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Abstract
Introduction. Abnormal ovarian angiogenesis is a common feature of polycystic ovary syndrome (PCOS), a typical 
endocrine disorder affecting women of reproductive age. Histone deacetylase 5 (HDAC5) has been documented as 
a suppressor of angiogenesis. The aim of this study was to explore the effect of HDAC5 on ovarian angiogenesis in 
a PCOS mouse model.
Material and methods. PCOS was induced in female C57BL/6 mice by 20-day administration of dehydroepiandros-
terone (DHEA). HDAC5 was over-expressed in PCOS mice by corresponding adenovirus injection. In total, 120 mice 
were used in this study. Western-blotting, real-time PCR, hematoxylin and eosin staining, enzyme-linked immunosorbent 
assay (ELISA), immunohistochemical staining, flow cytometry, and co-immunoprecipitation were respectively used 
to evaluate the effect of HDAC5 on PCOS mice. 
Results. PCOS ovaries showed a compensatory increase in HDAC5  expression, while HDAC5  over-expression 
alleviated abnormalities in ovarian morphology and serum hormone levels after PCOS modeling. HDAC5 inhibited 
ovarian angiogenesis in PCOS mice by regulating angiogenesis-related factors, such as VEGFA, platelet-derived growth 
factors B and D (PDGFB/D), and angiopoietins 1 and 2 (ANGPT1/2) and CD31. HDAC5 over-expression decreased 
levels of reactive oxygen species (ROS) and malondialdehyde, while promoting activities of catalase and superoxide 
dismutase in ovaries of PCOS mice, suggesting its suppressive effects on oxidative stress, an inducer of uncontrolled 
angiogenesis. Moreover, HDAC5 suppressed activation of angiogenesis-related HIF-1α/VEGFA/VEGFR2 signaling 
in PCOS ovaries partly via inhibiting VEGFR2 acetylation.
Conclusions. This study reveals the protective role of HDAC5 in PCOS by inhibiting ovarian angiogenesis and provides 
a molecular candidate for PCOS therapy in the future. (Folia Histochemica et Cytobiologica 2022, Vol. 60, No. 3, 260–270)
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Introduction 

Polycystic ovary syndrome (PCOS) is the most com-
mon endocrine and metabolic disorder that affects 
women of reproductive age [1]. Clinically, PCOS 
is characterized by excessive androgen secretion, 
ovulation failure, and pathological ovarian changes. 
Although the pathogenesis of PCOS has not been 
fully explored, it is documented to associate with 
obesity, insulin resistance, and dyslipidemia [1, 2]. 
More importantly, PCOS patients are more likely to 
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have long-term complications, such as hyperlipidemia, 
cardiovascular disorder, hypertension, and endometrial 
cancer, which makes PCOS a critical health concern 
for women worldwide [3]. 

Recently, ovarian angiogenesis has been proved as 
an interesting field for PCOS research [4, 5]. As the key 
organ of the female reproductive system, the ovary rep-
resents one of the few organs with active angiogenesis. 
The accurate formation and regression of blood vessels 
play an indispensable role in follicular development, 
ovulation, and corpus luteum generation, which are 
crucial events in the reproductive system cycle [4]. 
Of note, altered ovarian angiogenesis is a common 
feature in PCOS. Patients with PCOS have displayed 
an obviously higher level of angiogenesis when com-
pared to healthy women [6]. Besides, significantly 
promoted angiogenic effects have been determined 
in ovaries of PCOS rats [5, 7], which further suggests 
that ovarian angiogenesis is a promising therapeutic 
target for PCOS. 

Histone deacetylase 5 (HDAC5) is a crucial mem-
ber of the class II HDAC family, which could affect 
gene transcription by regulating acetylation and chro-
matin remodeling [8]. It has shown prominent roles in 
a broad array of biological processes and is associated 
with a pathological state of many disorders [9]. For 
instance, HDCA5 exerts suppressive effects on tumor 
cell proliferation in neuroblastoma and breast cancer 
[10, 11]. HDAC5 was shown to promote inflammation 
in a mouse model of intestinal sepsis [12]. However, 
the role of HDCA5 in PCOS has not been explored 
yet. Inspiringly, HDAC5 has been documented as an 
angiogenesis repressor in endothelial cells [13], which 
suggests that HADC5 might be involved in ovarian 
angiogenesis during PCOS progression. 

