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'College of Animal Science and Technology, Anhui Agricultural University, Hefei, China, 2Anhui Province
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MicroRNAs (miRNAs) are small, noncoding RNAs that play a crucial role in the
complex and dynamic network that regulates the apoptosis of porcine ovarian
granulosa cells (POGCs). Resveratrol (RSV) is a nonflavonoid polyphenol
compound that is involved in follicular development and ovulation. In previous
study, we established a model of RSV treatment of POGCs, confirming the
regulatory effect of RSV in POGCs. To investigate the miRNA-level effects of
RSV on POGCs to reveal differentially expressed miRNAs, a control group (n = 3,
0 uM RSV group), a low RSV group (n = 3, 50 uM RSV group), and a high RSV group
(n = 3, 100pM RSV group) were created for small RNA-seq. In total,
113 differentially expressed miRNAs (DE-miRNAs) were identified, and a RT-
gPCR analysis showed a correlation with the sequencing data. Functional
annotation analysis revealed that DE-miRNAs in the LOW vs. CON group may
be involved in cell development, proliferation, and apoptosis. In the HIGH vs. CON
group, RSV functions were associated with metabolic processes and responses to
stimuli, while the pathways were related to PI3K24, Akt, Wnt, and apoptosis. In
addition, we constructed miRNA-mRNA networks related to Apoptosis and
Metabolism. Then, ssc-miR-34a and ssc-miR-143-5p were selected as key
miRNAs. In conclusion, this study provided an improved understanding of
effects of RSV on POGCs apoptosis through the miRNA modulations. The
results suggest that RSV may promote POGCs apoptosis by stimulating the
mMiRNA expressions and provided a better understanding of the role of miRNAs
combined with RSV in ovarian granulosa cell development in pigs.
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1 Introduction

The ovaries—as gonads producing oocytes and as endocrine glands producing hormones
that provide an environment suitable for fertilization, implantation and pregnancy—are
extremely important for female reproduction (Zhu et al., 2019). Only less than 1% of follicles
mature and ovulate, and the vast majority of mammalian follicles undergoes atresia (Liu
etal., 2014). Proliferation and apoptosis of ovarian granulosa cells play key roles in follicular
development and atresia, which are natural phenomena occurring in healthy female
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mammals, both prenatally and postnatally. Therefore, it is important
to elucidate the molecular mechanisms and regulatory networks of
follicular atresia and granulosa cell apoptosis to maintain normal
development of mammalian ovarian functions.

Resveratrol (3,4,5-trihydroxystilbene, RSV), a polyphenol and well-
known natural antioxidant, has been detected in grapes, peanuts, and in
more than 70 species of plants (Kong et al., 2011; Sarkar and Pal, 2014;
Jin et al, 2016). Previous findings have indicated that RSV exhibits
antioxidant, anti-inflammatory, and growth-inhibiting activities in
several cancer cell lines and primary cells (Manna et al, 2000;
Gusman et al, 2001; Joe et al, 2002). These properties have been
linked to the inhibition of proliferation-related cell cycle arrest and
apoptotic cell death, typically observed in vitro at concentrations
ranging from 25 to 400 uM (Wong et al, 2010). Moreover, RSV
interferes with cell cycle progression through blocking the G1/S or
G2/M phase of different cancer cells (Larrosa et al., 2003; Lee et al., 2004;
Gatouillat et al., 2010) and also regulates cell cycle arrest and apoptosis
through the p27"™" and p53/p21"A"™“™*! pathways (Singh et al., 2017).
It has been confirmed that the RSV 2-hydroxy analog has biological
activity in porcine ovarian granulosa cells. It inhibited cell viability and
progesterone and estradiol production in a dose-dependent manner in
porcine ovarian granulosa cells (Basini et al., 2010). In short, RSV has a
number of properties which enable its influence on female reproduction
at various regulatory levels via various extra- and intracellular signaling
pathways (Sirotkin, 2021).

