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The aim of this study was to investigate whether genetic polymorphisms of CYP2E1, GSTM1, and GSTT1

and lifestyle habits (smoking, drinking, and exercise) modulate the levels of urinary styrene metabolites

such as mandelic acid (MA) and phenylglyoxylic acid (PGA) after occupational exposure to styrene. We

recruited 79 male workers who had received chronic exposure in styrene fiberglass-reinforced plastic man-

ufacturing factories. We found that serum albumin was significantly correlated with blood styrene/ambi-

ent styrene (BS/AS), urinary styrene (US)/AS, and US/BS ratios as well as urinary metabolites, that total

protein correlated with US/MA and US/PGA ratios, and that low density lipoprotein (LDL)-cholesterol

significantly correlated with US/BS, US/MA, and US/PGA ratios. Multiple logistic regression analyses

using styrene-metabolizing enzyme genotypes and lifestyle habits as dependent variables and blood and

urine styrene concentrations and urine styrene metabolite levels as independent variables revealed that

CYP2E1*5 was associated with the MA/US ratio and GSTM1 with US/BS, that a smoking habit was asso-

ciated with US/AS and MA/US ratios and MA and PGA levels, and that regular exercise was correlated

with PGA/US. In conclusion, the results suggested that genetic polymorphisms of styrene-metabolizing

enzymes, lifestyle behaviors, and albumin and LDL-cholesterol serving as homeostasis factors together are

involved in styrene metabolism.
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INTRODUCTION

Styrene (CAS No. 100-42-5) is a monocyclic aromatic

hydrocarbon material that is used widely during the produc-

tion of synthetic rubber, polyester resin, and fiberglass-rein-

forced plastic (1). Over 25,980 workers exposed to styrene

according to a 2013 report of occupational health examina-

tion (2). Styrene is rapidly absorbed via the lung and

through skin contact and is primarily metabolized in the

liver, with a minor contribution from extrahepatic organs

(1). The first step in the detoxification process is oxidation

of styrene to styrene 7,8-oxide (SO) by cytochrome P-450

enzymes (CYPs) including the CYP2E1 and CYP2B iso-

zymes (3). SO is mainly hydrolyzed to styrene glycol by

microsomal epoxide hydrolase, which is in turn subse-

quently oxidized by additional enzymes to generate its pri-

mary metabolites such as mandelic acid (MA) and

phenylglyoxylic acid (PGA) that are excreted with the urine

(4). The metabolic rate of styrene is regulated at the oxida-

tion step by CYP2E1, and toxicity is generally induced by

the production of activated metabolic intermediates such as

SO during styrene metabolic processing (5). The primary

target for styrene toxicity appears to be the nervous system;

symptoms of neurological disorders involving both the cen-

tral and peripheral nervous systems have been reported in

workers exposed to styrene (6). Although the exact mecha-

nism of styrene-induced neurotoxicity remains unknown,

associations have been identified with both dopaminergic

and serotoninergic systems (7). In addition, Jenkins and

Fennell (8) have reported that styrene and SO are not only

neurotoxic but are carcinogenic and genotoxic as well.

Biological monitoring of styrene exposure is achieved by

measuring the urinary metabolites MA and PGA at the end
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of the work shift and/or prior to the next shift (9); however,

individual differences in urinary metabolites have been

observed (10). Urinary metabolite concentrations have been

associated with genetic polymorphism of styrene-metabo-

lizing enzymes such as CYP2E1, microsomal epoxide

hydrolase, glutathione-S-transferase (GST) M1, and GSTT1

(11,12).

Haufroid et al. (13) have reported the excretion amount

of urinary MA and PGA associated with genetic polymor-

phisms of CYP2E1 and urinary phenyl hydroxyethyl mer-

capturic acids as minor metabolite of styrene was associated

with GSTs polymorphisms (14), but research data for asso-

ciation between GSTs polymorphisms and urinary metabo-

lites of styrene is scarce.

Ma et al. (15) reported that neither genetic polymor-

phism of CYP2E1, CYP2B6, GSTM1, and GSTT1 nor

smoking habit. In particular, smoking was shown inhibit the

metabolism of styrene by changing CYP activity. Compara-

tively, Coccini et al. (16) reported that the levels of CYP

and cytochrome b5 as well as the activity of CYP-depen-

dent aniline hydroxylase in subjects treated with a combina-

tion of styrene and ethanol were significantly increased

compared with those in the styrene single treatment group,

and that the concentrations of MA and PGA were signifi-

cantly increased in the combined-treatment group as well.

