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Abstract
This study was designed to investigate the protective effects of puerarin (PUE), which work via the Wnt/β-catenin signaling
pathway, and oxidative stress in the premature ovarian failure (POF) model. Two-month-old female mice were randomly divided
into four groups. One group was used as the control, and the other three groups were injected with cyclophosphamide and busulfan
to create POF models. Two POF treatment groups were gavaged with 100 or 200 mg/kg PUE for 28 days. Next, the ovaries were
fixed, and the numbers of different stage follicles were measured, and the ovarian surface epithelium (OSE) was collected. Oct4 and
Mvh expression, Wnt/β-catenin signaling pathway activity, the oxidative stress factors SOD2 and Nrf2, and the apoptosis-related
proteins Bcl-2 and Bax were detected by IHC, RT-QPCR, and western blotting. We found that the number of follicles, Oct4 and
Mvh expression, and Wnt/β-catenin-signaling activity were reduced in the POF groups (p < 0.05 or p < 0.001). After PUE treat-
ment, the follicle number and the primordial follicle ratio increased (p < 0.01), while the atresia ratio decreased (p < 0.01). In
addition, the expression levels of Oct4, Mvh, Wnt1, β-catenin, cyclin D1, SOD2, and Nrf2 showed obvious recovery compared
with levels in the POF group (p < 0.01, p < 0.05, or p < 0.001). The Bcl-2/Bax ratio in the POF model had reduced by about 60%
compared with the control group (p < 0.001) and improved by about 50% after PUE treatment (p < 0.001). In conclusion, PUEmay
improve the survival of female reproductive stem cells (FGSCs) and play a protective role against POF via a mechanism involving
the Wnt/β-catenin signaling pathway, as well as relieving oxidative stress. Further investigations should focus on the culture of
oocytes and FGSCs in vitro in a PUE environment with inhibitors or agonists of the Wnt signaling pathway.
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Introduction

Premature ovarian failure (POF) is defined as the cessation of
ovarian function before the age of 40 and is characterized by a
low level of estrogen and upregulated gonadotropin. The POF

can lead to a decline in follicle number and quality, menstrual
disorders, and infertility [1–3]. Iatrogenic factors account for
about 25% of POF cases. However, in the majority of cases,
the cause remains undetermined [4, 5]. Chemotherapy, an
important cause of POF, is a routine treatment for women of
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reproductive age with cancer [6, 7]. Therefore, it is urgent to
seek effective treatments for chemotherapy-induced POF. The
classic chemotherapy drugs cyclophosphamide and busulfan
(CTX/BU), which are often used to cure cancer in the clinical
setting, have serious reproductive toxicity and are used to
induce POF in the animal model [8].

In 2004, Johnson et al. discovered a phenomenon that female
mammals potentially produced oocytes from birth to adulthood,
whichwas shocking and revolutionized the traditional academic
theory [9]. Since then, researchers have confirmed the existence
of female reproductive stem cells (FGSCs) in postnatal ovaries
in a variety of mammals, including humans, bymethods such as
the in vitro culture and transplantation of stem cells, genetic
modification and in vivo lineage tracking [10–14]. FGSCs are
located in the superficial epithelium of human and mouse ova-
ries [15]. Specific markers for germ cells and stem cells, such as
Mvh, Oct4, Sox-2, Nanog and Vasa, can be detected in FGSCs
[16–19]. Themouse vasa homolog (Mvh) protein, which can be
regarded as a germ-cell marker, only expresses in primordial
germ cells after colonization of embryonic gonads and in germ
cells after meiosis [20]. Oct4, a member of the POU transcrip-
tion factor family, is mainly expressed in embryonic and repro-
ductive stem cells and plays an important role inmaintaining the
pluripotency and self-renewal of embryonic stem cells [21].
Researchers have found that activating FGSCs produce oocytes
to slow down ovarian aging and protect ovary function.
Furthermore, FGSCs may repair damaged ovaries by differen-
tiating into oocytes or inhibiting follicular apoptosis by para-
crine signaling [22]. But the mechanism is rarely reported.
Previous studies in our laboratory have found that the Hippo-
and Notch- signaling pathways are associated with this process
[23, 24]. Increased levels of immune factors inhibit stem cell
reproduction, indicating that the immune system also partici-
pates in the survival of ovarian germline stem cell niches to
protect ovarian function and delay ovarian aging [25]. Under
appropriate conditions, the resting follicles in the aging or dam-
aged ovaries may produce new oocytes [26]. In this study, Mvh
and Oct4 were used as germ cell and stem cell markers, respec-
tively, and were used to evaluate the levels of ovarian function
and FGSCs survival.

