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Simple Summary: Granulosa cells (GCs) provide nutrients and information for oocytes in porcine
follicles. Follicular atresia is closely related to both apoptosis and autophagy of granulosa cells in
ovarian follicles; however, the follicular stages of granulosa cell apoptosis or autophagy during
follicular development or atresia are poorly understood. We found that autophagy and apoptosis of
GCs occurred in GCs from different size follicles during follicular development, and autophagy was
mainly found in GCs of medium follicles, while apoptosis was mainly found in GCs of large follicles.
These data provided some useful information to understand follicular atresia which is related to the
fertility of sows.

Abstract: Follicular atresia is closely related to both apoptosis and autophagy of granulosa cells
(GCs) in ovarian follicles. In the present study, GCs were isolated from pig ovaries in small, medium
and large antral follicles, and the current results showed that the proliferation of GCs was higher
in medium follicles, and lower in large follicles compared to small follicles. The Bax and Caspase 3
mRNA levels were significantly higher, but the ratio of Bcl-2/Bax was lower in GCs of large follicles.
The marker genes of autophagy, Atg3, Atg7 and LC3 mRNA levels were higher in GCs from medium
follicles. Apoptosis- and autophagy-related proteins had a similar expression pattern to the mRNA
level. Our results showed that phosphorylated ERK (p-ERK) was activated in GCs of large follicles,
while phosphorylated AKT (p-AKT) and phosphorylated mTOR (p-mTOR) were inhibited in GCs of
medium follicles. Labeling of autophagic vesicles with 4’,6-diamidino-2-phenylindole (DAPI) and
monodansylcadaverine (MDC) confirmed the results of gene transcription and protein expression in
GCs of different size follicles. We conclude that autophagy and apoptosis of GCs occurred in different
size follicles during follicular development, and autophagy was mainly found in GCs of medium
follicles, while apoptosis was mainly found in GCs of large follicles.
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1. Introduction

Many factors regulate the process of ovarian follicle development, which includes endocrine,
paracrine and autocrine factors aimed to promote ovulation; however, only 1% or less of follicles in
the ovary reach the preovulatory stage and about 99% of follicles undergo the degenerative process
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called atresia [1]. Although granulosa cell (GC) apoptosis is confirmed to be the main reason for
follicular atresia [2], increasing evidence suggests that autophagy is induced in ovarian GCs during
follicular atresia to promote apoptotic cell death by excessive self-digestion and degradation of essential
cellular constituents [3,4]. Autophagy is a potential mechanism to alleviate cellular stress induced
by hyperthermia in different follicular stages of the pig ovary [5]; nevertheless, the inhibition of
transcription factor nuclear factor- κB (NF- κB) increased autophagy of porcine granulosa cells via JNK
signaling and promoted steroidogenesis [6].

Autophagy and apoptosis are two inseparable processes. Autophagy is a process of degradation
and recycling of cellular constituents resulting in constitutive, dynamic, evolutionarily conserved
catabolism to maintain cell survival under various conditions of starvation, hypoxia, and interruption
of growth signaling. However, the results of many studies suggest that autophagy promotes cell death
and can be triggered by various stimuli that induce apoptosis [7,8]. In humans, the exposure of cells to
oxidized low-density lipoprotein that induces endothelial cell apoptosis results in granulosa cell death
by autophagy [9]. In rat GCs, serum starvation induced accumulation of autophagosomes to activate
cell apoptosis through decreased Bcl-2 expression, which suggests that autophagy may promote GC
apoptosis [10]. In mice, Follicle stimulating hormone (FSH)induces autophagy signaling in GCs via
HIF-1α [11]. Therefore, autophagy may be involved in folliculogenesis, as granulosa cells are the
primary site of apoptosis during follicle atresia [3].

Follicular atresia is not a redundant process and is in fact absolutely necessary for humans to
maintain a healthy reproductive system [12]. During follicular growth and development, antral follicles
are susceptible to atresia [13] and secondary or tertiary follicles are highly likely to become early atretic
follicles if FSH is suppressed [14]. The GCs isolated from atretic follicles had higher susceptibility to cell
apoptosis accompanied by higher expression of FasL mRNA in GCs, suggesting that follicular atresia
may be regulated in a stage-specific manner [15]. A recent study demonstrated that the accumulation
of autophagosomes induced apoptotic GC death through the decreased expression of Bcl-2 and the
subsequent activation of caspases [3], suggesting that the autophagy of GCs leads to follicular atresia.
In pig, although many of the recruited follicles in each estrous cycle proceed to ovulation, there
remain many follicles destined for atresia. Therefore, analyses of GC autophagy are very helpful to
understand the mechanism of follicle atresia in pigs. However, the stage-specific follicular atresia and
signaling pathway that regulates GC autophagy during follicular development and/or atresia are not
fully understood.

In the present study, we hypothesized that autophagy and apoptosis of porcine GCs occurred in
different size follicles during follicular development. To test this hypothesis, the GCs were collected
from small follicles (S-GCs), medium follicles (M-GCs) and large follicles (L-GCs), and marker genes
and proteins of autophagy and apoptosis in GCs were investigated, respectively.