Oxidative stress manifested as the imbalance 
between pro- and anti-oxidant systems plays a key 
role in angiogenesis. It is well-established that oxida-
tive stress could result in numerous vascular-related 
diseases [14]. More importantly, women with PCOS 
presented higher indices of oxidative stress when 
compared to non-PCOS individuals, validating the 
involvement of oxidative stress in PCOS pathogenesis 
[15]. It is worthy to note that HDAC5 has the property 
to regulate oxidative stress in cerebral ischemia and 
cardiac hypertrophy [16, 17]. Additionally, oxidative 
stress-induced angiogenesis is strongly associated with 
the accumulation of reactive oxygen species (ROS) 
and the activation of hypoxia-inducible factor-1alpha 
(HIF-1α)/vascular endothelial growth factor (VEGF) 
signaling [14, 18]. Thus, this study aimed to explore 
whether HDAC5 over-expression in PCOS mice inhi- 
bits ovarian angiogenesis, and investigate the potential 

associations between HDAC5 expression and ROS/ 
/HIF-1α/VEGF signaling in PCOS.

Materials and methods

Animals. Female C57BL/6 mice (21-day old, 9–13 g) were 
housed in a specialized facility with a temperature of 22 ± 1°C, 
the humidity of 45–55%, and a 12-h day/night cycle. Mice were 
adaptively kept for one week with free access to water and food 
prior to PCOS modeling. In total, 120 mice were used in this 
study. All animal experimental protocols were approved by the 
Animal Care and Use Committee of Heilongjiang University of 
Chinese Medicine (Approval number: 2021111103).

PCOS modeling and interventions. Female C57BL/6 mice 
were randomly divided into 4 groups after one-week accommo-
dation (n = 6 in each group), i.e. control, PCOS, PCOS + Ad-vec-
tor, and PCOS + Ad-HDAC5 groups. PCOS mice received a dai-
ly subcutaneous injection of dehydroepiandrosterone (DHEA, 
60 mg/kg, dissolved in sesame oil, Aladdin Reagent, Shanghai, 
China) for continuous 20 days [19]. Meanwhile, control mice 
were injected with the same volume of solvent. One week prior 
to PCOS modeling, mice in adenovirus-treated groups received 
the injection of adenovirus expressing HDAC5 and an empty 
vector (3 × 109 PFU/ovary, 10 μL, in DMEM) at the position 
below ovary capsule. HDAC5  over-expression in vivo was 
achieved by adenovirus administration.

To construct the recombinant adenovirus expressing 
HDAC5, the segment of HDAC5 was synthesized, and cloned 
into the pShuttle-CMV vector (Fenghui Biotechnology, Hunan, 
China). The plasmid was validated by enzyme digestion 
and DNA sequencing. Recombinant adenovirus expressing 
HDAC5 was subsequently generated using the classical AdEasy 
system [20]. After the measurement of virus titer, the in vivo 
transduction with the indicated amount of adenovirus express-
ing HDAC5  was performed on mice, and the transduction 
efficiency was determined by detecting HDAC5 expression in 
ovarian tissues from experimental mice using western-blot and 
real-time PCR. On day 21 post first DHEA injection, the ani-
mals were anesthetized with sevoflurane, and blood was taken 
from the retroorbital venous plexus of animals until their death. 
Thereafter, ovarian tissues were collected for further analysis. 

Hematoxylin and eosin (H&E) staining. After fixation in 
10% buffered formalin for over 24  h at room temperature 
(RT), ovarian tissues underwent conventional dehydration, 
paraffin-embedding, and sectioning (5 μm-thick). Sections were 
then air-dried and dewaxed prior to the staining with hematox-
ylin (H8070, Solarbio, Beijing, China) and eosin (A600190, 
Sangon Biotech, Shanghai, China) according to the established 
protocol [21]. Representative microphotographs of ovaries were 
captured using a light microscope (Olympus, Tokyo, Japan) at 
the magnification of 40×.

