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Abstract

Zishen Yutai Pill (ZYP) is a widely used Chinese patent medicine in the clinical treatment of diminished ovarian reserve
(DOR) induced infertility in China. However, the pharmacological actions and underlying mechanisms of ZYP in treat-
ing DOR remain poorly understood. This study aimed to evaluate the therapeutic effects of ZYP on DOR and elucidate
its potential mechanisms. Two models including tripterygium glycosides (TGs)-induced DOR rat model and pZP3-
induced DOR mouse model were selected to assess the effectiveness of ZYP in treating DOR. The intervention lasted
for 4 weeks in both models. ZYP administration significantly increased the primordial follicles and the serum levels

of AMH both in DOR rat and mouse model. Further, ZYP regulated the apoptosis pathway and apoptosis-related mol-
ecules including PI3K-Akt signaling pathway, Bclé and Abtb2 in ovary of DOR rat. The ovarian apoptosis level was sig-
nificantly downregulated in a dose-depended manner in ZYP groups. Thus, we demonstrate that ZYP improved

the ovarian reserve in DOR models. The mechanisms of ZYP on DOR may be mediated through decreasing the apop-

tosis level by the regulation of PI3K-Akt signaling pathway and apoptosis molecules (Bcl6, Abtb2) in ovary.
Keywords Zishen Yutai Pill (ZYP), Diminished ovarian reserve (DOR), PI3K/Akt, Apoptosis

Introduction

The ovarian reserve is a key indicator of female fertility,
reflecting the quantity and quality of oocytes available for
reproduction [1]. Diminished ovarian reserve (DOR) is a
disorder of ovarian function characterized by a decrease
in the number and/or quality of oocytes [2], which con-
tributes significantly to female infertility. Female ovarian
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reserve has been reported to decline progressively with
advancing age [3], environmental pollution [4], stress
[5], and illnesses [6]. In clinical practice, various factors
were used in the prediction of ovarian reserve, including
age, antral follicle count (AFC), basal sex hormone level,
etc. [7] Among them, AFC and anti-Mullerian hormone
(AMH) are now widely acknowledged as the most reli-
able predictors [8].

DOR is responsible for approximately 20% of ovarian-
related conditions in women. Within the infertile popu-
lation, its prevalence is estimated to be around 10%.
The incidence of DOR is rising annually, and there is a
notable trend of younger patients being affected [9, 10].
Currently, the therapy for DOR in clinical include hor-
mone replacement therapy (HRT), dehydroepiandros-
terone (DHEA) supplementation, ovulation induction
therapy, assisted reproductive technology (ART), ovum
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Fig. 1 Timeline of animal experiment procedures. a The procedures for modeling, administration, and testing in DOR rat model. b The procedures

for modeling, administration, and testing in DOR mouse model

donation, and ovarian transplantation [11, 12]. How-
ever, the current therapeutic methods are still unsatisfac-
tory. Long-term application of HRT increased the risk of
stroke, cardiovascular disease, breast cancer, and venous
thromboembolism [13]. The efficacy of DHEA is also a
matter of debate [14], despite evidence from animal stud-
ies showing its potential to mitigate DOR severity and
enhance ovarian reserve function [15]. Furthermore, the
safety profile of DHEA supplementation requires fur-
ther investigation [16]. Ovulation induction therapy is
clinically suboptimal for patients with DOR due to poor
ovarian response and compromised oocyte quality [17].
Other treatments such as ovum donation and ovarian
transplantation are also limited by ethical, moral, and
legal concerns [18]. Therefore, developing a medicine
treating DOR is considered to be one of the most chal-
lenging tasks.

Traditional Chinese Medicine (TCM) has emerged as
a potential alternative, demonstrating beneficial effects
on ovarian function and infertility management in both
clinical and preclinical studies [19, 20]. Zishen Yutai Pill
(ZYP) is a well-known mixed herbal medicine composed
of fifteen medicine materials, including Rehmanniae
Radix Preparata, Ammomi Fructus, Cuscutae Semen,
Ginseng Radix, Taxilli Herba, Polygoni multiflori Radix,
Artemisiae argyi Folium, Morindae officinalis Radix,

Atractylodis macrocephalae Rhizoma, Codonopsis Radix,
Lycii Fructus, Dipsaci Radix, Eucom- miae Cortex, Asini
Corii Colla, and Cervi Cornu Degelatinatum [21-23].
ZYP is widely applied in reproductive disorders, includ-
ing infertility, miscarriage, recurrent spontaneous abor-
tion, menstrual disorder, luteal dysfunction, polycystic
ovary syndrome etc. [21] Although ZYP are traditionally
known to improve ovarian reserve, evidences supporting
its efficacy in DOR remains limited.

In this study, we investigated the effects of ZYP admin-
istration on ovarian reserve in rats and mice over a
4-week period. Additionally, we explored the underly-
ing mechanisms through which ZYP mitigates ovarian
functional decline in these models using transcriptomic
analysis.