These findings were explained by the suggestion that the

increase of urinary MA and PGA levels in the combined-

treatment group resulted from an enhanced induction of

CYP by ethanol, which in turn contributed to styrene

metabolism leading to elevated metabolite release. How-

ever, the influences of genetic polymorphism of styrene-

metabolizing enzymes and of lifestyle behaviors (i.e.,

smoking, drinking, and exercise) on the outcome measures

of styrene metabolism is not clear. Furthermore, despite

continued progress from the pharmacokinetic and pharma-

codynamic study of styrene metabolism, there has been no

clear conclusion regarding the relationship between styrene

absorption, genetic polymorphism of styrene-metabolizing

enzymes, and lifestyle behaviors. Accordingly, the aim of

the present study was to investigate whether the genetic

polymorphisms of CYP2E1, GSTM1, and GSTT1 and the

lifestyle habits smoking, drinking, and exercise modulate

the levels of urinary styrene metabolites such as MA and

PGA after occupational exposure to styrene.

MATERIALS AND METHODS

Study subjects. The study subjects consisted of 79 men

who had been chronically exposed to styrene in fiberglass-

reinforced plastic manufacturing factories. The authors vis-

ited the selected factories and carefully explained the objec-

tives and experimental methods of the study as well as the

privacy policy directives and other related matters to the

workers, and each worker enrolled in the study provided his

informed consent. The health status of each subject was

assessed by interview, and their lifestyle habits and general

characteristics were surveyed using a self-reported ques-

tionnaire. This study was approved by the Institutional

Review Board of the Occupational Safety and Health

Research Institute, Korea Occupational Safety and Health

Agency.

Ambient styrene and biological monitoring. Ambient

styrene in the workplace was sampled using a low volume

active sampler (Gilian Low Flow Sampler 113 D, Sen-

sidyne, Inc., Clearwater, FL, USA) and analyzed according

to “Method 1501: Aromatic Hydrocarbons” as recom-

mended by the National Institute for Occupational Safety

and Health (17). Venous blood samples were collected in

tubes containing 7.2 mg K2 EDTA and subject urine was

collected in high density polyethylene bottles at the end of

the work shift; samples were stored at 4oC until analysis. To

analyze the concentration of blood styrene, 1 mL blood was

collected from each subject and placed in a 20-mL head-

space injection vial. The stopper was immediately replaced

and a gas chromatograph/mass selective detector with a

headspace sampler (Hewlett-Packard 7694 headspace sam-

pler/6890 GC/5793 Mass Selective Detector, Agilent

Technologies, Santa Clara, CA, USA) was used for the

determination according to Kim et al. (18). The concentra-

tion of urinary styrene was also determined with this sys-

tem according to Kim et al. (18). Urinary styrene metabolites

such as MA and PGA were analyzed using a gas chromato-

graph (CP-3800 GC/FID, Varian Ltd., USA) according to

the method described by de Carvalho et al. (19).

Measurements of anthropometric parameters and
serum biochemistry. Body mass index and body fat per-

centage were measured using a body composition analyzer

(X-SCAN plus II, Jawon Medical, SEOUL, Korea). Subcu-

taneous and visceral fat thicknesses were measured with

ultrasonic diagnostic equipment (SonoAce 8800, Madison,

Seoul, Korea) using a B-mode ultrasound 3.5 MHz oval

probe. Serum biochemistry including albumin, total pro-

tein, alkaline phosphatase, alanine aminotransferase, aspar-

tate aminotransferase, gamma-glutamyl transferase, total

cholesterol, high- and low-density lipoprotein-cholesterol,

and triglyceride was performed using an automatic bio-

chemistry analyzer (COBAS Integra 400, Roche Diagnos-

tics Ltd., Rotkreuz, Switzerland).

Genetic polymorphisms of CYP2E1, GSTM1, and
GSTT1. Genomic DNA was extracted from collected

blood using the QIAampⓡDNA Mini Kit (QIAGEN,

Hilden, Germany) according to standard procedures recom-

mended in the QIAamp DNA Blood Mini Kit handbook.

