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Abstract—To assess novel liquid chromatography/mass spectrometric methods for measuring oxidative damage to
nucleic acids and lipids, we compared urinary excretion of 8-hydrdxgedxyguanosine (8-OHdAG), 5-hydroxymethyl-
2'-deoxyuridine (5-OHmU), and 8-hydroxyguanosine (8-Ox0G), and an isoprostane, 8-iso-prostaglanopt,«)

in 234 healthy menn(= 113) and womenn(= 121), 80 current smokers, 96 never-smokers), and 58 ex-smokers (no
tobacco use for 3 years). The 8-OHdG and 8-OxoG did not differ significantly by group; 5-OHmU was higher in
smokers, compared with exp & .003) and never-p(< .0001) smokers and in ex- vs. never-smokegrs=(.014) at,
respectively, 13.5- 0.7, 11.3+ 1.0, and 8.7 0.3 ug/g creatinine. Isopfe was higher in smokers, compared with ex-

(p = .007) and never-smokerp € .0001) and in ex- vs. never- smokeps= .002) at, respectively, 1.& 0.10; 0.74

+ 0.07, and 0.5% 0.04 ng/g creatinine. There were significant correlations among all three nucleic acid adducts and
between Isopfe and both 5-OHmMU and 8-OHdG. Many smokers and ex-smokers had high levels of either 5-OHmMU
excretion or Isopka excretion, but not both. We conclude that 5-OHmU and Isep&re more discriminating of
oxidative stress from tobacco smoke than the other two compounds measured. Whether characteristic patterns of
excretion of these indicators forecast differential disease risk should be explored in future research. © 2003 Elsevier
Inc.

K eywor ds—Isoprostanes, Oxidative stress, Smoking, Nucleic acids, Free radicals

INTRODUCTION products of oxidative damage to purine and pyrimidine

The progressive accumulation of unrepaired free radical bases excreted in urine [6,7]. Similarly, rates of lipid

damage over time is believed to be a major contributor to peroxidation appear to be related to excretion of F

. . isoprostanes, which are endproducts of the nonenzymatic
the aging process [1,2] and t.o a variety of age—relate.d oxidation of arachidonic acid residues [8,9]. Levels of
chronic diseases [3]. Generation of most free radicals is both DNA damage products [10] and 8-epi prostaglandin
a “side effect” of normal metabolic processes, especially F,a (IsopFa), one of the best-studied,fsoprostanes
mitochondrial production of reactive oxygen species [121] vary ?:or;si derably among healthyzhuman subjects
(ROS), including .supero>§idg anion, hydrogen peroxide, [7]. 'Based on prior studies, it appears that a variety of
and hydroxyl radical, coincident to oxidative metabo- factors, including smoking, oxygen consumption, and

lism. ROS damage proteins, lipid membranes, and nu- inflammatory disease, modulate oxidative stress status,

EI;'; iﬂgithoTﬁ %ndczlll\lsA)R[:t,esl ;'chg:f" ;‘u;;rl]c;nzl to whereas diet, energy restriction and antioxidant supple-
P Ving : xidativ 9 {nents seem to have relatively little effect [6,12].

nucleic acids in vivo can be assessed by measurement o L .
y In one study [7], no significant correlation of Isopk

levels with levels of DNA damage products was ob-
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effects of candidate therapies designed to reduce oxida-
tive stress, it will be necessary to employ assays that
reflect ongoing rates of oxidative damage to al three
critical tissue components. In the study reported below,
we compared levels of three nucleic acid-damage ad-
ducts and IsopF,«, al measured by liquid chromatogra-
phy/tandem mass spectrometry (LC-MS/MS) in urine
samples from smokers, nonsmokers, and ex-smokers, as
indicators of oxidative stress status.

