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Diesel exhaust particles (DEP) are considered to be one of the most important air pollutants. In this study,
the protective effect of quercetin, an antioxidant flavonoid, on oxidative damage of testicular cells was
studied by analysis of the intracellular antioxidant system of embryonic chickens after treatment with 3-
methyl-4-nitrophenol (PNMC) derived from DEP. Testicular cells from 18-day-old embryos were cultured
in serum-free McCoys’5A medium and challenged with PNMC (10−7 to 10−5 M) alone or in combinations
with quercetin (1.0 �g/ml) for 48 h. Results showed that exposure to PNMC (10−5 M) induced condensed
uercetin
-Methyl-4-nitrophenol
xidative damage
ntioxidant
permatogonial cells

nuclei and vacuolated cytoplasm, a decrease in testicular cell viability and spermatogonial cell number.
Exposure to PNMC induced lipid peroxidation by an elevation of thiobarbituric acid reactive substances as
well as decreasing glutathione peroxidation activity and superoxide dismutase activity. However, simul-
taneous supplementation with quercetin restored these parameters to the similar levels as the control.
PNMC is therefore concluded to have induced the oxidative stress of the spermatogonial cells, which can
be attenuated by combined quercetin treatment. Our results support the therapeutic use of quercetin in

ent of
the prevention or treatm

. Introduction

The diesel exhaust particles (DEP) emitted from diesel engines
re one of the major causes of air pollution. DEP, the soluble organic
raction of particulate matter, have a negative influence on human
nd animal health. It has become clear that the DEP may possibly
ause not only lung cancer and bronchial asthma but also endocrine
isruption and reproductive disorders (McClellan, 1987; Sagai et
l., 1993). DEP adversely impacts both female and male reproduc-
ive functions (Watanabe and Oonuki, 1999; Yoshida et al., 1999;
sukue et al., 2001, 2002; Izawa et al., 2007a,b,c, 2008). However,
he specific compounds responsible for this toxicity are still unclear.
Recently, four nitrophenol derivatives, 4-nitrophenol, 2-methyl-
-nitrophenol, 3-methyl-4-nitrophenol (PNMC) and 4-nitro-3-
henylphenol, were isolated from DEP (Mori et al., 2003). In
ddition to its presence in DEP, PNMC is also a degradation prod-

∗ Corresponding author. Tel.: +86 571 86971976; fax: +86 571 86971976.
E-mail address: cqzhang@zju.edu.cn (C. Zhang).

378-4274/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.toxlet.2009.07.002
the reproductive toxicity by environmental toxicant PNMC.
© 2009 Elsevier Ireland Ltd. All rights reserved.

uct of the insecticide fenitrothion (Bhushan et al., 2000) that is
a widely used pesticide which shows high potential for human
and animal exposure in both rural and residential environments.
The accumulation of PNMC from these sources could have signif-
icant effects on wildlife and human health via disruption of the
endocrine and reproductive systems. PNMC has shown estrogenic
activity in vitro and in vivo (Furuta et al., 2004, 2005). PNMC induces
reproductive toxicity at both the central and testicular levels, and
disrupts testicular function in male quail and rats (Li et al., 2006a,b,
2007a,b). Reactive oxygen species (ROS) are thought to be the cause
of oxidative stress following DEP exposure (Pam et al., 2004). ROS
play an important role in various diseases, such as some cancers
and injuries. Therefore, it is necessary to investigate the mecha-
nism of toxicity caused by DEP exposure and to identify protective
strategies.

Flavonoids are ubiquitous in plant foods, and found in signifi-

cant quantities in vegetables, fruits, seeds, and in beverages such
as tea and wine (Justesen et al., 1998; Aherne and O’Brien, 2002;
Vvedenskaya and Vorsa, 2004). Flavonoids have received consid-
erable attention due to their antioxidant properties (Crozier et al.,
2000; Mira et al., 2002; Murota and Terao, 2003). Quercetin, as one

http://www.sciencedirect.com/science/journal/03784274
http://www.elsevier.com/locate/toxlet
mailto:cqzhang@zju.edu.cn
dx.doi.org/10.1016/j.toxlet.2009.07.002
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f the most commonly occurring flavonoids, is ingested in edible
ruits (apples), vegetables (onions) and beverages (tea) at levels
f up to 16 mg per day (Hertog et al., 1993). Therefore, quercetin
ttracted more attentions. Quercetin exhibits a wide range of phys-
ological and pharmacological activities relevant to human health,
uch as anticarcinogenic, anti-inflammatory and antiviral actions
Brown, 1980; Read, 1995). Many of these effects are supposed to
e related to its antioxidant property. Quercetin can act by scaveng-

ng free radicals, chelation of divalent cations, inhibition of some
nzymes and protecting against DNA damage (Da Silva et al., 1998;
ilms et al., 2008). Therefore, quercetin may be considered as an

ffective attenuating factor for preventing various disorders caused
y environmental contaminants (Kuriyama et al., 2005; Mi and
hang, 2005; Kaindl et al., 2008).