The genetic variants in GSTM1 and GSTT1 were analyzed

using the method of Shaikh et al. (20) with slight modifica-
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tions. A total of 10 pM each of the GSTM1 (sense, 5ʹ-GAA

CTC CCT GAA AAG CTA AAG-3ʹ and anti-sense, 5ʹ-

GTT GGG CTC AAA TAT ACG GTG G-3ʹ) and GSTT1

(sense, 5ʹ-TTC CTT ACT GGT CCT CAC ATC TC-3′ and

anti-sense, 5ʹ-TCA CCG GAT CAT GGC CAG CA-3')

primers were added to 1 μL genomic DNA extracted from

the blood samples, and then mixed with AccuPowerTM

PCR premix (Bioneer Co., Korea) containing 10 mM Tris-

HCl (pH 9.0), 40 mM KCl, 1.5 mM MgCl2, 1 U DNA poly-

merase, and 1 mM dNTPs. The total volume was then made

up to 20 μL with triple-distilled water prior to amplifica-

tion (iCycler, Bio-Rad Laboratories, Inc., Hercules, CA,

USA). The amplified product was subjected to electropho-

resis on a 1.5% agarose gel, and the polymorphic variant

was determined by checking for the presence of bands at

210 and 473 bp. The primers used in the CYP2E1*5 poly-

morphism analysis (sense, 5ʹ-CCA GTC GAG TCT ACA

TTG TCA-3ʹ and anti-sense, 5ʹ-AGA CCT CCA CAT TGA

CTA GC-3ʹ) were constructed according to the method of

Cai et al. (21), and analyzed using the method of Prieto-

Castello et al. (22) with slight changes. After mixing

10 mM Tris-HCl (pH 9.0), 40 mM KCl, 1.5 mM MgCl2,

1 U DNA polymerase, 10 pM primers, and 1 μL genomic

DNA the total volume was made up to 20 μL with triple-

distilled water, followed by iCycler amplification. After

digestion of the amplicons using the PstI restriction

enzyme, electrophoresis was performed on a 2.0% agarose

gel and the gene alleles were confirmed.

Statistical analysis. Statistical analysis for all data was

performed using SPSS software (version 18.0, SPSS Inc.,

Chicago, IL, USA). The Pearson’s correlation coefficient

was used for correlations between each set of variables and

multiple logistic regression analysis was performed for esti-

mating the odds ratios of styrene metabolites with the tested

variables (genetic and lifestyle parameters).

RESULTS

General subject characteristics and levels of anthro-
pometric and clinical parameters. As shown in Table 1,

the mean subject age was 38.1 ± 9.9 years, the mean num-

ber of working hours was 6.6 ± 3.3, and smokers and

drinkers constituted 35 (44.3%) and 37 (46.4%) subjects,

respectively. The mean exposure level of styrene was 25.2 ±

38.8 ppm, and the concentrations of blood and urinary sty-

rene were 828.9 ± 1,183.0 and 311.4 ± 549.3 mg/L and the

concentrations of MA and PGA were 0.36 ± 0.42 and 0.17

± 0.14 g/g creatinine, respectively. However, the mean con-

centrations of blood and urinary styrene in controls who had

never been occupationally exposed to hazardous chemicals

including styrene were 52.1 ± 9.6 and 12.1 ± 7.3 mg/L; the

level of MA was 0.01 g/g creatinine, and PGA was not

detected. The levels of anthropometric and clinical parame-

ters are shown in Table 2. The subject anthropometric mean

values were: height 167.4, weight 66.5 kg, body mass index

23.7 kg/m2, and body fat % 21.7. The subcutaneous and vis-

ceral fat thicknesses were 1.37 and 3.82 cm, respectively.

The measurement results for the clinical parameters showed

that mean concentration of total protein was 6.67 g/dL,

albumin 4.73 g/dL, alkaline phosphatase 67.8 IU/L, alanine

aminotransferase 24.8 IU/L, aspartate aminotransferase

22.8 IU/L, gamma-glutamyl transferase 35.5 IU/L, glucose

104.2 mg/dL, triglyceride 174.6 mg/dL, total cholesterol

182.0 mg/dL, and of high- and low-density lipoprotein-cho-

lesterol were 49.3 and 106.8 mg/dL, respectively (Table 2).