MATERIALS AND METHODS
Research subjects

Urine samples, mainly, but not exclusively, first-
morning voided urines, were obtained for measurement
of DNA and lipid damage adducts from 234 generally
healthy, community-dwelling men (n = 113) and women
(n = 121) of whom 80 were currently smoking at least 10
cigarettes per day (smokers), 96 had no history of smok-
ing tobacco (never-smokers), and 58 had previously
smoked, but denied tobacco use in the previous 3 years
(ex-smokers). Each group was approximately evenly di-
vided between men and women. The mean age (=SEM)
of al subjects was 47.6 = 0.8 (range, 19—80) years and
of smokers, ex-smokers, and nonsmokers, respectively
459 *= 1.4,50.0 = 1.7, and 47.4 = 1.3 (p = .18) years.
Measurements of |sopF,a were made on a subset (n =
214) of the above samples, 72 smokers, 54 ex-smokers,
and 88 never-smokers. Subjects were recruited from the
greater Phoenix community via advertisements. The re-
search protocol was approved by the Arizona State Uni-
versity Institutional Review Board and subjects gave
written informed consent to participate.

Analytical methodologies

Urine samples were aliquoted and stored at —20°C
until analysis. Urine creatinine was measured using stan-
dard clinica methodology on a Synchron Clinical Sys-
tem LX20 (Beckman Coulter, Fullerton, CA, USA).
Thawed samples were mixed for a few seconds on a
vortex shaker and centrifuged at 8000 X g for 3 min to
precipitate solids, and supernatants were separated and
analyzed as follows.

Determinations of nucleic acid damage adducts and
IsopF,a were carried out using LC-MS/MS on a system
consisting of three Shimadzu LC-10AD pumps, a Shi-
madzu degasser (Shimadzu Scientific Instruments, Co-
lumbia, MD, USA), and a Perkin Elmer autosampler
(Perkin Elmer LLC, Norwalk, CT, USA) directly inter-
faced with a triple-stage quadrupole mass spectrometer
(API2000, Applied Biosystems, Foster City, CA, USA)
equipped with a TurbolonSpray ionization source. Nitro-
gen was used as the collision gas. Different ionization

methods were used to measure oxidized nucleosides
(positive electrospray) and 8-iso-1sopF,a (negative elec-
trospray). The targeted compounds were measured under
multiple reaction-monitoring (MRM) mode. Instrument
control, data acquisition, and data analysis were carried
out with Analyst software (Applied Biosystem). A seven
point linear calibration curve was established for each
analysand using both internal and external standards over
arange of 0—60 ng/ml for nucleosides and 0—40 ng/ml
for IsopF,a. A seven level cdibration standard was run
at the beginning and the end of each set of unknown
samples. Two quality-control samples, made by spiking
standards into urine, were injected at the beginning, the
end, and after every 10 samples to monitor inter- and
intra-day assay accuracy and precision.

High-pressure liquid chromatography (HPLC) grade
organic solvents were purchased from Fisher Scientific
(Pittsburgh, PA, USA). 8-hydroxy-2’-deoxyguanosine
(8-OHdG),  5-hydroxymethyl-2'-deoxyuridine  (5-
OHmMU), and 8-hydroxyguanosine (8-OxoG) standards
were obtained from Berry & Associates, Inc. (Ann Ar-
bor, MI, USA). The isotope O |abeled 8-OHdG (O-
8-OHdG) was a gift from the Nationa Institutes of
Health (Bethesda, MD, USA). The IsopF,«, and isotope
labeled 8-iso-prostaglandin-d4 (IsopF,a-d4) standards
were purchased from Cayman Chemical Company (Ann
Arbor, MI, USA). Stock solutions of all standards were
prepared by dissolution in either water (for nucleosides)
or ethanol (for IsopF,«), aiquoted into small vials, and
stored at —70°C.

To determine oxidized nucleosides, al samples were
spiked with 4 ng of O'8-8-OHdG or 20 ng of Trifluoro-
deoxyribonucleoside in each 100 ul of urine supernatant
or calibration standard as internal standard. After gentle
mixing, 10 wl of standard or urine sample were injected
onto a YMC ODS-AQ column (2.0 X 50 mm, 3 um
particle size; Waters, Milford, MA, USA) with an iden-
tical guard column (2.0 X 10 mm, 3 um). Samples were
delivered at a flow rate of 200 ul/min with an injection
volume of 10 wl. The mobile phases consisted of 10 mM
ammonium acetate adjusted to pH 4.2 with formic acid
(A) and methanol (B). The HPLC separation was carried
out with a solvent gradient program of: 95% A at time 0,
alinear decreaseto 50% A at 6.0 min, hold for 30 s, drop
to 0% A within 30 s, then increase from 0 to 95% A
within 1 min. A switch valve was used to regul ate, so that
only the components eluted out between 2 and 7.5 min
were injected into the mass spectrometer. Thirty second
equilibration times were used for each sample and the
total HPLC running time was 8.5 min.

