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Synergistic induction of DNA strand breakage by cigarette tar and
nitric oxide

Yumiko Yoshie1 and Hiroshi Ohshima2 the gas phase (3). The NO concentration in main-stream smoke
is correlated linearly with the amount of nitrate in a cigarette

Unit of Endogenous Cancer Risk Factors, International Agency for Research
(3). However, up to 100µg of NO in the smoke of aon Cancer, 150 Cours Albert Thomas, 69372, Lyon, Cedex 08, France
non-filter cigarette derives from oxidation of nitrogenous1Visiting Scientist at IARC from: Tokyo University of Fisheries, 4-5-7

Konan, Minato-ku, Tokyo 108, Japan components in tobacco and, probably, from the oxidation of
atmospheric nitrogen (4).2To whom correspondence should be addressed

Cigarette tar contains high concentrations of radicals, whichCigarette smoking is a major cause of human cancer at a
are sufficiently stable to be detected by electron spin resonancevariety of sites, although its carcinogenic mechanisms
(5). The principal radical species have been identified as aremains unestablished. Cigarette smoke can be divided into
quinone/hydroquinone (Q/QH2) complex held in a tarry matrixtwo phases, gas phase and particulate matter (tar). Both
(5–7). Pryor and his collaborators (8,9) have suggested thatphases contain high concentrations of oxidants and free
this Q/QH2 polymer is an active redox system that can reduceradicals, especially nitric oxide (NO) and nitrogen oxides
molecular dioxygen to produce superoxide (O2

·2), leadingin the gas phase and quinone/hydroquinone complex in the
further to the formation of hydrogen peroxide (H2O2) andtar. We have found that incubation of pBR322 plasmid
hydroxyl radical (HO·).DNA with aqueous extracts of cigarette tar and a NO-

It has been demonstrated that cigarette smoke causes single-releasing compound (diethylamine NONOate) caused syn-
strand breaks in DNA from cultured human and rodent cellsergistic induction of DNA single-strand breakage, whereas
(8,10–14). Aqueous extracts of cigarette tar also induce strandeither cigarette tar alone or NO alone induced much less
breakage in supercoiled phage DNA (15). The induction ofstrand breakage. This synergistic effect of cigarette tar and
these strand breaks is inhibited by the addition of superoxideNO on DNA strand breakage was prevented by high
dismutase (SOD) or catalase, and therefore is presumed to beconcentrations of superoxide dismutase, carboxy-PTIO (an
caused by active oxygen species such as O2

·2, H2O2 and HO·
NO-trapping agent) or N-acetylcysteine, whereas hydroxyl

(8,10,11,14,15). The gas phase of cigarette smoke has recentlyradical scavengers such as dimethylsulfoxide, ethanol and
been shown to cause single-strand breaks as well as modifica-

D-mannitol did not show inhibitory effects. Possible mech-
tions of DNA bases including formation of xanthine andanisms for this synergistic effect mediated by cigarette tar
hypoxanthine in human respiratory tract epithelial cells, sug-and NO are proposed, including involvement of peroxynitr-
gesting that reactive nitrogen species may be involved in theite, which is a strong oxidant and nitrating agent formed
induction of DNA damage (16).rapidly by the reaction between NO and O2

·2. NO is present
There have been, however, no previous studies on cigarettein the gas phase of smoke and may be formed by a

smoke-induced DNA damage, using both the tar and gas-constitutive or inducible NO synthase in the lung, whereas
phase products in combination. We have recently found thatO2

·2 is generated by auto-oxidation of polyhydroxyaromatic
concurrent incubation of plasmid DNA with an NO-releasingcompounds such as catechol and 1,4-hydroquinone present
compound and a polyhydroxyaromatic compound, such asin cigarette tar. Thus, potent reactive species including
catechol or 1,4-hydroquinone, leads to synergistic inductionperoxynitrite formed by the interaction between cigarette
of DNA strand breaks (Yoshie and Ohshima, submitted). Thistar and NO may play an important role in smoking-related
DNA breakage is inhibited by SOD and NO-trapping agentsdiseases including lung cancer.
such as carboxy-PTIO or oxyhemoglobin, suggesting that
simultaneous presence of both NO and O2

·2 is required to
exert this synergistic effect on DNA damage. As cigaretteIntroduction
smoke contains high concentrations of NO in the gas phase

