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Background: Premature ovarian insufficiency (POI) is characterized by a reduction in primary follicle count along with abnormal
follicle development. This study aims to explore the impact of combined oral contraceptives (COCs) on the apoptosis of ovarian
granulosa cells, which are instrumental for follicular development, in POI and the underlying mechanisms, to provide theoretical
guidance for the treatment of POI.

Methods: A rat model of POI was established using tripterygium glycoside tablets. After treatment with COCs, the thera-
peutic effect of the animals was verified by means of hematoxylin-eosin staining, immunohistochemistry, and enzyme-linked
immunosorbent assay (ELISA). Flow cytometry, cell counting kit-8 (CCK-8), quantitative polymerase chain reaction, and West-
ern blotting were utilized to investigate the impact of COCs on granulosa cell apoptosis, as well as the function of the interleukin
(IL)-11/phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway. Further experiments were also conducted
to verify whether COCs could inhibit granulosa cell apoptosis through this pathway.

Results: COCs treatment was effective in improving ovarian granulosa cell status, reducing luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) levels, and increasing estradiol levels in the POI rats (p < 0.01). IL-11 silencing promoted apoptosis
in POI granulosa cells by inhibiting the PI3K/AKT pathway. COCs treatment partially reversed these effects by upregulating
IL-11 expression and restoring PI3K/AKT pathway activity. This resulted in increased levels of B-cell lymphoma 2 (Bcl-2) (p <
0.05) and cytochrome P450 family 19 subfamily A member 1 (CYP19AI) (p < 0.01), while suppressing the expression of Bax and
cleaved-cysteine-aspartic acid protease 3 (cleaved-caspase 3) (p < 0.001).

Conclusion: Our findings demonstrated that COCs protect ovarian granulosa cells from apoptosis in rats with POI, an effect

mediated through the IL-11/PI3K/AKT signaling cascade.
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Introduction

The pathogenesis of premature ovarian insufficiency
(POI), a condition substantially affecting female reproduc-
tive health, is multifaceted, involving aspects such as genet-
ics, immunity, environment, and hormones [1]. POI typi-
cally manifests prior to the age of 40, leading to a decline in
female reproductive capacity, abnormal sex hormone lev-
els, and a range of additional adverse symptoms [2]. As a
key component of ovarian structure and function, the health
status of follicular granulosa cells is directly related to the
development of follicles, the maturation of oocytes, and
the synthesis and secretion of ovarian hormones [3]. It is
known that follicular atresia, attributed to abnormal apopto-
sis of ovarian granulosa cells, is the primary condition con-
tributing to the development of POI [4]. Therefore, in-depth
exploration of the regulatory mechanism of follicular gran-
ulosa cell apoptosis is of great significance for unraveling

the pathogenesis of POI and developing effective therapeu-
tic strategies.

Apoptosis, a type of genetically regulated pro-
grammed cell death, is essential for the development of
multicellular organisms, playing a role in maintaining tis-
sue homeostasis and the regulation of disease progression
[5]. B-cell lymphoma 2 (Bcl-2) can delay cell apoptosis,
while Bcl-2-associated X protein (Bax), an inhibitor of Bcl-
2, promotes cell apoptosis [6]. Related studies have shown
that Bax and Bcl-2 expression produce important regula-
tory effects on ovarian granulosa cell apoptosis [7,8]. Re-
gardless of the regulatory mode for apoptosis, caspase 3
in the caspase pathway is the major player in the apopto-
sis process [9]. Interleukin (IL)-11 is a multifunctional cy-
tokine with a variety of biological processes that promote
cell proliferation, inhibit apoptosis, participate in inflam-
matory responses, and modulate immune responses [10,11].
In the reproductive system, IL-11 has been shown to in-
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fluence processes such as follicular development, oocyte
maturation, as well as luteinization [12,13]. Therefore,
its abnormal expression may be closely related to the on-
set of POI. The phosphoinositide 3-kinase (PI3K)/protein
kinase B (AKT) signaling pathway represents a vital cel-
lular signaling mechanism, implicated in diverse biolog-
ical processes encompassing cell growth, differentiation,
and programmed cell death [14]. In the reproductive sys-
tem, the PI3K/AKT pathway represents a vital cellular sig-
naling mechanism, implicated in diverse biological pro-
cesses such as cell growth, differentiation, and programmed
cell death [15]. Studies have indicated that IL-11 impacts
the PI3K/AKT signaling pathway, significantly influencing
bone metabolic balance, adipocyte expansion, and onco-
genic cell invasion and dissemination [16—-18]. However,
studies focusing on dissecting whether IL-11 can act on POI
through the PI3K/AKT pathway remain relatively scarce.

Combined oral contraceptives (COCs) represent a
class of artificially synthesized estrogen-progestin com-
plexes with high activity. This class of contraceptives
has been found to decrease concentrations of follicle-
stimulating hormone and luteinizing hormone in individ-
uals with POI, while preventing premature follicle recruit-
ment and promoting follicle development synchronization
[19,20]. Therefore, COCs may be associated with ovar-
ian granulosa cell apoptosis in POI. Owing to usage con-
venience and low cost, COCs are widely employed in the
treatment of premature ovarian dysfunction in patients with
POI, although their mechanism of action and effectiveness
need to be further explored.

