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INTRODUCTION 
 

A mammalian ovary ovulates less than 1% of follicles, and 

the rest follicles undergo atresia in various phases of 

growth [1]. Therefore, follicular atresia is considered as 

one of the major processes leading to the loss of follicles 

and oocytes from the ovary, and any impaired follicular 

atresia lead to premature ovarian failure (POF) [2]. 

Previous reports elaborated that the cellular mechanisms 

responsible for follicular atresia would lead to the 

apoptosis of granulosa cells (GCs) [3]. GC apoptosis is 

caused by a large number of factors including hormones, 

reactive oxygen species (ROS), growth factors, cytokines, 

and Bcl-2 family members [4], yet its underlying 

molecular mechanisms have not been described fully.  

 

GCs lie outside the zona pellucida in an individual 

follicle and play essential roles in folliculogenesis [5, 

6]. They nourish and regulate the oocyte development 

by establishing physical connections known as gap 

junctions [6]. GCs can also synthesize and release a 

variety of growth factors and hormones that can 

regulate the growth, differentiation, and maturation of 

oocytes and theca cells. Among these factors, the most 

important steroids are estrogens. The androgens 

secreted by the theca cells are converted by activated 

aromatase in GCs into estrogens after a series of 

biochemical reactions. Aromatase, like other enzymes 

involved in the steroid hormone biosynthesis pathway, 

is located in the membrane of endoplasmic reticulum. 

Follicle stimulating hormone (FSH) enhances the 
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ABSTRACT 
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Esculentoside A (3-O-b-D-glucopyranosyl-1, 4-b-D-xylopyranosyl) phytolaccagenin, a saponin extracted 
from Phytolacca esculenta roots, as a potential rescue agent for the apoptosis of granulosa cells. Our results 
revealed the rescue of normal body and ovary weights, normal ovarian histo-architecture of ovaries, and 
hormones levels with regular estrus cycle. Consistently, the expression of proliferating and anti-apoptotic 
markers, i.e. KI67 and BCL-2 in granulosa cells, was enhanced. Meanwhile, the expressions of pro-apoptotic 
markers, which were BAX and CASPASEs (CASPASE-9 and CASPASE-3), were prominently reduced in 
Esculentoside A-induced premature ovarian failure mice. Additionally, PPARγ, a potential therapeutic target, 
has also rescued its expression by treating the premature ovarian failure mice with Esculentoside A. Our results 
advocated that Esculentoside A could restore folliculogenesis in premature ovarian failure mice. Furthermore, it 
has the potential to be investigated as a therapeutic agent for premature ovarian failure. 
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expression and activity of aromatase in GCs of several 

mammalian species, including rodents and humans [7–

9]. Notably, follicle stimulating hormone receptor 

(FSHR) on GCs first appears at the preantral stage of 

folliculogenesis, which indicates their dependence on 

FSH. Hence, GCs from preantral and onward follicles 

produce estrogens, which play vital roles in follicle 

development and oocyte maturation [10–12]. It is well-

established that GCs act as the main sources of estrogen 

and progesterone hormones [4, 13, 14]. The presence of 

GCs is indispensable for oocyte development as it can 

in large part meet the needs of oocyte metabolism (such 

as amino acids, ions, and metabolites, etc.) via gap 

junctions [15, 16]. In addition, GCs also regulate the 

activity of oocyte at transcriptional level and facilitate 

the post-transcriptional modifications of a number of 

oocyte proteins [17]. Hence, the normal functions of 

GCs are of prime importance for folliculogenesis and 

any factors that may lead to POF. Therefore, the rescue 

of GCs would be one of the potential targets to prevent 

the development of POF.  
 

Esculentoside A (EA) is a saponin extracted from 

Phytolacca esculenta roots and has been recognized  

as 3-O-[b-D-glucopyranosyl-(1,4)-b-D-xylopyranosyl] 

phytolaccagenin [18]. It is well known that EA can 

impede the secretion of inflammatory mediators such as 

tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-

6, and prostaglandin E-2. Reports have also revealed 

that EA has the potential to reduce the over-activated 

macrophages by modulating phagocytosis and 

inhibiting the secretion of inflammatory cytokines [19, 

20]. Similarly, studies have shown that EA can lessen 

the severity of both early and late radiation-induced 

cutaneous toxicity [21]. Z. Wei-ting., et al elaborated 

that EA can inhibit nuclear factor kappa B and protein 

kinase signaling pathways in lipopolysaccharide (LPS)-

induced acute lung injury (ALI) mice, resulting in the 

reduction of inflammatory responses [22]. Similarly, 

EA has also been shown to inhibit the ectopic lesions 

growth in an Endometriosis (EMS) animal model 

(China Patent Number: CN200510110906.X). It is 

obvious that EA has great potential to rescue various 

abnormal conditions. Hence, the therapeutic potential of 

the EA urged us to study whether it could be used as 

revival agent for POF. 

 

This study aimed to investigate the restoration of GCs 

in POF mice via EA administration. POF mice were 

selected and divided into two groups: POF group and 

EA-administered POF group. EA-administered POF 

mice were further classified into three groups depending 

upon the doses: 15, 30, 60 mg/day for 4 weeks. The 

successive examinations showed that the attained body 

and ovary weight, ovarian histology, estrus cycle and 

hormones of POF mice (given EA with dose of 60 

mg/day) were equivalent to the control of the same age. 

Similarly, the expression of proliferating and anti-

apoptotic markers in GCs was enhanced, and the 

expression of pro-apoptotic markers was significantly 

decreased in EA-administered POF mice when 

compared with the POF mice. Furthermore, PPARγ, a 

potential therapeutic target, has similar expression 

profile in POF mice treated with the highest dose of EA 

compared to that in control group. All these results 

suggested the restoration of GC activities and folliculo-

genesis. 

