
Chemico-Biological Interactions 153–154 (2005) 85–95

Biomarkers of benzene: Urinary metabolites in relation to
individual genotype and personal exposure

Qingshan Qua,∗, Roy Shorea, Guilan Lib, Lin Sua, Ximei Jina, Asseih A. Melikianc,
Nirmal Roya, Lung Chi Chena, Isaac Wirgina, Beverly Cohena, Songnian Yinb,

Yuying Li d, Ruidong Mud

a Nelson Institute of Environmental Medicine, New York University School of Medicine, USA
b Institute of Occupational Medicine, Chinese Center for Disease Control and Prevention, China

c Institute for Cancer Prevention, USA
d Tianjin Institute of Occupational Medicine, China

Available online 8 April 2005

Abstract

This report is part of an extensive biomarker study conducted in a Chinese occupational population with benzene exposures
ranging from 0.06 to 122 ppm (median exposure of 3.2 ppm). All urinary benzene metabolites measured in this study were
significantly elevated after exposure to benzene at or above 5 ppm. Among these metabolites, however, onlyS-phenylmercapturic
acid (S-PMA) andtrans,trans-muconic acid (t,t-MA) showed a significant exposure-response trend over the exposure range from
0 to 1 ppm (forS-PMA, p< 0.0001 and fort,t-MA, p= 0.006). For benzene exposure monitoring, bothS-PMA andt,t-MA were
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judged to be good and sensitive markers, which detected benzene exposure at around 0.1 and 1 ppm, respectively. Pol
of the metabolic genes, including CYP2E1, quinone oxidoreductase (NQO1), GSTT1, and myeloperoxidase (MP
identified and did not show significant effects on the formation of metabolites, except GSTT1 onS-PMA. The production
rate ofS-PMA from benzene in exposed workers with GSTT1 null alleles (24.72± 32.48�g/g creatinine/ppm benzene) w
significantly lower than that in subjects with the wild type of GSTT1 (59.84± 47.66�g/g creatinine/ppm benzene,p< 0.0001).
Further regression analysis ofS-PMA production rate on GSTT1 genotype with adjustment of sex, age, benzene exposu
cotinine levels indicated that the genotype of GSTT1 plays a critical role in determining the inter-individual variations ofS-PMA

formation from benzene exposure. Therefore, the individual genotype of GSTT1 needs to be identified and considered while
usingS-PMA as a marker to estimate the personal exposure levels of benzene in future population studies.
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1. Introduction

There is an increasing public concern about envi-
ronmental exposure to ambient levels of benzene since
it is among the components of mobile source emis-
sions identified in the USA Clean Air Act Amend-
ments of 1990 as toxic air pollutants that need to be
reduced. At the present time, however, the risk assess-
ment for benzene has been focused mainly on envi-
ronmental exposure itself and has not adequately ac-
counted for interindividual variation in human suscep-
tibility to benzene induced adverse health effects. Re-
cently, the National Institute of Environmental Health
Sciences launched the Environmental Genome Project
to focus research on understanding the roles of en-
vironmental responsive genes on human susceptibil-
ity to environmental agents[1]. One of its most in-
teresting areas is the polymorphism of genes encod-
ing for metabolism of toxicants. It is now clear that
polymorphisms of the metabolic genes may result in
significant variations in the enzymatic activities and
may cause individuals to possess minimal (or, for cer-
tain polymorphisms, excess) levels of the enzyme ac-
tivity as compared to the majority of people. These
individuals when exposed to certain environmental
agents may experience a pathologic response at ex-
posure levels that do not affect the general popu-
lation as a result of the variations in their enzyme
activities.