The objective of this study is to investigate the thera-
peutic effects of COCs (desogestrel tablets) in POI. Animal
and cell experiments were conducted to explore whether
COCs can alleviate symptoms of POI rats through the IL-
11/PI3K/AKT pathway. This research not only signifi-
cantly broadens our understanding of the pathogenesis of
POI but also provides a novel perspective and strategy for
expanding POI treatment options.

Materials and Methods

Construction and Sampling of the POI Rat Model

Fourteen  specific  pathogen-free  (SPF)-grade
Sprague—Dawley rats (female, each weighing 250 +
20 g, aged 3 months) were acquired from Chongqing
Ensiweier Biotechnology Co., Ltd. (Chongqing, China).
The animals were acclimatized for one week in an animal
facility with a temperature of 23 + 2 °C, a humidity of 35—
60%, and a day-night alternation of 12—12 h. During the
period of feeding, vaginal shedding of cells was observed.
A week later, the female rats with normal estrous phase
were selected for modeling. Tripterygium glycosides tablet
(20230102, Yuanda Pharmaceutical Huangshi Feiyun
Pharmaceutical Co., Ltd., Huangshi, China) at the daily
dose of 80 mg/kg was intragastrically administered to each
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animal, and vaginal shedding cell smears were prepared
starting day 8 to monitor changes in the estrous cycle.
The disease modeling is considered successful when the
vaginal cell smears from rats with estrous disorders have
become almost uninterpretable, undermining researchers’
ability to evaluate their estrus cycle (preestrous, estrous,
postestrous and interestrous) [21].

The successfully modeled rats were then randomly as-
signed to two groups: the Model group and the Model +
COCs group. Based on the therapeutic cycle of combined
oral contraceptives (COCs) in humans and the dose con-
version between humans and animals [22,23], rats in the
Model + COCs group were administered a solution con-
taining 0.002% deoxynorethindrone estradiol (H20130491,
N.V. Organon, Oss, Netherlands). The solution was ad-
ministered intragastrically at 10 mL/(kg-d) for a continuous
period of 21 days. The Model group received an equiv-
alent volume of distilled water. After completion of the
administration, the rats were rendered unconscious via in-
traperitoneal administration of a 3% pentobarbital sodium
(P3761, Beijing Zongheng Science Co., Beijing, China) at
40 mg/kg. Serum samples were obtained from the animals.
Euthanasia was performed by injecting >150 mg/kg of pen-
tobarbital sodium into the tail vein of each animal. Post-
injection, the death of these rats was confirmed through ces-
sation of breathing, absence of heartbeat, and loss of corneal
reflex. Finally, the rats were dissected to extract their ovar-
ian tissues.

Hematoxylin-Eosin Staining

The ovarian tissues were prepared into paraffin slices,
dewaxed, rehydrated, and then stained with hematoxylin
dye (G1004, Servicebio, Wuhan, China) and eosin dye
(G1002, Servicebio, Wuhan, China). Subsequently, the
slices underwent dehydration and were then embedded
in neutral resin (10004160, Sinopharm, Beijing, China)
prior to observation using a microscope (MF53, Mshot,
Guangzhou, China).

Immunohistochemical Detection

The ovarian tissue was washed with phosphate-
buffered saline (PBS) and fixed with 4% paraformalde-
hyde. Subsequently, after gradient ethanol dehydration,
xylene transparency, and paraffin embedding, the sections
were obtained. Then the sections were dewaxed, rehy-
drated, and subjected to antigen retrieval. Goat serum
(C0265, Beyotime, Shanghai, China) was employed for
blocking of nonspecific sites, and then the samples were
subjected to incubation with primary antibody (1:200), fol-
lowed by secondary antibody (1:50) treatment. After 3,3’-
diaminobenzidine (DAB) development (ZLI-9019, ZSGB-
BIO, Beijing, China), hematoxylin was used to dye the
nuclei. Finally, the sections were dehydrated and sealed
with a neutral resin (10004160, Sinopharm, Beijing, China)
and then observed using an Mshot MF53 microscope
(Guangzhou Micro-shot Technology Co., Ltd., Guangzhou,
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China). The immunofluorescence images were imported
into Image pro plus 6.0 (Media Cybernetics, Media Cyber-
netics, Rockville, MD, USA), in which the threshold was
set to distinguish the positive area from the background, the
area and integrated optical density (IOD) were measured,
and the average optical density (AOD) was calculated us-
ing the formula below:

AOD = Mean IOD/Mean area.

Primary antibodies used in this experiment include
anti-AKT1 (A17909, ABclonal, Wuhan, China), anti-
cleaved-caspase 3 (bsm-61090R, Bioss, Beijing, China),
and anti-PI3 kinase p110 delta (A19742, ABclonal, Wuhan,
China). Horseradish peroxidase (HRP)-labeled goat anti-
rabbit immunoglobulin G (IgG) (H+ L) (A0208, Beyotime,
Shanghai, China) was used as the secondary antibody.

