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MicroRNA-214 contributes to Ang II-induced cardiac
hypertrophy by targeting SIRT3 to provoke mitochondrial
malfunction
Yan-qing Ding1, Yu-hong Zhang1, Jing Lu1, Bai Li2, Wen-jing Yu1, Zhong-bao Yue1, Yue-huai Hu1, Pan-xia Wang1, Jing-yan Li3,
Si-dong Cai1, Jian-tao Ye1 and Pei-qing Liu1

Reduction of expression and activity of sirtuin 3 (SIRT3) contributes to the pathogenesis of cardiomyopathy via inducing
mitochondrial injury and energy metabolism disorder. However, development of effective ways and agents to modulate SIRT3
remains a big challenge. In this study we explored the upstream suppressor of SIRT3 in angiotensin II (Ang II)-induced cardiac
hypertrophy in mice. We first found that SIRT3 deficiency exacerbated Ang II-induced cardiac hypertrophy, and resulted in the
development of spontaneous heart failure. Since miRNAs play crucial roles in the pathogenesis of cardiac hypertrophy, we
performed miRNA sequencing on myocardium tissues from Ang II-infused Sirt3−/− and wild type mice, and identified microRNA-
214 (miR-214) was significantly up-regulated in Ang II-infused mice. Similar results were also obtained in Ang II-treated neonatal
mouse cardiomyocytes (NMCMs). Using dual-luciferase reporter assay we demonstrated that SIRT3 was a direct target of miR-214.
Overexpression of miR-214 in vitro and in vivo decreased the expression of SIRT3, which resulted in extensive mitochondrial
damages, thereby facilitating the onset of hypertrophy. In contrast, knockdown of miR-214 counteracted Ang II-induced
detrimental effects via restoring SIRT3, and ameliorated mitochondrial morphology and respiratory activity. Collectively, these
results demonstrate that miR-214 participates in Ang II-induced cardiac hypertrophy by directly suppressing SIRT3, and
subsequently leading to mitochondrial malfunction, suggesting the potential of miR-214 as a promising intervention target for
antihypertrophic therapy.
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INTRODUCTION
Pathological cardiac hypertrophy, an adaptive response of the
heart to increased workload, occurs in various cardiovascular
conditions, such as hypertension, myocardial infarction and
valvular disease. Although it initially helps to normalize wall
tension and maintain output, prolonged hypertrophy deterio-
rates cardiac function, eventually leading to heart failure [1, 2].
During the last decade, accumulating evidence has demon-
strated that the development and progression of pathological
cardiac hypertrophy is driven by an energy substrate switch
from fatty acids to glucose, reductions in mitochondrial
biogenesis, and dysregulation of enzymes associated with
mitochondrial energy transduction and respiratory pathways
[1, 3]. These abnormalities result in energy deficiency and
compromise contractile ability, facilitating the transition from
the compensatory to the decompensatory stage. Moreover,
mitochondrial impairment induces oxidative stress and pro-
motes apoptotic cell death, which further exacerbates cardiac
injury [4, 5]. These findings suggest that mitochondrial
malfunction may be a valuable target for therapy to improve

myocardial energy metabolism and ameliorate the detrimental
consequences of pathological hypertrophy.
Sirtuin 3 (SIRT3) is a key member of the sirtuin family, which

belongs to the group of NAD+-dependent class III histone
deacetylases. It localizes mainly within mitochondria and plays
essential roles in modulating multiple aspects of mitochondrial
biology [6, 7]. Proteomics and bioinformatic analyses have
identified abundant mitochondrial proteins that are deacetylated
by SIRT3, including long-chain acyl-CoA dehydrogenase (LCAD),
ATP synthase (ATP5O), forkhead box O3a (FoxO3a), manganese-
dependent superoxide dismutase (MnSOD), optic atrophy 1
(OPA1) and others [8–10]. These substrates of SIRT3 are tightly
associated with fatty acid and glucose metabolism, electron
transport in the respiratory chain, redox homeostasis and
mitochondrial integrity. It has been observed that the content
and activity of SIRT3 are significantly reduced in human failing
hearts and that these reductions are accompanied by extensive
mitochondrial protein hyperacetylation and energy metabolism
dysfunction [11, 12]. Activation of SIRT3 by supplementation with
the NAD+ precursor nicotinamide mononucleotide has been
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demonstrated to restore energy metabolism, thereby alleviating
hypertrophic cardiomyopathy [13, 14]. These findings indicate the
protective roles of SIRT3 against mitochondrial impairments and
the potential of SIRT3 as a promising drug target for cardiac
hypertrophy and heart failure. Nevertheless, the causes of the
reductions in SIRT3 expression and function in the setting of
pathological cardiac hypertrophy remain to be clarified. More
importantly, previous efforts to develop direct SIRT3 agonists have
been hampered due to the allosteric activation mechanism of
SIRT3 and the lack of knowledge regarding the binding sites of
available compounds [15]. Thus far, only a handful of small-
molecule SIRT3 activators have been reported, such as honokiol
and resveratrol, which universally exhibit low specificity and
potency [16]. It is therefore necessary to identify alternative
methods of SIRT3 modulation as therapeutic treatments for
hypertrophy-related cardiomyopathy.
MicroRNAs (miRNAs) are small endogenous noncoding RNAs

that are 21–24 nucleotides in length. In mammalian cells, they
exert crucial biological functions mainly by binding with the 3’
untranslated regions (3’ UTRs) of target mRNAs, resulting in
translational suppression or mRNA degradation [17, 18]. It is
estimated that miRNAs influence up to approximately 30% of the
protein-coding genes in the human genome [19]. Dysregulation of
miRNAs has been demonstrated to participate in the pathogenesis
of various cardiovascular disorders, especially pathological hyper-
trophy and heart failure [20, 21]. Among the numerous miRNA
molecules, microRNA-214 (miR-214) is highly conserved across
species and abundantly expressed in the heart. MiR-214 was
initially identified as a promoter of tumor formation and
progression, but accumulating evidence has revealed that it is
also an important epigenetic regulator in cardiac diseases [22, 23].
In an acute myocardial infarction rat model, miR-214 has been
found to inhibit left ventricular remodeling by attenuating
apoptosis [24]. On the other hand, miR-214 promotes collagen
synthesis in cardiac fibroblasts and induces angiogenesis impair-
ment in mice infused with isoproterenol (ISO) [25, 26]. These facts
suggest that miR-214 plays dual roles in different cardiac
pathological circumstances, but further research is required before
miR-214 can be used as a diagnostic factor or therapeutic target.
Moreover, the influence of miR-214 on myocardial energy
metabolism and mitochondrial biology has not yet been
determined. In this study, we provide the first evidence that
miR-214 acts as an upstream suppressor of SIRT3 and contributes
to Ang II-induced cardiac hypertrophy. MiR-214 directly targets
SIRT3 and downregulates its expression, which causes mitochon-
drial dysfunction and energy metabolism abnormalities, resulting
in the onset of hypertrophy. Therefore, miR-214-based interven-
tion might be a promising new strategy for antihypertrophic
treatment.

