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(Abstract )
Objective: This study was aimed at exploring the anti- premature ovarian failure (POF) mechanism of catalpol on a rat
POF model.

Methods: In this study, female Sprague Dawley rats (n=48, 9- week- old) were randomly divided into control, catalpol,
tripterygium glycosides (TG), and TG + catalpol groups. POF model was established by TG (75 mg/kg) intraperitoneally
injection for 4 weeks. Catalpol (10 mg/kg) was intragastrically administrated to treat the progression of POF for 4 weeks.
The rat serum was collected for estradiol (E2) and anti-Mullerian hormone (AMH) analysis by enzyme-linked immune
sorbent assay (ELISA). The sliced rat ovaries samples were stained by hematoxylin and eosin (HE) staining. The protein
levels of the inositol-requiring enzyme 1 (IRE1) pathway and related apoptosis proteins were detected by Western blot.
Furthermore, the apoptosis of the ovaries was investigated by TUNEL stain.

Results: TG treated rats (POF model) decreased the secretion of E2 and AMH, up-regulated IRE1 pathway factors (heat
shock 70 kDa protein 5, inositol-requiring enzyme 1a and spliced X-box binding pOSrotein 1), cleaved-3 caspases and -12
caspases, and Bax expression, down-regulated bcl-2 level, induced granule cells (GCs) and granulosa lutein cells (GCLs)
¢ damage, increased atretic follicles, and apoptosis. In contrast, catalpol apparently prevented all TG-induced changes.

Conclusions: The IREI pathway is involved in ovarian injuries induced by TG, but it could be prevented by catalpol treat-
ment. Catalpol could ameliorate hormone secretion and follicular preservation in POF rats through downregulation of
(RE 1 pathway and its downstream apoptotic factors. J
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Introduction

Premature ovarian failure (POF) is a significant disease that
leads to infertility. It impacts approximately 1%—2% of women
and is characterized by sex steroid deficiency in women under
40 years of age [1, 2]. Iatrogenic impairment is common after
radiotherapy and chemotherapy of tumor and surgical resection
of ovary, which is one of the pathogenic factors of POF [3, 4].
Patients with POF experience menopausal symptoms such as
sweating, hot flashes and insomnia, Long-term complications
such as osteoporosis and cardiovascular diseases, which se-
verely affect their quality of life. Hormone replacement thera-
py (HRT) is the commonly recommended treatment, however,
Ability of fertility cannot be preserved in young POF patients,
so it is necessary to develop a new clinical method to prevent
and treat POF.
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Due to the accumulation of unfolded or misfolded proteins,
endoplasmic reticulum stress activates the unfolded protein
response (UPR), which plays a key role in promoting correct
folding of proteins [5-7]. As a major pathway of UPR, inosi-
tol-requiring enzyme 1 (IRE1) pathway not only participates in
the protein quality control, but also induces apoptosis through
B-cell lymphoma 2 (Bcl-2) downregulation and caspase family
upregulation [8-10].

Some studies demonstrated that IRE1 pathway regulates the de-
velopment of granule cells (GCs) and cumulus cells (CCs) during
follicular growth, and is participated in the development of ovar-
ian hyperstimulation syndrome (OHSS) and induction of ovarian
fibrosis in polycystic ovary syndrome [11-14]. However, the ef-
fect of IRE1 pathway on the POF process has not been studied.
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Catalpol is isolated from Rehmannia glutinosa (a traditional
Chinese herbal medicine) and has a significant protective effect
on the function of cells [15, 16]. Some researchers suggest that
catalpol can protect the senescent ovary by inhibiting cell apop-
tosis, although its anti-apoptosis mechanism is still unclear [17].
Thus, the effect and possible mechanism of catalpol on POF are
currently unclear.

In this study, a POF rat model was established by using tripte-
rygium glycosides (TG). In clinical, the POF is obtained after
management of systemic lupus erythematosus and other autoim-
mune diseases [3, 18, 19]. The function and structure of the rat
ovaries were evaluated after catalpol treatment. Furthermore, the
protein expressions of IREl pathway and related downstream
apoptosis signal factors in the POF rats were investigated to
identify the underlying mechanism.

