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Polycystic Ovary Syndrome (PCOS) is a heterogeneous endocrine disease with high
incidences in women of reproductive age. Although miR-185-5p (miR-185) was
decreased in PCOS patients, the exact function of miR-185 on PCOS development still
requires further investigation. In this study, rat injected with dehydroepiandrosterone
(DHEA) was established as a PCOSmodel. A lentivirus carrying miR-185 was employed to
examine its effect on PCOS symptoms. Then we performed the luciferase reporter assay
to validate the interactions between miR-185 and vascular endothelial growth factor A
(VEGFA). Finally, human ovarian microvascular endothelial cells (HOMECs) were induced
by VEGF to explore the role of miR-185 in the angiogenic process. The results showed
that miR-185 overexpression improved insulin level alteration and ovarian histological
lesion in PCOS rats. We also found that miR-185 reduced the excessive angiogenesis as
indicated by alterations of VEGFA, ANGPT1/2, PDGFB/D, a-SMA and CD31 in the ovary
of PCOS rats. Luciferase reporter assay identified that VEGFA directly interacted with miR-
185, and its expression level was negatively regulated by miR-185. The in vitro results
further demonstrated that miR-185-induced suppression of cell proliferation, migration
and tube formation was attenuated by VEGF in HOMECs. In summary, this is the first
study to show that miR-185 can target VEGFA to inhibit angiogenesis, thus improving the
development of PCOS. These findings develop a molecular candidate for PCOS
prevention and therapy.

Keywords: Polycystic Ovary Syndrome, miR-185-5p, vascular endothelial growth factor A, angiogenesis, human
ovarian microvascular endothelial cells
INTRODUCTION

Polycystic Ovary Syndrome (PCOS), a prevalent endocrine disorder, has nearly 6–10% incident
rates in women of reproductive age. The characteristics of PCOS predominantly reflect in menstrual
disturbance, polycystic ovaries and high androgen levels, which may cause infertility and estrogen-
dependent tumors. In addition, PCOS also increases the occurrences of metabolic disorders,
including hyperandrogenism, insulin resistance, type 2 diabetes mellitus and cardiovascular
disease (Stepto et al., 2013). However, the pathogenesis of PCOS remains confusing due to its
heterogeneous nature.
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PCOS patients who undergo over response to gonadotrophin
stimulation can trigger severe ovarian hyperstimulation
syndrome (OHSS) (Peitsidis and Agrawal, 2010). Evidence
suggests the involvement of abnormal ovarian angiogenesis in
various pathological conditions of PCOS, such as OHSS,
ovulation disorder, subfertility and even endometriosis (Geva
and Jaffe, 2000; Reynolds et al., 2002; Di Pietro et al., 2018).
Notably, a current study from Xie et al. shows an evident
correlation between PCOS progress and the dysregulation of
angiogenic factors (Xie et al., 2017). Much of literature in this
field has highlighted that vascular endothelial growth factor
(VEGF) may be a crucial mediator of OHSS (McClure et al.,
1994; Ferrara and Davis-Smyth, 1997; Agrawal et al., 1998;
Garcia-Velasco and Pellicer, 2003), which is high-expressed in
PCOS patients (Peitsidis and Agrawal, 2010; Almawi et al., 2016).
Di Pietro et al. have demonstrated that VEGF levels may play a
part in the mediation of metformin on improving follicular
development and ovarian over-angiogenesis in PCOS rats (Di
Pietro et al., 2015). It also considers that targeting angiogenesis
may be a promising therapeutic option for treating PCOS
(Duncan and Nio-Kobayashi, 2013). Therefore, this paper is to
further explore a potential mechanism about the involvement of
angiogenesis in PCOS progress.

