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Abstract. Dysregulation of long non‑coding RNA (IncRNA) 
antisense non‑coding RNA in the INK4 locus (ANRIL) 
is associated with the risk of myocardial infarction (MI). 
Therefore, the present study aimed to determine the 
mechanisms underlying this association, which is currently 
poorly understood, to the best of our knowledge. The current 
study used an in vitro myocardial ischemia and reperfusion 
(MI/R) model, in which H9c2 cardiomyocytes were exposed 
to hypoxia/reoxygenation (H/R), which demonstrated that 
ANRIL expression was downregulated and that ANRIL 
positively regulated sirtuin 1 (SIRT1) expression following 
H/R injury. Subsequently, it was demonstrated that ANRIL 
upregulated SIRT1 expression by sponging microRNA‑181a 
(miR‑181a). In addition, ANRIL overexpression reduced lactate 
dehydrogenase release and apoptosis of H9c2 cardiomyocytes 
exposed to H/R, indicating that ANRIL prevented H/R‑induced 
cardiomyocyte injury. Moreover, both miR‑181a overexpression 
and SIRT1 knockdown significantly decreased the protective 
effects of ANRIL on H/R‑induced cardiomyocyte injury, thus 
demonstrating that SIRT1 upregulation via sponging miR‑181a 
is a critical mechanism that mediates the function of ANRIL. 
These results provided a novel mechanistic insight into the role 

of ANRIL in H/R‑injured cardiomyocytes and suggested that 
the ANRIL/miR‑181a/SIRT1 axis may be a therapeutic target 
for reducing MI/R injury.

Introduction

Myocardial infarction (MI) remains one of the leading causes 
of mortality and disability worldwide  (1). At present, the 
most effective approach for reducing MI injury and size is 
timely myocardial reperfusion (2). However, unsatisfactorily, 
reperfusion causes further myocardial injury and cardiomyocyte 
death, causing a phenomenon denominated myocardial 
ischemia and reperfusion (MI/R) injury  (3). MI/R injury 
contributes to disease progression in patients with MI. However, 
some mechanical and pharmacological therapeutic strategies 
for preventing MI/R injury have been shown to be effective in 
improving clinical outcomes (2).

Recently, MI pathology has been increasingly associated 
with long non‑coding RNAs (lncRNAs) (4,5), a novel class 
of endogenous cellular RNAs that regulate gene expression 
through various means, including acting as microRNA 
(miRNA) sponges  (6). The antisense non‑coding RNA in 
the INK4 locus (ANRIL) can regulate cell proliferation, 
senescence and apoptosis involved in some cardiovascular 
diseases and human cancers (7). In particular, ANRIL was 
newly identified as a dysregulated lncRNA in patients with MI 
compared with healthy controls (8). In addition, an ANRIL 
polymorphism (rs1333049:C>G) is associated with MI (9). 
Consistently, another previous study also demonstrated 
that ANRIL gene variants contribute to MI risk (10). These 
reports suggest that ANRIL may play a functional role in the 
pathology of MI. However, to the best of our knowledge, at 
present, no evidence has been provided to mechanistically link 
ANRIL with MI/R injury.

In the present study, the role of ANRIL in the regulation of 
MI/R injury was investigated using a hypoxia/reoxygenation 
(H/R) in  vitro experimental model. It was found that the 
expression of ANRIL was downregulated after H/R injury 
and that ANRIL positively regulated sirtuin 1 (SIRT1) 
expression by sponging miR‑181a. This regulatory mechanism 
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may be responsible for the protective role of ANRIL against 
H/R‑induced cardiomyocyte injury. These data could offer a 
novel mechanistic insight into understanding the association 
between ANRIL and MI pathology.

Materials and methods

Cell culture and H/R treatment. H9c2 cardiomyocytes (cat. 
no.  CRL‑1446) were purchased from the American Type 
Culture Collection and then cultured in DMEM (Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% 
(v/v) FBS (Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml 
penicillin and 100 mg/ml streptomycin (Gibco; Thermo Fisher 
Scientific, Inc.) in an incubator at 37˚C with 5% CO2. In vitro 
H/R treatment was used to mimic MI/R injury, as described 
previously (11). Briefly, H9c2 cardiomyocytes were cultured 
in glucose‑free DMEM with an oxygen‑free atmosphere 
(95% N2 and 5% CO2) at 37˚C for 4 h, followed by incubation 
with normal medium (4.5 mg/ml glucose) and atmosphere 
(95% air and 5% CO2) at 37˚C for 2 to 24 h, depending on the 
experimental purposes.