Table 1. Characteristics of the study subjects

Variables
Subjects

(n = 79)

 Control

(n = 23)

Age (years) 38.1 ± 9.900 37.8 ± 10.00

Smoking, n (%) 35 (44.3) 10 (43.5)

Cigarettes (per day) 14.4 ± 6.800 12.9 ± 7.200

Drinking 37 (46.4) 10 (43.5) 

Alcohol (g/week) 87.3 ± 113.0 81.8 ± 109.8

Regular exercise, n (%) 27 (34.2)  9 (39.1)

Working hours (per day) 6.6 ± 3.30 7.3 ± 5.00

Ambient styrene (ppm) 25.2 ± 38.80  -

Blood styrene (μg/L) 828.9 ± 1,183.0 52.1 ± 9.600

Urinary styrene (μg/L) 311.4 ± 549.30 12.1 ± 7.300

MA (g/g creatinine) 0.36 ± 0.420 0.01 ± 0.030

PGA (g/g creatinine) 0.17 ± 0.140  -

MA + PGA (g/g creatinine) 0.53 ± 0.550  -

MA, mandelic acid; PGA, phenylglyoxilic acid.

Table 2. Anthropometric and clinical parameters of study
subjects

Variables
Subjects

(n = 79)

Reference

values

Anthropometric parameters

Height (cm) 167.4 ± 6.800  -

Weight (kg) 66.5 ± 11.8  -

Body mass index (kg/m2) 23.7 ± 3.40  -

Body fat % 21.7 ± 5.80  -

Subcutaneous fat thickness (cm) 1.37 ± 0.71  - 

Visceral fat thickness (cm) 3.82 ± 1.34  -

Clinical parameters

Total protein (g/dL) 6.67 ± 0.53 6.3-8.3

Albumin (g/dL) 4.73 ± 0.33 3.5-5.0

Alkaline phosphatase (IU/L) 67.8 ± 18.8 45-122

Alanine aminotransferase (IU/L) 24.8 ± 24.2 10-44

Aspartate aminotransferase (IU/L) 22.8 ± 12.4 10-34

Gamma-glutamyl transferase (IU/L) 35.5 ± 38.8 7-50

Glucose (mg/dL) 104.2 ± 31.20 70-105

Triglyceride (mg/dL) 174.6 ± 166.3 40-160

Total cholesterol (mg/dL) 182.0 ± 33.70 110-220

HDL-cholesterol (mg/dL) 49.3 ± 16.8 42-74

LDL-cholesterol (mg/dL) 106.8 ± 35.20 ≤ 140



358 K.-W. Kim

Genetic polymorphism study of CYP2E1*5 and GSTM1
and GSTT1 variants. The results of genetic polymor-

phism analysis of CYP2E1*5 and variants in GSTM1 and

GSTT1 are shown in Table 3. The allele frequencies for

CYP2E1*5 c1/c1 and c1/c2 were 0.67 and 0.33, respec-

tively. The allele frequencies of GSTM1 positive and null

variants were 0.43 and 0.57, and of GSTT1 positive and null

variants were 0.53 and 0.47, respectively.

Table 3. Allelic frequencies in the study subjects

Genotypes Number (%)

CYP2E1*5

c1/c1 53 (67.1)

c1/c2 26 (32.9)

GSTM1

Positive 34 (43.0)

Null 45 (57.0)

GSTT1

Positive 42 (53.2)

Null 37 (46.8)

Table 4. Correlation coefficients between life habit and anthropometric parameters with styrene metabolites

Variables BS/AS US/AS US/BS AS/MA AS/PGA US/MA US/PGA

Age 0.227 0.218 −0.077 0.233 0.231 −0.044 0.017

Height −0.080 −0.066 0.463 −0.017 −0.017 −0.449 −0.187

Weight −0.052 −0.034 0.294 −0.054 −0.050 −0.339 −0.208

BMI −0.021 −0.008 0.139 −0.070 −0.068 −0.214 −0.176

Body fat % −0.162 −0.156 0.024 −0.195 −0.195 −0.041 −0.011

SFT −0.273 0.095 0.333 0.158 −0.296 0.110 −0.254

VFT 0.054 0.047 0.141 0.058 0.026 0.031 −0.137

Exercise −0.033 −0.151 −0.101 −0.032 0.031 0.051 0.242

Cigarettes 0.128 0.124 −0.395 −0.453 0.589 0.496 −0.147

Alcohol 0.324 0.172 0.049 −0.274 0.244 −0.016 0.085

AS, ambient styrene; BS, blood styrene; US, urinary styrene; MA, mandelic acid; PGA, phenylglyoxylic acid; BMI, body mass index; SFT, subcu-
taneous fat thickness; VFT, visceral fat thickness.