Results

Effects of ZYP on estrous cycles

The specific time points for modeling, administration
and detection of DOR rats are shown in Fig. 1. Vaginal
cytology was employed to monitor the changes in the
estrus cycles.

After the 28 days administration, metestrus prolonged
and diestrus phase decreased in DOR rats (Fig. 2a).
ZYP could not reversed this trend. When treated with
ZYP, 50% to 80% of rats showed regular estrous cycles
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Fig. 2 Representative number of days in each estrus stage. a The observation of estrus stages in rats began on the 19th day of the experiment
and was continually performed once a day for 10 consecutive days and ended on the 28th day. #° < 0.05, ##P < 0.01 and ###P<0.001, compared
with the control group; *P < 0.05, compared with the model group (n=20). b The observation of estrus stages in mice began on the 22nd

day of the experiment and was continually performed once a day for 10 consecutive days and ended on the 28th day. *P < 0.05, compared

with the model group (n=20). Data are presented as mean + standard deviation of the mean

Table 1 Changes in estrus stages in the rats

Table 2 Changes in estrus stages in the mice

Group N Normal (N) Irregular (N) The rate of Group N Normal (N) Irregular (N) The rate of
regulars regulars
(%) (%)

Control 20 20 0 100 Control 20 18 2 90

Model 20 7 13 35% Model 20 4 16 20"

ZYP-L 20 10 10 50" ZYP-L 20 8 12 40"

ZYP-M 20 13 7 65" ZYP-M 20 11 9 55

ZYP-H 20 16 4 80" ZYP-H 20 13 7 65"

DHEA 20 10 10 50" DHEA 20 9 1 45

#P<0.05, ##P<0.01, compared with the control group. **P<0.01, compared
with the model group. Irregular is defined as estrus stages that lasted > 6 days or
estrus cycles could not be observed

(Table 1). The percentage of regular estrus cycles in
ZYP-H group was significantly higher than that of the
model group (P<0.01).

Compared with the control group, the diestrus of DOR
mice was prolonged but without significant difference
(Fig. 2b). Treatment with ZYP significantly reduced the
duration of diestrus compared to the model group in both
ZYP-L and ZYP-H groups. Among ZYP-treated mice,

#P<0.05, ##P<0.01, compared with the control group. **P<0.05, **P<0.01,
compared with the model group. Irregular is defined as estrus stages that
lasted > 6 days or estrus cycles could not be observed

40% to 65% exhibited regular estrous cycles (Table 2).
The percentage of regular estrus cycles in ZYP-M group
and ZYP-H group was significantly higher than that of
the model group (P<0.05 or P<0.01).

The results indicated that TGs or pZP3 had negative
effects on ovarian function, and ZYP effectively mitigates
this damage.
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Fig. 3 Body weight and reproductive organs weight changes in rats and mice after ZYP administration (n=20). a Body weight changes

of rats in each group during experimental manipulation. b-c Uterus weight and uterus weight index of rats in each group. *P < 0.05, compared
with the model group. d-e Ovarian weight and ovarian weight index of rats in each group. f Body weight changes of mice in each group

during experimental manipulation. g-h Uterus weight and uterus weight index of mice in each group. i-j Ovarian weight and ovarian weight index
of mice in each group. ##P < 0.01, compared with the control group. Data are presented as mean + standard deviation of the mean

General condition and observation of reproductive organs
To adjust the dose of ZYP or DHEA, body weight
changes in rats and mice from different groups were
monitored every 7 days throughout the 28-day manipu-
lation. As Fig. 3a and b shows, no significant differences
were observed between the groups during drug adminis-
tration. This indicates that ZYP and DHEA do not affect
the body weight of rats and mice.

After 28 days of ZYP administration, the uterus
weight and index in the ZYP-H group were significantly
decreased compared to the model group in DOR rat
model (Fig. 3b and ¢, P<0.05). However, no significant
differences were observed among the groups in ovarian
weight or ovarian index (Fig. 3d and e).

In DOR mouse model, the ovarian weight and index
of in the model group was significantly decreased com-
pared to the control group (Fig. 3i and j), indicating ovar-
ian damage induced by pZP3. After ZYP treatment, the
ovarian weight and index exhibited a trend of increase,
although this change did not reach statistical significance.

Ovarian reserve changes after ZYP treatment
To investigate the effects of ZYP on different stages of
follicles and the corpus luteum, the ovaries of morpho-
logical alterations were observed.

Representative microscopic view of ovarian HE stain-
ing in DOR rats are shown in Fig. 4a. Compared with the
control group, the model group exhibited a significant
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decrease in the numbers of primordial and second-
ary follicles (P<0.05) but a significant increase in the
number of antral follicles (P<0.05). While the trend
in the ZYP-M and ZYP-H groups was reversed in a
dose-dependent manner compared to the model group
(Fig. 4b). In addition, the number of corpora lutea was
significantly increased in ZYP-M and ZYP-H groups in
a dose-dependent manner compared to the model group
(P<0.05). These results suggest that ZYP administration
effectively prevents the depletion of the primordial folli-
cle pool in the DOR rat model.

