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Abstract

Background: Bushen Tianjing Recipe (BTR) is a traditional Chinese herbal medicine that has been prescribed for
premature ovarian failure (POF) for decades in China. Nevertheless, little is known regarding its underlying molecular
mechanism. In the present study, we investigated the effects of BTR in a tripterygium glycoside (TG)-induced-POF rat

model.

Methods: Three doses of BTR were administered via intragastric gavage to adult female Sprague—Dawley (SD) rats
with TG-induced POF. After 15 days of treatment, the estrous cycle was examined by vaginal smear analysis. Serum
levels of estradiol, follicle-stimulating hormone, progesterone, and testosterone were measured by radioimmu-

noassay. Histological analysis and assessment of apoptosis were performed after hematoxylin and eosin staining of
ovarian tissue sections. The expression of vascular endothelial growth factor (VEGF), vascular endothelial growth fac-
tor receptor 2 (VEGFR2), anti-apoptotic factor Bcl-2, and pro-apoptotic factors Bax and caspase 3 in ovaries of animals
was examined by an immunohistochemistry process.

Results: BTR not only reverted an abnormal estrous cycle and decreased the ovary index in POF rats but also
improved the abnormal secretion of reproductive hormones associated with POF. In addition, treatment with BTR can
protect ovaries from TG-induced damage, induce intraovarian expression of VEGF and VEGFR2, and regulate intraovar-
ian expression of apoptosis-related proteins.

Conclusions: Our results show that BTR is effective in the treatment of TG-induced POF rats. Promotion of angiogen-

esis and anti-apoptosis are most likely to contribute to the effects of BTR against POF.
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Background

Primary hypogonadism is defined as ovarian insufficiency
accompanied by a high serum level of follicle stimulating
hormone (FSH). In women, one of the most common
forms of primary hypogonadism is premature ovarian
failure (POF), which is also known as premature meno-
pause [1]. POF occurs in 1% of all women and in 0.1%
of women younger than 30 years [2]. It may be caused
by either an increased rate of follicle loss, a decreased
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number of follicles being formed during ovarian devel-
opment, or follicles unresponsive to hormonal stimu-
lation [3]. The loss of fertility and the clinical effects of
hypoestrogenism are the two significant consequences of
POF [4], which are manifested by amenorrhea, elevated
gonadotropin levels, and an irregular menstrual cycle [5].
Previous studies have regarded POF as a disease with a
heterogenous pathogenic background, and the known
etiologic factors of POF include genetic abnormalities,
autoimmune disease, and environmental insults, as well
as iatrogenic impairment following surgery, radiotherapy;,
and pharmacotherapy [6, 7].

Management of POF essentially involves hormone
replacement therapy (HRT), and infertility treatment.
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HRT can compensate for the estrogen deficiency in POF
patients, consequently relieving their menopausal symp-
toms [8, 9]. However, concerns have been raised regard-
ing this therapy due to the increased risk of breast cancer,
heart attack, and stroke [7]. Therefore, HRT is usually
a last resort for POF and the lowest dose for the short-
est period of time should be employed [10]. Infertility is
a significant issue for most patients suffering from POF.
Recently, a number of treatment regimens, including clo-
miphene, gonadotropins, gonadotropin-releasing hor-
mone (GnRH) agonists, and immunosuppressants, have
been used clinically with the aim of restoring fertility [11,
12]. However, these treatment approaches have limited
success in improving the likelihood of conception as well
as ameliorating menopausal symptoms [13]. Thus, there
is still an increasing demand for novel and effective ther-
apeutics for POF.