MATERIALS AND METHODS
Study animals
Male SIRT3-knockout (129-Sirt3tm1.1Fwa/J) mice and their respective
wild-type (WT) control (129/SvlmJ) mice were purchased
from Jackson Laboratory (Bar Harbor, ME, USA). C57B/L6 mice
(male, age 10–12 weeks, certification No. 44007200064634) were
obtained from the Experimental Animal Center of Guangzhou
University of Chinese Medicine (Guangzhou, China). All surgical
and care procedures were approved by the Research Ethics
Committee of Sun Yat-sen University and were in accordance with
the Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 85-23, revised 1996). The mice were housed in
individually ventilated cages in a specific pathogen-free facility
with 12 h daylight/dark cycles at 21–23 °C. The animals were fed
standard laboratory chow and water ad libitum.
Cardiac hypertrophy was induced in mice (10–12 weeks old) by

chronic subcutaneous infusion of Ang II (2 mg·kg−1·d−1, No.

A9525, Sigma-Aldrich, Saint Louis, MO, USA) using Alzet osmotic
pumps (model 2002, Durect, Cupertino, CA, USA) for two weeks.
The control animals were infused with normal saline (NS). A
specific miR-214 agomir and antagomir were purchased from
GenePharma (Shanghai, China). The sequence information is
shown in Supplementary Table S1. To modulate miR-214 in vivo,
the miR-214 agomir (5 OD) or antagomir (8 OD) or an equal dose
of negative control sequence (Nc agomir or Nc antagomir,
respectively) was administered via tail vein once every two days.
The mice were randomly divided into the following groups: the
Nc-agomir + NS group, the Nc-agomir + Ang II group, the miR-
214-agomir + NS group, the miR-214-agomir + Ang II group, the
Nc-antagomir + NS group, the Nc-antagomir + Ang II group, the
miR-214-antagomir + NS group, and the miR-214-antagomir +
Ang II group. Each group contained 8–12 animals.

Echocardiography and histological analysis
Mice were anaesthetized with 3% (v/v) isoflurane, and two-
dimensional-guided M-mode echocardiography was performed
with a Technos MPX ultrasound system (Esaote, Genoa, Italy) as
described in our previous reports [27, 28]. M-mode images and 2D
parasternal short-axis images were taken. Cardiac function
indexes, including the ejection fraction (EF), fractional shortening
(FS), left ventricular posterior wall thickness in the diastolic and
systolic phases (LVPW,d and LVPW,s), left ventricular internal
dimensions (LVID,d and LVID,s), and left ventricular volume
(LV Vol,d and LV Vol,s), were measured. Afterwards, all animals
were sacrificed. The hearts were arrested with 0.1 mM KCl solution
at end-diastole, fixed in 4% paraformaldehyde, and then
embedded in paraffin for morphometric measurement.

Cell culture
Primary cultures of neonatal mouse cardiomyocytes (NMCMs)
and neonatal rat cardiomyocytes (NRCMs) were isolated
from myocardial tissues of 1- to 3-day-old C57B/L6 mice and
Sprague–Dawley (SD) rats as described previously [29]. The
purified cardiomyocytes were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, Grand Island, NY, USA) supple-
mented with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad,
CA, USA) and 0.1 mM 5-bromodeoxyuridine (BrdU, Thermo Fisher
Scientific, Rockford, IL, USA) and cultured in an incubator at 37 °C
with 5% CO2. The AC16 human cardiomyocyte-like cell line was
purchased from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China) and was cultured under the same conditions.

MiRNA mimic/inhibitor transfection and adenovirus infection
A miR-214 mimic and inhibitor and negative control miRNA (Nc)
were synthesized by RiboBio (Guangzhou, China). Cardiomyocytes
were transfected with the miR-214 mimic and inhibitor using
TransIntro EL transfection reagent (TransGen Biotech, Beijing,
China) following the manufacturer’s protocol for 24–48 h before
harvest. Adenoviruses expressing SIRT3 (Ad-SIRT3) and GFP
(Ad-GFP) were constructed by Vigene Biosciences (Shandong,
China). Cells were exposed to Ad-SIRT3 or the negative control
vector Ad-GFP for 48 h, and then the expression of SIRT3 was
measured by Western blot analysis.

RNA extraction and quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from cultured cells or mouse cardiac
tissues using TRIzol Reagent (Takara Biotechnology, Dalian, China)
according to the manufacturer’s instructions. For mRNA expres-
sion analysis, 1–5 μg of total RNA was reverse transcribed into first-
strand cDNA using a Revert Aid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific). The mRNA levels of the target genes
were determined using a SYBR Green Quantitative PCR kit (Toyobo
Life Science, Osaka, Japan) with an iCycler iQ system (Bio-Rad,
Hercules, CA, USA). β-Actin served as an endogenous control.
Mouse-specific primers (listed in Supplementary Table S2) were
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synthesized by Sangon Biotech (Shanghai, China). For miRNA
expression analysis, qRT-PCR was performed using a Bulge-Loop
miRNA qRT-PCR Starter Kit (RiboBio). The U6 gene served as the
internal reference. RT primers and specific primers for miRNAs
were purchased from RiboBio. The relative expression level was
determined by the 2-ΔΔCt method.

MiRNA sequencing analysis
MiRNA sequencing was performed by KangChen Bio-tech using
the Illumina Small RNA Sequencing Platform (San Diego, CA, USA).
Each RNA sample was quantified with a spectrophotometer
(NanoDrop 1000, Thermo Fisher Scientific), and then RNA samples
were used to prepare the miRNA sequencing library, which
included the following steps: (1) 3′-adaptor ligation, (2) 5′-adaptor
ligation, (3) cDNA synthesis, (4) PCR amplification, and (5) size
selection of ~135–155 bp PCR amplified fragments (corresponding
to ~15–35 nt small RNAs). The sequencing library was determined
by an Agilent 2100 Bioanalyzer using an Agilent DNA 1000 chip kit
(part # 5067-1504, Agilent, Santa Clara, CA, USA). The libraries were
denatured as single-stranded DNA molecules, captured on
Illumina flow cells (Illumina), amplified in situ as clusters and
finally sequenced for 50 cycles on an Illumina NextSeq per the
manufacturer’s instructions. After sequencing, the data were
processed and used for bioinformatics analysis (KangChen Bio-
tech, Shanghai, China).

Mitochondrial protein isolation
Mitochondrial proteins were isolated from NMCMs with a
mitochondrial isolation kit (Beyotime, Shanghai, China) according
to the manufacturer’s instructions. Isolated mitochondria were
lysed in lysis buffer. After quantification by a BCA Protein Assay Kit
(Thermo Fisher Scientific), the mitochondrial proteins were used
for Western blot assays.

Western blot and immunoprecipitation (IP) assays
Cardiomyocytes or mouse heart tissues were rinsed in PBS three
times and then incubated for 10 min in RIPA lysis buffer
(Beyotime). The lysates were centrifuged at 12000 × g for 15 min.
The proteins were then extracted and measured with a BCA
Protein Assay Kit (Thermo Fisher Scientific). Equal amounts of
protein (30 μg) were loaded onto 8%–12% SDS-PAGE gels for
separation and transferred to polyvinylidene fluoride (PVDF)
membranes (Millipore, Billerica, MA, USA). After they were blocked
in 5% defatted milk powder for 1 h, the membranes were
incubated with primary antibodies and then incubated with
secondary antibodies. The signals indicating the protein levels
were visualized with High-sig ECL Western blotting substrate
(Tanon, Shanghai, China) and quantified by ImageJ software (NIH,
Bethesda, MD, USA).
For the immunoprecipitation assay, at least 200 μg of protein

was extracted with IP buffer (Beyotime). Lysates were incubated
with primary antibodies or corresponding IgG overnight at 4 °C
and incubated with 20 μL of protein A/G-agarose beads (Cat#
20241, Thermo Fisher Scientific) at 4 °C for 3–4 h. Then, the beads
were washed with IP washing buffer three times and supplemen-
ted with 25 μL of 2× loading buffer. The immunoprecipitated
proteins were detected by Western blot analysis. The primary
antibodies are listed in the materials.

