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ABSTRACT. Oxidative stress, which poses a threat to reproductive
health, causes many serious female reproductive diseases. In this study,
we investigated whether proanthocyanidins (PC) have a protective
effect against oxidative stress-induced ovarian damage. Forty female
ICR mice were randomized into 4 groups: a control group, a control
plus PC group, a 3-nitropropionic acid (3-NPA) group, and a 3-NPA
plus PC group. An ovarian oxidative stress model induced by 3-NPA
was constructed using female ICR mice. After the animals were
sacrificed, their ovaries were collected to measure reactive oxygen
species (ROS) levels, the activities of superoxide dismutase (SOD) and
catalase (CAT), and the mRNA expression levels of relevant granulosa
cell apoptosis genes (Bcl-2, Bax, Bim, FasL, and caspase-3). We also
conducted a histological evaluation of granulosa cell apoptosis and
follicular atresia. The results showed that compared to the 3-NPA
group, ROS levels and activities of T-SOD and CAT in the 3-NPA plus
PC group were significantly decreased (P < 0.05), while the ratio of
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Bcl-2 to Bax in the 3-NPA plus PC group were significantly increased
(P <0.05). mRNA expression levels of Bim, FasL, and caspase-3 in the
3-NPA plus PC group were significantly decreased (P < 0.05), and the
percentage of atretic follicles and granulosa cell apoptosis in the 3-NPA
plus PC group was significantly decreased (P < 0.05). Collectively,
these data indicate that PC has significant protective effects against
damage induced by oxidative stress in mouse ovaries. The mechanisms
of protection may be related to antioxidation and apoptosis reduction.
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INTRODUCTION

Reactive oxygen species (ROS), such as the superoxide anion (O,), hydrogen perox-
ide (H,0,), and the hydroxyl radical (OH), are formed continuously in cells as a consequence
of the mitochondrial respiratory chain and external factors such as exposure to toxic chemical
waste, direct and second-hand cigarette smoke, gasoline exhaust, urban air pollutants, ozone
radiation, and physical stress. At physiologically low levels, ROS play an important regulatory
role in various signaling transduction pathways during folliculogenesis, oocyte maturation, and
embryogenesis (Agarwal et al., 2008). However, excessive ROS generation can damage cellular
components, including lipids, proteins, and nucleic acids (Circu and Aw, 2010). Therefore, ROS
overproduction and accumulation in the ovary have detrimental effects on follicular function and
contribute significantly to female reproductive diseases (Agarwal et al., 2005). The female ovary
produces oocytes and regulating hormones. Excess ROS generation within the follicle causes
oxidative stress and induces granulosa cell apoptosis and follicular atresia, as well as damage to
oocytes (Jancar et al., 2007; Tamura et al., 2008). Several studies have indicated the importance
of oxidative stress in triggering granulosa cell apoptosis, which is a major cause of follicular
atresia (Tilly and Tilly, 1995; Murdoch, 1998). Most atresia in the adult ovary occurs in the antral
follicles (Hirshfield, 1988; Tilly and Robles, 1999), where atresia is driven by apoptosis of the
granulosa cells, leading to oocyte death (Tilly and Robles, 1999).

Release of O, from the mitochondria is the main source of cellular oxidative stress.
Several oxidants, including H,O,, nicotine, lead (Pb), methoxychlor, and 3-nitropropionic acid
(3-NPA), cause oxidative stress and induce cell apoptosis (Taupeau et al., 2001; Yoon et al.,
2002; Sener et al., 2005; Gupta et al., 2006). Among these, 3-NPA is the most effective for
producing high ROS levels and triggering follicular granulosa apoptosis (Shen et al., 2012).
3-NPA, a natural toxin produced by various plants and fungi, is an inhibitor of succinate de-
hydrogenase and induces oxidative stress of mitochondrial origin (Fontaine et al., 2000; Kim
et al., 2000). ROS levels that were specifically increased in follicular granulosa cells, but not
other tissues, were detected following intraperitoneal injection of mice with 3-NPA (Shen et
al., 2012). 3-NPA can significantly increase the production of lipid peroxides and oxidized
protein levels both in the mitochondria and in the cytosol (Fu et al., 1995). These data suggest
that 3-NPA can generate highly reactive free radicals and induce oxidative stress, which may
be useful as an in vivo ovarian oxidative stress model.