In the past few years, a number of studies have
b ene
p id-
u toxi-
c own
a tiga-
t ed in
b ulti-
l on
t hi-
n ex-
p fur-
t m-
p in-
c ne
o ribe
h ract
w ary
m

2. Materials and methods

2.1. Subject recruitment, benzene exposure, and
sample collections

A total of 181 subjects, including 130 exposed
and 51 unexposed workers, were recruited based on a
three-step procedure from Chinese occupational pop-
ulations as described previously[8]. Briefly, all ex-
posed workers in participating factories were inter-
viewed by our research staff according to a carefully
designed questionnaire. The information provided by
the workers was then given to the personnel officers
of the plants for review and confirmation. Workers
with at least a 3-year exposure history, who had no
known diseases and were not currently taking medica-
tion, were then given physical examinations and labo-
ratory tests for liver function and urinary protein lev-
els. Subjects with any diagnosed diseases, especially
abnormal liver function and unusual high protein lev-
els in urine were excluded from further consideration.
Those workers who passed the physical examination
and laboratory tests were then monitored with 3M or-
ganic vapor monitor 3500 for their personal exposures
to benzene, toluene, and xylene once a week for at
least three times. The monitors were analyzed by gas
chromatography for benzene, toluene, and xylene ac-
cording to NIOSH standard procedure[9]. The aver-
age personal exposure levels of the three monitoring
were used as criteria to make final recruitment. The
u ency
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een conducted to examine the roles that g
olymorphisms may play in determining indiv
al susceptibility to benzene associated hemato
ity [2–7]. However, discrepancies have been sh
mong the studies suggesting that further inves

ions for gene–environment interactions are need
enzene population studies. Most recently, a m

aboratory collaboration was conducted focusing
he validation of benzene biomarkers in a C
ese population with a broad range of benzene
osures. To extend this biomarker study, we

her isolated DNA from each individual blood sa
le for identifying the polymorphisms of genes,
luding CYP2E1, myeloperoxidase (MPO), quino
xidoreductase (NQO1), and GSTT1. We desc
ere in this report how gene polymorphisms inte
ith benzene exposures in the formation of urin
etabolites.
nexposed subjects were recruited through frequ
atching by age, sex, smoking and drinking histo
ll recruited study subjects were informed of the na
f the study, the potential benefits and risks. Inform
onsent was obtained from each subject before s
articipation.

After recruitment, all subjects were first asked
rovide about 50 ml of urine in the morning b

ore starting their work and then monitored for
osures with 3 M vapor monitor 3500 during
orkshift. They were asked to provide urine sa
les again at the end of workshift. All urine sa
les were stored at−20◦C until packed in dry

ce and shipped to the United States for an
es of benzene metabolites in urine. The urin
etabolites reported in this paper are levels

ained in the samples collected at the end of w
hift.
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Because the daily ambient exposure levels to ben-
zene, toluene, and xylene were less variable compared
with occupational exposure, the participating unex-
posed subjects were monitored only once on the day
of biological sample collection.

2.2. Measurements of benzene metabolites

Three urinary metabolites,S-phenylmercapturic
acid (S-PMA), trans,trans-muconic acid (t,t-MA), and
phenol were determined in all urine samples collected
in this study.
S-PMA andt,t-MA were simultaneously measured

by LC-ES–MS/MS according to the method developed
originally by Melikian et al.[10]. The detailed descrip-
tion and results were reported elsewhere[11,12]. Phe-
nol in urine was determined by GS/MS as previously
described in our biomarker validation study[11].

2.3. Determination of creatinine and cotinine

Urinary creatinine was determined to provide a point
of reference for adjusting the concentration of analytes
in urine samples due to variations in liquid uptake be-
tween subjects. Creatinine was determined with a Ko-
dak Ektachem 500 Computer-Directed Analyzer. Co-
tinine, one of the major metabolites of nicotine, was
selected as an indicator of smoking status for the study
subjects and was quantified by radioimmunoassay at
the American Health Foundation’s Clinical Biochem-
i
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based methods. All PCR reactions were carried out
in a final volume of 50�l. The reaction buffer con-
tained 10 mM Tris–Cl (pH 8.8), 1.5 mM MgCl2, 50 mM
KCl, 0.1% (v/v) Triton X-100 with each primer at
0.25�M, nucleotides at 0.2 mM, and Taq polymerase
(1 unit/50�l reaction).