Puerarin (PUE), the main active ingredient of puerarin iso-
flavone, has a similar chemical structure to phytoestrogen and
has been widely used in the clinical setting. It has various
pharmacological functions, such as vascular endothelium pro-
tection, antioxidant, anti-aging, anti-tumor, and estrogenic ac-
tivities [27–30]. Huang et al. found that the combined applica-
tion of vitamin D and PUE improved the anti-hepatic fibrosis
effect and reduced CCl4-induced liver fibrosis in rats through
the Wnt1/β-catenin pathway [31]. Lin et al. treated
ischemia-reperfusion injury (IRI) mice with PUE and found
there was downregulation of mast cell chymase, TGF-β, and
TGF-α. The uterine fibrosis caused by IRI was improved by
regulating theα-SMA andWnt/β-catenin pathway [32]. Zheng

et al. found that PUE stimulated osteoblast differentiation and
bone formation via the Wnt/β-catenin pathway [33]. These
studies showed that PUE might affect tissues and organs via
theWnt/β-catenin pathway. However, whether PUE has a sim-
ilar influence on ovaries needs to be clarified.

The Wnt signaling pathway is a highly conservative path-
way composed of the Wnt family secreted protein, the
Frizzled (FZD) family, β-catenin, and others. Activating the
Wnt/β-catenin pathway may lead to oxidative damage of cel-
lular DNA and upregulation of the P53/P21 pathway, which is
involved in the senescence of hematopoietic stem/progenitor
cells [34]. A study demonstrated that the Wnt pathway has
significant effects on differentiation, homeostasis, and aging
of the kidney, bone, and intestinal tissues [35]. More recent
studies have shown that the Wnt/β-catenin pathway is essen-
tial for the growth and development of the female reproduc-
tive system. Naillat et al. found that mice lacking Wnt4 had
poor ovarian development and fewer healthy follicles [36].
The Wnt/β-catenin pathway is significantly involved in the
production of ovarian steroid control by FSH and LH. The
normal expression of β-catenin in ovaries can continually
enhance FSH secretion to promote follicular development
and reduce follicular granulosa cell apoptosis [37, 38]. The
mechanisms of the Wnt/β-catenin signaling pathway in the
ovary have gradually become a focus in recent years.

Promoting the surrounding micro-environment is good for
stem cell proliferation. Reactive oxygen species (ROS) pro-
duced by oxidative stress can induce cell damage and inhibit
stem cell growth [39]. Superoxide dismutase (SOD), as an
antioxidant enzyme, can effectively remove ROS [40].
Nuclear factor erythroid 2-related factor (Nrf2) is responsible
for the regulation of the cellular response to oxidation [41].
The levels of SOD2 and Nrf2 indirectly indicate the presence
of oxidative stress in the tissues. Furthermore, the Bcl-2 fam-
ily of proteins is involved in regulating cell life and death [42].
Bcl-2 protein is a member of the cytoprotective Bcl-2 family,
and Bax is another pro-apoptotic protein. The rheostat model
suggests that the ratio of pro-apoptotic factor Bax to
anti-apoptotic factor Bcl-2 determines cell fate [43], and the
ratio is used to assess cell apoptosis in this study.

In this study, we intended to clarify the therapeutic effect of
PUE on ovary function by modulating the Wnt/β-catenin
pathway and regulating the oxidative stress levels of the
micro-environment surrounding the FGSCs. Hopefully, this
research can provide new treatment avenues for POF.

Materials and Methods

Animals and Treatment

Two-month-old female mice (25–30 g, level SPF of the
Kunming strain) were obtained from the Laboratory Animal
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Center of Jiangxi University of Traditional Chinese Medicine.
After 3 days of acclimatization, the POF models were made
by intraperitoneal injection of CTX (120 mg/kg, Sigma, St.
Louis, MO, USA) and BU (30 mg/kg, Sigma) for 4 weeks of
observation. Then PUE was dissolved in physiological saline,
and mice were gavaged for 28 days. These mice were divided
into three groups, which received gavages of either saline,
low-concentration PUE (100 mg/kg), or high-concentration
PUE (200 mg/kg). The weights of the mice and ovaries were
measured and recorded on the last day of treatment. All mice
were housed in 12-h dark and 12-h light environments with
suitable temperature and an adequate supply of food and wa-
ter. The treatments of all mice conformed to the guidelines of
the Animal Ethics Committee of Nanchang University (NO.
SYXK 2015-0001).

