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Abstract
Background Granulosa cell (GC) proliferation and apoptosis are critical events of the ovum energy supply, which lead to 
follicular growth retardation or atresia, and various ovulatory obstacles, eventually resulting in the development of ovarian 
disorders such as polycystic ovarian syndrome (PCOS). Apoptosis and dysregulated miRNA expression in GCs are mani-
festations of PCOS. miR-4433a-3p has been reported to be involved in apoptosis. However, there is no study reporting the 
roles of miR-4433a-3p in GC apoptosis and PCOS progression.
Methods miR-4433a-3p and peroxisome proliferator–activated receptor alpha (PPAR-α) levels in GCs of PCOS patients 
or in tissues of a PCOS rat model were examined by quantitative polymerase chain reaction and immunohistochemistry. 
Bioinformatics analyses and luciferase assays were used to examine the association between miR-4433a-3p and PPAR-α, as 
well as PPAR-α and immune cell infiltration, in PCOS patients.
Results miR-4433a-3p expression in GCs of PCOS patients was increased. miR-4433a-3p overexpression inhibited the 
growth of the human granulosa-like tumor cell line (KGN) and promoted apoptosis, while co-treatment with PPAR-α and 
miR-4433a-3p mimic rescued miR-4433a-3p-induced apoptosis. PPAR-α was a direct target of miR-4433a-3p and its expres-
sion was decreased in PCOS patients. PPAR-α expression was also positively correlated with the infiltration of activated 
 CD4+ T cells, eosinophils, B cells, gamma delta T cells, macrophages, and mast cells, but negatively correlated with the 
infiltration of activated  CD8+ T cells,  CD56+ bright natural killer cells, immature dendritic cells, monocytes, plasmacytoid 
dendritic cells, neutrophils, and type 1 T helper cells in PCOS patients.
Conclusion The miR-4433a-3p/PPAR-α/immune cell infiltration axis may function as a novel cascade to alter GC apoptosis 
in PCOS.

Keywords miR-4433a-3p · Peroxisome proliferator–activated receptor alpha · Granulosa cell · Polycystic ovary syndrome · 
Immune cell infiltration

Introduction

Polycystic ovarian syndrome (PCOS) is a metabolic and 
endocrine disorder in reproductive-age women. Polycys-
tic ovarian syndrome patients often have several seemingly 
unrelated symptoms such as irregular menstruation, amenor-
rhea, rare ovulation, or anovulation [1]. In addition to increas-
ing the risks of type 2 diabetes mellitus, insulin resistance, 
endometrial cancer, and cardiovascular disease, studies have 
found a non-negligible link between PCOS and low levels of 
chronic systemic inflammation, with evidence of differen-
tially expressed inflammatory biomarkers in the sera of PCOS 
patients, including C-reactive protein, and the pro-inflamma-
tory cytokines tumor necrosis factor alpha and interleukin 6 
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[2, 3]. The pathophysiology of PCOS involves a vicious cycle 
of the combined effects of obesity, insulin resistance, diabetes, 
and other pro-inflammatory metabolic disorders that eventu-
ally lead to chronic low-grade inflammation, hormone dis-
turbances, and low fertility [4]. Polycystic ovarian syndrome 
is a complex polygenic disorder associated with epigenetic 
and environmental influences, with aberrant proliferation 
and apoptosis of granulosa cells (GCs) as the main causes 
of follicular atresia [5]. Meanwhile, the imbalance between 
autophagy and apoptosis of GCs determines the outcome of 
the follicles [6].microRNAs (miRNAs) are highly conserved 
and short non-coding RNAs of approximately 22 nucleotides 
which behave as post-transcriptional regulators. microRNAs 
regulate mRNA expression by binding to complementary 
3ʹ-untranslated regions on target mRNAs [7–9]. The aberrant 
expression or dysfunction of miRNAs can affect multiple cel-
lular processes such as cell proliferation, differentiation, and 
apoptosis, which in turn modulate follicular development and 
atresia, as well as hormone synthesis and metabolism, and 
eventually lead to the development of ovarian disorders such as 
PCOS [10–12]. microRNAs are also key regulators of diverse 
physiological processes, such as immune system homeosta-
sis, which protects individuals from excessive inflammation 
and tissue damage. Aberrant miRNA expression can lead to 
impaired immune activation and tolerance mechanisms, ulti-
mately resulting in the development of autoimmune disorders 
and other diseases such as cancer [13, 14].