MiRNAs are short, noncoding regulatory RNAs that play key
roles in the restoration of cellular homeostasis or adaptation to
environmental conditions through controlling mRNA translation
and stability (Aires et al., 2017). miRNAs participate in important
biological processes, such as cell proliferation, differentiation,
apoptosis, and metabolism in vivo through regulating the
expression of target genes (Brennecke et al, 2003; Bartel, 2004;
Chen et al., 2004; Poy et al., 2004). It has been reported that nuclear-
enriched miR-195-5p may be associated with porcine ovarian
follicular development and maturation (Bai et al, 2021), and
miR-181a regulates porcine granulosa cells apoptosis by targeting
TGFBRI via the activin signaling pathway (Zhang et al., 2020).
Notably, some scholars have systematically reported the role of
miRNAs in the porcine ovary, pointing out that let-7 family, miR-
23-27-24 cluster, miR-183-96-182 cluster and miR-17-92 cluster are
associated with porcine follicular atresia (Zhang J. et al., 2019), and
miR-125b is a potent physiological inhibitor of porcine granulosa
ovarian cell functions-cell cycle, apoptosis, and secretory activity
(Fabovd et al, 2023). In addition, miR-1343 promotes porcine
granulosa cell proliferation and inhibits apoptosis (Hu et al,
2021). Therefore, the potential functions of miRNAs in porcine
ovarian granulosa cells are worth investigating.

Our previous study focused on IncRNA-mRNA changes in porcine
ovarian granulosa cells (POGCs) after RSV treatment and was
conducted to identify the differentially expressed IncRNAs and
mRNAs (Zhang et al, 2023); however, it is unknown whether
miRNAs changed in POGCs after RSV treatment. Therefore, this
study mainly focuses on the identification of the specific miRNAs
influenced by RSV treatment on POGCs apoptosis, which aims to
investigate the roles of RSV in including miRNA for the better
understanding, and to reveal new candidate regulatory miRNAs and
genes underlying the apoptosis of POGCs. The miRNA expression
profiles in the three groups of POGCs treated with different

Frontiers in Cell and Developmental Biology

10.3389/fcell.2023.1169745

concentrations of RSV were explored in this study. Gene Ontology
(GO) enrichment and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses were performed to reveal a number of
biological processes driven by RSV treatment. Some potentially
functional miRNA-mRNA networks have also been identified. These
screened data provided references for the apoptosis of POGCs and
application of RSV in clinical medicine and animal husbandry
production.

2 Materials and methods

2.1 Ethics approval and consent to
participate

All experiments were performed in accordance with the relevant
guidelines and regulations and adhered to the ARRIVE guidelines
for reporting animal experiments. This study was conducted
according to the principles of the Basel Declaration and
recommendations of the Guide for the Care and Use of
Laboratory Animals. The protocol was approved by the Ethics
Committee of the Anhui Agricultural University under permit
no. AHAU20201025.

2.2 Culture POGCs treated with RSV

Fresh pig ovaries were collected from Landrace gilts
(approximately 1 year old, average weight about 150 kg, in the
follicular phase) at a local slaughterhouse (Hefei, Anhui, China).

Brightly colored ovaries with a large number of antral follicles
and fullness were selected. Small, healthy follicles with pink and well
vascularized walls between 3 and 5 mm in diameter were punctured
with a disposable syringe, and the follicular fluid was aspirated
without disrupting the vessels; Transparent follicular fluid was
collected from more than 50 ovaries of gilts and combined to
The fluid was
centrifuged (1,200 x g, 5min), resuspended and centrifuged

remove the effect of an individual animal.

again. Then, the POGCs (pellet) were immediately seeded in 6-
well plates and cultured (10° viable cells/well) in a humidified
atmosphere (5% CO,, 95% air, 37°C) in Dulbecco’s modified
Carlsbad, CA,
United States) with 10% fetal bovine serum and 1% penicillin/

Eagle’s medium supplemented (Invitrogen,
streptomycin mixture (Invitrogen). When the POGCs reached
80% confluency, the medium was removed, and the cells were
treated with 0, 50 and 100 pM of RSV (Solarbio, Beijing, China;
Zhang et al., 2023), representing control, LOW and HIGH group,
respectively. The POGCs were cultured with treatments in triplicate
for 24 h under conditions described above. At the end of the culture,
the cells were harvested and used for RNA isolation.

2.3 RNA extraction and small RNA library
construction
Total RNA was extracted from POGC samples using the TRIzol

reagent (Invitrogen) according to the manufacturer’s protocol.
Possible degradation and contamination of the RNA samples
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were evaluated via 1% agarose gel electrophoresis. RNA quality was
detected using the NanoPhotometer” spectrometer (IMPLEN, CA,
United States) and Agilent Bioanalyzer 2,100 system (Agilent
Technologies, CA, United States). RNA extracts with OD,s0,250
absorbance between 1.8 and 2.0 and RNA integrity number equal
to or higher than 7.0, were used for further experiments. The Sus
scrofa genome (Sscrofa v11.1) was selected as the reference genome
for this study.