Immunohistochemistry. Ovary sections from each group 
were fixed and paraffin-embedded as described for H&E 
staining. For immunohistochemical (IHC) staining, prepared 
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5 μm-thick sections were incubated with boiled citrate antigen 
retrieval solution (PH = 9) for 10 min and then immersed into 
3% H2O2 (10011218, Sinopharm, Beijing, China) for 15 min. 
Subsequently, sections were blocked by 1% bovine serum 
albumin (BSA, A602440-0050, Sangon Biotech, Shanghai, 
China) for 15 min at RT and then incubated with primary an-
tibody against CD31 (1:50, AF6191, Affinity, Jiangsu, China) 
at 4°C overnight. The allotypic serum was used as a control to 
determine the specificity of CD31 staining. On the following 
day, sections were incubated with secondary antibody (1:500, 
#31460, ThermoFisher, Waltham, MA, USA) for 60  min at 
37°C. After washing, slides were further stained with diamin-
obenzidine (DAB, DAB-1031, MXB Biotechnology, Foochow, 
China) and lightly counterstained with hematoxylin (H8070, 
Solarbio). After dehydration and mounting, sections were finally 
analyzed using a light microscope (Olympus).

Enzyme-linked immunosorbent assay (ELISA). Whole blood 
taken from retroorbital venous plexus (approximately 1 mL/ 
/mouse) was collected in a test tube without anticoagulant and 
left to clot for 4 h at RT and then was subjected to centrifu-
gation at 4°C for 10 min at 3000  rpm. The supernatant was 
taken as the serum (about 500 μL/mouse). The serum levels of 
progesterone, testosterone, and estradiol were detected using 
ELISA kits (EU0398, EU0400, EU0390, respectively, Finetest, 
Wuhan, China). 

The bicinchoninic acid (BCA) assay was performed to 
quantify protein concentrations in supernatants derived from 
ovarian tissue homogenates. For homogenization, indicated 
volume of normal saline (pH 7.0) was added to tissue samples 
at the ratio of 9:1 (volume: tissue weight). The samples were 
homogenized using a hand-held glass homogenizer in baths of 
ice. Supernatants derived from tissue homogenates were next 
obtained by centrifugation at 4°C for 10 min at 2500 rpm. ELISA 
was subsequently performed to detect concentrations of vascular 
endothelial growth factor A (VEGFA, EK283, MULTI Scienc-
es, Hangzhou, China), angiopoietin 1  (ANGPT1, EM0016, 
FineTest), angiopoietin 2 (ANGPT2, EM0017, FineTest), plate-
let-derived growth factor-B (PDGFB, EM0269, FineTest) and 
platelet-derived growth factor-D (PDGFD, EM1271, FineTest) 
in supernatants of homogenized ovarian tissues by commercial 
ELISA kits.

ROS detection via flow cytometry. Ovarian tissue was made 
into single-cell suspension using established protocol [22]. 
Afterward, cells were probed with dichloro-dihydro-fluorescein 
diacetate (DCFH-DA,10  μM) for 20  min at 37°C according 
to the manufacturer’s instructions (S0033S, Beyotime). After 
the removal of excess DCFH-DA, cells were subjected to the 
flow cytometric analysis (NovoCyte, Agilent, Santa Clara, 
CA, USA).

Biochemical analysis. Protein extracts in supernatants of ho-
mogenized ovarian tissues were quantified by commercially 
available BCA assay kit (P0011, Beyotime). To detect malondi-
aldehyde (MDA) level, the protein concentration of each sample 
was unified to 1 mg/mL, and protein samples were subsequently 

subjected to thiobarbituric acid (TBA) assay using commercial 
assay kit (A003-1) from Nanjing Jiancheng Bioengineering 
Institute (Nanjing, China). The absorbance at 532  nm was 
measured by a spectrophotometer (UV752N, UNICO, Shang-
hai, China), and MDA level was expressed as nmol/mg protein 
according to the manufacturer’s protocol. 

