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Abstract: Granulosa cells (GCs) are essential for follicular growth, development, and atresia. The
orexin-A (OXA) neuropeptide is widely involved in the regulation of various biological functions.
OXA selectively binds to orexin receptor type 1 (OX1R) and mediates all its biological actions via
OX1R. This study aimed to explore the expression of OXA and OX1R and their regulatory role in
GCs proliferation, cell cycle progression, apoptosis, oocyte maturation, and underlying molecular
mechanisms of these processes and elucidate its novel signaling pathway. Western blotting and
RT-qPCR showed that OXA and OX1R were expressed during different developmental stages of
GCs, and siRNA transfection successfully inhibited the expression of OX1R at the translational and
transcriptional levels. Flow cytometry revealed that OX1R knockdown upregulated GCs apoptosis
and triggered S-phase arrest in cell cycle progression. RT-qPCR and Western blotting showed
significantly reduced expression of Bcl-2 and elevated expression of Bax, caspase-3, TNF-α, and P21
in OX1R-silenced GCs. Furthermore, the CCK-8 assay showed that knockdown of OX1R suppressed
GCs proliferation by downregulating the expression of PCNA, a proliferation marker gene, at
the translational and transcriptional levels. Western blotting revealed that knockdown of OX1R
resulted in a considerable decrease of the phosphorylation level of the AKT and ERK1/2 proteins,
indicating that the AKT/ERK1/2 pathway is involved in regulating GCs proliferation and apoptosis.
In addition, OX1R silencing enhanced the mRNA expression of GDF9 and suppressed the mRNA
expression of BMP15 in mouse GCs. Collectively, these results reveal a novel regulatory role of OXA
in the development of GCs and folliculogenesis by regulating proliferation, apoptosis, and cell cycle
progression. Therefore, OXA can be a promising therapeutic agent for female infertility.
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1. Introduction

Mammalian folliculogenesis is a complex reproductive process that is regulated by
autocrine [1], endocrine [2], and paracrine factors [3,4]. This process is involved in follicular
development, atresia, and differentiation of granulosa cells, which are basic ovarian func-
tional units. Granulosa cells secrete various substances, including sex hormones, cytokines,
and growth factors, all of which are required to survive and develop follicles [5]. Fur-
thermore, GCs can influence oocytes maturation via instructive paracrine and junctional
interaction [6]. Therefore, follicular development or atresia mainly depends on the survival
or death of GCs.

The degenerative processes or atresia in the ovary removes the vast majority of
follicles, and a single or a few ovarian follicles undergo ovulation [7]. This degenerative
process could be initiated by the apoptosis of GCs [8]. It is well-known that apoptosis and
proliferation in GCs are associated with folliculogenesis, oogenesis, and atresia. Therefore,
it is imperative to understand follicular growth, apoptosis, proliferation, steroidogenesis
regulation, and underlying signaling pathways in GCs. In addition, identification of new
molecules and factors associated with granulosa cell functions is very important for further
understanding of folliculogenesis and its related complex molecular mechanisms. This
understanding will eventually pave the way for the development of new molecular markers
and the design of new therapeutic procedures for the treatment of ever-increasing fertility
problems in mammals.

Orexin neuropeptides (orexin-A and -B) are primarily expressed in the hypothalamus
and are produced from prepro-orexin [9,10]. Orexin-A (OXA) has a specific affinity to orexin
receptor 1 (OX1R), while orexin-B has the same affinity to orexin receptors, OX1R and
OX2R. OX1R selectively binds with orexin-A [11] and mediates all biological functions of
OXA. Since its discovery in 1998, OXA involvement in feeding behavior, emotions, energy
balance, sleep/wake cycle, and stress regulation has been reported [9,12,13]. Furthermore,
the physiological effects of OXA in peripheral tissues, including the reproductive and
endocrine systems, have been documented [14].

The expression and physiological role of orexin-A in several peripheral [14] and
endocrine tissues such as the adrenal, pituitary, ovarian, and testicular tissues have been re-
ported [15]. An interrelationship between orexins and the hypothalamic–pituitary–ovarian
(HPO) system has been recognized [15]. As for the actions of orexins in the HPO axis,
the elevated expression of OX1R, OX2R, and prepro-orexin during the proestrus evening
in the hypothalamus and the pituitary gland of female cycling rats [16], ovaries of cats
and dogs at all follicular stages [17] and the uterus of pigs has been documented [14].
Cycle-dependent expression of OX1R and OX2R in pigs, cats, and dogs indicates that the
ovary is a major prospective site of orexinergic activity. Recent research reports have shown
the potential involvement of OXA in the regulation of steroidogenic enzymes, secretion of
progesterone and estrogen in the porcine uterus, and steroid hormones secretion during
the early pregnancy and estrous cycle in pigs [18,19]. These limited studies suggest the
novel physiological role of the OXA/OX1R signaling regulating the female reproductive
system. However, the precise regulatory role of OXA in the ovarian granulosa cells growth,
development and functions has not been studied.