 

RESULTS 
 

Body and ovary weights in POF mice 

 

The body weight of POF mice was recorded as 

significantly reduced when compared with normal 

control of the same age (Figure 1A). To check the 

effects of EA and body weights of POF mice, we 

further divided them into 4 groups based on different 

doses given, i.e., null EA (POF mice to which EA was 

not administered), 15, 30 and 60 mg/day. The treatment 

was carried out for 28 consecutive days and the weight 

for each group was recorded accordingly. The results 

revealed that the weight of POF mice was directly 

proportional to the doses given. The POF mice with the 

highest dose of EA (60mg/day) had recovered the 

weight analogous to the normal control. In detail, the 

weight of 6-week-old POF mice was 22.3 grams (g), 

bordering on that of normal control. In contrast, the 

weight of null EA POF mice of the same age reached 

about 19g. Similarly, a positive correlation between the 

dose of EA and ovarian weight in POF mice was also 

observed (Figure 1B). In detail, the utmost ovary weight 

was recorded in POF mice with the highest dose of EA 

as compared with the null EA POF mice with the lowest 

dose. Taken together, these results suggested that EA 

treatment restored both normal body and ovary weights 

in POF mice.  
 

Estrogenic activity in POF mice 
 

Next, we investigated whether EA could restore the 

estrus cycle in POF mice (as the cycle was found absent 

from these mice). The POF mice were divided into 4 

groups as mentioned earlier. Vaginal smears were 

obtained from all groups including normal control to 

identify the different phases of estrus cycle (Figure 1C, 

1D). In comparison with EA-null POF mice, the EA-

administered POF mice restored their estrus activity to 

the level close to normal control. Furthermore, EA also 

provoked vaginal opening, which was found to be 

directly proportional to the EA dose. Hence, the mice 

administered with the highest dose of EA (60mg/day) 

demonstrated vaginal opening comparable to normal 
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control. These observations determined that EA 

successfully rescued the estrus cycle in POF mice.  

 

The estrus cycle restoration in POF mice by EA urged 

us to evaluate the histopathological conditions of their 

ovaries. Subsequently, histological analysis of POF 

mice ovaries revealed typically atretic follicles, which 

were characterized by disintegration of granulosa and 

theca cell layers. In addition, a number of granulosa 

cells with pyknotic nuclei were detected in the atretic 

follicles, and cumulus oophorus disappeared. Moreover, 

aged oocytes with germinal vesicle breakdown (GVBD) 

were observed. In contrast, ovarian morphology after 

EA treatment showed the normal appearance of 

growing antral follicles, and decreasing propensities for 

atresia compared with the POF mice. It was observed 

that in growing antral follicles, granulosa and theca cell 

layers maintained their normal integrities and the 

oocytes without GVBD appeared similar to normal 

control (Figure 2). In short, compared with POF mice, 

the number of atretic follicles was decreased, whereas 

the number of the other follicles, including primordial 

follicles, primary follicles, secondary follicles and antral 

follicles, was increased. 

 

Hormone levels in POF mice 

 

EA treatment prompted estrus cycle and follicular 

activity in POF mice and it has been well established 

that both of them are regulated and maintained by

 

 
 

Figure 1. Effect of Esculentoside A on body, ovary weights and estrus cycle of POF mice. (A, B) Body weight and ovary weight after 

combination of POF and EA treatment, respectively. POF: Premature ovarian failure (C) Representative picture of estrous cycles in control 
mice (upper), POF mice (middle) and Esculentoside A-treated mice (lower). Bars represent the average length (day) of proestrus (P), estrus 
(E), metestrus (M) and diestrus (D) per estrous cycle. (D) The length of estrous cycle of each group. *P< 0.05, ***P < 0.001 vs. Control. #P < 
0.05, ##P < 0.01, ###P < 0.001 vs. POF. 
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certain endocrine hormones, i.e., luteinizing hormone 

(LH), FSH, anti-mullerian hormone (AMH) and 

estradiol. To check the levels of these hormones in POF 

mice, we performed enzyme-linked immunosorbent 

(ELISA) assay on serum collected from normal control, 

EA-null POF mice, and EA-administered POF mice 

(with dose of 15, 30 and 60 mg/day). Our results 

demonstrated that EA-null POF mice had abnormally 

high levels of LH and FSH, and low levels of AMH and 

E2. By contrast, with increasing doses of EA, the 

hormone level of POF mice was also corrected, while 

the hormone level of POF mice with 60 mg/day EA 

bordered on that of normal control (Figure 3A). To 

further validate the activity of FSH, we assessed the 

expression of FSHR and aromatase in ovarian tissue by 

qRT-PCR and WB. The results showed that they 

exhibited comparable mRNA and protein expressions 

(Figure 3B, 3C). Down-regulated expressions of 

aromatase and FSHR were observed in POF mice, 

which can be reversed by EA in a dose-dependent 

manner. Hence, consistent with the aforesaid 

observations, EA also reinstated the levels of hormones, 

FSHR and aromatase. 

 

Granulosa cells proliferation in POF mice  

 

The GCs convert androgens into estrogens and 

synthesize progesterone, thus playing essential roles in 

the oogenesis and ovary maintenance [5]. Based on 

earlier results, it was hypothesized that whether the GCs 

were retained in the ovaries from POF mice. To check 

the status of GCs, we carried out immunohistochemistry 

(IHC) on ovaries from normal control, EA-null POF 

mice and EA-treated POF mice using KI-67 (GCs 

proliferating marker). We could not determine specific 

KI-67 signals in GCs from the ovaries of EA-null POF 

mice, compared with normal control. In contrast, the 

EA-treated mice showed KI-67 signals and the strengths 

of signals were illustrated by the EA dose given. 

Consistently, the POF mice to which the highest EA

 

 
 

Figure 2. Effect of Esculentoside A (EA) on follicle growth and ovulation in POF mice. (A) Representative picture of ovaries stained 

by H&E. (×400 magnification). (B) The mean number of primordial follicles, primary follicles, secondary follicles, antral follicles and atretic 
follicles. The data were expressed as means ± SD (n =5). ***P < 0.001 vs. Control. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. POF. 
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dose was given exhibited KI-67 signals similar to 

normal control (Figure 4A). To further validate the 

proliferation of GCs, we checked the expression of KI-

67 along with another anti-apoptotic marker, i.e., BCL-

2 and pro-apoptotic makers: BAX and CASPASEs 

(CASPASE-9 and CASPASE-3) using western blot 

analysis (Figure 4B, 4C). Our result showed the 

reversed expression of these markers in EA-treated POF 

mice as compared with EA-null POF mice. The 

expression of KI-67 and BCL-2 in EA-treated POF 

mice with the highest dose was equivalent to that of 

normal control. Similarly, the decreased expression was 

observed to the levels reported in the normal control for 

BAX and CASPASEs. Moreover, PPARγ can be 

considered as a potential therapeutic target as it impedes 

proliferation and promotes terminal differentiation of 

GCs [23]. Therefore, we investigated the expression of 

PPARγ in GCs of EA-treated POF mice by western blot 

(WB) and IHC (Figure 5A, 5B). The result from WB 

and IHC demonstrated similar expression profile of 

PPARγ in POF mice administered with the highest EA 

dose. Taken together, these results were consistent and 

EA treatment redirected the GC proliferation and its 

normal functions. 