Under MRM detection mode, ion pairs of 284/168,
259/125, 300/168, and 286/170 were used to detect
8-OHdG, 5-OHmMU, 8-Ox0G, and O'8-8-OHdG, respec-
tively. Trifluoro-deoxyribonucleoside was also eval uated
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Table 1. Quality Control Determinations for Known Additions of
8-OHdG, 5-OHmU, and 8-OxoG Standards

8-OHdG 5-OHmMU 8-Ox0G
Urine unspiked
Measured (ng/ml) 35*+03 34+02 44+ 0.2
Urine spiked with 4
ng/ml
Measured (ng/ml) 74+03 72x02 8405
Recovery (%) 97.8 95.6 99.8
Urine spiked with
10 ng/ml
Measured (ng/ml) 13.0+ 0.3 13.0+ 0.9 141+ 09
Recovery (%) 95.8 97 97.6
Urine spiked with
20 ng/ml
Measured (ng/ml) 228+ 0.9 228+ 09 237+ 09
Recovery (%) 96.8 97.3 96.4

8-OHdG = 8-hydroxy-2’'-deoxyguanosine; 5-OHmU = 5-hydroxy-
methyl-2'-deoxyuridine; 8-OxoG = 8-hydroxyguanosine.

as a potential internal standard, due to the difficulty of
obtaining the isotope-labeled nucleosides. Unless other-
wise indicated, al of the test results were based on
O™-8-OHdG as internal standard. The mass spectrome-
ter was optimized in the MRM mode by diffusing 2 mg/I
of each individual nucleoside standard solution.

Method detection limits, determined at the 3X the
signal-to-noise ratio obtained using standard solutions
containing 0.1-15 ng/ml of each targeted nucleosides,
were 0.8, 0.5, and 0.7 ng/ml for 8-OHdG, 5-OHmMU, and
8-Ox0G, respectively. The assays were linear over the
range of 10 pg to 1 ng for each nucleoside. The accuracy
and reproducibility of the procedure were estimated by
spiking urine samples with three levels of nucleoside
standards: 2, 10, and 20 ng/ml. Table 1 shows means and
standard deviations of independent measurements of
each of the three nucleosides performed on unspiked and
each spiked urine sample on 3 different days. Recoveries
were consistently in excess of 96% and coefficients of
variance (CV) ranged from 2% to 9% with average CVs
for unspiked, low-, mid-, and high-dose spiked urines of
6%, 4%, 5%, and 4% respectively.

We determined |sopF,a according to our previously
published method [13]. Briefly, 1ml of urine supernatant
was transferred into a glass tube, spiked with 10 ng of
internal standard (8-iso-1sopF,a-d4), and diluted with 1
ml of deionized (DI) water. Samples were purified
through a C18 solid phase extraction (SPE) cartridge on
an automated SPE workstation (RapidTrace; Zymark,
Hopkinton, MA, USA). Varian's Bond Elut C18 car-
tridges (3 cc/500 mg; Varian, Harbor City, CA, USA)
were solvated with 5 ml of ethanol and equilibrated with
5 ml of DI water. Samples were loaded and washed
sequentialy with 5 ml of water, 5 ml of ethanol:water
(5:95 v/v), and 1 ml of hexane and eluted with 2 ml of
ethyl acetate. The eluent was evaporated to dryness un-

der a steam of nitrogen gas and reconstituted in 50 ul of
acetonitrile:water (20:80 v/v) solution.