The activity of catalase (CAT ) in homogenate samples 
(protein concentration was unified to 2 mg/mL) was detected 
using a CAT assay kit (A007, Nanjing Jiancheng Bioengineering 
Institute) by measuring absorbance at 405 nm. CAT activity 
was expressed as U/mg protein according to the manufacturer’s 
protocol.

Superoxide dismutase (SOD) activity in supernatants of 
homogenized ovarian tissues (protein concentration was unified 
to 1  mg/mL) was detected by hydroxylamine method using 
commercial assay kit (A001) from Nanjing Jiancheng Bioen-
gineering Institute. The absorbance at 550 nm was measured, 
and SOD activity was expressed as U/mg protein according to 
the manufacturer’s protocol.

Real-time PCR. Total RNA was isolated from ovarian tissue 
by TRIpure buffer (RP1001, BioTek, Beijing, China). Isolated 
RNAs were reversed into cDNAs using BeyoRT II M-MLV 
reverse transcriptase (D7160L, Beyotime) on a PCRAmplifier 
(TC-96/G/H(b), Bioer Technology, Hangzhou, China). The 
Reverse Transcription System was listed as follows:

Step 1: prepare a 12.5 μL reaction by adding 1 μg RNA, 1 μL 
oligo (dT)15, 1 μL random primers, and ddH2O. The reaction 
was incubated at 70°C for 5 min, then placed on ice for 2 min;

Step 2: 2 μL dNTP, 4 μL 5× buffer, 0.5 μL Rnase inhibitor, and  
1 μL M-MLV reverse transcriptase were added into reaction. The 
total reaction samples were then incubated at 25°C for 10 min, 
40°C for 50 min, and 80°C for 10 min. 

cDNAs were then subjected to the real-time PCR analysis 
together with SYBR green (SY1020, Solarbio) and corre-
sponding primers. Relative expressions of the target genes 
were normalized to β-actin gene expression and analyzed by 
the 2- ΔΔCT method [23]. Primers used in this study were provided 
as follows: HDAC5 F: TCTCCGCTGGGTTTGAT; HDAC5 R: 
ATTGACGCTGGGCTTTT; VEGFA F: CTACTGCCGTC-
CGATTGAG; VEGFA R: CTGGCTTTGGTGAGGTTTG; 
HIF-1α F: GTATTATTCAGCACGACTT; HIF-1α R: GAGG-
GAAACATTACATCA; VEGFR2 F: TTTTGAGCACCTTGA-
CA; VEGFR2 R: GGGATTCGGACTTGACT.

Measurements of protein contents by Western blotting. To 
obtain ovarian protein extracts, ovarian tissues was lysed by 
radioimmunoprecipitation assay (RIPA) lysis buffer (P0013B, 
Beyotime) containing 1% phenylmethylsulfonyl fluoride 
(PMSF, ST506, Beyotime). The concentrations of total protein 
were quantified as described above. Protein samples were next 
separated by 8%, 12%, 15% (chosen by protein molecular 
weight) sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) gel and transferred onto polyvinylidene 
fluoride (PVDF, LC2005, ThermoFisher, MA, USA) membranes 
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at 80V for 1.5 h. Membranes were blocked with 5% BSA (1 h 
at RT) and then incubated with primary antibodies at 4°C 
overnight: HDAC5 (1:1000, 16166-1-AP, Proteintech Group, 
Wuhan, China), HIF-1α (1:1000, 20960-1-AP, Proteintech 
Group), VEGFA (1:1000, DF7470, Affinity Bioscience, Jiangsu, 
China), p-VEGFR2  (1:1000, AF4426, Affinity Bioscience), 
VEGFR2 (1:500, sc-393163, Santa Cruz Biotech, Santa Cruz, 
CA, USA) and β-actin (1: 2000, 60008-1-Ig, proteintech Group). 
After washing, membranes were next probed with secondary 
antibody (1:10000, SA00001-1, SA00001-2, Proteintech Group) 
for 40 min at 37°C. The representative blots were further vis-
ualized using enhanced chemiluminescence substrate (ECL) 
solution (P0018S, Beyotime), and quantified by the software of 
Gel-Pro-Analyzer (Media Cybernetics, Rockville, MD, USA). 
β-actin was used as an internal control. The quantitative anal-
ysis of our target proteins was conducted by being normalized 
to β-actin.