Epidemiological studies have shown that smoking is a majorand an O2
·2-generating Q/QH2 system in tar, we have examined

cause of human cancer at a variety of sites (1,2). However thethe effects of combinations of cigarette tar and NO on the
mechanism by which cigarette smoking induces cancer remainsinduction of DNA strand breakage. We report here that cigarette
unestablished. Cigarette smoke contains more than 3800 con-tar and NO act synergistically to induce more deleterious
stituents, including a variety of tobacco-specific carcinogens,effects on DNA.
cocarcinogens and tumor promoters (1). Cigarette smoke can

Materials and methodsbe also divided into two phases, gas phase and particulate
matter (tar), both of which contain high concentrations ofChemicals and biochemical reagents
oxidants and free radicals. Freshly generated cigarette smokeDiethylamine NONOate (DEA-NO) and 1H-imidazol-1-yloxy, 2-(4-carboxy-

phenyl)-4,5-dihydro-4,4,5,5-tetramethyl-, 3-oxide, potassium salt (carboxy-contains up to 600µg of nitric oxide (NO*) per cigarette in
PTIO) were obtained from Cayman Chemical Co. (Ann Arbor, MI). Superoxide
dismutase (SOD), catalase, selenocystine, selenomethionine and dimethylsul-
foxide (DMSO) were purchased from Sigma Chemical Co. (St Louis, MO).*Abbreviations: NO, nitric oxide; Q/QH2, quinone/hydroquinone; SOD,

superoxide dismutase; DMSO, dimethylsulfoxide; DEA-NO, diethylamine The plasmid pBR322 and desferrioxamine were obtained from Pharmacia
(Uppsala, Sweden) and Ciba2Geigy Lab. (Rueil-Malmaison, France), respect-NONOate; carboxy-PTIO, 1H-imidazol-1-yloxy, 2-(4-carboxyphenyl)-4,5-

dihydro-4,4,5,5-tetramethyl-3-oxide, potassium salt. ively. All other chemicals were commercially available.
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Preparation of aqueous extracts of cigarette tar

Three cigarettes (non-filtered French cigarette; Gauloise) were smoked using
a vacuum pump. Cigarette smoke was passed through a glass filter (Advantec
GA-200) unit, purchased from Advantec (Tokyo, Japan). The tar on the filter
was extracted with 6 ml of Chelex-100 (Sigma)-treated 0.01 mM sodium
phosphate buffer, pH 7.4 and aliquots were stored at280°C. The tar extract
could be stored under these conditions without an apparent reduction in DNA-
breaking activity for at least 3 months. The tar extract was further diluted
five times with Chelex-treated water before use.

Reactions of plasmid DNA with NO and tar

All solutions used were treated with Chelex-100. The experiments were
carried out by incubating plasmid pBR322 DNA (100 ng) in 100 mM sodium Fig. 1. A typical agarose-gel electrophoresis of pBR322 plasmid DNA

incubated with either an NO-releasing compound (DEA-NO) alone, anphosphate buffer, pH 7.4 containing either 0–1 mM NO-releasing compound
(DEA-NO) alone, various volumes (0–4µl) of tar extract alone or the two aqueous extract of cigarette tar alone or the two compounds in combination

and effects of NO and O2
·2-scavenging compounds on the DNA damagecompounds in combination at 37°C for 30 min (final volume was 10µl). The

influence of incubation time (up to 2 h) on strand breakage was studied induced by cigarette tar and NO. The experiments were carried out by
incubating pBR322 plasmid DNA (100 ng) in 100 mM sodium phosphatesimilarly in 10 µl of 100 mM sodium phosphate buffer, pH 7.4, containing

DEA-NO (0 or 0.1 mM) and tar extract (2µl). buffer, pH 7.4, containing either 0.1 mM DEA-NO alone (lane 2), 2 µl of
cigarette tar alone (lane 3) or the two compounds in combination (lane 4)Effects of SOD, catalase, scavengers of NO and HO radicals, antioxidants
at 37°C for 30 min (final volume was 10µl). Effects of SOD (5000 U/ml)and chelating agents on NO/tar-induced single-strand breakage
(lane 5) and carboxy-PTIO (10 mM) (lane 6) on the DNA damage induced