Ten microliters of reconstituted sample was injected
onto the same HPLC column as above. Mobile phases
were methanol:acetonitrile (5:95 v/v) (A) and 2 mM
ammonium acetate (B). HPL C separation was carried out
with a solvent gradient program of: 15% A at time O, a
linear increase to 70% A at 6 min, a linear increase to
100% A at 8 min, then a linear decrease from 100% to
15% A within 1 min. The ion pairs of m/z 353/193 and
m/z 357/197, were used to monitor 1sopF,«, and | SopF,a
-d4, respectively.

Satigtical analyses

Raw data were compiled in a Statview 5.0 for Macin-
tosh (SAS Ingtitute, Cary, NC, USA) database. Means,
standard deviations, and ranges were cal culated and anal -
yses of covariance and regression analyses were per-
formed using Statview 5.0 routines. Because distribution
analyses revealed that values for all four measures were
log-normally distributed, analyses of variance to explore
effects of smoking status and sex were conducted on
log-transformed data. Mean levels of each of the analytes
in each of three groups were compared by analysis of
variance (ANOVA) with post-hoc three-way compari-
sons by the Bonferroni-Dunn test, correcting for multiple
comparisons. In addition we employed linear regression
analyses with correlation coefficients (Pearson’sr) and p
values for significance of slope to assess effects of age
and the covariance of each of the separate analytes with
one another in al subjects pooled and within groups,
defined as above. Finadly, distributions of subjects by
group into =90th percentile and <90th percentile cate-
gories for 5-OHmMU and IsopF,a excretion were tested
for significance by the x? procedure.

RESULTS

Effects of age and sex

Comparisons of values (mean = SEM) for each of the
oxidative stress indicators in men vs. women revealed
that only IsopF,a excretion was significantly different,
being higher in women than in men (0.92 = 0.07 vs. 0.62
+ 0.05 pg/g creatinineg; p = .0004). When smoking
groups were compared separately, the sex difference in
IsopF,a persisted in the smokers (p = .01) and the
never-smokers (p = .0005) but did not reach statistical
significance in the ex-smokers (p = .11). The excretion
of 5-OHmMU was also significantly greater in women vs.
men in the never-smoker group (0.96 + 0.02 vs. 0.85 =
0.02 ng/g creatining; p = .0006). There were no signif-
icant sex differences for 8-OHdG or 8-OxoG.
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Table 2. Comparisons of Urinary Excretion of Three DNA Oxidative Damage
Adducts in Smokers, Ex-smokers, and Nonsmokers Measured by LC-MSMS

Assay 8-OHdG 5-OHmU 8-Ox0G
Groups () (nglg Cr) (ng/g Cr) (ng/g Cr)
Smokers 80 6.9+ 0.3 135+ 0.7*" 99+ 06
Ex-Smokers 58 6.6 = 0.6 11.3 = 1.0* 9.3+0.8
Never-smokers 96 6.3+0.2 87+03 84+05

LC-MS/MS = liquid chromatography/tandem mass spectrometry.

* p < .0001 vs. Never-smokers.
Tp < .003 vs. Ex-smokers.
*p = .014 vs. Never-smokers.

Linear regression of each of the measures against age
revedled that both 8-OHdG (r = 0.141, p = .03) and
8-Ox0oG (r = 0.153, p = .02) excretion tended to in-
crease with age in all subjects considered together. Uri-
nary excretion of 5-OHmMU and I sopF,« did not appear to
be affected by age. When smoking groups were com-
pared separately, there were significant increases with
age in 8-OHdG only in smokers (r = 0.337, p = .01),
and in 8-OxoG only in ex-smokers (r = 0.294, p = .025),
but nonsignificant trends in smokers for 8-OxoG (p =
.13) and ex-smokers for 8-OHdG (p = .07).

