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Perfluorooctane acid (PFOA), a persistent environmental pollutant, is considered to cause adverse health
effects. In the present study, we investigated the attenuating effect of quercetin (Que) on PFOA-induced
testicular toxicity in mice and its possible mechanisms of action. Mice were orally administered PFOA

(10 mg per kg per day) alone or in combination with Que (75 mg per kg per day) for 21 consecutive days.

Treatment with Que resulted in restoration of absolute testis weight and epididymal sperm count in
PFOA-exposed mice. Furthermore, compared with mice treated with PFOA alone, Que supplementation
up-regulated testicular expression of NRF2 and its target antioxidant genes superoxide dismutase (SOD),
catalase (CAT) and heme oxygenase-1 (HO-1), with a decrease in malondialdehyde production and an

increase in SOD and CAT activities. In addition, treatment with Que up-regulated the expression of anti-
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apoptotic protein Bcl-2 and down-regulated the expression of pro-apoptotic proteins p53 and Bax in

the testes of PFOA-exposed mice. These results suggested that Que protected against PFOA-induced

DOI: 10.1039/c7ra09036f

rsc.li/rsc-advances mice.

1. Introduction

Perfluorinated compounds (PFCs) are a class of synthetic
chemicals that have been used in a variety of commercial and
industrial applications since the 1950s. In recent years, PFCs
have received increasing attention due to their ubiquitous
occurrence as persistent environmental pollutants. Per-
fluorooctanoic acid (PFOA), one of the most abundant PFCs in
the environment, is mainly used as an emulsifier in the
production of fluoropolymers and fluoroelastomers." Due to the
nonbiodegradable and bioaccumulative properties, it has been
detected in worldwide human populations.>* The consumption
of contaminated food is the most important pathway leading to
exposure to PFOA in the general public.® It is well absorbed
following oral exposure,* and has a half-life of 3.8 years for
serum elimination in humans.® Data from NHANES 2007-2008
and 2009-2010 showed that the geometric mean PFOA
concentrations in serum were 4.13 and 3.06 ng mL ™" in the U.S.
population, respectively.” However, occupational exposure
raised serum level of PFOA, which could reach 691 ng mL "
(range, 72-5100 ng mL ') in fluorochemical production
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male reproductive toxicity through attenuating oxidative stress and inhibiting apoptosis in the testes of

workers.® In China, high levels of PFOA were detected in serum
with median concentrations of 427 ng mL™" (range, 2.52 to
32 000 ng mL™") in occupational workers from 2008 to 2012.°

It has been suggested that PFC contamination may detri-
mentally affect spermatogenesis, disturbing meiotic segrega-
tion and DNA integrity in humans.'® A multivariable linear
regression analysis demonstrated that in utero exposure to
PFOA was associated with lower adjusted sperm concentration
and total sperm count in adult men." Furthermore, a study of
105 young men indicated that high levels of serum PFOA-PFOS
were associated with reduced numbers of normal sperma-
tozoa.”” In animal experiments, PFOA has been shown to
disrupt blood-testis barrier," destroy testicular steroidogenic
machinery,* and alter polyunsaturated fatty acid composition
and induce oxidative stress in mouse epididymis,”® thus
resulting in male reproductive dysfunction. We also reported
previously that exposure to PFOA disrupted spermatogenesis
through inducing testicular oxidative stress and apoptosis in
mice."®

Quercetin (Que), an important aglycone flavonoid charac-
terized by the presence of a phenyl benzo(c)pyrone-derived
structure, is ubiquitously distributed in vegetables, fruits, tea
and red wine and displays a wide range of healthy properties,
including anti-oxidation, anti-inflammation and anti-
apoptosis.””™ It has been shown that Que exerts protective
effect on hepatotoxicity induced by sodium fluoride and

PFOA.**** However, the protection by Que against
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PFOA-induced male reproductive toxicity has not yet been
reported. Therefore, the present study was undertaken to
investigate the ameliorative effect of Que on PFOA-induced
testicular oxidative stress and apoptosis in mice.

2. Materials and methods
2.1 Animals

Eight-week-old male Kunming mice were purchased from the
Laboratory Animal Center of Nanchang University. The mice
were housed under the standard laboratory conditions and
acclimatized for 1 week before the start of experiments. All
animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Nanchang
University and approved by the Animal Ethics Committee of
Nanchang University.

