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Inhibition of miR-135a-5p attenuates vascular smooth muscle
cell proliferation and vascular remodeling in hypertensive rats
Chao Ye1, Ying Tong1, Nan Wu1, Guo-wei Wan1, Fen Zheng1, Jing-yu Chen1, Jian-zhen Lei1, Hong Zhou1, Ai-dong Chen1, Jue-jin Wang1,
Qi Chen2, Yue-hua Li2, Yu-ming Kang3 and Guo-qing Zhu1,2

Proliferation of vascular smooth muscle cells (VSMCs) greatly contributes to vascular remodeling in hypertension. This study is to
determine the roles and mechanisms of miR-135a-5p intervention in attenuating VSMC proliferation and vascular remodeling in
spontaneously hypertensive rats (SHRs). MiR-135a-5p level was raised, while fibronectin type III domain-containing 5 (FNDC5) mRNA
and protein expressions were reduced in VSMCs of SHRs compared with those of Wistar–Kyoto rats (WKYs). Enhanced VSMC
proliferation in SHRs was inhibited by miR-135a-5p knockdown or miR-135a-5p inhibitor, but exacerbated by miR-135a-5p mimic.
VSMCs of SHRs showed reduced myofilaments, increased or even damaged mitochondria, increased and dilated endoplasmic
reticulum, which were attenuated by miR-135a-5p inhibitor. Dual-luciferase reporter assay shows that FNDC5 was a target gene of
miR-135a-5p. Knockdown or inhibition of miR-135a-5p prevented the FNDC5 downregulation in VSMCs of SHRs, while miR-135a-5p
mimic inhibited FNDC5 expressions in VSMCs of both WKYs and SHRs. FNDC5 knockdown had no significant effects on VSMC
proliferation of WKYs, but aggravated VSMC proliferation of SHRs. Exogenous FNDC5 or FNDC5 overexpression attenuated VSMC
proliferation of SHRs, and prevented miR-135a-5p mimic-induced enhancement of VSMC proliferation of SHR. MiR-135a-5p
knockdown in SHRs attenuated hypertension, normalized FNDC5 expressions and inhibited vascular smooth muscle proliferation,
and alleviated vascular remodeling. These results indicate that miR-135a-5p promotes while FNDC5 inhibits VSMC proliferation in
SHRs. Silencing of miR-135a-5p attenuates VSMC proliferation and vascular remodeling in SHRs via disinhibition of FNDC5
transcription. Either inhibition of miR-135a-5p or upregulation of FNDC5 may be a therapeutically strategy in attenuating vascular
remodeling and hypertension.
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INTRODUCTION
Vascular smooth muscle cells (VSMCs) are the main cell
components of the media of arteries. VSMC proliferation plays
pivotal roles in arterial stiffness and vascular remodeling in a
variety of vascular diseases, including hypertension, atherosclero-
sis, restenosis after angioplasty or bypass, transplantation arterio-
pathy, and diabetic vascular complications [1, 2]. Vascular
remodeling is thought to play protective roles in the short term
but pathological roles in the long term, and these pathological
roles of vascular remodeling are associated with increased risks of
cardiovascular events [3]. Reversing the vascular remodeling
associated with hypertension is important for preventing the
progression of hypertension [4].
MicroRNAs (miRNAs) are endogenous noncoding, single-

stranded, small RNAs that post-transcriptionally inhibit the
expression of target genes by binding to the 3′-untranslated
regions (3′-UTRs) of target mRNA sequence [5]. Some miRNAs are
important therapeutic targets or biomarkers of several diseases
[6–8]. Recent studies in our lab have shown that miR-155-5p in the

extracellular vesicles-derived from adventitial fibroblasts (AFs)
attenuates VSMC proliferation by inhibiting angiotensin-
converting enzyme (ACE) expression in spontaneously hyperten-
sive rats (SHRs) [9, 10]. It has been shown that miR-135a-5p
promotes the proliferation of lung cancer cells [11] and human
adipose-derived mesenchymal stem cells [12] but inhibits the
proliferation of neck squamous cell carcinoma cells [13] and
thyroid carcinoma cells [14]. However, the role of miR-135a-5p in
VSMC proliferation is still unknown.
Fibronectin type III domain-containing 5 (FNDC5), a precursor of

irisin, is a transmembrane protein encoded by the FNDC5 gene
[15]. Our previous studies have shown that FNDC5/irisin attenu-
ates insulin resistance and hepatosteatosis and improves glucose
and lipid metabolism [16–18]. Moreover, FNDC5 inhibits adipose
tissue inflammation in obese rats [19] and in the AFs of SHRs [20].
Irisin reduces infarct size and improves cardiac function in the
hearts of mice with myocardial infarction [21]. Analysis with
TargetScanHuman, an online tool that predicts miRNA targets in
mammals, suggests that FNDC5 might be one of the targets of
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miR-135a-5p. The present study was designed to investigate the
roles of miR-135a-5p and its interaction with FNDC5 in VSMC
proliferation and vascular remodeling in SHRs. The therapeutic
effects of miR-135a-5p knockdown on VSMC proliferation, vascular
remodeling, and hypertension were investigated in SHRs.