In this study, we investigated the expression of orexin-A and OX1R in mouse primary
GCs and the effects of OX1R silencing on GCs proliferation, cell cycle progression, apoptosis,
oocyte maturation, and the underlying molecular mechanisms involved in these processes.
Moreover, we explored the signaling pathway by which OXA regulates proliferation and
apoptosis in mouse granulosa cells.

2. Materials and Methods
2.1. Chemicals and Antibodies

Fetal bovine serum (FBS), phosphate-buffered saline (PBS), and Dulbecco’s modified
Eagle’s medium F12 (DMEM/F12) were provided by Hyclone, Inc. (Logan, UT, USA).
The Lipofectamine® RNAiMAX transfection reagent was bought from Invitrogen, Life
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Technology, Inc. (Carlsbad, CA, USA), and OPTIMEM® was purchased from Gibco (USA).
Total RNA Kit I was obtained from Omega Biotech (Norcross, GA, USA). The FastKing RT
Kit was bought from Tiangin Biotech, Co., Ltd. (Tiangin, China). The BCA Protein Assay Kit
was bought from Pierce (Rockford, IL, USA). The SYBR Green Master Mix was purchased
from Qiagen (Hilden, Germany). The Annexin V FITC/PI apoptosis detection kit was
purchased from KeyGen Biotech (Nanjing, China). Cell Counting Kit-8 was obtained from
Donjindo Molecular Technologies, Inc. (Rockville, MD, USA). The OX1R antibody and
the RIPA buffer were obtained from ThermoFisher Scientific (USA). Caspase-3, P21 were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Bax was obtained
from Abcam (Cambridge, UK), while PCNA, Bcl-2, and TNF-α were purchased from San
Ying Bio-Tech (Wuhan, China). Antibodies p-Akt and p-ERK1/2 were bought from CST
(Danvers, MA, USA). GAPDH was purchased from XianZhi BioTech (Tiangin, China).

2.2. Experimental Mice

Three- and six-week-old experimental female mice (Kunming white strain) were
purchased from Hubei Animal Breeding Center, Wuhan, China, and managed in a room
with controlled humidity (65%) and temperature (64–79 ◦F) and the 12 h light/dark cycle.
The mice were provided water and food round the clock. The experimental use of female
mice in this study was performed in accordance with animal welfare standards approved by
the Research Animal Ethics Committee of Huazhong Agricultural University (HZAUMO-
2021–0016).

2.3. Cell Isolation and Culture

Female mice were killed by cervical dislocation, and the ovaries were collected under
sterile conditions in fresh PBS. The isolated ovaries were punctured with needles, me-
chanically minced, and centrifuged at 1500 rpm for 5 min as previously described [20].
The supernatant was discarded, and pure GCs were seeded in a classic culture medium
(DMEM/F12) enriched with 10% FBS and penicillin/streptomycin (100 U/mL). The cells
were cultured in a humidified incubator (5% CO2, 95% O2) at 37 ◦C for 48 h. The identifica-
tion and purity of GCs were checked by immunocytochemical staining of FSHR, a marker
gene for granulosa cells.

2.4. Transfection with siRNA

Mouse primary granulosa cells were transfected with a pool of three siRNAs targeting
OX1R and non-targeting control (NC) sequences using Lipofectamine® RNAiMAX for 48 h.
Both RNAiMAX and siRNAs were carefully diluted in OPTIMEM® for granulosa cells
transfection following the manufacturer’s guidelines. From a pool of three siRNAs, the
siRNA with the highest silencing capacity (referred to as siOX1R in this manuscript) was
selected for further experiments. The sequences of OX1R siRNAs are shown in Table 1.

Table 1. The sequences of NC and siRNAs used in this study.

siRNAs Sense Antisense

NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT
siOX1R-A GGAGGAAGACGGCUAAGAUTT AUCUUAGCCGUCUUCCUCCTT
siOX1R-B GGCUUUGUGCAAGGUCAUUTT AAUGACCUUGCACAAAGCCTT
siOX1R-C GCCACCCACUGUUGUUCAATT UUGAACAACAGUGGGUGGCTT

2.5. Total RNA Extraction and the RT-qPCR Assay

RNA from mouse granulosa cells was extracted using Total RNA Kit I following the
manufacturer’s instructions. After checking the quantity and purity using a Nanodrop
2000 Analyzer (Thermo Scientific, DE, USA), 1 µg of total RNA was used for cDNA synthe-
sis using a FastKing RT Kit following the manufacturer’s guidelines. The expression of
the OXA, OX1R, caspase-3, Bcl-2, P21, PCNA, BMP15, and GDNF9 genes was investigated
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using the SYBR Green Master Mix. RT-qPCR values were standardized with β-actin, and
the calculation of expression fold changes of the target gene was performed using the
2−∆∆Ct method. The sequences of specific primers for RT-qPCR are listed in Table 2.