In recent years, Traditional Chinese Medicine (TCM)
has attracted significant attention for the management
of female reproductive dysfunctions due to its efficacy,
safety, and low cost [14—18]. Bushen Tianjing Recipe
(BTR) is a traditional Chinese herbal medicine that
has been prescribed for female reproductive disorders
including POF for decades in China. Recently, several
clinical studies demonstrated the clinical efficacy of BTR.
For example, Liang et al. [19] reported that in patients
undergoing in vitro fertilization-embryo transfer (IVE-
ET), administration of BTR could enhance the quality of
oocytes, and increase the sensitivity of ovarian follicles to
exogenous gonadotropins. In another randomized clini-
cal trial, the combination of BTR and HRT showed sig-
nificant therapeutic effects in patients with POF, which
was manifested by substantial improvements in clinical
symptoms, menstrual states, and serum sex hormones
levels [20]. Taken together, these findings provide a
rationale for implicating the therapeutic use of BTR in
the treatment of POF and other female reproductive dis-
orders. Nevertheless, little is known regarding the under-
lying molecular mechanism.

BTR contains four components, Rehmanniae Radix
Praeparata, Paeoniae Radix Alba, Testudinis Cara-
pax et Plastrum, and Corni Fructus. In vitro and in vivo
studies have revealed that the major bioactive com-
pounds isolated from these components have ovarian

Table 1 The components of Bushen Tianjing Recipe
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failure-resistant effects or pharmacological activities
against gynaecological disorders [21, 22]. More impor-
tantly, pro-angiogenic and anti-apoptotic signaling cas-
cades have been implicated in the bioactivities of these
compounds [23-26]. Therefore, we hypothesized that the
effect of BTR against POF may be mediated through pro-
angiogenic and anti-apoptotic mechanisms. To validate
this hypothesis, in the present study, we investigated the
effects of BTR as well as the underling mechanisms in a
tripterygium glycoside (TG)-induced POF rat model.

Methods

The Minimum Standards of Reporting Checklist (Addi-
tional file 1) contains details of the experimental design,
and statistics, and resources used in this study.

Chemicals and reagents

BTR was provided by Suzhou Chunhui Traditional Chi-
nese Herbal Medicine Factory (Suzhou, China). The com-
ponents of BTR and their amounts are listed in Table 1.
The preparation process of BTR was as described in the
following.

All components were mixed in proportion and then
decocted with an eightfold quantity of water (volume/
weight) twice, for 1.5 h each time. The resultant decoc-
tion was filtrated, combined, and concentrated to a rela-
tive density of 1.2 g/ml (at 60 °C) under vacuum. The
concentrated decoction (i.e., BTR) was stored at 4 °C
for future use. According to the Pharmacopoeia of the
People’s Republic of China (2010 edition) and the Qual-
ity Specifications of Chinese Traditional Medicine of
Jiangsu Province, high performance liquid chromatogram
(HPLC) and thin-layer chromatography (TLC) methods
were employed to control the quality of BTR (Table 2;
Additional file 2: Figures S1-S4, Table S1).

TG tablets (10 mg) were purchased from Hunan Qian-
jin Xieli Pharmaceutics Co., Ltd. (Batch No.: 20090102,
Zhuzhou, China) and dissolved in sterile distilled water
to yield a 50 mg/ml solution. Immunoradioassay kits for
rat estradiol (E2) (Catalog No.: BO5JFB), progesterone (P)
(Catalog No.: BOSJFB), FSH (Catalog No.: BO3TFB), and
testosterone (T) (Catalog No.: BIOTLB) were obtained
from Beijing Beifang Medical & Bioengineering Co.,
Ltd. (Beijing, China). Immunohistochemistry (IHC)

Origin Amount used (g)

Components Chinese name
Rehmanniae Radix Praeparata Shu DiHuang
Testudinis Carapax et Plastrum Gui Jia
Paeoniae Radix Alba Bai Shao

Corni Fructus Shan Yu Rou

Rehmannia glutinosa

1
Chinemys reevesii 1
Paeonia lactiflora 1

1

Cornus officinalis
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Table 2 Quality evaluation of BTR
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Table 3 Drug dose and administration schedule for each
group of animals

