINOGENS ON the assignment of these mutations to specific carcinogens is &

. [(e]
TUMOR SUPPRESSOR GENES AND ONCOGENES best speculative. _ 2
Mutations in codon 12 of the KRAS gene are found in 24%—

As indicated in Fig. 1, the direct interaction of metabolicallp0% of human primary adenocarcinomas but are rarely seen i
activated carcinogens with critical genes, such as the p53 tunatier lung tumor typeé31-33).These mutations are more com-
suppressor gene and the Kirsten-ras (KRAS) oncogene, is camon in smokers and exsmokers than in nonsmokers, which su%
tral to the hypothesis that specific carcinogens form the lirdests that they may be induced by direct reaction with the gen&
between nicotine addiction and lung cancer. In this section, evan activated tobacco smoke carcinog88). The most com- &
dence for that link will be considered. By far, the most extensivaonly observed mutation is GGITGT, which typically ac-
studies of this type have concerned the p53 tumor suppressounts for about 60% of the codon 12 mutations, followed by
gene. These have been reviewed previo84,35). The p53 GGT- GAT (20%) and GGT- GTT (15%). This is quite similar §
gene plays a central role in the delicate balance of cellular pto-the pattern observed in lung tumors from mice treated with
liferation and death. It is mutated in about half of all cancéBaP, 5-methylchrysene, and bergéioranthene, three pulmo-
types, including more than 50% of lung cancésd,35).Point nary carcinogens found in tobacco smgR89). However, cau-
mutations at G are commof34,35).In a sample of 550 p53 tion is again required because numerous constituents of tobacco
mutations in lung tumors, 33% were-GTI' transversions, while smoke, as discussed above, can induce TGtransversions. R
26% were G- A transitions (36). (A purine- pyrimidine or Moreover, whereas Kras mutations are commonly observed in
pyrimidine- purine mutation is referred to as a transversiomouse lung tumors, they are rarely found in rat lung tumors,
while a purine- purine or pyrimidine- pyrimidine mutation is such as those induced by NNK; rodent lung tumors also rarely
called a transition.) A positive relationship between lifetimeontain mutated p53 geng&2,210).In the mouse, the ®
cigarette consumption and the frequency of p53 mutations amethylguanine pathway of NNK metabolic activation is domi-
of G- T transversions on the nontranscribed DNA strand als@ant, resulting in a high percentage of GGGAT mutations in
has been note34,35,199).These observations are generallgodon 12 of Krag22). But pyridyloxobutylation leads to more
consistent with the fact that most activated carcinogens re&t. T than G- A mutations in codon 12207).In the rat, both
predominantly at G and that repair of the resulting addugbyridyloxobutylation and methylation pathways are critical in
would be slower on the nontranscribed strand, and thus supgartg tumorigenesis by NNK22). We do not know the relative
the hypothesis outlined in Fig. 1. importance of these pathways in human lung. If pyridyloxobu-