Materials and Methods

Ethical Approval

All experimental procedures were approved by the Ethics Com-
mittee of Suzhou science and Technology Town Hospital and
performed in accordance with the institutional guidelines.

Animals

Female (9- week- old) Sprague Dawley rats were purchased
from the Laboratory Animal Center of Dalian Medical Univer-
sity (Dalian, Liaoning, China). The rats (n=48) were random-
ly divided into 4 groups, each with 12 rats, namely the control
group, catalpol (Cat) (dosage of 10 mg/kg) group, TG (dosage
of 75 mg/kg) group, and a TG + Cat group. TG (Shanghai Fu-
dan Fuhua Biotechnology, China) was injected intraperitoneally
for 4 consecutive weeks to establish the POF rat model. In the
meantime, catalpol (Dalian Meilun Biotechnology, China) was
intragastrically administrated for 4 consecutive weeks in Cat or
TG + Cat groups. Rats in the control group were administrated
with the same volume of normal saline. The dosage of TG and
catalpol depended on the papers and pre-experiments of other
researchers. All rats were kept under standard laboratory condi-
tions (12 h in light, 12 h in darkness, 25 °C room temperature)
with free access to food and water. On week 5, rat was eutha-
nized and ovaries were collected.

ELISA for Hormone Measurements

Rat blood samples were taken from the heart after administra-
tion of 3% chloral hydrate, and centrifuged at 1000xg for 15
min. Supernatant serum was collected and stored at -20°C for
enzyme-linked immune sorbent assay (ELISA). The serum lev-
els of estradiol (E2) and anti-Miillerian hormone (AMH) were
examined by corresponding ELISA kits (Cayman, Michigan,
USA) according to the manufacturer's instructions. In brief, the
serum was incubated with Ellman’s reagent and tracer at 37°C
for 1.5 h, and read at 420 nm using a microplate reader (MD
Spectra Max 190, USA).

HE Staining and Follicle Counting

Rat ovaries were removed under anesthesia with 3% chloral hy-
drate (3 ml/kg) and embedded in paraffin prior to hematoxylin
and eosin (HE) staining. The stained sections were observed un-
der a light microscope (Leica DM2000, Solms, Germany) and
the number of atretic follicles on five consecutive slides were
counted and the average value was calculated.
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Western Blot

Total protein from the rat ovary samples was extracted using
RIPA (Solarbio Biotechnology, Beijing, China) lysis buffer con-
taining PMSF (Solarbio Biotechnology, Beijing, China). Protein
concentrations were determined by BCA solution (Solarbio Bio-
technology, Beijing, China). Each aliquot protein sample was
separated by using sodium dodecyl sulfate polyacrylamide gels
and then transferred to polyvinylidene difluoride membranes.
The membranes were blocked with 5% skimmed milk (BD,
NJ, USA) for 1 h at room temperature and incubated overnight
at 4 °C with primary antibodies [heat shock 70 kDa protein 5
(HSPAS) (1:500; Abcam, Cambridge, UK), inositol-requiring
enzyme la (IREla) (1:500; Novus, CO, USA), spliced X-box
binding protein 1 (XBP1s) (1:500; Abcam, Cambridge, UK),
Cleaved-caspase-12 (1:1000; Novus, CO, USA), Cleaved-
caspase-3 (1:500; Abcam, Cambridge, UK), Bax (1:500; CST,
MA, USA), Bcl-2 (1:500; Abcam, Cambridge, UK), and glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) (1:2000; CST,
MA, USA)].

After washing with tris-buffered saline containing 0.1% Tween
(Solarbio Biotechnology, Beijing, China), the membranes were
incubated with Goat anti-rabbit or mouse IgG (H + L) secondary
antibody (1:15000; Thermo Fisher, MA, USA) for 1 h in dark at
room temperature. Subsequently the blotted protein on the mem-
branes was detected with fluorescence scanning imaging system
(LI-COR Odyssey, USA). GAPDH was used as an internal pro-
tein expression reference.