Enzyme-Linked Immunosorbent Assay (ELISA)
Detection

Rat serum was obtained by retrieving the supernatant
following the centrifugation (at 2000 rpm for 20 min) of the
blood specimen prewarmed at room temperature for 1020
min. The cell was diluted with phosphate-buffered saline
(PBS; G002, Servicebio, Wuhan, China). Cells from each
group were collected, and 500 pL of lysis buffer (E051,
Fine Test, Wuhan, China), along with 5 pL of phenyl-
methylsulfonyl fluoride (PMSF) (E051, Fine Test, Wuhan,
China), was added. The cell suspension was left to stand on
ice for 30 min prior to centrifugation to obtain supernatant.

The expression levels of luteinizing hormone (LH;
CB10446-Ra, Coibo bio, Shanghai, China), rat follicle-
stimulating hormone (FSH; CB10273-Ra, Coibo bio,
Shanghai, China), rat testosterone (CB10386-Ra, Coibo
bio, Shanghai, China), and estradiol (CB10266-Ra, Coibo
bio, Shanghai, China) in rat serum were determined us-
ing the ELISA kit customized for rat sample uses. Estra-
diol was detected in cells using Rat E2 (Estradiol) ELISA
Kit (ER1507, Fine Test, Wuhan, China). Specific opera-
tions are as follows: The ELISA assay involves setting up
blank, standard, and sample wells on an enzyme-labeled
plate. Standards of varying concentrations were added to
standard wells (50 pL per well), while 40 pL diluent plus
10 uL sample (serum or cell suspension) was added to each
sample well. Enzyme-labeled reagent (100 pL) was added
to every well except the blank wells. After sealing and in-
cubating at 37 °C for 1 h, the plates were washed 5 times,
followed by the addition of chromogenic reagents A+B (50
pL per well) and incubation in the dark for 15 min. The
reaction was terminated by the addition of stop solution,
and absorbance was measured at 450 nm using a microplate
reader (NanoDrop One/One C, Thermo Fisher Scientific,
Waltham, MA, USA). LH, FSH, testosterone and estradiol
levels were calculated from standard curves plotted with
known concentrations of the standards used.

Isolation and Culture of Granulosa Cells From
Ovaries of POI Rats

One milliliter of trypsin was added to the dissected
ovarian tissue and incubated in a water bath set at 37 °C
for 10 min. The digestion was repeated 5-6 times un-
til the trypsin solution became clear; subsequently, 2 mL
of complete medium was supplemented to terminate di-
gestion. The mixture was then subjected to centrifuga-
tion (2500 rpm, 3 min) and the supernatant was discarded.
The pellet was then resuspended with complete medium
prior to another round of centrifugation. After discarding
the supernatant, the pellet was resuspended in complete
medium again. The cell suspension (2 x 10° cells/well)
was inoculated and cultured in a culture dish for 24 h. Fi-
nally, the cells were observed under a microscope. The cul-
tured granulosa cells were regularly tested for mycoplasma
contamination using quantitative polymerase chain reaction
(qPCR)-based methods, and the results were negative.

Identification of Ovarian Granulosa Cells

Rat cardiomyocytes H9¢c2 (2-1) (CL-0089, Procell,
Wuhan, China) were used as the negative control. The
cells were subjected to STR identification and mycoplasma
detection by the manufacturer, and the result of the my-
coplasma detection was negative. Both H9c¢2 (2-1) and
granulosa cells (1 x 106 each) were resuspended in 100 puL
of PBS. Subsequently, 5 uL of anti-anti-follicle-stimulating
hormone receptor (FSHR) polyclonal antibody (22665-1-
AP, Thermo Fisher Scientific) was added, and the mixture
was incubated at room temperature in the dark for 20 min.
After centrifugation at 1000 rpm for 5 min, the supernatant
was discarded. The cells were then washed with 1 mL of
PBS, centrifuged again, and the supernatant was removed.
The cell pellet was resuspended in 100 pL of PBS, and 5 pL.
of goat anti-rabbit IgG (H+L) secondary antibody labeled
with Fluorescein isothiocyanate (FITC) (F-2765, Thermo
Fisher Scientific) was added. The cells were incubated at
room temperature in the dark for 20 min, followed by cen-
trifugation and removal of the supernatant. The cells were
washed with 1 mL of PBS and centrifuged to discard the su-
pernatant. Finally, the cells were resuspended in 200 pL of
PBS and analyzed by CytoFLEX flow cytometry (Beckman
Coulter, Brea, CA, USA).

Flow Cytometry

Following the instructions of the Annexin V
FITC/Propidium Iodide (PI) Apoptosis Detection Kit
(40302ES50, Yeasen, Shanghai, China), the cells were
washed with pre-cooled PBS twice, then the PBS was
discarded, and the cells were resuspended in 100 pL of 1x
binding buffer. Annexin V-FITC (5 pL) and PI dye (10
pL) were subsequently added. The reaction was carried
out at room temperature for 10—15 min and then 400 pL of
1 x binding buffer was added to the reactants. Apoptosis
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was detected by means of flow cytometry (BeamCyte,
Antpedia, Changzhou, China) within 1 h. The total
apoptosis rate was determined as follows:

Total apoptosis rate =

Late apoptosis rate + Early apoptosis rate.