Major constituents Method of determi-  Quality specifications
nation Group Drug dose and administration schedule
Catalpol HPLC >50 mg per 10 g BTR Control 4 ml 0.9% saline twice daily (9:00 a.m. and 3:00 p.m), i.g.,
Paeoniflorin HPLC >0.2 g per 10 g BTR for 15 days
Morroniside HPLC >50 mg per 10 g BTR POF model TG at 50 mg/kg, i.g. at 9:00 a.m. plus 4 ml 0.9% saline, i.g.
o o ) at 3:00 p.m,, for 15 days
Testudinis Carapax et TLC Arginine contained . i _
Plastrum BTR-low TG at 50 mg/kg, i.g. at 9:00 a.m. plus BTR at 1.88 g/kg, i.g.
at 3:00 p.m,, for 15 days
HPLC high performance liquid chromatogram, TLC thin-layer chromatography BTR-medium TG at 50 mg/kg, i.g. at 9:00 am. plus BTR at 3.75 g/kg, i.g.
at 3:00 p.m,, for 15 days
BTR-high TG at 50 mg/kg, i.g. at 9:00 a.m. plus BTR at 7.50 g/kg, i.g.

kits for detection of vascular endothelial growth factor
(VEGF) (Catalog No.: LYM00952) and vascular endothe-
lial growth factor receptor-2 (VEGFR2) (Catalog No.:
LYMO00761) were obtained from Lanzhou Yijian Medical
Co., Ltd. (Lanzhou China). IHC kits for Bax (Catalog No.:
BA0315-1), Bcl-2 (Catalog No.: BA0412), and caspase-3
(active form, Catalog No.. BA2142) were provided by
Wuhan Boster Bio-engineering Co., Ltd. (Wuhan, China).

Animals and POF induction

The protocol of the animal study was approved by the
Animal Ethics Committee of Nanjing University of Tra-
ditional Chinese Medicine (Nanjing, China) (Approval
No. JSSZUSPF/SQ-11). All animal care and treatment
were conducted in strict accordance with institutional
guidelines. Adult female Sprague—Dawley (SD) rats
(weighing 180-220 g, aged 12 weeks) were purchased
from Shanghai Slac Laboratory Animal Technology Co.,
Ltd. (Shanghai, China) and housed in an air-conditioned
facility with a room temperature of 25 £ 1 °C, humid-
ity of 50 & 5%, and a 12-h light/dark cycle. All animals
were supplied with food and water ad libitum. Prior to
experiments, they were allowed to acclimate to the ani-
mal facility for 1 week. Then, vaginal smear analysis was
performed every day for 10 days to screen 50 animals
with normal estrous cycle (defined as 4—6 days in length)
as experimental subjects [27]. The screened animals were
randomly divided into the following five groups of ten
animals each: the control group, the POF model group,
the BTR-low group, the BTR-medium group, and the
BTR-high group. Drug dosage and administration sched-
ules for each group of animals are summarized in Table 3.
The doses of BTR selected for animals were based on
human equivalent doses calculated by the method of
Reagan-Shaw et al. [28].

Assessment of estrous cycles and sample collection

During the administration period, the estrous cycle of
each animal was examined by vaginal smear analysis
according to a previously described method [29]. The
length of a cycle was determined as the number of days

at 3:00 p.m,, for 15 days

POF premature ovarian failure, TG tripterygium glycoside, BTR Bushen Tianjing
Recipe, i.g. intragastric gavage, AM in the morning, PM in the afternoon

between two non-consecutive days during which estrus
cytology was observed [30]. The length of estrous cycle
>15 days was defined as cessation of cycle. For each
animal, the mean length of estrous cycle was calculated
when the number of estrous cycles was >2. After 15 days
of administration, animals with estrous cycles (based
on vaginal smear analysis) were sacrificed at the proes-
trus stage (within 1-5 days after the last administra-
tion); while those with cessation of cycle were sacrificed
on the day after the last administration. Before sacrifice,
blood samples were collected from the femoral artery
of the animals. After sacrifice, both ovaries were surgi-
cally removed and weighed by an electronic balance. The
ovary index for each animal was calculated according to
the following formula: ovary index = the wet weight of
bilateral ovaries (mg)/body weight (g) x 100%.

