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m: Aqueax3 extracts of c!g‘.Mke t 9~ r-educe hydroxyl radicals that are spin 
trapped by 5,5-dimefAyl-I-pyrro? lrv.-kx.ide. ’ he addition of cat.alsY almost canpletely 
inhibits and superoxide dimutase partially inhibits spin adduct formation. The addition 
of ethvlenedianine tetraacetic acid greatly increases the mount of hydroxyl radical 
adduct observed; in ccn>rast, diet.k@betrimine pentaacetic acid causes cmplete 
inhibition of spin adduct formation. We suggest that the hydroxyl radical arises fran 
the metal-mediated decanposition of hydrogen peroxide, and that hydrogen peroxide is 
formed fran the reduction of dioxygen by the smiquinones present in the cigarette tar. 
@ 1985 Academic Press, Inc. 

Introdllction: Cigarette sncking is a major cause of hunan lung cancer and other 

respiratory diseases (1,2). Cigarette sncke ccntains high concentrations of radicals, 

both in the tar and the gas-phase (3,4), and there is a large baly of evidence 

supporting thainvolvemt of these radicals in smoking-related diseases (5-8). 

Several workers have demonstrated that gas-phase m&e is involved in biologically 

imports;smt reactions including the inactivation of alpha-I-proteinase inhibitor (9,101 

and the production of hydrogen peroxide (I I). ‘lhe properties and chmical reactivity of 

cigarette tar, on the other hand, have received little attention. We have shfmm that 

the tar free radical is a quinone/hydroquinone redox system in a polymeric matrix (3) 

and the radical signal becanes associated with DNA (12). Quincnekydroquirme polymers 

are kmm to be redox catalysts in both chemistry (13,141 and bicchemistry (15). 

l Author to wham correspondence should be addressed. 

s DMPO, 5,5-dimethyl-I-pyrroline-N-oxide; SOD, superoxide 
dismutase; EDTA, ethylenediaminetetraacetic acid; DETAPAC, 
diethylenetriaminepentaacetic acid; ESR, electron spin resonance; PBN, 
N-tert-butyl-a-phenyl nitrone. 
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Cigarette tar has strongly reducing properties, and we have suggested that tar is 

capable of reducing dioxygen to the superoxide radical anion (4). 

This report describes, for the first time, the spin trapping of hydroxyl radicals 

fran buffered aqueous solutions of cigarette tar, using 5,w%nethyl-1-pyrrolin*N-oxide 

(DMFC) as the spin trap. The trapped hydroxyl radicals are formed fran the metal- 

mediated decanposition of hydrogen peroxide. lhe generation of hydrcgen peroxide by 

cigarette tar is due, at least in part, to the reduction of dioxygen to superoxide. We 

believe that the formation of these active oxygen species by cigarette tar in the lung 

may play an important role in the onset of s&&g-related diseases. 

MATERIALS AND METHODS : 5,!+Dimethvl-I-~rrolin&Loxide, catalase, super-oxide 
dismutase, EDTA and DETAPAC were purchased fran Sigma chemical Cunpany (St. Louis, M31. 
lhe DMPG was purified by the method of Duettner and Oberley (16). The catalase, SOD, 
EDTA, and DEIAPAC were used as received. Research cigarettes (1Rl) fran the University 
of Kentucky, Tobacco and Health Institute, were stored in a freezer in sealed packages 
and conditioned at 4’ over a saturated aqueous solution of amnoniun sulfate for at least 
48 hours before use. All other chmnicals were reagent grade and were used without 
further purification. 

lhe tar fran two cigarettes, mncked at a continuous flaw rate of 1000 nUnin, was 
collected on a Micro&p No. 5 cellulosic membrane filter 061; Honeoye Falls, NY). Ihe 
filter was then extracted for 30 mins with 10 nd. of Chelex-100 treated (BieRad 
Laboratories; Richnond, CA), 0.1 M phosphate buffer, @-l 7.4. Chelex-treated tar was 
prepared by passing the aqueous tar extract throw& a EXTEU colunn of Chelex-100 
ianmdiately before use. 

All spin trapping experiments were performed with 2 mL of the buffered tar extract 
ctiined with 2 nL of 0.08 M aqueous DMPC solution. All reaction mixtures were kept for 
4 hours in the dark at roan temperature prior to recording the ESR spectrun. 

All ESR spectra were recorded on a Bruker ER IOOD spectraneter interfaced to an 
ASPECT 2000 canputer. lhe spectral paraneters were as follows: microwave frequency, 
9.75 GHz; pcwer, 10 dB; mcdulation mnplittie, 0.8 G; modulation frequency, 100 kHz; time 
constint, 200 msec. ; scan rate, 0.9 G/set. Spectra were recorded with degassed 
solutions in a quartz flat cell. 

BESULTS Previous attempts in our laboratory to spin trap radicals fran 

cigarette tar in organic solvents using N-tert-butyl-alpha-phenyl nitrone (WN1 were not 

successful, due to the facile reduction of the nitroxide spin adducts to ESR inactive 

products by the tar (17). Recently, haJever, we have discovered that the tar free 

radical can be extracted into ~, and that it is possible to spin trap 

free radicals fran these aqueous extracts. We have used DMKI as the spin trap, since 

the hydroxyl-DMFC adduct is more stable than is the corresponding PBN adduct (18). 