MATERIALS AND METHODS
Experimental animals
Nine-week-old male Wistar–Kyoto rats (WKYs) and SHRs (Vital
River Laboratory Animal Technology Co., Ltd., Beijing, China) were
used in the present study. The rats were housed in a temperature-
controlled room with a 12-h light/12-h dark cycle. The rats were
provided normal rat chow and tap water ad libitum. The
experiments were conducted according to the principles of the
Guide for the Care and Use of Laboratory Animals (NIH, 8th
edition, 2011) and approved by the Experimental Animal Care and
Use Committee of Nanjing Medical University. The systolic blood
pressures of the SHRs used in the present study were higher than
150mmHg. The rats were euthanized with an overdose of
pentobarbital sodium (200mg/kg, iv; Sigma Chemical Co., St.
Louis, MO, USA) at the end of the experiment.

Culture of VSMCs
VSMCs were harvested from the aortas of WKYs and SHRs as we
previously described [22]. In brief, rat thoracic aortas were isolated,
and perivascular fat tissues were removed. Each aorta was
longitudinally cut open and stripped of its intima. The aortic
media was carefully separated and treated with 0.4% collagenase
in DMEM for 30 min. After centrifugation, the cells were
resuspended in DMEM supplemented with 10% fetal bovine
serum (FBS), penicillin (100 IU/mL), and streptomycin (10 mg/mL)
and incubated at 37 °C in an incubator with 5% CO2. VSMCs were
identified by positive α-SMA (a marker of VSMCs) staining and
negative vimentin (a marker of fibroblasts) and PECAM-1 (a marker
of endothelial cells) staining. Primary VSMCs from the third to the
fifth passages were used in this study. The same number of VSMCs
from the same passage after isolation from WKYs and SHRs were
seeded into 96-well plates. After reaching approximately 70%
confluence, the VSMCs were starved in DMEM containing 0.1%
FBS for 24 h.

Evaluation of VSMC proliferation
First, VSMC proliferation was measured with a cell counting kit-8
(CCK-8) kit (Beyotime Biotechnology, Shanghai, China) following
the manufacturer’s instructions. A microplate reader (Model
ELX800, BioTek, Vermont, USA) was used to measure the
absorbance at 450 nm [23]. Second, VSMC proliferation was
evaluated with a 5-ethynyl-2’-deoxyuridine (EdU) incorporation
assay, which examines DNA synthesis using the Cell-Light™ EdU
Apollo®567 In Vitro Imaging Kit (Guangzhou RiboBio, Guangzhou,
China). The number of EdU-positive cells was normalized to the
total number of cells [24]. Finally, proliferating cell nuclear antigen
(PCNA) protein expression was examined by Western blotting [23].

Transmission electron microscopy
Transmission electronic microscopy was used to observe the
ultrastructural alterations in the VSMCs from WKYs and SHRs. The
VSMCs were collected after centrifugation at 4 °C, and then, the
VSMCs were fixed in a fixative (G1124; Wuhan Servicebio Co., Ltd;
Wuhan, China), embedded in 2% low melting point agarose,
dehydrated with an graded series of ethanol, permeabilized with
resin and embedded into a special capsule. The resin blocks were
cut into 80-nm thin sections by a Leica Ultra Microtome (Leica
UC7; Wetzlar, Germany) after polymerization treatment. Images
were acquired by transmission electron microscopy (HT7800;
Hitachi, Tokyo, Japan).

Transfection of miR-135a-5p mimic and inhibitor
The RNAifectin™ transfection reagent, negative control (NC), miR-
135a-5p mimic, and miR-135a-5p inhibitor were obtained from
Applied Biological Materials Inc. (Richmond, BC, Canada). VSMCs
were seeded into a 6-well plate (approximately 5 × 105 cells/well)
and cultured for 16 h. The cells were transfected with the
RNAifectin™ transfection reagent (6 μL) plus the miR-135a-5p
mimic (50 nmol/L), the miR-135a-5p inhibitor (100 nmol/L), or their
corresponding NC for 6 h. Then, the culture medium was replaced
to remove the transfection reagent. The measurements were
conducted 24 h after the transfection.