Measurement of serum levels of E2, FSH, P,and T

For each animal, the serum levels of E2, FSH, P, and T
were measured by y-radioimmunoassay using commer-
cialized immunoradioassay kits (Beijing Beifang Medi-
cal & Bioengineering Co., Ltd.) in accordance with the
manufacturer’s instructions. Each assay was performed
in duplicate and the mean vale was calculated.

Histological analysis

For histochemical analysis, the left ovary of each ani-
mal was fixed in 4% neutral buffered paraformaldehyde,
embedded in paraffin, and sliced into 3-5 pm sections.
The sections were then stained with hematoxylin and eosin
(H&E) according to standard protocols. Slides were viewed
and photographed under 100x magnification using an
Olympus BX-51 microscope (Olympus, Tokyo, Japan). For
quantitative assessment of apoptosis, five sections were
randomly selected for each rat and photographed at 400x.
Subsequently, a total of ten non-overlapping high power
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fields (HPFs) were randomly chosen from these sections
for counting the number of apoptotic granulosa cells. The
counting was conducted by two independent analysts who
were blinded to the treatment assignment, and the average
values were recorded. Then, the average value across all
HPFs was calculated for each animal.

Immunohistochemical analysis

IHC analysis was conducted to detect expression levels
of VEGF, VEGFR2, Bcl-2, Bax, and caspases 3 in ovar-
ian sections from different treatment groups. Briefly, the
right ovary of each animal was fixed in 4% neutral buff-
ered paraformaldehyde solution for 2 h. Then, the fixed
samples were dehydrated in gradient alcohol solutions,
embedded in paraffin, and cut into 3-5 pm sections.
Then, IHC staining was performed using commercialized
IHC kits according to the manufacturers’ instructions.
Finally, the sections were visualized with 3,3’-diamin-
obenzidine (DAB), counterstained using hematoxy-
lin, and photographed at 100x. For an individual rat,
the immunoreactivity of VEGF, VEGFR2, Bcl-2, Bax,
and caspases 3 was analyzed in ten random HPFs from
five sections and scored using a semi-quantitative scor-
ing system for staining intensity as previously described
[31]: 0, no staining; 1, weak staining; 2, moderate stain-
ing; and 3, strong staining. Scoring was performed by an
experienced pathologist who was blinded to the treat-
ment assignment using an automatic IHC image analysis
software (https://imagej.nih.gov/ij/plugins/ihc-toolbox/
index.html). Then, the median value across all HPFs was
calculated for each animal.

Statistical analysis

Statistical analysis was conducted using SPSS 13.0 soft-
ware (SPSS Inc., Chicago, IL, USA). All continuous data
were tested for normal distribution using the D’Agostino-
Pearson omnibus test. Data with normal distribution are
presented as mean + standard deviation (SD). Data with
skewed distribution are presented as median and inter-
quartile range (IQR, range from the 25th to the 75th
percentile). Statistical differences between means were
assessed using one-way analysis of variance (ANOVA),
followed by Tukey’s post hoc multiple comparison tests.
Statistical differences between medians were assessed
with the nonparametric Kruskal-Wallis test followed by
Dunn’s post hoc multiple comparison tests. P < 0.05 was
considered statistically significant.

Results

BTR reverted abnormal estrous cycle and improved the
ovary index in a TG-induced POF rat model

During the experiment, one animal in the POF model
group died of unknown causes, and its data were
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discarded from subsequent analyses. First, we examined
the estrous cycle and ovary index of the animals from
different groups. After 5 days of TG induction, the POF
model group showed a decrease in food intake, locomo-
tor activity, and stimulus response, compared to the con-
trol group. For the three BTR-treated groups, however,
the food intake of the animals remained unchanged, and
no abnormal behavior was observed during the entire
course of the experiment. Within 15 days of TG induc-
tion, the majority of the animals (6 of 9) in the POF
model group displayed cessation of the estrous cycle and
the rest showed a significantly longer estrous cycle dura-
tion than the control animals (P < 0.0001) (Fig. 1a). How-
ever, this TG-induced abnormality in the estrous cycle
was significantly counteracted by BTR in a dose-depend-
ent manner. Specifically, the animals treated with a high
dose of BTR displayed similar estrous cycle duration as
the control group.