Immunofluorescence assay
Cardiomyocytes were seeded and cultured on glass coverslips.
Cells were incubated with the MitoTracker Red (M7512) fluores-
cence probe (Invitrogen) for 30 min at 37 °C to label the
mitochondria. After that, the cells were washed with warm PBS,
fixed with 4% paraformaldehyde for 10 min, and then permeabi-
lized with 0.3% Triton X-100 (Sangon Biotech) for 10 min at room
temperature. After washing with PBS three times, the cells were
incubated with 10% goat serum (Boster, Wuhan, China) for 1 h at

room temperature. Then, the cells were treated with a primary
antibody against SIRT3 (diluted 1:100) overnight at 4 °C and
subsequently incubated with an Alexa Fluor 488-conjugated anti-
rabbit IgG secondary antibody (diluted 1:200, Cell Signaling
Technology, Danvers, MA, USA). DAPI (Cat# 4083, Cell Signaling
Technology) staining was performed to visualize the nuclei.
Images were captured with a laser scanning microscope and
analyzed (Olympus Corporation, Tokyo, Japan).

Measurement of cell surface area
Cardiomyocytes seeded in 48-well plates were fixed with 4%
paraformaldehyde for 15 min at room temperature and then
treated with 0.3% Triton X-100 for 10min. After incubation with
0.1% rhodamine phalloidin (No. MAN0001777, Invitrogen) for 1 h,
the cells were washed with PBS and further stained with DAPI.
Then, the cells were assessed with a High Content Screening
System (Arrayscan VTi 600 Plus, Thermo Fisher Scientific), and the
cell surface area from randomly selected fields (50 for each group)
was determined by built-in image analysis software.

Dual-luciferase reporter assay
HEK293 T cells were seeded and cotransfected with the miR-214
mimic or mimic Nc and wt-sirt3-3’ UTR or mut-sirt3-3’ UTR
plasmids (GeneCopoeia, Rockville, MD, USA) by using TransIntro EL
transfection reagent. The cells were harvested after 36 h, and
a luciferase activity assay was performed using a Luc-Pair
Duo-Luciferase Assay Kit (GeneCopoeia). Luciferase activity was
measured by a microplate reader (Molecular Devices, San Jose, CA,
USA). The relative luciferase ratio of firefly luciferase/renilla
luciferase was calculated as the normalized luciferase activity.

Measurement of mitochondrial oxygen consumption rate (OCR)
OCR measurement was performed using an XF96 Extracellular Flux
Analyzer (Seahorse Bioscience, North Billerica, MA, USA) as
described previously [30]. Briefly, AC16 cells were seeded into
Seahorse XF96 microplates (Seahorse Bioscience) at a density of
5 × 104 cells/well in a humidified 37 °C incubator with 5% CO2

(DMEM) for 24 h. Then, the normal medium of the cells was
replaced with XF assay medium containing 1 nM pyruvate, 2 mM
glutamine and 10mM glucose. A sensor cartridge was loaded with
various compounds as follows: oligomycin (2 μM), carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, 1 μM),
and rotenone/antimycin A (1 μM). After the sensor cartridge
was calibrated in the analyzer, the cell plates were incubated in a
37 °C/non-CO2 incubator for 60 min prior to the start of the OCR
assay. The cell count in each well was used to normalize the OCR.
The data were analyzed with Wave software, and respiratory
parameters were quantified. The experiment was repeated at least
in triplicate.

Determination of mitochondrial membrane potential (ΔΨm)
After being seeded in 48-well plates, NMCMs were transfected
with miR-214 mimic or inhibitor for 24 h. Then, ΔΨm was
measured with a JC-1 mitochondrial membrane potential assay
kit (Beyotime). Under normal physiological conditions, in cells with
high mitochondrial membrane potential, JC-1 spontaneously
forms aggregates and yields red fluorescence (excitation wave-
length: 585 nm; emission wavelength: 590 nm). At low ΔΨm, JC-1
remains in a monomeric form that yields green fluorescence
(excitation wavelength: 514 nm; emission wavelength: 529 nm).
The fluorescence intensity was measured by a High Content
Screening System. Images (25 for each well) were captured with
an automated cell imaging system.

Transmission electron microscopy (TEM)
Left ventricle myocardial tissues of mice were cut into approximately
1mm3 sized pieces and fixed in 2.5% glutaraldehyde solution (Ted
Pella, Redding, CA, USA). After washing with Hank’s modified salt
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solution (HMSS), the tissues were postfixed in 2% OsO4 (Electron
Microscopy Sciences, Hatfield, PA, USA), dehydrated in graded
ethanol and infiltrated with epoxy resin. After embedding, ultrathin
sections were cut with an ultracryomicrotome (EM UC6, Leica,
Wetzlar, Germany), transferred to 200-mesh carbon-coated copper
grids, and stained with 2% uranyl acetate (Merck, Darmstadt,
Germany) and lead citrate (Sigma-Aldrich). The mitochondrial
ultrastructure was observed under a JEM 1400 transmission electron
microscope (JEOL, Tokyo, Japan) at 120 kV.

Materials
Primary antibodies against SIRT3 (Cat# 5490), COX-IV (Cat#
4850), Drp1 (Cat# 14647) and FoxO3a (Cat# 12829) were
obtained from Cell Signaling Technology. An ANF antibody
(Cat# sc-80686) was purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). Beta-MHC antibody was obtained from Sigma-
Aldrich. GAPDH (Cat# 60004-1-AP), Mfn2 (Cat# 12186-1-AP),
OPA1 (Cat# 27733-1-AP) and Uqcrc1 (Cat# 21705-1-AP) anti-
bodies were purchased from Proteintech Group (Manchester,
UK). An ATP5O (Cat# A8103) antibody was purchased from
Abcam (Cambridge, UK). An acetylated lysine antibody (ICP0380)
was purchased from Immunechem (Burnaby, Canada).

Statistical analysis
The data are expressed as the mean ± SEM of multiple indepen-
dent replicates. The statistical analyses included two-tailed,
unpaired Student’s t tests for experiments with two groups or
one-way ANOVA with Bonferroni posttests for multiple groups
(GraphPad Prism 7.0 software, San Diego, CA, USA). Statistical
significance was defined as P < 0.05.