2. Materials and Methods

2.1. Ethics Statement

The present study was approved by the ethics committee of Northwest Agricultural and Forestry
University, Shaanxi, China.

2.2. Granulosa Cell Isolation and Culture

The ovaries were obtained from adult pigs at a local abattoir, irrespective of the estrous cycle and
transported to the laboratory in pre-warmed (37 ◦C) saline with 100 IU/mL penicillin and 100 µg/mL
streptomycin. Follicles with clear and transparent fluid, slightly yellow follicular membranes and
evenly distributed capillaries were healthy follicles. A 5 mL syringe with a 25-gauge needle was used
to extract follicular fluid with granulosa cells from small follicles (follicle diameter less than 2 mm),
medium follicles (follicle diameter between 2 and 6 mm) and large follicles (follicle diameter bigger than
6 mm). The cell suspension was then filtered through a 150 mesh steel sieve (Sigma-Aldrich, China) and
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centrifuged at 500× g for 10 min at room temperature. The cell sediment was diluted to 10 mL using
fresh medium and the viability of GCs was assessed using the Trypan blue dye exclusion procedure.

To get the stable cells, GCs were cultured in serum-free medium that was conducive to the
maintenance of both estradiol secretion and responsiveness to FSH. These responses were characterized
using the procedures previously described [16], with a few modifications. Briefly, cells were cultured
at a density of 1 × 106/mL with DMEM/F12 containing sodium bicarbonate (10 mM), sodium
selenite (4 ng/mL), bovine serum albumin (BSA) (0.1%, W/V, Sigma-Aldrich, St. Louis, MI, USA),
penicillin (100 U/mL), streptomycin (100 µg/mL), transferrin (2.5 µg/mL), nonessential amino acid mix
(1.1 mmol/L), insulin (10 ng/mL), androstenedione (10−7 M) and FSH (10 ng/mL, BIONICHE INC.
Ottwa, ON, Canada). Cultures were maintained at 37 ◦C in 5% CO2 for 2 days. On day 2, GCs were
harvested for further analysis.

2.3. Assessment of Cell Proliferation

A MTT assay kit was used to assess the proliferation of the GCs according to the manufacturer’s
guidelines. Briefly, cells were cultured in 96-well plates (Corning Inc., Shanghai, China) at a density
of 104/100 µL. Four hours later, MTT solution (20 µL; 5 mg/mL) was added to each well and mixed
gently. The cells with MTT solution were then incubated for 4 h at 37 ◦C and 5% CO2. A microplate
reader (BioTek, Winooski, VT, USA) was used to read the absorbance of samples at 450 nm and
620 nm. The standard curve of absorbance related to viable cell number was prepared by culturing
and measuring GCs at different plating densities in quintuplicate (from 1 × 103 to 5 × 105/200 µL) for 4
h. The number of viable cells/well was calculated based on a standard curve.

2.4. RNA Extraction and qRT-PCR

TRIzol reagent (Invitrogen Inc., Beijing, China) was used to extract total RNA from GCs according
to the manufacturer’s instruction. Briefly, the culture medium was removed and the GCs were
solubilized for 5 min at room temperature using 200 µL TRIzol in each well, and then transported into
a 1.5 mL centrifuge tube. Then 0.2 mL of chloroform was added into the tube and mixed well, and
the mixture was centrifuged at 12,000 g for 10 min at room temperature. The upper clear phase was
transferred carefully to a fresh tube and 0.5 mL of isopropanol was added into the tube and mixed by
vortex for 3 min. The mixture was centrifuged at 12,000 g for 10 min at 4 ◦C to precipitate the RNA.
The pellet was resuspended immediately in 20 µL RNase-free water. The concentrations of RNA were
quantified using a NanoDrop 2000 (Thermo, Waltham, MA, USA) at 260 nm absorbance. Reverse
transcription PCR was performed on 1 µg of DNase-treated total RNA. The reaction mixture consisted
of 1 mmol/L oligo-(dT) primer, 4 U Omniscript RTase, 0.25 mmol/L dNTP mix, and 19.33 U RNase
inhibitor. The total reaction volume was 20 µL, and the samples were incubated at 37 ◦C for 1 h, and
then terminated at 93 ◦C for 5 min.

Quantitative real-time PCR for gene expression was performed with SYBR Green I PCR Master
Mix in a reaction volume of 20 µL using the ABI system (Applied Biosystems 7900, Warrington, UK).
Common thermal cycling parameters (3 min at 95 ◦C, 40 cycles of 15 sec at 95 ◦C, 30 sec at 59 ◦C, and
30 sec at 72 ◦C) were used to amplify each transcript. Melting-curve analyses were performed to verify
product identity. Gapdh was used as a housekeeping gene for normalization of the expression level
of mRNA, the mRNA expression was calculated using ∆Ct = (CtmRNA − CtGapdh). All samples were
assessed in triplicate. Porcine specific primers of target genes for qRT-PCR are listed in Table 1.
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Table 1. Swine specific primer sequences for qRT-PCR.

