
G
p
f

S
Y
L
a

b

c

d

e

a

A
R
R
A
A

K
F
D
G
G

1

i
p

m
t
i

s
X
f

1
d

Mutation Research 695 (2010) 9–15

Contents lists available at ScienceDirect

Mutation Research/Genetic Toxicology and
Environmental Mutagenesis

journa l homepage: www.e lsev ier .com/ locate /gentox
Communi ty address : www.e lsev ier .com/ locate /mutres

enomic damages in peripheral blood lymphocytes and association with
olymorphisms of three glutathione S-transferases in workers exposed to
ormaldehyde

houfang Jianga,b, Liqun Yua,b, Juan Chenga, Shuguang Lenga, Yufei Daia, Yanshu Zhanga,b,
ong Niua, Huifang Yana, Weidong Quc, Chunzhi Zhangd, Kai Zhangd, Rujing Yange,
ihai Zhoue, Yuxin Zhenga,∗

National Institute of Occupational Health and Poison Control, Chinese Center for Disease Control and Prevention, Beijing, China
Department of Preventive Medicine, North China Coal Medical University, Tangshan, China
School of Public Health, Fudan University, Shanghai, China
Department of Public Health, Jining Medical University, Jining, China
Center for Disease Control and Prevention of Jining City, Jining, China

r t i c l e i n f o

rticle history:
eceived 7 June 2009
eceived in revised form 26 August 2009
ccepted 29 September 2009
vailable online 8 October 2009

eywords:
ormaldehyde
NA and chromosome damage
enetic polymorphism
lutathione S-transferase

a b s t r a c t

DNA and chromosome damages in peripheral blood lymphocytes were evaluated in 151 workers occupa-
tionally exposed to formaldehyde (FA) and 112 non-FA exposed controls. The effects of polymorphisms
in three glutathione-S-transferase (GSTs) genes on the DNA and chromosome damages were assessed as
well. Alkaline comet assay and cytokinesis-block micronucleus (CBMN) assay were used to determine
DNA and chromosome damages, respectively. The genotypes of GSTP1 (Ile105Val), GSTT1, and GSTM1 were
assayed. The mean 8-h time-weighted average (TWA) concentrations of FA in two plywood factories were
0.83 ppm (range: 0.08–6.30 ppm). FA-exposed workers had higher olive tail moment (TM) and CBMN fre-
quency compared with controls (Olive TM, 3.54, 95%CI = 3.19–3.93 vs. 0.93, 95%CI = 0.78–1.10, P < 0.01;
CBMN frequency, 5.51 ± 3.37 vs. 2.67 ± 1.32, P < 0.01). Olive TM and the CBMN frequency also had a dose-
dependent relation with the personal FA exposure. Significant association between FA exposure history

and olive TM and CBMN frequency were also identified. The level of olive TM was slightly higher in FA-
exposed workers with GSTM1 null genotype than those with non-null genotype (3.86, 95%CI = 3.31–4.50
vs. 3.27, 95%CI = 2.83–3.78, P = 0.07) with adjustment of covariates. We also found that FA-exposed work-
ers carrying GSTP1 Val allele had a slightly higher CBMN frequency compared with workers carrying only
the wild-type allele (6.32 ± 3.78 vs. 5.01 ± 2.98, P = 0.05). Our results suggest that the FA exposure in this
occupational population increased DNA and chromosome damages and polymorphisms in GSTs genes

xic e
may modulate the genoto

. Introduction
Formaldehyde (FA) has been extensively used in the chem-
cal industry for the production of urea, acetal, melamine, and
henol FA resins. It is also frequently used as a tissue preser-

Abbreviations: FA, formaldehyde; CBMN, cytokinesis-block micronucleus; MN,
icronuclei; TM, tail moment; ROS, reactive oxygen species; GSTs, glutathione S-

ransferase; TWA, time-weighted average; SD, standard deviation; CI, confidence
nterval.
∗ Corresponding author at: National Institute of Occupational Health and Poi-

on Control, Chinese Center for Disease Control and Prevention, 29 Nanwei Road,
uanwu District, Beijing 100050, China. Tel.: +86 10 83132593;

ax: +86 10 83132901.
E-mail address: yxzheng@163bj.com (Y. Zheng).