Co-immunoprecipitation. Ovarian protein extracts from each 
group were immuno-precipitated with indicated antibodies at 
4°C overnight to form antigen-antibody complexes. Subsequent-
ly, previously rinsed protein-A-agarose beads were added to the 
complex and maintained for 2 h at 4°C. After three-time washing 
with cold phosphate-buffered saline (PBS), the protein was 
eluted by loading buffer and boiled for 5 min. The supernatant 
was assigned to immunoblotting using Acetyl-Lysine antibody 
(1:500, A2391, ABclonal, Wuhan, China), VEGFR2  (1:500, 
sc-393163, Santa Cruz Biotech) and HDAC5 antibody (1:1000, 
16166-1-AP, Proteintech Group).

Statistical analysis. All data were presented as mean ± stand-
ard deviation (SD). Our data met with normal distribution, and 
parametric tests were used in this study. One-way analysis of 
variance (one-way ANOVA) followed by Tukey’s test was used 
for comparison between multiple groups. All statistical analyses 
were performed by Graphpad Prism v. 8.0 (GraphPad Software, 
San Diego, CA, USA) and P-value of less than 0.05 was con-
sidered significant.

Results

HDAC5 improved pathological symptoms  
in DHEA-induced PCOS mice
As shown in Fig. 1A, PCOS was induced in female 
C57BL/6 mice by daily subcutaneous DHEA injec-
tions. HDAC5 over-expression in vivo was achieved by 
adenovirus administration. Ovaries in the PCOS group 
showed decreased number of corpora lutea (CLs), in-
creased amounts of cystic follicles (CFs), and thinner 
granulosa cell layer when compared to control ones, 
while HDAC5 over-expression remarkably alleviated 
these PCOS symptoms (Fig. 1B). Besides, HDAC5 re-
duced serum levels of progesterone, testosterone, and 
estradiol, which were significantly augmented after 
PCOS modeling (Fig. 1C–E). The expression level 
of HDAC5 was respectively determined by real-time 

PCR and Western blotting. Accordingly, the compen-
satory increase in HDAC5 expression both at mRNA 
and protein levels was found in the ovaries of PCOS 
mice, and it was further augmented in PCOS + Ad-
HDAC5 group (Fig. 1F–H).

HDAC5 inhibited angiogenesis in ovaries  
of DHEA-induced PCOS mice
To explore the effect of HDAC5  on ovarian angi-
ogenesis in PCOS, the levels of several key angio-
genesis-related factors, including VEGFA, PDGFB, 
PDGFD, ANGPT1, and ANGPT2, were analyzed 
in each experimental group. As shown in Fig. 2A, 
VEGFA mRNA level was notably increased in PCOS 
group and reversely decreased after HDAC5  over- 
expression. Additionally, HDAC5 inhibited the pro-
duction of VEGFA and ANGPT1  in the ovaries of 
PCOS mice, while facilitating the generation of PDG-
FB, PDGFD, and ANGPT2 (Fig. 2B–F). It was further 
observed that CD31 positive staining was increased 
in ovarian vessels of PCOS mice and decreased after 
HDAC5 over-expression (Fig. 2G). Taken together, 
HDAC5  suppressed the excessive angiogenesis in 
ovaries of DHEA-induced PCOS mice.

HDAC5 suppressed oxidative stress in ovaries  
of DHEA-induced PCOS mice
As indicated in Fig. 3A–B, PCOS mice showed 
dramatically elevated levels of ROS and MDA in 
their ovaries, while HDAC5 reversed these changes. 
Meanwhile, HDAC5 was found to evidently enhance 
activities of CAT and SOD in ovaries of PCOS mice 
(Fig. 3C, D), which suggests that HDAC5 exerts an 
anti-oxidative effect in PCOS-mice ovaries. 