Effects of smoking history

Mean values in each smoking group for each of the
three DNA damage adducts are shown in Table 2. Ex-
smokers had levels of 8-OHdG intermediate between,
but not significantly different from, those of current
smokers (p = .75) and never-smokers (p = .63). Com-
pared with smokers, never-smokers had lower levels of
8-OHdG, but not significantly so (p = .13). All compar-
isons were nonsignificant when sexes were anayzed
separately (data not shown). Levels of 5-OHMU were
highest in current smokers, intermediate in ex-smokers,
and lowest in never-smokers. Smokers differed signifi-
cantly from never-smokers (p < .0001) and from ex-
smokers (p = .003), and ex-smokers differed signifi-
cantly from never-smokers (p = .014). All group
differences for 5-OHMU remained significant among
smoking groups in men considered separately, but in
women only never-smokers and current smokers differed
significantly (0.96 = 0.02 vs. 1.12 = 0.04 wg/g creati-

nine, p = .0007). Urinary 8-OxoG was somewhat higher
in smokers than in never-smokers, with ex-smokers
again having intermediate values, but values for this
adduct did not differ significantly among the three
groups pooled or in men and women considered sepa-
rately (data not shown).

Urinary IsopF,a levels in the smokers, ex-smokers,
and never-smokers were, respectively, 1.10 = 0.10, 0.74
+ 0.07, and 0.51 = 0.04 ng/g creatinine. By three-way
ANOVA for IsopF,a, smokers differed from never-
smokers (p < .0001) and ex-smokers (p = .006), which
latter groups also differed from one another (p = .002).
Comparing smoking groups by sex, differences between
male ex-smokers and current smokers were no longer
statistically significant (0.58 = 0.07 vs. 0.91 = 0.10ug/g
creatinine, p = .05, not significant after Bonferroni-Dunn
correction), whereas female ex-smokers somewhat
higher levels of IsopF,« excretion, did not differ signif-
icantly from never-smokers (0.88 = 0.12 vs. 0.65 =
0.06u0/g creatinine, p = .10).

Interrelationships of different measures

Results of linear regression analyses relating each of
the indicators of oxidative damage with each of the
others in all subjects pooled are shown as a correlation
matrix in Table 3. There were significant positive rela-
tionships of 8-OHAG with 5-OHmMU (Fig. 1A), 8-Ox0G,
and IsopF,a (Fig. 2A). Levels of 5-OHmMU also corre-
lated both with 8-OxoG (Fig. 1B) and IsopF,« (Fig. 2B)
However, 8-OxoG did not co-vary significantly with
| sopF,a.

Table 3. Correlation Matrix: r and p Values for Urinary Nucleic Acid Damage
Adducts and |soprostane F,a

Measurement 8-OHdG 5-OHmU 8-Ox0G
5-OHmU 0.508 (p < .0001)

8-Ox0G 0.374 (p < .0001) 0.493 (p < .0001)

| sopF,a 0.232 (p = .0006) 0.355 (p < .0001) 0.097 (p = .16)

8-OHdG = 8-hydroxy-2'-deoxyguanosine; 5-OHmMU = 5-hydroxymethyl-2’-deoxyuri-

dine; 8-Ox0G = 8-hydroxyguanosine.
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Fig. 1. Bivariate plots and linear regression analyses of levels of 8-hydroxy-2’-deoxyguanosine (8-OHdG) (panel A) and 8-hydrox-
yguanosine 80xoG (8-Ox0G) (panel B) vs. 5-hydroxymethyl-2’-deoxyuridine (5-OHmU) in random urine samples from smokers,
never-smokers, and ex-smokers. Levels of 8-OHdG and 80xoG correlate significantly with those of 5-OHmMU.

Because 5-OHmMU and IsopF,« discriminated best
among smoking groups and 5-OHmMU was more strongly
correlated with 1sopF,a than were the other two nucleic
acid adducts, we examined their relationships more
closely. As can be seenin Fig. 2B, subjects with the very
highest levels of 1sopF,a (90th percentile = >1.55 ugl/g
creatinine) and those with the highest levels of 5-OHMU
(90th percentile = >18.4 ug/g creatinine) were predom-
inantly smokers. Of the 37 subjectsin the 90th percentile
for excretion of either 5-OHMU or IsopF,a, 26 were
smokers, 8 were ex-smokers, and 3 were never-smokers
(p < .0001). However, only 6 (16%) were excreting high
levels of both compounds, which is about half the num-
ber (12.5) of subjects expected if high excretion of both
compounds were distributed at random (p < .001). Thus,
of subjects with the highest 5-OHmU excretion, most
(73%) did not have high IsopF,a and of subjects with the
highest I sopF,a excretion, most (71%) did not have high
5-OHmMU.