Gene (5′–3′) Forward Primer (5′–3′) Reverse Primer Amplicon Size (bp)

Gapdh GGACTCATGACCACGGTCCAT TCAGATCCACAACCGACACGT 220
Bcl2 AGAGCCGTTTCGTCCCTTTC GCACGTTTCCTAGCGAGCAT 231
Bax ATGATCGCAGCCGTGGACACG ACGAAGATGGTCACCGTCTGC 296

Caspase3 TTGGACTGTGGGATTGAGACG CGCTGCACAAAGTGACTGGA 165
Atg3 CACGACTATGGTTGTTTGGCTATG GGTGGAAGGTGAGGGTGATTT 127
Atg7 AGATTGCCTGGTGGGTGGT GGGTGATGCTGGAGGAGTTG 1021
LC3 AGGTATTCAGTCACCTTTGTTTCA GAAACGGGCTCTGCAGTCTA 192

2.5. Western Blotting

Granulosa cells were harvested by using radioimmune precipitation assay lysis buffer (RIPA
buffer, Pierce Chemical, IL, USA) and protein was quantified by the BCA method (Pierce, Chemical,
IL, USA). Cell lysates containing 15 µg total protein were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE, 10% acrylamide gel), and the proteins were transferred
to polyvinylidene difluoride membranes (PVDF, Millipore, Billerica, MA, USA). After blocking with
5% BSA in Tris buffered saline (10 mM Tris, 150 mM NaCl, pH 7.4) containing 0.1% Tween-20 (TBS-T)
for 2 h, membranes were incubated with primary antibodies in TBST overnight at 4 ◦C. The antibodies
of BAX (1: 2000, # SC-20067), BCL2 (1: 2000, # SC-23960), Caspase 3 (1: 1000, # SC-56053), ATG3 (1:1000,
# SC-393660), ATG7 (1:500, # SC-376212), LC3 (1:2000, # SC-398822), mTOR (1:1000, # SC-517464),
p-mTOR (ser2448, 1:1000, # SC-293132) and β-actin (1:5000, # KM9001T) were obtained from Santa
Cruz Biotechnology (Santa Cruz, USA); AKT (1:3000, # 9272). The antibodies of p-AKT (1:3000,
# 4060), ERK1/2 (1:2000, # 4695) and p-ERK1/2 (1:2000, # 4370) were obtained from Cell Signaling
Technology (Cell Signaling, Danvers, MA, USA). Subsequently, the membranes were washed three
times in TBST and incubated for 2 h at room temperature with anti-rabbit HRP-conjugated IgG (1:5000,
# LK2001, Sungene Biotechnology, Tianjin, China) diluted in TBST with 5% BSA. The protein bands
were labeled on the membranes using an enhanced chemiluminescence (ECL, Millipore, Danvers, MA,
USA) detection system. Semiquantitative analysis was performed using the Image J software (NIH,
Bethesda, MD, USA).

2.6. Assessment of Cell Apoptosis

The percentage of apoptotic GCs were analyzed by flow cytometry with an Annexin V-FITC
apoptosis detection kit according to the manufacturer’s instructions. Briefly, after 2 days culture, GCs
were transferred into a sample tube and were washed twice in PBS, then resuspended in 400 µL binding
buffer. Then, 5 µL Annexin V-FITC and 5 µL propidium iodide (PI) were added into the cell suspensions
and were incubated for 15 min at room temperature, protected from light. The single-stained cells
of Annexin V-FITC or PI were analyzed to adjust fluorescence compensation to remove spectral
overlap. The rate of apoptotic GCs was analyzed using a FACS (Becton Dickinson, San Jose, CA, USA).
The maximum excitation wavelength of FITC was 488 nm, and the maximum emission wavelength
was 525 nm. FlowJo software (Treestar, Inc., San Carlos, CA, USA) was used for analysis.

2.7. Labeling of Autophagy and Apoptosis

The formation of autophagic vesicles is a marker of cell autophagy, which is labeled by
monodansylcadaverine (MDC) and appeared as bright green punctate under fluorescence microscopy,
and 4’,6-diamidino-2-phenylindole (DAPI) was used to label DNA in the nucleus, which appeared
as a blue fluorescence. Briefly, after 2 days of culture, the cells were incubated with 0.02 mM MDC
and/or DAPI (1 µg/mL) in 24-well plates at 37 ◦C for 20 min, immediately followed by fixation in 4%
paraformaldehyde for 30 min at 4 ◦C. A fluorescence microscope (excitation: 390 nm, emission: 460 nm)
was used to analyze the cells with bright punctate. Two hundred cells per sample were analyzed and
the percentage of autophagic cells was calculated.
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2.8. Statistical Analysis

Data were analyzed by one-way analysis of variance (ANOVA) and Duncan’s test using
GraphPad Prism 6 software (GraphPad Software, V6, La Jolla, CA, USA). Data are presented as
the means ± SEM of at least three independent replicates. Differences with p values < 0.05 were
considered statistically significant.

