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Free-Radical Chemistry of Cigarette Smoke
and Its Toxicological Implications

by Daniel F. Church* and William A. Pryor*t

Cigarette smoke contains two very different populations of free radicals, one in the tar and one in the
gas phase. The tar phase contains several relatively stable free radicals; we have identified the principal
radical as a quinone/hydroquincne (Q/QH;) complex held in the tarry matrix. We suggest that this Q/QH,
polymer is an active redox system that is eapable of reducing molecular oxygen to produce superoxide,
eventually leading to hydrogen peroxide and hydroxyl radicals. In addition, we have shown that the
principal radical in tar reacts with DNA in vitro, possibly by covalent binding.

The gas phase of cigarette smoke contains small oxygen- and carbon-centered radicals that are much
more reactive than are the tar-phase radicals. These gas-phase radicals do not arise in the flame, but rather
are produced in a steady state by the oxidation of NO to NO,, which then reacts with reactive species in
smoke such as isoprene. We suggest that these radicals and the metastable products derived from these
radical reactions may be responsible for the inactivation of o,-proteinase inhibitor by fresh smoke.

Cigarette smoke oxidizes thiols to disulfides; we suggest the active oxidants are NO and NO,. The effects
of smoke on lipid peroxidation are complex, and this is discussed. We also discuss the toxicological
implications for the radicals in smoke in terms of a number of radical-mediated disease processes, including

emphysema and cancer.

Introduction

The periodic reports by the Surgeon General of the
United States dramatically illustrate the research effort
that has been expended to understand the health con-
sequences of cigarette smoking, both to the smoker and
to nearby nonsmokers (1-3). There is overwhelming evi-
dence that smoking is, at least in part, responsible for
such diverse and life-threatening diseases as emphy-
sema, heart and blood vessel disease, and cancer.

Our research program has focused on the free-radical
chemistry of smoke, particularly the radical chemistry
that might be implicated in smoke toxicology (4-15). It
has been known for many years that cigarette smoke
contains free radicals, and it has been generally assumed
that these radicals must somehow be involved in the
pathology induced by smoking (16-22). However, until
we began our studies, there had been no systematic
investigation of the mechanisms by which radicals are
produced in smoke, their structures and chemical reac-
tivities, and possible biochemical and biological conse-
quences of the exposure of biomolecules to smoke-borne
radicals (4-14).

*Departments of Chemistry and Biochemistry, Louisiana State
University, Baton Rouge, LA 70803,

$Author to whom correspondence and reprint requests should be
addressed.

Two lines of evidence can be eited to support a role
for smoke-borne radicals in smoking-induced pathology.
Firstly, the evidence is becoming increasingly strong
that free radicals are involved in many of the chronie
diseases that are associated with smoking {23-25); in
particular, radicals appear involved in emphysema (26)
and chemical carcinogenesis (27-31). Secondly, the con-
centrations of radicals in smoke are so high {(compared,
for example, with smog) that radical-mediated reaction
pathways appear certain to result from the exposure of
tissue to smoke,

By convention in the smoking industry, two fractions
of cigarette smoke are defined based on the use of a
filter to separate the gas phase from the tar (10). The
tar phase is defined as the material that is trapped when
the smokestream is passed through a standard glass-
fiber Cambridge filter that retains 99.9% of all partic-
ulate matter with a size greater than 0.1 pM (32). The®
gas phase is the material that passes through the Cam-
bridge filter.

Cigarette tar contains several exceptionally stable
radical species that can be observed directly by electron
spin resonance (ESR) spectroscopy. Our data demon-
strate that these radicals are not simple aromatic radical
ions (10,11), as had been suggested by the original work-
ers. The free radicals in the gas phase of cigarette
smoke, in contrast to those in tar, cannot be observed
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directly by ESR; however, they can be detected using
spin trapping techniques {4,10,12,14). These gas-phase
radicals appear to be relatively small alkoxyl and car-
bon-centered species (14); early workers assumed that
these gas-phase radicals are formed in the flame, but
we find this is not the case.