The method developed by Hayashi et al.[13] was
used to identify genotypes ofCYP2E1using RsaI
digestion. In brief, the two primers that were used
to amplify 5′ flanking region (−1408 to−996) are
(a) 5′-CCAGTCGAGTCTACATTGTCA-3′ and (b) 5′-
TTCATTCTGTCTTCTAACTGG-3′. The PCR condi-
tions were 35 cycles of 1 min at 95◦C, 2 min at 45◦C
and 2 min at 70◦C. 20�l of each sample was digested
with 10 units ofRsaI, electrophoresed on agarose gels,
and DNA bands were visualized by ethidium bromide
staining. Homozygous wild types showed a 360 bp
fragment, whereas variants showed a 410 bp fragment.
Heterozygous individuals had both bands.

The method described by Kim et al.[14] was
used to determine theCYP2E1 genotypes using
DraI digestion. The primers used for PCR are
5′-TCGTCAGTTCCTGAAAGCAGG-3′; and 5′-
GAGCTCTGATGCAAGTATCGCA-3′. Amplified
products were digested and electrophoresed on agarose
gels. Bands were visualized by ethidium bromide
staining. Homozygous wildtype showed 572, 302,
121 bp fragments and the variant showed 874 and
121 bp fragments. Heterozygous individuals, on the
other hand, showed all four fragments.
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.4. Identification of gene polymorphisms

.4.1. DNA isolation
Approximately 5 ml of frozen cells was first resu

ended with equal volume of TBS (20 mM Tris–
t pH 7.5, 150 mM NaCl). Then the genomic DN
as prepared using the DNA isolation kit (Boehrin
annheim) according to manufacturer’s instructio
he isolated DNA was resuspended in TE (10 m
ris–Cl at pH 7.5, 1 mM EDTA) for later use. The co
entration and purity of the DNA samples was de
ined spectrophotometrically at 260 and 280 nm.

.4.2. CYP2E1 polymorphism
The identification of the twoCYP2E1polymor-

hisms,RsaI and DraI, was conducted using PC
.4.3. NQO1 polymorphism
The identification of609C→ T in this study was con

ucted using an RFLP assay[15]. Briefly, the sens
5′-TCCTCAGAGTGGCATTCTGC-3′) and antisens
5′-TCTCCTCATCCTGTACCTCT-3′) primers were
sed to amplify a 211 bp region, which includes the
even bases of intron 5 and the first 204 bases of ex
he PCR products generated were then digested
6 units ofHinfI for 5 h at 37◦C, separated on a 1.5
garose gel and visualized by staining with ethid
romide. A C to T point mutation at position 609

he cDNA produced 151 and 44 bp products, whe
ild type alleles showed only a 195 bp band.

.4.4. Identification of Sp/N alleles of MPO
Genomic DNA sequence comprising nucleo

ositions −237 to −581 in the promoter re
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gion was amplified according to the method de-
scribed by London et al.[16]. Briefly, amplification
was carried out using forward primer MPOF (5′-
CGGTATAGGCACACAATGGTGAG-3′) and reverse
primer MPOR (5′-GCAATGGTTCAAGCGATTCT-
TC-3′). PCR was performed with 20 ng of genomic
DNA in a 50�l reaction mixture containing 1�M of
each of the primers, 200�M of each of the dNTPs,
5�l of 10× PCR buffer and 1 unit of Taq DNA poly-
merase (Boehringer Mannheim). Cycling conditions
were 95◦C for 5 min, followed by 35 cycles at 95◦C for
1 min, 56◦C for 1 min, and 72◦C for 1 min with a final
cycle at 72◦C for 7 min. A 10�l aliquot was digested
with 20 units ofAciI restriction enzyme (Life technolo-
gies, Inc.,) according to manufacturer’s instructions in
a total volume of 25�l. The restriction fragments was
separated on agarose gels and visualized by ethidium
bromide staining.