RESULTS
SIRT3 knockout exacerbates pathological cardiac hypertrophy in
Ang II-infused mice
To investigate the role of SIRT3 in cardiac hypertrophy, male
Sirt3−/− mice and their WT littermates were subcutaneously
infused with Ang II (2 mg·kg−1·d−1 for 2 weeks). The pathological
changes associated with hypertrophy were determined by gross
morphologic examination, hematoxylin-eosin (H&E) staining,
Masson staining and echocardiography (Fig. 1a–e). The hearts of
mice treated with Ang II were significantly larger than those of
animals that received normal saline, and the hypertrophy was
accompanied by histological abnormalities, including disarrange-
ment of cardiomyocytes, infiltration of inflammatory cells and
deposition of collagen. These typical hypertrophic responses
triggered by Ang II were more obvious in Sirt3−/− mice than in WT
animals. Moreover, the heart weight-to-body weight (HW/BW)
ratio increased following Ang II administration (Fig. 1f). The
echocardiography results showed that EF, FS and LVPW were
elevated, while LVID and LV Vol were reduced, in the Ang II-
treated groups (Fig. 1g–j and Supplementary Table S3). Depletion
of SIRT3 provoked further changes in the above echocardio-
graphic parameters, indicating exacerbated cardiac malfunction.
Ang II-induced mitochondrial damage was also visualized by using
TEM (Fig. 1k), and Ang II promoted mitochondrial swelling, cristae
rupture and vacuolization, which were aggravated in Sirt3−/−

mice. In addition, the levels of the hypertrophic markers ANF, BNP
and β-MHC were upregulated in response to Ang II infusion and
were further elevated by SIRT3 deficiency (Fig. 1l). The expression
of SIRT3 was obviously reduced following Ang II infusion
(Fig. 1m–o). Notably, although the cardiac function parameters
of Sirt3−/− and WT mice had no obvious differences at 10 weeks
of age, Sirt3−/− mice were more likely to be stricken with
spontaneous heart failure than WT mice at 28 weeks of age. As
shown in Supplementary Fig. S1, the HW/BW ratio, LV Vol and LVID
were markedly augmented in 28-week-old Sirt3−/− mice, while the
EF, FS and LVPW were reduced. These data indicate that a lack of

SIRT3 not only exacerbated pathological cardiac hypertrophy
induced by Ang II but also accelerated the deterioration of cardiac
contractile function with age.

MiR-214 expression is upregulated by Ang II treatment
In this study, Illumina deep sequencing was used to characterize
miRNA expression profiles in left ventricular tissues of Sirt3−/− and
WT mice following Ang II treatment. We performed filtering
between the groups with and without Ang II treatment using the
following criteria: a fold change (FC) ≥ 1.5 (or ≤0.67) and a P value
≤ 0.05 (unpaired). Volcano plots of the aberrant miRNAs, including
64 upregulated miRNAs in WT mice and 27 upregulated miRNAs
and 1 downregulated miRNA in Sirt3−/− mice, are shown in
Fig. 2a, b. Unsupervised hierarchical clustering analysis further
revealed that the myocardial tissue samples of Ang II-treated mice
could be distinguished clearly from those of animals that received
normal saline based on their patterns of significantly higher
expression of certain miRNAs (Supplementary Fig. S2a, b). Among
these miRNAs, some of the most differentially expressed miRNAs,
including miR-224, miR-411, miR-214, miR-21a, miR-199a, miR-23b
and miR-185 (Fig. 2c, d), were abundant in cardiac tissue, and the
changes in their levels were confirmed by real-time PCR assay
(Fig. 2e, f). It is well known that most miRNAs negatively regulate
gene expression at the posttranscriptional level by directly
binding to the 3’ UTRs of mRNAs. Thus, bioinformatics analysis
of putative targets of these candidate miRNAs was performed
using web-based tools, including TargetScan (http://www.
targetscan.org/) and miRDB (http://www.mirdb.org), which con-
sistently suggested that SIRT3 is a potential target of miR-214.
Furthermore, the level of miR-214 was significantly elevated by
Ang II in hypertrophic hearts of WT and Sirt3−/− mice (4.88- and
4.62-fold increases, respectively, compared with the levels in the
group that only received normal saline). Moreover, Ang II (100 nM)
treatment led to enhanced miR-214 expression in a time-
dependent manner in cultured NMCMs (Fig. 2g).

MiR-214 promotes hypertrophic responses in vitro and in vivo
Previous studies have proven that dysregulation of miR-214
facilitates the development of cancer and various cardiovascular
diseases [31]. Here, gain-of-function approaches were used to
further investigate the role of miR-214 in cardiac hypertrophy
in vitro and in vivo. Cultured NMCMs were transfected with a miR-
214 mimic to increase miR-214 expression. The transfection
efficiency was validated by measuring miR-214 levels (Supple-
mentary Fig. S3a, b). Our results showed that forced expression of
miR-214 with its mimic elevated the protein levels of hypertrophic
markers, including β-MHC and ANF (Fig. 3a), and markedly
increased the cell surface area (Fig. 3b). To further confirm the
prohypertrophic effect of miR-214 in vivo, mice were injected by
tail vein with a miR-214 agomir. Overexpression of miR-214 in
cardiac tissues with agomir administration was confirmed by qRT-
PCR. In addition, treatment with Ang II increased miR-214
expression, which was consistent with the above result (Supple-
mentary Fig. S3c). Ang II infusion and miR-214 agomir adminis-
tration provoked the development of representative hypertrophic
abnormalities, including enlarged cardiomyocytes, disorganized
myocardial architecture and decreased intercellular space, as
indicated by H&E staining and wheat germ agglutinin (WGA)
staining (Fig. 3c–e). Obvious accumulation of collagen fibers was
also detected by picrosirius red (PSR) staining, suggesting that
Ang II and the miR-214 agomir had profibrotic effects (Fig. 3f, g).
The HW/BW ratio and echocardiographic parameters, such as EF,
FS and LVPW, were prominently increased by Ang II (Fig. 3i–m),
while the LVID and LV Vol were attenuated (Supplementary
Fig. S3d–g). MiR-214 agomir injection alone had no significant
influence on the HW/BW ratio or echocardiographic parameters.
Furthermore, the protein and mRNA levels of hypertrophic
markers were determined in cardiac tissues (Fig. 3n–p). The
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results showed that the miR-214 agomir significantly enhanced
the expression of ANF, BNP and β-MHC. Taken together, these
findings suggested that the upregulation of miR-214 was sufficient
to induce cardiac hypertrophy.

Inhibition of miR-214 alleviates pathological hypertrophy induced
by Ang II
NMCMs were transfected with a miR-214 inhibitor, and the
inhibition efficiency was validated by measuring miR-214 levels
(Supplementary Fig. S4a, b). Ang II stimulation led to upregulation

of β-MHC and ANF expression, which could be attenuated by
downregulation of miR-214 (Fig. 4a). The miR-214 inhibitor also
suppressed the enlargement of NMCMs induced by Ang II (Fig. 4b).
Next, we explored whether miR-214 interference could be utilized
to combat cardiac hypertrophy in vivo. In the mouse model of Ang
II-induced cardiac hypertrophy, a miR-214 antagomir, a synthetic
antisense oligonucleotide with chemical modifications, was
administered through the tail vein to specifically inhibit the
expression of endogenous miR-214. The inhibitory efficacy
was confirmed by qRT-PCR assay (Supplementary Fig. S4c).