3. Results

3.1. Proliferation and Apoptosis of GCs in Follicles

Proliferation of GCs was detected by MTT assay kit (Cayman chemical company, Ann Arbor, MI,
USA) (Figure 1A). Compared to small follicles, GC proliferation was higher in medium follicles, while
lower in large follicles (p < 0.05). The apoptotic GCs in follicles were detected using flow cytometry
with an Annexin V-FITC apoptosis detection kit. The results indicated that the percentage of apoptotic
cells in small and medium follicles was 25.4% and 25.5%, respectively, which were lower than that of
large follicles (33.54%, p < 0.05, Figure 1B). The percentage of apoptotic cells did not differ between
cells from small and medium follicles. These results indicated that the proliferation and apoptosis of
GCs occurs in different stages of follicular growth.

Figure 1. Proliferation and apoptosis of granulosa cells following 2 days of culture. The MTT assay
kit was used to assess cell proliferation (A), and flow cytometry with an Annexin V-FITC apoptosis
detection kit was used to assess the apoptotic GCs (B). Data are means ± SEM from three independent
replicates. Different letters (A) and asterisks (B) in the diagram indicate a significant difference
(* p < 0.05). S-GCs, GCs isolated from small follicles; M-GCs, GCs isolated from medium follicles;
L-GCs, GCs isolated from large follicles.

3.2. Relative mRNA Level in GCs of Different Size Follicles

To study the situation of GCs in different size follicles, relative mRNA level of apoptosis-related
and autophagy-related genes was quantified by qRT-PCR (Figures 2 and 3). The transcriptional activity
of Bcl-2, an anti-apoptotic gene in GCs isolated from large follicles was significantly lower than those
of small and medium follicles (p < 0.01, Figure 2A); however, Bax, a pro-apoptotic gene showed the
strongest transcriptional activity in GCs of large follicles (p < 0.01, Figure 2B). The ratio of Bcl2 to Bax is
an important indicator to determine whether the cells are apoptotic or not. As shown in Figure 2C, the
ratio of Bcl2/Bax in GCs of large follicles was lower than those of small and medium follicles, indicating
that the GCs in large follicles had a higher ratio of apoptotic cells. In the present study, the mRNA
level of Caspase 3, an executor of apoptosis was significantly higher in GCs of large follicles than those
of small and medium follicles (Figure 2D).

As key factors of autophagic vesicle formation, ATG3 and ATG7 can promote the transformation
of LC3 I into LC3 II, resulting in activation of autophagy. In the present study, the relative mRNA level
of ATG3 in medium follicular GCs was significantly higher than that in small and large follicular GCs
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(p < 0.01, Figure 3A). Compared with small follicular GCs, the relative expression of ATG7 increased
significantly in medium and large follicular granulosa cells (p < 0.05, Figure 3B). The mRNA level
of LC3 in GCs of medium follicles was significantly higher than those of small and large follicles
(p < 0.01, Figure 3C) and there was no difference in LC3 mRNA in GCs between small and large follicles.
This result showed that the transcription level of apoptosis-related genes was higher in GCs of large
follicles, while the autophagy-related genes were higher in GCs of medium follicles.

Figure 2. Relative mRNA level of apoptosis-related genes in GCs. Relative mRNA level of Bcl2 (A),
Bax (B), the ratio of Bcl2/Bax (C) and Caspase 3 (D). Data are means ± SEM from three independent
replicates. * p < 0.05, ** p < 0.01. S-GCs, GCs isolated from small follicles; M-GCs, GCs isolated from
medium follicles; L-GCs, GCs isolated from large follicles.

Figure 3. Relative mRNA level of autophagy-related genes in GCs. Relative mRNA level of Atg3 (A),
Atg7 (B), and LC3 (C). Data are means ± SEM of three independent replicates. * p < 0.05, ** p < 0.01.
S-GCs, GCs isolated from small follicles; M-GCs, GCs isolated from medium follicles; L-GCs, GCs
isolated from large follicles.

3.3. Protein Expression of Autophagy and Apoptosis in GCs

To confirm the results of gene transcription, the expression of autophagy-related and
apoptosis-related proteins in GCs was detected (Figures 4A and 5A). It can be seen that BCL2,
an anti-apoptotic protein is expressed at a significantly higher level in GCs of small and medium
follicles than that of large follicles (p < 0.05, Figure 4B). On the contrary, the expression of BAX, an
apoptotic protein was significantly lower in small and medium follicular GCs relative to large follicles
(p < 0.05, Figure 4C). Caspase 3, an apoptosis executor, was expressed at a higher level in large follicular
GCs than those of small and medium follicular GCs (p < 0.05, Figure 4D).

A similar protein expression of ATG3, ATG7 and LC3 was observed, with all proteins having
higher levels in medium follicles, compared with small and large follicles (p < 0.05, Figure 5B–D).
Meanwhile, expression of these proteins did not differ between GCs from small and large follicles.
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Figure 4. Apoptosis-related protein expression in GCs of follicles (A). Relative protein levels of BCL2
(B), BAX (C) and Caspase 3 (D). Data are means ± SEM of three independent replicates. * p < 0.05, ** p
< 0.01. S-GCs, GCs isolated from small follicles; M-GCs, GCs isolated from medium follicles; L-GCs,
GCs isolated from large follicles.

