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The effects of cigarette smoke extract on radical formation were examined in reaction
mixtures containing 13-hydroperoxide octadecadienoic acid (13-HPODE), FeCl3,
cigarette smoke extract, ethylenediaminetetraacetic acid (EDTA), a-(4-pyridyl-1-oxide)-
N-tert-butylnitrone (4-POBN), and phosphate buffer (pH 7.4). Cigarette smoke extract
enhanced the formation of both 7-carboxyheptyl and pentyl radicals in the
reaction. Ferric ions were reduced in the reaction mixture, suggesting that cigarette
smoke extract enhances the formation of 7-carboxyheptyl and pentyl radicals by
reducing ferric irons. Although there is a large body of evidence supporting the
involvement of radicals such as the semiquinone radical, hydroxyl radical, superoxide
radical, nitric oxide radicals in smoking-related diseases, the enhancement by cigarette
smoke of lipid-derived radical formation, which we first report here, may be one of the
other causes of smoking-related diseases.
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Cigarette smoke may be a major cause of human lung
cancer and other respiratory diseases (1). Although the
hazards of cigarette smoke seem to be conclusive (2, 3),
the mechanisms of cigarette smoke–induced chemical
reactions are not yet well understood.

Hydrogen peroxide (4, 5), semiquinone radical (6),
hydroxyl radical (7), superoxide radical (8, 9), and nitric
oxide radicals (10) have been observed in cigarette tar and
smoke, and, there is a large body of evidence supporting the
involvement of these radicals in smoking-related diseases
(11–16). Although cigarette smoke contains many radical
species, there are few reports examining whether or
not cigarette smoke extract enhances the formation of
lipid-derived radicals.

Linoleic acid hydroperoxide and hydroperoxides of other
unsaturated fatty acids are extremely toxic when injected
into mice (17). Subcutaneous or intravenous injection of
linoleic acid peroxide results in marked lesions in the
intima of the aorta (18, 19). Lipid peroxide–derived
radicals seem to be related to the toxicity of lipid peroxides.
Indeed, lipid-derived free radicals, which form in the
reaction of lipid peroxides with transition metals, are
known to cause damage to biomembranes, proteins and
the other biomolecules (20–22).

In this report, the effects of cigarette smoke extract on
lipid-derived radical formation are examined in reaction
mixtures containing 13-hydroperoxide octadecadienoic
acid and ferric ions using electron spin resonance (EPR),
high performance liquid chromatography–electron spin
resonance (HPLC-EPR), and high performance liquid
chromatography–electron spin resonance-mass spectrome-
try (HPLC-EPR-MS) combined use of the spin trapping

technique. HPLC-EPR-MS involves the sequential coup-
ling of HPLC, EPR, and MS so that separation, radical
adduct detection, and mass spectrometric determination
occur on line.

EXPERIMENTAL AND METHODS

Materials—Linoleic acid (9,12-octadecadienoic acid),
superoxide dismutase [EC 1.15.1.1] (SOD), citric acid,
and soybean lipoxygenase [EC 1.13.11.12] type V were
obtained from Sigma Chemical Co. (St. Louis, MO,
USA). a-(4-Pyridyl-1-oxide)-N-tert-butylnitrone (4-POBN)
was purchased from Tokyo Kasei Kogyo, Ltd. (Tokyo,
Japan). Ethylenediaminetetraacetic acid disodium salt
(EDTA) and ferric chloride were obtained from Wako
Chemicals Inc. (Osaka, Japan). 1,10-Phenanthroline and
diethylenetriaminepentaacetic acid (DETAPAC) were
purchased from Nakarai Chemicals, Ltd. (Kyoto, Japan).
Adenine 50-diphosphate disodium salt (ADP) was obtained
from Oriental Yeast Co. Ltd. (Tokyo, Japan).
13-Hydroperoxide octadecadienoic acid (13-HPODE)
was prepared according to the previously outlined pro-
cedure (23).
Cigarette Smoke Extract—Commercial cigarettes were

store in sealed packages at room temperature and opened
before use. Five cigarettes were smoked at a continuous
flow rate of 1,000 ml/min (Fig. 1), the smoke components
were collected on gossypium absorbens. The smoke compo-
nents were then extracted with 5 ml of 50 mM phosphate
buffer (pH 7.4) from the gossypium absorbens.
Complete Reaction Mixture of 13-HPODE with Ferric

Ions—The complete reaction mixture contained cigarette
smoke extract (8% of the total volume of the reaction
mixture), 0.08 mM FeCl3, 0.14 mM 13-HPODE, 0.08 mM
EDTA, 0.1 M 4-POBN, and 28 mM phosphate buffer
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(pH 7.4). The reaction was started by adding FeCl3, and
continued for 30 min at 25�C. For EPR measurement,
0.25 ml of the reaction mixture was analyzed. After filtra-
tion through a MILLEX-GS (MILLIPORE, Bedford, MA,
USA), 2.5 ml of the reaction mixture was applied to
HPLC-EPR and HPLC-EPR-MS.
EPR, HPLC-EPR, and HPLC-EPR-MS Analyses—EPR,