Fig. 1 SIRT3 deficiency exacerbates Ang II-induced pathological cardiac hypertrophy. Wild-type (WT) and Sirt3−/− mice were
subcutaneously infused with Ang II (2mg·kg−1·d−1) or an equal volume of normal saline (NS) for 2 weeks. a Gross morphologic examination of
the hearts. Hematoxylin-eosin staining of cardiac sections (b scale bar= 1mm; c scale bar= 100 μm). d Masson staining for collagen
deposition (scale bar= 100 μm). e Representative images from echocardiography. f Heart weight-to-body weight (HW/BW) ratio. g–j The
ejection fraction (EF), fractional shortening (FS) and left ventricular posterior wall thickness in the diastolic and systolic phases (LVPW,d and
LVPW,s) were measured by echocardiography. The data are presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; n=
10–12. k The ultrastructure of mitochondria was visualized by transmission electron microscopy (scale bar= 500 nm). l The mRNA levels of
hypertrophic biomarkers (ANF, BNP and β-MHC) were detected by qRT-PCR. The data are presented as the mean ± SEM. *P < 0.05, **P < 0.01,
****P < 0.0001 vs. the WT+NS group; ###P < 0.001, ####P < 0.0001 vs. the Sirt3−/− + NS group; n= 4. m–o The expression of SIRT3 was detected
by Western blot analysis and qRT-PCR. The data are presented as the mean ± SEM. **P < 0.01, ****P < 0.0001 vs. the WT+NS group; n= 4.
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Morphologic and histological examinations showed that the miR-
214 antagomir attenuated Ang II-stimulated pathological changes
associated with hypertrophy (Fig. 4c–g). It also suppressed the
increase in the HW/BW ratio following Ang II treatment (Fig. 4i). In
addition, treatment with the miR-214 antagomir alleviated Ang II-
induced abnormalities in cardiac structure and function, including
elevations in EF, FS and LVPW (Fig. 4j–m), and reduced LVID and
LV Vol (Supplementary Fig. S4d–g). In cardiac tissues from Ang II-
infused mice, the increases in the expression of hypertrophic
markers, including ANF, BNP, and β-MHC, were ameliorated by the
miR-214 antagomir (Fig. 4n–p). These results demonstrated that

inhibition of miR-214 could protect against Ang II-triggered
cardiac hypertrophy.

SIRT3 is directly targeted and negatively regulated by miR-214
Our previous study has demonstrated that SIRT3 exerts a
protective effect and that its expression significantly declines
during Ang II-induced cardiac hypertrophy both in vitro and
in vivo [14]. Here, we also observed a time-dependent down-
regulation of SIRT3 protein content in response to Ang II
treatment in NMCMs, which was accompanied by increased
levels of the hypertrophic markers ANF, BNP and β-MHC

Fig. 2 MiRNA expression profiles in mouse cardiac tissues following Ang II treatment. WT and Sirt3−/− mice were subcutaneously infused
with 2mg·kg−1·d−1 Ang II for 2 weeks. The control animals received normal saline (NS). Illumina deep sequencing was performed to detect
miRNA expression profiles in left ventricular tissues (3 samples/group). a, b Volcano plot of differentially expressed miRNAs between the Ang II
and NS groups. The x-axis shows the log2 fold change in the expression of miRNAs between the Ang II and NS groups, while the y-axis shows
the -log10 P value for each miRNA. c, d Heatmap showing differentially expressed miRNAs between the Ang II treatment and NS groups as
calculated from the regularized log transformation. Each column represents a sample. The color scale shown at the top illustrates the relative
expression levels of a miRNA in different groups. Red represents an expression level above the mean, and green represents an expression
level below the mean. e, f The levels of miRNAs were validated by qRT-PCR. The data are presented as the mean ± SEM. *P < 0.05, **P < 0.01 vs.
the WT+NS group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. the Sirt3−/− + NS group. n= 4. g Neonatal mouse cardiomyocytes (NMCMs) were
isolated and stimulated with Ang II (100 nM) for the indicated time periods. The mRNA expression of miR-214 was measured by qRT-PCR. The
data are presented as the mean ± SEM. *P < 0.05, **P < 0.01 vs. the control group. n= 4.
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(Fig. 5a–c). The inverse correlation between miR-214 and SIRT3
expression in hypertrophy supports a targeting relationship
between them. The predicted binding sites of miR-214 are
located at positions 200–206 of the mmu-Sirt3 3’ UTR and are
highly conserved in humans (258–264 of the hsa-Sirt3 3’ UTR) and
rats (227–233 of the rno-Sirt3 3’ UTR). To further validate SIRT3 as
a direct target of miR-214, HEK293 cells were transfected with

dual-luciferase vectors containing intact or mutated miR-214
binding sites in the SIRT3 3’ UTR (Fig. 5d). A dual-luciferase
reporter assay revealed that the miR-214 mimic efficiently
suppressed luciferase activity in cells expressing the wild-type
SIRT3 3’ UTR but not in cells expressing the mutated form
(Fig. 5e). The expression of SIRT3 was significantly decreased by
the miR-214 mimic in NMCMs, while treatment with the miR-214

Fig. 3 Upregulation of miR-214 promotes Ang II-induced hypertrophic responses in vitro and in vivo. NMCMs were transfected with a
miR-214 mimic (miR-214-m) or negative control (Nc-m) and incubated with 100 nM Ang II for 36 h. a The protein expression of ANF and β-MHC
was detected by Western blot analysis. b The surface area of NMCMs was measured. Scale bar= 100 μm. The data are presented as the mean
± SEM. *P < 0.05, ***P < 0.001, ****P < 0.0001 vs. the Nc-m group. n= 4. C57B/L6 mice were subcutaneously infused with Ang II or normal saline
(NS) for 2 weeks. To overexpress miR-214 in vivo, a specific agomir (5 OD) and its negative control (Nc-agomir) were administered via the tail
vein. The pathological changes of the myocardium were observed by c gross morphologic examination, d H&E staining (scale bar= 1.5 mm),
e WGA staining (scale bar= 50 μm), f, g PSR staining (top: white light, scale bar= 400 μm; bottom: polarized light, scale bar= 50 μm), and
h echocardiography. i The HW/BW ratio was calculated. j–m Echocardiographic parameters were measured. The data are presented as the
mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. n= 8–11. n–p The protein and mRNA levels of β-MHC, ANF and BNP in cardiac
tissues were measured by Western blot analysis and qRT-PCR. The data are presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001 vs. the NS+Nc-agomir group. n= 4.

MicroRNA-214/SIRT3 contributes to cardiac hypertrophy
YQ Ding et al.

1428

Acta Pharmacologica Sinica (2021) 42:1422 – 1436



inhibitor enhanced SIRT3 protein levels (Fig. 5f, g). Similar results
were observed in primary cultures of NRCMs as well as in
AC16 cells, a human cardiomyocyte cell line (Supplementary
Fig. S5). In addition, immunofluorescence analysis showed that
mitochondrial fragmentation was increased after overexpression

of miR-214. The colocalization between mitochondria and SIRT3
was decreased in response to downregulation of SIRT3 by the
miR-214 mimic, while the cell surface area was augmented. In
contrast, inhibition of miR-214 enhanced the colocalization
between SIRT3 and mitochondria (Fig. 5h, i).