The G/A polymorphism at position−463 in the pro-
moter region of theMPO gene destroys (A allele) or
creates (G allele) anAciI restriction site within the
350 bp amplified fragment. The three possible geno-
types were defined by three distinct banding patterns:
N/N (289 and 61bp fragments), Sp/N (289, 169, 120
and 61bp fragments) and Sp/Sp (169, 120, and 61 bp
fragments).

2.4.5. GSTT1 polymorphism
The genotyping of the blood samples for GSTT1

was carried out essentially as described by Nelson
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a positive control and generated a product of
312 bp.

2.5. Statistical analysis

Analyses were performed to examine whether there
were any differences in the mean values for urinary
benzene metabolites as a function of gene polymor-
phisms in the workers exposed to benzene. The urinary
benzene metabolite variables (S-PMA, t,t-MA and phe-
nol) were measured as continuous variables but proved
to be right-skewed. A logarithmic transformation was,
therefore, applied to these variables for analysis.

In order to evaluate whether exposed subjects man-
ifested more response to benzene exposure than ex-
pected as a function of having particular genotypes,
an initial analysis was performed using the levels of
urinary metabolites according to the genotypes of the
tested genes without considering the exposure levels
of benzene. Furthermore, multiple regression analyses
on genotypes were carried out for levels oft,t-MA, S-
PMA, and phenol at the end of a workshift. Essentially,
the rationale was to determine whether the variability
in response to a given exposure of benzene (after con-
trolling for other possible confounders) was associated
with the genotypes. The regression analyses were con-
ducted controlling for the potential confounder vari-
ables of sex, age, smoking (based on a combination
of self-report and cotinine level in urine), and benzene
exposure level.
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t al. [17] using PCR procedures. Briefly, PCR
00 ng of genomic DNA was carried out in 1× re-
ction buffer, 0.2 mM dNTPs, 1 unit of Taq DN
olymerase (Boehringer-Mannheim). Reaction m

ure was incubated at 94◦C for 5 min followed by
old at 80◦C at which time dNTPs were added. R
ctions were then kept for 40 cycles of 94◦C for
min, 63◦C for 1 min and 72◦C for 1 min, with a
nal incubation at 72◦C for 7 min. Two genes we
o-amplified in each tube, one GSTT1 using prim
f 5′-TTCCTTACTGGTCCTCACATCTC and 5′-
CACCGGATCATGGCCAGCA and the other CY
A1 using primers of 5′-GAACTGCCACTTCA-
CTGTCT and 5′-CAGCTGCATTTGGAAGTGCTC

18]. The amplified product from the GSTT
ene was 480 bp in length and its absence

he PCR product is indicative of the dele
enotype. Co-amplification of CYP1A1 served
. Results

.1. Urinary metabolites as biomarkers of low
evels of benzene exposure

S-PMA was found to correlate very well with pe
onal benzene exposures across a broad range
osures from 0.06 to 122 ppm. A clear-cut expos
esponse relationship between benzene exposur
-PMA was observed not only in the entire expo
roup (Fig. 1A) but also in the subgroup with be
ene exposure below 1 ppm (Fig. 1B). Further exami
ation indicated that the after-work levels ofS-PMA in
orkers exposed to benzene at concentrations b
.1 ppm were significantly higher than in unexpo
ubjects (Fig. 1B, p= 0.02).
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Fig. 1. Relationship between benzene exposure andS-PMA levels in urine.; With all study subjects (A) and subjects with exposure below 1 ppm
(B); (* ) compared with unexposed subjects,p= 0.02; (** ) exposure trend,p< 0.0001.