DISCUSSION

A continualy growing body of data implicates damage
to cdlls, tissues, and extracellular components by ROS and
RNS in the pathogenesis of avariety of chronic age-related
diseases including cardiovascular disease (CVD) [14]; can-
cers[15,16]; neurological diseases, such as Parkinson's[17]
and Alzheimer's [18,19] diseases; diabetes [20]; and the
aging process itsdlf [1,2]. Epidemiologic evidence suggests
that diets high in antioxidants may decrease incidence of
cancer [21] and CVD [22], but trids of antioxidant supple-
ments have largely been disgppointing in this regard
[23,24]. It is the authors contention that candidate antiox-
idant interventions aimed a reducing rates of CVD or
cancer should undergo preliminary evaluation to determine
if they actually reduce rates of oxidative damage in humans.
As discussed by Haliwell [21], such evauations should
employ multiple measures of oxidative damage to different
tissue components (nucleic acids, lipid, and protein), in
order to give a more complete profile of antioxidant action.
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Fig. 2. Bivariate plots and linear regression analyses of levels of the DNA damage adducts, 8-hydroxy-2’-deoxyguanosine (8-OHdG)
(panel A) and 5-hydroxymethyl-2'-deoxyuridine (5-OHmU) (panel B) vs. 8-iso-prostaglandin F,« 8-epi prostaglandin F,a (IsopF,a)
in random urine samples from smokers, never-smokers, and ex-smokers. Levels of both 5-OHmMU and 8-OHdG correlate significantly

with those of 1sopF,a.

It isalso possible that pathogenesis of different diseaseswill
be characterized by different patterns of oxidative damage.
To assessthis possibility, we applied new methods, utilizing
high-throughput LC-MSMS to examine levels of three
markers of nucleic acid oxidative damage, 8-OHdG,
5-OHmU, and 8-Ox0G, and the isoprostane, 1sopF,a [13]
in stored urine samples obtained from patients currently
smoking, patients who had never smoked, and patients with
variable smoking histories, but no tobacco use for at least
the previous 3 years.

A variety of studies [25,26] have shown cigarette
smoking to be associated with increased oxidative
damage to DNA and lipid in cells and tissues. Mech-
anisms of oxidative damage due to smoking may in-
clude an increase in metabolic rate and hence en-
hanced mitochondrial ROS production [25] and also
the direct actions of a variety of active oxidants and
pro-oxidants present in tobacco smoke [27]. In addi-
tion, smoking activates inflammatory/immune cells

[28] such as monocytes, which have been shown to
produce ROS that may contribute to local oxidation of
lipids, lipoproteins, and cell membranes [29]. Thus,
smokers provide a useful model for evaluating and
validating methods for quantification of oxidative
stress. Moreover, it is likely that oxidative damage
from smoking is an important mediator of smoking-
related diseases. For example, cigarette smoking is a
major risk factor for CVD of the same order as ele-
vated low-density lipoprotein (LDL) cholesterol [30]
and C-reactive protein [31]. One probable mechanism
by which smoking increases cardiovascular risk is by
increasing oxidation of LDL cholesterol [32], which
promotes scavenging uptake of oxidized LDL particles
by macrophages and accelerates atherogenesis [33].
Cigarette smoking is also known to be a strong risk
factor for lung and other cancers [34]. Because muta-
tions resulting from oxidative damage to DNA are
believed to play an important role in carcinogenesis



Smoking and damage product excretion 1307

[25], oxidative stress produced by smoking is amost cer-
tainly a criticd link between tobacco use and cancer risk.