Fig. 4 Inhibition of miR-214 attenuates pathological hypertrophy induced by Ang II in vitro and in vivo. NMCMs were transfected with a
miR-214 inhibitor (miR-214-in) or negative control (Nc-in) and incubated with 100 nM Ang II for 36 h. a The protein expression of ANF and β-
MHC was detected by Western blot analysis. b The surface area of NMCMs was measured. Scale bar= 100 μm. The data are presented as the
mean ± SEM. ***P < 0.001 vs. the Nc-in group; ###P < 0.001 vs. the Ang II+Nc-in group; ns not significant vs. the Nc-in group. n= 4. C57B/L6 mice
were subcutaneously infused with Ang II or normal saline (NS) for 2 weeks. To inhibit miR-214 in vivo, a specific antagomir (8 OD) and its
negative control (Nc antagomir) were administered via the tail vein. The pathological changes of the myocardium were observed by c gross
morphologic examination, d H&E staining (scale bar= 1.5 mm), e WGA staining (scale bar= 50 μm), f, g PSR staining (top: white light, scale
bar= 400 μm; bottom: polarized light, scale bar= 50 μm), and h echocardiography. i The HW/BW ratio was calculated. j–m Echocardiographic
parameters were measured. The data are presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. n= 8–11. n–p The
protein and mRNA levels of β-MHC, ANF and BNP in cardiac tissues were measured by Western blot analysis and qRT-PCR. The data are
presented as the mean ± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001 vs. the NS+Nc-antagomir group; #P < 0.05, ##P < 0.01, ####P < 0.0001 vs. the Ang
II+Nc-antagomir group. n= 4.
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Fig. 5 SIRT3 is directly targeted and negatively regulated by miR-214. a–c NMCMs were incubated with 100 nM Ang II for the indicated
durations. The protein levels of hypertrophic biomarkers and SIRT3 were measured by Western blot analysis. The data are presented as the
mean ± SEM. **P < 0.01, ***P < 0.001 vs. the control group. n= 4. d Schematic representation of the predicted binding sites for miR-214 and the
mutated binding sites in the 3’ UTR of SIRT3. e HEK293 T cells were transfected with dual luciferase reporter vectors containing the wild-type
or mutant SIRT3 3’ UTR. The cells were further treated with a miR-214 mimic (miR-214-m) or Nc mimic (Nc-m), and luciferase activity was
detected. The data are presented as the mean ± SEM. **P < 0.01 vs. the Nc-m group. n= 3. f, g NMCMs were transfected with a miR-214 mimic
or inhibitor (miR-214-in). The protein and mRNA levels of SIRT3 were determined. The data are presented as the mean ± SEM. *P < 0.05, **P <
0.01 vs. the Nc-m group; ####P < 0.0001 vs. the Nc-in group. n= 4. h, i The intracellular colocalization of SIRT3 (green) and mitochondria
(red) was visualized by confocal immunofluorescence microscopy, and the immunofluorescence intensity of SIRT3 was quantified.
Representative images of four independent tests are shown (scale bar= 40 μm). The data are presented as the mean ± SEM. *P < 0.05 vs. the
Nc-m group. n= 4.
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Upregulation of SIRT3 attenuates miR-214-induced cardiomyocyte
hypertrophy
The above findings suggested that miR-214 might contribute to
pathological cardiac hypertrophy by negatively regulating SIRT3.
To validate this hypothesis, NMCMs were cotransfected with an
adenovirus encoding SIRT3 (Ad-SIRT3) and the miR-214 mimic. As
shown in Fig. 6a–c, overexpression of SIRT3 attenuated the miR-
214-triggered increases in β-MHC and ANF levels. Furthermore,
upregulation of the expression of SIRT3 attenuated the augmen-
tation of cardiomyocyte surface area induced by the miR-214
mimic, while overexpression of SIRT3 alone had no effect on cell
surface area (Fig. 6d, e).

MiR-214 impairs mitochondrial homeostasis and respiratory
activity
SIRT3 is a mitochondria-localized deacetylase and plays important
roles in regulating mitochondrial energy metabolism [32]. Consider-
ing our finding that SIRT3 was directly targeted and modulated by
miR-214, the potential effects of miR-214 on mitochondrial home-
ostasis and respiratory activity were subsequently investigated. Our
results revealed that upregulation of miR-214 obviously decreased
the mitochondrial membrane potential (ΔΨm) in NRCMs, as
indicated by JC-1 staining, but inhibition of miR-214 had no
significant effect on ΔΨm (Fig. 7a, b). Mitochondrial respiratory
activity was further determined in AC16 cells by using a Seahorse
XF96 Extracellular Flux Analyzer. Measurement of respiration
parameters revealed that basal respiration (−33%), ATP production
(−41%) and maximal respiration (−40%) were all decreased in miR-
214-overexpressing cells (Fig. 7c, d). In contrast, inhibition of miR-214
promoted mitochondrial respiratory activity, as indicated by
elevated respiration parameters (Fig. 7e, f). The expression of SIRT3
was downregulated in cardiac tissues with Ang II infusion or miR-214

agomir treatment (Fig. 7g–i), which was consistent with our previous
observation in NMCMs. In addition, the expression of mitochondrial
fusion/fission proteins was determined. Mitofusin 2 (Mfn2) expres-
sion was decreased, while dynamin-related peptide 1 (Drp1)
expression was increased by the miR-214 agomir (Fig. 7g, j, k).
Besides, the Ang II-induced reduction in SIRT3 expression was
effectively eliminated following miR-214 antagomir treatment. The
increase in Drp1 expression and reduction in Mfn2 expression were
also attenuated by the miR-214 antagomir (Fig. 7m–q). The levels of
OPA1 and mitochondrial fission protein 1 (Fis1) showed no evident
differences after miR-214 intervention (Supplementary Fig. S6).
Additionally, the influences of miR-214 on mitochondrial morphol-
ogy were detected in cardiac tissues of mice by TEM. Our results
demonstrated that administration of the miR-214 agomir provoked
mitochondrial swelling, cristae rupture and vacuolization. These
abnormalities were exacerbated when the mice were concurrently
subjected to Ang II infusion (Fig. 7l). In contrast, suppression of miR-
214 by antagomir treatment significantly alleviated the changes in
mitochondrial morphology induced by Ang II (Fig. 7r).

MiR-214 downregulates Mfn2 by suppressing SIRT3/FoxO3a
signaling
In NMCMs, intervention with miR-214 influenced the total
expression of Mfn2 but not the expression of Drp1 and OPA1
(Fig. 8a–c and Supplementary Fig. S7a). Because SIRT3 and Mfn2
are located mainly in the mitochondria and are involved in
manipulating energy metabolism and mitochondrial dynamics
[8, 33], we further detected whether their subcellular protein levels
could be affected by miR-214. In the mitochondrial fraction, the
levels of both SIRT3 and Mfn2 were markedly elevated after
transfection with the miR-214 inhibitor but were decreased after
transfection with the miR-214 mimic (Fig. 8d–f). Previous studies