Hematoxylin-Eosin Staining and Follicle Counting

The ovaries were isolated and fixed in 4% paraformaldehyde
overnight and embedded in paraffin. The ovarian morpholog-
ical characteristics were observed after staining with H&E,
and the number of follicles at each developmental stage was
calculated by referencing the standard follicular classification
described by Chen et al. [44]. The atresia ratio (the proportion
of atresia follicles to total follicles) and the primordial follicle
ratio (the proportion of primordial follicles to total follicles)
were also calculated.

Immunohistochemical Staining

Sections were dried in a constant temperature oven at 55 °C
for 2 h to ensure the tissue adhered to the slides. Then, slices
were dewaxed in xylene, rehydrated in graded ethanol solu-
tions, placed in citrate buffer (pH 6.8), and repaired in a mi-
crowave oven at medium-high heat for 5 min. When the tem-
perature was below 85 °C, they were repaired at medium-low
heat for 2.5 min, and the above steps were repeated. Then,
sections were incubated in 3% hydrogen peroxide to inactive
endogenous peroxidase for 10 min and in 5% BSA to block
non-specific reactions for 60 min. Sections were incubated in
primary antibody (anti-mouse/anti-rabbit IgG) and diluent
overnight at 4 °C and in streptomycin-labeled IgG followed
by horseradish peroxidase for 15 min the following day.
Finally, the sections were incubated with fresh DAB develop-
er (ZSGB-BIO, China) for 6 min to detect the positive signal
and then dyed with hematoxylin. The PBS solution was used
as the negative control for the primary antibody.

Reverse Transcription-Quantitative PCR

The ovarian epithelial tissues and cells were collected as much
as possible under the stereomicroscope by a cell brush, and
total RNA was extracted by TRizol (ER501-01, TransGen

Biotech, China). We obtained cDNA by reverse transcription,
according to the method of PrimeScript RT kit (R047A,
TAKALA, Shiga, Japan), and conducted RT-QPCR accord-
ing to the instructions of the TB Green Mix Kit (R820A,
TAKALA). Table 1 lists the RT-QPCR primer sequences,
and the internal reference used in this study was the house-
keeping gene GAPDH.

Western Blotting

Total protein was extracted with RIPA lysis buffer (Applygen,
Beijing, China), and concentrations were measured using the
BCA kit (Applygen). The protein was subjected to polyacryl-
amide gel electrophoresis and transferred to a PVDF mem-
brane. Membranes were blocked with 5% BSA for 1 h and
then incubated overnight at 4 °C with the primary antibodies:
Mvh (ab27591, Abcam, Cambridge, UK), Oct4 (ab18976,
Abcam), β-catenin (WL0962a, Wanlei, China), SOD2
(WL02506, Wanlei), Bcl-2 (WL01556, Wanlei), Bax
(WL01637, Wanlei), Nrf2 (WL02135, Wanlei), and
GAPDH (ab181602, Abcam). After incubation of the second-
ary antibody (Affinity Biosciences, Cincinnati, USA), the
blots were imaged using the Fluorescent Coloring Kit
(DW101-01, TransGen Biotech). Then the images were
scanned with the image analyzer AI600 and analyzed using
ImageJ Software.

Table 1 Primer sequences used for quantitative real-time PCR

Genes Primer Sequence (5'-3')

β-catenin Forward: AACGGCTTTCGGTTGAGCTG

Reverse: TGGCGATATCCAAGGGCTTC

CyclinD1 Forward: GATGAGGA AGAGTTGCTAGAAGAG

Reverse: TCGTCAGCCAATCGGTAGTAG

Wnt1 Forward: GGTTTCTACTACGTTGCTACTGG

Reverse: GGAATCCGTCAACAGGTTCGT

Mvh Forward: GTGTATTATTGTAGCACCAACTCG

Reverse: CACCCTTGTACTATCTGTCGAACT

Oct4 Forward: AGCTGCTGAAGCAGAAGAGG

Reverse: GGTTCTCATTGTTGTCGGCT

Nrf2 Forward: CTTTAGTCAGCGACAGAAGGAC

Reverse: AGGCATCTTGTTTGGGAATGTG

SOD2 Forward: ACAACTCAGGTCGCTCTTCA

Reverse: GAACCTTGGACTCCCACAGA

Bcl-2 Forward: GAACTGGGGGAGGATTGTGG

Reverse: GCATGCTGGGGCCATATAGT

Bax Forward: GAACCATCATGGGCTGGACA

Reverse: AGCCACCCTGGTCTTGGAT

GAPDH Forward: CGTGCCGCCTGGAGAAACCTG

Reverse: AGAGTGGGAGTTGCTGTTGAAGTCG
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Statistical Analysis

The experimental results are shown as mean ± SEM, and we
performed the statistical analysis on GraphPad Prism 7 soft-
ware. A t test was used to detect the statistical difference
between two groups, and one-way ANOVA was used for
multiple groups of data. A p value of < 0.05 was considered
statistically significant, and the experiments were repeated at
least three times.