Determination of urinary excretion of 8-OHdG has long
been the “gold standard” assay for estimating rates of ran-
dom oxidative damage to DNA in intact organisms because
this adduct is formed in relatively large quantities in vivo
[35], is excised from DNA by excision repair, and excreted
unchanged in the urine [36]. Various nucleic acid damage
adducts, including 8-OHdG [6,7] and 5-OHmU [37], have
been shown to be elevated in conditions related to high
oxidative stress. The production of 5-OHmMU may have
particular relevance to carcinogenesis, as studies have
found elevated titers of autoantibodies to this DNA oxida
tion product in patients with lung [38] and other [39]
cancers. Most prior studies measuring urinary or plasma
nucleic acid damage adducts as indicators of oxidative
stress status have not included 5-OHMU because the re-
quired derivatization step in the standard gas chromatogra-
phy/M S method degrades this compound. Our LC-MSMS
method does not require derivatization, so that we were able
to quantify 5-OHmU without difficulty.

The F,-isoprostanes are formed in lipid membranes
and particles by spontaneous oxidation of arachidonic
acid and the urinary excretion rates of isoprostanes have
been shown to be related to levels of oxidative stress and
lipid peroxidation in various states of health and disease
[40,41], including cigarette smoking [42]. In the current
study, smokers had higher urinary levels of 8-OHdG,
8-Ox0G, 5-OHmMU, and |sopF,«a than never-smokers, but
only 5-OHmU and IsopF,«, differed significantly. The
8-OHdG, 8-Ox0G, 5-OHmU and IsopF,a values were
intermediate in ex-smokers, but again, only the latter two
compounds differed significantly (from both smokers
and never-smokers). In prior studies examining urinary
excretion of nucleic acid oxidative damage markers[42],
smokers excreted 35% to 50% more 8-OHdG than did
nonsmokers, results inconsistent with the 9% difference
we observed. In a longitudinal study of smoking cessa-
tion [43], urinary 8-OHdG excretion decreased by ap-
proximately 16% during the first 4 weeks of abstinence,
and then remained stable up to 26 weeks later. In the
latter study, 8-OHdG excretion levels remained higher in
ex-smokers than those previously reported for never-
smokers, a result consistent with findings in the current
study. We estimated values for microgram 8-OHdG ex-
creted per gram creatinine in prior studies, in which total
or per kilogram body weight 24-h excretion was re-
ported, by assuming a body weight of 70 kg and 1.5 g/d
of creatinine excretion per 24 h. Estimates range from
4.5[42] to 6.2 [43] wg/g creatinine in smokers, valuesin
the same range as the 6.9 ug/g creatinine we observed in
the current study. However, as noted above, correspond-
ing levels (3.0 and 4.0 ug/g creatinine, respectively)
were lower in the non- or ex-smokersin the prior studies.

Our observation that IsopF,a excretion per gram of
creatinine was 33% greater in female than in male smokers
and ex-smokers probably reflects greater relative lipid oxi-
dation and alower creatinine denominator in women due to
their higher percent body fat and lesser lean body (muscle)
mass. It has been previoudy observed that isoprostane ex-
cretion is greater in women [44] and positively associated
with body mass index in both sexes [45]. We measured
greater concentrations of urinary creatinine in men than
women (138 * 6 vs. 111 = 6 mg/ml) and found that
absolute concentrations of |sopF,a per milliliter of urine,
athough ill lower in men than in women (79 * 6.8 vs.
102 = 12.0 ug/ml) were no longer significantly so (p =
.09). Alternatively this finding may indicate greater suscep-
tibility of lipid to oxidation during smoking in women. It is
also possible, but less likely, that the observed difference
was produced by differential smoking behavior between the
sexes. Further research comparing measured body compo-
sition to IsopF,a excretion and quantifying cigarette con-
sumption may help clarify this relationship.

We found urinary IsopF,a levels to be about 50%
higher in smokers than in nonsmokers, with intermediate
levels observed in former smokers. In one previous study
[46], IsopF,a levels were more than 2-fold higher in
urine of smokersthan in age- and sex-matched nonsmok-
ers. Smoking cessation led to a rapid decrease in both
urinary and plasma IsopF,a, with urinary IsopF,a de-
creasing to a plateau, after 14-21 days at levels still
somewhat, but not significantly, higher than those of
nonsmokers. In a similar study [47] urinary |sopF,a
excretion was also about 2-fold higher in smokers than
nonsmokers with a dose-response relationship in the
smokers between urinary 1sopF,a levels and number of
cigarettes smoked. Smoking cessation for 3 weeks pro-
duced a decrease but |sopF,a level remained consider-
ably greater than that measured in nonsmokers.