The number of ovarian follicles at different stages
and the number of corpora lutea in mice were shown
in Fig. 4c. Compared with the control group, the model
group exhibited a significant decrease in the numbers
of primordial follicles and corpora lutea (P<0.05) but a
significant increase in the number of secondary follicles
(P<0.05). Compared with the model group, the num-
bers of primordial follicles and corpora lutea in ZYP-M
and ZYP-H groups were significantly increased (P<0.05).
These results suggest that ZYP administration effectively
prevents the depletion of the primordial follicle pool in
DOR mouse model.

Effects of ZYP on serum hormones

As shown in Fig. 5, the levels of AMH and E2 in DOR
rats were significantly decreased compared to the control
group after model establishment. After 28 days of treat-
ment, the model group exhibited a significant reduction
in AMH levels compared to the control group (P<0.01).
In contrast, AMH levels were significantly elevated in
the ZYP-H and DHEA groups compared to the model
group (P<0.01). Compared with the control group, rats
in the model group showed markedly lower serum levels
of E2 and considerably higher serum levels of FSH and
LH (P<0.05, P<0.01 or P<0.01). The serum level of E2
was decreased significantly in the ZYP-H compared to
the model group (P<0.05). The serum FSH and LH lev-
els were significantly suppressed in the ZYP-L, ZYP-M,
ZYP-H and DHEA groups compared to the model group
(P<0.05, P<0.01 or P<0.01).

As shown in Fig. 6, AMH levels of DOR mice were
significantly decreased compared to the control group
after model establishment. After 28 days of treatment,
the model group exhibited a significant reduction in

(See figure on next page.)
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AMH levels compared to the control group (P<0.05).
In contrast, AMH levels were significantly elevated in
the ZYP-H and DHEA groups compared to the model
group (P<0.05). Compared to the control group, mice in
the model group showed markedly lower serum levels of
E2 and LH and considerably higher serum levels of FSH/
LH (P<0.05). The serum E2 and LH levels were elevated
significantly in the ZYP-H and DHEA groups compared
to the model group (P<0.05). The serum FSH/LH levels
were significantly suppressed in the ZYP-M, ZYP-H and
DHEA groups compared to the model group (P<0.05).

ZYP reversed TGs-induced changes in mRNA expression

in rat ovaries

Messenger RNA (mRNA) sequencing was performed to
compare the mRNA expression patterns in ovulated ova-
ries obtained from control, model, and ZYP-H groups
rats. Hierarchical clustering analysis revealed 703 differ-
entially expressed genes (DEGs) in the three groups, with
fold changes>1.5 or <2/3 (P<0.05, Fig. 7a).

Comparison of the model and control rats data
revealed 255 differentially upregulated genes and 285
downregulated genes. Comparison of the ZYP-H and
model rats data revealed 95 differentially upregulated
genes and 68 downregulated genes (Fig.7b). ZYP admin-
istration induces different changes in mRNA expression
in the ovary.

Bioinformatic analysis was performed for all the
DEGs. Kyoto Encyclopedia of Genes and Genomes
pathway analysis of DOR rats datasets revealed that the
DEGs were involved in the PI3K-Akt signaling pathway
(Table 3). Expression of five genes associated with the
PI3K-Akt signaling pathway including phosphoinositide-
3-kinase regulatory subunit 5 (Pik3r5), retinoid X recep-
tor alpha (Rxra), nuclear receptor subfamily 4 group
A member 1 (Nr4al), G protein subunit beta 3 (Gnb3),
T-cell leukemia/lymphoma 1A (Tclla), heat shock pro-
tein 90 alpha family class A member 1 (Hsp90aal) and
two apoptosis molecules genes including B-cell CLL/
lymphoma 6B (Bcl6) and ankyrin repeat and BTB domain
containing 2 (Abtb2) was analyzed. In the model group,
the genes include Pik3r5, Gnb3, Tclla, Bcl6, Abtb2 were
upregulated and Rxra was downregulated (Figs. 8 and
9). Compared with the model group, Nr4al was upregu-
lated, and Hsp90aal, Bcl6, Abtb2 were downregulated.

Fig.4 ZYP improved ovarian reserve in DOR. a H&E staining of ovarian tissues in the indicated groups (x 20, x 100, x 200 magnification). b Number
of ovarian follicles in different stages and the number of corpora lutea in rats. #P <0.05, compared with the control group; *P<0.05, **P <0.01

and ***P<0.001, compared with the model group (n=12). ¢ Number of ovarian follicles in different stages and the number of corpora lutea in mice.
#P < 0.05, compared with the control group; *P < 0.05, compared with the model group (n=12). Data are presented as mean +standard deviation

of the mean
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with the control group; *P<0.05, **P<0.01 and ***P<0.001, compared with the model group (n=12). Data are presented as mean + standard

deviation of the mean

The mRNA expression trends of PI3K-Akt signaling path-
way and two apoptosis molecules genes were consistent
with their qRT-PCR results. These observations indicated
that ZYP could regulate the PI3K-Akt signaling pathway
and apoptosis molecules genes including Bcl6 and Abtb2
in the ovarian tissue of DOR rats.