Similar toS-PMA, the levels oft,t-MA were highly
associated with exposure levels of benzene at a broad
range (Fig. 2A, r = 0.83, p< 0.0001). A significant
exposure-response trend was also observed in subjects
exposed to benzene below 1 ppm (Fig. 2B,p< 0.0001).
However, no significant difference int,t-MA was de-
tected between unexposed subjects and workers ex-
posed to benzene below 0.1 ppm (Fig. 2B).

Table 1displays the levels of biotransformation of
each ppm benzene to urinaryS-PMA andt,t-MA. The

Table 1
Efficiencies for biotransformation of benzene intot,t-MA and S-
PMAa

Mean± S.D. Median Range

t,t-MA 1.57 ± 1.38 1.11 0.03–6.98
S-PMA 43.65± 44.65 25.17 0.32–203.16

a t,t-MA expressed as mg/g creatinine/ppm benzene;S-PMA as
�g/g creatinine/ppm benzene.

Fig. 2. Relationship between benzene exposure and levels oft,t-MA in urine. With all study subjects (A) and subjects with exposure below
1 ppm (B); (* ) exposure trend,p< 0.0001.
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Table 2
Levels of urinary metabolites according to CYP2E1 genotypes (mean± S.D.)a

CYP2E1RsaIb CYP2E1DraIb

W/W W/V V/V W/W W/V V/V

t,t-MA (mg/g creatinine) 6.26± 6.77 6.17± 6.06 5.41± 6.52 6.77± 6.90 4.42± 4.71 5.42± 6.78
S-PMA (�g/g creatinine) 253.1± 672.0 380.7± 669.1 227.8± 372.4 300.0± 720.6 276.4± 549.7 199.7± 338.3
Phenol (mg/g creatinine) 34.3± 66.1 28.4± 37.8 11.36± 18.0 33.0± 66.3 23.0± 37.7 26.5± 59.8
Benzene exposure (ppm) 10.2± 15.5 10.5± 21.1 4.2± 5.0c 11.3± 19.3 4.0± 5.4d 9.1 ± 12.5

a Means and standard deviations reported are raw variables, but the statistical tests were performed on the log transformed data and showed
no significant difference.

b W/W (wild type), W/V (heterozygous), V/V (homozygous variant).
c Benzene exposure levels in subjects with homozygous variant alleles were significantly lower than that in subjects with either W/W or W/V

alleles (p< 0.01).
d Benzene exposure levels in subjects with W/V alleles were significantly lower than that in subjects with W/W alleles (p< 0.01).

metabolic efficiencies of benzene biotransformation
into urinaryS-PMA and t,t-MA varied greatly from
subject to subject ranging from 0.32 to 203.16�g/g
creatinine/ppm benzene and 0.03 to 6.98 mg/g creati-
nine/ppm benzene, respectively (Table 1).

3.2. Urinary metabolites in relation to individual
genotypes of metabolic genes

Due to the extremely low background frequency,
only one subject was identified to have homozygous
variant alleles of MPO. Therefore, genotype data of
MPO was not analyzed in relation to the formation of
urinary metabolites.

3.3. CYP2E1 polymorphisms and their relation to
the formation of urinary metabolites

The mean values of all urinary metabolites were
similar between subjects with wild type and homozy-
gous variant alleles of CYP2E1 (Table 2). The lack of
statistical difference might be due to the variations in
benzene exposure levels among subjects with different
genotypes as indicated inTable 2. To test this hypoth-
esis, stratifications need to be made according to ben-
zene exposure levels. However, because the number
of subjects with homozygous variant alleles is small
(about 10% of 130 exposed workers), we cannot make
any statistically meaningful stratification with benzene
exposure levels. In order to control for the potential
e s of
t with
c ok-
i was

no significant difference in the response of any urinary
metabolites with respect to CYP2E1 polymorphisms.