Table 5. Correlation coefficients between serum biochemistry and styrene metabolites

Variables BS/AS US/AS US/BS AS/MA AS/PGA US/MA US/PGA

Albumin −0.326* −0.318* −0.301* −0.328* −0.329* −0.382** −0.299*

Total pro. −0.258 −0.249 −0.311* −0.257 −0.261 −0.346* −0.336*

ALP −0.084 −0.078 −0.165 −0.082 −0.084 −0.022 −0.056

ALT −0.008 −0.015 −0.244 −0.008 −0.005 −0.169 −0.142

AST −0.025 −0.044 −0.209 −0.024 −0.027 −0.110 −0.078

GGT −0.060 −0.073 −0.144 −0.060 −0.062 −0.150 −0.152

Glucose −0.138 −0.136 −0.128 −0.139 −0.141 −0.179 −0.016

Total chol. −0.180 −0.174 −0.124 −0.180 −0.179 −0.171 −0.198

HDL-chol. −0.057 −0.065 −0.044 −0.055 −0.055 −0.074 −0.066

LDL-chol. −0.076 −0.062 −0.372** −0.075 −0.074 −0.515** −0.443**

Triglyceride −0.077 −0.080 −0.239 −0.078 −0.080 −0.312* −0.198

**p < 0.01; *p < 0.05; AS, ambient styrene; BS, blood styrene; US, urinary styrene; MA, mandelic acid; PGA, phenylglyoxylic acid; ALP, alkaline
phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transferase; Total chol., total choles-
terol; HDL-chol., HDL-cholesterol, LDL-chol., LDL-cholesterol.

Correlations between lifestyle habits, anthropometric
and clinical parameters, and genetic polymorphisms
and styrene metabolism. The results from the correla-

tion analyses between genetic polymorphisms of styrene-

metabolizing enzymes and lifestyle habits and styrene

metabolism are shown in Table 4. Height (r = 0.463, p <

0.01) and weight (r = 0.294, p < 0.05) showed positive cor-

relation with the urinary styrene/blood styrene ratio (US/

BS), but height showed negative correlation with the US/

MA ratio (r = −0.449, p<0.01). As shown in Table 5, albu-

min was significantly correlated with the BS/ambient sty-

rene (AS) ratio (r = −0.326, p < 0.05), US/AS (r = −0.318,

p < 0.05), US/BS (r = 0.301, p < 0.05), AS/MA (r = −0.328,

p < 0.05), AS/PGA (r = −0.329, p < 0.05), US/MA (r =

−0.382, p < 0.01), and US/PGA (r = −0.299, p < 0.05). Total

protein was significantly correlated with US/BS (r = 0.311,

p < 0.05), US/MA (r = −0.346, p < 0.05), and US/PGA (r =

−0.336, p < 0.05), and low-density lipoprotein-cholesterol

showed a correlation with US/BS (r = 0.372, p < 0.01), US/

MA (r = −0.515, p < 0.01), and US/PGA (r = −0.443, p <

0.01). The excretion levels of urinary metabolites were
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lower in men carrying heterozygous CYP2E1*5 alleles and

null forms of GSTM1 and GSTT1 in comparisons to those

with the wild-type CYP2E1*5 and active forms of GSTM1

and GSTT1, but it was only significant for the US/BS ratio

(p = 0.019) (Table 6). Accordingly, we then performed mul-

tiple logistic regression analysis with the genetic polymor-

phisms and lifestyle habits as dependent variables and US/

AS, BS/AS, US/BS, MA, PGA, MA/US, and PGA/US

ratios as independent variables (Table 7). Among the genetic

polymorphisms, GSTM1 was associated with US/BS (odds

ratio = 0.993, β value = −0.007, p = 0.030) and CYP2E1*5

was significantly associated with MA/US (odds ratio =

0.472, β value = −0.751, p = 0.002). Among the lifestyle

behaviors, smoking was significantly associated with US/

AS (odds ratio = 1.015, β value = 0.014, p = 0.010), MA

(odds ratio = 4.111, β value = 1.414, p = 0.045), PGA (odds

ratio = 5.778, β value = 4.057, p = 0.023), and MA/US

(odds ratio = 8.716, β value = 4.468, p = 0.017). Regular

exercise was significantly associated with PGA/US (odds

ratio = 0.078, β value = −2.551, p = 0.047), but drinking

was not associated with any independent variable.