383-5718/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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ffects of FA exposure.
© 2009 Elsevier B.V. All rights reserved.

vative in medical laboratories. The FA resins are widely used in
the production of adhesives and binders for wood, plastics, tex-
tile, and leather. In China, a relatively large number of workers
are exposed to FA in plywood industries and in the furniture
stores. FA is genotoxic in multiple in vitro and in vivo models
[1–3]. The International Agency for Research on Cancer has char-
acterized FA as a group 1 carcinogen in 2004 [4]. The current
evidence indicates that both genotoxicity and cytotoxicity play
a role in the FA carcinogenesis in nasal tissues [4]. Increase of
DNA–protein crosslinks (DPC) in peripheral blood lymphocytes of

workers exposed to formaldehyde has been reported [5–7] and
this result is consistent with studies conducted in rats and mon-
keys [8]. Furthermore, other genetic damages in peripheral blood
lymphocytes, including sister-chromatid exchanges, chromosome
aberration and micronucleus, were also reported to be related

http://www.sciencedirect.com/science/journal/13835718
http://www.elsevier.com/locate/gentox
http://www.elsevier.com/locate/mutres
mailto:yxzheng@163bj.com
dx.doi.org/10.1016/j.mrgentox.2009.09.011
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o FA exposure [6,9–15]. However, inconsistent results do exist
9,16–18].

The alkaline comet assay (pH > 13) detects DNA strand breaks,
lkali-labile sites and incomplete excision repair sites [19].
ecently, comet assay has been widely used to assess DNA dam-
ges in populations occupationally or environmentally exposed
o mutagenic and carcinogenic chemicals [20]. The cytokinesis-
lock micronucleus (CBMN) assay detects chromosome breakage,
hromosome loss, chromosome rearrangement (nucleoplasmic
ridges) in cells that completed nuclear division once [21–24].
icronucleus has been validated to be a biomarker for environ-
ental mutagen and carcinogen exposures and genome instability

25,26]. A higher level of CBMN frequency in peripheral blood lym-
hocytes was reported in students exposed to FA during a 12-week
natomy class [11]. However, few studies published genomic dam-
ges detected by either comet assay or CBMN frequency in workers
ccupationally exposed to FA.

Reactive oxygen species (ROS) have been considered to be car-
inogenic via oxidative DNA damages including base damage and
NA strand breaks [27–30]. Many animal studies have shown that
A exposure can generate ROS by breaking the balance between
xidants and antioxidants in many organs [31–34] and lead to
xidative DNA damages [35]. Glutathione S-transferases (GSTs) are
super-family of phase II enzymes which catalyze the conjugation
f glutathione with different species of electrophilic compounds,
ncluding many environmental mutagens and carcinogens and
heir reactive metabolites [36]. GSTs constitute the major defensive
ntioxidant system against oxidative stress induced by FA by reduc-
ng ROS to less reactive metabolites [37]. Polymorphisms have been
dentified in the GSTM1, GSTT1 and GSTP1 genes coding for GSTs
nzymes in the mu, theta, and pi classes, respectively. Genetic
olymorphisms in GSTs have been associated with susceptibility
o genetic lesions in populations exposed to several environmental
arcinogens, including benzene [38,39], PAHs [40], hydroquinone
41], styrene [42], styrene-7,8-oxide [43], and ethylene oxide [44].
herefore, it is reasonable to hypothesize that genetic polymor-
hisms of GSTs may play a role in individual susceptibility to
xidative DNA damages induced by FA.

In this study, we use comet assay and CBMN assay to evaluate the
NA and chromosome damages in peripheral blood lymphocytes

n 151 FA-exposed workers from two plywood industries and 121
on-FA exposed controls. The FA exposure levels for each major

ob titles were measured using personal air sampler. The effects of
he GSTT1, GSTM1 and GSTP1 gene polymorphisms on the genomic
amages were assessed as well.