By the end of treatment, anatomical examination of the
ovaries was performed and the ovary index was calcu-
lated for each animal in all groups. As shown in Fig. 1b,
the ovary index in the POF model group was significantly
decreased, compared to the control group (P = 0.012).
However, this TG-induced decrease in the ovary index
could be prevented by different concentrations of BTR in
a dose-dependent manner. Taken together, these findings
indicate that BTR can revert abnormal estrous cycle and
improve the ovary index in a TG-induced POF rat model.

Effect of BTR on serum levels of E2, FSH, P,and Tin a
TG-induced POF model

Under the POF condition, the ovary fails to function nor-
mally in response to appropriate gonadotropin stimula-
tion, and thus doesn’t produce normal amounts of sex
hormones [7]. Previous studies have reported that POF
is associated with a decreased serum level of E2 and
increased serum levels of P, FSH, and T [32]. We there-
fore measured serum levels of E2, FSH, P, and T in the
animals from different groups to investigate the effect
of BTR on secretion of these reproductive hormones.
As shown in Table 4, animals in the POF model group
showed a dramatically lower serum level of E2 and con-
siderably higher levels of FSH, P, and T compared with
the control group. However, these TG-induced changes
were significantly prevented by BTR in a dose-dependent
manner, suggesting that BTR can improve the abnormal
secretion of reproductive hormones associated with POF.

Effect of BTR on primary and maturing follicles as well

as luteal function in TG-induced POF model

POF is manifested by a decrease in the number of
developing follicles and consequently affects reproduc-
tive activity [33]. Therefore, we performed histological
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Fig. 1 The length of the estrous cycle (a) and ovary index (b) in different treatment groups. Each dot in a and b represents the length of estrous
cycle during the 15-day administration period and the ovary index at the end of administration for an individual animal, respectively. When the
number of estrous cycles >2, the mean value is presented. Bars and error bars are means and SD. All statistical analyses were performed using

Table 4 Effect of Bushen Tianjing Recipe on serum levels of E2, FSH, P, and T in a TG-induced rat POF model

Group Number of animals E2 (pg/ml)*® FSH (ug/ml)>® P (ng/ml)>® T (pg/dl)*®
Control 10 64394 157.9 2524059 0.65 + 0.52 697 + 252
POF model 9 355.8 + 1306* 856 4 2.13** 0.95 £ 0.21* 2168+ 9.61%
BTR-low 10 364.1 798 7854 1.62 082 +0.18" 1217 +3.20"
BTR-medium 10 553.1 4 107.5" 3524 075" 0.59 + 0.56" 10.60 4 433"
BTR-high 10 5786 % 129.0" 3.57 £ 0.70" 0.52 +0.15" 7.71 +1.24"

E2 estradiol, FSH follicle-stimulating hormone, P progesterone, T testosterone, POF premature ovarian failure, BTR Bushen Tianjing Recipe

@ Data are presented as mean =+ SD

b * P <0.05and ** P < 0.01 versus the control group; * P < 0.05 and * P < 0.01 versus the POF model group

analyses of ovarian sections to investigate the effect of
BTR on primary and growing follicles and luteal function
in TG-induced POF model. The H&E stained sections of
the control group showed the normal histologic struc-
ture of the cortex and medulla with multiple maturing
follicles at different stages (Fig. 2a). The corpus luteum
could be seen, but neither follicular ovarian cysts nor
corpus luteum hematomas were observed. Additionally,
no infiltration of inflammatory cells or ovarian fibrosis
was found in either the cortex or medulla. In the sec-
tions from the POF model group, however, an abnormal
histology of the cortex and medulla was observed with
a markedly reduced number of primordial and primary
follicles, and few developing and mature follicles with
degenerated oocytes (Fig. 2b; Additional file 2: Figure S5).
In addition, ovarian interstitial fibrosis, as well as regres-
sion and necrosis of the corpus luteum accompanied by
inflammatory cell infiltration and vessel dilation could be
distinguished in the sections. For the three BTR-treated

groups, the sections showed that the TG-induced his-
topathological changes were significantly alleviated by
treatment with BTR (Fig. 2c—e). Specifically, the BTR-
medium and -high groups showed almost normal histol-
ogy comparable to that of the control group.