ZYP reduces ovary cell apoptosis in DOR rats
To further confirm whether ZYP affects the apoptotic
level of the ovary, we conducted an additional test using a

Cell Death Detection ELISA (Roche, cat# 11,544,675,001),
which determines histone-associated DNA fragments
generated by apoptotic cell death. Ovarian tissue lysates
were collected from rats and processed separately for
analysis. The data shows that TGs significantly increased
the level of apoptotic cell death in DOR rat ovaries. How-
ever, ZYP administration effectively restored the apop-
totic level in a dose-dependent manner (Fig. 10). This
finding suggests that ZYP can mitigate the apoptotic
effects induced by TGs in the ovarian tissue of DOR rats.
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Discussion

DOR is a complex gynecological endocrine disease that
increases the incidence of the poor ovarian response,
decreases the embryo implantation rates, and diminishes
the success rates of assisted reproductive techniques [24].
Thus, improving ovarian reserve is crucial for patients
seeking pregnancy. TCM provides an alternative strategy
in the treatment of DOR.

In clinical practice, ZYP exhibited promising efficacy
and safety in the management of infertility [25]. The pre-
sent study investigated the protective effect of early inter-
vention with ZYP on DOR induced by TGs in rats and
pZP3 mixture in mice, aiming to elucidate its potential
benefits in clinical DOR treatment.

Previous studies have demonstrated that TGs causes
premature ovarian insufficiency by inducing death and/
or by accelerating activation of primordial follicles and
increasing atresia of growing follicles [26, 27]. It also
changes the apoptotic in granulosa cells and leads to fol-
licle loss [28]. Data showed the pZP3 mixture causes pre-
mature ovarian failure by stimulating the immune system
to secrete anti-pzp3 antibody, resulting in accelerated
destruction and depletion of oocytes [29]. Therefore, the
toxic effects of TGs or pZP3 mixture on the female repro-
ductive system can be utilized to induce animal models
of DOR. These two models have been used in previous
studies. In this study, a 90 mg/kg dose of TGs was used
to establish a DOR rat model, and a 200 pl dose of pZP3
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Fig. 7 Hierarchical clustering and analysis of differentially expressed mRNAs. Messenger RNA analysis was performed to compare the gene
expression in ovulated ovaries of control (n=5), model (n=5), and ZYP-H (n=>5) rats. a Hierarchical clustering among the mRNA expression
profiles showing 703 differentially expressed mRNAs in the three groups, with fold changes > 1.5 or<2/3 and P<0.05. Red denotes upregulation
of gene expression and blue denotes downregulation of gene expression. b Venn diagram presenting the numbers of differentially expressed
mMRNAs between model vs. control and ZYP-H vs. model pairs. Up, upregulated genes between compared sets; Contra, contra regulated genes
between compared sets; Down, downregulated genes between compared sets

Term P-value Genes

ro04060:Cytokine-cytokine receptor interaction 8.31E-05 Pf4, 11234, 1123r, Ccl3, Ccr7, Gdf15, Ccl7, Lifr, Tnfrsf9, Inhba, Bmprib, Ebi3, Tnfrsf25, I12ra,
Ccl21, Cxcl13, Tnfrsf4, 111 5raLif, Tnfrsf18

rno04151:PI3K-Akt signaling pathway 0.0198 Ereg, Comp, LOC103692716, Pik3r3, Hsp90aa1, Angpt1, Pck1, Areg, Tgfa, Nr4a1, Tnc,
Gm45713, Gnb3, Col4as, I12ra, Pik3r5, Itgh3, Rxra, Tcl1a

ro04012:ErbB signaling pathway 0.0351 Ereg, Pak3, Pik3r3, Gab1, Areg, Tgfa

Kyoto Encyclopedia of Genes and Genomes analysis was performed to identify the potential signaling pathway of the differentially expressed genes

mixture was used to establish a DOR mouse model. Our
results also demonstrated that the administration of TGs
or pZP3 mixture provoked ovarian damage, as evidenced
by reduced follicular counts, and impairment of hormo-
nal regulation. These results are in consistent with previ-
ous studies demonstrating follicular damage from TGs or
pZP3 mixture. Subsequently, the effects of different doses
of ZYP on these models were examined.