. Materials and methods

.1. Study population

The study population consisted of 263 male workers who were all Han Chi-
ese. The FA-exposed group consisted of 151 workers employed in two plywood

ndustries located at the suburb of a town in east China. The non-FA exposed group
onsisted of 112 workers enrolled from a machine manufactory in the same town.
he control group had no occupational exposure history to FA. Exclusion criteria for
articipation in the study included recent treatment with mutagenic agents (such as
-ray), chronic conditions (such as autoimmune diseases), recent acute infections

hat required medications such as antibiotics.
Demographic data of all subjects including age, smoking history (current smok-

ng status and cigarettes per day), alcohol consumption, and the occupational
istory, medical history and the recent decoration of homes (yes or no) as an esti-
ate of environmental FA exposure were collected by a questionnaire completed

y trained interviewers. Individuals who had smoked more than 100 cigarettes in
heir lifetime were considered as smokers. Smokers who still smoke around the

nterview were defined as current smokers. The remaining smokers were defined
s former smokers. Who has drinks twice a week in the past half year was defined
s drinker. This study was reviewed and approved by the Research Ethic Committee
f the National Institute for Occupational Health and Poison Control, Chinese Center
or Disease Control and Prevention. Informed consent was obtained from all study
ubjects.
arch 695 (2010) 9–15

2.2. Job title description and assessment of ambient FA exposure

FA vapors in workshops were released from the urea–formaldehyde glue in
the process of plywood production. There were eight job titles directly exposed
to the FA vapors among the FA-exposed workers, including making glue, spread-
ing and mixing glue with the wood scraps, grinding mixture of glue and wood
scraps in high temperature, pressing mixture grinded in high temperature, saw-
ing boards just pressed, stacking up boards just sawed, sanding and packing. Other
two job titles including shaving wood and stoking boiler have no direct exposure
to FA vapors, but their work sites were close to the eight job titles mentioned
above. The 3–5 representative workers from each job title in the plywood indus-
tries and 5 representative workers from the machine manufactory were chosen
to wear the active air samplers (224-PCXR8, SKC company, USA) in their breath-
ing zone. The total sampling time was 8 h. A blank sampling tube served as the
parallel blank control was done in each job title. At the end of each sampling, the
sampling tubes were quickly sealed and stored in a light-proof desiccator at 4 ◦C
for no more than 15 days prior to FA measurement. The FA concentration in the
absorbent tubes was measured using gas chromatography according to the protocol
of FA determination in workshop (GB/T 18204.26-2000, China). The 8-h time-
weighted average (TWA) concentration was calculated by dividing the total amount
of FA exposed and the volume of air passing through the absorbent tubes within
8 h.

2.3. Comet assay in peripheral blood lymphocytes

Blood samples (2 ml heparinized whole blood) were collected from each subject
by venipuncture for comet assay and CBMN assay and were kept at 4 ◦C before
lymphocyte isolation. The lymphocytes were isolated within 2 h after blood draw
from 1 ml heparinized whole blood. Comet assay was conducted according to Singh
et al. [45] with some modifications described in detail by Leng et al. [46]. Slides were
desiccated in 100% ice-cold ethanol and were shipped back to the lab in Beijing.
Over 100 cells per subject were taken pictures at 200× magnification with Olympus
IX 50 microscope equipped with a 100-W mercury lamp and WG filter block. The
images were analyzed using image analysis software (version 1.0 IMI comet analysis
software, China) [47]. Olive tail moment (olive TM) was presented in this paper. The
staff who analyzed the comet pictures was blind to FA exposure status, genotypes
and other covariates.

2.4. Cytokinesis-block micronucleus (CBMN) assay in peripheral blood
lymphocytes

The CBMN assay was conducted according to the method described previously
[21,22]. The standard scoring criteria for identifying binucleated cells and micronu-
clei were adopted [21,48]. A total of 1000 binucleated lymphocytes per subject
were examined. The CBMN frequency per 1000 binucleated lymphocytes was pre-
sented as the chromosomal damage index. Scorer was blind to FA exposure status,
genotypes and other covariates.

2.5. Genotyping for GSTs gene polymorphisms

Approximately 1 ml venous blood drawn per subject was anticoagulated by
Na2EDTA. DNA was extracted by the standard method [49]. The GSTP1 (Ile105Val)
genotypes were determined by PCR-RFLP as described previously [50]. The geno-
types of GSTM1 and GSTT1 were detected by multiplex PCR with � globin as the
internal control [51,52]. Gel pictures were read by two persons independently. Ten
percent of DNA samples randomly chosen were genotyped a second time and the
concordance was 100%.