Cell Counting Kit-8 (CCK-8) Detection

Primary ovarian granulosa cells of POI rats were in-
oculated in 96-well plates (5000 cells per well), and COCs
were dissolved with dimethyl sulfoxide (DMSO) and added
to the medium for 24 h. Each well received 10 uL of CCK-8
solution (C0038, Beyotime, Shanghai, China) and was then
incubated for 1 h in a cell culture incubator. Subsequently,
the absorbance at 450 nm was assayed using an ELISA
reader (cMAXPlus, MOLECULARDEVICES, Sunnyvale,
CA, USA). The cell viability percentage and cell inhibition
rate were determined using the formulas below:

Cell viability (%) = (OD sample — OD biank)/
(OD control — OD blank) X 1007

Cell inhibition rate (%) = 1 — viability.

The data obtained were imported into GraphPad Prism
8 (GraphPad Software Inc., San Diego, CA, USA). The
“log(inhibitor) vs. response-variable slope” curve fitting
method was employed to calculate the half-maximal in-
hibitory concentration (IC50) of the COCs.

qPCR

Primary ovarian granulosa cells were isolated from
POI rats and were subjected to COCs treatment or plas-
mid transfection according to the experimental groups. Af-
terwards, RNA was extracted by isopropanol precipita-
tion [24], and first-strand cDNA was synthesized using
Golddenstar™ RT6 cDNA Synthesis Kit Ver.2 (TSK30,
QingKe, Beijing, China). Each component was mixed
with 2x T5 Fast qPCR Mix (SYBR Green I) (TSE20,
QingKe, Beijing, China), and then the qPCR reaction
was performed on Bio-Rad iQ™ 5 (Bio-Rad, Hercules,
CA, USA). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) served as the internal control, and relative gene
expression was calculated using the 2~24€ method. The
primers utilized for testing are listed in Table 1.

Western Blotting

The cells were transferred into 1.5 mL tubes and cen-
trifuged at 3000 rpm for 5 min. The pellet was washed with
PBS, followed by centrifugation again. Radioimmunopre-
cipitation assay lysis buffer (RIPA) lysis buffer (P0O013B,
Beyotime, Shanghai, China) was added, followed by incu-
bation on ice for 10 min. Finally, the samples were cen-
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Table 1. Primer sequences.

Primer Sequence (5" —37)
IL-11-F GCTTCCTGGAGTGCTGACAA
IL-11-R GTAAGCGACGAAGTAGCCGT
PI3K-F ACCTGTGCCTTCTGCCTTAC
PI3K-R ATCTTTGAATGCCCCCGTGT
AKT-F GATGGACTCAAACGGCAGGA
AKT-R AGCACCTGAGTTGTCACTGG
Bcl-2-F GAACTGGGGGAGGATTGTGG
Bcl-2-R GGGGTGACATCTCCCTGTTG
Bax-F CGTCTGCGGGGAGTCACG
Bax-R AGCCATCCTCTCTGCTCGAT
Caspase 3-F ACCGATGTCGATGCAGCTAA
Caspase 3-R GGTGCGGTAGAGTAAGCATA
CYP1941-F TGACGTCACTGACAACTCGG
CYPI1941-R CCCCAGGAAGAGCGTGTTAG
GAPDH-F CAATCCTGGGCGGTACAACT
GAPDH-R TACGGCCAAATCCGTTCACA

IL-11, interleukin-11; PI3K, phosphoinositide 3-kinase;
AKT, protein kinase B; Bcl-2, B-cell lymphoma 2; Bax,
Bcl-2-associated x protein; Caspase 3, cysteine-aspartic
acid protease 3; CYPI941, cytochrome P450 family
19 subfamily A member 1; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; F, forward; R, reverse.

trifuged at 13,000 rpm for 20 min at 4 °C, and the su-
pernatant was collected as the total protein sample. Total
protein at 500 pg was mixed with 5x SDS loading buffer
(8015011, Dakewei, Beijing, China) at a 4:1 ratio. The
protein was denatured by heating in a metal bath, and 60
pg samples were applied to SDS-PAGE for electrophore-
sis, followed by membrane transfer. After blocking was
performed, primary antibody (1:1000) and secondary an-
tibody (1:2000) incubation were sequentially conducted,
prior to color development. Finally, the blots were visual-
ized utilizing a gel imaging system (34580, Thermo Fisher
Scientific) and finally developed using a nucleic acid pro-
tein gel imager (Universal Hood II, Bio-Rad, Hercules, CA,
USA). In Image Lab (Bio-Rad) software (Bio-Rad, Her-
cules, CA, USA), the grayscale value of each band was de-
termined. The relative expression level of a target protein
was measured by dividing its gray value by the gray value of
GAPDH. The gray value of the control group was set as 1,
which was standardized for the other experimental groups.