Figure 5. Autophagy-related protein expression in GCs of follicles (A). Relative protein levels of ATG3
(B), ATG7 (C) and LC3 (D). Data are means ± SEM of three independent replicates. * p < 0.05. S-GCs,
GCs isolated from small follicles; M-GCs, GCs isolated from medium follicles; L-GCs, GCs isolated
from large follicles.

3.4. Labeling of Autophagosomes and the Nucleus in GCs

In this experiment, the autophagosomes and nucleus were labeled by MDC and DAPI, respectively.
As shown in Figure 6, the blue fluorescence indicates the nucleus and the green fluorescence indicates
the autophagosomes. The current results showed that GCs from medium size follicles contained a
greater number of autophagosomes. In GCs of large follicles, DNA fragments were labeled by DAPI
staining. This result of fluorescence labeling also confirmed autophagy in GCs of medium follicles and
apoptosis in GCs of large follicles.
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Figure 6. Double staining of DAPI and MDC to label the autophagosomes and GC nucleus. The red
arrow indicated the DNA fragments in GCs of large follicles. Scale bars correspond to 20 µm. S-GCs,
GCs isolated from small follicles; M-GCs, GCs isolated from medium follicles; L-GCs, GCs isolated
from large follicles.

3.5. Activation of Autophagy and Apoptosis Signaling in GCs

In order to understand the regulation of autophagy and apoptosis of GCs better during follicular
development, the phosphorylated mTOR (p-mTOR), AKT (p-AKT) and ERK1/2 (p-ERK1/2) were
determined in this experiment. Our results showed similar expression patterns of mTOR, AKT and its
phosphorylation in GCs of different size follicles. The p-mTOR was decreased significantly in GCs
of medium and large follicles (p < 0.05, Figure 7A), and there was no difference in p-mTOR in GCs
between medium and large follicles. A significantly lower p-AKT was observed in GCs of medium
follicles than those of small and large follicles (p < 0.05, Figure 7B). However, a significantly higher level
of p-ERK was found in large follicles than those of small and medium follicles (Figure 7C). These results
showed that the phosphorylation of mTOR and AKT might be involved in the activation of autophagy
in GCs of medium follicles.

Figure 7. Protein expression of the autophagy and apoptosis signaling pathways activated in GCs
during follicular development. (A) mTOR and p-mTOR; (B) AKT and p-AKT; (C) ERK1/2 and p-ERK1/2.
Data are means ± SEM of three independent replicates. * p < 0.05. S-GCs, GCs isolated from small
follicles; M-GCs, GCs isolated from medium follicles; L-GCs, GCs isolated from large follicles.



Animals 2019, 9, 1111 9 of 11

4. Discussion

One of the main functions in ovaries is to generate oocytes from thousands of follicles, however,
about 1% follicles are “lucky” enough to grow to ovulate and 99% of follicles breakdown by a process
known as follicular atresia [17]. Although it is well documented that apoptosis of granulosa cells is the
main reason for follicular atresia [18], an increasing number of pathways and cellular processes such as
autophagy have also been found to be involved in this regulation of follicular atresia [12]. Here, we
demonstrated that autophagy and apoptosis occur in GCs in different stages of follicles and autophagy
mainly occurs in GCs of medium follicles, while apoptosis mainly occurs in GCs of large follicles.
However, autophagy was found in bovine granulosa cells of large follicles, while apoptosis was found
in medium follicles [19]. These results showed variation between species.

A study of follicle culture in vitro for 24 h showed that the apoptotic rate of GCs from small
follicles was higher than those of large and medium follicles without FSH supplementation; however,
the percentage of apoptotic GCs was significantly inhibited by addition of 3 or 5 IU/mL FSH [15].
This result indicated that FSH plays an important role in GCs to prevent GCs from apoptotic injury
during follicle development. In the present study, the results showed that the proliferation of GCs in
medium follicles was significantly higher than that of cells in small and large follicles. In addition,
GC proliferation in small follicles was significantly higher than that of large follicles. Moreover, when
GCs were cultured in vitro for 48 h, the percentage of GC apoptosis in large follicles was the highest
in the three follicle sizes with 10 ng/mL FSH addition. A possible explanation for these results is
that the GCs in medium follicles were capable of proliferating and keeping follicles growing well in
the presence of FSH. Nevertheless, the decreased GC proliferation in large follicles showed that GCs
might degenerate or undergo apoptosis, resulting in follicular atresia. This speculation was confirmed
by the transcription level of apoptosis-related genes and protein expression. The current results
suggest that GCs in large follicles undergo apoptosis and follicular atresia even with the addition of
FSH. Multiple bits of evidence suggest that autophagy has a number of different functions including
protection from stress, starvation, immune regulation, differentiation, proliferation, cell death, and
the regulation of reproduction [7–9]. In the ovary, follicular development is significantly altered by
autophagy in follicles and systemic metabolic conditions with profound consequences on reproductive
outcomes [12]. It was demonstrated that autophagy was downregulated in rat GCs in the presence of
FSH [10] and FSH promotes the activation of autophagy via upregulation of HIF-1α in MGCs [11].
A key autophagy-related protein, LC3, was present in primary GCs and pre-antral follicles but absent in
primordial follicle cells and oocytes [3]. In humans, when exposed to oxidized low-density lipoprotein
(OxLDL), GC death was induced by cell autophagy, leading to follicular atresia. In the present study,
Atg3, Atg7 and LC3 mRNA levels were measured because the cytosolic form of LC3 (LC3-I) is recruited
to autophagosomal membranes [20], and the activity of ATG3 is involved in the formation of LC3-II on
the surface of autophagosomes by binding to ATG7 [12]. The current results indicated that autophagy
was mainly occurring in GCs isolated from medium follicles.