2.2 Treatments

PFOA (purity 96%) and Que (purity = 95%) were purchased
from Sigma-Aldrich (St. Louis., MO, USA). The mice were
randomly divided into four groups as follows: (1) control group:
mice were given the vehicle only. (2) PFOA group: mice were
given PFOA 10 mg per kg per day. (3) Que group: mice were
given Que 75 mg per kg per day. (4) PFOA + Que group: mice
were given PFOA 10 mg per kg per day and Que 75 mg per kg per
day. PFOA and Que were dissolved respectively in water and
dimethyl sulfoxide, and were administered intragastrically to
each group of animals in a dose volume of 0.2 mL per 20 g body
weight once daily for 21 consecutive days.

At the end of treatment period, mice were euthanized by
cervical dislocation and testes and epididymides were excised
quickly. The testes were fixed in Bouin's fluid or frozen in liquid
nitrogen for the subsequent measurements.

2.3 Histopathology

The fixed testicle samples were dehydrated in an ascending
series of alcohol, cleared in xylene, embedded in paraffin, and
sectioned at 5 um. The sections were stained with hematoxylin
and eosin, and were observed under a microscope (Olympus
1X71) for histopathological evaluation.

2.4 Sperm count

The freshly excised epididymis was minced and incubated in
physiological saline at 37 °C for 10 min to allow spermatozoa
to swim out. Epididymal sperm count was determined
with a hemocytometer under a light microscope at x200
magnification.

2.5 Oxidative stress analysis

The frozen testis was homogenized in ice-cold physiological
saline solution with a glass homogenizer. The levels of malon-
dialdehyde (MDA), superoxide dismutase (SOD) and catalase
(CAT) in testis homogenate were detected using the commercial
available kits (Jiancheng Institute of Biotechnology, Nanjing,
China). MDA production was assayed by measuring the levels of
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thiobarbituric acid reactive substances (TBARS) at 532 nm. SOD
activity was detected based on its ability to inhibit the oxidation
of oxymine by the xanthine-xanthine oxidase system, and the
absorbance was determined at 550 nm. CAT activity was deter-
mined by measuring the decrease in absorbance at 240 nm due
to H,O, dismutation. Protein concentrations were determined
using the BCA assay kit (Vazyme Biotechnology, Nanjing,
China). The analyses were performed with a UV 1800 spectro-
photometer (Shimadzu, Japan).

2.6 Quantitative real-time PCR assay

Total RNA was extracted from the frozen testicle tissue using the
Trizol solution (Invitrogen, CA). The ¢cDNA was synthesized
using the RT reagent kit with gDNA eraser (TaKaRa, China).
Quantitative real-time PCR was carried out on an ABI Prism
7500 detection system (PE Applied Biosystems) using the SYBR
Green PCR Master Mix (TaKaRa, China). The specific primers
used for gene amplification were listed in Table 1. The expres-
sion of target genes was determined relative to GAPDH as an
internal control, and the relative fold change in the mRNA
expression was calculated using the 27 *4Cr.

2.7 Western blot analysis

Total protein was extracted from the frozen testicle tissue using
RIPA lysis buffer for immunoblot assay. After separation by SDS-
PAGE, protein samples were transferred onto a nitrocellulose
membrane and immunoblotted sequentially with antibodies to
NRF2, BCL-2, BAX, p53 or GAPDH (Cell Signaling Technology,
USA.). After washing in TBST, the membranes were incubated
with the secondary antibody conjugated with horseradish
peroxidase (Santa Cruz Biotechnology Inc.) for 1 hour at room
temperature. Immunoreactive bands were visualized by the
enhanced chemiluminescence kit (Thermo Fisher Scientific
Inc.), and blot images were acquired using a Bio-Rad gel
imaging system.

2.8 Statistical analysis

The results were expressed as the mean + standard deviation.
The significance of differences was determined by one-way
analysis of variance (ANOVA) and Duncan's multiple-range
tests using the GLM procedure of SAS 8.1 software. P < 0.05
was considered statistically significant.