Results

Expression of Oct4, Mvh, and β-catenin in POF Models

The IHC images show that the brown reaction products of
Oct4 and Mvh were distributed in the OSE, where the
FGSCs are located. The marker of the Wnt/β-catenin path-
way, β-catenin, was distributed in the cell membrane, cyto-
plasm, and nucleus of the ovary. The follicles and FGSCs in
the POF groups were rarely detected. Compared with the con-
trol group, the expression of Oct4, Mvh, and β-catenin in the
POF groups was obviously decreased (Fig. 1a). The Oct4,
Mvh, and β-catenin mRNA levels were also decreased in
the POF groups (Fig. 1b, p < 0.05 or p < 0.001). A similar
trend was detected for the relative protein expression levels by
western blotting (Fig. 1c–d, p < 0.05 or p < 0.01).

Effect of PUE on POF Models

Morphological comparisons were conducted between the con-
trol, POF, POF + PUE (100 mg/kg), and POF + PUE
(200 mg/kg) groups after the intragastric administration of
PUE for 28 days. The ovaries were significantly larger in the
two POF + PUE groups compared with the POF group
(Fig. 2a). H&E staining showed that all follicles stages were
in the PUE-treated groups, but follicles were rare in the POF
group. The number of follicles in each of the POF + PUE
groups was lower than that in the control group but higher
than that in the POF group (Fig. 2b). The numbers of primor-
dial, primary, secondary, and antral follicles were elevated in
the POF + PUE groups, while the number of atresia follicles
was declined, especially in the PUE 200 mg/kg group (Fig.
2c–e, p < 0.05, p < 0.01, or p < 0.001). In addition, higher
expression levels of Mvh and Oct4 were seen in the PUE
groups compared with those in the POF group, especially
the PUE 200 mg/kg group (Fig. 2f–h, p < 0.05, p < 0.01, or
p < 0.001).

PUE Improved the Activity of the Wnt/β-catenin
Pathway in POF Models

As shown in Fig. 3a, the positive β-catenin expression in the
POF + PUE groups was higher than in the POF group.With the
increase in the PUE dosage, the reaction products increased.
After PUE treatment, the mRNA expression levels of
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cyclinD1, Wnt1, and β-catenin were higher than those in the
POF group, especially for β-catenin in the POF + PUE
200 mg/kg group (Fig. 3b, p < 0.05, p < 0.01, or p < 0.001).
Moreover, western blotting experiments showed that β-catenin
protein expression was gradually upregulated as the PUE dos-
age increased (Fig. 3c–d, p < 0.05, p < 0.01, or p < 0.001).

PUE Reduced Oxidative Stress in the POF Models

RT-QPCR and western blotting showed that the expression of
the antioxidative factors SOD2 and Nrf2 decreased in the POF
groups compared with the control group. In addition, the
anti-apoptotic protein Bcl-2 was downregulated in the POF
model, while the apoptotic protein Bax was upregulated.
After PUE treatment, the trend was reversed. PUE elevated
SOD2, Nrf2, and Bcl-2 but reduced Bax. The treatment
showed varying degrees of recovery, especially in the PUE
200 mg/kg group (Fig. 4a–c, p < 0.05, p < 0.01, or p < 0.001).
Additionally, the mRNA- and protein-expression ratios of
Bcl-2/Bax in the POF model were reduced by about 60%
compared with those in the control group, and the ratios

improved by about 50% after PUE treatment (Fig. 4d, e, p <
0.001).

Discussion

In the POF model, we observed a reduction in the ovarian
volume, a decrease in the number of dominant follicles, a
significant increase in the number of atresia follicles, and a
decline in the expression of Mvh and Oct4; thus, the POF
model was successfully established. Recent studies have
shown that female animals can replenish their follicles from
FGSCs after birth [10, 45–47], and an increasing number of
studies are focusing on effective methods to cure POF.
Resveratrol has been proven to play a protective role against
POF and improve FGSCs survival via antioxidative stress
[48]. In this study, we explored the effect of PUE on the
mouse POF model.