AFC and AMH are well-established predictors of ovar-
ian function [8]. In this study, ZYP administration sig-
nificantly increased the numbers of primordial follicles,
secondary follicles and corpora lutea, whereas that of
atretic follicles was reduced, compared with DOR rats.
Similar therapeutic effects were also observed in DOR
mice. This evidence demonstrated that ZYP signifi-
cantly improved folliculogenesis and ovulation in DOR
models. AMH is secreted by granulosa cells of growing

follicles [30]. It is strongly correlated with AFC and rep-
resents a reliable biomedical marker of ovarian reserve
[31]. Previous reports have reported that TGs or pZP3
mixture decreased the serum AMH levels [32, 33]. In our
research, high-dose ZYP treatment significantly reversed
this effect, suggesting that ZYP protects ovarian granu-
losa cells and preserves ovarian reserve function. Taken
together, these results indicated that ZYP significantly
ameliorated ovarian damage caused by TGs or pZP3
mixture, particularly at high doses.

TGs-induced high levels of FSH and LH in rats led to
rapid depletion of the primordial follicle pool and caused
DOR [34]. This phenomenon was not observed in the
DOR mouse model, as pZP3 mixture-induced dam-
age was primarily through immunoreaction [35]. In this
study, after ZYP treatment, FSH and LH levels decreased
in DOR rats, suggesting that ZYP’s therapeutic effects
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may involve regulation of gonadal hormones, thereby
improving ovarian reserve function.

Messenger RNA sequencing and qRT-PCR results
showed that the DEGs were involved in the PI3K-Akt
signaling pathway. The PI3K-Akt signaling pathway could
regulate the process of cell metabolism, proliferation,
differentiation and survival. It is abnormally expressed
in tumors, autoimmune diseases, fibroproliferative dis-
eases and other pathema [36]. Intact PI3K Akt signaling
pathway exists in both oocytes and granulosa cells. They
jointly regulate the initiation and survival of follicles [37].
PI3K-Akt signaling pathway is also involved in oocyte

growth and granulosa cell proliferation and apoptosis
[38]. Previous studies have demonstrated that TGs acti-
vates the PI3K-Akt pathway, leading to excessive primor-
dial follicle activation and apoptosis [34]. In addition,
metabonomics study in IVF-ET patients demonstrated
possible effects of ZYP on PI3K-Akt pathway [39]. Our
results showed that the expression pattern is significantly
changed in the ZYP treatment group, suggesting that
ZYP could prevent TGs-induced overactivation of the
primordial follicle pool and inhibit cell apoptosis via a
PI3K/AKT-dependent mechanism.
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Besides, we found that ZYP could regulate the expres-
sion of apoptosis-related genes Bcl6 and Abtb2. Previous
studies have demonstrated that overexpression of Bcl-6
induces apoptosis of CV-1 cells and Hela cells. This pro-
cess is accompanied by downregulation of anti-apoptotic
genes Bcl2 and Bcl-xl and upregulation of pro-apoptotic
gene Bax [40]. The protein encoded by the ABTB2 gene is
ankyrin repeat and BTB/POZ domain-containing protein
[41], which participates in the function of regulating cell
growth and the degradation of defective proteins, thereby
affecting apoptosis [42, 43]. Our data showed that the
expression of Bcl6 and Abtb2 were significantly upregu-
lated in the TGs-treated group, but ZYP administration
reversed this trend, indicating that ZYP may be a promis-
ing protective candidate against TGs-induced apoptosis
in the ovarian follicles. Cell Death Detection ELISA con-
firmed the inhibitory effect of ZYP on apoptosis.

In short, ZYP downregulated the expression of Bcl6
and Abtb2 through PI3K-Akt pathway in ovary, thereby
enhancing ovarian reserve. This study provided sound
evidences for the treatment of DOR using ZYP. However,
several limitations of the study should be acknowledged.
The pharmacological mechanisms underlying the efficacy
of ZYP are likely to be multifaceted. A network pharma-
cological study suggested that the mechanism of ZYP in
the treatment of DOR may be associated with PI3K/AKT,
p53, endocrine resistance and other signaling pathways
[44]. ZYP also exhibited amelioration effects of oocyte
quality by elevating BMP15 and GDF9 expressions in the
follicle fluids [45]. Other mechanisms relating to DOR,
for example, cellular senescent and oocyte development,
remain to be verified. Moreover, TCM clinical applica-
tion is fundamentally based on syndrome differentiation
and individualized treatment. For instance, ZYP is com-
monly prescribed for patients presenting with spleen and
kidney deficiency (pishenliangxu in Chinese). Although
the DOR model induced by triptolide aligns with the
TCM syndrome of kidney deficiency, the DOR model
employed in this study still cannot fully explain the role
of ZYP in clinical practice [46]. However, a large number
of research evidences have verified the role of ZYP in the
clinical treatment of DOR [47, 48].

Future research should focus on elucidating the com-
prehensive pharmacological mechanisms of ZYP in
DOR, incorporating larger-scale clinical trials and more
diverse patient populations to better understand its clini-
cal applicability and therapeutic benefits.