Knockdown of miR-135a-5p in VSMCs and rats
Commercial lentiviral vectors targeting miR-135a-5p (miR-135a-5p
siRNA) and scrambled siRNA (Scr-siRNA, an NC) were obtained
from Genomeditech Co., Ltd. (Shanghai, China). For VSMCs, the
cells were transfected with Scr-siRNA or miR-135a-5p siRNA (40
MOI) in 6-well plates. For WKYs and SHRs, each rat received an
intravenous injection of miR-135a-5p siRNA or Scr-siRNA (2 × 1011

plaque forming units/mL, 100 μL). The sequence of miR-135a-5p
siRNA was 5’-TATGGCTTTTTATTCCTATGTGA-3’.

FNDC5 knockdown in VSMCs
Lentiviral vectors targeting FNDC5 (FNDC5-siRNA, 1 × 109 TU/mL)
and Scr-siRNA were constructed and identified by GeneChem Co.,
Ltd. (Shanghai, China). The nucleotide sequence of FNDC5-siRNA
was 5′-GGCCGAGAAGATGGCCTCTAA-3′. VSMCs were infected with
Scr-siRNA or FNDC5-siRNA (MOI= 80) with polybrene.

FNDC5 overexpression in VSMCs
The FNDC5 overexpression plasmid (FNDC5-OE, 1 mg/L) was
constructed and identified by GeneChem Co., Ltd. An empty
plasmid was used as the NC (Ctrl). Lipofectamine 3000 (Invitrogen,
Carlsbad, CA, USA) and 1mg/L plasmid were used for the
transfection, according to the manufacturer’s protocols.

Quantification of miR-135a-5p by qPCR
The miR-135a-5p levels in the VSMCs, aortas, and mesenteric
arteries (MAs) were reexamined with qPCR. Total RNA was
extracted with a miRcute miRNA isolation kit and quantified with
a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE, USA). The starting concentrations of the total RNA
were the same for all the samples. The RNA was reverse-
transcribed to cDNA with a miRcute Plus miRNA First-Strand
cDNA Kit. The miRNAs were quantitatively detected with a
MiRcute Plus miRNA qPCR Kit containing the QuantiTect SYBR
Green PCR Master Mix, the miScript Universal Primer, and the
miRNA-specific primer. The StepOnePlus™ Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) was used for the
amplification and detection of the PCR products. The U6 small
RNA expression level was utilized to normalize the miR-135a-5p
expression levels. All the commercial kits used for qPCR were
obtained from Tiangen Biotech Co., Ltd. (Beijing, China). The primers
for miR-135a-5p and U6 were 5’-GTGGTTTGTCCAAACTCATC-3’ and
5’-TTGGAACGATACAGAGAAGATTAGCAT-3’, respectively.

Measurement of the FNDC5 mRNA levels by qPCR
The FNDC5 mRNA levels in the VSMCs, aortas, and MAs were
measured with qPCR. Total RNA was extracted with TRIzol reagent
(Life Technologies, Gaithersburg, MD, USA). Reverse transcriptase
reactions were performed with PrimeScript® RT reagent kits
(Takara Bio Inc, Otsu, Shiga, Japan) and a StepOnePlus™ Real-Time
PCR System. Quantitative measurements were performed with
SYBR Green qPCR (Takara Biotechnology Co., Ltd., Tokyo, Japan)
using the StepOnePlus system, and target gene expression was
normalized to GAPDH expression. The primer sequences for qPCR
are listed in Supplementary Table S1.
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Western blot analysis
The protein expression of FNDC5 and PCNA in the VSMCs was
examined by Western blot analysis. The total protein concentra-
tions in the supernatants of the samples were determined with a
BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA).
The proteins were separated by SDS-PAGE and then transferred to
PVDF membranes. The antibodies against FNDC5 and β-actin were
purchased from Abcam (ab174833; Abcam, Cambridge, MA, USA)
and Cell Signaling Technology (8457; CST, Beverly, MA, USA),
respectively. The antibodies against PCNA were obtained from
Protein Tech Group Inc. (Chicago, IL, USA). The secondary
antibodies were acquired from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA).

Immunohistochemistry
Immunohistochemistry was utilized to detect the expression of
FNDC5 and PCNA in the aortas and MAs of WKYs and SHRs, as we
previously reported [9]. The primary anti-FNDC5 antibody (1:100)
was obtained from Abcam. The primary anti-PCNA antibody
(1:100) was acquired from Protein Tech Group Inc. The horseradish
peroxidase-conjugated goat anti-rabbit antibody was obtained
from Santa Cruz Biotechnology Inc. 3,3-Diaminobenzidine was
used to show the positive cells. The sections were counterstained
with hematoxylin, and the images were captured with a light
microscope (BX-51, Olympus, Tokyo, Japan). The quantitative
analysis was performed with ImageJ software (v1.80; NIH,
Bethesda, Maryland).