Next, small RNA (sRNA) -seq was performed to identify the
differentially expressed miRNAs (DE-miRNAs) in POGCs. The
NEBNext Multiplex Small RNA Samples Prep Kit Set was used
with approximately 3 ug of total RNA per sample for the
construction of sRNA libraries on the Illumina® (NEB, MA,
United States). Briefly, 3SR and 5'SR adaptors for Illumina were
ligated to the sSRNA. Reverse transcription of the synthetic first chain
and PCR amplification were performed using LongAmp Taq 2X
Master Mix, SR Primer for Illumina and index (X) primer. The PCR
products were purified on 8% polyacrylamide gel (100 V, 80 min),
and library quality was assessed using the Agilent Bioanalyzer
2,100 system. Finally, clustering of the indexed samples was
performed on a cBot Cluster Generation System using TruSeq SR
Cluster Kit v3-cBot-HS (Illumina) according to the manufacturer’s
instructions; 50-nt single-end reads were generated.

2.4 ldentification of miRNA

The raw reads of the sRNA-seq were first processed using
custom Perl and Python scripts. In this step, clean reads were
obtained through removing reads containing poly-N (with
5'adapter contaminants and poly-A, -T, -G, or -C, without
3'adaptor or the insert tag) and low-quality reads from the raw
data. The Q20, Q30, and GC content of the clean data were
calculated for all RNAs, and 18-35 nt fragments from the clean
reads were selected for downstream analysis. The raw miRNA data
were stored in FASTQ format. To ensure the accuracy of our
subsequent analysis, all clean reads were aligned to the Sus scrofa
genome using the Bowtie software (v1.1.2) (Langmead et al., 2009).
Mapped sRNA tags were aligned with the specified range sequencing
in miRBase20.0 for miRNA identification, mirdeep2 and srna-tools-
cli were used to obtain potential miRNAs and draw secondary
structures. Based on the custom script, the number of miRNAs
was obtained, as well as the base bias at the first location of a certain
length of miRNAs and at each location of all identified miRNAs.
Clean reads that were not annotated as known miRNAs were
compared with the RepeatMasker and Rfam database from the
specified species, and tags originating from protein-coding genes,
repeat sequences, rRNA, tRNA, snRNA, and snoRNA were
removed. Finally, the novel miRNAs were identified using the
miRNA prediction software miREvo and mirdeep2 through
exploring the secondary structure.

2.5 Expression, target genes, and function
analysis of miRNAs

The expression of known and novel miRNAs in each sample was
quantified, and the transcript per million (TPM) values were used to
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assess miRNA expression. The target genes of miRNAs were then
analyzed using miRanda. Subsequently, differential expression
analysis of POGCs was performed using the DESeq R package
(3.0.3), and DE-miRNAs were identified based on the following
criteria: log,|Fold Change| > 0.585 and p-value < 0.05.

To explore the functional category distribution and pathway
enrichment of the miRNA targets, we performed GO enrichment
and KEGG pathway analyses of the predicted target genes of DE-
miRNAs. All GO categories and KEGG pathways were screened
with a p-value < 0.05.

2.6 Real-time polymerase chain reaction

The CFX96 Real-Time System (BioRad, CA, United States) was
used to validate the expression levels of DE-miRNAs. cDNA was
synthesized using the Mir-*™ miRNA First-Strand Synthesis Kit
(TaKaRa, Dalian, China). The primer sequences for the selected
miRNAs are listed in Supplementary Table S8. Quantitative real-
time PCR (qRT-PCR) was performed in a 20 uL reaction mixture
containing 10 uL 2 x iTaqTM Universal SYBR® Green Supermix
(BioRad, CA, United States), 1 uL ¢cDNA, 8 pL ddH20O, and 0.5 uL
each forward and reverse primers. The U6 housekeeping gene was
used to normalize the expression levels of the miRNAs, and the
relative expression levels were calculated via 272" method. Repeat
the experiment at triplicates for each sample to reduce experimental
error.

2.7 Statistical data analysis

The RT-qPCR data are presented as means + standard deviation
(SD) for at triplicates. The GraphPad Prism (version 5.0) software
(San, Diego, CA, United States) was used to analyze the results of
RT-qPCR and for graphing. One-way ANOVA of the normalized
data was then conducted using GraphPad Prism for Windows.
Duncan’s multiple comparisons was performed to test for
significant differences between the mean values at different
stages. For the above experiments, we carried out a workflow
flow chart (Figure 1).