Transfection. ANRIL‑overexpressing plasmids were 
constructed by inserting the ANRIL coding sequence into 
the pcDNA3.1 vector (Invitrogen; Thermo Fisher Scientific, 
Inc.). Oligonucleotides, including miR‑181a mimic (5'‑AAC​
AUU​CAA​CGC​UGU​CGG​UGA​GU‑3'), negative control 
(NC) mimic (5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT​‑3'), 
miR‑181a antagomir (5'‑ACU​CAC​CGA​CAG​CGU​UGA​AUG​
UU‑3') and NC antagomir (5'‑CAG​UAC​UUU​UGU​GUA​GUA​
CAA​‑3'), were purchased from Guangzhou RiboBio Co., Ltd. 
Small interfering (si)RNA targeting SIRT1 (siSIRT1, 5'‑CCC​
UGU​AAA​GCU​UUC​AGA​ATT​‑3') and NC siRNA (siNC; 
5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT​‑3') were obtained 
from Shanghai GenePharma Co., Ltd. When the cell density 
reached 50‑60% confluence, cell transfection was performed 
with Lipofectamine® 2000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocols. Equal 
amounts of empty pcDNA3.1 vector (4 µg/well), NC mimic, 
NC antagomir (50 or 150 nM) or siNC (10 or 20 nM) diluted 
in the same volume of transfection reagents were transfected 
as controls, depending on the experimental purposes. The 
efficiency was examined 2 days after transfection. For H/R 
treatment, cells were cultured under normoxia or exposed 
to H/R (hypoxia for 4 h followed by reoxygenation for 8 h) 
at 2 days after transfection. The transfection efficiency for all 
transfections was effective under normoxic or H/R treatment 
conditions.

Reverse transcription‑quantitative PCR (RT‑qPCR) analysis. 
Total RNA from H9c2 cells was extracted using TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. ANRIL and SIRT1 expression 
levels were determined via RT‑qPCR analysis using the One 
Step PrimeScript™ RT‑RNA kit (Takara Biotechnology Co., 
Ltd.) according to the manufacturer's protocol. miR‑181a 
expression was determined using the TaqMan™ MicroRNA 
Reverse Transcription kit and TaqMan Universal Master 
Mix II (Applied Biosystems; Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocols. The thermocycling 

conditions were as follows: Initial denaturation at 95˚C for 
5 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 
1 min. β‑actin served as an internal control for ANRIL and 
SIRT1. U6 served as an internal control for miR‑181a. Data were 
calculated using the 2‑ΔΔCq method (12). The following primer 
sequences were used for the qPCR: ANRIL forward, 5'‑CAA​
GCC​ACG​TTG​GAA​GAT​GC‑3' and reverse, 5'‑AGA​GTG​TGT​
AGC​AGC​TGA​CG‑3'; miR‑181a forward, 5'‑CAC​TCC​AGC​
TGG​GAA​CAT​TCA​ACG​CTG​TCG​G‑3' and reverse, 5'‑TGG​
TGT​CGT​GGA​GTC​G‑3'; U6 forward, 5'‑TGG​GGT​TAT​ACA​
TTG​TGA​GAG​GA‑3' and reverse, 5'‑GTG​TGC​TAC​GGA​GTT​
CAG​AGG​TT‑3'; SIRT1 forward, 5'‑CCA​GAT​CCT​CAA​GCC​
ATG​‑3' and reverse, 5'‑TTG​GAT​TCC​TGC​AAC​CTG​‑3'; and 
β‑actin forward, 5'‑CAT​GCC​ATC​CTG​CGT​CTG​GA‑3' and 
reverse, 5'‑CCA​CAT​CTG​CTG​GAA​GGT​GG‑3'.