Table 1 Specific primers for real-time PCR analysis

Product

Gene Description  Primer sequence (5'-3") length (bp)
HO-1 Forward CCTCACAGATGGCGTCACTT 92

Reverse GCTGATCTGGGGTTTCCCTC 92
SOD1 Forward ATCCACTTCGAGCAGAAGGC 96

Reverse CTGATGGACGTGGAACCCAT 96
CAT Forward TTTTGCCTACCCGGACACTC 154

Reverse GGGGTAATAGTTGGGGGCAC 154
GAPDH  Forward GGCAAATTCAACGGCACAGT 84

Reverse GTCTCGCTCCTGGAAGATGG 84

This journal is © The Royal Society of Chemistry 2017
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3. Results

3.1 Effect of Que on PFOA-induced changes in testicular
histology

As shown in Fig. 1, treatment with PFOA for 21 consecutive days
resulted in obvious morphological alterations in the testis of
mice, including atrophy of seminiferous tubules, disorganiza-
tion of seminiferous epithelium, absence of spermatozoa,
depletion of spermatogonial cells and detachment of germ cells
(Fig. 1B). However, all of these adverse histological changes
induced by PFOA were significantly attenuated by simultaneous
treatment with Que (Fig. 1D). Typical seminiferous tubular
structures with normal arrangement of spermatogenic cells
were observed in control mice (Fig. 1A), as well as in mice
treated with Que alone (Fig. 1C).

3.2 Effect of Que on testicular weight in PFOA-treated mice

Compared with the control group, PFOA treatment for 21
consecutive days caused a significant decrease in absolute testis
weight (P < 0.05). However, Que supplementation restored the
absolute testis weight in mice exposed to PFOA (P < 0.05)
(Fig. 2A). Treatment with PFOA, Que or their combination had
no significant effect on testis weight relative to body weight (P >
0.05) (Fig. 2B).

3.3 Effect of Que on epididymal sperm count in PFOA-
treated mice

The number of epididymal sperms was measured to evaluate
the PFOA-induced reproductive toxicity and the protective effect
of Que. Compared with the control, oral administration of PFOA
for 21 consecutive days resulted in a significant decrease in
epididymal sperm count (P < 0.05). However, simultaneous
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supplementation of Que markedly increased the number of
epididymal sperms in mice exposed to PFOA (P < 0.05). No
significant differences in epididymal sperm count were found
between control group and Que group (P > 0.05) (Fig. 2C).

3.4 Effect of Que on PFOA-induced testicular oxidative stress

The levels of MDA, SOD and CAT in testis homogenates were
determined to evaluate the antioxidative effect of Que on
PFOA-induced testicular oxidative stress. After exposure to
PFOA for 21 consecutive days, the formation of MDA was
significantly increased and activities of SOD and CAT were
significantly decreased in the testis, compared with control
group (P < 0.05). However, simultaneous administration of
Que significantly reduced the production of MDA and
enhanced the activities of SOD and CAT in the testis of mice
exposed to PFOA (P < 0.05). Compared with control group,
Que treatment alone had no significant effect on the produc-
tion of MDA and activities of SOD and CAT in the testis of mice
(P> 0.05) (Fig. 3).

3.5 Effect of Que on testicular expression of NRF2 and
antioxidant enzymes in PFOA-treated mice

The expression of NRF2 and its downstream antioxidant genes
HO-1, CAT and SOD was detected to analyze the involvement of
NRF2-mediated antioxidant pathway. As shown in Fig. 4, oral
administration of PFOA for 21 consecutive days significantly
decreased the protein expression of NRF2 in the testis of mice
(P <0.05). However, PFOA-induced decrease in NRF2 expression
was obviously restored by simultaneous Que treatment
(P < 0.05).

Moreover, mRNA expression of HO-1, CAT and SOD was
markedly suppressed by PFOA exposure (P < 0.05). However,

Fig. 1 Histopathological staining. (A) Control group; (B) PFOA group; (C) Que group; (D) PFOA + Que group. Magnification: 200 x.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Effect of Que on absolute testis weight (A), relative testis weight (B) and epididymal sperm count (C) in PFOA-treated mice. Values are
expressed as mean + SD. *P < 0.05, versus control group; #P < 0.05, versus PFOA group.