3 Results
3.1 Overviews of POGCs small RNA-seq

To determine the role of miRNAs in POGC apoptosis, nine
miRNA-seq libraries were used to screen the POGC miRNAs: blank
group (control group, CON), low-concentration treatment group
(50 uM RSV, LOW), and high-concentration treatment group
(100 uM RSV, HIGH), each with three biological replicates. A
total of 12.43-16.64 million paired raw reads were generated by
the Illumina Hiseq™ 2,500 platform for each library with a Q30 of
92.10%-97.56% (Supplementary Table S1). After the libraries were
filtered, 11.22-15.66 million single-end reads (approximately
94.43%) acquired from the three groups (CON, LOW, and
HIGH) were classified as miRNAs. After length screening,
7.66-12.94 million clean reads were considered as sSRNA reads, of
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which 92.33%-98.68% were mapped to the genome (Supplementary
Table S1). The mapped sRNA reads were used for known and novel
miRNA identification and sRNA annotation. The results showed
that the lengths of SRNA range from 18 to 35 nt (Figure 2A), most of
which were 20-24 nt-long, indicating a normal distribution of SRNA
lengths compared with other sSRNA-seq studies. Furthermore, all
known and novel miRNAs accounted for the largest proportion of
sRNAs at about 53.8%, and rRNA accounted for less than 1.25%
(Figure 2B), indicating that the data were reliable.

The TPM distribution of the miRNAs was explored (Figure 3A;
Supplementary Figure S1). The distribution of the known miRNAs
in each group was balanced (Figure 3A), and sample correlation
analysis showed that the three replicates of each group had the
highest correlation (Figure 3B). Ultimately, 546 miRNAs were
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identified in the POGCs of CON, LOW, and HIGH groups,
which included 332 known and 214 miRNAs
(Supplementary Table S2).

novel

3.2 Differential expression analysis of miRNA
in POGCs

Considering that there were three different treatment
concentrations and two comparisons, we performed the analysis
for the two comparisons. The DE-miRNAs in the samples are shown
using volcano plots (Figure 4), and a heatmap (Supplementary
Figure S2). The results showed that there were 52 DE-miRNAs
(41 upregulated and 11 downregulated) in the LOW vs. CON group
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(Figure 4A; Supplementary Table S3). In addition, the results of the
HIGH vs. CON comparison were different from the previous ones,
and we found 61 DE-miRNAs, among which 36 were upregulated
and 25 DE-miRNAs were downregulated (Figure 4B, Supplementary
Table S3). As shown in Table 1, for the LOW vs. CON group, the
most upregulated and downregulated miRNAs were ssc-miR-10390
(6.17-fold change) and novel_297 (6.36-fold change), respectively.
For the HIGH vs. CON group, the most upregulated and
downregulated miRNAs were novel 372 (6.20-fold change) and
ssc-miR-190a  (5.20-fold change), respectively. The top ten
upregulated and downregulated miRNAs are listed in Table 1. To
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further understand the role of DE-miRNAs in POGCs treated with
RSV, the target genes of DE-miRNAs were selected by GO
enrichment and KEGG pathway analyses.

3.3 qRT-PCR verification of DE-miRNAs in
POGCs

To verify the credibility of SRNA-seq, qRT-PCR was performed
on RNA extracted from POGCs to confirm the expression level
changes obtained from the sRNA-seq analysis. We selected nine
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TABLE 1 Top20 differentially expressed miRNA statistics.

A) The ten most significantly up- and downregulated miRNAs in HIGH vs. CON.