MicroRNA (miRNA) is known as a class of endogenous non-
coding RNA with 22–24 nucleotides approximately that impacts
complex pathophysiological processes (Ambros, 2001). As far as
we know, miR-185-5p (miR-185) is firstly identified to control cell
growth in human lung cancers (Takahashi et al., 2009). A growing
body of studies suggests that miR-185 may also contribute to
regulate a series of diseases, such as lipid metabolism disorder,
neurological disorder, liver fibrosis, dilated cardiomyopathy and
idiopathic pulmonary fibrosis (Forstner et al., 2014; Wang et al.,
2014; Lei et al., 2016; Li et al., 2016; Yu et al., 2016). Evidence from
Xu et al. shows apparent decrease of miR-185 expression in the
cumulus granulosa cells of PCOS patients (Xu et al., 2015).
Furthermore, the reduction of miR-185 level was confirmed in
the ovaries of PCOS rats in our preliminary experiments. Thus,
these evidences indicate the potential involvement of miR-185 in
PCOS progress. However, the exact function of miR-185 in
regulating the pathogenesis of PCOS is yet to be elucidated.
Interestingly, we screened that VEGFA might be a probable
target gene of miR-185 through bioinformatics analysis.
Therefore, this study was designed to explore whether miR-185
could target VEGFA to regulate PCOS pathogenesis.

In the current study, the classical PCOS model was locally
injected with lentivirus carrying miR-185 to investigate the role
of miR-185. Then VEGF-induced human ovarian microvascular
endothelial cells (HOMECs) were established to further explore
the underlying mechanism of miR-185 on angiogenesis.
MATERIALS AND METHODS

Animal Treatment
In this work, ethical approval was approved by Shengjing
Hospital of China Medical University. Animal procedures were
performed based on the Guide for the Care and Use of
Frontiers in Pharmacology | www.frontiersin.org 2
Laboratory Animals. Female Sprague–Dawley (SD) rats (3-week
old) were acquired from Liaoning Changsheng Biotechnology
Company (Benxi, China) and had free access to get food and
water. The rats were housed in 25 ± 1°C with a 12-h light/dark
cycle under 45–55% humidity. The PCOS rat model was
established as previous reported (Wang et al., 2017). In brief, the
dehydroepiandrosterone (DHEA, D106380, Aladdin, Shanghai,
China) with a concentration of 60 mg/kg was subcutaneously
injected into rats daily for consecutive 3 weeks. Meanwhile, the
Control rats (n = 12) were just administrated with an equal
volume of sesame oil in the same manner. Then we measured
the fasting blood glucose and fasting insulin levels to calculate the
insulin resistance index at 12 h post fasting. The homeostasis
model assessment of insulin resistance (HOMA-IR) was calculated
as the formula: fasting insulin concentration (mlU/L) × fasting
glucose concentration (mmol/L)/22.5. The PCOS rats (n = 36)
with HOMA-IR >2.8 were selected for further experiments (Wang
et al., 2017).

The PCOS rats were further randomly divided into three
groups (n = 12 in each group): PCOS group, PCOS + NC group
(PCOS rats infected with negative control lentivirus) and PCOS
+ rno-miR-185 group (PCOS rats infected with rno-miR-185
overexpressing lentivirus). The lentivirus overexpressing miR-
185 or NC was constructed using the pScio lentiviral vector
system (#11578) from Addgene (Watertown, MA, USA) that
carried with an EGFP maker. In this process, rats were
anesthetized with 50 mg/kg pentobarbital sodium and then
shaved on the back skin. Both ovaries were isolated after
cutting into a small incision on the back skin. Then both
ovaries of PCOS rats were prepared to receive a subcaspsular
injection of lentivirus overexpressing rno-miR-185 or NC at the
concentration of 5 × 108 TU/ml. Each side of the ovary was
injected twice. After 2 weeks, the rats fasted 12 h were used to
assess HOMA-IR and test serum insulin release. Following the
above measurements, all animals at diestrus were sacrificed and
the ovaries were harvested immediately for the following
examinations. Six rats were used for histological analysis, and
another six rats were prepared for the qRT-PCR, Western blot
and ELISA examinations. Each experiment in animals was
performed for 6 times.