However, attempts to link p53 mutations to specific carcindylation is critical, as in the rat, a higher percentage of G
gens or to endogenous processes are more speculative. Maaysversions would be expected as a result of NNK exposure
factors will influence the type of mutation. These include thtéhan is observed in mice.
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The p18VK*@ tumor suppressor gene is inactivated in moréon of 3-hydroxy BaP and other metabolites). Therefore, it is
than 70% of human non-small-cell lung cancers, via homozget clear what the meaning of a variant CYP1A1l genotype
gous deletion or in association with aberrant hypermethylatiovould be with respect to lung cancer risk.
of the promoter regiorf211-213).In the rat, 94% of adenocar- The CYP2D6 gene product metabolizes drugs such as the
cinomas induced by NNK were hypermethylated at the p16 geastihypertensive drug debrisoquine. The role of this gene as a
promoter(213). This change was frequently detected in hypetisk factor for lung cancer has been extensively studied since the
plastic lesions and adenomas, which are precursors to the @ginal report demonstrating under-representation of the poor-
enocarcinomas induced by NNK. Similar results were found fetabolizing phenotype in smokers diagnosed with lung cancer
human squamous cell carcinomas of the I(233). The p16 (220,225-227) Numerous subsequent studies have examined
gene was coordinately methylated in 75% of carcinamaitu this relationship using various approaches; the literature has
lesions adjacent to squamous cell carcinomas that had thisen reviewed elsewhe(220,226).P450 2D6 is expressed pri-
change. Methylation of p16 was associated with loss of expregarily in the liver; enzyme activity, protein expression, and gene
sion in tumors and precursor lesions, indicating functional inagspression have not been reported in human (@26).A recent
tivation of both alleles. Aberrant methylation of p16 has begfsecontrol stud227)identified inactivating mutations at the
suggested as an early marker for lung car{géB). The expres- cypopg locus as well as mutations that impair but do not abol-
sion of cell cycle proteins is related to the p16 and retinoblagy, enzyme activity. Compared with subjects with homozygous-S
toma (RB) genes; NNK-induced mouse lung tumors appear;fp,qtiyating mutations, no association with lung cancer was ob3
resemble human non-small-cell lung cancer in the expressiongalyeq for those individuals with homozygous or heterozygouss
cell cycle proteins(214). The estrogen receptor gene is alsq,,ionq) alleleg227). Overall, evidence for a role of CYP2D6 &
inactivated through promoter methylation. There was conc olymorphisms as a risk factor for lung cancer is weak, con-g

dance between the incidence of promoter methylation in t |?cting, and inconclusive(220,226,227)On the basis of two

gggfs('gllg)ng tumors from smokers and from NNK-treated "Ludies that showed that P4502D6 can activate NRER3,229),

Loss of heterozygosity and exon deletions within the fragi his carcinogen is frequently mentioned as the substrate fok

histidine triad (FHIT) gene are associated with smoking habits in4502D6 that would be relevant to the proposed lung canceﬁ

1 1 NIt [¢]
lung cancer patients and have been proposed as a target“ 0k However, other studies [reviewed(22)] definitively show

tobacco smoke carcinoger{216). However, point mutations tir;‘?n Pﬁﬁgrzel?frés tar:er::ao?; itg];nt(?]rezcr)gttirclzgllnggé?s, l:‘lcl:HKamritlzbg;g
within the coding region of the FHIT gene were not found i% X ' v

sdpy w

primary lung tumors. Data are insufficient at present to attem tYPZD6 in lung cancer, which is consistent with the inconclu-g
to relate these changes to specific carcinogens.