Table 2. The sequences of primers used for RT-qPCR.

Gene Symbol Primer Sequences Temp. (°C) Product (bp)

OXA-F GCGCAGAGCTAGAGCCACAT
59 192OXA-R TGCTAAAGCGGTGGTAGTTACG

OX1R-F GCTAGTGTACGCCAACAGTG
53 216OX1R-R GACAGCACGGTAGTGACGG

P21-F AACTGACTGCTCCCCTGTCTA
57 108P21-R CTCTATGGTTACCGCCTCCTC

PCNA-F GTGGATAAAGAAGAGGAGGCG
58 111PCNA-R TGTAGGAGACAGTGGAGTGGC

Bax-F GCCTCCTCTCCTACTTCGG
55 187Bax-R AAAAATGCCTTTCCCCTTC

Bcl-2-F TCTCTCGTCGCTACCGTCG
58 123Bcl-2-R CCCAGTTCACCCCATCCCT

GDF9-F CGGCTCCATCGCTTACAAA
54 187GDF9-R CTTCCCCCGCTCACACAGT

BMP15-F GAAAATGGTGAGGCTGGTAA
59 152BMP15-R GATGAAGTTGATGGCGGTAA

β-Actin-F CACGATGGAGGGGCCGGACTCATC
55 241

β-Actin-R TAAAGACCTCTATGCCAACACAGT

2.6. Protein Extraction and Western Blot Assay

Total protein from siRNA-transfected mouse GCs was extracted using a RIPA buffer
containing 1% protease inhibitor, 1% phenylmethanesulfonyl fluoride, and 1% phosphate
buffer. A BCA protein assay kit was used to quantify total protein following the manu-
facturer’s instructions, and the samples were kept at –80 ◦C for subsequent use. Equal
volumes of total protein per samples were separated using 12% SDS–PAGE and transferred
to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). The membranes
were treated with 5% skimmed milk diluted in Tris-buffered saline for 2 h at room temper-
ature and incubated overnight at 4 ◦C with specific antibodies; OX1R (1:300); caspase-3,
P21 (1:500); Bax (1:1000); p-ERK1/2 (1:1000); Bcl-2, TNF-α, PCNA (1:1000); p-AKT (1:2000);
GAPDH (1:1000); and HRP-labeled goat anti-rabbit or rabbit anti-goat antibodies (1:3000).
The identification of target proteins in each sample was performed using enhanced chemi-
luminescence (Bio-Rad, USA) following the manufacturer’s instructions. Finally, Western
blot analysis was performed using the Gel-Pro Analyzer version 6 (Media Cybernetics,
Rockville, MD, USA) and ImageJ software, and the results were standardized with GAPDH.

2.7. Cell Proliferation Assay

For proliferation assessment, mouse GCs were transfected with siOX1R and NC and
cultured in 96-well culture plates at 2 × 105 cells per well for 48 h at 37 ◦C. The proliferation
capacity of GCs was determined using Cell Counting Kit-8 according to the manufacturer’s
protocol. The viability of cells was measured based on the quantity of a viable indicator
dye, formazan. In each well, 100 mL of the CCK-8 solution was added to 10% culture media
and incubated for 2 h in the dark at 37 ◦C. Then, the absorbance at the OD of 450 nm for
each experimental sample was measured using a microplate reader (PerkinElmer, EnSpire,
USA). This result was further confirmed by measuring the protein and mRNA expression
levels of the proliferation marker gene, PCNA.

2.8. Apoptosis Assay

Mouse GCs apoptosis was assessed with flow cytometry using an apoptosis kit
(Annexin V FITC/PI) following the manufacturer’s protocol. Mouse primary granulosa
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cells were transfected with siOX1R and NC for 48 h at 37 ◦C. The cells were lysed using
trypsin, washed three times with PBS, and resuspended in 500 mL of the binding buffer.
Then, the cells were stained with Annexin V FITC (5 µL) and PI (5 µL) in a dark chamber at
4 ◦C for 20 min. Finally, the samples were analyzed with flow cytometry using FACSVerse
Calibur (BD Biosciences, Columbia, USA) according to the manufacturer’s instructions. The
results of flow cytometry were verified by measuring the protein and mRNA expression
levels of apoptosis-related genes.