Materials and methods

Chemicals and reagents

Zishen Yutai Pill (ZYP) was obtained from Guangzhou
Baiyunshan Zhongyi Pharmaceutical Company Limited
(Guangzhou, China). DHEA was obtained from Shanghai
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Macklin Biochemical Co., Ltd (Shanghai, China). Com-
plete Freund’s adjuvant (CFA) was obtained from Sigma
(USA). Zona pellucida protein 3 peptides (pZP3) was
obtained from ChinaPeptides (Suzhou, China). Trip-
terygium glycosides (TGs) tablet was obtained from
Yuanda Pharmaceutical Huangshi Feiyun Pharmaceutical
Co., Ltd (Huangshi, China).

ELISA kits for sexual hormone (AMH, FSH, LH, E2)
were obtained from Elabscience (Wuhan, China). Cell
death detection ELISA kit was obtained from Roche
(Germany).

Trizol reagent was obtained from Ambion (USA).
RNA extraction kit was obtained from Tianmo (Beijing,
China). SureSelect strand-specific RNA component kit
and high sensitivity DNA kit were obtained from Agilent
(USA). Qubit dsDNA HS assay kit was obtained from
Thermo Fisher (USA). Primers of GAPDH, Hsp90aal,
Pik3r5, Nr4al, Rxra, Gnb3, Tclla, Bcl6, Abtb2 were
obtained from Dingguo (Guangzhou, China). Fluorescent
quantitative detection kit was obtained from Talent (Bei-
jing, China).

Animals

All animal welfare and experimental procedures were
in strict accordance to the Guide for the Care and
Use of Laboratory Animals (ethical code number:
IA-PD2019006-01, IA-PD2019006-02). SPF grade female
Sprague-Daweley (SD) rats (aged 11 weeks, weighing
230-270 g) and BALB/c mice (aged 7 weeks, weighing
18-24 g) were provided by Hunan SJA Animal Company.
Animals were housed in SPF animal room of Guangzhou
General Pharmaceutical Research Institute Company
(GPRI) Center for Drug Non-Clinical Evaluation and
Research. The housing environment was maintained at
20-26 °C, humidity 40-70%. Rats and mice were kept in a
12 h light/12 h dark cycle. Animals were given free access
to food and water. At the end of study, all animals were
euthanized.

Establishment of the DOR rat model

The DOR model was established by gavage of Tripteryg-
ium Glycosides (90 mg/kg) once daily for 4 weeks. Blood
samples were collected by tail vein puncture. AMH was
measured by ELISA in DOR rats to confirm the success-
ful establishment of the DOR rat model. In the control
group, the expression of AMH was higher than that of
the DOR rats.

The model rats were randomly divided into 5 groups by
the expression of AMH as followed: model group, ZYP-L
group (0.68 g/kg/day), ZYP-M group (1.35 g/kg/day),
ZYP-H group (2.70 g/kg/day) and DHEA group (0.02 g/
kg/day). Control group and model group received 0.5%
CMC-Na solution (vehicle of ZYP and DHEA). In the
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treatment period, four hour after intragastric adminis-
tration of TGs, each group had a treatment with vehicle,
ZYP, or DHEA.

Four weeks after treatment, rats were anesthetized with
20% urethane (7.5 mL/kg), which was subcutaneously
injected. Animals were sacrificed by rapid loss of blood
under anesthesia. The blood sample from the abdomi-
nal aorta and ovary tissue of each rat were collected for
further analysis. The detailed procedures for modeling,
administration, and testing in DOR rat model are shown
in Fig. 1a.

Establishment of the DOR mouse model

The modified pZP3-induced DOR mice model was estab-
lished according to the literature [49]. Each mouse was
injected intradermally with 200 pl pZP3-CFA (1:1) mix-
ture at back. After 2 weeks, the same volume of pZP3
emulsified in Freunds Incomplete Adjuvant (FICA)
(1:1) was injected intradermally. Two weeks following
the treatment of pZP3 with FICA, each mouse received
another injection with pZP3-FICA (1:1) mixture at back,
and blood samples were collected by tail vein puncture.
AMH was measured by ELISA in DOR mice to confirm
the successful establishment of the DOR mice model. In
the control group, the expression of AMH was higher
than that of the DOR mice.

The model mice were randomly divided into 5 groups
by the expression of AMH as followed: model group,
ZYP-L group (0.98 g/kg/day), ZYP-M group (1.95 g/
kg/day), ZYP-H group (3.9 g/kg/day) and DHEA group
(0.02 g/kg/day). Control group and model group received
0.5% CMC-Na solution (vehicle of ZYP and DHEA).
Four weeks after treatment, mice were anesthetized with
20% urethane (7.5 mL/kg), which was subcutaneously
injected. Animals were sacrificed by rapid loss of blood
under anesthesia. The blood sample from the abdominal
aorta and ovary tissue of each mouse were collected for
further analysis. The detailed procedures for modeling,
administration, and testing in DOR mouse model are
shown in Fig. 1b.