Effect of BTR on intraovarian expression of VEGF

and VEGFR2 in a TG-induced POF rat model

Histologic analyses of the ovarian sections showed
morphological changes of vessels in different groups.
We therefore performed IHC staining to investigate
the effect of BTR on intraovarian expression of two key
angiogenic factors, VEGF and VEGFR?2, in a TG-induced
POF model. As presented in Fig. 3a, samples from the
POF model group showed significantly decreased ITHC
staining intensity, compared to those from the control
group; while this decrease was restored by the adminis-
tration of BTR in a dose-dependent manner. Results of
semi-quantitative IHC assessment also confirmed these
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Control )

significant improvement in the follicular count. Magnification x 100

BTR-Medium

Fig. 2 Representative hematoxylin and eosin-stained images of histological sections from all experimental groups (a—e). A decrease in the number
of primary follicles (as indicated by white arrows) can be seen in the POF model group, while treatment with Bushen Tianjing Recipe achieved a

POF Model

BTR-High

findings (Fig. 3b, c). Collectively, these data suggest that
TG-induced POF is associated with decreased intraovar-
ian expression of VEGF and VEGFR2, whereas treatment
with BTR is able to induce intraovarian expression of
both proteins, which may contribute to its effects in TG-
induced POF model.

BTR protects granulosa cells from apoptosis in a
TG-induced POF rat model

Next, we investigated the protective effect of BTR against
apoptosis of granulosa cells in a TG-induced POF rat
model. H&E stained ovarian sections from the control
group showed that most granulosa cells appeared healthy
with no sign of apoptosis (Fig. 4a). In the POF model
group, however, some cells were compact and irregularly
shaped with smaller and condensed nuclei. In addition,
the nuclei of cells in advanced stages of apoptosis were
fragmented, resulting in vacuolation and apoptotic bod-
ies. Samples from the BTR-treated groups displayed that
the majority of granulosa cells had intact cell membranes
and clear nuclei (Fig. 4a), and quantitative analysis indi-
cated that the percentage of apoptotic cells was decreased
in all BTR-treated groups, especially in the BTR-high

group (Fig. 4b). These findings suggest that BTR can pro-
tect granulosa cells from apoptosis in a TG-induced POF
rat model.

In order to further validate the findings of the histo-
logical examination, we investigated the effect of BTR
on intraovarian expression of several apoptosis-related
proteins, Bcl-2, Bax, and caspase-3 in ovarian tissues by
IHC staining. As shown in Fig. 5a, samples from the POF
model group showed a significantly lower level of Bcl-2
and considerably higher levels of Bax and caspase 3, com-
pared to control ovaries. However, these alterations could
be reversed by treatment with BTR in a dose-dependent
manner. These findings were also supported by the data
of semi-quantitative IHC analysis (Fig. 5b, d), indicating
that the effects of BTR treatment may be through regu-
lation of the intraovarian expression of apoptosis-related
proteins.

Discussion

POF is a common cause of infertility in women and is
characterized by amenorrhea. It is related to the symp-
toms and metabolic effects of sex steroid deficiency, as
well as the emotional sequelae experienced by couples
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Magnification x 100

who have difficulty in conceiving a pregnancy [34]. In
addition, POF is associated with risks of cardiovascular
disease, osteoporosis, and psychiatric diseases [35-37].
Currently, there are no effective treatments for this dis-
ease. Most therapeutic strategies are aimed at relieving
the menopausal symptoms, reducing the risk of osteopo-
rosis, and dealing with the loss of fertility [32].