2.6. Statistical analysis

Olive TM and CBMN frequency were natural logarithm (ln)—normally dis-
tributed. Olive TM is reported as geometric means and 95% confidence interval
(CI) and CBMN frequency is reported as mean ± SD. �2 test was used to compare
the frequencies of current smoking status and alcohol consumption and the fre-
quencies of genotypes between FA exposure group and control group. ANOVA test
was applied to analyze the relationship between the TWA categories of FA expo-
sure and the levels of ln-transformed olive TM and CBMN frequency. Student’s
t-test was used to compare the ln-transformed olive TM and CBMN frequency
between exposure group and control group. Dominant model was employed to
analyze the association between GSTP1 polymorphism and olive TM and CBMN
frequency due to the low minor allele frequency of the variant allele in Han
Chinese. The comparisons of olive TM and CBMN frequency between different

genotypes of GSTs genes were tested by multivariate analysis of covariance test
with adjustment of FA exposure level and FA exposure history, age, the cur-
rent smoking status and the alcohol consumption in exposure and control groups
separately. All statistical tests were two-sided (˛ = 0.05) and performed using
Statistical Analysis System software (version 8.0, SAS Institute Inc., Cary, NC,
USA).
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Table 1
Demographic data of controls and FA-exposed workers.

Variables Control group (n = 112) Exposure group (n = 151) P

Age (years, mean ± SD) 28.67 ± 8.69 27.40 ± 7.80 0.23a

Current smokers (yes/no, %) 48/64 (42.86) 79/72 (52.32) 0.13b

Alcohol user (yes/no, %) 44/68 (39.29) 72/79 (47.68) 0.18b

FA exposure history (years, mean ± SD) 0 2.51 ± 2.04 NCc

8-h TWA of FA exposure by job title (median (range), ppm)
Non exposure controls (n = 112) 0.008d

Making glue (n = 13) 2.56 (0.81–6.30)
Spreading and mixing glue with the wood scraps (n = 9) 0.44 (0.39–0.48)
Grinding mixture of glue and wood scraps in high temperature (n = 17) 0.41 (0.34–0.47)
Pressing mixture grinded in high temperature (n = 7) 0.36 (0.30–0.42)
Sawing boards just pressed (n = 10) 0.34 (0.30–0.39)
Stacking up boards just sawed (n = 11) 0.30 (0.26–0.35)
Sanding (n = 10) 0.30 (0.28–0.33)
Packing (n = 14) 0.26 (0.24–0.28)
Shaving wood (n = 34) 0.12 (0.09–0.14)
Stoking boiler (n = 26) 0.11 (0.08–0.15)
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The CBMN frequency in each sub-group was shown in Fig. 2.
The CBMN frequency increased with the increasing level of the FA
exposure in a dose-dependent manner (P < 0.001). Among the five
sub-groups, subjects with highest FA exposure have highest CBMN

Fig. 1. Olive TM in the control group and the four exposure sub-groups. The vertical
lines indicate the range of olive TMs that fall between the lower quartile and the
upper quartile for each FA exposure sub-group. The triangles (grey, ) represent the
geometric means of olive TM and the squares (dark, �) and the filled circles (dark,
�) represent the upper and lower quartiles, respectively, in each FA exposure sub-
group. The grey line is the trendline linking the olive TM of the 5 sub-groups. The
Student’s t-test for difference between control and exposure group.
b �2 tests for differences between control and exposure group.
c Not calculated.
d The limit of detection (0.008 ppm) was used to present the FA level in the contr

. Results

.1. The demographic characteristics of the study population

The demographic characteristics of the study subjects are sum-
arized in Table 1. The exposed workers had an average age of

7.40 ± 7.80 years (range: 18.7–50.1 years) and average occupa-
ional FA exposure of 2.51 ± 2.04 years. In the 151 FA-exposed
ubjects, 52.32% workers were current smokers and 47.68% work-
rs were alcohol users. In the 112 control subjects, the mean age
as 28.67 ± 8.69 years (range: 17.7–48.2 years), 42.86% workers
ere current smokers and 39.29% were alcohol users. No significant
ifferences of age, current smoking status and alcohol consumption
ere observed between the two study groups. All 13 workers in

ob title of making glue wore the respirators when they were visu-
lly inspecting the readiness of the glue because of direct mucous
embrane irritation by FA. Workers in other positions did not wear

espirators during our study.