Vaginal cytology

Vaginal smears were taken at 8:30 am daily. Cast-off cells
were collected to estimate the estrus cycles of mice and
rats. The average normal estrus cycle in a rat or mice is
4-5 days, which can be generally divided into four stages:
proestrus, estrus, metestrus, and diestrus. Different
cell types appear and recede in each stage. Proestrus is
characterized by a large number of nucleated epithelial
cells and few leukocytes. Estrus presents a large amount
of cornified and irregular shaped epithelial cells with-
out nucleus. Metestrus is characterized by a combina-
tion of nucleated epithelial cells, anucleated keratinized
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epithelial cells, and leukocytes. Diestrus is characterized
by a large number of leukocytes and a low number of
cornified epithelial cells [50].

Weight of body, uterus and ovary

All the rats and mice were weighed before dosing. After
administration, the body weight of each animal was
recorded weekly throughout the experiment. After
28 days of treatment, the uteruses and ovaries were
removed and weighed, and the uterine or ovarian index
was calculated as follows: uterine or ovarian index=uter-
ine or ovarian wet weight (g)/body weight (g) X 100%. The
uteruses and ovaries were fixed in 4% paraformaldehyde
(PFA) for histopathology examination, while the 8 of rat
ovaries were snap-frozen in liquid nitrogen and stored at
—80°C until analysis of mRNA expression and apoptosis
detection.

Histological observation of morphology, and follicle
classification

The uterine and ovarian tissues of rats and mice were
fixed in 4% PFA for 24 h at room temperature, followed
by standard tissue processing and embedding. Paraffin-
embedded tissue was sliced into 4-pm-thick sections and
dried overnight at 37 “C. The sections were then depar-
affinized in xylene twice for 10 min each and rehydrated
using a graded ethanol series. The sections were then
stained with H&E, dehydrated, cleared, and mounted for
observation. Digital images of stained sections were cap-
tured using a light microscope (DP73, OLYMPUS, Japan)
and a digital slice scanning system (PRECICE 600, UNIC
TECHNOLOGIES, China).

To assess the whole ovary and classify the follicles,
the number of follicles at four stages (primordial, pri-
mary, secondary, and antral ovarian follicles), as well
as the number of corpora lutea, were counted. Follicles
were counted as primordial follicles when the oocyte was
surrounded by a single layer of flattened follicular cells.
The primary follicle was defined when it presented an
enlarged oocyte surrounded by a single layer of cuboidal
granulosa cells, and the secondary follicle was considered
when it showed an oocyte surrounded by multiple lay-
ers of cubic granulosa cells. Antral follicles were defined
by the presence of several layers of granulosa cells, an
oocyte with a clear nucleus, an antrum, and a theca layer.
After ovulation, the granulosa cells of the follicle rem-
nant undergo hypertrophy and hyperplasia, resulting in a
mature corpus luteum [19].

Serum hormone detection by ELISA

Rat and mouse blood samples were obtained from the
tail vein or abdominal aorta, clotted at room tempera-
ture for 2 h, and then centrifuged at 1000 g for 20 min
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to collect the serum. Then, AMH, E2, FSH, and LH con-
centrations were measured using the specific ELISA kits
according to the manufacturer’s protocols. In brief, 100
uL of each serum or standard was added to each well of
a coated 96-well plate and incubated for 90 min at 37 “C.
Then the supernatant was discarded and Biotinylated
Antibody was then added immediately and incubated
for 60 min at 37 C. After the reaction was finished, the
wells were washed with buffer for three times, followed
by the addition of HRP-conjugate Reagent into each well.
After 30 min of incubation at 37 oC, the wells were aspi-
rated and washed for five times, and incubated with the
substrate solution for 15 min at 37 oC. Finally, the stop
buffer was added, and concentration was determined by
the absorbance of the solution at 450 nm.

Messenger RNA sequencing

Total mRNA was isolated from the ovaries of control
group, model group and ZYP-H group using Quick-
RNA MicroPrep Kits (ZYMO research, California, USA).
After concentration and purity testing, total mRNA in
each sample was reverse transcribed by oligo T primers
to synthesize the first strand of cDNA. Subsequently, the
double stranded cDNAs were produced by the reaction
of RNase H enzyme, DNA polymerase and T4 ligase.
The double-stranded cDNAs were then fragmented by
Tn5 enzyme and both ends were subjected to addition of
sequencing adapters. The P5 and P7 primers were bound
to sequencing adapters at both ends and enriched poly-
merase chain reaction (PCR) amplifications were subse-
quently performed. The complete library was sequenced
with [llumina NovaSeq 6000.

After filtration of all the reads using FASTQ [51],
the clean data were aligned to the Rattus norvegicus
genome to obtain gene expression data in the form of
read counts. The data were normalized by converting
the read counts to fragments per kilobase of exon model
per million mapped fragments (FPKM) values. The dif-
ferentially expressed genes (DEGs) were screened out
among three groups using the following criteria: |log2
fold change|>1.5 and the adjusted P<0.05 by compar-
ing the FPKM values. Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis were performed to identify
the potential functions and associated pathways of DEGs
with corrected P values <0.05.