In this study, the reproductive toxicity of PNMC was further
nvestigated using a testicular germ-somatic cell co-culture model.
uercetin was chosen to examine its attenuating effect on cytotox-

city caused by PNMC. In order to show the mechanism of toxicity
f PNMC, testicular cells were exposed to PNMC in the presence or
bsence of quercetin. In addition to the analysis of cytotoxicity, mal-
ndialdehyde (MDA) content was measured as an end-product of
ipid peroxidation. The defense systems against free radical attack

ere assessed by the measurement of glutathione peroxidation
GSH-Px) activity and superoxide dismutase (SOD) activity. These
esults would help to identify dietary sources of protection against
eproductive toxicity induced by environmental oxidative toxicants
uch as PNMC.

. Materials and methods

.1. Isolation and culture of testicular cells

Fertilized Hy-line chicken eggs were obtained from a commercial hatchery and
ncubated at 38.5 ◦C and 60% humidity until day 18. Testicular cells were prepared
nd cultured according to a previous study (Mi et al., 2004).

.2. Treatments of cultured cells with chemicals

PNMC was purchased from Tokyo Kasei Kogyo Co. Ltd. (Tokyo, Japan). The stock
olution of PNMC and quercetin (Sigma, St. Louis, MO) was prepared in PBS and
thanol solution, respectively. For morphological observations, Cells were incubated
n medium with PNMC (10−7 to 10−5 M) alone or in combinations with quercetin
1.0 �g/ml) at 5 × 104 cells/well in 96-well Falcon culture plates. After treatment
or 48 h, we observed the morphological change in the cells. For biochemical anal-
sis, we plated the cells at 2 × 105 cells/well in 24-well Falcon culture plates. Cells
ere incubated in medium supplemented with PNMC (10−5 M) with or without

uercetin (1.0 �g/ml). The control received the vehicle only. After treatment for
8 h, the medium and cultured cells were used for determinations of MDA, SOD
nd GSH-Px.

.3. Morphological studies of testicular cells

Morphological changes of testicular cells were visualized under an inverted
hase-contrast microscope (Olympus, Japan) and the image was captured with a
ideo camera (Pixera Pro 150ES, USA). The number of spermatogonial cells was
ounted in each image by using Simple PCI Advanced Imaging Software (Compix
nc., USA).

.4. Biochemical analysis

After 48 h culture the medium and cells were used for biochemical analysis.
ipid peroxidation was evaluated by measurement of MDA concentrations using
pectrophotometric measurement of the color produced during the reaction to

hiobarbituric acid with MDA (Agostinho et al., 1997). MDA concentrations were
alculated by the absorbance of thiobarbituric acid reactive substances (TBARS)
t 532 nm and were expressed in nmol/ml. Total SOD activity was determined by
nhibition of the rate of the superoxide radical-dependent cytochrome C reduc-
ion (Flohé and Otting, 1984). The absorbance at 550 nm was determined and the
alues were expressed as U/ml. The activity of GSH-Px was assessed according
o established methods of Rotruck et al. (1973) which makes use of the reaction:

2O2 + 2GSH → 2H2O + GSSG (oxidized glutathione). The absorbance was deter-
ined at 412 nm. The enzymatic activity was expressed as U/L.
rs 190 (2009) 61–65

2.5. Statistical analysis

The experiment was repeated three times with quadruplications. All data were
expressed as the means ± S.D. and analyzed by two-way ANOVA and Duncan’s multi-
ple range test using the GLM procedure of SAS 6.12 software. P ≤ 0.05 was considered
significantly different.

3. Results

3.1. Changes in morphology of testicular cells

After culture for 48 h, spermatogonial cells in the control group
showed a rounded shape and were anchored on the overslip by
the filopodia of somatic cells (Fig. 1A). Compared with the con-
trol group, there was no differentiating change in testicular cell
morphology after exposure to quercetin at 0.1–1 �g/ml (Fig. 1B).
Obvious toxic effects of PNMC (10−7 to 10−5 M) on cell morphol-
ogy were observed. Many spermatogonial cells showed condensed
nuclei and vacuolated cytoplasm in the PNMC-treated group at
10−5 M (Fig. 1C). However, in combination with quercetin, more
spermatogonial cells survived with intact integrity and the cyto-
toxicity caused by PNMC was mitigated (Fig. 1D).

