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Articl_e history: Diesel exhaust particles (DEP) are considered to be one of the most important air pollutants. In this study,
Received 1 May 2009 the protective effect of quercetin, an antioxidant flavonoid, on oxidative damage of testicular cells was
Received in revised form 30 June 2009 studied by analysis of the intracellular antioxidant system of embryonic chickens after treatment with 3-
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Available online 9 July 2009 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~> M) alone or in combinations
with quercetin (1.0 wg/ml) for 48 h. Results showed that exposure to PNMC (10~> M) induced condensed
nuclei and vacuolated cytoplasm, a decrease in testicular cell viability and spermatogonial cell number.
3-Methyl-4-nitrophenol Exposure to PNMC induced lipid peroxidation by an elevation of thiobarbituric acid reactive substances as
Oxidative damage well as decreasing glutathione peroxidation activity and superoxide dismutase activity. However, simul-
Antioxidant taneous supplementation with quercetin restored these parameters to the similar levels as the control.
Spermatogonial cells PNMC is therefore concluded to have induced the oxidative stress of the spermatogonial cells, which can
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of the most commonly occurring flavonoids, is ingested in edible
fruits (apples), vegetables (onions) and beverages (tea) at levels
of up to 16 mg per day (Hertog et al., 1993). Therefore, quercetin
attracted more attentions. Quercetin exhibits a wide range of phys-
iological and pharmacological activities relevant to human health,
such as anticarcinogenic, anti-inflammatory and antiviral actions
(Brown, 1980; Read, 1995). Many of these effects are supposed to
be related to its antioxidant property. Quercetin can act by scaveng-
ing free radicals, chelation of divalent cations, inhibition of some
enzymes and protecting against DNA damage (Da Silva et al., 1998;
Wilms et al., 2008). Therefore, quercetin may be considered as an
effective attenuating factor for preventing various disorders caused
by environmental contaminants (Kuriyama et al., 2005; Mi and
Zhang, 2005; Kaindl et al., 2008).

In this study, the reproductive toxicity of PNMC was further
investigated using a testicular germ-somatic cell co-culture model.
Quercetin was chosen to examine its attenuating effect on cytotox-
icity caused by PNMC. In order to show the mechanism of toxicity
of PNMC, testicular cells were exposed to PNMC in the presence or
absence of quercetin. In addition to the analysis of cytotoxicity, mal-
ondialdehyde (MDA) content was measured as an end-product of
lipid peroxidation. The defense systems against free radical attack
were assessed by the measurement of glutathione peroxidation
(GSH-Px) activity and superoxide dismutase (SOD) activity. These
results would help to identify dietary sources of protection against
reproductive toxicity induced by environmental oxidative toxicants
such as PNMC.

2. Materials and methods
2.1. Isolation and culture of testicular cells

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

2.2. Treatments of cultured cells with chemicals

PNMC was purchased from Tokyo Kasei Kogyo Co. Ltd. (Tokyo, Japan). The stock
solution of PNMC and quercetin (Sigma, St. Louis, MO) was prepared in PBS and
ethanol solution, respectively. For morphological observations, Cells were incubated
in medium with PNMC (10-7 to 10~> M) alone or in combinations with quercetin
(1.0 g/ml) at 5 x 10* cells/well in 96-well Falcon culture plates. After treatment
for 48 h, we observed the morphological change in the cells. For biochemical anal-
ysis, we plated the cells at 2 x 10° cells/well in 24-well Falcon culture plates. Cells
were incubated in medium supplemented with PNMC (10-> M) with or without
quercetin (1.0 wg/ml). The control received the vehicle only. After treatment for
48 h, the medium and cultured cells were used for determinations of MDA, SOD
and GSH-Px.

2.3. Morphological studies of testicular cells

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

2.4. Biochemical analysis

After 48 h culture the medium and cells were used for biochemical analysis.
Lipid peroxidation was evaluated by measurement of MDA concentrations using
spectrophotometric measurement of the color produced during the reaction to
thiobarbituric acid with MDA (Agostinho et al., 1997). MDA concentrations were
calculated by the absorbance of thiobarbituric acid reactive substances (TBARS)
at 532 nm and were expressed in nmol/ml. Total SOD activity was determined by
inhibition of the rate of the superoxide radical-dependent cytochrome C reduc-
tion (Flohé and Otting, 1984). The absorbance at 550 nm was determined and the
values were expressed as U/ml. The activity of GSH-Px was assessed according
to established methods of Rotruck et al. (1973) which makes use of the reaction:
H,0, +2GSH — 2H,0 +GSSG (oxidized glutathione). The absorbance was deter-
mined at 412 nm. The enzymatic activity was expressed as U/L.