In contrast with a prior study [7], we found significant
correlations, not only of rate of excretion of nucleic acid
adducts with one another, but aso of 8-OHdG and
5-OHmMU with IsopF,a. Of the DNA damage adducts
measured, 5-OHmMU correlated most strongly with levels
of IsopF,a, which relationship was strongest in smokers,
present in ex-smokers, but not observed in never-smok-
ers. These correlations suggest that the compounds mea-
sured do indicate overall oxidative stress status.

The observation that excretion of oxidative damage
markers was higher in ex-smokers than in never-smokers
could be explained by a continuing higher level of on-
going oxidative stress in former smokers due to long-
term chronic damage to cells and tissues in the lungs and
elsewhere, possibly to ongoing inflammatory processes
(e.g., chronic bronchitis). It has been reported that in-
flammatory markers remained elevated up to 1 year after
smoking cessation [48], possibly due to persistence of
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residual infection in the bronchial tree [49], and inflam-
mation is itself a source of increased ROS production
[50]. A second possible explanation is persistence of
certain damage products in tissue for long periods of
time, due to less-efficient recognition and removal by
repair systems. The former explanation is more likely to
explain the higher IsopF,a levels we observed in ex-
smokers, whereas the |latter mechanism could be respon-
sible for the higher levels of 8-OHAG excretion in this
group. Consistent with the latter hypothesisis our obser-
vation that 8-OHdG and 8-OxoG excretion tended to
increase with age in smokers and ex-smokers, suggesting
that these damage products may persist and accumulate,
but remain subject to recognition and removal by repair
mechanisms. Also consistent with this concept is the
finding by Asami et al. [26] that higher levels of 8-OHdG
are found in DNA extracted from the lungs of ex-smok-
ers compared with nonsmokers.

Limitations of the current study include its lack of
longitudinal data, and incomplete information on smok-
ing history of the patients whose samples we examined.
Nonetheless, our results suggest that urinary excretion of
5-OHMU and IsopF,«a reflect current oxidative stress
status better than that of 8-OHdG or 8-OxoG. Thus, the
former two markers may prove more useful as indicators
of acute response to candidate antioxidant interventions.
The finding that 8-OHdG and 8-OxoG excretion in-
creased progressively with age in smokers suggests that
these markers may be better indicators of long-term
cumulative DNA damage and could be utilized to assess
persisting residual damage or damage history. Future
research should assess relationships of these markers in
states of oxidative stress other than cigarette smoking.

In summary, novel aspects of the present study in-
clude: the use of high-throughput LC tandem MS to
measure urinary excretion of three different nucleic acid
damage adducts and an isoprostane in the same human
subjects, providing simultaneous assessment of two dif-
ferent classes of oxidative stress, the finding that
5-OHmMU discriminates better between smokers and non-
smokers than 8-OHdG or 8-OxoG; and the observation
that smokers and ex-smokers can be divided into those
with high 5-OHmMU excretion or high |sopF,a excretion,
with relatively few excreting the highest levels of both
indicators. This latter result suggests that smoking pro-
duces different patterns of oxidative stress in different
individuals. Whether these differences are related to ge-
netic factors mediating endogenous antioxidant protec-
tive mechanisms, differences in diet and antioxidant in-
take, or both, and, perhaps more important, whether
these patterns may indicate differential disease risks,
with high 5-OHmU predicting cancer and high IsopF,a
forecasting cardiovascular disease, should be the subjects
of future research.
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ABBREVIATIONS

CVD—cardiovascular disease

| sopF,a— 8-iso-prostaglandin F,a 8-epi prostaglandin
Fa

LC-MS/MS—Iiquid chromatography/tandem mass spec-
trometry

8-OHdG— 8-hydroxy-2'-deoxyguanosine

5-OHMU—>5-hydroxymethyl-2’'-deoxyuridine

8-Ox0G—8-hydroxyguanosine

RNS—reactive nitrogen species

ROS—reactive oxygen species
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