Autophagy and apoptosis were regulated by various microenvironments and stimuli. Extracellular
signal-regulated kinase (ERK) controls many aspects of cell physiology including cell apoptosis [21].
AKT is a known regulator of autophagy [22] and the AKT/mTOR pathway is one of the major
signaling pathways involved in autophagy [23]. Here, we further showed signaling pathways of ERK,
AKT, mTOR and their phosphorylation in GCs of different size follicles. In the present study, the
phosphorylated ERK (p-ERK1/2) in GCs from large follicles was significantly higher than that of GCs
from small and medium follicles, which demonstrates that ERK1/2 phosphorylation was increased
significantly in apoptotic cells in previously published studies [24,25]. Furthermore, MAPK/ERK1/2
and PI3K/AKT are two signaling pathways that negatively regulate autophagy through the mTOR
pathway [26,27]. The mTOR signaling pathway inhibits autophagy when mTOR kinase expression
increases with increasing cellular amino acid, ATP, and hormone concentrations, which act as a negative
regulator of autophagy [28,29]. The PI3K/AKT signaling pathway also resulted in activation of the
mTOR signaling pathway in cancerous and neuronal cells to inhibit autophagy [30,31]. Here, lower
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levels of p-AKT and p-mTOR in medium follicles indicated that the autophagy of GCs was induced
through the inhibition of the phosphorylation of the AKT/mTOR signaling pathways.

In the process of autophagy, the autophagosomes presented as a granular distribution throughout
the cell, however, in the late stages of apoptosis, the nuclear membrane was destroyed and DNA
fragments were found in the nucleus. In this experiment, double staining of MDC and DAPI was used
to confirm the autophagy and apoptosis in GCs during follicular development and the current results
indicated that autophagy of GCs in medium follicles has a higher level than GCs in small and large
follicles. Meanwhile, the nucleus of large follicular granulosa cells was notably disrupted.

5. Conclusions

The present study demonstrated that autophagy and apoptosis of GCs occurred in different
size follicles during follicular development, and autophagy was mainly found in GCs of medium
follicles, while apoptosis was mainly found in GCs of large follicles. These data provide some useful
information to understand follicular atresia, which is related to sow fertility. The factors regulating
induction and the mechanisms involved in autophagy and/or apoptosis in porcine ovarian follicles
require further studies.

Author Contributions: Conceptualization, Y.Z. and Z.J; formal analysis, L.M.; data curation, N.L., B.Z., X.T. and
S.G.; writing—original draft preparation, Y.Z. and L.M.; writing and editing, Z.J.; funding acquisition, Z.J.

Funding: This research was supported by the National Natural Science and Foundation of China (31572406).

Conflicts of Interest: The authors have no conflicts of interest to report.

References

1. Matsuda, F.; Inoue, N.; Manabe, N.; Ohkura, S. Follicular Growth and Atresia in Mammalian Ovaries:
Regulation by Survival and Death of Granulosa Cells. J. Reprod. Dev. 2012, 58, 44–50. [CrossRef]

2. Krysko, D.V.; Diez-Fraile, A.; Criel, G.; Svistunov, A.A.; Vandenabeele, P.; D’Herde, K. Life and death of
female gametes during oogenesis and folliculogenesis. Apoptosis 2008, 13, 1065–1087. [CrossRef]

3. Choi, J.; Jo, M.; Lee, E.; Choi, D. Induction of apoptotic cell death via accumulation of autophagosomes in rat
granulosa cells. Fertil. Steril. 2011, 95, 1482–1486. [CrossRef]

4. Hulas-Stasiak, M.; Gawron, A. Follicular atresia in the prepubertal spiny mouse (Acomys cahirinus) ovary.
Apoptosis 2011, 16, 967–975. [CrossRef]

5. Hale, B.J.; Hager, C.L.; Seibert, J.T.; Selsby, J.T.; Baumgard, L.H.; Keating, A.F.; Ross, J.W. Heat stress induces
autophagy in pig ovaries during follicular development. Biol. Reprod. 2017, 97, 426–437. [CrossRef]

6. Gao, H.; Lin, L.; Ul Haq, I.; Zeng, S.M. Inhibition of NF-κB promotes autophagy via JNK signaling pathway
in porcine granulosa cells. Biochem. Bioph. Res. Commun. 2016, 473, 311–316. [CrossRef]

7. Cuervo, A.M.; Bergamini, E.; Brunk, U.T.; Droge, W.; Ffrench, M.; Terman, A. Autophagy and aging—The
importance of maintaining “clean” cells. Autophagy 2005, 1, 131–140. [CrossRef]

8. Mizushima, N.; Komatsu, M. Autophagy: Renovation of Cells and Tissues. Cell 2011, 147, 728–741. [CrossRef]
9. Schneider, J.L.; Cuervo, A.M. Autophagy and human disease: Emerging themes. Curr. Opin. Genet. Dev.