Immunoblotting. Total cellular proteins were extracted using 
RIPA lysis buffer (Beyotime Institute of Biotechnology) 
supplemented with the protease inhibitor cocktail (Roche 
Diagnostics GmbH). The protein concentration was determined 
using a BCA protein assay (Pierce; Thermo Fisher Scientific, 
Inc.). Total proteins (30 µg per well) were separated via 10% 
SDS‑PAGE electrophoresis, and then separated proteins were 
transferred to polyvinylidene difluoride membranes, which 
were then blocked for 1  h with 5% non‑fat milk at room 
temperature and incubated overnight at 4˚C with primary 
antibodies against SIRT1 (1:1,000; cat. no. ab7343; Abcam), 
β‑actin (1:5,000; cat. no. sc‑47778; Santa Cruz Biotechnology, 
Inc.), cleaved caspase‑3 (1:500; cat. no. ab49822; Abcam), Bcl‑2 
(1:500; cat. no. sc‑7382; Santa Cruz Biotechnology, Inc.) and 
Bax (1:2,000; cat. no. NBP1‑28566; Novus Biologicals, LLC). 
After washing, the membranes were further incubated at room 
temperature for 1 h with a horseradish peroxidase‑conjugated 
secondary antibody (1:10,000; cat.  no.  ab6721; Abcam). 
Protein bands were visualized with the Immobilon Western 
Chemiluminescent HRP Substrate (EMD Millipore). Protein 
expression was semi‑quantified using Image Lab software 
(version 5.1; Bio‑Rad Laboratories, Inc.).

H/R injury detection. The terminal deoxynucleotidyl‑transferase 
mediated dUTP nick‑end labeling (TUNEL) method was carried 
out to evaluate cell apoptosis using the TUNEL assay kit (OriGene 
Technologies, Inc.) according to the manufacturer's protocols. 
Briefly, cells were fixed with 4% paraformaldehyde solution for 
1 h at room temperature and then stained with TUNEL reagent 
for 1 h at 37˚C. The nuclei were stained with 1 µg/ml DAPI for 
15 min at room temperature. Cells were mounted with mounting 
solution (Beyotime Institute of Biotechnology), and images were 
captured with the LSM510META fluorescence microscope 
(Carl Zeiss AG; magnification, x100). TUNEL‑positive cells 
were considered as apoptotic cells and counted in 12 random 
fields from each treatment group. Cell apoptosis was expressed 
as the number of apoptotic cells divided by the total number of 
cells. Lactate dehydrogenase (LDH) release was determined 
using an LDH cytotoxicity detection kit (cat. no. A020; Nanjing 
Jiancheng Bioengineering Institute) following the manufacturer's 
instructions. The absorbance at 450 nm was measured using 
the Synergy HT microplate reader (BioTek Instruments, Inc.). 
The results were calculated as the LDH activity in the medium 
divided by the LDH activity in total cell lysates.
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RNA immunoprecipitation (RIP) assay. RIP experiments 
were performed using a Magna RIP RNA Binding Protein 
Immunoprecipitation kit (cat. no. 17‑700; EMD Millipore) 
according to the manufacturer's protocol. The Argonaute 2 
(AGO2)‑RIP assay was conducted using lysates of H9c2 
cells. Briefly, 1x107 cells were pelleted at 3,000 x g for 10 min 
at 4˚C and resuspended with an equal volume of RIP lysis 
buffer (100 µl) containing protease and RNase inhibitors. 
Cell lysates (100 µl) were incubated with 5 µg control IgG 
antibody (cat. no. ab182931; Abcam) or anti‑AGO2 antibody 
(cat. no. ab32381; Abcam)‑coated protein A/G magnetic beads 
at 4˚C overnight, with constant rotation. After treating with 
proteinase K at  55˚C for 30  min, the immunoprecipitated 
RNAs were extracted using a RNeasy MinElute Cleanup kit 
(Qiagen, Inc.) and reverse transcribed as described above for 
the RT‑qPCR experiments. The expression levels of miR‑181a 
and ANRIL were analyzed using RT‑qPCR as described above.