HDAC5 inhibited HIF-1α/VEGF/VEGFR2  
signaling in ovaries of DHEA-induced PCOS mice
The angiogenesis-related HIF-1α/VEGF/VEGFR2 sig-
naling was further investigated in different experimen-
tal groups. As shown in Fig. 4A–B, protein levels of 
HIF-1α, VEGFA, p-VEGFR2, and VEGFR2  were 
significantly decreased after HDAC5 over-expression 
in the PCOS group, suggesting the inhibitory role of 
HDAC5  in HIF-1α/VEGF/VEGFR2  signaling. Be-
sides, HDAC5 down-regulated the transcription levels 
of HIF-1α and VEGFR2  in ovaries of PCOS mice  
(Fig. 4C). Co-immunoprecipitation analysis indicated 
that HDAC5 interacted with VEGFR2 in ovaries of 
PCOS mice, and inhibited the acetylation of VEG-
FR2 (Fig. 4D, E), which has been reported to posi-
tively regulate VEGFR2 phosphorylation and receptor 
activity [24]. In summary, HDAC5  suppressed the 
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Figure 1. HDAC5 improved pathological symptoms in DHEA-induced polycystic ovary syndrome (PCOS) in mice. A. Brief flow 
chart of animal experiment. In young female mice, PCOS was induced by dehydroepiandrosterone (DHEA) administration (PCOS 
group). Some of the PCOS mice received injection of empty adenovirus (PCOS + Ad-vector group), whereas other PCOS mice 
received adenovirus expressing HDAC5 (PCOS + Ad-HDAC5 group). B. Ovarian morphology in each studied mouse group was 
determined by H&E staining at the magnification of 40×. Abbreviations: CL — corpus luteum; CF — cystic follicle. C–E. Serum 
levels of progesterone (C), testosterone (D) and estradiol (E) were detected by ELISA. F–H. mRNA and protein level of HDAC5 in 
ovary tissue of mice was measured by real-time PCR and Western blotting. Data was expressed as means ± SD (n = 6 in each group). 
#, ## P < 0.05 and P < 0.01, respectively vs. control group; *, ** P < 0.05 and P < 0.01, respectively, vs. PCOS + Ad-vector group.
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Figure 2. HDAC5 inhibited angiogenesis in ovaries of DHEA-induced PCOS mice. A. Relative mRNA levels of VEGFA in ova-
ries from each group of mice. B–F. Contents of VEGFA (B), PDGFB (C), PDGFD (D), ANGPT1 (E) and ANGPT2 (F) in ovaries 
from each group of mice were determined by ELISA. G. The positive staining of CD31 was determined by immunohistochemistry. 
The allotypic serum was used as negative control to determine the specificity of CD31 staining. Magnification: 400×. Data was 
expressed as means ± SD (n = 6 in each group). Description of experimental groups as in the legend to Fig. 1. #, ## P < 0.05 and  
P < 0.01, respectively vs. control group; *, ** P < 0.05 and P < 0.01, respectively, vs. PCOS + Ad-vector group.
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activation of angiogenesis-related HIF-1α/VEGF/ 
/VEGFR2 signaling in ovaries of PCOS mice (Fig. 4F).

Discussion

PCOS is acknowledged as a heterogeneous endocrine 
disease characterized by obvious ovarian dysfunction. 
The pathogenesis of PCOS is complex and waits for 
further investigation. Growing evidence has sug-
gested the key role of ovarian angiogenesis in PCOS  
development. Herein, we propose the protective effect 
of HDAC5 on PCOS progression via inhibiting ovarian 
angiogenesis.