Insulin Release Assessment
For the detection of serum insulin release, the fasting rats were
given glucose by gavage at a dose of 3 g/kg. The blood samples
were collected from the orbital venous rapidly at 0, 30, 60 and
120 min after gavage.

Cell Culture
Human ovarian microvascular endothelial cells (HOMECs) were
obtained from Zhongqiaoxinzhou (Shanghai, China), and cultured
in an endothelial cell medium (1001, Zhongqiaoxinzhou)
containing with 5% fetal bovine serum (FBS; SH30084.03,
Hyclone, South Logan, UT, USA) and 1% endothelial cell growth
supplement (EGGS; 1052, Zhongqiaoxinzhou) in a 5% CO2

incubator at 37°C. HOMECs were infected with NC or hsa-miR-
185-5p overexpressing lentivirus at a multiplicity of infection
(MOI) of 20. Following the 72-h infection, cells were cultured
July 2020 | Volume 11 | Article 1030
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with recombinant VEGF (100 ng/ml; APA143Hu01, USCN,
Wuhan, China) (Palanisamy et al., 2019). All experiments in
vitro were repeated for three times.

Hematoxylin and Eosin (H&E) Staining
To evaluate the changes of ovarian morphology, the extracted
ovaries were embedded in paraffin and sectioned into 5-mm
slides. Then sections were applied to test with an H&E staining
kit (WLA051a, Wanleibio, Shenyang, China) as the
manufacturers described. All histological changes were
observed by an optical microscope (BX53, OLUMPUS, Tokyo,
Japan) and imaged by a camera device (DP73, OLUMPUS) at the
magnification of ×40 or ×100.

Quantitative Real-Time PCR (qRT-PCR)
In this process, we firstly isolated total RNAs by RNAsimple
Total RNA kit (DP419, TIANGEN, Beijing, China) from the
whole ovaries of rats or HOMECs. Following measuring the
concentrations of extracted RNAs using a NANO 2000
ultraviolet spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA), the RNA samples were conducted to be
reverse-transcribed into cDNAs by the use of M-MLV reverse
transcriptase (NG212, TIANGEN). All designed primers in
Table 1 were synthesized by Sangon Biotech (Shanghai,
China). The samples treated with SYBR Green (SY1020,
Solarbio, Beijing, China) were employed to detect gene
expression with a real-time PCR instrument (Exicycler96,
BIONEER, Daejeon, Korea). Finally, the relative expression of
VEGFA or miR-185 in rats or HOMECs was calculated using
2−DDCT method. VEGFA was normalized to GAPDH and miR-
185 was normalized to 5S.

Enzyme-Linked Immunosorbent Assay
(ELISA)
The blood insulin level was detected by an insulin ELISA kit
(CEA448Ra, USCN). In addition, the extracted whole ovaries
were homogenized, and the supernatants were quantified using a
BCA assay kit (PC0020, Solarbio). Then the ovarian proteins
Frontiers in Pharmacology | www.frontiersin.org 3
were collected to test the concentrations of key angiogenic factors
using commercial ELISA kits, including VEGFA (EK3832/2,
Multi Sciences, Hangzhou, China), ANGPT1 (SEA008Ra,
USCN), ANGPT2 (SEA009Ra, USCN), PDGFB (SEC921Ra,
USCN) and PDGFD (SEC919Ra, USCN). The optical density
at 450 nm was recorded using a microplate (ELX-800, BioTek,
Biotek Winooski, Vermont, USA).