3.2. Change of spermatogonial cell number

The two-way ANOVA of the data showed that PNMC was a
significant factor in determining spermatogonial cell numbers
(P = 0.0001) but quercetin was not a significant factor in deter-
mining this parameters (P = 0.06). There was also an interaction
between the PNMC and quercetin in determining spermatogo-
nial cell number (P = 0.0001). There were no significant changes in
spermatogonial cell numbers between quercetin (1 �g/ml) and the
control group (Fig. 2; P > 0.05). However, the number of spermato-
gonial cell was significantly decreased in the group treated with
PNMC at 10−5 M (Fig. 2; P < 0.001). In combinations with PNMC,
quercetin significantly increased spermatogonial cell number and
remained more spermatogonial cells integrity (Fig. 2; P < 0.001).

3.3. Assessment of intracellular antioxidative status

The two-way ANOVA for intracellular antioxidative parameters
showed that MDA formation, GSH-Px activity and SOD activity
were significantly affected by PNMC (P = 0.008; P = 0.01; P = 0.014,
respectively). However, quercetin was not a significant factor in
determining these three parameters (P = 0.08; P = 0.07; P = 0.06).
There was also an interaction between the PNMC and quercetin in
determining these three parameters (P = 0.01; P = 0.02; P = 0.04). No
significant differences in MDA formation, GSH-Px activity and SOD
activity were observed between the quercetin-treated and the con-
trol group (Figs. 3–5; P > 0.05). There was a significant increase in
MDA production (Fig. 3; P < 0.01) and a significant decrease in GSH-
Px and SOD activity after exposure to PNMC for 48 h (Figs. 4 and 5;
P < 0.01; P < 0.05, respectively). The increase in the MDA produc-
tion was significantly reduced (Fig. 3; P < 0.01) and the decrease in
the GSH-Px activity and SOD activity was significantly restored by
combined treatment with quercetin (Figs. 4 and 5; P < 0.05).

4. Discussion

We have previously reported that PNMC, one nitrophenol
derivatives isolated from DEP, possess estrogenic and anti-

androgenic activity both in vivo and in vitro (Furuta et al., 2004,
2005; Li et al., 2006b). In contrast to previous findings, little is
known about the mechanisms that govern the effects of PNMC
exposure on male reproductive functions in vitro. In the present
study, the number of spermatogonial cells was markedly decreased
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for protein oxidation, lipid peroxidation, and DNA damage. Addi-
tionally, Danielsen et al. (2008) and Park et al. (2006) reported DEP
exposure increased the TBARS generation and induced DNA dam-
age. Our results were consistent with these other studies. Treatment
of testicular cells with PNMC at the concentration of 10−5 M for
ig. 1. Morphological changes of embryonic chicken testicular cells after treatmen
ells of the control, quercetin (1 �g/ml), PNMC (10−5 M), PNMC + quercetin-treate
permatogonial cells with condensed nuclei and vacuolated cytoplasm ( ). Scale

y PNMC exposure. PNMC induced lipid peroxidation, decreased
OD activities and GSH-Px activities. Tsukue et al. (2002) reported
hat DEP adversely impacted on female reproductive functions.
xposure to diesel exhaust significantly decreased the numbers of
perm, spermatids and Sertoli cells produced daily in adult rats and
ice (Watanabe, 2005; Izawa et al., 2007c). Li et al. (2006a) reported

hat seminiferous tubules of PNMC-treated adult male quail were
evoid of all cells except spermatogonia and Sertoli cells and PNMC

nduces reproductive toxicity at both the central and testicular lev-

ls in the adult male quail. In vitro, we used spermatogonial and
omatic cells to reveal that PNMC exposure markedly decreased
he number of spermatogonial cells and had detrimental effects on

ale reproductive functions in vitro.

ig. 2. Changes in the number of spermatogonial cells in cell cultures treated with
NMC (10−7 to 10−5 M) and quercetin (Que, 1.0 �g/ml) for 48 h in culture. Values rep-
esent means ± S.D. (n = 4). Multiple symbols indicate different significance levels:
**P < 0.001 when compared to the control; ###P < 0.001 when compared to 10−5 M
NMC treatment.
quercetin alone and in combined with PNMC for 48 h. (A)–(D) indicated testicular
ps, respectively. Note somatic cells ( ), normal spermatogonial cells (→) and
�m.