2014, 26, 16–23. [CrossRef]
10. Choi, J.Y.; Jo, M.W.; Lee, E.Y.; Yoon, B.K.; Choi, D.S. The role of autophagy in follicular development and

atresia in rat granulosa cells. Fertil. Steril. 2010, 93, 2532–2537. [CrossRef]
11. Zhou, J.L.; Yao, W.; Li, C.Y.; Wu, W.J.; Li, Q.F.; Liu, H.L. Administration of follicle-stimulating hormone

induces autophagy via upregulation of HIF-1 alpha in mouse granulosa cells. Cell Death Dis. 2017, 8, e3001.
[CrossRef] [PubMed]

12. Zhou, J.W.; Peng, X.W.; Mei, S.Q. Autophagy in Ovarian Follicular Development and Atresia. Int. J. Biol. Sci.
2019, 15, 726–737. [CrossRef] [PubMed]

13. Tilly, J.L.; Kowalski, K.I.; Johnson, A.L.; Hsueh, A.J. Involvement of apoptosis in ovarian follicular atresia
and postovulatory regression. Endocrinology 1991, 129, 2799–2801. [CrossRef] [PubMed]

14. Knox, R.V. Recruitment and selection of ovarian follicles for determination of ovulation rate in the pig.
Domest. Anim. Endocrin. 2005, 29, 385–397. [CrossRef]

http://dx.doi.org/10.1262/jrd.2011-012
http://dx.doi.org/10.1007/s10495-008-0238-1
http://dx.doi.org/10.1016/j.fertnstert.2010.06.006
http://dx.doi.org/10.1007/s10495-011-0626-9
http://dx.doi.org/10.1093/biolre/iox097
http://dx.doi.org/10.1016/j.bbrc.2016.03.101
http://dx.doi.org/10.4161/auto.1.3.2017
http://dx.doi.org/10.1016/j.cell.2011.10.026
http://dx.doi.org/10.1016/j.gde.2014.04.003
http://dx.doi.org/10.1016/j.fertnstert.2009.11.021
http://dx.doi.org/10.1038/cddis.2017.371
http://www.ncbi.nlm.nih.gov/pubmed/28817115
http://dx.doi.org/10.7150/ijbs.30369
http://www.ncbi.nlm.nih.gov/pubmed/30906205
http://dx.doi.org/10.1210/endo-129-5-2799
http://www.ncbi.nlm.nih.gov/pubmed/1718732
http://dx.doi.org/10.1016/j.domaniend.2005.02.025


Animals 2019, 9, 1111 11 of 11

15. Lin, P.F.; Rui, R. Effects of Follicular Size and FSH on Granulosa Cell Apoptosis and Atresia in Porcine Antral
Follicles. Mol. Reprod. Dev. 2010, 77, 670–678. [CrossRef]

16. Jiang, Z.; Guerrero-Netro, H.M.; Juengel, J.L.; Price, C.A. Divergence of intracellular signaling pathways and
early response genes of two closely related fibroblast growth factors, FGF8 and FGF18, in bovine ovarian
granulosa cells. Mol. Cell Endocrinol. 2013, 375, 97–105. [CrossRef]

17. Manabe, N.; Imai, Y.; Ohno, H.; Takahagi, Y.; Sugimoto, M.; Miyamoto, H. Apoptosis occurs in granulosa cells
but not cumulus cells in the atretic antral follicles in pig ovaries. Experientia 1996, 52, 647–651. [CrossRef]

18. Orimoto, A.M.; Dumaresq-Doiron, K.; Jiang, J.Y.; Tanphaichitr, N.; Tsang, B.K.; Carmona, E. Mammalian
Hyaluronidase Induces Ovarian Granulosa Cell Apoptosis and Is Involved in Follicular Atresia. Endocrinology
2008, 149, 5835–5847. [CrossRef]

19. Ma, L.; Zheng, Y.; Tang, X.; Gao, H.; Liu, N.; Gao, Y.; Hao, L.; Liu, S.; Jiang, Z. miR-21-3p inhibits autophagy
of bovine granulosa cells by targeting VEGFA via PI3K/AKT signaling. Reproduction 2019, 158, 441–452.
[CrossRef]

20. Cao, H.; Bissinger, R.; Umbach, A.T.; Gawaz, M.; Lang, F. Temsirolimus Sensitive Stimulation of Platelet
Activity, Apoptosis and Aggregation by Collagen Related Peptide. Cell Physiol. Biochem. 2017, 42, 1252–1263.
[CrossRef]

21. Cagnol, S.; Chambard, J.C. ERK and cell death: Mechanisms of ERK-induced cell death—Apoptosis,
autophagy and senescence. FEBS. J. 2010, 277, 2–21. [CrossRef] [PubMed]

22. Choi, J.C.; Worman, H.J. Reactivation of autophagy ameliorates LMNA cardiomyopathy. Autophagy 2013,
9, 110–111. [CrossRef] [PubMed]