HPLC-EPR, and HPLC-EPR-MS analyses were performed
according to the previously outlined procedures (24) except
for the mobile phase. For HPLC-EPR and HPLC-ESR-MS,
two solvents were used: solvent A, 50 mM acetic acid
(solvent A) and 50 mM acetic acid/acetonitrile (20:80,
v/v; solvent B). A combination of isocratic and linear
gradients was used: 0–40 min, 100% A to 0% A (linear
gradient) at a flow rate 2.0 ml/min; 40–60 min, 100% B
(isocratic) at a flow rate 2.0 ml/min.
Reduction of Ferric Ions by Cigarette Smoke Extract—

The complete reaction mixture contained in a total
volume of 2.0 ml, 0.16 ml of cigarette smoke extract (in
50 mM phosphate buffer), 0.16 ml of 1 mM FeCl3 (in
10 mM HCl), 0.16 ml of 1 mM EDTA (in H2O), 0.01 ml
of 1 M 1,10-phenanthroline (in ethanol), and 1.51 ml of
50 mM phosphate buffer (pH 7.4). The reaction was
started by adding FeCl3. After 30 min at 25�C, the visible
spectra of the reaction mixtures were measured. All
spectrophotometric measurements were obtained using
cuvettes with a 10 mm light path, in a Shimadzu
UV-160A UV-VISIBLE RECORDING SPECTROPHOTO-
METER at 25�C.

RESULTS AND DISCUSSION

Effects of Cigarette Smoke Extract on Radical Formation
in the Reaction of 13-HPODE with Ferric Ions—The EPR

spectra of the complete reaction mixture of 13-HPODE
with ferric ions were measured (Fig. 2). A prominent
EPR peak (aN = 1.58 mT and aHb = 0.26 mT) was observed
in the complete reaction mixture (Fig. 2A). In the absence
of the cigarette smoke extract, the EPR signal decreased
to 10.5 – 1.0% of that in the complete reaction mixture
(mean of three experiments – SD) (Fig. 2B), suggesting
that cigarette smoke extract enhances the formation of
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Fig. 1. Apparatus for collecting smoke extract.
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Fig. 2. EPR spectra of the reaction mixtures of 13-HPODE
with the smoke extract. EPR and reaction conditions were as
described in ‘‘MATERIALS AND METHODS.’’ A, complete reac-
tion mixture; B, complete reaction mixture without cigarette
smoke extract; C, complete reaction mixture without ferric ions;
D, complete reaction mixture without 13-HPODE; E, complete
reaction mixture without EDTA.
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Fig. 3. HPLC-EPR analyses of reaction mixtures of
13-HPODE and ferric ions in the presence of cigarette
smoke extract. HPLC-EPR and reaction conditions were as
described in ‘‘MATERIALS AND METHODS.’’ A, complete reac-
tion mixture; B, complete reaction mixture without cigarette
smoke extract.
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13-HPODE–derived radicals. In the absence of ferric ion
(Fig. 2C) [or 13-HPODE (Fig. 2D), or EDTA (Fig. 2E)], the
EPR signal decreased to 9.9 – 1.3% (or 14.1 – 1.4%, or 16.2 –
0.9%) of that of in the complete reaction mixture (mean of
three experiments – SD).
HPLC-EPR and HPLC-EPR-MS Analyses of the

Complete Reaction Mixture—In order to know the kinds
of radicals formed in complete reaction mixture,
HPLC-EPR and HPLC-EPR-MS analyses were performed.
Two prominent peaks were observed with the retention
times of 33.1 min (peak 1) and 40.4 min (peak 2) in the
HPLC-EPR elution profile (Fig. 3A). These peaks were
hardly detected in the elution profile of the complete reac-
tion mixture without cigarette smoke extract (Fig. 3B).

HPLC-EPR-MS analysis of peak 1 gave ions at m/z
251 and m/z 338 (Fig. 4A). The ion m/z 338 corres-
ponds to the protonated molecular ion of the 4-POBN/7-
carboxyheptyl radical adduct, (M+H)+. The fragment ion at

m/z 251 corresponds to the loss of [(CH3)3C(O)N] from the
protonated molecular ion. The assignment was confirmed
by comparing the retention time with that of the authentic
4-POBN/7-carboxyheptyl radical adduct. The authentic
compound was synthesized in a reaction of linoleic acid
with soybean lipoxygenase and identified by MS/MS
analysis (24).