PUE’s main active ingredient is flavonoid glycoside. The
latest research shows that PUE can significantly inhibit in-
flammation by downregulating the secretion of nuclear
factor-κB (NF-κB) and pro-inflammatory mediators,
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regulating the NF-E2 p45-related factors 2 (Nrf2) pathway
and the expression of antioxidant enzymes. Furthermore,
PUE has been shown to have antioxidant effects [49]. PUE
can eliminate the immune damage of POF and restore ovarian
function, but the detailed mechanism is still undefined [50].
We used Mvh and Oct4 as indicators to evaluate the survival
of FGSCs in mice. After PUE treatment, there was an obvious
change in the ovarian morphology of the mice. The proportion
of follicles in the POF + PUE groups was lower than those in
the control group but was higher than those in the POF group.
Besides, an upregulation of Mvh and Oct4 expression was
detected at the genetic and protein level, indicating that PUE
might maintain the survival of FGSCs to protect ovarian func-
tion. TheWnt/β-catenin pathway plays an essential role in cell
proliferation, differentiation and apoptosis. When the classic
Wnt pathway is activated, Wnt ligands combine with the FZD
receptor and low-density lipoprotein receptor-related proteins
(LRP) 5/6 to form a trimer. LRP phosphorylates and activates
Dsh, and glycogen synthase kinase-3β is inhibited. β-catenin

is dephosphorized, released, and converted into unbound
β-catenin; it accumulates in the cytoplasm where it is
transported to the nucleus to target regulatory genes (e.g.,
VEGF, survivin) [51]. Upregulation of Wnt transcription can
activate the Wnt/β-catenin signaling pathway to reduce in-
flammatory responses and cell apoptosis, relieve
ischemia-reperfusion injury, and thus protect the liver [52].
Similarly, the activity of the Wnt/β-catenin signaling pathway
in the POF model was significantly reduced compared with
the control group. β-catenin in the ovaries has been demon-
strated to continuously enhance FSH secretion to promote
follicular development [37]. We found that β-catenin expres-
sion was significantly lower in the POF group than in the
control group, indicating that the Wnt/β-catenin pathway
was downregulated in the POF model and may have a certain
effect on ovarian function. To further investigate, we detected
the Wnt-pathway-related protein markers β-catenin, Wnt1,
and the downstream protein cyclinD1 and found they were
upregulated to different extents after PUE treat. Furthermore,
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the expression of β-catenin increased more in the PUE
200 mg/kg group than in the PUE 100 mg/kg group. These
results emphasize that PUE may activate the Wnt/β-catenin
pathway to promote the recovery of ovarian function.

There have been many studies on isoflavones in the repro-
ductive system. Phytoestrogens, especially soy isoflavones
(ISOs), can reduce the generation of ROS, improve the state
of cell oxidative stress, and reduce apoptosis to improve ovar-
ian follicle survival [53]. It has also been shown that flavonoid
naringenin significantly increases the levels of ROS scaveng-
ing enzymes, CAT, SOD, and GPX, in the rat polycystic ova-
ry syndrome model [54]. To further study the protective ef-
fects of PUE on ovarian oxidative stress, we detected SOD2
and Nrf2. Both were decreased in the POF group, which could
lead to the accumulation of ROS and damage to ovarian func-
tions. After 28 days of PUE treatment, the expression of
SOD2 and Nrf2 protein increased, suggesting that PUE pro-
motes antioxidant enzymes to eliminate ROS and subsequent-
ly delay ovarian senescence. Bcl-2 protein can prevent the
release of apoptogenic proteins from mitochondria to prevent
apoptosis or necrosis. In contrast, Bax protein can induce
harmful changes in cells and promote apoptosis [42]. We

detected increased expression of the anti-apoptotic gene
Bcl-2 and decreased expression of the pro-apoptotic gene
Bax in the PUE groups, and the ratio of Bcl-2/Bax increased
significantly compared with the POF group. Taken together,
the results suggest that PUE inhibits apoptosis and improves
cell survival in the ovaries.

In conclusion, PUEmaintains FGSC activity and improves
ovarian function by regulating the Wnt/β-catenin signaling
pathway and antioxidative stress. These findings indicate that
PUE has a certain beneficial effect on POF. However, a de-
tailed clarification of the molecular mechanisms is needed. To
observe the effect of PUE at the cellular level, we plan to
separate and culture oocytes and FGSCs with different con-
centrations of PUE. Furthermore, Wnt/β-catenin signaling
pathway inhibitors and agonists can be added to the oocytes
and FGSCs cultures, and the corresponding effects of the
pathway on the growth and proliferation of FGSCs can be
observed.
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