Dual-luciferase reporter assay
The 3’-UTR dual-luciferase reporter vectors containing the 3′-
UTR of FNDC5 with wild-type (WT) and mutant (Mut) miR-135a-
5p binding sites were separately constructed (Genomeditech,
Shanghai, China). All the constructs containing 3′-UTR inserts
were sequenced and validated. VSMCs were seeded in 24-well
plates 24 h prior to transfection. Subsequently, the cells were
cotransfected with either the WT or Mut luciferase reporter
plasmids plus miR-NC or pre-miR-135a-5p using Lipofectamine
3000, according to the manufacturer’s instructions. The
luciferase activities were measured 24 h after transfection using
the Dual-Luciferase Reporter Assay System (Promega, Madison,
WI, USA) on a Luminometer 20/20n (Turmer Biosystems,
Sunnyvale, CA, USA). The Renilla luciferase activity was used
as the internal control to determine transfection efficiency and
cell density.

Masson’s staining
Sections of aortas and MAs from WKYs and SHRs were subjected
to Masson’s trichrome staining, as we previously reported [25].
Images were captured with a light microscope, and quantitative
analysis was performed with ImageJ software. Vascular remodel-
ing was evaluated based on the media thickness, the lumen
diameter, the ratio of media thicknesses to lumen diameter, the
outer diameter, and the media cross-sectional area.

Blood pressure measurement
The blood pressure of the tail artery was examined every week in
conscious WKYs and SHRs with a noninvasive computerized tail-
cuff system (NIBP, ADInstruments, Sydney, New South Wales,
Australia), as we previously reported [26]. The blood pressure and
heart rate values were calculated by averaging six measurements.

Statistical analysis
The experiments were performed in a randomized, double-
blinded fashion. The data are expressed as the mean ± SEM.
Student’s unpaired t-test was used to compare differences
between two groups. One-way or two-way ANOVA followed by
post hoc Bonferroni test was used for multiple comparisons. P <
0.05 was considered statistically significant.

RESULTS
Effects of miR-135a-5p on VSMC proliferation
VSMC proliferation was evaluated with a CCK-8 kit, EdU staining,
and PCNA expression analysis. Knockdown of miR-135a-5p
attenuated the VSMC proliferation in SHRs (Fig. 1a). The efficacy
was confirmed by the finding that miR-135a-5p siRNA significantly
reduced the miR-135a-5p levels in the VSMCs of both the
WKYs and SHRs (Supplementary Fig. S1). The miR-135a-5p
inhibitor showed inhibitory effects similar to those of miR-135a-
5p siRNA (Supplementary Fig. S2), and the miR-135a-5p mimic
promoted the VSMC proliferation in the SHRs (Fig. 1b). However,
these treatments had no significant effects on the VSMC
proliferation in the WKYs. These results indicate that miR-135a-
5p promotes VSMC proliferation in SHRs and that endogenous
miR-135a-5p at least partially contributes to the enhanced VSMC
proliferation in SHRs.

Effects of the miR-135a-5p inhibitor on VSMC ultrastructure
Ultrastructure was observed by transmission electron microscopy.
VSMC proliferation is characterized by reduced myofilaments and
increased and dilated endoplasmic reticulum cytoplasm [27, 28].
Cell hypertrophy is characterized by enlarged cells and nuclei
and increased numbers of individual mitochondria [29, 30]. In
VSMCs of WKYs, the number and distribution of organelles were
normal, and the cytoplasm was filled with myofilaments (Fig. 2a,
e). Treatment with the miR-135a-5p inhibitor had no obvious
effects on the ultrastructure of the WKY VSMCs (Fig. 2b, f). In
contrast to the VSMCs from the WKYs, the VSMCs from the SHRs
exhibited reduced cytoplasmic myofilaments, increased numbers
of mitochondria, including damaged mitochondria, and increased
and dilated endoplasmic reticulum (Fig. 2c, g); these effects were
attenuated by treatment with the miR-135a-5p inhibitor (Fig. 2d,
h). The ultrastructural alterations indicate that VSMC proliferation
is enhanced in SHRs and that inhibition of miR-135a-5p attenuates
VSMC proliferation in SHRs.