 

DISCUSSION 
 

In this study, we for the first time demonstrated that EA 

administration restored folliculogenesis and GCs in 

POF mice. Briefly, EA with doses of 15, 30, 60 mg/day 

were given for 28 days to these mice. The re-

establishment of normal body and ovary weights, 

ovarian histology, estrus cycle and normal hormones 

levels were observed in aforementioned groups. 

Consistently, the enriched and reduced expressions of 

proliferating markers (KI-67 and BCL-2) and pro-

apoptotic markers (BAX and CASPASES) in GCs were 

determined respectively. In addition, EA administration 

also prompted a potential therapeutic target: PPARγ 

with expression profile in POF mice equivalent to 

normal control. 

 

EA is a perennial herb derivative mainly extracted from 

Phytolacca esculenta. Many studies provided enough 

evidence with respect to the physiological importance 

of EA. The reports elaborated that EA plays a vital role 

in regulating immune response [24], cell proliferation 

[25] and apoptosis [26]. EA has also possessed anti-

inflammatory properties, and protective effects on liver 

toxicity and lung damage [22, 27]. Similarly, Chuanlan 

et al., demonstrated EA inhibits breast cancer stem cell 

(CSC) growth both in vitro and in vivo [28]. Therefore, 

we investigated whether EA could be a promising 

candidate for the treatment and prevention of POF. The 

consequent examinations using POF mice illustrated 

that EA has offered the great potential to be used as a 

rescue agent for POF treatment for woman.    

 

POF is an abnormal condition in which the ovarian 

follicles rapidly decrease with no or few residual 

 

 
 

Figure 3. Effect of Esculentoside A (EA) on reproductive hormone levels in POF mice. (A) The levels of serum luteinizing hormone 

(LH), FSH, anti-mullerian hormone (AMH) and estradiol (E2) from normal control, POF (EA-treated and EA-null) were detected by ELISA kits. 
(B–C) The levels of aromatase and FSHR of proteins and mRNA were evaluated by western blot and RT-qPCR, respectively. The data were 
expressed as means ± SD (n =5). **P < 0.001, ***P < 0.001 vs. Control. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. POF. 
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follicles in women aged fewer than 40 years [29, 30]. 

The other features of this multifactorial disease include 

hypo-estrogenism, elevated levels of gonadotrophin, 

amenorrhea, and infertility [31]. A variety of factors 

have been found to be associated with POF including 

genetic defects, infections, autoimmunity, drugs, and 

toxics [32]. Approximately 10% of worldwide women 

of age between 30 and 39 are suffering from POF [30]. 

The heterogeneity and promising percentage of POF 

offer great opportunities for the proper treatment of this 

disease condition. In one such effort, Zhengjie et al., 

proved that curcumin is a protective agent against POF 

 

 
 

Figure 4. Effect of Esculentoside A (EA) on proliferation and apoptosis of ovarian granulosa cells. (A) The expression of KI-67 of 

granulosa cells was determined by immunohistochemistry of ovarian tissue. KI-67 was used as positive marker of cell proliferation. (B, C) The 
expressions of proteins including BCL2, KI-67, BAX, CASPASE 3 and CASPASE9 were detected by western blot. The data were expressed as 
means ± SD (n =5). ***P < 0.001 vs. Control. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. POF. 
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in mice [33]. Interestingly, in this study, we for the first 

time determined that EA could completely rescue the 

POF in the animal model, therefore it would be more 

fascinating to check whether EA has similar effects on 

human.    

 

Estrogens and progesterone are responsible for the 

regulation of histological and functional modifications 

of female genital tract. It has also been well established 

that the estrous is primarily regulated by estrogen, 

which, in turn, is monitored by hypothalamic-releasing 

factors (HRF) and pituitary gonadotropins [34]. 

Consistent with previous reports, in this study, we 

demonstrated that the exogenous administration with 

physiological doses of EA in POF mice restored the 

complete phenomena of sexually and reproductively 

active mice, i.e.. normal histo-architecture of ovaries, 

estrus cycle, and normal levels of hormones, suggesting 

the restoration of normal GC activities along with 

oocyte development. 

 

At molecular levels, GC apoptosis follows two main 

pathways: death receptor and mitochondrial pathways 

[35]. In the earlier pathway, the specific death ligands 

will combine with death receptors, thus activating 

caspase cascade [36]. In the mitochondrial pathway, the 

pro-apoptotic signals such as Bax will initiate the 

apoptosis and promote follicular atresia [37]. In the 

process of cell apoptosis, BAX moves to mitochondria 

from cytoplasm, which subsequently enhances the

 

 
 

Figure 5. Effect of Esculentoside A (EA) on PPARγ signaling protein expression. (A) The expression of PPARγ proteins was detected 

by western blot. (B) The expression of PPARγ of ovarian tissue was determined by immunohistochemistry. The data were expressed as means 
± SD (n =5). ***P < 0.001 vs. Control. #P < 0.05, ##P < 0.01 vs. POF. 
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mitochondrial membrane permeability. As a result, 

cytochrome C is removed from mitochondria to 

cytoplasm where it makes a complex with apoptotic 

protease-activating factor-1 (Apaf-1). By the successive 

mechanism, this complex activates Caspase-9 and 

Caspase-3 that promote cell apoptosis. BCL-2 prohibits 

the cytochrome C elimination from entering into the 

cytoplasm, thus acting antagonistically on BAX and 

opposing cell apoptosis [38–40]. Therefore, the 

expression ratio of Bcl-2 to Bax and its successors 

shows the ‘molecule switch’ of apoptosis [41, 42]. 