10.3389/fcell.2023.1169745

sRNA log2FoldChange p-value Regulation
ssc-miR-190a -5.17 0.0048666 0.071154 down
ssc-miR-374a-5p -1.63 2.95E-05 2.40E-03 down
ssc-miR-503 -1.39 3.26E-02 2.67E-01 down
ssc-miR-500-5p -1.32 1.62E-04 0.0058385 down
ssc-miR-374b-5p -1.21 6.24E-05 0.0033796 down
ssc-miR-17-5p -1.14 2.86E-03 0.05388 down
ssc-miR-107 -1.10 0.0041929 0.067242 down
ssc-miR-7857-3p -1.06 0.003744 0.067242 down
ssc-miR-7-5p -1.02 0.0021056 0.043416 down
ssc-miR-16 -0.98 6.42E-04 0.017371 down
ssc-miR-219b-3p 1.86 2.89E-02 0.26368 up
ssc-miR-126-5p 2.13 1.25E-02 1.46E-01 up
ssc-miR-200b 2.19 1.27E-03 0.030532 up
ssc-miR-206 291 2.73E-02 0.25679 up
novel_306 2.92 2.92E-02 2.64E-01 up
novel_635 4.62 7.40E-03 9.56E-02 up
ssc-miR-10a-3p 5.01 3.14E-02 0.26522 up
ssc-miR-202-3p 5.17 4.2483E-22 1.8395E-19 up
novel_394 591 1.57E-02 0.17923 up
novel_372 6.20 0.008292 0.099734 up

B) The ten most significantly up- and downregulated miRNAs in LOW vs. CON.

SRNA log2FoldChange p-value Regulation
novel_297 —6.36 0.00020156 0.015168 down
novel_365 -3.90 3.14E-02 2.36E-01 down
ssc-miR-454 -2.72 3.03E-02 2.36E-01 down
ssc-miR-450a -1.24 3.50E-02 0.24718 down
ssc-miR-378b-3p -0.93 2.60E-02 0.23436 down
ssc-miR-7857-3p -0.93 4.78E-02 0.28426 down
ssc-miR-450c-5p —-0.83 0.042994 0.26961 down
ssc-miR-374b-5p -0.76 0.041011 0.26835 down
ssc-miR-378 -0.69 0.035312 0.24718 down
ssc-miR-103 —-0.68 4.87E-02 0.28426 down
ssc-miR-10390 6.17 6.03E-04 0.026913 up
novel_710 6.13 2.72E-02 2.34E-01 up
ssc-miR-142-3p 5.54 2.38E-03 0.065103 up
ssc-miR-122-5p 5.01 4.57E-03 0.098332 up
ssc-miR-193a-3p 4.81 3.25E-02 2.38E-01 up
(Continued on following page)
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TABLE 1 (Continued) Top20 differentially expressed miRNA statistics.

B) The ten most significantly up- and downregulated miRNAs in LOW vs. CON.

10.3389/fcell.2023.1169745

S og2Fo ange -value egulation
RNA log2FoldCh | Regulat
novel_466 4.56 2.87E-02 2.34E-01 up
ssc-miR-34c 4.52 6.26E-04 0.026913 up
ssc-miR-142-5p 432 0.028791 0.23436 up
ssc-miR-196a 3.90 7.37E-04 0.027739 up
ssc-miR-96-5p 3.62 4.4594E-06 0.0013423 up
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Quantitative real-time PCR (qRT-PCR) verification of DE-miRNAs in porcine ovarian granulosa cells treated with resveratrol. gRT-PCR (Bar chart,
pink) and sSRNA-seq expression (Line chart, blue) validation of the indicated POGC miRNAs. The miRNA expression levels were normalized to the U6 gene,

and sRNA-seq expression was normalized to TPM.

miRNAs to validate the results of sSRNA-seq. The miRNAs were
verified, and the relative expression levels of validated miRNAs are
shown in Figure 5. The qQRT-PCR results were consistent with the
sRNA-seq results.

3.4 Analysis of DE-miRNAs in the LOW vs.
CON group

The GO functions and KEGG enrichment pathways of DE-
miRNAs that were upregulated and downregulated in the LOW vs.
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CON group were identified. A total of 1267 target genes were
predicted for 41 upregulated DE-miRNAs (Supplementary Table
S4), and these genes were enriched in basic functions, such as
cytoplasm and plasma and enriched in cell development-related
functions, such as protein binding, phosphorylation, metabolic
processes, and regulation of molecular function (Figure 6A).
Unexpectedly, in the top 20 GO terms, only three terms could be
found in the molecular function classification, all of which were
related to binding. Moreover, in the classification of biological
processes, as in the previous case, there were only three terms,
and these were related to metabolism (Supplementary Table S5). For
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the 11 downregulated DE-miRNAs in the LOW vs. CON group, the
730 target genes corresponded to them (Supplementary Table S4),
which were also related to the cytoplasm and plasma functions
(Figure 6B). Furthermore, the top 20 GO terms were all associated
with cellular components, and most of the GO terms enriched on the
target genes of downregulated miRNAs could be found on the same
terms on the target genes of upregulated miRNAs (Supplementary
Table S5).