Primary antibodies used in this experiment include
anti-IL-11 (A1902, Abclonal, Wuhan, China), anti-PI3K
(A0265, Abclonal, Wuhan, China), anti-phosphorylated
phosphoinositide 3-kinase (p-PI3K) (AP0427, Abclonal,
Wuhan, China), anti-AKT (9272, Cell Signaling Tech-
nology, Danvers, MA, USA), anti-phosphorylated pro-
tein kinase B (p-AKT) (4060, Cell Signaling Technology),
anti-Bcl-2 (A19693, Abclonal, Wuhan, China), anti-Bax
(A19684, Abclonal, Wuhan, China), anti-cleaved-caspase
3 (AF7022, Affinity Biosciences Ltd., Melbourne, Aus-
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tralia), anti-CYP19A1 (A1373, Abclonal, Wuhan, China),
anti-GAPDH (A19056, Abclonal, Wuhan, China). HRP-
conjugated Goat anti-Rabbit IgG (H+L) (AS014, Abclonal,
Wuhan, China) was utilized as the secondary antibody.

Plasmid Transfection

Coded fragments based on IL-11 were constructed on
the pLVX-IRES-puro vector (VT1464, YouBio, Changsha,
China) to obtain oe-IL-11 plasmids, and sh-IL-11 was con-
structed with pLVX-shRNA1 (VT1456, YouBio, Chang-
sha, China) as a vector. Before transfection, the ovarian
granulosa cells of POI rats were spread in 10 cm culture
dishes at a rate of 5 x 10° per dish. Fresh culture medium
was replaced 24 hours later.

10 pg of each plasmid (oe-NC, oe-IL-11, sh-NC, and
sh-IL-11) was individually dissolved in 490 pL of Opti-
MEM | Reduced Serum Medium (OPTI-MEM) (31985070,
Gibco, Waltham, MA, USA), while 30 uL of the trans-
fection reagent Max (24765-1, BioMedicine, Chongqing,
China) was diluted in 470 pL of OPTI-MEM. Both solu-
tions were mixed thoroughly and incubated for 5 min at
room temperature. Subsequently, the transfection reagent
mixture was gently combined with the plasmid-containing
solutions, followed by a 15-minute incubation. The re-
sulting mixtures were then evenly distributed into culture
dishes. After continuous incubation of the cells for 48 h,
stable cell lines expressing oe-NC, oe-IL-11, sh-NC, and
sh-IL-11 were established. The sequences of the interfer-
ence target, empty vector, oe-IL-11, and sh-IL-11 insertion
are provided in the supplementary information.

Data Analyses

Statistical analyses were conducted using GraphPad
Prism 8. Data are expressed as mean =+ standard deviation
(SD). The Shapiro—Wilk test was used to assess the normal
distribution of data. For data that conform to a normal dis-
tribution, a t-test was used to detect differences between two
groups. For comparisons among multiple groups, variance
homogeneity was assessed using Levene’s test. If variance
homogeneity was satisfied, one-way analysis of variance
(ANOVA) with Tukey’s post-hoc test was applied.

Results

Effect of COCs on POI Rats

To explore the therapeutic effect of COCs on POI
rats, HE staining was first performed on the ovarian tis-
sues of the Model group and the Model + COCs group.
It was found that some follicles in the Model group had
only follicular cavities, along with several blocked folli-
cles. The granulosa cells in the Model group appeared in a
disorderly arrangement. In the Model + COCs group, the
ovarian architecture remains intact, devoid of atretic fol-
licles, with the granulosa cells arranged neatly (Fig. 1A).
Immunohistochemical analysis revealed that the Model +

COCs group exhibited notably elevated expression levels
of PI3K (p < 0.05) and AKT (p < 0.01) proteins, com-
pared to the Model group, while demonstrating a marked
decrease in the expression of cleaved-caspase 3 protein (p
< 0.05) (Fig. IB-E). In addition, serum concentrations of
LH, FSH, testosterone, and estradiol in rats were assayed
via ELISA. The outcomes indicated that, in comparison to
the Model group, the Model + COCs group displayed sig-
nificantly decreased serum levels of LH and FSH, whereas
the levels of testosterone and estradiol were notably ele-
vated (p < 0.01) (Fig. 1F-I). These results suggested that
COCs might alleviate ovarian disorders in POI rats by im-
proving the integrity of ovarian tissue structure, regulating
hormone levels, and acting on apoptosis-related pathways.

Morphological Observation and Identification of
POI Rat Ovarian Granulosa Cells

The isolated POI rat ovarian granulosa cells were cul-
tured for 24 h, and then they were observed under a mi-
croscope. The cells were found to exhibit adherent growth
(Fig. 2A). FSHR is a distinctive membrane protein of ovar-
ian granulosa cells and can be used for their identification,
employing flow cytometry to detect its expression in the
cells. The results showed that the positive percentage was
greater than 85%, indicating their suitability for subsequent
experiments (Fig. 2B,C).