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 wg/ml (Fig. 1B).
Obvious toxic effects of PNMC (10~7 to 10=> M) on cell morphol-
ogy were observed. Many spermatogonial cells showed condensed
nuclei and vacuolated cytoplasm in the PNMC-treated group at
10—>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 ug/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->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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Fig. 1. Morphological changes of embryonic chicken testicular cells after treatment with quercetin alone and in combined with PNMC for 48 h. (A)-(D) indicated testicular
cells of the control, quercetin (1 g/ml), PNMC (10-5 M), PNMC + quercetin-treated groups, respectively. Note somatic cells (® ), normal spermatogonial cells (—) and
spermatogonial cells with condensed nuclei and vacuolated cytoplasm (3 ). Scale bar: 10 pm.

by PNMC exposure. PNMC induced lipid peroxidation, decreased
SOD activities and GSH-Px activities. Tsukue et al. (2002) reported
that DEP adversely impacted on female reproductive functions.
Exposure to diesel exhaust significantly decreased the numbers of
sperm, spermatids and Sertoli cells produced daily in adult rats and
mice (Watanabe, 2005; Izawaetal.,2007c). Liet al. (2006a) reported
that seminiferous tubules of PNMC-treated adult male quail were
devoid of all cells except spermatogonia and Sertoli cells and PNMC
induces reproductive toxicity at both the central and testicular lev-
els in the adult male quail. In vitro, we used spermatogonial and
somatic cells to reveal that PNMC exposure markedly decreased
the number of spermatogonial cells and had detrimental effects on
male reproductive functions in vitro.
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Fig. 2. Changes in the number of spermatogonial cells in cell cultures treated with
PNMC (10-7 to 10~ M) and quercetin (Que, 1.0 wg/ml) for 48 hin culture. Values rep-
resent 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~> M
PNMC treatment.

Among the possible mechanisms of PNMC-induced injury,
ROS generation remained an important consideration. Study by
Donaldson etal. (2003) showed that DEP exposure generated ROS in
the lungs of exposed mice, and the generated ROS are responsible
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->M for
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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.
The cultured cells were collected for analysis of GSH-Px activity. Values repre-
sent 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-> M PNMC
treatment.

48 h significantly increased MDA production. In the present study,
PNMC cause lipid peroxidation, which is quantified by MDA genera-
tion. Furthermore, the PNMC treatment significantly decreased SOD
activities and GSH-Px activities. Under physiological conditions, the
normal production of ROS is efficiently scavenged by enzymatic
antioxidant system (such as SOD, GSH-Px, catalase) and nonenzy-
matic antioxidants (such as glutathione, vitamin A, C, and E). SOD
is a scavenger of superoxide. The decreases of SOD activities sug-
gested accumulation of excess superoxide. The decreases of GSH-Px
activities suggested accumulation of excess H,0,. GSH-Px converts
H, 0, or other lipid peroxides to water or hydroxyl lipids and in the
process, GSH is converted to oxidized glutathione. Therefore, the
toxic influence of PNMC from DEP was concluded to most likely be
due to the formation of excessive free radicals that caused oxidative
stress, leading to cell damage.

Natural compounds and dietary components as antioxidants
against diseases and injures attracted a growing number of sci-
entific attention. Quercetin, an important flavonoid, and provides
beneficial effects on health due to its antioxidant function. Lit-
tle is known about the protective effect of quercetin on the
toxicity caused by DEP. The present study demonstrated that
quercetin showed no deleterious effects on spermatogonial cells
and quercetin’s antioxidant capacity was also revealed. The for-
mation of MDA was significantly elevated but SOD activity and
GSH-Px activity decreased in testicular cells after exposure to
PNMC. However, these parameters were restored by combined
treatment with quercetin. These data on the protective ability of
quercetin against oxidative damage were in agreement with other
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Fig. 5. Changes in SOD activity in chicken testicular cells after 48 h culture. The cul-
tured 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-
pared to the control; #P<0.05 when compared to 10-> M PNMC treatment.

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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