Peroxisome proliferation–activated receptor (PPAR) is 
a transcription factor of ligand-activated nuclear receptors 
family, which includes PPAR-α, PPAR-β/δ, and PPAR-γ, and 
these transcription factors regulate lipid metabolism, glucose 
breakdown, energy homeostasis, and inflammation-related 
gene expression [15]. PPAR-α activation increases fatty acid 
catabolism, controls inflammation and hepatic triglyceride 
accumulation, prevents hyperlipidemia, and plays crucial roles 
in hepatocyte and adipocyte differentiation and lipid metabo-
lism [16, 17]. Moreover, PPAR-γ gene polymorphisms associ-
ate with PCOS and regulate progesterone production by GCs 
[18, 19]. However, the role of PPAR-α in PCOS is unknown.

Here, we examine the roles of miR-4433a-3p and PPAR-α 
in PCOS and clarify the immune response in PCOS patients. 
Our study provides new insights on potential therapeutic 
targets for improving or avoiding adverse outcomes such as 
poor follicular cell quality, impaired ovulation, and preg-
nancy loss caused by PCOS.

Materials and methods

Polycystic ovary syndrome gene expression data

Polycystic ovary syndrome dataset (GSE84376) was 
retrieved from the Gene Expression Omnibus (GEO). The 

GSE84376 dataset was based on the GPL16384 array (Affy-
metrix Multispecies miRNA-3 Array), which contained 15 
PCOS samples.

The dataset was normalized using “sva” in R. With the 
microarray platform’s data table, the series matrix file was 
annotated using an approved gene symbol. Files with gene 
expression matrix were acquired.

Ethics statement

This study was approved by the human ethics committee of 
the Third Affiliated Hospital of Guangzhou Medical Uni-
versity. Before enrollment, participants signed informed 
consent forms (ethics review board number: 2018NO:083; 
Guangzhou, China). Guangzhou Medical University’s ani-
mal ethics committee approved the animal experiments (pro-
tocol number: NX-2019–023, Guangzhou, China). Based on 
the Guide for the Care and Use of Laboratory Animals pub-
lished by the National Institutes of Health (Bethesda, MD, 
USA), this study was conducted. Every attempt was made 
to minimize the suffering of the animals.

Study subjects

Granulosa cells were collected from 10 PCOS-diagnosed 
infertile female patients at the Third Affiliated Hospital of 
Guangzhou Medical University from April 2020 to Decem-
ber 2020. The following Rotterdam 2003 criteria were used 
to diagnose the enrolled patients with PCOS: (1) anovulation 
and/or infrequent ovulation; (2) signs of hyperandrogenism 
or hyperandrogenemia; and (3) ultrasound examination show-
ing more than 12 follicles of 2–9 mm in diameter in both 
ovaries. We also collected GCs from 10 healthy women of 
reproductive age (35 years old) without PCOS and with regu-
lar menstrual cycles. Women were examined gynecologically 
during the follicular phase, and histopathological examina-
tions confirmed morphological normality. No participant was 
previously treated with hormones, including contraceptives, 
anti-androgens, or insulin sensitizers, which could have influ-
enced the release and metabolism of sex hormone. No par-
ticipant reported pregnancy at 6 months before enrollment or 
at registration. Granulosa cells were isolated from patients’ 
follicular fluid as previously described [20, 21].

Clear follicular fluid containing GCs was collected on the 
day of oocyte retrieval. Red blood cells and lymphocytes 
were removed by centrifugation with lymph separation solu-
tion and red blood cell lysate (BioSharp, Beijing, China), 
respectively [22]. Granulosa cells were washed in phosphate 
buffered saline (PBS) and cultured in Dulbecco’s modified 
Eagle medium (DMEM, Gibco, USA) supplemented with 
10% fetal bovine serum (FBS, Thermo, USA), 50 mg/mL 
streptomycin, and 50 U/mL penicillin (Thermo) or resus-
pended in PBS and stored at − 80℃.
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Establishment of PCOS rat model

We obtained 28 female Sprague–Dawley rats aged 25 days 
(body weight, 80–120 g) from the Chang Sheng Experimen-
tal Animal Center (Liaoning, China). First, we established 
the in vitro PCOS model. For 21 consecutive days, the 
first group of animals received subcutaneous injections of 
dehydroepiandrosterone (6 mg/100 g body weight; Sigma-
Aldrich, St. Louis, MO, USA) in 0.2 mL of oil, and PCOS 
was successfully established in all rats. For the second 
group of animals, 14 rats were subcutaneously injected with 
0.2 mL of oil for 21 consecutive days; these rats served as 
the controls. To confirm that PCOS was successfully estab-
lished, vaginal cells were collected daily from day 1 to day 
23 by irrigation with normal saline, and smears were pre-
pared for observation under an optical microscope. Model 
establishment was considered successful when there was no 
complete estrous cycle for several days. Ovaries were col-
lected, fallopian tubes and adipose tissues were removed 
under an optical microscope, and tissues were rinsed with 
normal saline to remove red blood cells.