.2. The FA exposure levels

Totally, the personal FA exposure levels of 43 workers includ-
ng 5 individuals from the control group were determined. The 8-h
WA concentrations of FA were much higher in exposed group
han control group (Table 1). The mean level of FA exposure in
he plywood factories was 0.83 ppm with range between 0.08 and
.30 ppm. The FA level in the control factory was under the limit of
etection (0.008 ppm). The current maximum allowable concentra-
ion (MAC) of FA in workplace in China is 0.4 ppm. Thus, workers
rom three job shifts with direct exposure to FA vapors in the two
lywood industries, including making glue, spreading and mixing
lue with the wood scraps, and grinding mixture of glue and wood
craps in high temperature exposed to the levels of FA that exceed
ecommended exposure limit (Table 1).

.3. The FA exposure level and exposure history and olive TM and
BMN frequency
According to the average 8-h TWA level of FA exposure by job
itle, the workers were divided into five groups: 0.11 ppm (shav-
ng wood and stoking boiler), 0.28 ppm (stacking up boards just
awed, sanding and sacking), 0.39 ppm (spreading and mixing glue
ith the wood scraps, grinding mixture of glue and wood scraps
ustry.

in high temperature, pressing mixture grinded in high tempera-
ture and sawing boards just pressed), 2.56 ppm (making glue) and
control group (0.008 ppm). The effects of FA exposure on the two
biomarkers are shown in Figs. 1 and 2. The exposed group has
significantly higher levels of olive TM and CBMN frequency than
control group. Fig. 1 shows the olive TM of the five sub-groups. The
increasing tendency was found for the average olive TM with the
increasing 8 h-TWA of FA exposure (P < 0.001). Among the five sub-
groups, subjects with highest FA exposure have highest level of
olive TM. Compared with the control group, other three exposed
sub-groups also have significant increase of olive TM (P < 0.05).
No significant differences were observed in olive TM among
the three exposed sub-groups with 8h-TWA of 0.11, 0.28, and
0.39 ppm.
geometric means of olive TM of control group and four exposure sub-groups were
0. 93 (95% CI = 0.78–1.10), 2.85 (95% CI = 2.37–3.43), 3.01 (95% CI = 2.48–3.64), 4.37
(95% CI = 3.78–5.05) and 8.86 (95% CI = 6.50–12.07), respectively. The effect of FA
exposure on the olive TM was tested using an ANOVA test. *P < 0.05, in comparison
with control and the other three exposure sub-groups; **P < 0.05, in comparison
with control group.
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Fig. 2. CBMN frequency (mean ± SD) in the control group and the four exposure
sub-groups. The average CBMN frequencies of control group and four exposure
sub-groups were 2.67 ± 1.32, 4.03 ± 2.40, 5.74 ± 3.13, 6.76 ± 3.81 and 8.25 ± 3.53,
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espectively. The effect of FA exposure on the CBMN frequency was tested using
n ANOVA test. *P < 0.05, in comparison with control and the other three expo-
ure sub-groups; **P < 0.05, in comparison with control group and the 0.11 ppm
ub-group.

requency. The average CBMN frequencies in the two exposed sub-
roups with 8-h TWA of 0.28 and 0.39 ppm were all significantly
igher than these in the lowest exposed sub-group with 8-h TWA
f 0.11 ppm and the control group. No significant difference was
bserved in CBMN frequency between the two sub-groups with
-h TWA of 0.28 and 0.39 ppm. The lowest exposed workers have
igher CBMN frequency than the control group, but not statistically
ignificant.