Immunohistochemistry
The ovarian tissue slices as above mentioned was utilized to
immunohistochemistry examination. Sections were incubated
with primary antibodies against a-SMA (55135-1-AP,
Proteintech, Wuhan, China) or CD31 (A11525, Abclonal,
Wuhan, China) overnight at 4°C. After washing in PBS, slides
stained with a-SMA were incubated with goat against rabbit
biotin-labeled antibody (A0277, Beyotime, Shanghai, China) in
PBS solution for 60 min at 37°C and conjugated with HRP-
labeled Streptavidin (A0303, Beyotime) for 30 min at room
temperature. The HRP-labeled goat anti-rabbit antibody
(#31460, Thermo Fisher Scientific) was prepared to conjugate
with CD31. Then slides were colorated using DAB reagent and
counterstained with hematoxylin. The images were shot at × 100
or ×400 magnification.

Western Blot
Protein samples from HOMECs were extracted and quantified
for determining protein level. Samples were subjected to SDS-
PAGE analysis and electrotransferred into PVDF membrane
(IPVH00010, Millipore, Billerica, MA, USA). Membranes were
conducted to incubate with primary antibodies against VEGFA
(A17000, Abclonal) and GAPDH (60004-1-Ig, Proteintech)
overnight at 4°C. Then HRP-conjugated goat anti-rabbit
antibody (SE134, Solarbio) or goat anti-mouse antibody
(SE131, Solarbio) was used to incubate with membranes.
Finally, the blots were developed with ECL substrate reagent
(PE0010, Solarbio). The optical density of target proteins was
quantified with Gel-Pro-Analyzer software (Media Cybernetics,
TABLE 1 | Primer sequences used in this study.

Gene Primer sequences

rno/hsa-miR-185-5p RT GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACTCAGGA
Forward TGGAGAGAAAGGCAGTTCCTGA
Reverse TGCAGGGTCCGAGGTATT

5S RT GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACAAAGCCTAC
Forward GATCTCGGAAGCTAAGCAGG
Reverse TGCAGGGTCCGAGGTATTCG

rat VEGFA Forward ATCCTGGAGCGTTCACTG
Reverse TCACCGCCTTGGCTTGTC

rat GAPDH Forward ACGTTGACATCCGTAAAGAC
Reverse TAGGAGCCAGGGCAGTAA

homo VEGFA Forward GAAGGAGGAGGGCAGAAT
Reverse CACAGGATGGCTTGAAGAT

homo GAPDH Forward GACCTGACCTGCCGTCTAG
Reverse AGGAGTGGGTGTCGCTGT
July 2020 | Volume 11 | Article 1030
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Silver Springs, MD, USA). GAPDHwas considered as an internal
control of VEGFA.

MTT
Following the lentiviral infection and drug treatment, HOMECs
were applied to undergo MTT assay (KGA311, KeyGen, Nanjing,
China) according to manufacturer’s instruction at 0, 24, 48, 72
and 96 h of culture, respectively. In brief, cells were treated with
MTT for 5 h at 37°C, and then the absorbance was read with a
microplate reader at 570 nm.

Transwell Assay
Transwell assay was performed using a 24-well transwell inserts
(3422, Corning Incorporated, Corning, NY, USA). The collected
HOMECs were resuspended in a serum-free medium and plated
into the upper chamber at the density of 1× 104 cells per well.
The lower chambers were added with 30% FBS. After incubation
for 24 h or 48 h, HOMECs were fixed in 4% paraformaldehyde
and incubated with crystal violet (0528, Amresco, Solon, OH,
USA). The observation of migratory cells was conducted using a
phase-contrast microscopy (IX53, OLUMPUS) under ×200
magnification. Finally, the number of cells migrated into lower
chambers was counted from five fields randomly per well.

Tube Formation Assay
For testing the tube formation, Matrigel (MA01730, BD
Biosciences, San Jose, CA, USA) was applied in this step. Cells
were seed at the 96-well matrigel and maintained for 24 h at 37°
C. Then the phase-contrast microscopy was used to observe tube
formation at ×100 magnification.