Fig. 6 Upregulation of SIRT3 attenuates miR-214-induced cardiomyocyte hypertrophy. a–c NMCMs were cotransfected with an
adenovirus encoding SIRT3 (Ad-SIRT3) and a miR-214 mimic or their corresponding negative controls, an adenovirus encoding green
fluorescent protein (Ad-GFP) and an Nc mimic, for 48 h. The protein levels of SIRT3, ANF and β-MHC were measured by Western blot analysis.
The data are presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. the Ad-GFP+Nc-m group; ####P < 0.0001 vs. the
Ad-SIRT3+Nc-m group; &P < 0.05, &&P < 0.01 vs. the Ad-GFP+miR-214 mimic group. n= 4. d, e The surface area of NMCMs was measured. Scale
bar= 100 μm. The data are presented as the mean ± SEM. **P < 0.01 vs. the Ad-GFP+Nc-m group; &P < 0.05 vs. the Ad-GFP+miR-214 mimic
group. n= 3.
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Fig. 7 MiR-214 impairs mitochondrial homeostasis and respiratory activity. a, b The mitochondrial membrane potential (ΔΨm) in NRCMs
was detected via JC-1 staining after transfection with a miR-214 mimic, inhibitor or relevant negative control for 24 h. Scale bar= 200 μm. The
data are presented as the mean ± SEM. **P < 0.01 vs. the Nc-m group. n= 4. c–f AC16 cells were transfected with a miR-214 mimic, inhibitor or
negative control for 24 h. The oxygen consumption rate (OCR) and respiration parameters, including basal respiration, ATP production,
maximal respiration and H+ leak, were determined by using a Seahorse XF96 Analyzer. The data are presented as the mean ± SEM. *P < 0.05,
**P < 0.01 vs. the Nc-m or Nc-in group. n= 3. C57B/L6 mice were subcutaneously infused with Ang II or normal saline (NS) for 2 weeks and
administered a miR-214-agomir or Nc-agomir via the tail vein. g–k The protein and mRNA levels of SIRT3, Mfn2 and Drp1 in cardiac tissues
were measured by Western blot analysis and qRT-PCR. The data are presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the
NS+Nc-agomir group. n= 4. l The mitochondrial ultrastructure of cardiac tissues was detected by TEM. Representative images of four
independent samples are shown (scale bar= 1 μm). C57B/L6 mice were given the same treatment with Ang II and administered a miR-214
antagomir or Nc antagomir via the tail vein. m–q The protein and mRNA levels of SIRT3, Mfn2 and Drp1 in cardiac tissues were measured by
Western blot analysis and qRT-PCR. The data are presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the NS+Nc-antagomir
group; #P < 0.05 vs. the Ang II+Nc-antagomir group; &P < 0.05 vs. the NS+miR-214-antagomir group. n= 4. r The mitochondrial ultrastructure
of cardiac tissues was detected by TEM. Representative images of four independent samples are shown (scale bar= 1 μm).
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have demonstrated that SIRT3 positively regulates the expression
of FoxO3a. Moreover, SIRT3 deacetylates FoxO3a to promote its
transcriptional activity, thereby facilitating FoxO3a-dependent
Mfn2 expression [34, 35]. Here, we observed that overexpression
of SIRT3 increased Mfn2 protein levels and could also reverse the
decline in Mfn2 expression induced by the miR-214 mimic. The
protein level of FoxO3a was decreased after treatment with the
miR-214 mimic (Fig. 8g, h). In addition, the miR-214 mimic
enhanced the acetylation of total protein in NMCMs (Fig. 8i).
Immunoprecipitation assays further revealed that it diminished

the interaction between SIRT3 and FoxO3a and then increased
FoxO3a acetylation (Fig. 8j, k). These data suggested the
involvement of suppression of SIRT3/FoxO3a signaling in miR-
214-mediated Mfn2 downregulation.

DISCUSSION
Pathological cardiac hypertrophy has been well recognized as a
precursor and risk factor for heart failure. Sustained cardiac
hypertrophy results in myocardial remodeling, metabolic dysfunction

Fig. 8 MiR-214 downregulates Mfn2 by suppressing SIRT3/FoxO3a signaling. NMCMs were transfected with a miR-214 mimic, inhibitor or
relevant negative control for 24 h. a–c The total protein levels of SIRT3 and Mfn2 were measured by Western blot analysis. d–f The SIRT3 and
Mfn2 levels in the mitochondrial and cytosol fractions were determined. The data are presented as the mean ± SEM. *P < 0.05, **P < 0.01 vs. the
Nc-m group; #P < 0.05, ##P < 0.01 vs. the Nc-in group. n= 4. g, h NMCMs were cotransfected with an adenovirus encoding SIRT3 (Ad-SIRT3), the
miR-214 mimic and their corresponding negative controls, Ad-GFP and an Nc mimic, for 48 h. The protein expression levels of FoxO3a and
Mfn2 were measured by Western blot analysis. The data are presented as the mean ± SEM. **P < 0.01, ***P < 0.001 vs. the Ad-GFP+Nc-m group;
##P < 0.01, ####P < 0.0001 vs. the Ad-SIRT3+Nc-m group; &P < 0.05 vs. the Ad-GFP+miR-214 mimic group. n= 4. i NMCMs were transfected with
the miR-214 mimic or Nc mimic and incubated with 100 nM Ang II for 36 h. The global protein acetylation level was measured by Western blot
analysis. Representative bands from three independent experiments are shown. j, k Immunoprecipitation analysis showed the interaction of
SIRT3 and FoxO3a and the acetylation levels of FoxO3a in NMCMs after treatment with the miR-214 mimic. The data are presented as the
mean ± SEM. *P < 0.05, **P < 0.01 vs. the Nc-m group. n= 3.
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and consequent cardiac decompensation [36]. Thus, early prevention
of hypertrophy can not only slow down disease progression towards
heart failure but also improve clinical outcomes. In recent years,
great advances have been made in understanding the molecular
basis of cardiac hypertrophy. It is now known that miRNAs, which
form an important group of epigenetic regulators, play crucial roles
in the pathogenesis of cardiac hypertrophy. For instance, miR-22,
miR-217 and miR-29 have been determined to act as prohyper-
trophic miRNAs by targeting phosphatase and tensin homolog
(PTEN) and activating the phosphatidyl-3 kinase (PI3K)/Akt/mamma-
lian target of the rapamycin (mTOR) system [37–39]. Conversely, miR-
1 can ameliorate cardiac hypertrophy by decreasing the expression
of the transcription factor nuclear factor of activated T cells (NFATC3)
and mitochondrial calcium uniporter (MCU), which restrains the
prohypertrophic calcium signaling pathway [40, 41]. These findings
support the idea that miRNAs may serve as potential biomarkers or
therapeutic targets for cardiac hypertrophy.
In the present work, we performed deep miRNA sequencing and

observed that miR-214 expression was remarkably upregulated in
the hearts of mice suffering from Ang II-induced cardiac hyper-
trophy (Fig. 2). MiR-214 overexpression was sufficient to induce
cardiomyocyte hypertrophy in vitro and could further aggravate the
hypertrophic phenotype of mice infused with Ang II. Moreover,
suppression of miR-214 expression significantly mitigated the
hypertrophic responses stimulated by Ang II in cultured NMCMs
and in mice (Figs. 3 and 4). These findings validate miR-214 as a
prohypertrophic miRNA and suggest that miR-214 interference has
potential cardioprotective benefits. To date, a variety of pathophy-
siological factors, such as hemodynamic overload, neurohumoral
stimuli, oxidative stress, inflammation and aging, have been
identified to orchestrate the initiation and development of cardiac
hypertrophy [1, 3]. Nevertheless, the current pharmaceutical agents
used in the clinic, including β-adrenergic receptor blockers,
angiotensin-converting enzyme inhibitors and angiotensin II type
1 receptor antagonists, yield limited effects, and the prognosis of the
disease remains poor [42]. Considering their extensive influences on
gene expression and critical roles in regulating cellular biological
processes, miRNAs may present alternative and promising targets
for the prevention and treatment of cardiac hypertrophy [21, 43].
Here, our study revealed that miR-214 suppression by antagomir
delivery alleviated the histological changes associated with patho-
logical hypertrophy, restored heart function and attenuated
mitochondrial impairments in Ang II-infused mice (Figs. 4 and 7).
Although quite preliminary, the data provide a rationale for a new
intervention strategy involving suppression of miR-214.
To investigate the mechanism underlying the prohypertrophic