fyw

Ive molecular epidemiologic studies discussed above.
The CYP2EL1 gene product is involved in the metabolism of<.
MOLECULAR EPIDEMIOLOGIC STUDIES |NVOLVING low-molecular-weight compounds, such as ethanol,
PossiBLE GENE—CARCINOGEN | NTERACTIONS AND butadieneN-nitrosodimethylaminel\-nitrosodiethylamine, and,
to a minor extent, NNK. It is expressed in human liver, kidney,
RELATED FACTORS brain, and lund220).The possible association of CYP2EL1 poly-
Molecular epidemiology attempts to integrate biomarkersorphisms with lung cancer has been reviewed elsew22@).
into epidemiologic investigations, thus providing mechanistithe evidence up until that time was generally inconclusive, bu
insights into cancer susceptibility with the ultimate goal of idera recent study230)showed a 10-fold decrease in risk for overall
tifying individuals at high risk. This has been the subject ding cancer and adenocarcinoma with variant genotypes o
recent reviewg217-220).Lung cancer, in particular, has beerCYP2EL, consistent with a role fdt-nitrosamines in adenocar-
studied quite extensively with respect to potential interactiomgoma of the lung.
between carcinogen metabolizing enzymes and tobacco smok&he GSTM1 gene codes for M or mu class glutathi@e
carcinogens, with the aim of identifying smokers at high risk faransferases that are involved in the detoxification of various§
this disease. These studigxl8—220)have been reviewed by acarcinogens including PAH diol epoxides. Other human gluta-;;
number of authors. Among genes for carcinogen-metabolizittyoneS-transferases fall into the alpha, pi, and theta classes, ang
enzymes, polymorphisms [variants occurring in more than 1%thiese are named GSTA, GSTP, or GSTT, respectiyés).
the population(217) in the cytochrome P450 genes CYP1AlApproximately 40%-50% of the human population has thew
CYP2D6, CYP2E1 and in mu-class glutathioBdransferase GSTM1 null genotypg220). A large number of studies have
(GSTM1) have received the most attention. examined the relationship between GSTM1 null and lung cancer
The CYP1A1 gene product, P4501A1 or AHH, is inducibleisk, testing the hypothesis that risk would be elevated in
by cigarette smoke in human lung and is involved in the m&STM1 null individuals. These studies have been reviewed else-
tabolism of PAHs. Polymorphisms in this gene and their relathere(220). Collectively, the data suggest that there may be a
tionship to lung cancer risk have been discussed elsewharedest association of GSTM1 null with lung cancer
(221-224) While there is some evidence that a CYP1A1 poly220,231,232)A recent study(233) indicates a higher risk for
morphism may confer higher lung cancer risk in Japanekeng cancer in females than in males with GSTM1 null.
people, this has not been generalizable to other populatidBSTP1-1 and GSTA1-1 also are important catalysts of glutathi-
(220,221).Limited data are available on the functional signifione conjugation of BPDE (Fig. 4) and other PAH diol epoxides
cance of such polymorphisms with respect to PAH metabolig{®7). Moreover, the content of GSTP1 in the human lung sig-
and carcinogenesi®22-224) There is no doubt that P4501A1nificantly exceeds that of GSTM(B5). These facts indicate that
is important in the metabolism of PAHSs, as illustrated for BaP idetoxification of PAH diol epoxides is a complex process, which
Fig. 4. However, P4501A1 is involved both in the metabolits unlikely to be controlled by the absence or presence of a single
activation of BaP to BPDE and in its detoxification (via formagene product.
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In summary, the hypothesis that lung cancer risk dependsguestion that these compounds are present in mainstream and
part on carcinogen activation and detoxification is attractive, bsidestream smoke of both nonfilter and filter cigarettes; exten-
it cannot be adequately tested by single genotyping approaclsdge studies on their concentrations have been rep¢8&®5—
Carcinogen metabolism is simply too complex (Fig. 4). Son&¥7). There is also no doubt that NNK and some PAHSs are very
studies(220,234)have also examined multiple genotypes, angfffective pulmonary carcinogens in rodents. Their uptake by
several have found increased risk associated with variantss@iokers has been clearly demonstrated. Human liver metabo-
CYP1A1 in combination with GSTM1 null genotype. Furthefizes PAHs and NNK; one stud{100) demonstrated that the
studies of this type are required and will be aided by the emeigiative rates of oxidative metabolism to electrophiles or their
ing DNA microarray technology, which will allow rapid, mul- precursors were NNK>BaP>NNAL. Human lung metabolically
tiple genotyping. Carcinogen metabolite phenotyping, whickctivates BaP, in part by P4501A1, which is induced by cigarette
would give a composite view of activation and detoxificatiogmoking. Human lung converts NNK to NNAL; however, the
reactions in humans, is likely to be an even more useful agetivation of NNK in this tissue occurs less extensively than in
proach, although potentially more technically demanding thaggent lung(22). Human bronchial epithelial cells are trans-
genotyping. o _ formed by NNK(236).BPDE-DNA adducts have been detected

Another approach for assessing individual susceptibility {§ human lung, as have methyl and pyridyloxobutyl adducts, but
carcinogenic agents is the mutagen sensitivity assay, in whighise adduct studies are limited to date. Mutations in the p53 ang
the frequency o vitro bleomycin-induced chromatid breaks iscpag genes could be caused by activated metabolites of PAHSS
quantified [reviewed ir(177,235). In a case—control study, mu- NNk and many other carcinogens. Collectively, these data proS
tagen sensitivity was significantly associated with lung cancgfys syrong evidence for a role of PAHs and NNK as causes oft
”Sk'_Th'S methodology has been _exten_ded, using BPDE for 'I'?J'ng cancer in smokers according to the overall mechanism outs’
duction of chromosomal aberrations in human Iymphocytqﬁqed in Fig. 1, although there are some important gaps Thé_,
Mutagen sensitivity was found to be greater in lung cancer caag, ;, o roleé 6f BaP and NNK have been discussed previ'ouslﬁ