Luciferase Activity Assay
Luciferase reporter assay was conducted to validate the binding
activity between miR-185 and VEGFA. The pmirGLO vector
(E133A, Promega, Madison, WI, USA) was used to construct
wild type (wt) or point mutant type (mut) VEGFA luciferase
reporter vector from human and rat. The cotransfection of
VEGFA vector (wt or mut) and miR-185 mimics or NC mimics
Frontiers in Pharmacology | www.frontiersin.org 4
(GenePharma, Shanghai, China) in 293T cells were mediated by
Lipofectamine 2000 (11668-019, Invitrogen, Carlsbad, CA, USA)
for 48 h. Finally, the commercial dual luciferase reporter assay kit
(KGAF040, KeyGen) was used to measure the binding activity of
miR-185 by fly luciferase activity/renilla luciferase activity.
Statistical Analysis
All results were shown as mean ± SD, and the management and
analysis of data were carried out with GraphPad Prism software.
Differences in two groups were analyzed using unpaired t test.
One-way ANOVA or Repeated measures ANOVA following
Bonferroni’s post hoc test was utilized to assess the statistical
significance among multiple groups. P values less than 0.05 was
thought as significantly statistical difference.
RESULTS

MiR-185 Ameliorated the Insulin Release
in PCOS Rats
After 3 weeks of DHEA injections, the HOMA-IR index of rats
was measured, and HOMA-IR >2.8 was selected as a PCOS rat
model. The images of Supplementary Figure 1 indicated that
there was strong green fluorescence in the ovaries infected with
NC or miR-185 lentivirus. However, no fluorescence was
observed in the ovaries of Control or PCOS rats. Furthermore,
as shown in Figure 1A, miR-185 level was significantly reduced
in the ovary of PCOS rats, and as it is expected to be increased by
the injection with ectopic lentivirus. The results suggested the
successful infection of the lentivirus overexpressing miR-185 on
the ovaries. To determine the effect of miR-185 in PCOS rats, the
HOMA-IR was firstly measured. Overexpression of miR-185
could restore the high level of HOMA-IR in PCOS rats
(Figure 1B). Then the serum insulin release at indicated time
points following glucose treatment was tested, demonstrating
that the remarkable upregulation of insulin release level in PCOS
rats were downregulated by miR-185 (Figure 1C).
A B C

FIGURE 1 | MiR-185 ameliorated the insulin release in PCOS model. (A) Relative levels of miR-185 were decreased in the ovaries of PCOS rats and increased by its
specific lentivirus. (B, C) The HOMA-IR value (B) and serum insulin level (C) in PCOS rats were suppressed by miR-185. *p < 0.05, **p < 0.01, ***p < 0.001 vs
Control. ##p < 0.01, ###p < 0.001 vs PCOS + NC.
July 2020 | Volume 11 | Article 1030
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MiR-185 Attenuated Ovarian
Morphological Damages in PCOS Rats
To observe the ovarian histological changes, HE staining was
conducted. It was apparent from Figure 2A that ovarian
structural integrity, multiple corpora lutea, and ovarian follicles
in different stages were presented in the Control rats. However,
the larger cystic follicles, thinner granulosa and theca cell layers,
and decreased corpora lutea as well as the disappearance of
oocyte and corona radiate were observed in ovaries of PCOS rats.
Overexpression of miR-185 attenuated the structural lesions in
the ovaries of PCOS rats. Furthermore, the quantitative analyses
from Figures 2B–D also demonstrated that miR-185 could
protect against the decreases of granulosa cell layer thickness,
theca cell layer thickness, and corpora lutea number in
PCOS rats.