Figure 7a shcws the ESR spectrun of the spin adducts that are formed when DMFC is 

allcwed to stand with an aqueous tar extract for 4 hours in the dark. This canplex 

spectrun results fran three different spin adducts. ‘lwo of the adducts show the typical 
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A) x 6.25 

B) x 1 

Cl x 6.25 

-1: Examples of the DMPO spin adduct spectra obtained from aqueous 
extracts of cigarette tar. The numbers to the right of each spectrum indicate 
the relative instrument gain setting. A) Spectrum of the 3 spin adducts 
obtained from cigarette tar with 0.04M DMPO. The alkyl radical adduct has 
A =15.9G and A =22.76. 
hk A q 15.6G a!!d 

The hydroxyl adduct has A =A =14.9G. The third adduct 
A =18.6G which is consistent wit 

anionNof carbon di 8 
# tie trapping of the radical 

xide. B) Same solution as in A except with 0.03M EDTA 
added. Note change in gain. Also note that all three spin adducts are 
observable, however the hydroxyl adduct is now much stronger. C) Spectrum 
obtained from an aqueous solution of cigarette tar which was passed through a 
Chelex-100 column before mixing with the DMPO. Note here that only two spin 
adducts are seen, the alkyl radical spin adduct is not observed. 

DMFCI spin aciduct spectrun of six lines; the third adduct has only four lines, with AN = 

PH = 14.9 G, characteristic of the DMKI hydroxyl radical spin adduct (19). On the basis 

of the &pet-fine splitting constants, the other two adducts appear to arise frcm the 

trapping of an alkyl radical and either an acyl radical or the radical anion of carbon 

dioxide (20). 

The ability of the hydroxyl radical to react rapidly with ethanol to form 

alpha-hydroxyeml radicals, which can then be trapped, can be used tc confirm the 

presence of free bydroxyl radicals (20,211. Tbe results in Table 1 shcw that the 

addition of a anal1 at of ethanol causes a decrease in the hydroxyl spin adduct 

signal and a ccncanitant increase in the signal due to an alkyl radical that is the 

alpha+‘droxyethyl spin aclduot. 

As can be seen from Table 1, oatalase greatly redoes the senount of free radicals 

that are spin trapped. We find that both aquecus and organic solutions of cigarette tar 

consune oxygen and in the prooess produce hydrcgen peroxide (22). ‘Thus, it is probable 

that the hydroxyl radicals we detect fmn tar are produced fran the decanposition of 
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m Relative DIP0 spin adduct concentration for aqueous solutions of 
cigarette tar with various additives. (a,b) 

TAR COHWUND ADDED Ho’ COT R’(c) 

NONE NONE 
NONE EDTA (d) 
NONE EDTA + ETHANOL (e1 

NONE 
RTHANOL 
EDTA 
RDTA + ETRANOL 
EDTA + CATALASE (f) 
EDTA + SD (g) 
EDTA + SCD (h) 
EDTA + SOD (i) 
DETAPAC Cd) 

iii; 
(k) 

NONE 
ETHAROL 
EDTA 

(k) EDTA + ETHANOL 

4 
5 

11 

1s: 
56 

11: 

ii 
0 

7 

32 
17 

0 0 
0 0 
0 0 

11 

1; 

6 

:; 
13 

0 

19 
14 
12 
11 

:7” 
19 

216 

:; 
13 

0 

0 
8 

1: 

a) Relative intensity measured as the peak height of the lowest field peak 
for each spin adduct. Values are accurate to 10%. b) All solutions are 0.04 
M in DMPO. c) This represents the alkyl radical trapped from cigarette tar 
or the SW of the alkyl radical from tar plus the hydroxyethyl radical in the 
cases where ethanol was added. d) EDTA and DETAPAC are each 0.03 M. e) 
Ethanol concentration is 0.21 M. 
ug/mL of SOD was added. 

f) Catalase is present at 1 mg/mL. g) 10 
h) 100 ug/mL of SOD was added. i) 1 mg/mL of SOD 

was added. j) The tar from two IRI research cigarettes was extracted into IO 
mL of 0.1 M, pH 7.4 phosphate buffer and then 2 mL of that solution was mixed 
with 2 mL of a 0.08 M solution of DMPO. k) game as (5) except the tar 
solution was passed through a Chelex-100 column before mixing with the DMPO. 

hydrogen peroxide. A nunber of workers have sha.Jn that ircn-EDTA canplexes can catalyze 

the formation of hydroxyl radical fran bdrogen peroxide (23,241, while DETAPAC 

canplexes inhibit this reaction (23). Cigarette tar contains a nunber of metals, 

including iron (I); therefore, if the hydroxyl radicals result fran an iron-mediated 

deoanposition of hydrogen peroxide, then EDTA should increase the intensity of the DMFQ 

hydroxyl radical spin adduct and DETAPAC should cause it to decrease in intensity. 