Que treatment significantly increased testicular expression of and the mRNA expression of HO-1, CAT and SOD were
HO-1, CAT and SOD in mice exposed to PFOA (P < 0.05) (Fig. 5). up-regulated by Que treatment alone in the testis of mice
Compared with control group, the protein expression of NRF2 (P < 0.05).
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Fig. 3 Effect of Que on testicular levels of MDA (A), SOD (B) and CAT (C) in PFOA-treated mice. Values are expressed as mean + SD. *P < 0.05,
versus control group; #P < 0.05, versus PFOA group.
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3.6 Effect of Que on PFOA-induced testicular apoptosis

The expression of p53, BAX and BCL-2 was measured by
Western blot to evaluate the protective effect of Que against
PFOA-induced testicular apoptosis. As shown in Fig. 6, exposure
to PFOA for 21 consecutive days increased the expression of p53,
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p-p53 and BAX protein and decreased the expression of BCL-2
protein in the testis of mice (P < 0.05). However, the increase
in p53, p-p53 and BAX expression and the decrease in BCL-2
expression induced by PFOA were significantly restored by
combined treatment with Que (P < 0.05). Compared with control
group, Que treatment alone had no significant effect on the
expression of BAX and BCL-2 in the testis of mice (P > 0.05).

4. Discussion

Exposure to environmental toxicants is one of the major causes
for male infertility. As a stable compound extensively distrib-
uted in the environment, PFOA has been suggested to induce
male reproductive dysfunction in humans and animals."**®
Que, a natural antioxidant, has received considerable attention
due to its potential health benefits. The presence of the catechol
moiety and free hydroxyl groups in the Que structure is
responsible for its antioxidant and free radical scavenger
potential.”” Studies have shown that Que protects against
testicular toxicity induced by various environmental pollutants
in rats via its antioxidant property.***>** Environmental pollut-
ants, such as carbon tetrachloride, 2,3,7,8-tetrachlorodibenzo-p-
dioxin and polychlorinated biphenyl, can result in testicular
histopathological lesions and decreased reproductive organ
weights.”*?® In the present study, PFOA-induced testicular
damage in mice was evidenced by decreased testicular weight,
reduced epididymal sperm count and disorganized seminif-
erous epithelium, which might be consequences of elevated
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Fig.5 Effect of Que on mRNA expression of HO-1 (A), SOD (B) and CAT (C) in the testis of PFOA-treated mice. Values are expressed as mean +

SD. *P < 0.05, versus control group; *P < 0.05, versus PFOA group.
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Fig. 6 Effect of Que on protein expression of p53, p-p53, BAX and BCL-2 in PFOA-treated mice. Values are expressed as mean + SD. *P < 0.05,

versus control group; #P < 0.05, versus PFOA group.

oxidative stress and excessive apoptosis in the testis. It has been
demonstrated that PFOA exposure reduces testosterone
biosynthesis and production.* The reduction in testosterone
levels may be a potential reason for the decrement in testicular
weight observed in this study. However, the adverse alterations
induced by PFOA were restored by combined treatment with
Que, suggesting that Que exerted ameliorative effect on PFOA-
induced reproductive and developmental toxicity in mice.
Oxidative stress is a major pathological mechanism
responsible for both male infertility and DNA damage in the
germ line.”® It derives from the generation of reactive oxygen
species (ROS) in excess of the antioxidant capacity of cells and
results in severe oxidative damage to DNA, protein and
lipids.>** MDA, a product of lipid peroxidation, is frequently
used as an indicator of oxidative stress. Antioxidant enzymes,
such as SOD and CAT play an important role in the elimination
of ROS and provide the primary defense against oxidative
stress. In this study, exposure to PFOA induced an increase in

45050 | RSC Adv., 2017, 7, 45045-45052

the production of MDA with a decrease in the activities of
antioxidant enzymes CAT and SOD in the testis of mice, which
may be due to the overproduction of ROS and the deficiency of
antioxidant defenses, thereby resulting in testicular oxidative
damage. However, the increased formation of MDA and
decreased activities of SOD and CAT were significantly
restored by simultaneous treatment with Que, suggesting that
Que attenuated PFOA-induced oxidative damage in the testis
of mice.