Real-time polymerase chain reaction

Total RNA was extracted from rat ovaries using TRI-
zol reagent (Ambion, USA). The cDNAs were generated
using PrimeScript’ RT reagent Kit with gDNA Eraser
(Takara Bio, Beijing, China) according to the manufac-
turers’ instructions. Quantitative real-time PCR was per-
formed using real-time fluorescence quantitative PCR
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Table 4 Primer sequences for real-time reverse transcription-
polymerase chain reaction

Gene Primer sequence (5'-3’) Length (bp)

Pik3r5 Forward  CTCATGCATCTGCCTCCTGAAGT 52
Reverse  ATTCTGCCTTGAGGGACTGCT

Rxra Forward ~ AACCCCCTCTAGGCCTCAAT 118
Reverse  TAGTGTTTGCCTGAGGAGCG

Nrdal Forward ~ GCGAAAGTTGGGGTAGTGTG 126
Reverse  CTTGGATACAGGGCATCTCCG

Gnb3 Forward  ATGTGAGGGAAGGGACCTGT 158
Reverse  GTAGGCTGTCAGTTCCTGGTC

Tcla Forward  TTGGTTGGCCCTTCCACTCT 111
Reverse  CTGAGAAGATCAGAGGTGCAGAC

Hsp90aal Forward ~ ATGATGACGAGCAGTACGCC 79
Reverse  CCCATTGGTTCACCTGTGTCT

Bcle Forward  TATGGAGCCTGCGAACCTTG 163
Reverse  GTGCATGTAGAGTGGCGAGT

Abtb2 Forward  TAGGCCTTCTGGGGTAGGCT 149
Reverse  GGGTGCAATTACGTCACACC

Gapdh Forward ~ AGTGCCAGCCTCGTCTCATA 51
Reverse  ATCCGTTCACACCGACCTTC

Systems (DA7600, DaAn Gene, China). Each sample was
analyzed for 3 times. The primer sequences for target
genes are listed in Table 4. The parameters for qRT-PCR
were set as follows: initial denaturation for 3 min at 95 °C
followed by 40 cycles of 5 s each at 95 °C, 15 s at 60 °C.
The relative gene expression was calculated using the 2~
AACT method. Ratios of gene expression were displayed
as fold-change relative to the control group after normal-
izing to the allogeneic glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) housekeeping gene.

Apoptosis detection by ELISA

Ovarian DNA fragmentation was measured using a Cell
Death Detection ELISA Kit (Roche 11,544,675,001). In
brief, frozen ovaries were snap-frozen in liquid nitrogen
and crushed by a ceramic pestle. Then the tissue was
homogenized in incubation buffer 50 times the volume
of the ovary weight. The homogenate was then centri-
fuged at 20,000 g at 4 °C for 10 min. The supernatant was
detected according to the manufacturer’s protocols.

Statistical analysis

Data analysis was performed with SPSS 18.0 software.
The continuous data were expressed as means + stand-
ard deviation (SD). The Student’s t-test was used to
compare the differences between two groups. One-way
analysis of variance (ANOVA) was used for comparisons
among multiple groups. Categorical data were presented
as frequency and percentage, and the between-group
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differences were assessed using the chi-square test or
Fisher’s exact test as appropriate. P<0.05 was considered
statistically significant.

Abbreviations

ZYP Zishen Yutai Pill

DOR Diminished ovarian reserve

TGs Tripterygium Glycosides tablets suspension

pZP3 Zona pellucida protein 3 peptides

CFA Complete Freund's Adjuvant

FICA Freund’s Incomplete Adjuvant

AMH Anti-Mullerian hormone

DHEA Dehydroepiandrosterone

AFC Antral follicle count

SART CORS  Society for Assisted Reproductive Technology Clinic Outcomes

Reporting System

HRT Hormone replacement therapy

ART Assisted reproductive technology

TCM Traditional Chinese Medicine

PFA Paraformaldehyde

H&E Hematoxylin and eosin

PCR Polymerase chain reaction

FPKM Fragments per kilobase of exon model per million mapped
fragments

DEGs Differentially expressed genes

KEGG Kyoto encyclopedia of genes and genomes

GAPDH Allogeneic glyceraldehyde-3-phosphate dehydrogenase

E2 Estradiol

FSH Follicle-stimulating hormone

LH Luteinizing hormone

mMRNA Messenger RNA

Pik3r5 Phosphoinositide-3-kinase regulatory subunit 5

Rxra Retinoid X receptor alpha

Nr4al Nuclear receptor subfamily 4 group A member 1

Gnb3 G protein subunit beta 3

Tcl1a T-cell leukemia/lymphoma 1A

Hsp90aal Heat shock protein 90 alpha family class A member 1

Bcl6 B-cell CLL/lymphoma 6B

Abtb2 Ankyrin repeat and BTB domain containing 2

PI3K Phosphatidylinositol 3-kinase

AKT Protein Kinase B

ELISA Enzyme-linked immunosorbent assay
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