The effects of SOD and catalase (each 500 or 5000 units/ml), the NO-trappingby cigarette tar and NO were also studied.
agent (carboxy-PTIO at 1 or 10 mM), hydroxyl-radical scavengers (DMSO,
ethanol and D-mannitol at 1 or 10 mM), anti-oxidants (ascorbic acid,N-
acetylcysteine and selenomethionine at 1 or 10 mM: uric acid and selenocystine
at 0.2 mM), sodium azide and desferrioxamine (at 1 or 10 mM) on DNA
strand breakage induced by NO plus tar, were studied by incubating plasmid
pBR322 DNA (100 ng) in 100 mM sodium phosphate buffer, pH 7.4,
containing 0.1 mM DEA-NO plus 2µl tar extract, at 37°C for 30 min.

Effects of Fe21 or Cu21 on NO/tar-induced single-strand breakage

The effects of ferrous ammonium sulfate or cupric sulfate (0–100µM) on
DNA strand breakage induced by NO alone (0, 0.1 or 1 mM DEA-NO), tar
(2 µl) alone or NO plus tar were studied by incubating plasmid pBR322 DNA
(100 ng) in 100 mM sodium phoshate buffer, pH 7.4 at 37°C for 30 min.

Analysis of DNA strand breakage

The conversion of the covalently closed circular double-stranded supercoiled
DNA (form I) to a relaxed open circle (form II) and a linear form (form III)
was used to investigate DNA strand breakage induced by NO plus tar. The
reaction was terminated by the addition of 2µl of electrophoresis loading
buffer (0.25% bromophenol blue, 0.25% xylene cyanol FF, and 30% glycerol).
An aliquot (8µl) of the mixture was loaded onto a 0.7% agarose gel prepared
with 45 mM Tris–borate/1 mM EDTA (pH 8.0) containing 0.5µg/ml ethidium
bromide. We included non-treated PBR322 plasmid as a control in each run
of gel electrophoresis, which was carried out at 8.5 V/cm for 90 min.
Percentages of supercoiled (form I), relaxed (form II) and linear (form III)
forms were calculated by an Imaging Densitometer Model GS-670, BIO-RAD
(Hercules,CA). It was previously reported that ethidium bromide stains

Fig. 2. Effect of incubation time on DNA strand breakage induced bysupercoiled DNA and relaxed open circular DNA differently, and a correction
cigarette tar in the presence or absence of DEA-NO. The experiments werefactor is sometimes applied to calculate percentages of the form I and II (17).
carried out by incubating pBR322 plasmid DNA (100 ng) in 100 mMHowever, in order to compare the present results with those published by
sodium phosphate buffer, pH 7.4, containing either 2µl of cigarette tarother groups and ourselves (18–20), percentages of the form I and II were
alone (d) or 2 µl of cigarette tar together with 0.1 mM DEA-NO (s) atcalculated without correction factors. Results are expressed as percentages of
37°C for up to 120 min (final volume was 10µl). Means6 SD (n 5 3) areform II after subtracting background (non-treated pBR322 plasmid contained
presented.5–15% form II, but no detectable form III) from the percentages calculated

for the treated plasmid DNA, unless otherwise noted. All experiments were
carried out in triplicate and statistical significance was calculated using

both cigarette tar and DEA-NO, significant conversion of formStudent’st-test.
I to form II was observed (42%; Figure 1, lane 4). Although
the linear form III could easily be detected by our method,Results and discussion
there was no apparent formation of form III under the present
experimental conditions. Figure 2 shows that the strand break-Figure 1 shows results obtained from a typical agarose gel

electrophoresis of pBR322 plasmid DNA which was incubated age induced by tar plus NO increased in the first 30 min and
reached a plateau at 30 min, and no further increase waswith aqueous extracts of cigarette tar (2µl) alone, an NO-

releasing compound (DEA-NO) alone, or the two compounds observed after this up to 120 min of incubation.
Figure 3A and B show the effects of concentrations ofin combination. Incubation of the plasmid DNA with cigarette

tar alone resulted in a small increase in conversion of the DEA-NO and cigarette tar on strand breakage. When the
concentration of DEA-NO was constant at 0.1 mM, strandcovalently closed circular double-stranded supercoiled DNA

(form I) to a relaxed open circle (form II) (16%; Figure 1, breakage (form II formation) was maximal with 1µl of the
tar extract; increased volumes of tar above 2µl decreasedlane 2), compared with that of the non-treated plasmid (~12%;

Figure 1, lane 1). DEA-NO at 0.1 mM did not increase the induction of form II (Figure 3A). Cigarette tar alone did not
induce strand breakage significantly under these conditionsformation of form II significantly (12%; Figure 1, lane 3).