Effect of COCs on Apoptosis in Primary Ovarian
Granulosa Cells of POI Rats

To further explore the effect of COCs on the apop-
tosis of ovarian granulosa cells of POI rats, primary cells
from these rats were exposed to varying concentrations of
COCs, and the IC50 of COCs on the cells was determined
(Fig. 3A). Therefore, the cells in the Model + COCs group
were treated with 122 ng/mL of COCs. The experimen-
tal outcomes indicated that, in comparison to the control
group, the Model group exhibited a significant elevation in
cell apoptosis rate, accompanied by a decrease in cell via-
bility and a notable reduction in estradiol expression level
(» < 0.001). However, compared to the Model group, the
apoptosis rate of cells in the Model + COCs group was sig-
nificantly lower (p < 0.001), with a marked improvement
in cell viability and a notable increase in estradiol levels (p
< 0.01) (Fig. 3B-E). CYP19A1 is responsible for convert-
ing androgens into estrogens [25], and its expression is con-
sistent with that of estradiol. In addition, the Model group
demonstrated a marked reduction in /L-1/ and Bcl-2 gene
and protein expression, accompanied by a significant eleva-
tion in Bax expression, when compared to the control group
(» < 0.001). Conversely, the POI + COCs group exhibited
an inverse pattern of expression for these genes and proteins
relative to the Model group. At the same time, the Model
+ COCs group exhibited a marked elevation in the ratio of
p-PI3K to PI3K, as well as p-AKT to AKT, when compared
to the Model group (p < 0.001). The POI + COCs group
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Fig. 1. Effects of COCs on ovarian structure, apoptosis, and
hormonal levels in POI rats. (A) Hematoxylin-eosin staining of
ovarian tissues in Model and Model + COCs groups; arrows indi-
cate closed follicles in which granular cells are loosely arranged.
Scale bar = 50 um. (B-E) Immunohistochemical detection of
expression levels of PI3K, AKT and cleaved-caspase 3 proteins.
Scale bar = 50 um. (F-I) Enzyme-linked immunosorbent assay
(ELISA) determination of LH, FSH, T and estradiol levels in rat
serum. Data are expressed as mean =+ standard deviation (SD) of
three independent experiments (n = 3); analyzed using ¢-test, * p <
0.05, ** p < 0.01. Abbreviations: COCs, combined oral contra-
ceptives; FSH, follicle-stimulating hormone; LH, luteinizing hor-
mone; POI, premature ovarian insufficiency; T, testosterone.
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demonstrated a notable decrease in the expression level of
the activated form of Caspase 3 (p < 0.05), specifically the
cleaved-caspase 3 protein (p < 0.001), in comparison to the
Model group (Fig. 3F-T). The above outcomes show that
COC:s treatment significantly reduces POI-induced apopto-
sis of ovarian granulosa cells in rats, improves cell activity
and estradiol secretion, and effectively inhibits apoptosis of
ovarian granulosa cells in POI rats by enhancing PI3K/AKT
signaling pathway, up-regulating Bcl-2 levels, and decreas-
ing the expression of Bax and cleaved-caspase 3.

Effect of IL-11 on PI3K/AKT Signaling Pathway in
Apoptosis of Rat Ovarian Granulosa Cells

Based on the aforementioned results, it can be seen
that the Model group exhibited a marked reduction in IL-11
expression levels. Furthermore, research has indicated that
IL-11 can influence the proliferation of ovarian granulosa
cells in dairy cows [12]. To further explore whether IL-11
could regulate apoptosis of ovarian granulosa cells via the
PI3K/AKT signaling pathway, we first overexpressed IL-11
in ovarian granulosa cells of POl rats. The findings revealed
that, in comparison to the oe-NC group, the oe-1L-11 group
exhibited a notable decrease in the apoptosis rate and a con-
current increase in cellular activity (p < 0.001) (Fig. 4A—C).
Additionally, the oe-IL-11 group demonstrated a markedly
elevated estradiol concentration compared to the oe-NC
group in rats (p < 0.05) (Fig. 4D). qPCR analysis indicated
that 7L-11 overexpression led to a marked upregulation of
Bcl-2 and CYP19A41 mRNA levels (p < 0.001), accompa-
nied by a downregulation of Bax (p < 0.001) and Caspase
3 (p < 0.01) expression (Fig. 4E-K). Western blot analysis
revealed a significant elevation in the ratios of p-PI3K/PI3K
and p-AKT/AKT (p < 0.001) in the oe-IL-11 group, in
contrast to the oe-NC group; additionally, overexpression
of IL-11 also significantly decreased protein expression of
cleaved-caspase 3, and protein expression patterns of IL-
11, Bcel-2, Bax, and CYP19AI1 aligned with the findings
obtained from the qPCR analysis (Fig. 4L-S). The above
results showed that the IL-11 overexpression significantly
stimulated the PI3K/AKT signaling cascade, enhanced Bcl-
2 expression, and diminished the levels of Bax and cleaved-
caspase 3, ultimately leading to the suppression of ovarian
granulosa cell apoptosis in rats with POI.