For the target genes of the downregulated DE-miRNAs, all
KEGG pathways were not significantly enriched (P-adj > 0.05),
and the data with p < 0.05 also showed some interesting results
(Supplementary Table S5). Upregulated DE-miRNAs were involved
in cell apoptosis and growth, and the enriched pathways were
apoptosis, TNF, PI3K-Akt, Toll-like receptor, NOD-like receptor,
and sphingolipid signaling pathways (Figure 6C). The target genes of
downregulated DE-miRNAs were enriched in the key signaling
pathways of cell development, proliferation, and apoptosis (p <
0.05), including mTOR, metabolic, vitamin digestion and
absorption, of and pyruvate
metabolism signaling pathways (Figure 6D).

biosynthesis amino  acids,
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3.5 Analysis of DE-miRNAs in the HIGH vs.
CON group

In the HIGH vs. CON group, the 3,488 target genes of
36 upregulated DE-miRNAs were related to response to stimulus
and metabolic process, particularly relevant to some GO terms
related to cellular life activities, such as regulation of protein
binding, regulation of cell communication, cellular metabolic
processes, and regulation of signal transduction (Figure 7A;
Supplementary Tables S4, S6). We found that only two GO
terms related to molecular function were enriched to the top 20,
which are associated with binding. The 951 target genes of
25 downregulated DE-miRNAs enriched GO terms related to
metabolic processes and regulation of response to stimulus
(Figure 7B). We found three molecular functions related to GO
terms, which are related to protein and enzyme binding, that are
largely consistent with those described earlier in the LOW vs. CON
group.

Next, KEGG pathways with p < 0.05 were identified
(Supplementary Table S6). Enriched terms of upregulated DE-
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miRNAs showed that they were involved in metabolic, MAPK,
PI3K-Akt, chemokine, AMPK, Wnt, and TNF signaling pathways
(Figure 7C). of downregulated DE-miRNAs
participated in the Toll-like receptor, sphingolipid, fatty acid
biosynthesis, MAPK, PI3K-Akt, and apoptosis signaling pathways
(Figure 7D).

Target genes

3.6 Screening of key miRNAs associated with
POGC apoptosis induced by RSV

The main purpose of this study was to investigate the effects of
RSV on POGC:s. It was confirmed that apoptosis-related GO terms
and pathways were significantly enriched in the GO enrichment and
KEGG pathway analyses. Therefore, we screened the key miRNAs
involved in apoptosis and a miRNA-mRNA network for the
“apoptosis signaling pathway” (Figure 8A; Supplementary Table
S7). The 17 miRNAs involved in the pathway targeted 27 genes, of
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which ssc-miR-34a and ssc-miR-1285 had four target genes.
Moreover, ssc-miR-143-5p, ssc-miR-320, and novel 710 had
3 target genes. To better explain the effect of RSV on the
apoptosis of POGCs, we screened “organic substance metabolic
process”-related miRNAs (Supplementary Table S7) and their target
genes based on the key miRNAs enriched in the apoptosis signaling
pathway and constructed a network (Figure 8B; Supplementary
Table S7). In the “organic substance metabolic process” function,
we found 118 and 83 target genes for ssc-miR-34a and ssc-miR-143-
5p, respectively. In addition, ssc-miR-34a and ssc-miR-143-5p
shared three common target genes: MLIT1, ZGPAT, and CLCN2.