2.9. Cell Cycle Assay

For the assessment of cell cycle progression, GCs were harvested using trypsin after
siOX1R transfection for 48 h at 37 ◦C. The harvested cells were extensively washed with
cold PBS three times and kept in 75% ethanol at 4 ◦C for 12 h. Then, the cells were washed
with PBS three times and stained with the PI solution (400 mL) and RNase (100 mL) for
30 min under darkened conditions. FACSVerse Calibur (BD Biosciences, USA) was used
to assess the cell cycle progression, and the ModFit LT software (version 4) was used to
analyze the percentage of cells in each cell cycle phase. For each analysis, a minimum of
20,000 cells were analyzed.

2.10. Statistical Analysis

The SPSS (SPSS Inc., Chicago, IL) software was used for statistical analysis of the
data obtained from three independent experiments. Student’s t-test was performed to
determine significant differences between the treatment and control groups. One-way
ANOVA followed by Tukey’s t-test was performed to find the significant difference between
different groups. The significant difference was defined as p < 0.05. All the results are
shown as the means ± SEM as depicted in graphs using GraphPad Prism 7.

3. Results
3.1. Orexin-A via OX1R Regulates Mouse GCs during Different Developmental Stages

To explore the potential involvement of OXA and OX1R in different developmen-
tal stages of mouse granulosa cells, the mRNA expression levels of OXA and OX1R in
GCs of the three- and six-week-old female mice were determined using RT-qPCR. The
results showed that the mRNA expression levels of OXA and OX1R were significantly
higher (* p < 0.05, Figure 1A; ** p < 0.01, Figure 1B, respectively) in the six-week-old com-
pared to three-week-old female mice, indicating that the expression of OXA and OX1R is
developmentally regulated.
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Figure 1. The expression of OXA and OX1R during different developmental stages of mouse GCs.
(A,B) GCs of 3 week and 6 week-old female mice were cultured for 48 h, and total RNA was extracted.
The mRNA expression of OXA and OX1R in mouse GCs of three- and six-week-old mice were
detected using RT-qPCR. The expression values were normalized against β-actin and shown as the
means ± SEM; * p < 0.05 and ** p < 0.01; GCs, granulosa cells; OXA, orexin-A; OX1R, orexin receptor
type 1.
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3.2. The Expression of OX1R Was Efficiently Knocked down by Short Interfering RNA (siRNA) in
Mouse GCs

To investigate the involvement of OXA in the development and regulation of mouse
GCs functions, we used short interfering RNA (siRNA) to disrupt the expression of OX1R,
a specific receptor of orexin-A, at the transcriptional and translational levels in mouse
GCs. To enhance the efficiency of OX1R downregulation, we assessed a pool of three
siRNAs targeting different regions of OX1R, namely siRNA-A, siRNA-B, and siRNA-C.
After transfection for 48 h, Western blotting and RT-qPCR were performed to determine
the transfection efficiency of OX1R siRNAs (siOX1R). The results showed that siRNAs
transfection significantly inhibited the expression of OX1R in GCs at the protein and mRNA
levels compared with the negative control. The Western blot and RT-qPCR analysis revealed
that siRNA-B had the highest silencing capacity at the protein (0.2251 ± 0.022, *** p < 0.001;
Figure 2A,B) and mRNA (0.5093 ± 0.07, *** p < 0.001; Figure 2C) levels. Therefore, siRNA-B
was selected for further experiments to explore the novel functions and regulatory roles of
orexin-A in mouse primary GCs.
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mRNA expression levels of OX1R were measured using Western blotting and RT-qPCR in siRNA-transfected mouse GCs.
The values show the expression levels of OX1R relative to β-actin (RT-qPCR) and GAPDH (Western blotting). The data
from three independent experiments were presented as the means ± SEM. Different superscripts a,b,c,d represent the level of
significance between NC and siRNAs (p < 0.05). OX1R, orexin receptor 1; GC, granulosa cells; siOX1R, orexin receptor 1
siRNA; NC, negative control; siRNA, short interfering RNA.

3.3. Downregulation of OX1R Promoted Apoptosis in Mouse GCs

For this study, Annexin V FITC/PI and flow cytometry were used to explore the role
of OXA via OX1R in the regulation of mouse GCs apoptosis after transfection with siOX1R
for 48 h. The results of flow cytometry showed that the apoptosis rate was significantly
higher in siOX1R-transfected GCs groups (10.41 ± 0.50 vs 15.81 ± 0.33, *** p < 0.001) in
comparison with the negative control GCs groups (Figure 3A,B). Downregulation of OX1R
leads to the promotion of apoptosis in mouse GCs.
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Figure 3. Downregulation of OX1R promoted apoptosis in mouse primary GCs. (A) Following the transfection with siOX1R
and NC for 48 h, apoptosis in GCs was determined using flow cytometry. (B) The percentage of apoptosis was analyzed
separately for early (lower right quadrants), late (upper right quadrants), and total apoptosis. The results are presented as
the means ± SEM of three independent experiments. Different superscripts represent the level of significance between NC
and siOX1R (** p < 0.01, *** p < 0.001). OX1R, orexin receptor type 1; NC, negative control; GCs, granulosa cells; siOX1R,
orexin receptor type 1 siRNA.