Cell transfection

KGN cells, a GC line, were obtained from the Riken Cell 
Bank (Wako, Saitama, Japan) [23] and cultured in DMEM 
supplemented with 5% FBS at 37 °C in a humidified incu-
bator under conditions of 5%  CO2. Cells transfected with 
miR-4433a-3p mimic (miR10000088-1–5), miR-4433a-3p 
inhibitor (miR20000088-1–5), or their corresponding nega-
tive controls were purchased from RiboBio Biotechnology 
Co., Ltd. (Guangzhou, China). Control and PPAR-α over-
expression (EX-Z5927-M02) vectors were procured from 
GeneCopoeia (Rockville, MD, USA). Approximately 24 h 
before transfection, the cells were cultured in polystyrene 
6-well plates supplemented with 10% FBS in DMEM. When 
the cell confluence reached approximately 60%, cell trans-
fection was conducted with the riboFECT CP transfection kit 
(Guangzhou, China), in accordance with the manufacturer’s 
instructions. An additional processing step was performed 
approximately 48 h after transfection.

RNA isolation and quantitation

We reverse-transcribed the RNA isolated from GCs of PCOS 
patients and controls with TRIzol reagent (Thermo Fisher Sci- 
entific, Waltham, MA, USA). The SYBR Premix Ex Taq 
kit (Tli RNaseH Plus) was used for quantitative polymer-
ase chain reactions (q-PCR) on Applied Biosystems’ ABI 
7500 real-time PCR system (Waltham, MA, USA). A 5-s 
predenaturation at 94 °C was followed by 30 cycles of dena-
turation at 94 °C for 30 s, annealing at 54.5 °C for 30 s, 

and extension at 72 °C for 30 s. Samples were stored at 
4 °C for 10 min after extension at 72 °C. miR-4433a-3p 
expression was quantified with the TaqMan miRNA assay 
(Ambion, Austin, TX, USA), and the internal control was 
U6. Primers were prepared by RiboBio Biotechnology Co., 
Ltd. (Table 1). PPAR-α and miR-4433a-3p expression levels 
were calculated using the 2 − ΔΔCt method [24].

Western blot analysis

For the extraction of proteins, sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis sample load-
ing buffer or the radioimmunoassay lysis buffer was 
used. BCA kit (Thermo Fisher Scientific) was used 
to determine protein concentrations, according to the 
manufacturer’s protocol. Subsequently, 40 μg (50 μg/
μL) of protein was electrophoresed using 10–12.5% 
polyacrylamide gels and then transferred it onto poly-
vinylidene f luoride membranes (Bio-Rad, Hercules, 
CA, USA). Membranes were blocked for 1  h in 5% 
skim milk at room temperature, followed by incuba-
tion with diluted BCL-2, PPAR-α, cleaved-caspase-3, 
β-actin, and BAX primary antibodies overnight at 
4 °C. After three times of washing with Tris-buffered 
saline containing Tween 20, membranes were incu-
bated for 1 h with rabbit anti-mouse IgG or goat anti-
rabbit IgG conjugated to horseradish peroxidase. All 
primary and secondary antibodies were purchased 
from Abcam (Cambridge, MA, USA). Immunoreac-
tive proteins were detected and quantified with the 
Odyssey CLx Two-color Laser Imaging system (LI-
COR, Lincoln, NE, USA) and Image Studio (Alias, 
San Rafael, CA, USA), respectively.

Acridine orange–ethidium bromide (AO/EB) staining

The apoptosis of KGN cells was detected with the AO/
EB kit (BioSharp), and the cells were observed under an 
XSP-2C microscope (Shanghai Batuo Instrument Co., Ltd., 

Table 1  Primer sequences used for quantitative polymerase chain 
reaction

Gene Primer sequence (5ʹ–3ʹ)

miR-4433a-3p F: TCC TCC TTA CGT CCC ACC 
R: CCC ACC CTG TAT TCC TCC 

PPAR-α F: ACG ATT CGA CTC AAG CTG GT
R: GTT GTG TGA CAT CCC GAC AG

U6 F: GCT TCG GCA GCA CAT ATA CTA AAA T
R: CGC TTC ACG AAT TTG CGT GTCAT 

GAPDH F: GTC TCC TCT GAC TTC AAC AGCG 
R: ACC ACC CTG TTG CTG TAG CCAA 
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Shanghai, China). The apoptosis rate was calculated as 
follows:

Cell counting kit‑8 (CCK‑8) assay

The viability of KGN cells was assessed with the CCK-8 kit 
(Meilunbio Biotechnology Co., Ltd., Dalian, China). Cells 
(1 ×  103) were cultured in polystyrene 96-well plates with 
DMEM as indicated above, and 20 μL of CCK-8 solution 
(5 g/L) was added into each well. Plates were incubated for 
4 h under dark conditions, and absorbance values at 450 nm 
on days 0, 1, 2, and 4 were determined with a microplate 
reader. The cell viability rate was calculated as follows:

where As is the absorbance in the experimental group, Ab 
is the absorbance in the control group, and Ac is the absorb-
ance in the blank.

Flow cytometry

KGN cells (1 ×  106–1 ×  107 cells) were cultured in polysty-
rene 6-well plates for 48 h as indicated above. In conjunction 
with the FACScan flow cytometer (Becton Dickinson, San 
Jose, CA, USA) and CellQuest software (Becton Dickinson), 
the Annexin V-fluorescein isothiocyanate (FITC)/propidium 
iodide (PI) apoptosis kit was used to assess apoptosis.

Luciferase reporter gene assay with dual luciferases

A dual-luciferase reporter gene assay was utilized to iden-
tify the sites of binding between miR-4433a and PPAR-α. 
The Ppar-alpha sequence was amplified and purified. In 
the next step, wild-type PPAR-α (PPAR-α-Wt, contain-
ing the miR-4433a-3p binding site) and mutant PPAR-α 
(PPAR-α-Mut, with the miR-4433a-3p binding site 
mutated) fragments were inserted into the pMIRreporter 
vector (RiboBio Biotechnology Co., Ltd.) by endonucle-
ase cleavage (SpeI and HindIII) and ligated overnight at 
4 °C with T4 DNA ligase. Next, DNA extracted from 
transfected KGN cells was cleaved with restriction endo-
nucleases and sequenced to identify the plasmids. The 
putative luciferase reporter plasmids PPAR-α-WT and 
PPAR-α-Mut were co-transfected with miR-4433a-3p 
mimic into KGN cells. Luciferase activity was measured 
approximately 48 h after transfection with a luciferase 

Apoptosis rate =
Apoptotic cells

Total cells
× 100%

Cell viability rate =
As − Ab

Ac − Ab
× 100%

detection kit (Beyotime Biotechnology Co., Ltd., Shang-
hai, China).

Hematoxylin − eosin staining 
and immunohistochemistry

Fixed ovarian tissues were sectioned and mounted onto 
polylysine-coated glass slides and dried overnight at 
60  °C, followed by staining with hematoxylin–eosin. 
Based on previously described methods [25], immunohis-
tochemistry (IHC) and immunofluorescence were used to 
evaluate protein concentration and localization. A graded 
series of ethanol solutions were used to dewax the sec-
tions. The sections were blocked with 3% bovine serum 
albumin (BSA) at 37 °C and poured away. Then, we incu-
bated sections overnight with an antibody against PPAR-α 
(1: 200, ab245119, Abcam, Cambridge, UK) at 4 °C. Sec-
tions were incubated with a secondary antibody (1:2000) 
for 2 h at 25 °C. Optical microscopy was used to observe 
the sections after avidin-biotinylated-peroxidase com-
plex staining and DAB staining techniques were applied. 
For immunofluorescence, 4,6-diamidino-2-phenylindole 
(DAPI) (1:2000, Beyotime) was used to stain nuclei, and 
sections were observed under an Olympus laser scanning 
confocal microscope (Tokyo, Japan). Researchers with 
more than 5 years of routine histological experience cal-
culated the number and proportion of corpus luteum and 
follicles at different developmental stages.

Functional enrichment analysis of PPAR‑α 
co‑expressed genes

To explore the biological roles of PPAR-α co-expressed 
genes in PCOS, all co-expressed genes were uploaded 
into Metascape (http:// metas cape. org) for GO analysis. 
In order to analyze pathways, MSigDB of Hallmark Gene 
Sets and KEGG of Kyoto Encyclopedia of Genes and 
Genomes were used. Based on their Kappa scores > 0.3, 
p-values < 0.05, enrichment factor values > 1.5, and 
a minimum count of 3, genes were obtained and clus-
tered. The most statistically significant term in a set was 
selected as the cluster. In cases where > 20 terms were 
identified for a pathway or GO annotation, the top 20 
terms were selected for visualization.