4 Discussion

Granulosa cells are important in follicular development and
atresia. Apoptosis of granulosa cells is closely associated with
follicular atresia (Wang et al, 2023), process controlled by
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reproductive hormones and cytokines (Santos et al., 2022; Bevilaqua ~ SIRT1, and affect the metabolism of skeletal muscle, adipose tissue
et al,, 2023; Grynberg et al., 2023; Li et al., 2023). Numerous studies and liver (Song et al., 2018; Zhou et al., 2019; Hosoda et al., 2021).
performed in chicken, rodents and pigs have shown that RSV also has the effects of regulating angiogenesis and anti-
proapoptotic and antiapoptotic factors contribute to follicular  inflammation (Shi et al., 2022). There are also many studies
atresia triggering the apoptosis of granulosa cells (Guo et al,  reporting that exogenous RSV can regulate the expression of
2019; Han et al.,, 2023; Ludwig et al,, 2023). In the current study, =~ miRNA in different tissues (Karius et al, 2012; Lancon et al,
we aimed, with the use of SRNA sequencing, to examine the effectof =~ 2013; Milenkovic et al., 2013; Altamemi et al., 2014; Latruffe et
natural polyphenol RSV on apoptosis of porcine granulosa cells. al., 2015). Based on numerous studies on RSV, some scholars
RSV effects have been extensively studied on cells and tissues,  pointed out that miRNAs may act as RSV targets in ovarian
and RSV can not only act as a natural antioxidant at low  tissues and are involved in controlling signal transduction
concentrations in normal cells, but also act as a pro-oxidant to  mechanisms (Chaichian et al., 2022).
increase apoptosis (Li et al., 2022; Yuan et al., 2022; Zareifi et al, In the current study, we identified differential expression
2022). Studies have shown that RSV can promote cell apoptosis and ~ profiles of miRNAs in POGCs treated with RSV. In addition,
inhibit cell proliferation in vitro (Wong et al., 2010; Liu et al, 2019; ~ these profiles differed between the two examined RSV
Mufoz-Lopez et al., 2022), and RSV exerts its effects by interacting ~ concentration. We found that the top 20 DE-miRNAs
with multiple cellular targets and modulating various signal  expressed in the LOW vs. CON group included miRNAs that
transduction pathways (Haworth and Avkiran, 2001). RSV and  have been reported in other species, such as miR-190a-5p, miR-
its derivatives can protect cells from mitochondrial ROS through 503, miR-107, miR-17-5p, and ssc-miR-202-3p. Among them,
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miR-503 was localized to both granulosa cells and oocytes in mice
(Lei et al., 2010), and high levels of miR-503 also led to the
decrease of target gene expression, such Cdknlb and Ccnd2.
These showed that miR-503 plays a role in follicle granulosa cell
proliferation and differentiation. MiR-107 is considered a key
miRNA for the regulation of follicular selection (Li et al., 2019)
and targets the expression of lipid regulation-related genes such
as HSD17B12, ALDH5AL, and LIPC. MiR-202-3p is expressed in
chicken ovarian follicles, and its target MMPs and ADAMs
leading to the progression of follicle development, ovulation,
or atresia. (Octon and Hrabia, 2021). In addition, miR-17-5p has
been reported to be differentially expressed in the preovulatory
ovarian follicles of Large White and Chinese Taihu sows and has
been confirmed to regulate POGC growth and estradiol synthesis
through targeting the E2F1 gene in pig ovaries (Zhang S. et al,,
2019). MiR-190a-5p was the most downregulated miRNA in the
LOW vs. CON group, and in the eight-week-old male mice, RSV
inhibited the upregulation of miR-190a-5p caused by TGF-p1.
The decreased expression of miR-190a-5p could further enhance
HGF expression and reduce hepatocyte apoptosis (Liang et al.,
2022). This suggests that RSV may promote POGC apoptosis
through downregulating the expression of miR-190a-5p. What’s
more, the top 20 DE-miRNAs such as miR-378 and miR-142-5p
were expressed in the HIGH vs. CON group, and have also been
reported to be associated with ovarian development, cell
proliferation, and apoptosis. It has been reported that miR-
378 and its target gene CYP19A1 regulate steroidogenesis, cell
survival, and differentiation during follicle selection and
2013).
demonstrated an association between high miR-378 levels and
reduced estradiol levels in subordinate follicles (Xu et al., 2011).

ovulation (Schauer et al, Previous studies have

Alternatively, increased miR-378 levels in subordinate follicles
may be associated with a reported role in mediating cell death in
some tissues (Knezevic et al., 2012). MiR-142-5p is expressed at
higher levels in atretic follicles than in healthy follicles, its target
IGF1 and PAPPA putatively involved in follicular atresia
(Donadeu et al.,, 2017). MiR-378-3p is expressed in POGCs,
but its expression decreases during maturation; meanwhile,
by miR-378-3p
decreased downstream gene expression (Toms et al., 2015). In

targeting of the progesterone receptor
our study, miR-142-5p and miR-378-3p were upregulated and
downregulated, respectively, and may play a role in mediating
follicular development and apoptosis of ovarian granulosa cells.
Our study explored the function of DE-miRNAs in POGC
apoptosis induced by RSV and these results offer novel
insights into the involvement of miRNAs in the apoptosis of
ovarian granulosa cells.