panents than in control sub1ec(t}s77).ln qtherstudles [r(.awewed. 5122). On the basis of decreases in concentrations of BaP ang
in (177), reduced DNA repair capacity was associated wit . S o
increases in levels of NNK in cigarette smoke as well as ony

increased lung cancer risk. The results of these studies are Siologic and pharmacokinetic considerations, it is plausible tha
erally consistent with the scheme shown in Fig. 1, although t%%‘ 9 P ! P §

lack specificity with respect to the particular carcinogens K.'S paru?I:)r/] relsponsﬁllegor: the dramatic mcrgase in adena él
enzymes involved. carcinoma of the lung, which has now surpassed squamous cé

carcinoma as the leading type of lung cancer in the United3
EVALUATION OF THE ROLES OF SPECIFIC States; other factors, such as changes in puff volume and gene@
CARCINOGENS IN HUMAN LUNG CANCER INDUCED By  Influences, have been discussed elsewl(226230,237,238). 2
CIGARETTE SMOKE Studies on aza-arenes are quite limited. Two aza-arene pug:
monary carcinogens listed in Table 1, B, occur in extremely2

Table 3 summarizes the data discussed above and estimafaall quantities in cigarette smoke, and nothing is known about:
the role of various groups of carcinogens found in cigarettgeir disposition and metabolism in human systems. Metals aré
smoke as contributors to human lung cancer. The criteria usgéarly present in cigarette smoke, and some are potent pulmq‘g‘
for evaluation are the presence of the compounds in cigaret@y carcinogens. But the role of these compounds is clouded by
smoke; their pulmonary carcinogenicity in laboratory animalsur limited knowledge of their valence state in cigarette smokeals
their human uptake, metabolism, and adduct formation; and theirafter inhalation. Among miscellaneous organic compounds;
possible role in causing molecular changes in oncogenes or sily@ concentrations of 1,3-butadiene and aldehydes, such as fori@-
pressor genes. The evaluation focuses on data for specific caigdehyde and acetaldehyde, in cigarette smoke are substantial
pounds and uses a weight-of-the-evidence approach. (38), but their role as pulmonary carcinogens is not clear. There?
The strongest evidence is for PAHs and NNK. There is ris little doubt that cigarette smoke can cause oxidative damages

5]

w
5
Table 3.Evaluation of roles of specific carcinogens in human lung cancer induced by cigarette smoke 3
>
N
Evaluation of evidence for a role in lung cancer* S
N
Pulmonary Human Molecular
Presence in carcinogenicity Human metabolism changes in Overall
Compound(s) cigarette smoke in rodents uptake and adduct formation human genes score
Specific PAHsT 4 4 4 3 3 18
Aza-arenes 3 3 1 1 2 10
NNK,* N-nitrosodiethylamine 4 4 4 3 3 18
Metals§ 4 4 1 1 1 11
Miscellaneous organic compourds 4 3 1 1 1 10
Free radicals/oxidative damage 3 1 3 3 1 11

*Scores: 1= Inadequate data; 2 weak or equivocal evidence; 3 some evidence; limited studies; and=4 clear evidence; strong, reproducible studies.

tPolycyclic aromatic hydrocarbons (PAHS) including bealmjrene, benzofluoranthenes, diberedpyrene, dibenz,hanthracene, and 5-methylchrysene.
Does not include studies of “PAH-DNA adducts” or “hydrophobic DNA adducts” as determined by immunoass&p-godtiabeling geetext).

$4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone.

8Nickel, chromium, cadmium, polonium-210, and arsenic.