MiR-135a-5p levels and FNDC5 expression in VSMCs
MiR-135a-5p levels in the VSMCs from the SHRs were higher than
those in the VSMCs from the WKYs (Fig. 3a). To identify the target via
which miR-135a-5p promotes VSMC proliferation, we searched for
the possible targets of miR-135a-5p in TargetScanHuman, an online
tool that predicts miRNA targets (http://www.targetscan.org/).
Among the variety of possible targets, FNDC5 was one of the
possible targets of miR-135a-5p in which we became greatly
interested because we have previously shown its beneficial roles in
attenuating disordered glucose/lipid metabolism, insulin resistance,
and inflammation in obesity and diabetes [16–19]. According to
TargetScanHuman, the predicted site of this interaction is position
2030–2036 of the FNDC5 3’-UTR (Fig. 3b). To test this possibility, a
dual-luciferase reporter assay was performed in VSMCs of WKYs.
Luciferase reporter assays are widely used to identify the target
genes of miRNAs [31, 32]. We found that the firefly luciferase activity
was inhibited when the cells were cotransfected with pre-miR-135a-
5p (Fig. 3c). Furthermore, the FNDC5 mRNA and protein expression
was reduced in the VSMCs from the SHRs compared with that in the
VSMCs from the WKYs (Fig. 3d). These findings suggest that FNDC5
is a target gene of miR-135a-5p.

Effects of miR-135a-5p on FNDC5 expression
Either miR-135a-5p knockdown or the miR-135a-5p inhibitor
reversed the downregulation of FNDC5 mRNA and protein
expression in the VSMCs from the SHRs but had no significant
effects on FNDC5 expression in the VSMCs from the WKYs (Fig. 4a,
b). The efficacy of miR-135a-5p knockdown was confirmed by the
finding that miR-135a-5p siRNA significantly reduced the miR-
135a-5p levels in the VSMCs from both the WKYs and SHRs
(Supplementary Fig. S3). The miR-135a-5p mimic inhibited FNDC5
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Fig. 2 Ultrastructural alterations induced by the miR-135a-5p inhibitor in the VSMCs of WKYs and SHRs. The ultrastructure was detected
by transmission electron microscopy (TEM). The VSMCs were treated with negative control (NC, 100 nmol/L) or miR-135a-5p inhibitor (100
nmol/L) for 24 h. a–d TEM images at 1000× magnification. The down arrow indicates the nucleus. e–h TEM images at 5000× magnification of
the boxed area in the upper images. The up arrow indicates cytoplasmic filament; the arrow to the right indicates mitochondria; and the arrow
to the left indicates the endoplasmic reticulum

Fig. 1 Effects of miR-135a-5p on VSMC proliferation in WKYs and SHRs. VSMC proliferation was evaluated with CCK-8 kits, EdU
incorporation assays, and PCNA protein expression analysis. a Effects of miR-135a-5p siRNA on VSMC proliferation. Measurements were carried
out 48 h after treatment with control lentivirus (Ctrl) or miR-135a-5p siRNA (40 MOI). b Effects of the miR-135a-5p mimic on VSMC
proliferation. Measurements were made 24 h after treatment with NC (50 nmol/L) or miR-135a-5p mimic (50 nmol/L). The values are mean ±
SEM. *P < 0.05 vs WKY. †P < 0.05 vs Ctrl or NC. n= 4–6

miR-135a-5p and vascular smooth muscle cell proliferation
C Ye et al.

1801

Acta Pharmacologica Sinica (2021) 42:1798 – 1807



mRNA and protein expression in the VSMCs from both the WKYs
and SHRs (Fig. 4c). These results provide solid evidence that miR-
135a-5p inhibits FNDC5 expression and that the increased miR-
135a-5p levels in SHRs are responsible for FNDC5 downregulation
in the VSMCs from SHRs.

Effects of FNDC5 knockdown on VSMC proliferation
FNDC5-siRNA reduced the FNDC5 protein expression in the VSMCs
from both the WKYs and SHRs (Supplementary Fig. S4a). FNDC5
knockdown had no significant effects on the proliferation of

VSMCs from WKYs but increased the proliferation of VSMCs from
SHRs (Fig. 5a–c and Supplementary Fig. S4b). The findings suggest
that endogenous FNDC5 still plays a role in inhibiting VSMC
proliferation in SHRs, although FNDC5 expression is reduced in the
VSMCs of SHRs.