However, when the plasmid was incubated in the presence of (Figure 3A). On the other hand, when the volume of tar added
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DNA strand breaks induced by cigarette tar and NO

In order to identify the compound(s) responsible for the tar/
NO-induced strand breakage, we examined the effects on
strand breakage of various HO· scavengers (DMSO, ethanol,
D-mannitol), antioxidants (ascorbic acid, uric acid,N-acetyl-
cysteine) and other trapping agents. As Figure 1 shows, the
addition of SOD (5000 U/ml) reduced the formation of an
open circular DNA (form II) induced by tar and NO from 42
to 26% (lane 5). Similarly 10 mM carboxy-PTIO [NO trapping
agent, (23)] reduced breakage from 42 to 20% (lane 6). Among
the tested compounds, only higher concentrations of carboxy-
PTIO, SOD and selenomethionine significantly (P ,0.05)
inhibited the strand breakage induced by tar plus NO. The
presence of both carboxy-PTIO and SOD also inhibited the
formation of form II by ~70%.N-Acetylcysteine also tended
to inhibit strand breakage, although the difference was not
statistically significant (Figure 4A and B). We have recently
found that the strand breakage induced by peroxynitrite is
effectively inhibited by high concentrations of ascorbate,
desferrioxamine, carboxy-PTIO and uric acid. On the other
hand, the breakage induced by pyrogallol and DEA-NO was
less effectively inhibited by ascorbate and desferrioxamine,
but strongly inhibited by carboxy-PTIO and uric acid. The
same scavengers and antioxidants (ascorbate, desferrioxamine,
carboxy-PTIO and uric acid) were, however, less effective
against the strand breakage induced by cigarette tar and NO
(Figure 4). The HO· scavengers (DMSO, ethanol,D-mannitol)
showed no inhibitory effects against the breakage induced by
cigarette tar plus NO (Figure 4), peroxynitrite or pyrogallol
plus NO (Yoshie and Ohshima, submitted).

Metal ions have been reported to be involved in HO·

generation by aqueous extracts of cigarette tar (24). We
examined the effects of Fe21 or Cu21 on the DNA strand
breakage induced by cigarette tar alone, NO alone and cigarette
tar and NO in combination. As Figure 5A shows, increasing
concentrations of ferrous ion up to 100µM dose-dependently
enhanced DNA strand breakage. There was no synergistic
effect of Fe21 on the breakage induced by tar alone, NO alone
or tar plus NO in combination. On the other hand, low
concentrations (0.1–10µM) of Cu21 did not show any effect
on the breakage induced by tar alone or tar plus NO, whereas
a high concentration (100µM) enhanced markedly the breakageFig. 3. Effect of concentrations of DEA-NO and aqueous extracts of
induced by these agents. In the absence of cigarette tar, 100µMcigarette tar on DNA strand breakage. The plasmid DNA was incubated

with (A) various concentrations of cigarette tar in the presence (s) or Cu21 did not enhance strand breakage.
absence (d) of DEA-NO (0.1 mM), and (B) various concentrations of We have demonstrated that DNA strand breakage is induced
DEA-NO (0–1 mM) in the presence of cigarette tar (2µl). Means6 SD synergistically when plasmid DNA is incubated in the presence(n 5 3) are presented.

of both an NO-releasing compound and aqueous extracts of
cigarette tar (Figure 1). Either an NO-releasing compound orto the reaction mixture was constant at 2µl, strand breakage
a tar extract alone induced much fewer strand breaks. Scavengerwas maximal with 0.1 mM DEA-NO and increased concentra-
studies indicate that the breakage induced by NO plus cigarettetions of DEA-NO slightly decreased the form II formation
tar can be inhibited by carboxy-PTIO (an NO-trapping agent),(Figure 3B). No linear form III was observed even at higher
SOD and selenomethionine, and weakly byN-acetylcysteine,concentrations of cigarette tar or DEA-NO alone or tar and
but not by HO· scavengers such as DMSO, ethanol andD-NO in combination. DEA-NO alone did not induce strand
mannitol. These results suggest that the free HO· is notbreakage. Recent studies have shown that both hydroxylation
involved; rather a new oxidant(s) formed by the reactionof benzoate and oxidation of dihydrorhodamine caused by
between NO and cigarette tar could be responsible for causingO2