Oxidative stress-induced damage can be prevented by several antioxidants, including
superoxide dismutase (SOD), catalase (CAT), ascorbic acid (vitamin C), vitamin E, and N-
acetyl-L-cysteine (Chandra et al., 2000; Hogg, 2008). Proanthocyanidins (PCs) are powerful,
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naturally occurring polyphenolic antioxidants that are widely present in fruits, vegetables,
seeds, nuts, flowers, and bark (Rice-Evans and Packer, 2010). PCs have were reported to pos-
sess a broad spectrum of pharmacological and medicinal properties against oxidative stress
(Bagchi et al., 2002). They also have strong antioxidant activities, and their O, radical-scav-
enging activities are 10-30 times higher than those of the antioxidant vitamins C and E (Lu and
Yeap Foo, 2000). Many studies on PCs have shown that they can provide significant protec-
tion against H,O, -induced oxidative damage to PC-12 cells (Bagchi et al., 1998b), tobacco-
induced apoptotic cell death (Bagchi et al., 1999a), and oxidative stress-induced gastrointes-
tinal injury (Bagchi et al., 1999b), as well as protect multiple organs from a variety of toxic
assaults (Ray et al., 1999), but the effects of PCs on ovarian oxidative damage have not been
thoroughly studied.

In this study, we examined whether PC, as a potent free radical scavenger, could ame-
liorate ovarian oxidative injury through its antioxidant properties.

MATERIAL AND METHODS
Animals

Female ICR mice (20 £ 2 g and 4 weeks old) were obtained from the Experimental
Animal Center of Qing Long Shan, Nanjing, China. The mice were housed in plastic cages in
a room kept under standardized conditions at a temperature of 22°-24°C, 20% humidity, and a
12-h light/dark cycle, with free access to tap water and food throughout the study. Mice were
allowed to acclimatize for 1 week before beginning the experiments. Animal experiments were
conducted under the principles of good laboratory animal care and were approved by the ethics
committee for laboratory animal care and use of Nanjing Agricultural University, China.

Drugs and reagents

PC was obtained from Zelang Medical Technology Company (Nanjing, China; purity
>95%). Kits for testing SOD and CAT activities were purchased from Nanjing Jiancheng Bio-
engineering Institute (Jiangsu, China). 3-NPA was acquired from Sigma-Aldrich (St. Louis,
MO, USA). An intracellular ROS red fluorescence determination kit and tissue and cellular
O, colorimetric quantitative determination kits were purchased from GENMED (Shanghai,
China). The in situ cell death fluorescein detection kit (Lot No. 12486400) was obtained from
Roche (Mannheim, Germany). All other chemicals used were of analytical grade.

Experimental design and treatment

All mice were randomly divided into 4 groups of 10 mice in each: a control group,
in which animals were given normal saline orally twice daily for 14 days, a control plus PC
group, in which animals were given a PC solution orally twice daily for 14 days, a 3-NPA
group, a model group in which animals were given normal saline orally twice daily for 14
days and beginning on the 7th day, animals were treated with 3-NPA for 7 days, and a 3-NPA
plus PC group, in which animals were given a PC solution orally twice daily for 14 days and
on the 7th day, animals were injected with 3-NPA for 7 days. The total duration of the experi-
ment was 14 days. 3-NPA was dissolved in normal saline and the pH was adjusted to 7.4 with
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sodium hydroxide. Animals were injected intraperitoneally with 12.5 mg/kg 3-NPA twice daily
for 7 consecutive days at 12-h intervals (8 a.m. and 8 p.m.). The dose of 3-NPA used in the study
was based on doses used in literature published from our laboratory (Shen et al., 2012). PC was
dissolved in normal saline and supplemented to the animals by intragastric administration twice
daily at a dose of 100 mg/kg body weight because this was reported to be the most effective dose
(Bagchi et al., 1998a; Sato et al., 1999). Vaginal smears were performed to determine the estrous
stage at the time of tissue collection (Champlin et al., 1973). After estrous cyclicity, data were
collected, the animals were sacrificed by cervical dislocation, and all ovaries were removed and
collected. Granulosa cells were obtained from the left ovaries for measurement of ROS levels
and subsequent RNA extraction. The right ovaries were fixed in 4% paraformaldehyde with 0.01
M phosphate-buffered saline (PBS) at 4°C overnight and embedded in paraffin for the terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay.