In this review, we summarize the data from our lab-
oratory that provide insight into the structure and reac-
tivities of the free radicals in both tar and gag-phase
smoke. We also present our current viewpoint on what
we believe is the relationship between these radicals
and the health effects of smoking.

The Tar Radical(s) in Cigarette
Smoke: ESR Studies

The first evidence for the presence of radicais in cig-
arette tar was obtained by Ingram’s group in the late
1950s (16,17). Ingram et al. studied a variety of car-
bonaceous soots and tars, including cigarette tar, by
ESR and observed a single, broad ESR line in each
instance, All of the related tarry materials were hy-
pothesized to contain a single type of radical consisting
of an odd electron delocalized over a large aromatic
hydrocarbon framework., This interpretation remained
unchallanged until we began our investigations (10,11).

Figure 1A shows a typical ESR spectrum of the tar
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FicURE 1. ESR spectrum of cigarette tar on a Cambridge filter: (A)

first derivative spectrum; (B) second derivative spectrum obtained
by differentiation of spectrum (A4). The tar from three 1RI ciga-
rettes was collected on a Cambridge filter. The filter was then
dried under vacuum, tightly rolled, and placed in an ESR tube.
The spectrum shown was obtained by accumulating ten scans at
297 K using the following ESR settings: power, 2 mW; modulation,
0.16 mT at 100 kHz; gain, 8 x 10% time constant, 2 sec; center
field, 349.40 mT; scan range, 6.0 mT; scan time, 200 seec.

from three 1R1 research cigarettes on a Cambridge fil-
ter; there appears to be a major asymmetric line with
a small shoulder on the low-field wing. The asymmetry
of the principal line is more clearly evident in the second
derivative spectrum shown in Figure 18. The g value
of the major line is 2.0029 in the spectrum shown here,
while the smaller line at lower field oceurs at 2.0089;
the apparent linewidth of the principal line is 0.57 mT.
However, the g value, linewidth, and saturation are all
markedly power-dependent, indicating that there are
several paramagnetic species cantributing to the ESR
spectra of solid cigarette tar.

Extraction of eigarette tar from the Cambridge filter
with various solvents provides convincing evidence that
there are indeed several radical species present in tar
(see Fig. 2). Table 1 summarizes the g values of the
lines observed when the tar radicals are extracted into
homogeneous solutions in organic solvents. We have
previously suggested (11) that the principal radical spe-
cies (radical 3, Table 1), which has a g value of 2.0035-
2.0038, consists of conjugated quinone (Q), semiquinene
(QH"), and hydroquinone (QHz) units in a polymeric,
tarry matrix. That is, this paramagnetism is essentially
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FiGURE 2. ESR spectra of cigarette tar extracted in various sol-
vents. (A) The tar from 12 1R1 cigarettes in 1.5 mL benzene in 2
cylindrical ESR tube. ESR parameters: scans, 4; power, 20 mW;
modulation, 0.125 at 100 kHz; gain, 1.26 x 10% time constant, 1
see; scan range, 5.0 mT; scan time, 200 sec. This spectrum was
obtained at 250°K, wereas the others were obtained at 297°K. The
spectrum of the tar in frozen solution was identical to that obtained
at higher temperature for the liquid. {(B) The tar from three 1R1
cigarettes in dichloromethane in a flat cell. ESR parameters: seans,
20; power, 20 mW,; modulation, 0.16 mT at 100 kHz; gain, 2 X
10°; time constant, 1 sec; scan range, 4.0 mT; scan time, 100 sec.
{C) The tar from one 1R1 cigarette in 10 mL DMSO in a flat cell.
ESR parameters: scans, 10; power, 100 mW; modulation, 0.16 mT
at 100 kHz; gain, 2.6 x 10°% time constant, 10 sec; scan range, 4.0
mT; scan time, 200 sec. The peak marked X is due to an impurity
in the quartz cell.