DISCUSSION

The factors that influence the styrene metabolic rate have

not yet been elucidated. This is likely because individual

differences exist at the physiological level including in

homeostasis factors and in genetic polymorphisms influenc-

ing the levels and/or function of xenobiotic metabolizing

enzymes, and lifestyle habits that can influence these in

turn. Therefore, this study attempted to investigate whether

genetic polymorphisms of CYP2E1, GSTM1, and GSTT1

and lifestyle behaviors including smoking, drinking, and

Table 6. Influences of genetic polymorphisms of styrene-
metabolizing enzymes on urinary metabolites

Genotypes US/AS US/BS US/MA US/PGA

CYP2E1*5

c1/c1 22.4 ± 35.7 74.3 ± 83.60 0.58 ± 1.29 0.22 ± 0.38

c1/c2 35.4 ± 63.5 69.3 ± 97.50 0.24 ± 0.44 0.15 ± 0.24

p-value 0.348 0.185 0.083 0.326

GSTM1

Positive 55.4 ± 80.0 98.9 ± 102.7 0.36 ± 0.69 0.22 ± 0.36

Null 29.9 ± 44.7 52.5 ± 68.70 0.33 ± 0.98 0.11 ± 0.13

p-value 0.426 0.019 0.878 0.090

GSTT1

 Positive 74.7 ± 92.5 84.8 ± 102.3 0.43 ± 1.10 0.18 ± 0.27

 Null 33.9 ± 46.3 62.2 ± 72.60 0.27 ± 0.50 0.16 ± 0.32

p-value 0.306 0.258 0.397 0.830

AS, ambient styrene; BS, blood styrene; US, urinary styrene; MA,
mandelic acid; PGA, phenylglyoxylic acid.

Table 7. Interrelationship between genetic polymorphisms of styrene-metabolizing enzymes and life habit with metabolites of
styrene using multiple logistic regression analysis

Independent

variables
Dependent variables

Gene

GSTM1 GSTT1 CYP2E5

β value S.E. OR p value β value S.E. OR p value β value S.E. OR p value

US/AS ratio 0.001 0.001 1.001 0.529 −0.038 0.025 0.962 0.131 0.004 0.014 1.004 0.782

BS/AS ratio 0.002 0.006 1.002 0.779 −0.007 0.014 0.993 0.645 −0.001 0.004 0.999 0.868

US/BS ratio −0.007 0.003 0.993 0.030 0.014 0.008 1.014 0.074 0.000 0.006 1.000 0.998

MA −0.147 0.542 0.863 0.786 0.033 2.505 1.033 0.990 −1.251 2.322 0.286 0.590

PGA 1.008 1.626 2.741 0.535 −1.882 1.654 0.152 0.255 0.335 1.718 1.398 0.845

MA/US ratio 0.044 0.283 1.045 0.876 0.968 5.777 2.633 0.867 −0.751 0.243 0.472 0.002

PGA/US ratio 2.157 1.446 8.643 0.136 −0.174 0.799 0.840 0.827 0.775 0.810 2.170 0.339

Life habit

Smoking Drinking Regular exercise

β value S.E. OR p value β value S.E. OR p value β value S.E. OR p value

US/AS ratio 0.014 0.006 1.015 0.010 0.007 0.004 1.007 0.078 0.012 0.014 1.012 0.372

BS/AS ratio 0.005 0.007 1.005 0.458 0.001 0.001 1.000 0.710 0.000 0.001 1.000 0.657

US/BS ratio 0.002 0.003 1.002 0.376 0.004 0.003 1.004 0.139 0.004 0.003 1.004 0.182

MA 1.414 0.706 4.111 0.045 −0.243 0.553 0.784 0.660 0.112 1.765 1.118 0.950

PGA 4.057 1.784 5.778 0.023 −1.708 1.694 0.181 0.313 0.076 1.694 1.079 0.964

MA/US ratio 4.468 1.864 8.716 0.017 0.754 0.577 2.126 0.191 −0.162 0.280 0.850 0.562