HPLC-EPR-MS analysis of peak 2 gave ions at m/z 179
and m/z 266 (Fig. 4B). The ion m/z 266 corresponds to the
protonated molecular ions of 4-POBN/pentyl radical
adducts, (M+H)+. The fragment ion at m/z 179 corresponds
to the loss of [(CH3)3C(O)N] from the protonated molecular
ion. The assignment was confirmed by comparing the
retention time with that of the authentic 4-POBN/pentyl
radical adduct. The authentic compound was synthesized
in a reaction of pentylhydrazine with Cu2+ (25).

A possible reaction path for the formation of
7-carboxyheptyl and pentyl radicals is shown in
Scheme 1. Previous studies have shown the formation of
7-carboxyheptyl and pentyl radicals in reaction mixtures
of 13-HPODE and ferrous ions (26–28). Ferrous ions
participate in the reaction between 13-hydroperoxy-
9,11-octadecadienoic acid (13-HPODE) and 1-pentyl-12-
carboxy-2,4-dodecadienyloxyl radicals [or between 12,13-
epoxy-9-hydroperoxy-10-octadecenoic acid and 1-(7-car-
boxyheptyl)-4,5-epoxy-2-decenyloxyl radicals] (Scheme 1).
Reduction of Ferric Ions by Cigarette Smoke Extract—To

investigate the supply of ferrous ions, the oxidative state of
the iron ions was examined in the reaction mixture con-
taining cigarette smoke extract, FeCl3, EDTA,
1,10-phenanthroline using a UV-visible spectrophoto-
meter. The reaction mixture gave a visible spectrum
with lmax of 512 nm, while no peak at 512 nm was present

Fig. 4. HPLC-EPR-MS analyses of the reaction mixtures of
13-HPODE and ferric ions in the presence of cigarette
smoke extract. HPLC-EPR-MS and reaction conditions were
as described in ‘‘MATERIALS AND METHODS.’’ A, mass spec-
trum of peak 1; B, mass spectrum of peak 2.

Fig. 5.Visible spectraof reactionmixtures containingFeCl3,
EDTA, cigarette smoke extract, and 1,10-phenanthroline.
Visible absorbance measurements and reaction conditions were
as described in ‘‘MATERIALS AND METHODS.’’ A, complete
reaction mixture; B, complete reaction mixture without
1,10-phenanthroline; C, complete reaction mixture without
cigarette smoke extract.
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in the reaction mixture without cigarette smoke extract
(Fig. 5). The results indicate that ferric ions are reduced
by cigarette smoke extract, because the lmax of 512 nm is
due to the Fe(II)-1,10-phenanthroline complex (29), sug-
gesting that the cigarette smoke extract may enhance
the reaction by reducing ferric irons.

Superoxide anions were previously detected in cigarette
smoke extracts (8, 9). Superoxide anions possibly reduce
ferric ions (Eq. 1).

Fe3þ þO-
2!Fe2þ þO2 ð1Þ

Zang et al. reported that reductants such as hydroqui-
none and semiquinone are contained in cigarette smoke
extracts (30). These species also may reduce ferric ions
and enhance the formation of 13-HPODE–derived radicals.
Effects of SOD on the Formation of the 13-

HPODE–Derived Radicals in the Complete Reaction
Mixture—In order to know whether or not super-
oxide anions participate in the enhancement of 13-
HPODE–derived radical formation by cigarette smoke
extract, SOD was added to the complete reaction
mixture. The SOD partially inhibited the formation of
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Scheme 1. A possible mechanism
for the enhancement of the for-
mation of 13-HPODE–derived
radicals by cigarette smoke
extract.
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13-HPODE–derived radicals (Fig. 6), suggesting that the
superoxide anions participate in the enhancement.
Effects of Some Chelators on the Formation of

13-HPODE–Derived Radicals in the Complete Reaction
Mixture—Since in the absence of the EDTA, the EPR peak
height decreased to 16.2 – 0.9% of that of the complete
reaction mixture (mean of three experiments – SD)
(Fig. 2E), EDTA seems to be essential for the enhancement
of the formation of 13-HPODE–derived radicals. In order to
examine the effects of some endogenous chelators on the
formation of 13-HPODE–derived radicals, ADP (or citrate,
or DETAPAC) was added to the complete reaction mixture
instead of EDTA. The addition of ADP (or citrate) resulted
in an increase in the EPR peak height [162 – 10% (or 158 –
10%) of the complete reaction mixture without EDTA]
(mean of three experiments – SD). ADP and citrate may
participate in the enhancement of 13-HPODE–derived
radical formation in vivo by cigarette smoke extract. On
the other hand, DETAPAC decreased the EPR peak height
to 62 – 4% of the complete reaction mixture without EDTA
(mean of three experiments – SD).
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Fig. 6.Effects of SODon the formation of 13-HPODE-derived
radicals. EPR and reaction conditions were as described in
‘‘MATERIALS AND METHODS’’ except for the addition of SOD.
The reaction mixtures contained 0 U/ml, 400 U/ml, 2,000 U/ml, or
5,600 U/ml of SOD.
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