3.4. Knockdown of OX1R Altered the Expression of Apoptosis-Related Genes in Mouse GCs

To find out the underlying molecular mechanism of OXA-mediated apoptosis in
mouse GCs, Western blot and RT-qPCR assays were performed to investigate the expres-
sion levels of the key apoptosis regulator genes. The knockdown of OX1R resulted in
a significant reduction in the expression of Bcl-2 (anti-apoptotic factor) at the protein
(*** p < 0.001, Figure 4A) and mRNA (** p < 0.01, Figure 4B) levels compared with negative
control groups. The protein and mRNA expression levels of proapoptotic factors, caspase-3
(*** p < 0.001, Figure 4A; **p < 0.01, Figure 4B), Bax (*** p < 0.001, Figure 4A; ** p < 0.01,
Figure 4B), were found significantly higher in siOX1R-transfected GCs groups compared
with NC groups. Moreover, the protein expression of TNF-α (*** p < 0.001, Figure 4A) was
also upregulated after siOX1R transfection of mouse GCs.



Molecules 2021, 26, 5635 8 of 15

Molecules 2021, 26, x FOR PEER REVIEW 8 of 16 
 

 

 

Figure 3. Downregulation of OX1R promoted apoptosis in mouse primary GCs. (A) Following the transfection with 
siOX1R and NC for 48 h, apoptosis in GCs was determined using flow cytometry. (B) The percentage of apoptosis was 
analyzed separately for early (lower right quadrants), late (upper right quadrants), and total apoptosis. The results are 
presented as the means ± SEM of three independent experiments. Different superscripts represent the level of significance 
between NC and siOX1R (** p < 0.01, *** p < 0.001). OX1R, orexin receptor type 1; NC, negative control; GCs, granulosa 
cells; siOX1R, orexin receptor type 1 siRNA. 

3.4. Knockdown of OX1R Altered the Expression of Apoptosis-Related Genes in Mouse GCs 
To find out the underlying molecular mechanism of OXA-mediated apoptosis in 

mouse GCs, Western blot and RT-qPCR assays were performed to investigate the expres-
sion levels of the key apoptosis regulator genes. The knockdown of OX1R resulted in a 
significant reduction in the expression of Bcl-2 (anti-apoptotic factor) at the protein (*** p 
< 0.001, Figure 4A) and mRNA (** p < 0.01, Figure 4B) levels compared with negative con-
trol groups. The protein and mRNA expression levels of proapoptotic factors, caspase-3 
(*** p < 0.001, Figure 4A; **p < 0.01, Figure 4B), Bax (*** p < 0.001, Figure 4A; ** p < 0.01, 
Figure 4B), were found significantly higher in siOX1R-transfected GCs groups compared 
with NC groups. Moreover, the protein expression of TNF-α (*** p < 0.001, Figure 4A) was 
also upregulated after siOX1R transfection of mouse GCs. 

 

Molecules 2021, 26, x FOR PEER REVIEW 9 of 16 
 

 

 

Figure 4. Knockdown of OX1R altered the expression of the key apoptotic regulator genes in mouse GCs. (A) Relative 
protein expression levels of Bax, caspase-3, Bcl-2, and TNF-α measured by Western blotting in mouse GCs after siOX1R 
transfection for 48 h. (B) Relative mRNA expression levels of Bax, caspase-3, and Bcl-2 detected by RT-qPCR in mouse 
GCs after siOX1R transfection for 48. The values show the expression levels of TNF-α, caspase-3, Bax, and Bcl-2 relative 
to β-actin (RT-qPCR) and GAPDH (Western blotting), and the data are shown as the means ± SEM of three independent 
experiments (** p < 0.01, *** p < 0.001). NC, negative control; OX1R, orexin receptor type 1; GCs, granulosa cells; siOX1R, 
orexin receptor type 1 siRNA. 

3.5. Downregulation of OX1R Induced S-Phase Arrest of the Cell Cycle in Mouse GCs 
To find out the influence of OXA on cell cycle progression of mGCs, the siOX1R-

transfected cells were stained with PI/RNase, and the percentage of cells in each phase of 
the cell cycle were analyzed using flow cytometry. The results showed that siOX1R trans-
fection induced S-phase arrest in the cell cycle of mouse GCs compared to the negative 
control (** p < 0.01, Figure 5A,B). To verify the cell cycle assay findings, we performed the 
transcriptional and translational analysis of the S-phase of cell cycle regulator marker 
gene, P21. RT-qPCR and Western blot assays showed the upregulated expression of P21 
at the protein (*** p < 0.001, Figure 5C,D) and mRNA (** p < 0.01, Figure 5E) levels after 
siOX1R transfection for 48 h as compared to the negative control. 