The effects of age, FA exposure history, current smoking sta-
us and alcohol consumption on the two endpoints studied were
hown in Tables 2 and 3. We categorized the FA-exposed work-
rs into three sub-groups according to their FA exposure history,
ncluding 0.6–1, 1–3 and 3–25 years. Significant associations
etween FA exposure history and olive TM (P = 0.03, Table 2) and
BMN frequency (P = 0.04, Table 3) were found in FA-exposed work-

rs. Workers in ≥3-year sub-groups have significantly higher levels
f olive TM and CBMN frequency than these in 0.6–1-year sub-
roup (P < 0.05). No significant impact of age, current smoking
tatus, cigarette per day, and alcohol consumption was found on
ny of the two biomarkers studied.

able 2
live TM by age, FA exposure history, current smoking status and alcohol consumption.

Variables Control group

n Geometric mean (95%CI) Pa

All 112 0.93 (0.78–1.10)

Age (years) 0.2
<25 53 0.83 (0.68–1.01)
25–35 31 0.95 (0.66–1.36)
≥35 28 1.11 (0.70–1.76)

FA exposure history (years)
0.6–1
1–3
3–25

Current smoking status 0.4
Former or never smoker 64 0.81 (0.63–1.03)
Current smoker 48 1.11 (0.87–1.42)

Alcohol consumption 0.1
Non-alcohol user 68 0.88 (0.71–1.09)
Alcohol user 44 1.00 (0.74–1.35)

a Multivariate analysis of covariance tests for the differences in ln-transformed olive TM
tatus, and alcohol consumption among exposure group and control group separately.

b P = 0.07, Dunnett–Hsu test with 0.6–1-year sub-group as the reference.
c P = 0.01, Dunnett–Hsu test with 0.6–1-year sub-group as the reference.
d Student’s t-tests for the differences in ln-transformed olive TM between the control a
arch 695 (2010) 9–15

3.4. Association between GSTs genotypes and level of genomic
damages

The genotypes of GSTP1 polymorphism in all study subjects
were in Hardy–Weinberg equilibrium and the frequencies of the
null genotype of GSTM1 and GSTT1 were very close to our previous
publication [40], indicating no selective bias. As shown in Table 4,
FA-exposed workers with GSTM1 null genotype have slightly higher
olive TM than those with GSTM1 non-null genotype (3.86 vs. 3.27)
with adjustment for covariates and this difference was marginally
significant (P = 0.07). No association between genotypes of GSTT1
and GSTP1 and olive TM in FA-exposed workers was found. We did
not find any significant associations between polymorphisms of
GST genes and the olive TM in controls. As shown in Table 5, FA-
exposed workers with GSTP1 codon 105 Val allele have a slightly
higher CBMN frequency than those with only wild-type allele with
adjustment for covariates (6.32 vs. 5.01, P = 0.05). No association
between genotypes of GSTT1 and GSTM1 and CBMN frequency in
FA-exposed workers was found. No significant association was
observed between GSTM1, GSTT1 and GSTP1 polymorphisms and
CBMN frequency in controls.

4. Discussion

In this study, workers in the two plywood industries exposed
to a high level of FA have significantly increased DNA and chromo-
some damages in peripheral blood lymphocytes compared with the
workers from machine manufactory without occupational expo-
sure to FA. Both biomarkers show a dose-dependent increase with
the increasing level of FA exposure. Importantly, at the FA exposure
level around or much lower than the China current FA MAC in work-
place, we still found significantly increased DNA and chromosome
damages in peripheral lymphocytes of the workers, suggesting that
the current FA workshop MAC may still increase the risk of human
cancer in workers chronically exposed to FA.

There is an argument about which parameter is the best one

to present the DNA damage in comet assay [58]. Kumaravel and
Jha systemically evaluated several comet assay measurements for
detecting DNA damage induced by ionizing radiation and chem-
icals and suggested that olive TM and % Tail DNA gave the best
correlations with the concentration/dose of genotoxic agents used

Exposure group Pd

n Geometric mean (95%CI) Pa

151 3.54 (3.19–3.93) <0.01

9 0.24
79 3.69 (3.24–4.20) <0.001
46 3.24 (2.62–4.02) <0.001
26 3.65 (2.70–4.93) <0.001

0.03
33 2.27 (2.91–3.71)
68 2.69 (3.50–4.13)b

50 3.53 (4.11–4.78)c

4 0.44
72 3.24 (2.75–3.81) <0.001
79 3.84 (3.36–4.40) <0.001

0 0.15
79 3.60 (3.10–4.18) <0.01
72 3.48 (2.99–4.04) <0.01

with adjustment for age, FA exposure history and concentration, current smoking

nd exposure groups.
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Table 3
CBMN frequency by age, FA exposure history, current smoking status and alcohol consumption.