Measurement of intracellular ROS

On day 15, ICR mice from different treatment groups (N = 5/group) were sacrificed by
cervical dislocation and the left ovaries were collected for measurement of granulosa cell ROS
levels. Follicular granulosa cells were collected by puncture of the dominant ovarian follicle
(>200 pm) in the left ovary. ROS levels in granulosa cells were measured using the intracellular
ROS red fluorescence determination kit and cellular O, colorimetric quantitative determination
kit. ROS levels in ovarian tissue were measured using the tissue O, colorimetric quantitative
determination kit. All procedures were performed according to manufacturer instructions.

in situ TUNEL analysis of apoptosis

The right ovaries were fixed in 4% paraformaldehyde for the TUNEL assay. The pro-
cedure was performed according to the in situ cell death detection kit protocol. Briefly, ovaries
embedded in paraffin were cut every 6 um and sections were placed onto glass slides. After
deparaffinization and rehydration, ovarian sections were incubated with 200 pg/mL protein-
ase-K for 15 min at 37°C and rinsed with PBS for 20 min. Ovaries were then incubated in a
humidified chamber with 0.1% Triton 100 X for 10 min at 4°C, washed for 20 min with PBS,
and terminal deoxynucleotidyl transferase (TdT) stained for 1 h at 37°C, after which the sec-
tions were stained with 4'6-diamidino-2-phenylindole (DAPI). Images were obtained using a
laser scanning confocal microscope (Zeiss, Oberkochen, Germany). Follicles were classified
as atretic if surrounded by 5 or more TUNEL-positive granulosa cells (Hamm et al., 2004).
Atretic follicles were counted in sections acquired at the maximum diameter of each ovary.

Determination of total ovarian SOD and CAT

One gram each ovarian tissue (N = 5/group) were collected and homogenized in 9 mL
cold normal saline and the homogenate was stored at -20°C before analysis. The Coomassie
Blue protein binding method was used to determine protein concentrations using bovine se-
rum albumin (BSA) as a standard. SOD and CAT activities were measured using commer-
cial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The determination of
SOD activity was based on the production of anions by the xanthine/xanthine oxidase system.
T-SOD activity was expressed as U/mg protein. CAT activity was measured spectrophoto-
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metrically as the decomposition of H,O, at 240 nm. An enzyme activity unit was defined as
the degradation of H,O, (the absorbance of the substrate was 0.50-0.55) per second per gram
tissue protein; enzymatic activity was expressed as U/g protein.

Real-time quantitative polymerase chain reaction (PCR) analysis

Total RNA was extracted from granulosa cells using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer protocol. Optical densities at 260 nm and
280 nm were measured to determine the quantity and purity of RNA samples. Next, 2 mg
total RNA was subjected to reverse transcription with a RevertAid™ RT reagent kit (Fermen-
tas; Thermo Fisher Scientific; Pittsburgh, PA, USA) in a 25uL reaction mixture according to
the manufacturer protocol. Quantitative reverse transcription (RT)-PCR was performed with
SYBR Premix Ex Taq (Takara, Otsu, Japan) in a 20uL reaction volume. Primers for apoptosis-
related genes (Bcl-2, Bax, Bim, FasL, and caspase-3) were designed using the Primer 5 soft-
ware (Table 1). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal
control. Each sample was run in triplicate.

Table 1. Primer sequences for real-time RT-PCR.

Gene Accession No. Primer sequences (5'-3") Product size (bp) Annealing temperature (°C)
GAPDH NM_008084.2 F: ATGGTGAAGGTCGGTGTGAACG

R: CTCGCTCCTGGAAGATGGTGATG 452 56
Bax NM_007527.3 F: CCAGGATGCGTCCACCAAGA

R: GGTGAGGACTCCAGCCACAA 394 57
Bel-2 NM_009741.3 F: GTGGATGACTGAGTACCTGAACC

R: AGCCAGGAGAAATCAAACAGAG 120 60
Bim NM_009754.3 F: TATGGAGAAGGCATTGAC

R: TGTGGTGATGAACAGAGG 207 56
FasL NM_010177.4 F: GGGTCTACTTACTACCTCAC

R: CCCTCTTACTTCTCCGTTA 192 57
Caspase-3 NM_009810.2 F: ACAGCACCTGGTTACTATTC

R: CAGTTCTTTCGTGAGCAT 255 54

Statistical analysis

Data are reported as means + standard error (SE). Statistical differences were ana-
lyzed by one-way analysis of variance using the SPSS version 16.0 software (SPSS Inc.,
Chicago, IL, USA). P values of less than 0.05 were considered to be statistically significant.