PGA/US ratio 3.325 1.730 2.779 0.055 0.165 0.365 1.179 0.652 −2.551 1.283 0.078 0.047

US, urinary styrene; BS, blood styrene; MA, mandelic acid; PGA, phenyloxylic acid; S.E., standard error; OR, odds ratio.
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exercise can modulate the levels of urinary styrene metabo-

lites such as MA and PGA after occupational exposure to

styrene. The results of this study showed that neither

genetic polymorphism of the styrene-metabolizing enzymes

CYP2E1, GSTM1, or GSTT1 nor the lifestyle habits or

serum biochemistry significantly affected styrene metabo-

lism. Furthermore, no significant correlation was observed

between the parameters of anthropometric and styrene

metabolism. The exposure level of styrene was 25.2 ± 38.8

ppm; the styrene levels in blood and urine were 828.9 ±

1,183.0 and 311.4 ± 549.3 mg/L, respectively; and urinary

MA and PGA levels were 0.36 ± 0.42 and 0.53 ± 0.55 g/g

creatinine, respectively (Table 1). Instead, in this study, we

found that albumin was significantly correlated with BS/

AS, US/AS, US/BS, and the metabolite ratio (Table 5).

Human body fluid such as plasma and serum contains bio-

chemical products that can function as homeostasis con-

trols. In addition, plasma and serum contain numerous

proteins involved in inflammation and immunity, lipid

metabolism, coagulation, and small molecule transport (23).

Among the serum proteins, human serum albumin is the

most abundant, and it has fundamental roles as a regulator

of pH and in the transport and distribution of endogenous

and exogenous substances (24). Thus, our results, which

showed significantly correlation between serum albumin

and styrene levels in the blood and urine along with levels

of its metabolites, are thought to result from the role of

albumin in styrene transport. When living organisms are

exposed to environmental xenobiotics including drugs, they

are able to produce enzymes specific to the detoxification

process, and thereby to metabolize and excrete the metabo-

lites from their bodies. The chemicals absorbed by the

human body are converted into reactive electrophilic inter-

mediates by phase I enzymes (CYP); subsequently, the

phase II enzymes (GST-linked enzymes) detoxify these

activated intermediates by conjugation reactions. However,

the activities of these enzymes carry genetic susceptibili-

ties. Carbonari et al. (25) reported that a lower excretion

level of MA+ PGA was detected for exposed subjects car-

rying both the heterozygous alleles CYP2E1*5B and

CYP2E1*6 in comparison to the wild-type homozygous;

however, no difference in the urinary metabolites of sty-

rene was observed for GSTM1 and GSTT1 genotypes. Ma et

al. (15) also reported that no significant difference in the

excretion levels of urinary metabolites was observed

between active and null types of GSTM1 and GSTT1. In this

study, the US/BS ratio was significantly higher in individu-

als carrying the GSTM1 positive variant than those with the

GSTM1 null variant, and the US/MA ratio was higher in

men with CYP2E1*5 homozygous alleles than in those

with heterozygous alleles, although this was not signifi-

cant. This result suggests that the genetic polymorphisms

CYP2E1*5 and null/active GSTM1 were associated with

the detoxification of styrene. In contrast, previous reports

found that neither the genotypes of xenobiotic metaboliz-

ing enzymes nor lifestyle habits (smoking, drinking, and

exercise) significantly affected the metabolism of xenobi-

otic including styrene (15,18). Therefore, multiple logistic

regression analysis was performed with the genetic poly-

morphisms of styrene-metabolizing enzymes and these life-

style habits as dependent variables and styrene metabolites

as independent variables. The results showed that the MA/

US ratio was significantly associated with the CYP2E1*5

genotype and that the US/BS ratio was associated with

GSTM1. In addition, a smoking habit was significantly

associated with the US/AS ratio, urinary MA and PGA lev-

els, and the MA/US ratio, and regular exercise was signifi-

cantly associated with the PGA/US ratio; however, a

drinking habit was not associated with excretion levels of

styrene metabolites. Our results suggest that the styrene-

metabolizing enzymes CYP2E1, GSTM1, and GSTT1 are

directly involved in specific steps of the styrene metabolic

process and that lifestyle behaviors such as smoking, drink-

ing, and exercise affect the expression and induction of the

styrene-metabolizing enzymes and the regulation of homeo-

stasis, and thereby are ultimately thought to play a mediat-

ing role in the metabolism of styrene.
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