3.4. GSTT1 genotypes and its relation to the
formation of urinary metabolites

The results of initial data analysis were given in
Table 3. The mean level ofS-PMA in urine collected
after work was significantly lower in subjects with
GSTT1 null allele than in GSTT1 positive workers
(p< 0.001). Further analysis indicated that the effi-
ciency of the biotransformation of benzene intoS-PMA
(production rate per ppm benzene exposure) was much
lower in subjects with GSTT1 null alleles than that in
the workers with GSTT1 positive alleles (p< 0.0001,
Table 4). Furthermore, a multiple regression ofS-
PMA on GSTT1 genotype, with controlling for ben-
zene exposure, gender and smoking, were calculated
and showed that GSTT1 genotype and benzene ex-
posure levels were the key factors in determining the
biotransformation efficiency of benzene intoS-PMA
(Table 5).

Similar statistical analyses were conducted in re-
gard to the potential effects of GSTT1 genotype on the
production oft,t-MA and phenol. No differences in ei-
ther metabolite level or production rate were detected
between subjects with GSTT1 null and positive alleles.

3.5. NQO1 genotype and its relation to the
formation of urinary metabolites

ing
b o sig-
n be-
ffects of benzene exposure, multiple regression
he urinary metabolites on CYP2E1 genotypes,
ontrolling for benzene exposure, gender and sm
ng, were carried out. Results suggest that there
The preliminary data analysis without consider
enzene exposure levels revealed that there was n
ificant difference of urinary metabolite excretion
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Table 3
Levels of urinary metabolites according to GSTT1 and NQO1 genotypes (mean± S.D.)a

GSTT1 NQO1b

Null Positive W/W W/V V/V

t,t-MA (mg/g creatinine) 4.99± 5.37 7.16± 7.31 6.74± 7.23 6.23± 6.44 4.09± 4.38
S-PMA (�g/g creatinine) 237.6± 811.5 330.4± 469.5c 295.0± 453.5 294.9± 772.5 222.8± 252.6
Phenol (mg/g creatinine) 19.1± 28.3 39.6± 71.0 33.0± 66.3 23.0± 37.7 26.5± 59.8
Benzene exposure (ppm)d 7.5 ± 9.1 11.7± 20.6 12.1± 23.6 8.4± 11.8 10.3± 11.8

a Means and standard deviations reported are raw variables, but the statistical tests were performed on the log transformed data.
b W/W (wild type), W/V (heterozygous), V/V (homozygous variant).
c p< 0.001.
d No significant differences were detected in benzene exposure levels between groups of subjects with GSTT1 positive and null alleles or

among subjects with different NQO1 genotypes.

Table 4
Efficiencies of biotransformation into urinary metabolites according
to GSTT1 genotype (mean± S.D.)a

GSTT1 null GSTT1 positive

t,t-MA 1.51 ± 1.53 1.64± 1.27
S-PMA 24.72± 32.48 59.84± 47.66b

Phenol 6.96± 17.62 8.86± 18.05

a Urinary metabolites expressed as mg/g creatinine/ppm benzene,
exceptS-PMA as�g/g creatinine/ppm benzene.

b p< 0.0001 between subjects with GSTT1 positive and null alle-
les.

tween subjects with wild type alleles and workers with
variant alleles of NQO1 (Table 3). Multiple regression
analysis of urinary metabolites on NQO1 genotype, ad-
justed for sex, age, benzene exposure, and cotinine lev-
els, also failed to show any significant effects of NQO1
genotype on the production of the urinary metabolites
(data not shown).

4. Discussion

A number of studies indicated that the suscepti-
bility to benzene hematotoxicity is determined by the

Table 5
Multiple regression ofS-PMA on GSTT1 genotype controlling for
sex, age, benzene exposures and cotinine levels