Furthermore, we have consistent findings on the 

underlying mechanism of POF. The POF mice revealed 

higher expression of BAX, CASPASE-9 and 

CASPASE-3 as compared with BCL-2, whereas the 

reversed ratio was observed in EA-administered POF 

mice, confirming the proliferation of GCs and 

restoration of folliculogenesis. Moreover, we have 

observed that the expression of a potential therapeutic 

receptor, PPARγ, which was found to be high expressed 

in EA-administered POF mice. A number of reports 

illustrated the apoptotic property of PPARγ [43, 44]. 

Compared with these studies, Lefebvre et al., and Saez 

et al., independently demonstrated that activation of 

PPARγ promoted cell proliferation in colon tumors [45, 

46]. Our results are consistent with the previous 

findings and strongly suggested that PPARγ plays an 

essential role in cell maintenance and division. 

Furthermore, the increased expression of PPARγ and 

proliferation- and apoptosis-related proteins indicates 

the same molecular pathway for them. But the 

mechanism by which this pathway works offers us with 

some valuable investigations.  

 

In conclusion, the present study highlights the potential 

of EA to restore reproductive ability with all its basic 

features in an infertile female mouse suffering from 

POF. We found which the expression of anti-apoptotic 

protein BCL-2 was elevated, and BCL-2 prohibits the 

GCs from apoptosis via mitochondrial pathway in the 

POF mice. Moreover, EA provoked the expression of 

the potential therapeutic target, PPARγ, in POF mice.  

It is highly appreciated, if the EA consequences would 

be investigated in infertile woman suffering from POF 

with GC atresia. 

 

MATERIALS AND METHODS 
 

Mice and treatment 

 

Mice purchased from Oriental Bio Service Inc. 

(Nanjing) were kept in the animal house. The 

temperature and humidity were maintained between 

23°C-25°C and 40%-80% respectively. The animal-

involved experiments were performed according to the 

guidelines provided for the Care and Use of Laboratory 

Animals published by the US National Institutes of 

Health and consequently approved by the Institutional 

Ethics Committee of Yantai Yuhuangding Hospital and 

Affiliated Hospital of Qingdao University. 

 

The mice were divided into the Control group (n = 5), 

the POF group (n = 5) and three POF+Esculentoside A 

groups (n = 5). The Control group received the same 

weight-based volume saline only. The POF group and 

the POF+Esculentoside A group were injected intra-

peritoneally with 75 mg/kg cyclophosphamide (CY, 

Aladdin). The POF+Esculentoside A groups were 

administered intragastrically at the dosage of 15, 30, 60 

mg/day for four weeks. 
 

Chemical reagents 
 

EA (purity, >92.2%) was purchased from Nanjing 

Spring and Autumn Biological Engineering Co., Ltd., 

Nanjing, China. ELISA kit was obtained from Uscn 

Life Sciences, Inc., Wuhan, China. The antibodies 

against KI67, BCL-2, BAX, CASPASE-9, CASPASE-3 

and PPARγ were purchased from Millipore, Billerica, 

MA, USA. 
 

RNA extraction and qualitative real-time 

polymerase chain reaction (qRT-PCR) 
 

Control groups and treated groups’ total RNAs were 

extracted by the TRIzol Reagent Kit (Invitrogen, Grand 

Island, NY, USA) according to the given protocol. 

RevertAid™ First Strand cDNA Synthesis Kit 

(Fermentas MBI, Waltham, MA, USA) was used for 

reverse transcription. qRT-PCR was carried out with 

SYBR Green PCR Master Mix (Thermo Scientific, 

Waltham, MA, USA). iCycler IQ Multicolor Detection 

System (Bio-Rad, Hercules, CA, USA) was used to run 

the PCR cycles. The PCR reactions were carried out 

under the following optimized conditions: 15 minutes 

(min) at 95°C, followed by 40 cycles of 15 sec at 95°C, 

and 30 sec at 72°C. Fold change in gene expression was 

determined by the comparative cycle threshold (CT) 

method. The sequences of all primers were as below: 

 

Aromatase 
Forward 5’- ATGTTCTTGGAAATGCTGAACCC - 3’ 

Reverse 5’- AGGACCTGGTATTGAAGACGAG - 3’ 

FSHR 
Forward 5’- AGCCCCTTGTCACAACTCTATGTC - 3’ 

Reverse 5’- AGCCCCTTGTCACAACTCTATGTC - 3’ 

GAPDH 
Forward 5’-CTCACCGGATGCACCAATGTT- 3’ 

Reverse 5’-CGCGTTGCTCACAATGTTCAT- 3’ 

 

Western blot assay 
 

To obtain the lysates, ovaries were washed with ice-

cold phosphate buffer saline (PBS) and lysed in 1× 

sodium dodecyl sulfate (SDS) buffer (100 mM Tris-HCl 

pH 7.4, 2% SDS, 15% glycerol, 0.1% bromophenol 
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blue and 5 mM dithiothreitol). For western blot, the 

specific primary antibodies against anti-KI-67, anti-

BCL-2, anti-BAX, anti-CASPASE-9 and anti-

CASPASE-3 (Santa Cruz Biotechnology, Santa Cruz, 

CA, USA) were diluted at 1:1000 and the previously 

described procedure was followed [47]. 
 

Hematoxylin and Eosin (HE) staining  
 

The mice (70-day-old) were euthanized by cervical 

dislocation. For fixation, after the removal, ovaries were 

instantly put in Bouin’s solution and left overnight at 

room temperature. Paraffin-embedded ovaries were 

sectioned by microtome and subsequent HE staining 

was carried out as described previously [48]. The same 

staining procedure was applied for vaginal smear to 

assess the estrus cycle. Digital Nikon DS-Ri1 camera 

installed on a Nikon Eclipse 80i microscope was used to 

capture image.  
 

The follicular (primordial, primary, secondary, early 

antral, antral, and preovulatory follicles) count was carried 

out in every six sections (30 lm apart). Subsequently, to 

get the total number of follicles per ovary, each section 

was multiplied by 6. Importantly, to avoid any doubling, 

oocytes with visible nucleus were considered for 

counting. Myers et al.’s morphological criteria were 

followed for the classification of follicular stages [49]. 

Glidewell-Kenney et al. described that the procedure was 

used for the count of corpora lutea, that is to say, 1 section 

per ovary and 1 ovary per mouse [50].  
 