Gene Set Enrichment Analysis (GSEA) of the genes 
co‑expressed with PPAR‑α

To understand the biological significance of PPAR-α 
co-expressed genes, we performed Gene Ontology (GO) 
enrichment analysis using GSEA. GSEA is a valuable 
approach for evaluating genome-wide expression profile 

http://metascape.org
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data, as it identifies different aspects of cell function by 
contrasting genes with predefined gene sets. A group 
of genes sharing pathways, localization features, func-
tions, and other characteristics is referred to as a gene 

set. GSEA was performed using the cluster profile pack-
age. The Pearson correlation coefficient of each gene 
co-expressed with PPAR-α was calculated to generate 
a list of genes according to changes in this parameter.

Fig. 1  miR-4433a-3p expression is up-regulated in PCOS patients. A 
Expression of differentially expressed miRNAs in PCOS patients in 
the GEO dataset. B Expression of miR-4433a-3p in PCOS patients 

in the GEO dataset. C Expression of miR-4433a-3p in GCs of PCOS 
patients by q-PCR. Data are presented as mean ± standard deviation, 
n = 3–6 for each group. *p < 0.05 vs. control group

Fig. 2  miR-4433a-3p regulates growth and apoptosis of KGN cells. 
A Expression of miR-4433a-3p in KGN cells after transfection with 
miR-4433a-3p mimic or inhibitor. B Results of the CCK-8 assay 
examining KGN cell viability after transfection with miR-4433a 
mimic or inhibitor. C, D Results of flow cytometry and the AO/EB 

assay showing apoptosis of KGN cells. E BAX, BCL-2, and cleaved-
caspase-3 protein levels after transfection with miR-4433a-3p mimic 
or control. n = 3–6 for each group. *p < 0.05 vs. the miR-NC group, 
**p < 0.01 vs. miR-NC group, nsp > 0.05 vs. control group
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Immune infiltration analysis

Using Single-Sample Gene Set Enrichment Analysis soft-
ware (ssGSEA), we calculated enrichment scores for 782 
genes representing 28 different immune cell types in R 
(GSVA package).

Statistical analysis

In this study, the mean and standard deviation of measure-
ment data with normal distributions were computed using 
SPSS 21.0 software (IBM Corp., Armonk, NY, USA). Inter-
quartile ranges were used for data with skewed distributions 
and abnormal variances. To compare groups, a t-test was 
applied to independent samples. Skewed data was calcu-
lated in R (GSVA package) using the Wilcoxon signed-rank 
test. One-way ANOVA with Tukey’s post hoc test was used 
for multiple group comparisons. Data collection at different 
times was analyzed using repeated-measures ANOVA with 
Tukey’s post hoc test. To analyze correlations, the Pear-
son correlation coefficient was used. Chi-square tests were 
used to compare enumeration data, which were expressed 
as percentages. Statistical significance was determined by 
p-values of less than 0.05.

Results

miR‑4433a‑3p expression is up‑regulated in patients 
with PCOS

GEO datasets (GSE84376) were retrieved from the GEO to 
examine the expression of specific miRNAs in GCs isolated 
from the follicular fluid of 15 PCOS patients and 13 healthy 
participants. Student’s t-test and fold-change comparisons 
were applied to evaluate the expression of miRNAs between 
the two groups of samples (the threshold was set to p < 0.05, 
|log2FD|> 1). A total of 13 miRNAs were selected for further 
analyses, of which 12 were up-regulated and 1 was down-regu-
lated (Fig. 1A). The p-value of miR-4433a-3p, whose level was 
increased in PCOS patients compared to healthy participants, 
was 0.0027 (Fig. 1B). We isolated GCs from 10 PCOS patients 
and 10 healthy participants to validate the microarray results 
by q-PCR. Compared to healthy participants, miR-4433a-3p 
expression was up-regulated in PCOS patients (Fig. 1C)

miR‑4433a‑3p overexpression inhibits growth 
and induces apoptosis of KGN cells

The aberrant expression of miR-4433a-3p in GCs of PCOS 
patients implicates it as a potential mediator of apoptosis. 
To test this hypothesis, KGN cells were stably transfected 
with miR-4433a-3p mimic, miR-4433a-3p inhibitor, or 
the corresponding controls. Compared to controls, miR-
4433a-3p expression was increased after transfection with 
the mimic, whereas it was decreased after transfection with 
the inhibitor (p < 0.05; Fig. 2A). The results of the CCK-8 
assay revealed that miR-4433a-3p inhibitor increased cell 
viability, whereas miR-4433a-3p mimic decreased cell via-
bility (p < 0.05; Fig. 2B). Furthermore, the results of flow 
cytometry demonstrated increased apoptosis after transfec-
tion with the mimic (Fig. 2C), consistent with the results of 
the dual acridine orange/ethidium bromide (AO/EB) fluores-
cent staining assay (Fig. 2D). Thus, increased miR-4433a-3p 
expression reduces cell viability and induces apoptosis. The 
results of western blot analysis revealed that transfection 
with miR-4433a-3p mimic decreased the level of BCL-2 (an 
anti-apoptotic protein) and increased the levels of cleaved-
caspase3 and BAX (pro-apoptotic proteins) in KGN cells 
(p < 0.05; Fig. 2E).