role of miR-214, the potential targets of this miRNA were predicted
using bioinformatic analysis, which suggested SIRT3 as a key
downstream effector of miR-214. A dual-luciferase reporter assay
proved that miR-214 could directly bind with the complementary
region of the SIRT3 3’ UTR and suppress the expression of SIRT3
(Fig. 5). In response to Ang II treatment, SIRT3 levels declined both
in NMCMs and in hypertrophic mouse hearts, whereas miR-214
inhibitor and antagomir treatment reversed the decreases in SIRT3
levels caused by Ang II (Figs. 4 and 7). Previously, it has been
reported that reduced expression of SIRT3 contributes to
contractile dysfunction in failing hearts [44, 45]. In this study, we
observed that SIRT3 knockout exacerbated Ang II-induced cardiac
hypertrophy (Fig. 1). Moreover, Sirt3−/− mice incurred hyperace-
tylation of total protein and developed a spontaneous heart
failure phenotype at the age of 28 weeks (Supplementary Fig. S1).
However, reintroduction of SIRT3 attenuated the miR-214-
mediated increases in hypertrophic marker expression and cell
surface area (Fig. 6). Therefore, the prohypertrophic and detri-
mental effects of miR-214 may be at least partially attributable to
miR-214-mediated negative regulation of SIRT3.
Thus far, it has been recognized that mitochondrial malfunction

is a key event contributing to the development and progression of

hypertrophy [46, 47]. As the most metabolically active organ, the
heart accounts for approximately 8% of total ATP consumption.
Mitochondria are the central organelles for ATP generation, and
the energy supply in cardiomyocytes is heavily dependent on
mitochondrial oxidative phosphorylation [46, 48]. SIRT3, as a
pivotal deacetylase in mitochondria, is tightly associated with
energy metabolism, oxidative stress and apoptosis [6, 49, 50]. It
can promote efficient electron transport to optimize ATP
generation by deacetylating a diversity of mitochondrial enzymes
[51]. Malfunction of SIRT3 leads to disturbance of fatty acid β-
oxidation, amino acid metabolism and the electron transport
chain (ETC), which has been recognized to trigger cardiac
hypertrophy. In our study, miR-214 overexpression inhibited SIRT3
expression, and this effect was accompanied by obvious declines
in mitochondrial membrane potential, basal respiration, ATP
production and maximal respiration; in contrast, miR-214 inhibi-
tion enhanced SIRT3 expression and rescued mitochondrial
respiratory activity (Fig. 7a–f). Collectively, these results indicate
that miR-214-induced SIRT3 inhibition may contribute to impair-
ments in mitochondrial function.
Mitochondria are highly dynamic organelles, and abnormal

morphologic changes can lead to grievous impairments of their
function. Mitochondrial morphology is maintained by the balance
between fusion and fission. In mammals, mitochondrial fusion is
regulated mainly by Mfn2 and OPA1, two GTPases located on the
outer and inner membranes of mitochondria, respectively,
whereas the fission process is tightly controlled by Drp1 and
Fis1 [5, 33]. In this study, we found that the protein levels of Mfn2
and OPA1 were reduced during Ang II-induced cardiac hyper-
trophy in vitro and in vivo, while Drp1 expression was increased
(Fig. 7, Supplementary Fig. S7b). Similar results were observed
following miR-214 overexpression, but the levels of OPA1 and Fis1
were not significantly affected by miR-214 (Fig. 7, Supplementary
Fig. S6, S7). Aberrant expression of miR-214 damaged mitochon-
drial structural integrity, as visualized by TEM (Fig. 7l, r). In contrast,
inhibition of miR-214 rectified the abnormal expression of
mitochondrial fusion/fission proteins and ameliorated morpholo-
gic injuries (Figs. 7 and 8). SIRT3 is known to physically interact
with FoxO3a in mitochondria and to deacetylate FoxO3a to
increase its DNA-binding activity, which promotes the transcrip-
tional expression of peroxisome proliferator-activated receptor γ
coactivator 1α (PGC-1α) [9, 52]. Several studies have well described
that SIRT3 inhibition leads to inactivation of FoxO3a and
subsequent downregulation of PGC-1α, which further suppresses
Mfn2 expression and thereby impacts on mitochondrial dynamics
and function [33, 53, 54]. Our data showed that the miR-214 mimic
decreased the expression and transcriptional activity of FoxO3a by
disrupting its association with SIRT3 and increasing FoxO3a
acetylation levels. SIRT3 overexpression increased Mfn2 protein
levels and reversed the decrease in Mfn2 expression induced by
the miR-214 mimic (Fig. 8g–k). These findings raise the possibility
that miR-214 may cause impairment of mitochondrial homeostasis
by suppressing Mfn2 via a SIRT3/FoxO3a-dependent cascade,
suggesting the potential protective effects of miR-214-targeted
intervention against pathological cardiac hypertrophy.
Although we have presented evidence concerning the partici-

pation of miR-214 in Ang II-induced cardiac hypertrophy via
suppression of SIRT3, there are still some limitations of our study. It
is known that an individual miRNA may regulate a broad range of
transcripts [55, 56]. Several target genes of miR-214 have been
previously identified, such as X-box binding protein 1 (XBP1), zeste
homologue 2 (EZH2) and myocyte-specific enhancer factor 2C
(MEF2C). These molecules also participate in miR-214-mediated
effects in various cardiovascular conditions [25, 26, 57, 58]. Thus,
we cannot rule out the involvement of other downstream
effectors besides SIRT3 in the prohypertrophic role of miR-214.
On the other hand, the development of cardiac hypertrophy is
driven by multiple factors and signaling pathways. It is not known
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whether the same conclusions can be drawn in the settings of
cardiac hypertrophy caused by stimuli other than Ang II, such as
pressure overload, diabetes and aging. The involvement of miR-
214 in the pathogenesis of cardiac hypertrophy should be further
investigated.
In summary, our data demonstrated that miR-214 participated in

Ang II-induced cardiac hypertrophy, and SIRT3 was identified as a
direct target of miR-214. Overexpression of miR-214 reduced SIRT3
expression through posttranscriptional regulation, thereby leading
to hypertrophic responses and mitochondrial dysfunction (Fig. 9). In
contrast, inhibition of miR-214 attenuated the detrimental effects of
Ang II by restoring SIRT3. These findings add new information
regarding the biological functions of miR-214 and suggest that
modulation of miR-214 may be a potential treatment strategy for
cardiac hypertrophy.
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