Effects of exogenous FNDC5 on VSMC proliferation
The application of FNDC5 had no significant effect on the
proliferation of VSMCs from WKYs but attenuated the proliferation
of VSMCs from SHRs (Fig. 6a and Supplementary Fig. S5a). The

Fig. 4 Effects of miR-135a-5p on FNDC5 expression in the VSMCs of WKYs and SHRs. a Effects of miR-135a-5p siRNA on the FNDC5 mRNA
and protein expression in VSMCs. The measurements were carried out 48 h after treatment with control lentivirus (Ctrl) or miR-135a-5p siRNA
(40 MOI). b Effects of the miR-135a-5p inhibitor on the FNDC5 mRNA and protein expression in VSMCs. Measurements were performed 24 h
after treatment with the negative control (NC, 100 nmol/L) or miR-135a-5p inhibitor (100 nmol/L). c Effects of the miR-135a-5p mimic on the
FNDC5 mRNA and protein expression in VSMCs. The measurements were carried out 24 h after treatment with the NC (50 nmol/L) or miR-
135a-5p mimic (50 nmol/L). The values are the mean ± SEM. *P < 0.05 vs WKY. †P < 0.05 vs Ctrl or NC. n= 4

Fig. 3 MiR-135a-5p and FNDC5 expression in the VSMCs of WKYs and SHRs. a Relative miR-135a-5p expression values measured by qPCR.
b Prediction of the miR-135a-5p binding site by TargetScanHuman. c Dual-luciferase reporter assay shows that FNDC5 is a target of miR-135a-
5p in VSMCs of WKYs. FFLuc, firefly luciferase; RenLuc, renilla luciferase; WT, wild-type; Mut, mutant. d Relative FNDC5 mRNA and protein
expression values. The values are the mean ± SEM. *P < 0.05 vs WKY. †P < 0.05 vs Ctrl. ‡P < 0.05 vs WT. n= 6
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results suggest that FNDC5 upregulation may be a therapeutic
strategy for attenuating VSMC proliferation during hypertension.
Moreover, exogenous FNDC5 prevented the miR-135a-5p mimic-
induced VSMC proliferation in the SHRs (Fig. 6b and Supplemen-
tary Fig. S5b). The findings indicate that the role of miR-135a-5p in
promoting VSMC proliferation in SHRs is mediated by the negative
regulation of FNDC5 expression in SHRs.

Effects of FNDC5 overexpression on VSMC proliferation
Transfection with the FNDC5 overexpression plasmid increased
the FNDC5 protein expression in both the control- and miR-135a-
5p mimic-treated VSMCs from the SHRs, confirming the efficacy of
FNDC5 overexpression (Fig. 7a). FNDC5 overexpression attenuated
VSMC proliferation in the SHRs (Fig. 7b–e).

Effects of miR-135a-5p knockdown on blood pressure and FNDC5
expression
The intravenous injection of lentiviral vectors carrying Scr-siRNA or
siRNA-targeting miR-135a-5p (miR-135a-5p siRNA) was carried out
in WKYs and SHRs. The blood pressure of the rats was measured
every week. MiR-135a-5p knockdown attenuated hypertension in
the SHRs 2 weeks after the injection but had almost no effects on
blood pressure during the first week (Fig. 8a). All the other
measurements were conducted at the end of the third week. The
miR-135a-5p levels in both the aortas and MAs of the WKYs and
SHRs were reduced, confirming the efficacy of miR-135a-5p
knockdown (Fig. 8b). MiR-135a-5p knockdown normalized the
FNDC5 mRNA and protein expression in the aortas and MAs of the
SHRs, but no significant effects were observed in the aortas and

Fig. 6 Effects of FNDC5 on VSMC proliferation. Proliferation was evaluated with CCK-8 kits and EdU incorporation assays. a Effects of FNDC5
on the VSMC proliferation in WKYs and SHRs. The measurements were carried out 24 h after treatment with PBS or FNDC5 (200 nmol/L).
b Effects of FNDC5 on the miR-135a-5p-induced VSMC proliferation in SHRs. The measurements were carried out 24 h after treatment with PBS
or FNDC5 (200 nmol/L) plus negative control (NC, 50 nmol/L) or miR-135a-5p mimic (50 nmol/L). The values are the mean ± SEM. *P < 0.05 vs
WKY. †P < 0.05 vs PBS. ‡P < 0.05 vs NC. n= 4–6

Fig. 5 Effects of FNDC5 knockdown on the VSMC proliferation in WKYs and SHRs. Proliferation was evaluated with CCK-8 kits (a) and EdU
incorporation assays (b, c).The measurements were carried out 48 h after treatment with PBS, control lentivirus (Scr-siRNA, 80 MOI) or FNDC5-
siRNA (80 MOI). The values are the mean ± SEM. *P < 0.05 vs WKY. †P < 0.05 vs PBS. ‡P < 0.05 vs Scr-siRNA. n= 4–6
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MAs of the WKYs (Fig. 8c). The normalization of FNDC5 expression
by miR-135a-5p knockdown was further confirmed by immuno-
histochemical analysis (Fig. 8d), and obvious changes in FNDC5
expression (brown color) were observed in the vascular smooth
muscle of the arterial media (Fig. 8e).