COCs Modulate Apoptosis in POI Rat Ovarian
Granulosa Cells via IL-11/PI3K/AKT Signaling
Pathway

The above findings indicate that overexpression of IL-
11 inhibits granulosa cell apoptosis through activation of
the PI3K/AKT pathway. In the same vein, we furthered
the investigation by silencing IL-11 in POI rat granulosa
cells and treating them with COCs. Flow cytometry anal-
ysis revealed that, compared with the sh-NC group, the
sh-IL-11 group exhibited a significant increase in apopto-
sis rate, accompanied by marked decreases in cell viability
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and estradiol levels (p < 0.001); the apoptosis rate of sh-
NC + COCs group was remarkably reduced (p < 0.001),
while cell viability and estradiol levels were notably ele-
vated (p < 0.01). Compared with the sh-IL-11, the com-
bination of sh-IL-11 and COCs partially rescued the IL-11
silencing-induced elevation in apoptosis rate and reductions
in cell viability and estradiol production (Fig. SA-D). Fur-
ther analysis using qPCR and Western blot revealed that,
compared with the sh-NC group, IL-11 silencing signifi-
cantly reduced IL-11 expression (p < 0.001). This down-
regulation of IL-11 led to decreased levels of Bcl-2 and
CYP19A1 (p < 0.001), while promoting the expression of
Bax (p < 0.001), Caspase 3, and cleaved-caspase 3 (p <
0.001). Concurrently, the ratios of p-PI3K/PI3K and p-
AKT/AKT were significantly decreased (p < 0.001). In
comparison to the sh-IL-11 group, the sh-IL-11 + COCs
group showed notable increases in expression levels of IL-
11, CYP19A1 (p < 0.001), and Bcl-2 (p < 0.05). The ex-
pression levels of Bax, Caspase 3, and cleaved-caspase 3
were remarkably reduced in the sh-IL-11+COCs group (p <
0.001). Additionally, the ratios of p-PI3K/PI3K (p < 0.01)
and p-AKT/AKT (p < 0.05) were significantly elevated in
the sh-IL-11 + COCs group (Fig. 5SE-S). Collectively, these
findings demonstrated that IL-11 silencing was closely as-

sociated with a significant increase in granulosa cell apop-
tosis rate. The underlying mechanism may involve the sup-
pression of the PI3K/AKT signaling pathway and the dys-
regulation of apoptosis-related proteins. COCs may upreg-
ulate the expression of IL-11, activate PI3K/AKT signaling
pathway, restore the levels of anti-apoptotic proteins Bcl-2
and CYP19A1, and inhibit the expression of pro-apoptotic
proteins Bax and members of the caspase family, thus im-
proving the survival and function of granulosa cells in POI
rats.

Discussion

POIl—a disease with a huge pathological impact on fe-
male fertility—is treatable with COCs, although the mech-
anism of action remains largely obscure [26]. Experiments
involving HE staining, immunohistochemistry, ELISA,
gPCR, and Western blotting revealed that COCs could im-
prove the pathology of ovarian tissue in POI rats and in-
hibit the apoptosis of ovarian granulosa cells through the
IL-11/PI3K/AKT pathway.

A major clinical manifestation of POI is the premature
decline of ovarian function, characterized by primordial fol-
licular deficiency and abnormal follicular growth and de-
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velopment [27]. Since the granulosa cells play a pivotal
role in the development and maturation of follicles [28], this
study was designed to focus on the ovarian granulosa cells
in POI rats and showed that COCs treatment could not only
improve their status, but also significantly reduced LH and
FSH levels and increased testosterone and estradiol levels in
rat serum, consistent with findings reported by Cui and col-
leagues [29]. Activation of PI3K/AKT can promote apop-
tosis through cleaved-caspase, an activated form that acts
on caspase 3 [30]. In the current study, we found that the
expression of PI3K, AKT and cleaved-caspase 3 proteins in
the Model + COCs group decreased notably in comparison
with the Model group, suggesting that COCs might inhibit
the apoptosis of ovarian granulosa cells in POI rats by acti-
vating the PI3K/AKT signaling pathway.

Bax and Bcl-2 are downstream effectors of the
PI3K/AKT signaling pathway, and their ratio has an impor-
tant indicative function for apoptosis. Research has shown
that ethylene dithiocarbamate can induce apoptosis by in-
creasing the expression of Bax [31]. Similarly, our study
indicated that COCs treatment markedly decreased the level
of Bax and increased the expression of Bcl2 in the ovaries of
POl rats, thereby inhibiting the apoptosis of ovarian granu-
losa cells in rats. The CYP19A41 gene encodes cytochrome
P450 aromatase, which regulates the biosynthesis of estro-
gen [32]. In this study, we found that COCs treatment sig-
nificantly raised the gene expression of CYPI941 and its
serum level in the primary ovarian granulosa cells of POI
rats. In addition, the treatment of COCs significantly in-
creased the expression of IL-11, a multipotent cytokine that
exerts a crucial inhibitory effect on apoptosis, in the ovar-
ian granulosa cells of POI rats [33]. Meanwhile, COCs
treatment remarkably enhanced the expression levels of p-
PI3K/PI3K, p-AKT/AKT, and cleaved-caspase 3, thereby
inhibiting the apoptosis of ovarian granulosa cells and im-
proving cell activity. We speculate that the inhibited apop-
tosis of ovarian granulosa cells could be attributed to the
action of COCs on the IL-11/PI3K/AKT pathway, a pos-
tulation inspired by research indicating that IL-11 activates
the AKT pathway in NSCLC cells [34].