BTR is a TCM formula that has been prescribed by
Chinese medicine doctors for decades for the treatment
of POE. As compared with other TCM formulas, e.g.
Tongmai Dasheng Tablet [38] or Luan-Pao-Prescription
[39], BTR only contains four herbs, which may increase
safety and reduce treatment cost. In this study, we used
a TG-induced POF rat model to investigate the effects
of BTR for POF and the underlying mechanisms. TG is

an active component of Tripterygium wilfordii, which
is widely used to treat autoimmune and inflammatory
diseases. However, a long-term use of TG can cause
irregular menstruation, amenorrhea and even POF [40].
Therefore, the side effects of TG on female reproduc-
tive system can be used to induce a POF animal model.
Chen et al. [41] have established a mouse POF model
via subcutaneous injection of TG, while TG-induced
rat POF model has also been established and widely
used for reproductive experimental studies [38, 42]. In
the current study, we found that BTR not only reverts
an abnormal estrous cycle and a decreased ovary index
in this model but also improves the abnormal secre-
tion of reproductive hormones associated with POF.
In addition, treatment with BTR can protect ovaries
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Fig. 4 Quantitative assessment of apoptosis in ovarian tissue samples from different experimental groups. a Representative hematoxylin and eosin-
stained images and b apoptotic cell counting results. For each animal, ten high power fields (HPFs) were randomly chosen from five sections for
counting the number of apoptotic granulosa cells. Each dot in b represents the average value across these HPFs. Bars and error bars are means and
SD, respectively. All statistical analyses were performed using ANOVA followed by Tukey's post hoc test. NS not significant. Magnification x400

from TG-induced damage. Further studies showed that
BTR can induce intraovarian expression of VEGF and
VEGEFR?2 and regulate intraovarian expression of apopto-
sis-related proteins, suggesting that promotion of angio-
genesis and anti-apoptosis most likely to contribute to
the effects of BTR for POF.

The well-established paradigm of reproduction in
mammals holds that the correct formation of the the-
cal vasculature is necessary to assure a proper nutrition
and hormonal supply to the developing follicle [43].
This process involves ovarian angiogenesis and vascu-
logenesis, which are crucial for folliculogenesis, normal
development of the corpus luteum, and maintenance of
the function of the mature corpus luteum [44]. When
angiogenesis and vasculogenesis are impaired, the ovary
becomes hypoxic, which may trigger apoptosis of ovar-
ian cells and follicle atresia, eventually leading to POF
[43]. VEGF is considered to be a prime regulator of
angiogenesis and vasculogenesis that can induce vas-
cular permeability and promote endothelial cell prolif-
eration, migration, and survival through the interaction
with its receptors [45, 46]. The VEGF receptor fam-
ily consists of three members, VEGFR-1, -2, and -3, of
which VEGER-2 is predominantly involved in mediat-
ing the effects of VEGF [47]. Researchers have dem-
onstrated the essential role of VEGF and VEGFR-2 in
follicular development, ovulation, and corpus luteum
formation [48]. When the intraovarian expression of
VEGF and VEGFR-2 is inhibited, follicular develop-
ment and ovulation may also be suppressed [49]. In
this study, TG-induced POF was associated with sig-
nificantly decreased intraovarian expression of VEGF

and VEGFR-2. However, treatment with BTR restored
VEGF and VEGFR-2 levels in a dose-dependent man-
ner. This effect may be due to the angiogenic properties
of the active components of BTR.

BTR contains four Chinese medical herbs, of which
Rehmanniae Radix Praeparata is the major active com-
ponent; it has been prescribed for wound healing and
tissue regeneration in Chinese Traditional Medicine for
decades. A recent study has revealed that the aqueous
extract of Rehmanniae Radix Praeparata is effective in
promoting diabetic foot ulcer healing in rats through up-
regulation of VEGF expression [23]. Additionally, another
component of BTR, Corni Fructus, contains active sub-
stances such as cornel iridoid glycoside, which can also
promote angiogenesis by increasing the expression of
VEGF and VEGFR-2 [24]. Therefore, the restoration of
VEGF and VEGFR-2 expression by BTR may be attrib-
uted to, at least in part, the angiogenic effect of these two
herbs.