In this study, PCOS was induced in mice by the 
administration of DHEA, a well-established method 
for PCOS modeling [25]. The altered ovarian mor-
phology, as evidenced by decreased CL and increased 
cystic structures, was observed in DHEA-treated mice, 
suggesting the abnormal follicular development in 
ovaries of PCOS mice. Ovarian follicles are the basic 
functional units of ovaries. They provide proper envi-
ronments for oocyte growth and development, which 
are crucial early events for ovulation and fertilization 
[26]. Besides, PCOS is believed to be a prevalent 
hormonal disorder among premenopausal women and 
it is generally featured with high levels of androgen 
[27]. Consistently with previous research, DHEA in 
this study induced statistical elevation of several serum 
hormones in PCOS mice, such as testosterone, a char-
acteristic parameter of PCOS [28]. More interestingly, 
a compensatory increase in HDAC5 expression was 
found in PCOS ovaries and its over-expression signi- 
ficantly alleviated these abnormalities in PCOS mice, 
suggesting the protective role of HDAC5 in PCOS.

Increasing evidence has validated the occurrence 
of excessive angiogenesis during PCOS development, 
which is likely to result in impaired follicular deve- 
lopment and defective fertility in PCOS patients [29]. 
Thus, we further investigate the effect of HDAC5 on 
ovarian angiogenesis in PCOS, and it turned out 
that HDAC5 significantly inhibited DHEA-induced 
angiogenesis in PCOS mice by regulating angio-
genesis-related factors, such as VEGFA, PDGFB/D, 
ANGPT1/2, and CD31. VEGFA is the most investigat-
ed member of the VEGF family, and it has been linked 
to angiogenesis for regulating vascular endothelial 
cell proliferation and migration [30]. Besides, the 
increased concentration of VEGF has been repor- 
ted in the ovaries of PCOS women since 1995 [31]. 
PDGFB/D and ANGPT1/2 respectively belong to the 
family of platelet-derived growth factor (PDGF) and 
angiopoietin (ANGPT), and they mainly regulate the 
maturity, stability, and permeability of vessels during 
the angiogenic process [5, 32]. Thereinto, ANGPT1 fa-
cilitates the formation of new vessels, while increased 
ANGPT2  leads to vascular destabilization and re-
gression [5]. Regarding PDGFB and PDGFD, they 
are critical factors for vessel maturation, and their 
abundances are significantly decreased in the ovaries 
of DHEA-treated rats and follicular fluids of PCOS 
individuals [5, 32, 33]. In regard to CD31, it is a clas-
sical marker of vascular endothelial cells and has been 
considered as an important indicator for angiogenesis. 
It is worthy to note that HDAC5 over-expression in 
this study remarkedly decreased the expression of 
VEGFA, ANGPT1 and CD31, while facilitating the 
generation of PDGFB, PDGFD, and ANGPT2  in 
ovaries of PCOS mice, which makes HDAC5 a novel 
regulator of ovarian angiogenesis in PCOS.

Figure 3. HDAC5 suppressed oxidative stress in ovaries of DHEA-induced PCOS mice. A. ROS level in each group was mea-
sured by flow cytometric analysis using DCFH-DA probe. B–D. The malondialdehyde (MDA) levels (B), catalase (CAT) activity 
(C) and superoxide dismutase (SOD) activity (D) were measured as described in Methods. Data was expressed as means ± SD  
(n = 6 in each group). #, ## P < 0.05 and P < 0.01, respectively vs. control group; *, ** P < 0.05 and P < 0.01, respectively, vs. PCOS  
+ Ad-vector group. 
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We further determined that HDAC5 inhibited oxi-
dative stress in ovaries of PCOS mice, as evidenced 
by reduced ROS levels and enhanced activities of 
anti-oxidative enzymes. Consistent with our finding, 
excessive oxidative stress was documented in PCOS 

patients [34], and, thus, may be regarded as a promi-
sing target for PCOS therapy [35]. Moreover, oxidative 
stress is considered as a hallmark for many kinds of 
vascular diseases, and it contributes to the angiogenic 
process under several pathological states. In brief, 