 

Figure 4. Knockdown of OX1R altered the expression of the key apoptotic regulator genes in mouse GCs. (A) Relative
protein expression levels of Bax, caspase-3, Bcl-2, and TNF-α measured by Western blotting in mouse GCs after siOX1R
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3.5. Downregulation of OX1R Induced S-Phase Arrest of the Cell Cycle in Mouse GCs

To find out the influence of OXA on cell cycle progression of mGCs, the siOX1R-
transfected cells were stained with PI/RNase, and the percentage of cells in each phase
of the cell cycle were analyzed using flow cytometry. The results showed that siOX1R
transfection induced S-phase arrest in the cell cycle of mouse GCs compared to the negative
control (** p < 0.01, Figure 5A,B). To verify the cell cycle assay findings, we performed the
transcriptional and translational analysis of the S-phase of cell cycle regulator marker gene,
P21. RT-qPCR and Western blot assays showed the upregulated expression of P21 at the
protein (*** p < 0.001, Figure 5C,D) and mRNA (** p < 0.01, Figure 5E) levels after siOX1R
transfection for 48 h as compared to the negative control.
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Figure 5. OX1R silencing induced S-phase arrest of the cell cycle in mouse GCs. (A) Measurement of the cell cycle
progression using flow cytometry in mouse GCs after transfection with siOX1R for 48 h and (B) the cells distribution in
different phases of the cell cycle. The significant difference (** p < 0.01) between different groups is shown with letters
‘a’ and ‘b’ within columns. (C–E) The expression of P21 at the mRNA and protein levels. The data are shown as the
means ± SEM (** p < 0.01, *** p < 0.001). OX1R, orexin receptor type 1; NC, negative control; GC, granulosa cells; siOX1R,
orexin receptor 1 siRNA; FACS, fluorescence-activated cell sorting.

3.6. Knockdown of OX1R Inhibited Proliferation of Mouse GCs In Vitro

To find out the role of OXA in cell proliferation, following the siRNA-mediated down-
regulation of OX1R, the proliferation rate in mouse GCs was measured using Cell Counting
Kit-8. The results revealed that OX1R silencing led to the suppression of proliferation in
siOX1R-transfected GCs groups compared to the NC groups (*** p < 0.001, Figure 6C).
Additionally, we verified this result by investigating the expression of the proliferation
marker gene, PCNA, at the translational and transcriptional levels after the downregula-
tion of OX1R in GCs. The Western blotting and RT-qPCR results showed downregulated
expression of PCNA at the protein (*** p < 0.001, Figure 6A,B) and mRNA (** p < 0.01,
Figure 6A,B) levels in siRNA-transfected GCs groups as compared to the NC groups.
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Figure 6. Knockdown of OX1R suppressed proliferation of mouse GCs. (A–C) The expression of the proliferation marker
gene, PCNA, at the protein and mRNA levels was analyzed using Western blotting and RT-qPCR in mouse GCs after
siOX1R and NC transfection for 48 h. (D) The proliferation rate of siOX1R-transfected GCs groups and the negative control
groups were evaluated using the CCK-8 assay. The results are shown as the means ± SEM, and significant differences are
indicated with error bars with asterisks (** p < 0.01 and *** p < 0.001). NC, Negative control; siOX1R, orexin receptor type 1
siRNA; OX1R, orexin receptor type 1; GCs, granulosa cells.

3.7. Knockdown of OX1R Regulates Apoptosis and Proliferation through the AKT/ERK1/2
Signaling Pathway

To elucidate the novel signaling pathways by which OXA via OX1R regulates the pro-
liferation and apoptosis in mouse GCs, we assessed the phosphorylation level of the AKT
and ERK1/2 proteins by Western blotting following the siRNA-mediated downregulation
of OX1R. The downregulation of OX1R significantly inhibited the phosphorylation level
of the AKT and ERK1/2 proteins compared to the negative control groups (*** p < 0.001,
Figure 7A–C. These results demonstrate that OXA promotes proliferation and suppresses
apoptosis in mouse GCs by activating the AKT/ERK1/2 signaling pathway.
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Figure 7. Effect of OX1R knockdown on the phosphorylation level of the AKT and ERK1/2 proteins in mouse GCs.
(A–C) Mouse GCs were transfected with siOX1R for 48 h, and the protein was extracted for Western blot analysis of
the phosphorylation level of the AKT and ERK1/2 proteins. The Western blot results were standardized with GAPDH
and are presented as the means ± SEM. The significant differences between the siOX1R-transfected cells groups and the
negative control group is indicated with error bars with asterisks (*** p < 0.001). OX1R, orexin receptor type 1; NC, negative
control; GCs, granulosa cells; siOX1R, orexin receptor type 1 siRNA; AKT, Akt serine/threonine kinase; ERK, extracellular
signal-regulated kinase.
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3.8. Knockdown of OXA Altered the mRNA Expression of Oocyte-Related Factors in Mouse GCs