MiR-185 Inhibited the Angiogenic Effect in
the Ovary of PCOS Rats
The results in Figure 3 were set out to assess ovarian
angiogenesis in PCOS rats. As shown in Figures 3A, B, PCOS
rats showed significant increase of VEGFA mRNA and protein,
but overexpression of miR-185 attenuated the increase of
VEGFA in PCOS model. Further, the alterations of
angiogenesis-associated factors in the ovary were tested using
ELISA (Figures 3C–F). Comparing with the control rats, PCOS
rats induced remarkable increase of ANGPT1, and decrease of
ANGPT2, PDGFB and PDGFD. However , miR-185
overexpression reversed the protein alterations of angiogenesis-
Frontiers in Pharmacology | www.frontiersin.org 5
associated factors. In addition, we observed that the increased
immunopositive staining of a-SMA and CD31 in the ovarian
vessel of PCOS rats was restored by overexpressing miR-185
(Figures 3G, H), indicating that miR-185 not only modulated
periendothelial cells but also affected endothelial cells in ovaries.
Taken together, the data implied that miR-185 had an anti-
angiogenic effect on the ovary of PCOS rats.

MiR-185 Directly Interacted With VEGFA
Since the results in Figure 3 demonstrated that miR-185 could
block the ovarian angiogenesis of PCOS and negatively regulate
VEGFA expression, we speculated that it might be
complementary with the 3’-UTR of VEGFA. The putative
complementary sequences between rno/has-miR-185 and
VEGFA were shown in Figures 4A, C. Then luciferase
reporter assay was performed to explore the associations
between miR-185 with VEGFA. Data from Figures 4B, D
indicated that there was a significant difference between
VEGFA-wt + NC mimics and VEGFA-wt + miR-185 mimics.
However, no significant change of luciferase activity was found
between VEGFA-mut + NCmimics and VEGFA-mut + miR-185
mimics. The results showed that VEGFA was a potential target
gene of miR-185.

Overexpression of miR-185 Reduced
VEGFA Expression in HOMECs
Furthermore, several in vitro experiments were designed to better
uncover the underlying mechanism of miR-185 in PCOS. The
A

B DC

FIGURE 2 | MiR-185 attenuated ovarian morphological damages in PCOS model. (A) Representative images of HE staining for the ovarian lesions in PCOS rats.
Upper panel: Scale bar = 500 mm; Lower panel: Scale bar = 200 mm. (B–D) Quantitative results for the thickness of granulosa layer (B) and theca cell layer (C), and
the number of corpora lutea (D). ***p < 0.001 vs Control. ##p < 0.01, ###p < 0.001 vs PCOS + NC.
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results in Figure 5A showed that there was an obvious increase
of miR-185 in HOMECs by its overexpressing lentivirus.
Furthermore, the mRNA and protein expression levels of
VEGFA were significantly down-regulated by miR-185 in
HOMECs (Figures 5B, C). These data further confirmed the
direct regulation of miR-185 on VEGFA expression.
Frontiers in Pharmacology | www.frontiersin.org 6
VEGF Mediated the Inhibition of miR-185
on Cell Proliferation, Migration and Tube
formation in HOMECs
Considering the target relationships between miR-185 and
VEGFA, we further investigated the role of VEGF in the
angiogenic effect of miR-185 on HOMECs. The statistical
A B

D E F

G H

C

FIGURE 3 | MiR-185 inhibited the angiogenic effect in the ovaries of PCOS rats. (A) Relative mRNA levels of VEGFA were tested using qRT-PCR. (B–F) The
concentrations of VEGFA (B), ANGPT1 (C), ANGPT2 (D), PDGFB (E) and PDGFD (F) were measured by ELISA. (G, H) The immunopositive staining of a-SMA (G)
and CD31 (H) were examined with immunohistochemistry. Left panel: Scale bar = 200 mm; Right panel: Scale bar = 50 mm. ***p < 0.001 vs Control. #p < 0.05,
##p < 0.01, ###p < 0.001 vs PCOS + NC.
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curves in Figure 6A revealed that miR-185 could reduce the viable
number of HOMECs, and VEGF treatment reversed it. Transwell
assay showed that VEGF reversed the decrease of migratory cells
induced by miR-185 overexpression (Figures 6B, C). Furthermore,
we noticed that the reduction of formatted tubes in miR-185-
treated HOMECs were attenuated by VEGF administration
Frontiers in Pharmacology | www.frontiersin.org 7
(Figure 6D). Accordingly, miR-185-induced decrease of total
tube number was increased by VEGF (Figure 6E). Similar
alterations were also observed in the assessment for the length of
total tubes (Figure 6F). Totally, these results suggested that VEGF
participated in the regulation of angiogenesis in vascular
endothelial cells mediated by miR-185.
DISCUSSION