In this study, we further extended the experiments to
IL-11 overexpression and gene interference in rat ovarian
granulosa cells. Our experimental findings revealed that
an IL-11 overexpression contributed to a marked reduction
of apoptotic rate, increased cell activity, enhanced activity
of the PI3K/AKT signaling pathway, and notably increased
Bcl-2 levels, accompanied by suppressed expression of Bax
and cleaved caspase 3. In alignment with our results, Mood-
ley et al. [35] have demonstrated that elevated IL-11 ex-
pression led to a significant reduction in Bax and an increase
in Bcl-2, consequently inhibiting apoptosis in pulmonary fi-
broblasts. On the other hand, interfering with the IL-11 led
to the opposite results. This suggests a key role of IL-11
in the COCs treatment for the POI rats, potentially medi-
ated through the activation of the PI3K/AKT signaling cas-

cade and modulation of Bcl-2 and Bax expression levels,
which eventually leads to the ovarian granulosa cell apop-
tosis through the Caspase 3 pathway. Finally, we explored
whether COCs regulated the apoptosis of ovarian granulosa
cells in POI rats via the IL-11/PI3K/AKT pathway. The re-
sults showed that COCs treatment markedly decreased the
apoptotic rate in the sh-IL-11 + COCs group, enhanced cel-
lular activity, and elevated estradiol levels. These find-
ings further support the hypothesis that COCs modulate
apoptosis in ovarian granulosa cells of POI rats via the IL-
11/PI3K/AKT pathway.

In vitro activation is known as one of the effective
methods for POI treatment by stimulating follicular devel-
opment [36]. The PI3K/AKT pathway plays a crucial role
in maintaining the quiescent state of primordial follicles,
while PTEN serves as a negative regulator of this pathway
[37]. The study has shown that Dingkun Pill can protect
ovarian function by regulating PTEN expression in ovar-
ian tissues of POI mice, which is closely associated with
the inhibited activation of PI3K/AKT/FOXO3a signaling
pathway [38]. The use of PI3K activators and PTEN in-
hibitors in human ovarian fragment cultures for in vitro ac-
tivation of dormant follicles has been proposed as a treat-
ment for infertility in POI patients [39], with two full-
term births in POI patients receiving in vitro activation re-
ported as successful cases [40]. It has been reported that
IL-11 and IL-11R« were highly expressed in ovarian tis-
sues, and IL-11R« knockdown promoted ovarian granulosa
cell apoptosis [12]. This finding concurs with our find-
ings that the IL-11/PI3K/AKT pathway plays a crucial role
in the POI treatment using COCs to modulate the gran-
ulosa cell apoptosis, corroborating the IL-11/PI3K/AKT
pathway as a novel therapeutic target for POI. Furthermore,
the IL-11/PI3K/AKT pathway also exerts critical functions
in other areas of reproductive health. For instance, the
PI3K/AKT pathway is involved in endometrial epithelial
cell proliferation, differentiation, and angiogenesis [41],
while IL-11 modulates endometrial epithelial cell adhesion
[42]. The proliferative imbalance of endometrial epithelial
cells is closely linked to endometrial cancer development
[43], suggesting that the IL-11/PI3K/AKT axis can serve as
a pharmacological target for endometrial cancer treatment.

The current research established a theoretical ground-
work for advancing the clinical application of COCs in POI
treatment. However, due to significant physiological, ge-
netic, and metabolic differences between humans and rats,
further exploration is required before translating these find-
ings into clinical practice. Furthermore, beyond the effects
of COCs on ovarian granulosa cell apoptosis primarily in-
vestigated in this study, COCs have also been found to exert
significant impacts on processes such as inflammation and
oxidative stress [44,45]. These processes also play critical
roles in regulating granulosa cell apoptosis; for instance,
inflammatory responses and oxidative stress can indepen-
dently influence ovarian granulosa cell apoptosis by acting
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on the nuclear factor kappa B (NF-xB) signaling pathway
and the Sirt3-Sod2 axis, respectively [46,47]. Therefore,
future studies should explore the impact of COCs on in-
flammation, oxidative stress, and other related pathways to
comprehensively elucidate their mechanistic roles in POI
pathogenesis.

Conclusion

The current study showed that treatment using COCs
could effectively ameliorate the pathological condition of
ovarian granulosa cells in POI rats, reduce serum LH and
FSH levels, and increase testosterone and estradiol levels,
thereby inhibiting ovarian granulosa cell apoptosis through
the COCs-induced activation of the IL-11/PI3K/AKT sig-
naling pathway. Therefore, this study offers novel findings
regarding the previously underexplored role of COCs in-
volving modulation of the IL-11/PI3K/AKT signaling path-
way, providing a new therapeutic target for the treatment of
POL.
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