Previous studies have documented that POF is associ-
ated with accelerated follicular atresia, which primarily
results from apoptosis of granulosa cells [50, 51]. Apop-
tosis is a physiological process that maintains the homeo-
stasis of adult tissue. In most adult tissues, the occurrence
of apoptosis is proportional to the cell proliferation rate.
In the ovary, however, a high rate of follicular cell apop-
tosis without constant stem cell renewal ultimately leads
to reproductive senescence [52]. Under pathological
conditions, the balance between pro-apoptotic and anti-
apoptotic signals is disrupted, and excessive apoptosis
results in ovarian disorders characterized by infertility
including polycystic ovary syndrome and POE. Usually,
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Fig. 5 Representative immunohistochemistry images (a) and quantitative analysis (b, ¢, d) of Bcl-2, Bax, and caspase 3 in histological sections from
all experimental groups. Immunostaining (brown) are indicated by black arrows. For each animal, ten random high power fields (HPFs) from five
sections were used for quantitative analysis. Each dot in b and ¢ represents the median value across these HPFs. Bars and error bars are medians and
quartiles, respectively. All statistical analyses were performed using the nonparametric Kruskal-Wallis test followed by Dunn’s post hoc test. NS not
significant. Magnification x 100

apoptosis is a tightly regulated process, which can be ini-
tiated via two alternative signaling pathways, the death
receptor-mediated “extrinsic apoptotic pathway” and the
mitochondrion-mediated “intrinsic apoptotic pathway”.
The latter is considered to be involved in the POF process
[53]. In the mitochondrion-mediated apoptosis pathway,
Bax is a pro-apoptotic protein that promotes the release
of cytochrome c (Cyt-c) into the cytosol. Following the
release, Cyt-c forms a complex with ATP and apoptotic
protease activating factor (Apaf-1), subsequently acti-
vating caspase 9, and in turn the executioner caspases,
including caspase 3. Recent reports have demonstrated
that up-regulation of Bax and caspase 3 can be detected
in chemotherapy-induced POF animal models [54,

55]. Additionally, as a key anti-apoptotic factor, Bcl-2 is
involved in the regulation of caspase activity and its up-
regulation can prevent apoptosis of ovarian granulosa
cells [56]. In the current study, we found that treatment
with BTR could ameliorate TG-induced apoptotic death
of ovarian tissues, which was accompanied by down-reg-
ulation of Bax and caspase 3 and up-regulation of Bcl-2.
This effect may be attributed to the anti-apoptotic activ-
ity of the two components of BTR, Paeoniae Radix Alba
and Corni Fructus. Sun et al. [25] found that the aque-
ous extract of Radix Paeoniae Alba is able to up-regulate
Bcl-2 and down-regulate Bax in PC12 cells. Park et al.
[26] reported that phenolic compounds isolated from
Corni Fructus can ameliorates renal damage by reducing
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renal expression of pro-apoptotic factors such as Bax
and Cyt-c. However, as an aqueous extract of four herbs,
BTR is of great complexity in ingredients; the major sub-
stances responsible for the anti-apoptotic activity and
how they exert their signaling functions requires further
investigation.

Several limitations should be addressed regarding the
current study. First, although TG-induced POF rat model
is widely used, it does not fully reflect the pathogenetic
process of POF. Therefore, the findings of this study still
need to be validated in other POF animal models (e.g.
natural aging POF rat model). Second, the results of
mechanistic study are still preliminary; additional studies
are necessary to elaborate the precise signaling pathways
that are involved in the pro-angiogenic and anti-apoptotic
effects of BTR. Additionally, it should be noted that there
was a great discrepancy with previous literature as to the
serum level of E2 in experimental animals [38, 39], which
may be due to differences in detection methods or assay
kits across the studies. This indicates that the assay of
serum E2 level should be carefully optimized in the future.

Conclusion

In summary, the current study shows that BTR is effec-
tive for the treatment of TG-induced POF rats. Results of
histological and IHC analyses suggest promotion of angi-
ogenesis and anti-apoptosis are the two possible mecha-
nisms accounting for the effects of BTR. These findings
provide new insights into the molecular mechanisms
whereby BTR improves POF.
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