PPAR‑α is a direct target of miR‑4433a in granulosa 
cells

Bioinformatics analyses showed that the PPAR-α sign-
aling pathway plays an important role in the regulation 
of miR-4433a-3p expression in PCOS patients (Fig. S1). 
We used bioinformatics analyses to predict the specific 
sites of binding between PPAR-α and miR-4433a-3p, and 
our data indicated that PPAR-α is a direct target of miR-
4433a-3p (Fig. 3A). The results of q-PCR and western 
blot analyses revealed the increased PPAR-α expression in 
KGN cells after transfection of miR-4433a inhibitor, and 
PPAR-α expression was negatively correlated with miR-
4433a-3p expression in KGN cells (Fig. 3B, C). Next, 
we evaluated PPAR-α expression after overexpression of 
PPAR-α (Fig. S2). PPAR-α overexpression significantly 
increased the PPAR-α protein level in KGN cells, indica-
tive of successful in vitro transfection. No difference in 
the relative luciferase activity of KGN cells after co-
transfection of PPAR-α-Mut and miR-4433a-3p mimic 
was observed (p > 0.05). However, the relative luciferase 
activity was decreased after co-transfection of PPAR-
α-WT and miR-4433a-3p mimic (p < 0.05; Fig.  3D). 
Furthermore, there was a negative correlation between 
miR-4433a-3p and PPAR-α in GCs of PCOS patients 
(R =  − 0.372, p = 0.036) by the Pearson correlation coef-
ficient (Fig. 3E), indicating that miR-4433a-3p directly 
targets PPAR-α expression in PCOS.

Fig. 3  PPAR-α is directly targeted by miR-4433a-3p. A Seed units 
between miR-4433a-3p and PPAR-α. B, C Protein and mRNA lev-
els of PPAR-α in GCs after transfection with miR-4433a-3p inhibi-
tor or control by western blot and q-PCR. D Results of luciferase 
reporter assays showing the relationship between miR-4433a-3p 
and PPAR-α. E Correction of miR-4433a-3p and PPAR-α in GCs of 
PCOS patients. n = 3–6 for each group. *p < 0.05 vs. control or miR-
NC group, **p < 0.01 vs. control or the miR-NC group

◂
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PPAR‑α overexpression inhibits the effects 
of miR‑4433a‑3p on the apoptosis of KGN cells

To further confirm the role of PPAR-α in KGN cell apopto-
sis, we examined the PPAR-α protein level after transfection 
of miR-4433a-3p mimic or miR-4433a-3p mimic + PPAR-α 
overexpression plasmid (Fig. 4A) and observed increased 
PPAR-α expression. We also examined PPAR-α expres-
sion after transfection of miR-4433a-3p mimic (Fig. 4B). 
CCK-8 assays were used to evaluate the viability of KGN 
cells after transfection of miR-4433a-3p mimic + PPAR-α 
overexpression plasmid. No difference in the cell viability of 
the miR-4433a-3p mimic + PPAR-α overexpression plasmid 
group was observed compared to the control group. How-
ever, the cell viability of the miR-4433a-3p mimic group was 
decreased compared to the control group (Fig. 4C). Com-
pared to cells transfected with miR-4433a-3p mimic + empty 
vector, apoptosis was significantly decreased in cells trans-
fected with miR-4433a-3p mimic + PPAR-α overexpression 
plasmid (Fig. 4D).

PPAR‑α expression is decreased in PCOS patients

To examine the expression of PPAR-α in PCOS, we iso-
lated GCs from 10 patients with PCOS (PCOS group) and 10 
healthy participants (Control group) and found that PPAR-α 
expression was decreased in GCs of PCOS patients com-
pared to healthy participants (Fig. 5A). By immunohisto-
chemistry, we examined PPAR-α expression in ovarian tis-
sues of a PCOS rat model and found that PPAR-α expression 
was decreased in ovarian tissues (Fig. 5B).