Immunohistochemical staining 
 

Fixation of the ovaries was performed for 20 minutes in 

4% paraformaldehyde (PFA) at room temperature, 

followed by permeabilization in 0.2% Triton X-100 

supplemented phosphate puffer saline (PBS) for 15 

minutes. Ovaries were incubated with primary antibodies 

at 37°C for 2 hours later to block them with 5% normal 

donkey serum (Jackson ImmunoResearch, 017-000-121). 

Then, PBS was added for 30 minutes. Afterwards, 

secondary antibodies were added for 1 hour at room 

temperature.  Ovaries were shifted to slides later to be 

stained with Hoechst 33342 (Invitrogen, H21492). The 

slides were mounted by Vectashield (Vector Laboratories, 

H-1000). Fluorescence was detected on an Eclipse 80i 

microscope (Nikon) equipped with a digital camera 

(Hamamatsu, C4742-80).  
 

Statistical analysis
 

The data are expressed as mean ± SEM. Each 

experiment was performed in triplicate. All statistical 

analyses were performed with the SPSS 19.0 using one-

way analysis of variance (ANOVA) test followed by 

Bonferroni’s post hoc test among multiple groups. P < 

0.05 was considered statistically significant. 

 

Abbreviations 
 

POF: Premature ovarian failure; GCs: Granulosa cells; 

ROS: Reactive oxygen species; FSH: Follicle stimulating 

hormone; EA: Esculentoside A; TNF: Tumor necrosis 

factor; IL: Interleukin; LPS: Lipopolysaccharide; ELISA: 

Enzyme-linked immunosorbent assay. 

 

AUTHOR CONTRIBUTIONS 
 

Zhenteng Liu, Hongchu Bao and Shunzhi He carried 

out the experimental design and manuscript drafting. 

Zhenteng Liu, Fenghua Li, Jingwen Xue, Meimei 

Wang, Shoucui Lai performed the experiments and 

analyzed the data. Hongchu Bao and Shunzhi He 

reviewed the manuscript. 

 

CONFLICTS OF INTEREST 
 

Authors declared no conflicts of interest. 

 

FUNDING 
 

This work was supported by Shandong Province Key 

Research and Development Program, China (No. 

2019JZZY020902). 

 

REFERENCES 
 
1. Kaipia A, Hsueh AJ. Regulation of ovarian follicle 

atresia. Annu Rev Physiol. 1997; 59:349–63. 
 https://doi.org/10.1146/annurev.physiol.59.1.349 
 PMID:9074768 

2. Persani L, Rossetti R, Cacciatore C. Genes involved in 
human premature ovarian failure. J Mol Endocrinol. 
2010; 45:257–79. 

 https://doi.org/10.1677/JME-10-0070 
 PMID:20668067 

3. Tilly JL, Kowalski KI, Johnson AL, Hsueh AJ. Involvement 
of apoptosis in ovarian follicular atresia and 
postovulatory regression. Endocrinology. 1991; 
129:2799–801. 

 https://doi.org/10.1210/endo-129-5-2799 
 PMID:1718732 

4. Matsuda F, Inoue N, Manabe N, Ohkura S. Follicular 
growth and atresia in mammalian ovaries: regulation 
by survival and death of granulosa cells. J Reprod Dev. 
2012; 58:44–50. 

 https://doi.org/10.1262/jrd.2011-012 
 PMID:22450284 

https://doi.org/10.1146/annurev.physiol.59.1.349
https://pubmed.ncbi.nlm.nih.gov/9074768
https://doi.org/10.1677/JME-10-0070
https://pubmed.ncbi.nlm.nih.gov/20668067
https://doi.org/10.1210/endo-129-5-2799
https://pubmed.ncbi.nlm.nih.gov/1718732
https://doi.org/10.1262/jrd.2011-012
https://pubmed.ncbi.nlm.nih.gov/22450284


 

www.aging-us.com 16960 AGING 

5. Havelock JC, Rainey WE, Carr BR. Ovarian granulosa 
cell lines. Mol Cell Endocrinol. 2004; 228:67–78. 

 https://doi.org/10.1016/j.mce.2004.04.018 
 PMID:15541573 

6. Jancar N, Kopitar AN, Ihan A, Virant Klun I, Bokal EV. 
Effect of apoptosis and reactive oxygen species 
production in human granulosa cells on oocyte 
fertilization and blastocyst development. J Assist 
Reprod Genet. 2007; 24:91–97. 

 https://doi.org/10.1007/s10815-006-9103-8 
 PMID:17216562 

7. Dorrington JH, Moon YS, Armstrong DT. Estradiol-
17beta biosynthesis in cultured granulosa cells from 
hypophysectomized immature rats; stimulation by 
follicle-stimulating hormone. Endocrinology. 1975; 
97:1328–31. 

 https://doi.org/10.1210/endo-97-5-1328 
 PMID:1183412 

8. Moon YS, Tsang BK, Simpson C, Armstrong DT. 17 beta-
Estradiol biosynthesis in cultured granulosa and thecal 
cells of human ovarian follicles: stimulation by follicle-
stimulating hormone. J Clin Endocrinol Metab. 1978; 
47:263–7. 

 https://doi.org/10.1210/jcem-47-2-263 PMID:122400 

9. Fitzpatrick SL, Richards JS. Regulation of cytochrome 
P450 aromatase messenger ribonucleic acid and 
activity by steroids and gonadotropins in rat granulosa 
cells. Endocrinology. 1991; 129:1452–62. 

 https://doi.org/10.1210/endo-129-3-1452  
 PMID:1651851 

10. Knight PG, Glister C. TGF-beta superfamily members 
and ovarian follicle development. Reproduction. 2006; 
132:191–206. 

 https://doi.org/10.1530/rep.1.01074 PMID:16885529 

11. Woodruff TK, D’Agostino J, Schwartz NB, Mayo KE. 
Decreased inhibin gene expression in preovulatory 
follicles requires primary gonadotropin surges. 
Endocrinology. 1989; 124:2193–99. 

 https://doi.org/10.1210/endo-124-5-2193 
 PMID:2495926 

12. Boyer A, Goff AK, Boerboom D. Wnt signaling in 
ovarian follicle biology and tumorigenesis. Trends 
Endocrinol Metab. 2010; 21:25–32. 

 https://doi.org/10.1016/j.tem.2009.08.005 
 PMID:19875303 

13. Denkova R, Bourneva V, Staneva-Dobrovski L, Zvetkova 
E, Baleva K, Yaneva E, Nikolov B, Ivanov I, Simeonov K, 
Timeva T, Yankov M. In vitro effects of inhibin on 
apoptosis and apoptosis related proteins in human 
ovarian granulosa cells. Endocr Regul. 2004; 38:51–55. 