Effects of miR-135a-5p knockdown on PCNA expression and
vascular remodeling
Immunohistochemical analysis of PCNA showed that miR-135a-5p
knockdown prevented the upregulation of PCNA in the aortas of
the SHRs (Fig. 9a), and obvious changes in the expression of PCNA

Fig. 8 Effects of miR-135a-5p knockdown in WKYs and SHRs on blood pressure and miR-135a-5p and FNDC5 expression. The rats were
subjected to intravenous injection of control lentivirus (Scr-siRNA) or miR-135a-5p siRNA lentivirus (miR-135a-5p siRNA, 2 × 1011 plaque
forming units/mL, 100 µL). a The systolic blood pressure (SBP), diastolic blood pressure (DBP), and mean arterial pressure (MAP) were
measured once a week in conscious rats. b MiR-135a-5p levels in the aortas and mesenteric arteries (MAs). c FNDC5 mRNA levels in the aortas
and MAs. d Bar graph showing the relative densities of FNDC5 staining in the aortas. e Representative images of immunohistochemical
analysis of FNDC5 (brown color) in the aortas. The values are the mean ± SE. *P < 0.05 vs WKY. †P < 0.05 vs Scr-siRNA. n= 6

Fig. 7 Effects of FNDC5 overexpression on the VSMC proliferation in SHRs. The measurements were carried out 24 h after treatment with
the control plasmid (Ctrl, 1 mg/L) or FNDC5 overexpression plasmid (FNDC5-OE, 1 mg/L) plus negative control (NC, 50 nmol/L) or miR-135a-5p
mimic (50 nmol/L). a FNDC5 protein expression. b–e VSMC proliferation was evaluated by PCNA protein expression analysis (b), CCK-8 kits (c)
and EdU incorporation assays (d, e). The values are the mean ± SEM. *P < 0.05 vs Ctrl. †P < 0.05 vs NC. n= 4–6
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(brown color) were observed in the vascular smooth muscle of the
arterial media (Fig. 9b). Vascular remodeling was evaluated in the
aortas and MAs with Masson’s staining. The increased media
thickness, media thickness/lumen diameter ratio, and media cross-
sectional area in the aortas and MAs of the SHRs were attenuated
by miR-135a-5p knockdown. The reduced lumen diameter of the
MAs was attenuated by miR-135a-5p knockdown (Fig. 9c, d and
Supplementary Fig. S6a). Furthermore, the increased outer
diameter of the aortas and reduced outer diameter of the MAs
were attenuated by miR-135a-5p knockdown (Supplementary Fig.
S6b). These results indicate that the inhibition of miR-135a-5p
production attenuates vascular smooth muscle proliferation,
vascular remodeling, and hypertension in SHRs.

DISCUSSION
VSMC proliferation is important for vascular remodeling during
hypertension [3]. We have shown that miR-155-5p inhibits VSMC
proliferation by inhibiting ACE expression in SHRs [9]. Here, we
found that another miRNA, miR-135a-5p, promotes VSMC

proliferation in SHRs. The primary novel findings of this study
are that increased miR-135a-5p levels in SHRs exacerbates VSMC
proliferation in SHRs by downregulating FNDC5 expression.
Silencing miR-135a-5p attenuates VSMC proliferation and vascular
remodeling in SHRs by normalizing FNDC5 expression.
Previous studies have shown that miR-135a-5p is involved in

the proliferation of cancer cells [11–13]. We found that the miR-
135a-5p level was increased in the VSMCs of SHRs. MiR-135a-5p
promotes VSMC proliferation, while the inhibition or knockdown
of miR-135a-5p inhibits the proliferation of VSMCs in SHRs.
Furthermore, miR-135a-5p knockdown in SHRs inhibits vascular
remodeling. Both the in vivo and in vitro findings indicate that the
increased miR-135a-5p level in the VSMCs of SHRs contributes to
the proliferation of VSMCs from SHRs. Intervention of miR-135a-5p
may be a therapeutic strategy for attenuating vascular remodel-
ing. Hypertension is associated with vascular remodeling, which
has an impact on cardiovascular prognosis, and inhibition of
excessive VSMC proliferation is beneficial for attenuating hyper-
tension [33]. We noted that the anti-hypertensive effect of miR-
135a-5p knockdown occurred 2 weeks after transfection,