Variables Control group Exposure group Pc

n Mean ± SD Pa n Mean ± SD Pa

All 112 2.67 ± 1.32 151 5.51 ± 3.37 <0.01
Age (years) 0.28 0.56

< 25 53 2.85 ± 0.84 79 5.49 ± 3.21 <0.001
25–35 31 2.42 ± 1.63 46 5.83 ± 3.42 <0.001
≥ 35 28 2.61 ± 1.64 26 5.00 ± 3.62 <0.01

FA exposure history (years) 0.04
0.6–1 33 4.33 ± 2.81
1–3 68 5.84 ± 3.63
3–25 50 5.84 ± 3.24b

Current smoking status 0.10 0.11
Former or never smoker 64 2.52 ± 1.11 72 5.35 ± 3.13 <0.01
Current smoker 48 2.88 ± 1.54 79 5.66 ± 3.59 <0.01

Alcohol consumption 0.33 0.92
Non-alcohol user 68 2.66 ± 1.07 79 5.65 ± 3.32 <0.05
Alcohol user 44 2.68 ± 1.64 72 5.36 ± 3.45 <0.05

a Multivariate analysis of covariance tests for the differences in ln-transformed CBMN frequency with adjustment for age, FA exposure history and concentration, current
smoking status, and alcohol consumption among exposure group and control group separately.

b P = 0.04, Dunnett–Hsu test with 0.6–1-year sub-group as the reference.
c Student’s t-tests for the differences in ln-transformed CBMN frequency between the control and exposure groups.

Table 4
Association between genotypes of GSTs and olive TM.

GST genotypes Control group Exposure group

n Geometric mean (95%CI)a Pb n Geometric mean (95%CI)a Pc

GSTM1 0.43 0.07
Non-null 46 1.01 (0.77–1.32) 74 3.27 (2.83–3.78)
Null 66 0.87 (0.69–1.10) 77 3.86 (3.31–4.50)

GSTT1 0.11 0.47
Non-null 63 1.04 (0.82–1.31) 83 3.72 (3.26–4.25)
Null 49 0.80 (0.61–1.04) 68 3.36 (2.83–3.99)

GSTP1 0.83 0.49
Ile/Ile 58 0.96 (0.74–1.23) 90 3.64 (3.19–4.16)
Ile/Val + Val/Val 54 0.89 (0.70–1.14) 61 3.43 (2.87–4.10)

justm
justm

a

a
i
c
a
a
a

T
A

a

a ln-transformed olive TM was used in multivariate analysis of covariance tests.
b P values were calculated using multivariate analysis of covariance tests with ad
c P values were calculated using multivariate analysis of covariance tests with ad

nd FA exposure levels.

nd were not significantly different from each other [65]. Olive TM

s defined as the product of (the distance between the head and
entre of gravity of DNA in the tail) and (the % DNA in the tail). FA is
strong mutagen which induces not only oxidative bases damages
nd DNA strand breaks, but also DNA–protein crosslinks. In comet
ssay, the migration distance of DNA is expected to be short because

able 5
ssociation between genotypes of GSTs and CBMN frequency.

GST genotypes Control group

n Mean ± SDa

GSTM1
Non-null 46 2.91 ± 1.50
Null 66 2.50 ± 1.15

GSTT1
Non-null 63 2.75 ± 1.41
Null 49 2.57 ± 1.19

GSTP1
Ile/Ile 58 2.79 ± 1.36
Ile/Val + Val/Val 54 2.54 ± 1.27

a ln-transformed CBMN frequency was used in multivariate analysis of covariance test
b P values were calculated using multivariate analysis of covariance tests with adjustm
c P values were calculated using multivariate analysis of covariance tests with adjustm

nd FA exposure levels.
ent for age, current smoking status and alcohol consumption.
ent for age, current smoking status and alcohol consumption, FA exposure history

of the large molecular-weight DNA–protein crosslinks. Olive TM is

highly reliable because it incorporates the two most important pri-
mary measurements and it can reflect any change in the centre of
gravity of DNA without change in the % Tail DNA [67]. Therefore,
olive TM is preferentially selected as the measurement to present
the DNA damage in workers exposed to FA.