Estimate Standard error T-value p-value

Intercept 63.9612 21.5039 2.9744 0.0035
Sex 1.5499 9.0186 0.1719 0.8638
Age −0.4039 0.5247 −0.7697 0.4430
Benzene −0.6860 0.2272 −3.0190 0.0031
GSTT1 −16.9932 3.8405 −4.4248 0.0000
Cotinine −0.0021 0.0033 −0.6316 0.5288

metabolism and processing of benzene in both the liver
and the bone marrow[19–22]. Following exposure,
benzene is metabolized in the body through a variety of
enzymatic systems, including CYP2E1, MPO, NQO1,
and GSTT1 as outlined inFig. 3 [19,23–25]. The re-
sulted metabolites may either react with the macro-
molecules in the target organ or be excreted primarily
through urine. Therefore, several urinary metabolites
of benzene have long been recognized and studied as
useful biomarkers of benzene exposure. In particular,
urinary t,t-MA and S-PMA have been demonstrated
to be sensitive markers for the most current benzene
exposure at low levels[12,26,27]. The main purpose
of this study is to investigate the potential role that
the polymorphisms of responsive genes may play in
benzene metabolism and excretion of metabolites from
urine.

4.1. CYP2E1 polymorphisms

A recent case-control study of benzene exposed
workers in China revealed a 2.6-fold increased risk
of benzene poisoning in workers with high CYP2E1
enzyme activity versus those with low activity. In con-
trast, the genotype of CYP2E1 did not influence the
risk of benzene poisoning suggesting that this allele
did not significantly affect enzyme activity or ben-
zene metabolism[2]. Similar findings were observed
in the most recent two studies conducted among bus
d tion
w lites
a ,
n und
i any
rivers and policemen, indicating that no associa
as found between excretion of urinary metabo
nd CYP2E1 polymorphism[28,29]. It is, therefore
ot surprising that CYP2E1 polymorphism was fo

n this study to have no influence on the levels of
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Fig. 3. Benzene: metabolic pathways and toxicity.

observed urinary metabolites no matter how data were
analyzed. Therefore, it appears unlikely that the identi-
fied polymorphism of CYP2E1 plays a substantial role
in benzene metabolism and individual variations of sus-
ceptibility to benzene hematotoxicity.

These negative results can be well explained by
studies that explored the relationships between geno-
type and phenotype of CYP2E1. It was reported that
the CYP2E1RsaI variant alleles may be associated
with reduced CYP2E1 activity. However, the associ-
ation betweenRsaI variant allele and decreased en-
zyme activity was fairly weak compared with the ef-
fects of both pathophysiological determinants and en-
vironmental factors[30–32]. To the best of our knowl-
edge, the functional and biochemical characterization
of DraI variant alleles has not been fully conducted
yet. There is no evidence whether or not the rare al-
lele affects CYP2E1 enzyme activity and contributes
to individual susceptibility to benzene hematotoxicity.
In order to demonstrate that differences in the regu-
latory region of CYP2E1 are partially responsible for
the interindividual variation in CYP2E1 enzyme ac-

tivity, McCarver et al. recently identified an estimated
100-bp insertion mutation at a region from positions
−2270 to−1672[33]. Their data further revealed that
the presence of the insertion mutation was associated
with greater CYP2E1 metabolic ability, but only among
individuals who either were obese or had recently con-
sumed ethanol. These findings may again suggest that
CYP2E1 polymorphism, at least the known variant al-
leles, may not be that important in modulating its en-
zyme activity compared with pathophysiological and
other factors.