Nuclear factor-erythroid-2-related factor 2 (NRF2) is a key
transcription factor that binds to antioxidant response
elements (ARE) and protects against cytotoxicity caused by
oxidative stress via the induction of defensive genes encoding
stress-responsive enzymes and antioxidant proteins, such as
SOD, CAT and HO-1.*' As an adaptive mechanism, NRF2 is
quickly up-regulated in response to endogenous and exogenous
stresses, but is down-regulated in cells exposed to an over-
whelming or long-lasting oxidative stress.®* It has been

This journal is © The Royal Society of Chemistry 2017
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suggested that NRF2 is important to spermatogenesis and may
serve as a useful biomarker in the prediction of male infer-
tility.*® NRF2 knockout mice had increased levels of testicular
lipid peroxidation and decreased levels of antioxidants, which
resulted in the disruption of spermatogenesis.** Furthermore,
low expression of NRF2 was observed in the spermatozoa of
patients with asthenozoospermia and oligoasthenozoo-
spermia.*® Many environmental contaminants such as
cadmium, 4-nitrophenol and fluoride have been reported to
induce testicular toxicity by reducing NRF2 expression in the
testis.’**®* A previous study also demonstrated that PFOS-
induced hepatotoxicity is associated with the inhibition of
NRF2 expression.* In the present study, exposure to PFOA for
21 consecutive days significantly reduced the expression of
NRF2 and its target antioxidant genes SOD, CAT and HO-1 in the
testis of mice, suggesting that NRF2-mediated antioxidant
pathway plays a critical role in preventing testicular toxicity and
the up-regulation of NRF2 may be a potential strategy to
ameliorate testicular injury caused by PFOA.

Oxidative stress may be the central element in the regulation
of the apoptotic pathways triggered by environmental
stressors.*® The tumor suppressor protein p53 is an important
redox-active transcription factor. It regulates intracellular redox
state and induces apoptosis by a pathway that is dependent on
ROS production.** When p53 expression is relatively low, p53
enhances the protein level of NRF2 and its target genes to
promote cell survival. However, at high levels or extended
exposure of ROS, p53 expression is enhanced and NRF2-
mediated survival response is inhibited, resulting in p53-
dependent apoptosis.*” Therefore, PFOA-induced inhibition in
NRF2 expression may be due to the excessive oxidative stress
and increased p53 expression in the testis. In the present study,
exposure to PFOA up-regulated the expression of pro-apoptotic
p53 and Bax and down-regulated the expression of anti-
apoptotic Bcl-2 in the testis of mice. The results demonstrated
that PFOA treatment induced testicular cell apoptosis, which
may be a consequence of decreased induction of NRF2-
mediated antioxidant enzymes and increased oxidative stress
in mice exposed to PFOA. However, the increased p53 and Bax
expression and decreased Bcl-2 expression were significantly
restored by simultaneous treatment with Que, indicating that
Que attenuates PFOA-induced testicular toxicity by inhibiting
apoptosis.

Previous studies have demonstrated that the up-
regulation and activation of NRF2 attenuates diabetes-
induced testicular oxidative damage and germ cell
apoptosis.**** Que is considered to be a strong antioxidant
due to its ability to scavenge free radicals. Molecular evidence
has revealed that Que not only up-regulates the expression of
NRF2 mRNA and protein, but also stabilizes NRF2 protein by
inhibiting the ubiquitination and proteasomal turnover of
NRF2.** In our study, Que supplementation induced
a significant increase in the expression of NRF2 and its
downstream target genes HO-1, SOD and CAT in the testis of
PFOA-exposed mice, suggesting that Que plays a protective
role against PFOA-caused testicular toxicity via NRF2-
mediated induction of antioxidant enzymes.

This journal is © The Royal Society of Chemistry 2017
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5. Conclusions

In conclusion, PFOA exposure resulted in testicular damage in
mice by inducing excessive oxidative stress and apoptosis.
However, Que protected against PFOA-induced testicular
toxicity through attenuating oxidative stress and inhibiting
apoptosis. The mechanism may be involved in the activation of
NRF2-mediated antioxidant pathway. These findings propose
a potential application of Que in the prevention and treatment
of PFOA-induced male reproductive toxicity.
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