Exposure group

Pb n Mean ± SDa Pc

0.18 0.84
74 5.57 ± 3.45
77 5.50 ± 3.32

0.47 0.70
83 5.59 ± 3.51
68 5.46 ± 3.22

0.26 0.05
90 5.01 ± 2.98
61 6.32 ± 3.78

s.
ent for age, current smoking status and alcohol consumption.
ent for age, current smoking status and alcohol consumption, FA exposure history
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Our results were consistent with He’s study [11] in which FA
xposure was reported to be associated with the CBMN frequency
n peripheral blood lymphocytes in 13 medical students during a
2-week (10 h per week) anatomy class. The breathing-zone air
amples collected during dissection procedures showed an aver-
ge FA concentration of 2.37 ppm which is comparable to the
ob shift with highest FA exposure (making glue) in our study.
rsière et al. reported that the frequency of binucleated micronu-
leated cells was significantly higher in pathologists and anatomists
hose average concentration of FA exposure was 0.1 ppm for the

ampling time of 8 h which is comparable to the two job shifts
ithout direct exposure to FA vapors (shaving wood and stok-

ng boiler) [14]. Our results are also consistent with results of
ome studies evaluating the micronucleus in epithelial cells in
A-exposed populations [18,53–57]. Costa et al. applied comet
ssay to evaluate the genotoxic effect of long-term occupational
xposure to FA on 30 pathological anatomy laboratory work-
rs [15]. The results showed a significant increase of comet tail
ength in FA-exposed workers compared with the control group,
nd a positive correlation between FA exposure levels and comet
ail length was also noted (r = 0.333, P = 0.005). The in vitro stud-
es also showed that FA can induce DNA single strand breaks in

ultiple cell lines including rat tracheal epithelial cells, human
ela cell lines, and human bronchial epithelial and fibroblas-

ic cells, as well as DNA base damage in human lymphoblast
8,35,59–62].

In both animal and human, no increase of FA concentration in
issues or blood can be detected even moments after exposure
ecause FA was metabolized immediately after absorption [63,64].
ome studies indicate that FA can increase the level of ROS in many
issues and decrease the level of the cellular glutathione (GSH)
31–34], suggesting that FA may disrupt the balance between oxi-
ants and antioxidants and cause oxidative stress which in turn
ause oxidative DNA damage. Zhou et al. found that FA significantly
educed the activities of superoxide dismutase, glutathione perox-
dase, and the level of GSH and increased malondialdehyde (MDA)
evels in the testicular tissue in rats exposed to FA [34]. Recently, Sul
t al. also reported that increased level of MDA, carbonyl insertion,
nd DNA damage were found in the lung tissues of rats exposed to
A [35].

GSTs are the major enzymes fighting against oxidative stress
n human cells. The GSTM1 and GSTT1 polymorphisms result from
he deletion of a part of the gene which leads to the absence
f antioxidant enzymes activity in individuals homozygous for
he deletion (null genotype) [66]. In present study, the GSTM1
ull genotype was associated with an increased olive TM in
A-exposed workers, and the difference was marginally signif-
cant. This result suggests that GSTM1 may be involved in the
etoxification of FA-induced ROS. The GSTP1 is another impor-
ant glutathione S-transferase involved in detoxication of potential

utagens and ROS by-products. The GSTP1 codon 105 Ile → Val
olymorphism is the result of a base substitution (A → G) in the
STP1 binding site that modifies the catalytic activity of the
nzyme. We found that the FA-exposed workers carrying GSTP1
odon 105 Val allele had slightly higher CBMN frequency than
hose with the Ile/Ile genotype. Leng et al. also reported that GSTP1
odon 105 Val allele was associated with an increased CBMN
requency in PAHs exposed workers [40]. However, limited by
he sample size, cautions need to be taken in interpreting these
ndings.
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