Figure 4. HDAC5 inhibited HIF-1α/VEGF/VEGFR2 signaling in ovaries of DHEA-induced PCOS mice. A–B. Western-blot analysis 
of the protein levels of HIF-1α, VEGFA, p-VEGFR2 (Tyr 1175) and VEGFR2. C. Real-time PCR analysis of the mRNA levels of 
HIF-1α and VEGFR2. D. Co-immunoprecipitation was performed to determine the interaction between HDAC5 and VEGFR2 in 
ovaries of PCOS mice with anti-HDAC5 antibody. E. Acetylation level of VEGFR2 in ovaries from each group of mice was deter-
mined by immunoprecipitation using anti-VEGFR2 antibody. F. Brief schematic presentation of the proposed effect of HDAC5 on 
angiogenesis. Data was expressed as means ± SD (n = 6 in each group). #, ## P < 0.05 and P < 0.01, respectively vs. control group;  
*, ** P < 0.05 and P < 0.01, respectively, vs. PCOS + Ad-vector group. 
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oxidative stress-induced angiogenesis is initiated by 
over-produced ROS and involves HIF-1α/VEGF/
VEGFR2 signaling [14, 36]. 

VEGF is a key factor in angiogenesis, and HIF-1α 
is a transcription factor mainly targeting at VEGF 
gene during angiogenesis. HIF-1α expression is re-
ported to be dramatically reduced in PCOS patients 
after the administration of resveratrol, an effective 
drug to improve PCOS [37, 38], which indicates the 
involvement of HIF-1α in PCOS. In this study, we 
found that HDAC5  remarkably reduced expression 
levels of HIF-1α, VEGFA, VEGFR2, and p-VEG-
FR2 in PCOS ovaries, suggesting the inhibitory effect 
of HDAC5 on HIF-1α/VEGFA/VEGFR2  signaling. 
It should be noted that this signaling functions upon 
the activation of VEGFR2. Generally, VEGFR2 un-
dergoes phosphorylation after VEGFA stimulation, 
and it consequently leads to the initiation of down-
stream angiogenesis signaling [39]. More inspiring-
ly, Zecchin et al. suggest that there exists crosstalk 
among VEGFR2 phosphorylation and its acetylation. 
VEGFR2  acetylation is elucidated to promote its 
phosphorylation and facilitates receptor activity in en-
dothelial cells [24]. Consistent with previous research, 
HDAC5 was proved to inhibit VEGFR2 acetylation in 
ovaries of PCOS mice, suggesting that HDAC5 might 
regulate VEGFA/VEGFR2 signaling via its ability of 
deacetylation. As a representative histone deacetylase, 
HDAC5-mediated deacetylation has shown critical 
effects on breast cancer management [40]. HDAC5- 
-induced p65 deacetylation participates in modulating 
cancer immunity and PD-L1 expression in pancreatic 
cancer [41]. Herein, in this study, we propose that 
HDAC5-induced VEGFR2  deacetylation might be 
implicated in ovarian angiogenesis in PCOS. 

Nonetheless, our findings just indicated the simple 
inhibitory effects of HDAC5  on abnormal angio-
genesis and HIF-1α/VEGFA/VEGFR2  signaling in 
DHEA-induced PCOS mice. However, we didn’t fully 
explore whether HDAC5 regulated ovarian angiogen-
esis in PCOS mice via inhibiting HIF-1α/VEGFA/ 
/VEGFR2  signaling since lack of suitable activator 
targeting this signaling pathway for the rescue assay. 
Thus, our findings are subjected to some limitations 
and await further investigations.

In summary, this study reveals the compensatory 
increase of HDAC5 expression in ovaries of DHEA-in-
duced PCOS mice. HDAC5 over-expression in vivo 
protects against ovarian angiogenesis and oxidative 
stress in PCOS mice. Additionally, this study further 
determines that HDAC5  inhibits the activation of 
angiogenesis-related HIF-1α/VEGFA/VEGFR2  sig-
naling in ovaries of PCOS mice partly by its ability 
of deacetylation. Collectively, the results of this study 

suggest that HDAC5 could be a molecular candidate 
for PCOS intervention in the future.
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