TUNEL Assay

Cellular apoptosis was examined by Cell Death Detection Kit in
situ, POD (Roche, Leverkusen, Germany) according to the man-
ufacturer's instructions. The sections of rat ovary were incubated
in TUNEL reaction mixture in dark for 1 h and in converter-POD
for 30 min at 37°C followed by incubation with 3,3’-diamino-
benzidine substrates (Zhongshan Golden Bridge Biotechnology,
Beijing, China) for 10 min at 25°C. Negative control sections
were incubated with TUNEL reaction mixture without terminal
deoxynucleotidyl transferase. Finally, the sections were counter-
stained and analyzed under a light microscope (Leica DM2000).
Numbers of apoptosis cells and whole cells were counted in 10
fields per slide under 400 magnification.

Statistical Analysis

The data were statistically analyzed using IBM SPSS Statistics
v21 (Armonk, NY, USA). Data were expressed as mean + SEM
and analyzed by one-way ANOVA. P<(.05 was considered as
statistically significant.

Results

Catalpol Prevented Decline of TG-induced Sex Hormones
The effect of catalpol on sex hormones in the ovary was inves-
tigated by ELISA. Compared with the control group, the levels
of E2 and AMH in TG group (POF model) were decreased by
23.4% and 47.6%, respectively. Contrarily, catalpol treatment
(TG + Cat group) significantly increased the levels of E2 and
AMH by 31.3% and 54.8% in the TG + Cat group compared
with the TG group (Fig. 1). These results suggested that catalpol
could restore sex hormone secretion in the ovaries of POF rats.

J of Gyne Obste & Mother Health 2023



ERLIE
L
:m- T
‘Eh s
£k 200-
o
23 100-
" Contrel  Cmt TG TG+ Cm

200
2 3000 x
‘& T
= zoon
== sk
= 10004
-

0
Control Cat Tis Tis + Cat

Figure 1: Catalpol prevents TG-induced E2 and AMH decline in the rat ovary. The expression levels of E2 (A) and AMH (B)
were detected by ELISA in rat ovaries in the indicated groups. *P < 0.05 and **P < 0.01 indicated the significant difference com-
pared with the control group. #P < 0.05 and ##P < 0.01 represented the significant difference compared with the TG group. Bars:
mean = SEM. Each group contained at least three independent assays

Catalpol Improved the TG-induced GCs and Granulosa Lu-
tein Cells (GCLs) Injuries

In a histological analysis using HE staining, the ovarian struc-
ture showed that the GCs and GCLs in POF rats were filled with
vacuoles compared to the controls (Fig. 2C, 2G and 2K; note
the arrows). In contrast, those receiving changes treatment (TG
+ Cat group) were clearly not affected by this alteration (Fig.

2D, 2H, and 2L). Furthermore, the number of atretic follicles in
POF rats was elevated to 1.4 times that of the controls, howev-
er, catalpol treatment reduced the number by 43.6% (Fig. 2M).
These results indicated that catalpol played a significant role in
maintaining the normal histological structure and follicle reserve
in TG-injured ovaries.
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Figure 2: Catalpol improved the TG-induced follicle injuries in the rat ovary. The ovary histological structure in the control (A,
E, and I), Cat (B, F, and J), TG (C, G, and K), and TG + CAT (D, H, L) groups were analyzed by HE staining. The atretic follicle
numbers (M) in the indicated groups were counted in the HE-stained slides. The follicle and corpus luteum are shown in A to D.
The GCs in the follicle are shown from E to H. The GCLs were observed in the corpus luteum from I to L. The GCs and GCLs in
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POF rats (G and K) were full of vacuoles compared with the controls, but the changes were visibly relieved with catalpol treatment
(H and L). Bar = 100 pm for (A-D), 20 um for (E-L). *P < 0.05 and **P < 0.01 represents the significant difference compared with
the control group. #P < 0.05 and ##P < 0.01 shows the significant difference compared with the TG group. Bars: mean + SEM. Each

group contained at least three independent assays.