[lincluding 1,3-butadiene, ethyl carbamate, and aldehydes.
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and it contains substantial quantities of free radicals such afschronic smoking on these factors. The location of carcinogen
nitric oxide; other radical species seem to be present but adducts at specific sites in human DNA has not been studied,
poorly characterized. There is presently no evidence that timainly because of limitations in sensitivity. Nevertheless, one
oxidative damage caused by cigarette smoke is specifically ican reasonably conclude that metabolically activated tobacco
plicated in lung cancer. The lack of a protective effect againstnoke carcinogens directly cause mutations observed in tumor
lung cancer of3-carotene, an antioxidant, in three human cheuppressor genes and oncogenes, although details remain elusive
moprevention trial§239—241)and the lack of a protective effectsince numerous DNA-damaging agents in tobacco smoke cause
of a-tocophenol in one of theif241) may indicate that oxidative similar mutations.

damage is unimportant as a cause of cigarette smoke-induced/any molecular epidemiologic studies attempting to identify
lung cancer, although other explanations for the failure of thegene—carcinogen interactions and other mechanistic aspects of

trials are plausible. the lung cancer process have focused on smokers. It is very
important to elucidate those factors that determine which smok-
CONCLUSIONS ers will be susceptible to lung cancer development and to find

The complexity of tobacco smoke causes confusion in trEatural protective mechanisms. Although the results to date are

literature about the mechanisms by which it induces lung canc ! great interest, these studies have not yet reached their ful

Some authors oversimplify by referring to this complex mixtur btential. Most have focused on individual genotypes WhiChg
as “tar” or by attem tinp 0 irr)1/ licate ognl one subsFt)ance—su ay be expected to affect particular reactions involved in metas

y biing P oy N glic activation or detoxification. Some of this research has beerg
as BPDE—in cancer causation, while others maintain that t

level of complexity is such that the mechanism is unknown. Theﬁven by the availability of relatively simple genotyping tech- g

reality lies between these extremes. A theme of this review ' Haues. As this field evolves, it is becoming increasingly clear=

that mechanistic insiaht can be aained by focusing on s ecigqsat this approach will yield only limited information. A more e
) gnt can 9 y 9 P 8mprehensive integration of genotype and phenotype biomar=
pulmonary carcinogens in cigarette smoke. S

Cigarette smoke carcinogens form the link between nicotir'f%lrS Into_epidemiologic studies is required. This will be en- 2
. : ; 5
addiction and lung cancer (Fig. 1). Collectively, the eviden fianced by the rapidly developing DNA microarray technology &

favoring the sequence of steps illustrated in Fig. 1 is extrem NA chips) that will allow rapid multiple genotyping. Ult- &

; ely, it should also be possible to monitor the metabolic path=.
strong, although there are important aspects of each step Qv#af/s illustrated in Fig. 1 in smokers and in other people expose@

require further study. These include carcinogen metabolism 8% bacco carcinogens by a combined genotyping—phenotyping

DNA binding in human lung, the effects of cigarette smoke 0agpnproach. This would lead to methods for identification of sus-§

DNA. repair ‘?md adduct per5|ste_>nce,_the _r_elatlonshlp betWe?]eeptible individuals and early detection of lung cancer.
specific carcinogens and mutations in critical genes, and t

sequence of gene changes leading to lung cancer.
Although there are at least 55 carcinogens in cigarette sm

p

1oul,

Blocking any of the horizontal pathways in Fig. 1 should lead &
t&reduced lung cancer incidence and mortality. Preventing nico§

fe addiction and improving smoking cessation strategies ares

(Table 1, A), presently available data allow us to focus on early priorities, but these are only partially succesgad2— =

substances that are probably involved in lung cancer inducti 24) An important approach for addicted smokers and ex-3

bec?‘use of_thew_presence In cigarette smoke and their pUImonsarWokers is chemoprevention. Many agents that can block carg
carcinogenicity in laboratory animals (Table 1, B). By use of

weight-of-the-evidence approach, specific PAHs and the 8_nogen activation or enhance detoxification are now known

. . e B
bacco-specific nitrosamine NNK can be identified as probab ?r‘le?r'noftrr:)?; g‘ﬁ?gﬁﬁl (ir}g\:;;g;ntgzgfgzgl? ?Lbeltfi\r/tirgf ddeciwn—cg

e s, bt o bt of o pomento et chemoprevenve agerts shout b a me
9 ' 9 P priority for reducing lung cancer incidence.

smokers to the genotoxic intermediates formed from these car-

cinogens is consistent with our present understanding of canR¥FERENCES

induction as a process which requires multiple genetic changes. _ _ o
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