GSEA‑based GO analysis reveals the downstream 
pathways

The top 5 significantly enriched GO terms in the GSEA 
dataset were based on GO biological processes. Genes 
were highly correlated with “immune response-activating 
signal transduction (GO:0002757),” “activation of immune 
response (GO:0002253),” “innate immune response 
(GO:0045087),” “mast cell activation involved in immune 

Fig. 4  PPAR-α reverses the effect of miR-4433a-3p mimic on the 
growth of KGN cells. A, B Protein and mRNA levels of PPAR-α 
in KGN cells after transfection of miR-4433a-3p mimic or miR-
4433a-3p mimic + PPAR-α overexpression plasmid. C Viability 
of KGN cells after transfection of miR-4433a-3p mimic or miR-

4433a-3p mimic + PPAR-α overexpression plasmid. D Apoptotic rate 
of KGN cells as assessed by the AO/EB assay. n = 3–6 for each group. 
*p < 0.05 vs. miR-NC mimic + empty vector group, #p < 0.05 vs. miR-
4433a-3p mimic + empty vector group, nsp > 0.05 vs. control group
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response (GO:0002279),” and “neutrophil activation in 
immune response (GO:0002283).”

Relationship between PPAR‑α and immune cell 
infiltration in PCOS

In the expression profiles of PCOS, 299 genes with an abso-
lute value of |Pearson correlation coefficient|> 0.95 were 
selected as PPAR-α co-expressed genes. To evaluate the bio-
logical functions of the co-expressed genes, we performed 
ssGSEA and found that PPAR-α expression associated with 
immune response–activating signal transduction, immune 
response activation, innate immune response activation, 
mast cell activation during the immune response, and neu-
trophil activation of the immune response signaling pathway 
(Fig. 6A). Next, we applied ssGSEA to examine the associa-
tion between PPAR-α expression and immune cell infiltration 
(Fig. 6B). The ssGSEA data showed that PPAR-α expression 
was significantly positively correlated with the infiltration 
of activated B cells (R = 0.7, p = 0.0025), activated  CD4+ 
T cells (R = 0.87, p < 0.0001), central memory  CD4+ T 
cells (R = 0.76, p = 0.0007), effector memory  CD4+ T cells 
(R = 0.84, p < 0.0001), eosinophils (R = 0.86, p < 0.0001), 
gamma delta T cells (R = 0.89, p < 0.0001), immature B cells 
(R = 0.81, p = 0.00014), macrophages (R = 0.85, p < 0.0001), 
mast cells (R = 0.82, p = 0.00011), type 2 T helper cells 
(R = 0.86, p < 0.0001), and type 17 T helper cells (R = 0.92, 
p < 0.0001), and significantly negatively correlated with acti-
vated  CD8+ T cells (R =  − 0.83, p < 0.0001),  CD56+ bright 
natural killer cells (R =  − 0.87, p < 0.0001), immature den-
dritic cells (R =  − 0.8, p = 0.0002), monocytes (R =  − 0.85, 
p < 0.0001), neutrophils (R =  − 0.53, p = 0.035), plasmacy-
toid dendritic cells (R =  − 0.92, p < 0.0001), and type 1 T 
helper cells (R =  − 0.89, p < 0.0001) (Fig. 6C).

Discussion

The dysregulation of miRNAs has been implicated in sev-
eral metabolic disorders such as PCOS. The pathogenesis 
of PCOS involves GC apoptosis. Thus, we explored the 
effects of miR-4433a-3p on GC apoptosis, while monitor-
ing its impact on the molecules and mechanisms involved 
in PCOS. We observed that miR-4433a-3p is a direct target 
of PPAR-α and immune cell infiltration is associated with 
KGN cell apoptosis in PCOS.

In this study, we validated the microarray results using 
GCs of patients with and without PCOS and verified the 
molecules and mechanisms related to the proliferation and 
apoptosis of KGN cells. KGN cells may not fully reflect 
the biology of GCs in humans. Theoretically, non-lutein-
ized GCs are the most ideal cell model for PCOS research. 
However, due to limitations in existing technologies, most 
investigators fail to obtain enough non-luteinized GCs 
from humans. Moreover, compared with primary GCs, 
it is easier to achieve cell stability and transfection effi-
ciency when using the KGN cell line, which is supported 
by numerous studies that have used the KGN cell line for 
PCOS research [26, 27].