To further understand the potential function of the DE-
miRNAs, their predicted genes were annotated by KEGG and
GO. In the LOW vs. CON group, we found that DE-miRNAs’
target genes were involved in various functions related to cell
development. Among them, miR-503 (Lei et al., 2010), miR-107
(Li et al, 2019), and miR-17-5p (Zhang S. et al,, 2019) are closely
related to ovarian development and granulosa cell apoptosis. In the
HIGH vs. CON group, the enriched GO functions of upregulated
and downregulated DE-miRNAs were related to responses to stimuli
and metabolic processes. When POGCs were co-cultured with high
concentrations of RSV, the POGCs responded to the organic
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stimulus and the metabolic process was changed. However, the
upregulated DE-miRNA target genes enriched in GO terms were
related to the regulation of protein binding, cell communication,
cellular metabolic processes, and signal transduction, indicating that
a large number of genes with key roles in POGCs apoptosis induced
by RSV are highly expressed in POGCs. These results suggest that
POGCs apoptosis induced by RSV may be regulated by these
miRNAs.

KEGG analysis showed that DE-miRNAs’ target genes were
involved in signaling pathways related to ovarian granulosa cell
functions and hormonal regulation such as the mTOR signaling
pathway, PI3K- Akt signaling pathway, MAPK signaling pathway,
AMPK signaling pathway, Wnt signaling pathway, TNF signaling
pathway, and apoptosis signaling pathway. For instance, the Wnt
signaling pathway is enriched by upregulated DE-miRNAs and
includes 45 genes that are known to be involved in mammalian
reproduction, including follicular development and ovulation
(Kobayashi et al., 2011). Similarly, Wnt-4 regulates the
function of ovarian granulosa cells at specific stages of
follicular development in the rodent ovary (Hsich et al., 2002).
Interestingly, the apoptosis and PI3K-Akt signaling pathways
were enriched by the target genes of DE-miRNAs in the LOW or
HIGH vs. CON groups. These signaling pathways play key roles
in the proliferation and apoptosis of mammalian cells during
follicular growth and in the promotion of primordial follicle
activation. These data clarify the potential roles of DE-miRNAs
in POGCs apoptosis. In ovaries, many genes and associated
signaling pathways are involved in the growth of ovarian
follicles until ovulation. Therefore, the molecular functions of
the predicted targets and pathways of miRNAs require further
validation.

As a flavonoid polyphenol, RSV may be related to the potential
mechanism of POGCs apoptosis induced by metabolism of organic
substances. And we focused on apoptosis signaling pathway and RSV-
related organic substance metabolic process to find key miRNAs
in POGCs. Then,

for “Apoptosis”

involved in RSV-induced apoptosis we
constructed miRNA-mRNA  networks
“Metabolism”.
17 miRNAs involved in the pathway targeting 27 genes, and ssc-
miR-34a, ssc-miR-1285, ssc-miR-143-5p, ssc-miR-320, and novel

710 were selected. Among them, ssc-miR-34a and ssc-miR-143-5p,

and
In the Apoptosis-related network, we found

with the most target genes in the HIGH vs. CON group, were selected
as key miRNAs, and an RSV-related metabolic network was
constructed. We identified three genes that shared three target
genes: MLIT1, ZGPAT, and CLCN2. These results verified that
RSV is extensively involved in the regulation of miRNA and gene
expression during apoptosis in POGCs.

In brief, small RNA sequencing results suggest that DE-miRNAs
may play a crucial role in the regulation of RSV-induced apoptosis in
POGC:s by regulating their target genes to participate in metabolism-
related and apoptosis-related signaling pathways. Nevertheless,
since the results of the present study are based on sRNA-seq
data and their analysis, additional functional studies (e.g., feeding
experiments, miRNA overexpression or interference) are required to
confirm the potential involvement of particular miRNAs in the
regulation of follicular functions in pigs. The presented results
suggest that RSV is important in the regulation of reproductive
processes in pigs.
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5 Conclusion

Opverall, this study provided an improved understanding of the
molecular mechanisms underlying the impact of RSV on miRNA
expression to regulate POGCs apoptosis. We constructed the key
miRNA-mRNA networks involved in apoptosis and metabolism,
furthermore, ssc-miR-34a and ssc-miR-143-5p, which had the
highest number of target genes, were selected as key miRNAs.
These results provide a better understanding of the roles of
miRNAs and RSV in ovarian granulosa cell development in pigs.
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