PCOS is a heterogeneous disease with ovarian dysfunction, and
its etiology is still not well understood. Herein, we found that
miR-185 level was decreased in the ovary of PCOS rat model and
its overexpression decreased insulin levels, improved ovarian
histological lesions, and blocked angiogenic processes in PCOS
rats. Following the luciferase assay, VEGFA was confirmed to be
a direct target gene of miR-185. Our results showed that the
improvement of miR-185 on PCOS progression might be
attributed to the inhibition of excessive angiogenesis by
targeting VEGFA.

In general, PCOS symptoms were mainly characterized by
hyperinsulinemia, insulin resistance as well as ovarian injury
(Dunaif et al., 1989; Diamanti-Kandarakis and Papavassiliou,
2006). In this study, high serum insulin concentration was
observed in rats after DHEA injection, indicating the occurrence
of hyperinsulinemia. We also found that DHEA treatment
increased the insulin resistance index and exacerbated ovarian
morphological injury. Together these results suggested a well-
established PCOS rat model using DHEA in our experiments.

Growing evidence showed an abnormal expression profile of
miRNAs in granulose cells, theca cells, follicular fluid, adipose
tissue and blood of PCOS women (Sorensen et al., 2014; Chen B.
et al., 2019). For instance, miR-28-5p was revealed to potentially
attenuate the pathogenesis of PCOS through interacting with
A

B D

C

FIGURE 4 | MiR-185 directly targeted VEGFA. (A) The putative binding sites of rno-miR-185-5p with VEGFA. (B) Relative luciferase activity between rno-miR-185-
5p and VEGFA was detected. (C) The putative binding sites of hsa-miR-185-5p with VEGFA. (D) Relative luciferase activity between hsa-miR-185-5p and VEGFA
was detected. Red sequences: binding sites. Underlined sequences: mutant sites. **p < 0.01, ***p < 0.001 vs wt + NC mimics.
A B

C

FIGURE 5 | Overexpression of miR-185 reduced VEGFA expression in
HOMECs. (A) Relative levels of miR-185 were elevated by its specific
lentivirus in HOMECs. (B, C) Relative VEGFA mRNA (B) and protein (C) levels
were decreased by upregulating miR-185 in HOMECs. ***p < 0.001 vs NC.
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prokineticin-1 (Meng et al., 2019). Teng et al. demonstrated that
miR-409 was down-expressed in the ovary of PCOS rats, and its
induction improved the clinical phenotypes by regulating
hormone levels and pregnancy rates (Teng et al., 2019).
However, limited literature had reported the association
between miR-185 and PCOS development. In this work, we
observed low expression of miR-185 in the ovary of PCOS rats.
Similarly, the findings also demonstrated that miR-185
expression level was reduced in the cumulus granulose cells of
PCOS patients (Xu et al., 2015). Thus we hypothesized that miR-
185 potentially functioned as a protector in the regulation of
PCOS progress. Previous studies demonstrated that miR-185
protected against low insulin sensitivity and liver steatosis in
non-alcoholic fatty liver disease (Wang et al., 2014). It was also
be found in hepatic cells by Chen et al. that miR-185 was an
Frontiers in Pharmacology | www.frontiersin.org 8
important player in improving insulin resistance (Chen D. L.
et al., 2019). In consistent with these findings, we also noticed
that these alterations in PCOS rats were mediated by miR-185.
The results showed that miR-185 might present a therapeutic
effect on PCOS progress.