RESULTS
Effect of PC on ROS levels in granulosa cells and ovarian tissue

Mice treated with 3-NPA alone showed a significant increase in ROS levels in fol-
licular granulosa cells and ovarian tissue compared to controls (P < 0.05) (Figure 1A-C). ROS
levels in follicular granulosa cells were detected by dihydroethidium bromide fluorescence,
Fluorescence levels were significantly elevated in the 3-NPA-treated animals compared to
controls (Figure 1A). ROS levels in follicular granulosa cells and ovarian tissue were quanti-
fied by Nitro blue tetrazolium (NBT) staining (Figure 1B and C). This change was prevented
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by prior and concurrent supplementation of PC in 3-NPA plus PC-treated animals when com-
pared to animals treated with 3-NPA alone.
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Figure 1. Effects of proanthocyanidin (PC) on intracellular and ovarian reactive oxygen species (ROS) levels.
Mice were treated with 3-nitropropionic acid (3-NPA) alone or in combination with PC. A. ROS levels in
follicular granulosa cells. ROS levels were detected by dihydroethidium bromide fluorescence (red) and nuclei
were counterstained with DAPI (blue). Scale bars are 100 um. B. Quantification of intracellular ROS levels.
C. Quantification of ovarian tissue ROS levels. ROS levels in follicular granulosa cells and ovarian tissue were
quantified by Nitro blue tetrazolium (NBT) staining. Values are reported as means + SE (error bars; N =5).°P <0.05
versus control group; °P < 0.05 versus 3-NPA-treated group.

Effect of PC on ovarian SOD and CAT activity

SOD is an antioxidant enzyme that dismutates the superoxide radical to H,0,. CAT
is another endogenous antioxidant enzyme involved in the catalytic conversion of H,O, to
oxygen and water, decreasing oxidative stress. The data showed a significant increase in the
activities of SOD and CAT with 3-NPA alone compared to controls (P < 0.05) (Figure 2A and
2B). However, PC supplementation significantly decreased SOD and CAT activities in 3-NPA
plus PC-treated animals compared to animals treated with 3-NPA alone.

Effect of PC on granulosa cell apoptosis in ovarian follicles

To examine the protective effect of PC supplementation on granulosa cell apoptosis in
follicles, TUNEL staining was performed on paraffin sections of mouse ovaries to determine
whether the number of apoptotic cells decreased in ovarian follicles of 3-NPA plus PC-treated
animals. The results suggested that follicular granulosa cells exhibit significantly higher apop-
tosis rates in mice treated with 3-NPA alone compared to controls (Figure 3A). Furthermore,
the percentage of atretic follicles was also significantly higher in 3-NPA-treated animals com-
pared to controls. Compared with 3-NPA alone-treated animals, the percentage of granulosa
cell apoptosis and atretic follicles was significantly lower in 3-NPA plus PC-treated animals
(Figure 3A and 3B).
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Figure 2. Effects of proanthocyanidin (PC) on antioxidant enzyme activity in ovarian tissue. Mice were treated
with 3-nitropropionic acid (3-NPA) alone or in combination with PC. A. Activity of T-SOD in ovarian tissue. B.
Activity of CAT in ovarian tissue. Values are reported as means + SE (error bars; N = 5).*P < 0.05 versus control
group; °P < 0.05 versus 3-NPA-treated group.
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Figure 3. Effects of proanthocyanidin (PC) on oxidative stress-induced apoptosis in the ovary. Mice were treated
with 3-nitropropionic acid (3-NPA) alone or in combination with PC. A. TUNEL assay of follicular granulosa
cells in the ovarian sections. Apoptosis was detected by TUNEL staining (FITC labeling). Scale bars are 100 um.
B. Quantification of TUNEL-positive follicles. TUNEL-positive follicles were counted in sections taken at the
maximum diameter of each ovary (N = 5). Values are reported as means + SE. °P < 0.05 versus control group; °P <
0.05 versus 3-NPA-treated group.
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Effect of PC on expression of apoptosis-related genes in granulosa cells

Quantitative RT-PCR was performed to examine the transcript levels of several apop-
totic genes, including Bcl-2, Bax, Bim, FasL, and caspase-3 (Figure 4). The ratio of the rela-
tive levels of mRNA encoding Bcl-2 to Bax was lower (P < 0.05) in 3-NPA alone-treated
animals compared to controls. Compared with the 3-NPA alone-treated animals, the ratio of
relative levels of mRNA encoding Bcl-2 to Bax was higher (P < 0.05) in 3-NPA plus PC-treat-
ed animals. Bim, FasL, and caspase-3 mRNA expression levels were remarkably enhanced in
the 3-NPA alone-treated animals compared to controls. Compared with 3-NPA alone-treated
animals, Bim, FasL, and caspase-3 mRNA expression levels were significantly decreased in
3-NPA plus PC-treated animals.
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Figure 4. Effects of proanthocyanidin (PC) on mRNA levels of apoptosis-related genes in granulosa cells. Mice
were treated with 3-nitropropionic acid (3-NPA) alone or in combination with PC. Quantitative RT-PCR was
conducted to measure the corresponding mRNA levels. Relative expression data were normalized to the amount of
cellular GAPDH. Values are reported as means + SE (error bars; N = 5). P < 0.05 versus control group; °P < 0.05
versus 3-NPA-treated group.