Among the possible mechanisms of PNMC-induced injury,
ROS generation remained an important consideration. Study by
Donaldson et al. (2003) showed that DEP exposure generated ROS in
the lungs of exposed mice, and the generated ROS are responsible
Fig. 3. Results of lipid peroxidation in spermatogonial cells. The culture medium
was collected for analysis of MDA formation. Values represent means ± S.D. (n = 4).
Multiple symbols indicate different significance levels: **P < 0.01 when compared to
the control; ##P < 0.01 when compared to 10−5 M PNMC treatment.
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Fig. 4. Changes in GSH-Px activity in chicken testicular cells after 48 h culture.
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he cultured cells were collected for analysis of GSH-Px activity. Values repre-
ent means ± S.D. (n = 4). Multiple symbols indicate different significance levels:
*P < 0.01 when compared to the control; #P < 0.05 when compared to 10−5 M PNMC
reatment.

8 h significantly increased MDA production. In the present study,
NMC cause lipid peroxidation, which is quantified by MDA genera-
ion. Furthermore, the PNMC treatment significantly decreased SOD
ctivities and GSH-Px activities. Under physiological conditions, the
ormal production of ROS is efficiently scavenged by enzymatic
ntioxidant system (such as SOD, GSH-Px, catalase) and nonenzy-
atic antioxidants (such as glutathione, vitamin A, C, and E). SOD

s a scavenger of superoxide. The decreases of SOD activities sug-
ested accumulation of excess superoxide. The decreases of GSH-Px
ctivities suggested accumulation of excess H2O2. GSH-Px converts
2O2 or other lipid peroxides to water or hydroxyl lipids and in the
rocess, GSH is converted to oxidized glutathione. Therefore, the
oxic influence of PNMC from DEP was concluded to most likely be
ue to the formation of excessive free radicals that caused oxidative
tress, leading to cell damage.

Natural compounds and dietary components as antioxidants
gainst diseases and injures attracted a growing number of sci-
ntific attention. Quercetin, an important flavonoid, and provides
eneficial effects on health due to its antioxidant function. Lit-
le is known about the protective effect of quercetin on the
oxicity caused by DEP. The present study demonstrated that
uercetin showed no deleterious effects on spermatogonial cells
nd quercetin’s antioxidant capacity was also revealed. The for-
ation of MDA was significantly elevated but SOD activity and

SH-Px activity decreased in testicular cells after exposure to
NMC. However, these parameters were restored by combined
reatment with quercetin. These data on the protective ability of
uercetin against oxidative damage were in agreement with other

ig. 5. Changes in SOD activity in chicken testicular cells after 48 h culture. The cul-
ured cells were collected for analysis of SOD activity. Values represent means ± S.D.
n = 4). Multiple symbols indicate different significance levels: *P < 0.05 when com-
ared to the control; #P < 0.05 when compared to 10−5 M PNMC treatment.
rs 190 (2009) 61–65

results using different cell lines. Studies by Mi and Zhang (2005)
and Robaszkiewicz et al. (2007) showed that quercetin decreased
production of reactive oxygen species in human non-small lung
cancer cells A549 and chicken testicular germ cells. Lima et al.
(2006) reported that quercetin significantly decreased lipid perox-
idation and prevented glutathione depletion induced by tert-butyl
hydroperoxide in HepG2 cells, and significantly decreased DNA
damage. The present results showed no evidence of toxicity of
quercetin at the indicated dose range.

Quercetin is a dietary antioxidant as a result of a suitable struc-
ture for free radical scavenging and ion chelation with the phenolic
hydroxyl groups at the B-ring and the 3-position providing its free
radical-scavenging activity (Cao et al., 1997). Additionally, quercetin
was an effective alimentary antioxidant because of not only its
structural characteristics but also its ability to interact with and
penetrate lipid bilayers. Therefore, the structure of quercetin plays
a vital role in attenuating the oxidative damage caused by PNMC.
Furthermore, quercetin can inhibit cytotoxicity of oxidant agents
like PNMC by maintaining normal cell morphology.

Exposure to PNMC caused cytotoxicity in embryonic chicken
testicular cells by increasing lipid peroxidation and reducing intra-
cellular antioxidant system. However, as an effective antioxidant,
quercetin could block these deleterious effects through a reduc-
tion in MDA, and an increase in SOD and GSH-Px to maintain the
membrane integrity. To our knowledge, this is the first study that
indicates that the dietary antioxidant quercetin could attenuate
the toxic effects of PNMC and provide protection against testicular
toxicity caused by oxidative environmental contaminants.
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