To find out the regulatory role of OXA in the ovarian functions of female mice, an
RT-qPCR assay was performed to quantify the mRNA expression levels of oocyte-related
factors, the BMP15 (bone morphogenetic protein 15) and GDF9 (growth differentiation
factor 9) genes. The results showed that siRNA-mediated downregulation of OX1R sig-
nificantly promoted the mRNA expression level of GDF9 (*** p < 0.001, Figure 8A) and
downregulated the mRNA expression level of BMP15 (** p < 0.01, Figure 8B). These results
indicate the potential involvement of the OXA–OX1R signaling in intraovarian functions
and oocyte maturation.
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Figure 8. Effect of OX1R knockdown on the expression of oocyte-related genes in mouse GCs.
(A,B) The mRNA expression of GDF9 and BMP15 was detected using RT-qPCR following siOX1R
transfection for 48 h. The results are presented as the means ± SEM, and significant differences are
indicated with error bars with asterisks (** p < 0.01, *** p < 0.001). NC, negative control; siOX1R,
orexin receptor type 1 siRNA; OX1R, orexin receptor type 1; GC, granulosa cells; GDF9, growth
differentiation factor 9; BMP15, bone morphogenetic protein 15.

4. Discussion

Since the discovery of orexins, the involvement of orexin-A in the hypothalamic–
pituitary–ovarian axis has been documented; however, its regulatory functions and molec-
ular mechanisms in the female reproductive system have remained unclear. Therefore, we
investigated the expression of OXA and OX1R at different developmental stages of GCs
and explored their involvement in the regulation of proliferation, cell cycle progression,
apoptosis, oocyte maturation, and the underlying molecular mechanisms of these processes
in mouse primary granulosa cells, extending its functions beyond its primary role in several
biological regulatory processes [6,21–24]. Moreover, we also explored the novel signaling
pathway by which orexin-A regulates the proliferation and apoptosis of mouse GCs.

We first confirmed the mRNA expression of OXA and OX1R in primary granulosa
cells of three- and six-week-old female mice. The results demonstrated that the mRNA
expression levels of OXA and OX1R were significantly higher in GCs of six-week-old mice
than in those of the three-week-old mice, suggesting that OXA plays a key regulatory role
during different developmental stages of mouse GCs. OXA selectively binds to its specific
receptor, OX1R, to perform all biological functions; therefore, we disrupted the expression
of OX1R by siRNA transfection in mouse GCs to explore novel regulatory functions of OXA
in GCs. The Western blot and RT-qPCR analysis showed that the expression of OX1R at the
mRNA and protein levels was significantly inhibited by siOX1R transfection in mouse GCs.

Proliferation and apoptosis are naturally occurring physiological processes during
the growth and development of follicles in the ovary [25–27]. The instructive interaction
between the survival signals and apoptosis is crucial in the growth of follicles and decides
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the fate of follicles for ovulation or atresia [28]. GCs apoptosis plays a vital role in the
induction of atresia in ovarian follicles [8,29]. Therefore, granulosa cells are crucial for
atresia, follicular growth, oocyte maturation, maintenance of pregnancy after ovulation,
and the estrous cycle [6,8,30]. Orexin-A’s ability in the regulation of cellular apoptosis has
been reported [31]. In this regard, the role of the OXA–OX1R signaling in regulating mouse
GCs has not been investigated. In this study, flow cytometry was used to assess the rate
of apoptosis after OX1R knockdown. The percentage of apoptosis in siOX1R-transfected
GCs groups was observed to be significantly higher than in the negative control groups,
indicating that OXA plays an important role in preventing mouse GCs apoptosis. This is
the first study to reveal that OXA via OX1R protects GCs apoptosis and, therefore, it is an
antiapoptotic agent in mouse primary GCs.

To further explore the underlying mechanism of OXA-mediated apoptosis, the mRNA
and protein expression of apoptosis-related genes was analyzed in mouse GCs. The
knockdown of OX1R significantly upregulated the expression of Bax and caspase-3 through
downregulation of the expression of Bcl-2 at the mRNA and protein levels. Moreover, the
protein expression level of TNF-α was also upregulated following the OX1R knockdown.
The Bcl-2 family participates in the mitochondrion-mediated apoptotic pathway, and this
is regarded as a primary factor in regulating germ cells apoptosis in females [32–34]. The
overexpression of Bax accelerates cellular apoptosis [35]. Caspase-3 is a key factor in
increasing the apoptosis rate in all kinds of cells, which initiates a cascade of caspases to
induce apoptosis in cells [36,37]. Our results suggest that the OXA–OX1R signaling protects
mouse GCs apoptosis through modulating the caspase-3-dependent apoptotic pathway.