Luciferase reporter assay. The putative targets of miRNAs 
were predicted using in silico computational tools, including 
starBase (v2.0; http://starbase.sysu.edu.cn/starbase2) and 
TargetScan (http://www.targetscan.org/vert_72). The 
wild‑type (wt) 3'untranslated region (UTR) of ANRIL and 
SIRT1 containing the putative miR‑181a binding sites was 
amplified by PCR and inserted into the pmirGLO 
Dual‑luciferase miRNA Target Expression Vector (Promega 
Corporation). The clone primers are as follows: ANRIL 
forward, 5'‑ATC​GAT​AGC​GAT​AAG​ATC​TCA​TTG​CTC​TAT​
CCG​CCA​A‑3' and reverse, 5'‑CGC​AAG​CGC​AAA​GAG​TAG​
TTC​AAA​ACT​GAC​ATT​CAG​C‑3'; and SIRT1 forward, 
5'‑CAA​ACA​AAT​CAT​AGT​GTA​ATA​A‑3' and reverse, 
5'‑CGC​AAG​CGC​AAA​GAG​ACA​ATC​TAT​TTT​ACCA​ACC​
TAT​‑3'. DNA was synthesized from 293T cells via TaqFast 
DNA polymerase (cat. no. T828421; MACKLIN) and isolated 
using a DNA purification kit (cat. no. DP304; Tiagen Biotech 
Co., Ltd.) according to the manufacturer's protocol. Those 
with putative mutated binding sites (ANRIL‑mut and 
SIRT1‑mut) were generated using the Site‑Directed 
Mutagenesis System (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions. The 
luciferase assay was performed by co‑transfecting reporter 
vectors along with NC mimic (NC‑mimic) or miR‑181a mimic 
into 293T cells using Lipofectamine 2000 reagent according 
to the manufacturer's protocols. Each treatment was performed 
five times. Then, 2 days after transfection, firefly luciferase 
activity was measured using the Dual‑Luciferase Reporter 
Assay System (Promega Corporation), according to the 
manufacturer's instructions. The Renilla luciferase activity 
served as a normalization control for each well.

Statistical analysis. All results from at least three replicates 
are expressed as the mean ± SD. P‑values were calculated 
using one‑way analysis of variance followed by Tukey's post 
hoc test using SPSS 19.0 software (IBM Corp.). P<0.05 was 
considered to indicate a statistically significant difference.

Results

ANRIL and SIRT1 transcription levels are decreased following 
H/R injury. MI/R injury is an insurmountable problem that 

arises during reperfusion therapy for patients with MI (2). 
Despite the discovery of the association between ANRIL 
polymorphisms and the risk of MI (9,10), the expression pattern 
of ANRIL after MI/R injury is still unknown. To explore 
this issue, MI/R injury was mimicked using a H/R model 
with H9c2 cardiomyocytes cultured in vitro (13). RT‑qPCR 
analysis showed that ANRIL transcription was decreased in 
H9c2 cells after H/R treatment, compared with the normoxia 
control (Fig.  1A). This result suggested that ANRIL may 
be functionally involved in H/R‑induced cardiomyocyte 
pathology. Similarly, the transcription of SIRT1 was also 
downregulated in H/R‑treated H9c2 cells (Fig. 1B). This was 
consistent with the immunoblotting analysis, which revealed 
that SIRT1 protein expression also decreased following H/R 
treatment (Fig. 1C). In order to determine whether ANRIL was 
associated with SIRT1 downregulation in H/R‑treated H9c2 
cells, ANRIL was overexpressed in H9c2 cells by transfecting 
pcDNA3.1‑ANRIL plasmids. In fact, the decreased ANRIL 
level in H/R‑treated H9c2 cells was completely recovered 
after transfection compared with the control (Fig. 1D and E). 
Moreover, consistent with restoring ANRIL expression, the 
downregulation of SIRT1 expression was significantly reversed 
at both the mRNA (Fig. 1F) and protein (Fig. 1G) expression 
levels following ANRIL overexpression. Together, these 
results suggested that a reduction in the expression of ANRIL 
contributed to the downregulation of SIRT1 expression in 
H9c2 cardiomyocytes following H/R injury.