Our initial study used the GEO dataset to examine miR-
4433a-3p expression in GCs isolated from PCOS patients 
and control participants during oocyte collection for in vitro 
fertilization (IVF). Aberrant miR-4433a-3p expression was 
first reported in papillary thyroid cancer [28]. Wu et al. 
reported that elevated miR-4433 expression can induce 
chronic myelogenous leukemia cell apoptosis by targeting 
the BCR–ABL axis [29]. Interestingly, our results revealed 
that miR-4433a-3p expression was up-regulated in GCs of 
PCOS patients and rat ovarian tissues. At the same time, 
miR-4433a-3p mimic could inhibit KGN cell growth and 

Fig. 5  PPAR-α expression is decreased in PCOS patients and a PCOS 
rat model. A Expression of PPAR-α in GCs of PCOS patients by 
q-PCR. B Results of immunohistochemistry showing PPAR-α expres-

sion in ovarian tissues of a PCOS rat model. Data are presented as 
mean ± standard deviation, n = 3–6 for each group. **p < 0.01 vs. con-
trol group
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induce apoptosis by decreasing Bcl-2 expression and 
increasing Bax and cleaved-caspase 3 expression, indicat-
ing that BCL-2, BAX, and cleaved-caspase 3 play important 
roles in apoptosis during PCOS progression [30, 31]. On 
the other hand, the miR-4433a inhibitor could significantly 
promote KGN cell proliferation and growth, revealing that 
miR-4433a-3p plays a significant role in PCOS.

In this study, bioinformatics analysis predicted that 
PPAR-α was a direct target of miR-4433a-3p, consistent 

with the data of dual-luciferase reporter gene assays. miR-
4433a-3p expression was negatively correlated with that of 
PPAR-α in GCs of PCOS patients. PPAR-α expression is 
implicated in male and female infertility, where it contrib-
utes to gonadal malformations, impaired spermatogenesis, 
and premature ovarian failure [32–34]. In addition, PPAR-α 
plays roles in lipid deposition [35], glucose metabolism, 
overall energy homeostasis, and inflammation-related gene 
expression [36]. Our results showed that PPAR-α expression 
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was decreased in GCs of PCOS patients and ovarian tissues 
of the PCOS rat model.

Peroxisome proliferator–activated receptor (PPAR) 
is implicated in cell differentiation, steroidogenesis, and 
gonadal tissue remodeling [33]. In rats, activation of both 
PPAR-γ and PPAR-α by mono-(2-ethylhexyl) phthalate, 
an environmental toxicant, affects GC differentiation and 
metabolism [37]. The functions of PPARs are also closely 
linked in reproductive tissues from gametogenesis to parturi-
tion [38]. Based on these findings, we conclude that PPAR-α 
influences GC function and follicle development in PCOS 
patients.

The immune system is important in female reproductive 
function, with macrophages playing critical roles in uterine 
function [39, 40]. Macrophages are present throughout the 
endometrium [41]; they are also present within the lumens 
of superficial glands [42]. They are enriched at times of 
inflammation, such as endometrial cancer, endometrial 
hyperplasia, implantation, and the secretory phase (par-
ticularly prior to menses) [43], and uterine macrophages 
secrete cytokines, growth factors, and chemokines during 
normal and abnormal events. For example, metformin regu-
lates cyclooxygenase-2 and nitric oxide synthase expression 
in uterine tissues, as well as serum tumor necrosis factor 
alpha levels, during recovery from dehydroepiandrosterone-
induced hyperandrogenism [44, 45]. These findings suggest 
that PPAR-α has an anti-inflammatory role by promoting 
the infiltration of macrophages in patients with PCOS. T 
cells are also critical for the normal function of the female 
reproductive system [46, 47]. The proportions of  CD4+ T 
(helper/inducer) and  CD8+ T (cytotoxic/suppressor) cells are 
up-regulated in retroperitoneal [48] or lumbar lymph nodes 
[49, 50], ovarian tissues [51], and uterine tissues [52]. In 
this study, PPAR-α expression promoted the infiltration of 
activated  CD4+ T, as well as central memory  CD4+ T cells 
and effector memory  CD4+ T cells in PCOS patients, [52, 
53]. We also showed that PPAR-α could decrease the pro-
portions of  CD56+ bright natural killer cells and immature 
dendritic cells. Furthermore, macrophages,  CD4+ T cells, 
and  CD8+ T cells can release pro-inflammatory mediators 
to regulate the function of the uterus. Here, we reported that 
PPAR-α significantly decreased immune cell infiltration in 
the PCOS model. Targeting these inflammatory processes by 
different pro-inflammatory mediators can be an alternative 
approach to the currently available treatments for PCOS that 
are caused by hyperandrogenism.

In conclusion, miR-4433a-3p and PPAR-α are potential 
biomarkers in PCOS patients. PPAR-α regulates several 
immune parameters of ovarian function and hyperandrogen-
ism. This study provides new insights on the clinical implica-
tions of miR-4433a-3p and PPAR-α in the treatment of PCOS.
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