 PMID:15497928 

14. Wang SJ, Liu WJ, Wu CJ, Ma FH, Ahmad S, Liu BR, Han 

L, Jiang XP, Zhang SJ, Yang LG. Melatonin suppresses 
apoptosis and stimulates progesterone production by 
bovine granulosa cells via its receptors (MT1 and MT2). 
Theriogenology. 2012; 78:1517–26. 

 https://doi.org/10.1016/j.theriogenology.2012.06.019 
 PMID:22980085 

15. Albertini DF, Combelles CM, Benecchi E, Carabatsos 
MJ. Cellular basis for paracrine regulation of ovarian 
follicle development. Reproduction. 2001; 121:647–53. 

 https://doi.org/10.1530/rep.0.1210647 
 PMID:11427152 

16. Gilchrist RB, Ritter LJ, Armstrong DT. Oocyte-somatic 
cell interactions during follicle development in 
mammals. Anim Reprod Sci. 2004; 82:431–46. 

 https://doi.org/10.1016/j.anireprosci.2004.05.017 
 PMID:15271471 

17. Carabatsos MJ, Sellitto C, Goodenough DA, Albertini 
DF. Oocyte-granulosa cell heterologous gap junctions 
are required for the coordination of nuclear and 
cytoplasmic meiotic competence. Dev Biol. 2000; 
226:167–79. 

 https://doi.org/10.1006/dbio.2000.9863 
 PMID:11023678 

18. Wu F, Yi Y, Sun P, Zhang D. Synthesis, in vitro inhibitory 
activity towards COX-2 and haemolytic activity of 
derivatives of esculentoside a. Bioorg Med Chem Lett. 
2007; 17:6430–33. 

 https://doi.org/10.1016/j.bmcl.2007.10.006 
 PMID:17950600 

19. Xiao ZY, Zheng QY, Jiang YY, Zhou B, Yin M, Wang HB, 
Zhang JP. Effects of esculentoside a on production of 
interleukin-1, 2, and prostaglandin E2. Acta Pharmacol 
Sin. 2004; 25:817–21. 

 PMID:15169638 

20. Ju DW, Zheng QY, Cao X, Fang J, Wang HB. 
Esculentoside a inhibits tumor necrosis factor, 
interleukin-1, and interleukin-6 production induced by 
lipopolysaccharide in mice. Pharmacology. 1998; 
56:187–95. 

 https://doi.org/10.1159/000028197 
 PMID:9566020 

21. Xiao Z, Su Y, Yang S, Yin L, Wang W, Yi Y, Fenton BM, 
Zhang L, Okunieff P. Protective effect of esculentoside 
a on radiation-induced dermatitis and fibrosis. Int J 
Radiat Oncol Biol Phys. 2006; 65:882–89. 

 https://doi.org/10.1016/j.ijrobp.2006.01.031 
 PMID:16751070 

22. Zhong WT, Jiang LX, Wei JY, Qiao AN, Wei MM, 
Soromou LW, Xie XX, Zhou X, Ci XX, Wang DC. 
Protective effect of esculentoside a on 
lipopolysaccharide-induced acute lung injury in mice. J 
Surg Res. 2013; 185:364–72. 

https://doi.org/10.1016/j.mce.2004.04.018
https://pubmed.ncbi.nlm.nih.gov/15541573
https://doi.org/10.1007/s10815-006-9103-8
https://pubmed.ncbi.nlm.nih.gov/17216562
https://doi.org/10.1210/endo-97-5-1328
https://pubmed.ncbi.nlm.nih.gov/1183412
https://doi.org/10.1210/jcem-47-2-263
https://pubmed.ncbi.nlm.nih.gov/122400
https://doi.org/10.1210/endo-129-3-1452
https://pubmed.ncbi.nlm.nih.gov/1651851
https://doi.org/10.1530/rep.1.01074
https://pubmed.ncbi.nlm.nih.gov/16885529
https://doi.org/10.1210/endo-124-5-2193
https://pubmed.ncbi.nlm.nih.gov/2495926
https://doi.org/10.1016/j.tem.2009.08.005
https://pubmed.ncbi.nlm.nih.gov/19875303
https://pubmed.ncbi.nlm.nih.gov/15497928
https://doi.org/10.1016/j.theriogenology.2012.06.019
https://pubmed.ncbi.nlm.nih.gov/22980085
https://doi.org/10.1530/rep.0.1210647
https://pubmed.ncbi.nlm.nih.gov/11427152
https://doi.org/10.1016/j.anireprosci.2004.05.017
https://pubmed.ncbi.nlm.nih.gov/15271471
https://doi.org/10.1006/dbio.2000.9863
https://pubmed.ncbi.nlm.nih.gov/11023678
https://doi.org/10.1016/j.bmcl.2007.10.006
https://pubmed.ncbi.nlm.nih.gov/17950600
https://pubmed.ncbi.nlm.nih.gov/15169638
https://doi.org/10.1159/000028197
https://pubmed.ncbi.nlm.nih.gov/9566020
https://doi.org/10.1016/j.ijrobp.2006.01.031
https://pubmed.ncbi.nlm.nih.gov/16751070


 

www.aging-us.com 16961 AGING 

 https://doi.org/10.1016/j.jss.2013.05.018 
 PMID:23764313 

23. Leung DT, Nguyen T, Oliver EM, Matti J, Alexiadis M, 
Silke J, Jobling TW, Fuller PJ, Chu S. Combined PPARγ 
activation and XIAP inhibition as a potential 
therapeutic strategy for ovarian granulosa cell tumors. 
Mol Cancer Ther. 2019; 18:364–75. 