It was worth noting that ovarian angiogenesis was a critical
characteristic in PCOS pathogenesis (Agrawal et al., 1998; Artini
et al., 2006). The angiogenic-associated factors had been proved
to firmly correct the vasculature formation and regression
(Ribatti et al., 2011). In angiogenic processes, two families of
angiogenic factors, Angiopoietin (ANGPT) and Platelet-Derived
Growth Factor (PDGF), had implications in the mature, stability
and permeability of blood vessels (Hellberg et al., 2010; Fagiani
and Christofori, 2013). It had been elucidated that ANGPT1
mainly promoted the formation of newly vessels, whereas
A

B

D

E F

C

FIGURE 6 | VEGF mediated the inhibition of miR-185 on cell proliferation, migration and tube formation in HOMECs. (A) Cell viability in HOMECs was measured
using MTT assay. (B, C) Transwell assay was performed to evaluate the migratory ability in HOMECs. (D–F) Matrigel assay in HOMECs (D) was used to assess the
relative changes about the number (E) and length (F) of total tubes. *p < 0.05, **p < 0.01, ***p < 0.001 vs NC. #p < 0.05, ###p < 0.001 vs hsa-miR-185.
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ANGPT2 was responsible for vascular destabilization and
regression (Davis et al., 1996; Gale et al., 2002). Abramovich
et al. described that the agonist ANGPT1 was increased, and the
antagonist ANGPT2 were decreased in the ovary of PCOS rat
model (Abramovich et al., 2012). Furthermore, decreased
expressions of ovarian PDGF proteins, like PDGFB and
PDGFD, in PCOS were shown to be linked with the deregulation
of ovarian angiogenesis and follicular development (Di Pietro et al.,
2015; Di Pietro et al., 2016). In addition, the critical role of VEGF in
vascular endothelial cell proliferation andmigration was reported to
affect the normal and abnormal angiogenesis (Carmeliet, 2003). In
accord with these previous studies, similar alterations of angiogenic
factors were also detected in the ovary of PCOS rats.
Overexpression of miR-185 partially restored these alterations,
which indicated that miR-185 might protect against increased
angiogenesis in PCOS. VEGFA gene with rs3025020 was
suggested to be associated with VEGF production to regulate the
pathogenesis of PCOS (Almawi et al., 2016). Considering that the
increased VEGFA in PCOS rat model was suppressed by miR-185,
we questioned whether VEGFA was a downstream target of miR-
185 to affect angiogenic processes. Luciferase reporter assay
demonstrated that VEGFA was a direct target of miR-185, and its
expression was negatively correlated with miR-185. Therefore the
results indicated that the role of miR-185 in altering angiogenic
factors might be mediated by interacting with VEGFA.

Endothelial cells were essential for normal structural and
functional changes of vascular system (Rohlenova et al., 2018).
VEGFA was demonstrated to be generally derived from stromal
cells and exerted physiological functions in angiogenesis and
vascular permeability to stimulate endothelial cell proliferation
and migration (Weis and Cheresh, 2005; Shibuya, 2013). Our in
vitro results further showed that VEGF overexpression could
reverse the inhibitory effect of miR-185 on cell proliferation,
migration and tube formation in vascular endothelial cells.
Together these findings suggested that miR-185 protected
against PCOS progress through inhibiting angiogenesis via
targeting VEGFA.

In conclusion, this study shows that miR-185 is down-
expressed in the ovary of PCOS rats, and its overexpression
can attenuate insulin resistance, high serum insulin level and
ovarian histological lesion in PCOS. Furthermore, the in vitro
experiments demonstrate that miR-185 controls angiogenic-
associated factor expression, endothelial cell proliferation and
migration, as well as tube formation by directly interacting with
Frontiers in Pharmacology | www.frontiersin.org 9
VEGFA. Taken together, this is the first study to suggest that
miR-185 acts as a protective effector on PCOS development
through the inhibition of excessive angiogenesis by targeting
VEGFA, which provides critical insights into understanding the
etiology and pathology in PCOS.
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