Proliferation is a critical process in the physiology of the ovary and takes part in the
growth of oocytes and folliculogenesis [38]. Granulosa cells change their physiological and
morphological properties during follicular formation, and these changes are connected
to cell proliferation. Abnormal folliculogenesis can cause ovarian pathologies like cancer,
infertility, and polycystic ovarian syndrome [39]. The results of this study clearly show
that siRNA-transfected mouse GCs had a lower proliferation capacity in comparison with
the negative control groups, suggesting the pro-proliferative function of OXA in mouse
granulosa cells. Moreover, the expression of PCNA, a proliferation marker [40], was
significantly decreased at the protein and mRNA levels after the OX1R downregulation,
reinforcing our proliferation assay results. Our findings agree with a previous report
showing that OXA treatment stimulated the proliferation in pancreatic cancer cells by
inhibiting apoptosis through the Akt/mTOR signaling pathway [41].

Transition of the cell cycle from one phase to the next varies in different cells. The
G1/S checkpoint is very important for regulating cell proliferation by transmitting and
integrating molecules into the nucleus through intracellular and extracellular signals [42].
Cell proliferation is generally controlled at the G1 phase in the cell division cycle. In this
study, the cell cycle assay results showed that downregulation of OX1R resulted in the
S-phase arrest in the cell cycle of mouse GCs, which is the phase of DNA replication. Our
results also showed the upregulated expression of the cell cycle inhibitor gene, P21, in
mouse GCs following the downregulation of OX1R. As cell cycle arrest is a significant
stopping point of cell division activities or cell duplication, we infer that OX1R knockdown
promotes GCs apoptosis and inhibits proliferation by regulating the cell cycle.

The expression of the AKT and ERK proteins and their key role in the regulation of
apoptosis, proliferation, differentiation of all types of cells have been reported, and other im-
portant physiological functions are also the result of phosphorylation of these transcription
factors [43,44]. Granulosa cell proliferation is a crucial step in the development of follicles.
Several previous research reports have demonstrated the involvement of the AKT and ERK
signaling pathways [45]. The molecular mechanism by which orexin-A/OX1R signaling
regulates proliferation and apoptosis of mouse GCs is not clear. Therefore, we further in-
vestigated how OXA influences GCs proliferation and apoptosis. Our study results showed
that downregulation of OX1R resulted in the inhibition of phosphorylation levels of the
ERK1/2 and AKT proteins, thereby suppressing proliferation and promoting apoptosis in
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mouse GCs. Consistent with our findings, previous reports showed that orexin-A regulates
the ERK1/2 and AKT pathway-mediated proliferation and apoptosis in hepatocytes [31]
and 3T3-L1 preadipocytes [46]. Therefore, this study suggests that orexin-A is a positive
regulator of the AKT/ERK1/2 signaling pathways and promotes proliferation and inhibits
apoptosis of mouse GCs through the AKT/ERK1/2 signaling pathway.

Bone morphogenetic protein 15 (BMP15) and growth differentiation factor 9 (GDF9)
are secreted from oocytes [47]. These factors are involved in the regulation of ovarian
functions [3,48] and play an essential role in the maturation and growth of primary follicles.
In this study, the mRNA expression of BMP15 was downregulated while GDF9 was
upregulated in OX1R-silenced mouse GCs. The inhibited expression of BMP15 leads to
the disruption of CC expansion, which causes impaired ovulation [49]. Since the functions
of OXA in reproductive cells have recently been identified, the observed dysregulation of
BMP15 and GDF9 can be the molecular mechanisms by which OXA functions to maintain
proper proliferation of granulosa cells and effective fertility in females.

5. Conclusions

In conclusion, this study demonstrated the expression of orexin-A (OXA) and orexin
receptor 1 (OX1R) in mouse primary granulosa cells (GCs). The siRNA-mediated inhibition
of OX1R promoted apoptosis and inhibited proliferation in mouse GCs by triggering the
S-phase arrest in the cell cycle progression via the novel signaling pathway (AKT/ERK1/2
signaling pathway). Moreover, OX1R downregulation altered the expression of oocyte-
secreted factors BMP15 and GDF9. These findings provide extensive functional evidence of
orexin-A and its receptor in the mouse primary granulosa cells development and functions.
Therefore, orexin-A can be used as a therapeutic target for the treatment of female infertility.
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