Ccqarison of Figure lb with la shms the dramatic increase in hydroxyl radical spin 

adduct formation caused by the addition of EDTA to the reaction solution. The addition 

393 



Vol. 132, No. 1, 1985 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

of DETNAC, however, canpletely inhibits adduct formation (Table 1). The addition of 

SQ, to the reaction mixtures also decreases the concentration of spin adducts formed, 

although SOD does not canpletely inhibit spin adduct formation. 

These results can be rationalized as shmn below, where Q, QH2, and CH’ are 

quinone, hydrcquinme and smiquinme groups, respectively, in the tar. 

Q + QH2 L2QH* [II 

QH' + Fe”’ -Fe” + Q + H+ El 

QH’ + o2 T 
- Q + O2 + H+ 

Fe” + 02; + H+ _ Fe”‘-0OH 

202 T+ 2H+ L H202 + O2 c51 

Fe” + Fe”’ -0OH + H+ e 2Fe111 + H202 161 

Fe” + H2°2 - Fe”’ + HO’ + HO- r71 

DMFO + HO’ - HO-DMPO’ [81 

The results sham in Table 1 using Chelex-100 treated tar solutions suggest the 

involvment of metal ions in the various reactions, since the total concentration of 

spin adducts is decreased when the tar solutions are treated with Chelex. Clearly, 

metals are implicated in these reactions, but we have no evidence that iron is the 

specific metal involved. Also, it is not likely that free metal ions are involved; it 

is mre prcbable that the metals are canplexed, either with added chelator such as !ZDTA, 

or with canponents of the cigarette tar. 

We have already shcm that the tar radical is a quino&hydrcquincne canplex held 

in a tarry matrix (3,4), and it is ktmn that sfmiquincnes can reduce ferric to ferrous 

ion (25) and dioxygen to superoxide (26). The inhibitory effect of SOD (Table 1) shows 

that superoxide is on the reaction path to hydrogen peroxide in this system, eqs 3-5. 

Hmever, the addition of relatively large mounts of SOD does not canpletely inhibit 

wdroxyl adduct formation. This could be because a portion of the hydrogen peroxide iS 
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formed via a peroxo canplex, eqs 4 and 6, which SOD cant-& inhibit. Alternatively, 

superoxide may be formed within the matrix of the tar and be inaccessible to XD. 

The ability of iron canplexes to catalyze hydroxyl radical productian, eq 7, is 

well established (23,241. In the absence of added chelator, it is likely that iron is 

canplexed with sane canponent of the tar, e.g. ortkquinones, and this tar-iron canplex 

can decanpose hydrcgen peroxide, as sham in eq 7. Apparently the iro&DTA canplex is 

more effective at catalyzing eq 7 than is the tar-iron canplex, because the addition of 

EDTA leads to a much higher concentration of hydroxyl spin adduct. Of course, ah 

EYIA-metal canplex cculd also accelerate other reactions in Scheme 1 that involve metal 

ions, leading to more kwdrcgen peroxide. 

DETAPAC is knm to inhibit reaction 7. Consistent with our mechanism, no hydroxyl 

spin adducts are observed in the presence of DETAPAC. ‘he other spin adducts also are 

not observed, implying that the alkyl radical and the carbon dioxide anion radical 

result fran kwdroxyl radical reactions. Hydroxy-substituted all@ radicals could be 

formed as a result of the reaction of hydroxyl radical with aliphatic alcohols in the 

tar. lhe anion radical of carbon dioxide could be fotmed by the reaction of hydroxyl 

radical with fomate; formate is present in tar (27) and it is knmn that formats ions 

react with hydroxyl radicals to prcduce the carbon dioxide anion radical (201. 

The results obtained using Chelex-100 treated tar support tha involvement of metal 

ions in the various reactions shcm in the scheme. Chelex treated tar yields only the 

bdroxyl radical and the carbon dioxide anion radical spin adducts (Fig lc) ; the alkyl 

radical adduct. concentration is too lcw to be measured. lhe addition of EDTA increases 

the overall concentration of the spin adducts, but the total concentration of the three 

adducts still is mch lcwer than that of the spin adducts observed in the spectrun of 

the non-Chelex treated tar with FDTA. 

In conclusion, we have sham that aqueous solutions of cigarette tar reduce 

dioxygen and prcduce,hydrcgen peroxide. lhe mechanism by which iwdrcgen peroxide is 

produced involves, at least in part, the formation of superoxide, probably by redox 

cycling of the miquinme radicals present in tar. Tar also is capable of decanposing 

the hydrogen peroxide to form hydroxyl radicals by a metal-mediated process. We believe 

that the formation of these active oxygen species by tar-oxygen reactions my be 
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significant in smoking-related diseases. ~en~risde~i~in~l~~~~, 

these active-oxygen species could be produced and cculd react with bianolecules, leading 

to biolcgical damage. 

B ~s~~~s~~in~~bya~~t~~Na~~ 

Institute of Health and a contract fran the National Foundation for Cancer Research. 
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