·2 generated by hypoxanthine/xanthine oxidase and NO
DNA strand breakage. One possible compound is peroxynitritefrom spermine NONOate were maximal when NO and O2

·2

(ONOO2), which is formed rapidly by the reaction betweenrelease was equimolar, whereas increased concentrations of
NO and O2

·2 (25,26). The latter compound (O2
·2) can beone of the radical species, relative to the other radical, inhibited

generated from auto-oxidation of polyhydroxyaromatics suchthese hydroxylation/oxidation reactions (21). Similar inhibitory
as catechol and 1,4-hydroquinone, both present in high concen-effects of NO on O2·2-induced lipid peroxidation (22) as well
trations in cigarette tar (1). Peroxynitrite is a strong oxidantas DNA strand breakage induced by polyhydroxyaromatic
and nitrating agent that can initiate reactions characteristic ofcompounds such as catechol and 1,4-hydroquinone (Yoshie

and Ohshima, submitted) have been reported. HO·, nitronium ion (NO2
1) and nitrogen dioxide radical (·NO2)
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Fig. 5. Effects of Fe21 and Cu21 ions on DNA strand breakage induced byFig. 4. Effects of various scavengers of free radicals, antioxidants,
cigarette tar with or without NO. The experiments were carried out asantioxidant enzymes and a metal ion chelator on DNA strand breakage
described in Figure 1, using 2µl of cigarette tar together with either 0.1 orinduced by cigarette tar and NO. The experiments were carried out as
1 mM DEA-NO in the presence of ferrous ammonium sulfate (A) or CuSO4described in Figure 1, using 2µl of cigarette tar together with 0.1 mM
(B) at 37°C for 30 min.n: only metal ion;d: tar plus metal ion;j:DEA-NO at 37°C for 30 min. (A) Concentrations of scavengers were 1 mM
0.1 mM NO plus metal ion;s: tar plus 0.1 mM DEA-NO and metal ion;(filled bar) or 10 mM (dark hatched bar), except for uric acid and
u: tar plus 1 mM DEA-NO and metal ion. Means6 SD (n 5 3) areselenocystine, whose concentration was 0.2 mM (light hatched bar) (B).
presented.Both SOD and catalase were examined at either 500 or 5000 U/ml.

Carboxy-PTIO was examined at 1 mM (filled bar) or 10 mM (dark hatched
bar). When the combination of carboxy-PTIO and SOD was examined, their

nitrite, could be generated by the reaction between cigaretteconcentrations were 10 mM and 5000 U/ml, respectively. Means6 SD
(n 5 3) are presented. * Significantly different from control (tar plus DEA- tar and NO, thus supporting the proposal of Pryor and his
NO) (P ,0.05). collaborators that cigarette smoke may form peroxynitrite

(9,29). They have reported that cigarette smoke as well as
peroxynitrite can inactivateα1-protease inhibitor (30,31),(25,26). Peroxynitrite can induce DNA strand breaks in plasmid

DNA in vitro (19,27,28), which, however, cannot be inhibited which may lead to excessive proteinase activation and sub-
sequent destruction of the connective tissue in the lowerby HO· scavengers such asD-mannitol and DMSO [(19),

Yoshie and Ohshima, submitted]. Similarly, the strand breakage respiratory tract. Such connective tissue destruction has been
associated with emphysema observed in smokers (32). Ininduced by cigarette tar plus NO was not inhibited by HO·

scavengers (DMSO, ethanol andD-mannitol) (Figure 4). It has addition to peroxynitrite, however, the reaction between NO
and cigarette tar (including both water-soluble and lipophilicrecently been reported that selenomethionine can inhibit the

induction of single-strand breaks caused by peroxynitrite (18). components) may also yield other types of compound (e.g.
nitroso/nitro derivatives of polyaromatic hydrocarbons), whichSelenomethionine at high concentrations effectively inhibited

the DNA breakage caused by tar and NO. Taken together, our could cause DNA damage.
NO is present in the gas phase of smoke at high concentra-data suggest that new oxidants, possibly including peroxy-
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