 https://doi.org/10.1158/1535-7163.MCT-18-0078 
 PMID:30530769 

24. Hu Z, Qiu L, Xiao Z, Wang J, Yu Q, Li J, Feng H, Guo C, 
Zhang J. Effects of esculentoside a on autoimmune 
syndrome induced by campylobacterjejuni in mice and 
its modulation on t-lymphocyte proliferation and 
apoptosis. Int Immunopharmacol. 2010; 10:65–71. 

 https://doi.org/10.1016/j.intimp.2009.09.022 
 PMID:19818416 

25. Ma H, Zhang X, Zhang X, Yang D, Meng L, Zhang Y, 
Zhou S. The effect of esculentoside a on lupus 
nephritis-prone BXSB mice. Arch Med Sci. 2013; 9:354–
60. 

 https://doi.org/10.5114/aoms.2012.31439 
 PMID:23671449 

26. Zhang L, Tong X, Li J, Huang Y, Hu X, Chen Y, Huang J, 
Wang J, Liu B. Apoptotic and autophagic pathways with 
relevant small-molecule compounds, in cancer stem 
cells. Cell Prolif. 2015; 48:385–97. 

 https://doi.org/10.1111/cpr.12191 
 PMID:26013704 

27. Wang L, Zhang S, Cheng H, Lv H, Cheng G, Ci X. Nrf2-
mediated liver protection by esculentoside a against 
acetaminophen toxicity through the AMPK/Akt/GSK3β 
pathway. Free Radic Biol Med. 2016; 101:401–12. 

 https://doi.org/10.1016/j.freeradbiomed.2016.11.009 
 PMID:27836781 

28. Liu C, Dong L, Sun Z, Wang L, Wang Q, Li H, Zhang J, 
Wang X. Esculentoside a suppresses breast cancer 
stem cell growth through stemness attenuation and 
apoptosis induction by blocking IL-6/STAT3 signaling 
pathway. Phytother Res. 2018; 32:2299–311. 

 https://doi.org/10.1002/ptr.6172 PMID:30080291 

29. Kovanci E, Schutt AK. Premature ovarian failure: clinical 
presentation and treatment. Obstet Gynecol Clin North 
Am. 2015; 42:153–61. 

 https://doi.org/10.1016/j.ogc.2014.10.004 
 PMID:25681846 

30. Skillern A, Rajkovic A. Recent developments in 
identifying genetic determinants of premature ovarian 
failure. Sex Dev. 2008; 2:228–43. 

 https://doi.org/10.1159/000152039 
 PMID:18987497 

31. de Moraes-Ruehsen M, Jones GS. Premature ovarian 
failure. Fertil Steril. 1967; 18:440–61. 

 https://doi.org/10.1016/s0015-0282(16)36362-2 
 PMID:6028784 

32. Schover LR. Premature ovarian failure and its 
consequences: vasomotor symptoms, sexuality, and 
fertility. J Clin Oncol. 2008; 26:753–58. 

 https://doi.org/10.1200/JCO.2007.14.1655 
 PMID:18258983 

33. Yan Z, Dai Y, Fu H, Zheng Y, Bao D, Yin Y, Chen Q, Nie X, 
Hao Q, Hou D, Cui Y. Curcumin exerts a protective 
effect against premature ovarian failure in mice. J Mol 
Endocrinol. 2018; 60:261–71. 

 https://doi.org/10.1530/JME-17-0214 
 PMID:29437881 

34. Martin L, Finn CA. The effects of intrauterine devices 
on preimplantation changes in the mouse uterus. J 
Endocrinol. 1970; 46:xix–xx. 

 PMID:5492015 

35. Chen W, Woodruff TK, Mayo KE. Activin a-induced 
HepG2 liver cell apoptosis: involvement of activin 
receptors and smad proteins. Endocrinology. 2000; 
141:1263–72. 

 https://doi.org/10.1210/endo.141.3.7361 
 PMID:10698204 

36. Manabe N, Goto Y, Matsuda-Minehata F, Inoue N, 
Maeda A, Sakamaki K, Miyano T. Regulation 
mechanism of selective atresia in porcine follicles: 
regulation of granulosa cell apoptosis during atresia. J 
Reprod Dev. 2004; 50:493–514. 

 https://doi.org/10.1262/jrd.50.493 PMID:15514456 

37. Gillies LA, Kuwana T. Apoptosis regulation at the 
mitochondrial outer membrane. J Cell Biochem. 2014; 
115:632–40. 

 https://doi.org/10.1002/jcb.24709 
 PMID:24453042 

38. Croker BA, O’Donnell JA, Nowell CJ, Metcalf D, Dewson 
G, Campbell KJ, Rogers KL, Hu Y, Smyth GK, Zhang JG, 
White M, Lackovic K, Cengia LH, et al. Fas-mediated 
neutrophil apoptosis is accelerated by bid, bak, and 
bax and inhibited by bcl-2 and mcl-1. Proc Natl Acad Sci 
USA. 2011; 108:13135–40. 

 https://doi.org/10.1073/pnas.1110358108 
 PMID:21768356 

39. Kamoi K, Iino M, Ishiguro H. Regeneration therapy for 
oral disease. Hum Cell. 2006; 19:76–82. 

 https://doi.org/10.1111/j.1749-0774.2006.00012.x 
 PMID:16879560 

40. Xie X, Clausen OP, Boysen M. Prognostic value of bak 
expression in oral tongue squamous cell carcinomas. 
Oncol Rep. 2003; 10:369–74. 