Catalpol Downregulated IRE1 Pathway in Ovaries of POF
Rats

To explore the possible signaling pathway related to POF rats,
the expression of HSPAS, IRE1a, and XBP1s were detected by
Western blot (Fig.3A). Compared with the TG group, the ex-
pression of HSPAS (Fig. 3A and B) was increased by 36.7%
with TG administration, but decreased by 33.5% with catalpol
treatment. Similarly, compared with the controls, the expression

of IREla (Fig.3A and C) was increased by 73.6% in POF rats
and decreased by 52.5% with catalpol treatment. Moreover, the
expression of XBP1s (Fig. 3A and D) in the TG group was in-
creased to 2.1 times that of the controls, and in the TG + Cat
group it was decreased to 54.1% of POF rats. Taken together,
the results showed that catalpol participated in the protection of
POF rats by downregulating the IRE1 pathway.
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Figure 3: Suppression of the HSPAS, IRE1a, and XBP1s expressions by catalpol treatment in rat ovaries.

Typical Western blots of each factor (HSPAS, IREla, and XBP1s) and GAPDH in indicated groups are shown in A. The expression
levels of the HSPAS (B), IRE1a (C), and XBP1s (D) were detected by densitometry analysis and normalized to GAPDH. *P < 0.05
and **P < 0.01 represent the significant difference compared with the control group. #P < 0.05 and ##P < 0.01 show the significant
difference compared with the TG group. Bars: mean + SEM. Each group contained at least three independent assays.

Catalpol Inhibited Apoptosis in TG-induced POF Rats
According to reports, catalpol has anti-apoptotic properties [15,
20]. To elucidate whether this activity affects POF progress,
the expression of downstream factors of IRE1 pathway were
analyzed (Fig. 4 A) by Western blot, and the apoptotic state of
the ovaries was detected by TUNEL assay. The expression of
cleaved-caspase 12 (Fig. 4A and B) and cleaved-caspase 3 (Fig.
4A and C) were upregulated by 74.7% and 133.8% in POF rats,
respectively, but were downregulated by 37.3% and 49.9% by
catalpol treatment.
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Similarly, the expression of Bax (Fig. 4A and D) was increased
by 28.2% in the TG group compared with the control group and
decreased by 27.6% in the TG + Cat group compared with the
TG group. As for Bcl-2 expression (Fig. 4 E), changes appeared
to be the opposite: a significant decrease of 37.5% was observed
in the TG group compared with the controls while an increase
of 50.2% was observed in the TG + Cat group compared with
the TG group.
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Figure 4: Catalpol decreased the expression of the downstream factors of IRE1 apoptotic pathway in POF rats.
Typical Western blots of each factor (cleaved caspase-12, -3, Bax, and Bcl-2) and GAPDH in indicated groups are shown in A.
The expression levels of the cleaved caspase-12 (B), cleaved caspase-3 (C), Bax (D), and Bcl-2 (E) were detected by densitometry

analysis and normalized to GAPDH.

*P < 0.05 and **P < 0.01 represent the significant difference compared with the control group. #P < 0.05 and ##P < 0.01 show the
significant difference compared with the TG group. Bars: mean + SEM. Each group contained at least three independent assays.

TUNEL assay showed that the apoptotic cells were distributed in
the GCs, GCLs, and interstitial cells (Fig. 5SA). The percentage
of apoptotic cells per field was markedly increased by 66.1%
in the TG group compared with the controls; however, it was
reduced by 27.8% with catalpol treatment compared with the

POF rats (Fig. 5B). Our findings indicated that the progression
of POF might be achieved by activating the IRE1 apoptotic
pathway. Moreover, catalpol could block this pathway to protect
ovaries from injury.
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Figure 5: The anti-apoptotic activity of catalpol in TG-induced POF rats.

The apoptotic cells were detected by TUNEL stain in the control, Catalpol, TG, and TG + Cat groups (A). The brown-stained cells
indicate apoptotic cells. The number of apoptotic cells per slide in the indicated groups are shown in B. *P < 0.05 and **P < 0.01
represent the significant difference compared with the control group. #P < 0.05 and ##P < 0.01 show the significant difference com-
pared with the TG group. Bar = 50 um and 20 um for (A). Bars: mean + SEM for (B). Each group contains at least three independent

assays.