DISCUSSION

Humans are continuously exposed to oxidative stress from metabolic processes (e.g.,
respiration, digestion, excretion) and environmental pollutants (e.g., cigarette smoking, pesti-
cides, gasoline exhaust). Excessive oxidative stress is involved in the initiation and progres-
sion of granulosa apoptosis and follicular atresia in ovaries.

Although many oxidants exist, such as H,O,, Pb, and methoxychlor, as well as those
acquired through smoking and consumption of alcohol, few of these factors have been thor-
oughly examined in ovarian oxidative stress studies. For example, long-term Pb treatment
causes global oxidative damage (Taupeau et al., 2001) and long-term smoking results in seri-
ous lung diseases and cancer (Stdmpfli and Anderson, 2009). Although methoxychlor can lead
to follicular atresia in the mouse ovary, it also damages the liver, kidney, and cardiac cells
through its toxic effects (Buczynska and Szadkowska-Stanczyk, 2005). The oxidant 3-NPA
reportedly generated oxidative stress in ovaries in a mouse model, in which ROS was specifi-
cally increased in follicular granulosa cells but not in other tissues (Shen et al., 2012). How-
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ever, little information exists regarding the effects of PC on ovarian oxidative stress in rodents.
In this study, we used 3-NPA to induce ovarian oxidative stress to evaluate the effect of PC on
granulosa cell apoptosis and follicular atresia.

Oxidative stress-induced apoptosis is thought to be a major cause of follicular
atresia (Tilly and Tilly, 1995; Murdoch, 1998). Oxidative stress was reported to induce
apoptosis by activating apoptosis-related gene expression converging on caspase-3, the
executor of apoptosis. In this study, our data suggested that the mRNA expression levels
of Bim, FasL, and caspase-3 were upregulated, and the ratio between Bcl-2 and Bax was
downregulated in mouse granulosa cells treated with 3-NPA alone compared with the
control group. The elevated caspase-3 mRNA expression suggests that caspase-3 acts in
concert with Bcl-2, Bax, Bim, and FasL in oxidative stress-induced granulosa cell apop-
tosis. Our data suggest that 3-NPA administration increased oxidative stress as shown
by the increase in ROS production and induced granulosa cell apoptosis in follicles of
3-NPA-treated animals.

The free radical scavenging abilities of PC against biochemically generated O, and
hydroxyl radicals were previously reported in vitro and in vivo in many studies. For example,
pretreatment with PC could significantly decrease H,O,-induced oxidative damage in J774A.1
cells and PC-12 cells (Bagchi et al., 2000). Another study showed that H,O,-induced chromo-
somal damage could be prevented by PC treatment (Sugisawa et al., 2004), and pretreatment
of 300 pg/mL tobacco-treated cells with 100 mg PC/L significantly reduced tobacco-induced
apoptosis in oral cells (Bagchi et al., 1999a). Furthermore, PC decreased lipid peroxidation
and DNA fragmentation in the gastric and intestinal mucosa during acute stress (Bagchi et al.,
2000). In our study, the decreased ROS levels in the 3-NPA plus PC-treated mice indicate that
PC prevents ovarian damage by decreasing ROS production.

SOD and CAT are important enzymes in the defense system against oxidative stress.
SOD can rapidly convert O2- to the less dangerous H,O,, which is further degraded by CAT
to water. Many studies have shown that 3-NPA causes a corresponding increase in the activi-
ties of SOD and CAT (Fu et al., 1995; Binienda and Ali, 2001; Ttnez et al., 2004). Increased
enzyme activity is indicative of oxidative stress and reduces concentrations of ROS, prevent-
ing cell damage (Binienda et al., 1998; Binienda and Ali, 2001). Our study revealed that SOD
and CAT levels were increased in the 3-NPA-treated animals, while PC supplementation sig-
nificantly decreased the SOD and CAT levels in the PC plus 3-NPA-treated animals. The
increases in enzyme activity in response to 3-NPA-induced ovarian oxidative stress may be an
early attempt to protect the ovary from oxidative damage. Our results suggest that PC plays a
protective role in restoring the antioxidant status to ameliorate mitochondrial oxidative stress.

Our findings indicate that oxidative stress plays an important role in ovarian damage.
Our data suggest that PC has a potent ability to ameliorate oxidative stress-induced ovarian
damage by enhancing the antioxidant capacity, thereby attenuating free radical induced dam-
age, and can therefore be employed in protection against oxidative ovarian stress.
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