 PMID:12579274 

41. Del Poeta G, Venditti A, Del Principe MI, Maurillo L, 

https://doi.org/10.1016/j.jss.2013.05.018
https://pubmed.ncbi.nlm.nih.gov/23764313
https://doi.org/10.1158/1535-7163.MCT-18-0078
https://pubmed.ncbi.nlm.nih.gov/30530769
https://doi.org/10.1016/j.intimp.2009.09.022
https://pubmed.ncbi.nlm.nih.gov/19818416
https://doi.org/10.5114/aoms.2012.31439
https://pubmed.ncbi.nlm.nih.gov/23671449
https://doi.org/10.1111/cpr.12191
https://pubmed.ncbi.nlm.nih.gov/26013704
https://doi.org/10.1016/j.freeradbiomed.2016.11.009
https://pubmed.ncbi.nlm.nih.gov/27836781
https://doi.org/10.1002/ptr.6172
https://pubmed.ncbi.nlm.nih.gov/30080291
https://doi.org/10.1016/j.ogc.2014.10.004
https://pubmed.ncbi.nlm.nih.gov/25681846
https://doi.org/10.1159/000152039
https://pubmed.ncbi.nlm.nih.gov/18987497
https://doi.org/10.1016/s0015-0282(16)36362-2
https://pubmed.ncbi.nlm.nih.gov/6028784
https://doi.org/10.1200/JCO.2007.14.1655
https://pubmed.ncbi.nlm.nih.gov/18258983
https://doi.org/10.1530/JME-17-0214
https://pubmed.ncbi.nlm.nih.gov/29437881
https://pubmed.ncbi.nlm.nih.gov/5492015
https://doi.org/10.1210/endo.141.3.7361
https://pubmed.ncbi.nlm.nih.gov/10698204
https://doi.org/10.1262/jrd.50.493
https://pubmed.ncbi.nlm.nih.gov/15514456
https://doi.org/10.1002/jcb.24709
https://pubmed.ncbi.nlm.nih.gov/24453042
https://doi.org/10.1073/pnas.1110358108
https://pubmed.ncbi.nlm.nih.gov/21768356
https://doi.org/10.1111/j.1749-0774.2006.00012.x
https://pubmed.ncbi.nlm.nih.gov/16879560
https://pubmed.ncbi.nlm.nih.gov/12579274


 

www.aging-us.com 16962 AGING 

Buccisano F, Tamburini A, Cox MC, Franchi A, Bruno A, 
Mazzone C, Panetta P, Suppo G, Masi M, Amadori S. 
Amount of spontaneous apoptosis detected by 
bax/Bcl-2 ratio predicts outcome in acute myeloid 
leukemia (AML). Blood. 2003; 101:2125–31. 

 https://doi.org/10.1182/blood-2002-06-1714 
 PMID:12424199 

42. Oshikawa T, Okamoto M, Ahmed SU, Tano T, Sato M. 
[The relationship between gene expression of bcl-2 
and bax and the therapeutic effect in oral cancer 
patients]. Gan To Kagaku Ryoho. 2006; 33:1723–25. 

 PMID:17212087 

43. Walther U, Emmrich K, Ramer R, Mittag N, Hinz B. 
Lovastatin lactone elicits human lung cancer cell 
apoptosis via a COX-2/PPARγ-dependent pathway. 
Oncotarget. 2016; 7:10345–62. 

 https://doi.org/10.18632/oncotarget.7213 
 PMID:26863638 

44. Wang C, Dai X, Liu H, Yi H, Zhou D, Liu C, Ma M, Jiang Z, 
Zhang L. Involvement of PPARγ in emodin-induced HK-
2 cell apoptosis. Toxicol In Vitro. 2015; 29:228–33. 

 https://doi.org/10.1016/j.tiv.2014.10.021 
 PMID:25448808 

45. Lefebvre AM, Chen I, Desreumaux P, Najib J, Fruchart 
JC, Geboes K, Briggs M, Heyman R, Auwerx J. Activation 
of the peroxisome proliferator-activated receptor 
gamma promotes the development of colon tumors in 
C57BL/6J-APCMin/+ mice. Nat Med. 1998; 4:1053–57. 

 https://doi.org/10.1038/2036 PMID:9734399 

46. Saez E, Tontonoz P, Nelson MC, Alvarez JG, Ming UT, 
Baird SM, Thomazy VA, Evans RM. Activators of the 
nuclear receptor PPARgamma enhance colon polyp 
formation. Nat Med. 1998; 4:1058–61. 

 https://doi.org/10.1038/2042 
 PMID:9734400 

47. Wang Z, Yin H, Zhang Y, Feng Y, Yan Z, Jiang X, Bukhari 
I, Iqbal F, Cooke HJ, Shi Q. miR-214-mediated 

downregulation of RNF8 induces chromosomal 
instability in ovarian cancer cells. Cell Cycle. 2014; 
13:3519–28. 

 https://doi.org/10.4161/15384101.2014.958413 
 PMID:25483088 

48. Jiang X, Ma T, Zhang Y, Zhang H, Yin S, Zheng W, Wang 
L, Wang Z, Khan M, Sheikh SW, Bukhari I, Iqbal F, 
Cooke HJ, Shi Q. Specific deletion of Cdh2 in sertoli 
cells leads to altered meiotic progression and 
subfertility of mice. Biol Reprod. 2015; 92:79. 

 https://doi.org/10.1095/biolreprod.114.126334 
 PMID:25631347 

49. Myers M, Britt KL, Wreford NG, Ebling FJ, Kerr JB. 
Methods for quantifying follicular numbers within the 
mouse ovary. Reproduction. 2004; 127:569–80. 

 https://doi.org/10.1530/rep.1.00095 
 PMID:15129012 

50. Glidewell-Kenney C, Hurley LA, Pfaff L, Weiss J, Levine 
JE, Jameson JL. Nonclassical estrogen receptor alpha 
signaling mediates negative feedback in the female 
mouse reproductive axis. Proc Natl Acad Sci U S A. 
2007; 104:8173–7. 

 https://doi.org/10.1073/pnas.0611514104 
 PMID:17470805 

https://doi.org/10.1182/blood-2002-06-1714
https://pubmed.ncbi.nlm.nih.gov/12424199
https://pubmed.ncbi.nlm.nih.gov/17212087
https://doi.org/10.18632/oncotarget.7213
https://pubmed.ncbi.nlm.nih.gov/26863638
https://doi.org/10.1016/j.tiv.2014.10.021
https://pubmed.ncbi.nlm.nih.gov/25448808
https://doi.org/10.1038/2036
https://pubmed.ncbi.nlm.nih.gov/9734399
https://doi.org/10.1038/2042
https://pubmed.ncbi.nlm.nih.gov/9734400
https://doi.org/10.4161/15384101.2014.958413
https://pubmed.ncbi.nlm.nih.gov/25483088
https://doi.org/10.1095/biolreprod.114.126334
https://pubmed.ncbi.nlm.nih.gov/25631347
https://doi.org/10.1530/rep.1.00095
https://pubmed.ncbi.nlm.nih.gov/15129012
https://doi.org/10.1073/pnas.0611514104
https://pubmed.ncbi.nlm.nih.gov/17470805