Discussion

The POF occurs after treating some autoimmune diseases by us-
ing TG (19), this research aimed to investigate the therapeutic
effect of catalpol on drug induced POF. Although HRT provides
an effective way to treat POF clinically, the limits of ovarian
function and controversy regarding side effects of transient isch-
emic attack and stroke remains impeding its widespread appli-
cation [21, 22]. Some researchers have focused on isolation of
follicles and ovarian tissue combining with cryopreservation to
treat sterility, and made great progress [23, 24]. However, the
ethics of this method has been questioned.

In China, the application of traditional Chinese medicine to im-
prove ovarian function decline has been widely accepted. In-
deed, in recent years, increasing evidence shows that catalpol, a
Chinese medicinal ingredient extracted from rehmannia glutino-
sa, protected cerebral vessels, nerve cells, cardiac myocytes, and
renal function through anti-apoptosis and anti-inflammatory ef-
fects [15, 16, 20, 25, 26]. However, its role in protection against
ovarian injury remains unclear. This study verified that catalpol
improved hormone secretion and follicles injuries of POF rats,
and inhibited apoptosis through downregulation of IRE1 path-
way. Furthermore, the findings indicate that catalpol could pro-
tect the ovary of POF rats through downregulation of the IRE1
pathway.

One of the physiological functions of the ovary is to produce and
secrete sex hormones. E2 is secreted by preovulatory follicles
to regulate the menstrual cycle by binding to specific receptors
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[27]. AMH, secreted by preantral follicles and small antral fol-
licles, reflecting the ovarian reserve which is vital for fertility
[28]. Both hormones are responsible for maintaining ovarian
function. Ben-Aharon, et al. found that the levels of E2 and
AMH were deficient in chemotherapy-induced ovaries, which
was consistent with the results from us and other researchers
[29-32]. Our results showed that the levels of E2 and AMH were
significantly reduced in the TG (POF) group but could be recov-
ered by catalpol treatment. These findings indicated that catalpol
prevented the decline of sex hormones in TG-induced POF rats.

Another physiological function of the ovary is to form and
release mature eggs. The ovarian follicles, as the fundamen-
tal functional unit, could be an index of ovarian function and
pregnancy prediction following assisted reproductive treatment
(ART), and abnormal development of atretic follicles could
result in POF [33, 34]. Researchers found that atresia follicles
were increased in POF animals [35, 36]. In our study, HE stain-
ing clearly showed that GCs and GCLs exhibited evident vacu-
olation, and the number of atretic follicles was increased signifi-
cantly in POF rats. Interestingly, these changes were prevented
by treatment with catalpol. These results further illustrated the
fact that catalpol protected TG-induced GC and GCL damaged
and follicular atresia in POF rats. However, the mechanism re-
mains unclear.

ER stress is a local response of physiopathology injuries induced
by adverse stimulations such as hypoxia, inflammation, and ox-
idative stress [37]. ER stress reportedly plays a vital part in han-
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dling proteins with protein folding, trafficking, and degradation,
and contributes to the production of most membrane lipids [37,
38].

UPR consists of three signal transducers: IREI, activating
transcription factor 6, and protein kinase R-like ER kinase. It
is reported to be involved in progesterone production, carcino-
genesis, and retinopathy [12, 39-41]. As one of the branches,
activated IREla induces unconventional splicing of the XBP1
mRNA, and the spliced XBP1 protein (XBP1s) plays a vital role
for ER associated degradation (ERAD) and quality control (Fig.
6) [14, 42]. Some groups reported that ER stress was activated
by the hepatitis C virus (HCV) in HCV hepatitis and angiotensin
II-induced hypertension by increasing the release of the pro-fi-
brotic growth factor TGF-B1 resulting in liver fibrosis and vas-
cular endothelial dysfunction and cardiac damage [13].