23. Aggarwal, S.; John, S.; Sapra, L.; Sharma, S.C.; Das, S.N. Targeted disruption of PI3K/Akt/mTOR signaling
pathway, via PI3K inhibitors, promotes growth inhibitory effects in oral cancer cells. Cancer Chemoth. Pharm.
2019, 83, 451–461. [CrossRef] [PubMed]

24. Yan, B.; Sun, Y.L.; Zeng, J.; Chen, Y.Y.; Li, C.Y.; Song, P.; Zhang, L.; Yang, X.; Wu, Y.; Ma, P. Combined use of
vitamin E and nimodipine ameliorates dibutyl phthalate-induced memory deficit and apoptosis in mice by
inhibiting the ERK 1/2 pathway. Toxicol. Appl. Pharm. 2019, 368, 1–17. [CrossRef] [PubMed]

25. Qi, H.; Liu, D.P.; Xiao, D.W.; Tian, D.C.; Su, Y.W.; Jin, S.F. Exosomes derived from mesenchymal stem cells
inhibit mitochondrial dysfunction-induced apoptosis of chondrocytes via p38, ERK, and Akt pathways.
Vitr. Cell. Dev. Biol. Anim. 2019, 55, 203–210. [CrossRef] [PubMed]

26. Wang, X.Y.; Zhang, X.H.; Peng, L.; Liu, Z.; Yang, Y.X.; He, Z.X.; Dang, H.W.; Zhou, S.F. Bardoxolone methyl
(CDDO-Me or RTA402) induces cell cycle arrest, apoptosis and autophagy via PI3K/Akt/mTOR and p38
MAPK/Erk1/2 signaling pathways in K562 cells. Am. J. Transl. Res. 2017, 9, 4652.

27. Wei, P.; Yang, X.J.; Fu, Q.; Han, B.; Ling, L.; Bai, J.; Zong, B.; Jiang, C.Y. Intermedin attenuates myocardial
infarction through activation of autophagy in a rat model of ischemic heart failure via both cAMP and
MAPK/ERK1/2 pathways. Int. J. Clin. Exp. Pathol. 2015, 8, 9836–9844.

28. Ito, N.; Ruegg, U.T.; Takeda, S. ATP-Induced Increase in Intracellular Calcium Levels and Subsequent
Activation of mTOR as Regulators of Skeletal Muscle Hypertrophy. Int. J. Mol. Sci. 2018, 19, 2804. [CrossRef]

29. Jimenez, C.M.; Calderon, M.A.; Hernandez, N.; Jaimovich, E.; Radic, S.B. Extracellular ATP promotes protein
synthesis in skeletal muscle through activation of the Akt-mTOR signaling pathway. FASEB J. 2018, 32, 856.29.

30. Gao, H.; Wang, H.; Peng, J.J. Hispidulin Induces Apoptosis Through Mitochondrial Dysfunction and
Inhibition of P13k/Akt Signalling Pathway in HepG2 Cancer Cells. Cell Biochem. Biophys. 2014, 69, 27–34.
[CrossRef]

31. Zhang, S.; Lv, Q. High expression of CENPA synergized with up-regulation of PI3K-AKT-mTOR signaling
pathway affects chemotherapy response and prognosis in breast cancer patients. Breast 2019, 44, S75.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/mrd.21202
http://dx.doi.org/10.1016/j.mce.2013.05.017
http://dx.doi.org/10.1007/BF01925566
http://dx.doi.org/10.1210/en.2008-0175
http://dx.doi.org/10.1530/REP-19-0285
http://dx.doi.org/10.1159/000478954
http://dx.doi.org/10.1111/j.1742-4658.2009.07366.x
http://www.ncbi.nlm.nih.gov/pubmed/19843174
http://dx.doi.org/10.4161/auto.22403
http://www.ncbi.nlm.nih.gov/pubmed/23044536
http://dx.doi.org/10.1007/s00280-018-3746-x
http://www.ncbi.nlm.nih.gov/pubmed/30519710
http://dx.doi.org/10.1016/j.taap.2019.02.008
http://www.ncbi.nlm.nih.gov/pubmed/30776390
http://dx.doi.org/10.1007/s11626-019-00330-x
http://www.ncbi.nlm.nih.gov/pubmed/30783864
http://dx.doi.org/10.3390/ijms19092804
http://dx.doi.org/10.1007/s12013-013-9762-x
http://dx.doi.org/10.1016/S0960-9776(19)30275-9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Granulosa Cell Isolation and Culture 
	Assessment of Cell Proliferation 
	RNA Extraction and qRT-PCR 
	Western Blotting 
	Assessment of Cell Apoptosis 
	Labeling of Autophagy and Apoptosis 
	Statistical Analysis 

	Results 
	Proliferation and Apoptosis of GCs in Follicles 
	Relative mRNA Level in GCs of Different Size Follicles 
	Protein Expression of Autophagy and Apoptosis in GCs 
	Labeling of Autophagosomes and the Nucleus in GCs 
	Activation of Autophagy and Apoptosis Signaling in GCs 

	Discussion 
	Conclusions 
	References