4.2. GSTT1 polymorphism

As illustrated inFig. 3, GSTT1 is involved the mi-
nor pathway of benzene metabolism intoS-PMA, and
therefore, should play a significant role in modulat-
ing the biotransformation efficiency of benzene intoS-
PMA. As expected, the present study showed that there
was indeed a significant interaction between GSTT1
genotype and benzene exposure inS-PMA excretion
from urine no matter how the data were analyzed.
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Especially, when a multiple regression analysis ofS-
PMA on GSTT1 genotype was conducted with con-
trolling for sex, age, benzene exposures and cotinine
levels, GSTT1 showed even a greater effect on indi-
vidualS-PMA biotransformation efficiency than ben-
zene exposure at the observed levels (Table 5). This
effect of GSTT1 polymorphism may, at least, partially
account for the wide interindividual variations in bio-
transformation efficiency ofS-PMA observed in this
study (Table 1). However, discrepancies are found be-
tween the present study and a number of studies con-
ducted recently by others. Rossi and co-workers[29]
examined the role of genetic polymorphism in modu-
lating urinary excretions oft,t-MA and S-PMA in 59
non-smoking bus drivers and demonstrated that no evi-
dence was found for a possible role of GSTT1 polymor-
phism in determining the wide differences observed
in the biotransformation rate of benzene intoS-PMA.
Surprisingly, however, a significantly highert,t-MA in
urine was observed to be associated with GSTT1 null
genotype. As exposure biomarkers,t,t-MA andS-PMA
could reliably detect benzene exposure levels at about
1 ppm and 0.1 ppm, respectively with the most sensi-
tive methods employed currently[12,26,27]. In Rossi’s
study, the levels of benzene exposures were approxi-
mately 0.082 ppm (0.082± 0.026 mg/m3), which are
far below the concentrations thatt,t-MA and S-PMA
can detect. Therefore, conclusions should be carefully
drawn from this study, especially fort,t-MA due to
potential effects of sources other than benzene expo-
s moke
A ted
t con-
c
a lic
g h as
g unt
f il-
i y
c owed
t
( ull
a -
t was
n f
t os-
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s

4.3. NQO1 polymorphism

For benzene metabolism, NQO1 was claimed to
detoxify the reactive metabolites of benzene formed
in bone marrow, and therefore, was proposed to be an
important genetic susceptibility factor[25,34]. This hy-
pothesis was confirmed by the investigation conducted
by scientists from NCI and Chinese Academy of Pre-
ventive Medicine[2] and our findings in the current
study (to be reported elsewhere). However, the find-
ings currently available regarding the roles of NQO1
in determining the formations of urinary metabolites
were contradictory. In the study with 50 volunteers
[6], Sørensen and co-workers found that excretions
of t,t-MA and S-PMA were significantly lower in
subjects with wild type NQO1 compared with sub-
jects who have the heterozygous genotype (p= 0.004
andp= 0.011, respectively). Conversely, a significantly
higherS-PMA excretion was detected in the subjects
with wild type of NQO1 among the 59 recruited bus
drivers[29]. The results in this present study did not
show any associations oft,t-MA and S-PMA with
NQO1 genotype. The roles of NQO1 in this regard
need to be further examined.

In conclusion, among genetic factors, the CYP2E1
RsaI andDraI polymorphisms do not appear substan-
tially to influence benzene metabolism or formation
of benzene exposure markers, such ast,t-MA and S-
PMA. The GSTT1 null allele significantly decreases
individuals’ ability to convert benzene intoS-PMA, but
h po-
s .
N the
N ites
m

A

ol-
l lent
w rk-
e njin
g ina.
T sti-
t and
H nter
g

ure, such as sidestream exposure to tobacco s
nother study conducted by Verdina et al. indica

hat in a population exposed to very low benzene
entrations, urinaryt,t-MA and S-PMA levels were
ffected to only a very limited extent by metabo
ene polymorphisms, whereas other factors, suc
ender, lifestyle, or other confounders, might acco

or a larger fraction of the interindividual variab
ty of these biomarkers[28]. A most recent stud
onducted in volunteers exposed to benzene sh
hat the urinary levels ofS-PMA were relatively low
3.79± 3.23�g/24 h) in the subjects with GSTT1 n
lleles and higher (6.71± 5.24�g/24 h) in the volun

eers with GSTT1 positive alleles although there
o significant difference[6]. The small number o

he volunteers (32 with GSTT1 null and 8 with p
tive genotypes) may account for the lack of statist
ignificance.
. as no effect on the production of other urinary ex
ure markers of benzene, includingt,t-MA and phenol
o significant interactions were observed between
QO1 genotype and formation of urinary metabol
easured in this study.
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