Takahashi N, et al suggested that the IREI pathway might regu-
late the development of OHSS through upregulating the produc-
tion of VEGF [14]. However, there is no reports have showing
an association between the IRE1 pathway and POF. Xiong YJ, et
al indicated that catalpol significantly inhibited ER stress by up-
regulating the expression of SIRT1 through downregulation of

miR-132 in colitis [43]. Therefore, we hypothesized that catal-
pol might inhibit the progression of POF through the IRE1 path-
way. To identify this, we detected the expressions of HSPAS,
IREla and XBPlIs.

The results were in accordance with our hypothesis, suggest-
ing that catalpol protected the ovaries of POF rats through the
IRE1 pathway. In addition, if the endoplasmic reticulum stress
was too severe to remedy, it could lead to cell death. On the
one hand, recruit’s tumor necrosis factor receptor-associated fac-
tor-2 (TRAF2) and apoptosis signal-regulating kinase 1 (ASK1),
which forms a complex and activates its downstream target
c-Jun N-terminal kinase 1 (JNK1) thus leading to breakdown
of Bel2-Beclinl complex following causing phosphorylation of
Bcl-2, and promoting apoptosis (8, 9).

On the other hand, pro-caspase 12 is released from the TRAF2
and activated, also Ca2+ and caspase 7 could activate pro-
caspase 12, which subsequently activates caspase 9 and caspase
3 to induce apoptosis (Fig. 6) [8, 9, 10]. Wang et al. found that ER
stress was involved in ovarian injury induced by 2,2°,4,4’-tetra-
bromodiphenylether, in which the expressions of IRE1 and
cleaved-caspase 12 increased significantly [44].

25

Catalpol

HSPAS

Apoptosis (POF)

Figure 6: Diagram of the anti-ER stress and anti-apoptosis activities of catalpol. During the process of POF, once IRE1 pathway
is activated, trimerization of IRE1a not only cleaves XBP1 to XBP1s to participate in ER-associated degradation (ERAD), but also
eventually leads to phosphorylation of Bel-2 and activation of pro-caspase 12, pro-caspase 9, and pro-caspase 3 to induce apoptosis.
Both ERAD and apoptosis result in POF. In the process of the pathogenesis, catalpol could attenuate the actions of IREla, XBPls,
Bcl-2, caspase 12, caspase 9, and caspase 3 through IREla inhibition to prevent the POF process.
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We detected the expression of apoptotic factors in the downstream
of IRE1 pathway and calculated the number of apoptotic cells. The
results showed that the expressions of cleaved-caspase 12, cleaved-
caspase 3 and Bax were increased and the Bcl-2 level was decreased
in POF rats. All the alterations were recovered by treatment of catal-
pol. Besides, the number of apoptotic cells was much higher in POF
rats than those in the controls, but significantly declined after ca-
talpol treatment. These data suggested that catalpol achieved ovary
protective effect in POF rats through inhibition of the IRE1 pathway
downstream apoptotic factors, which further confirmed the Wang’s
results.

Conclusions

In conclusion, the IRE1 pathway is involved in TG-induced ovarian
injuries that could be prevented by catalpol treatment. Catalpol could
improve hormone secretion and follicular preservation of the ovary
in POF rats through downregulation of IRE1 pathway and its down-
stream apoptotic factors. These findings provided evidence for us to
understand the mechanism of catalpol in treating POF.

Glossary

POF, premature ovarian failure; TG, tripterygium glycosides; AMH,
anti-Mullerian hormone; ELISA, enzyme-linked immune sorbent
assay; HE, hematoxylin and eosin; IRE1, inositol-requiring enzyme
1; GCs, granule cells; GCLs, granulosa lutein cells; HRT, Hormone
replacement therapy; UPR, unfolded protein response; Bcl-2, B-cell
lymphoma 2; CCs, cumulus cells; OHSS, ovarian hyperstimulation
syndrome; TG, tripterygium glycosides; XBP1s, X-box binding pro-
tein 1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ART,
assisted reproductive treatment; ERAD, ER associated degradation;
HCYV, hepatitis C virus; ASK 1, apoptosis signal-regulating kinase 1;
JNK1, c-Jun N-terminal kinase 1.
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