Fig. 9 Effects of miR-135a-5p knockdown in WKYs and SHRs on PCNA expression and vascular remodeling. Measurements were made
3 weeks after the intravenous administration of control lentivirus (Scr-siRNA) or miR-135a-5p siRNA lentivirus (miR-135a-5p siRNA, 2 ×
1011 plaque forming units/mL, 100 µL). a Bar graph showing the relative densities of PCNA staining in the aortas. b Representative images of
immunohistochemical analysis of PCNA (brown color) in the aortas. c Bar graph showing Masson’s staining analysis of media thickness, lumen
diameter, and their ratio in the aortas and mesenteric arteries (MAs). d Representative images of Masson’s staining of the aortas and MAs. The
values are the mean ± SEM. *P < 0.05 vs WKY. †P < 0.05 vs Scr-siRNA. n= 6
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suggesting that the anti-hypertensive effect may be secondary to
the attenuation of vascular remodeling. Moreover, the attenuation
of hypertension may be beneficial for the improvement of
vascular remodeling in SHRs.
FNDC5 is important in metabolic homeostasis and is associated

with the pathogenesis of metabolic disorders [34–36]. We found
that FNDC5 expression was reduced in the VSMCs of SHRs. Either
exogenous FNDC5 or FNDC5 overexpression attenuated VSMC
proliferation in SHRs, while FNDC5 knockdown promoted VSMC
proliferation in SHRs. The findings suggest that FNDC5 upregula-
tion may be another strategy for inhibiting VSMC proliferation in
SHRs. FNDC5 attenuates oxidative stress and inflammation in
doxorubicin-treated cardiomyocytes [37]. We have shown that
FNDC5 inhibits oxidative stress and inflammation in the AFs of
SHRs [20] and attenuates oxidized low-density lipoprotein-
induced foam cell formation, monocyte adhesion, and inflamma-
tion in VSMCs [38]. More recently, FNDC5 was shown to inhibit
oxidative stress and NLRP3 inflammasome activation in VSMCs via
the AMPK-SIRT1 signaling pathway [39]. These findings suggest
that the roles of FNDC5 in attenuating oxidative stress and
inflammation may be partially attributed to the effects of miR-
135a-5p on VSMC proliferation.
Interestingly, miR-135a-5p affects VSMC proliferation only in SHRs

but not in WKYs. A possible mechanism is that the role of miR-135a-
5p-mediated FNDC5 downregulation in promoting VSMC prolifera-
tion may be counteracted by some compensatory mechanisms that
inhibit VSMC proliferation in order to maintain a normal proliferation
state in WKYs. However, the proliferation-promoting effect is greatly
enhanced due to increased angiotensin II production and enhanced
oxidative stress and inflammation [23, 24] in the VSMCs of SHRs,
while FNDC5 is an important factor in counteracting the VSMC
proliferation of SHRs. Thus, increased miR-135a-5p levels in SHRs
inhibit FNDC5 expression and thereby promote VSMC proliferation,
and miR-135a-5p inhibition in SHRs normalizes FNDC5 expression
and then attenuates VSMC proliferation.
This study provides solid evidence that miR-135a-5p deterio-

rates VSMC proliferation in SHRs by inhibiting FNDC5 expression,
while silencing miR-135a-5p attenuates VSMC proliferation and
vascular remodeling in SHRs via the recovery of FNDC5 expression;
these findings indicate the importance of miR-135a-5p in the
pathogenesis of hypertension. Our previous study showed that
FNDC5/irisin attenuates insulin resistance, glucose and lipid
metabolism disorders, and hepatosteatosis [16–18]. Inhibition of
miR-135a-5p-induced FNDC5 normalization not only attenuates
vascular remodeling and hypertension but also may improve
glucose and lipid metabolism and insulin resistance. Therefore,
intervention of miR-135a-5p may be a strategy with some unique
advantages for attenuating the vascular remodeling and hyper-
tension associated with obesity, diabetes, atherosclerosis, hepa-
tosteatosis, and some other metabolic disorders; this hypothesis
requires further investigation.
In summary, the miR-135a-5p level is increased while FNDC5

expression is decreased in the VSMCs from SHRs. MiR-135a-5p
promotes the proliferation of VSMCs from SHRs by inhibiting
FNDC5 expression. Inhibition of miR-135a-5p attenuates the
proliferation of VSMCs from SHRs via the normalization of FNDC5
expression. MiR-135a-5p knockdown normalizes FNDC5 expres-
sion and attenuates vascular smooth muscle proliferation, vascular
remodeling, and hypertension in SHRs. This study shows the
crucial role of increased miR-135a-5p levels in promoting VSMC
proliferation in SHRs. Both miR-135a-5p and FNDC5 might be
crucial targets for attenuating VSMC proliferation in hypertension.
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