ANRIL upregulates SIRT1 expression via sponging miR‑181a. 
LncRNAs can serve as competitive endogenous RNAs to sponge 
miRNAs and, thus, regulate the expression of downstream 
targets  (14). To understand how ANRIL regulates SIRT1 
expression, the computational tools starBase (v2.0) (15) and 
TargetScan (http://www.targetscan.org/vert_72/) were used 
to predict candidate miRNAs. miR‑181a was found to share 
common complementary binding sites with the 3'‑UTR of both 
ANRIL and SIRT1 (Fig. 2A). Besides, RIP showed that ANRIL 
and miR‑181a were simultaneously enriched in beads conjugated 
to Ago2 antibodies in contrast to IgG control antibodies (Fig. 2B). 
Luciferase reporter assays revealed that, compared with the 
NC mimics, the miR‑181a mimics transfection significantly 
reduced the luciferase activity of the wt, but not from the mut 
ANRIL construct (Fig. 2C). The efficiency of siRNA targeting 
ANRIL was confirmed in H9c2 cells under normoxia (Fig. 2D, 
left panel). In addition, ANRIL overexpression in H9c2 cells 
resulted in decreased miR‑181a expression, and inversely, 
ANRIL knockdown via siRNA transfection elevated miR‑181a 
expression (Fig. 2D, right panel). Therefore, these results revealed 
that ANRIL is capable of sponging miR‑181a.

Luciferase reporter assays also showed that miR‑181a 
targeted the 3'‑UTR of SIRT1 (Fig.  2E), indicating that 
SIRT1 is a target for miR‑181 in H9c2 cells. Then, miR‑181a 
was overexpressed or inhibited in H9c2 cells by transfecting 
mimics or antagomir, respectively, and transfection efficiency 
was confirmed by RT‑qPCR analysis (Fig.  2F, left). The 
transcription level of SIRT1 was decreased by miR‑181a over‑
expression, and, conversely, SIRT1 transcription was elevated 
upon miR‑181a inhibition (Fig. 2F, right). Similar results were 
obtained at the SIRT1 protein level (Fig. 2G). These results 
reinforced the evidence that miR‑181a targets and suppresses 
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SIRT1 expression, at least in H9c2 cells. Remarkably, 
the ANRIL‑attenuated decline of SIRT1 expression in 
H/R‑treated H9c2 cells was completely reversed in the pres‑
ence of miR‑181a overexpression (Fig. 2H). Thus, these data 
showed that miR‑181a was an intermediary that controlled 
ANRIL positive regulation over SIRT1 after H/R injury, as 
observed in Fig. 1D‑F.

ANRIL exhibits protective effects against H/R injury. LDH 
release and apoptosis are two commonly used indicators for 
H/R injury (16,17). Restoration of the ANRIL transcription 
level by enforced overexpression (Fig. 3A) caused a large 
decrease in the LDH release induced by H/R injury (Fig. 3B), 
suggesting that ANRIL may have the ability to reduce H/R 
injury. This was reinforced by the observation that ANRIL 
overexpression decreased the apoptotic cell number, which had 
been increased in H9c2 cells upon H/R injury (Fig. 3C and D). 
The ANRIL‑inhibited apoptosis of H9c2 cells was evidenced 
by the reduced expression of Bax and cleaved caspase‑3, and 
simultaneously, by the elevated expression of Bcl‑2 (Fig. 3E). 
These data showed that ANRIL reduced H/R‑induced LDH 
release and apoptosis in H9c2 cells and, therefore, that ANRIL 
had protective effects against H/R injury.

ANRIL protects against H/R injury by regulating the 
miR‑181a/SIRT1 axis. SIRT1 was previously reported to 
exhibit protective activities against MI/R injury in various 
pathological scenarios (18‑21). Based on the SIRT1 regulation 

via miR‑181a and ANRIL revealed by the present study, it was 
investigated whether miR‑181a and SIRT1 could contribute to 
the protective effects of ANRIL against H/R injury. Indeed, in 
H9c2 cells induced with H/R injury, miR‑181a overexpression 
significantly reversed the ANRIL‑induced decrease in LDH 
release (Fig. 4A), as well as the ANRIL inhibitory effects 
on the apoptotic cell number (Fig. 4B) and on the expres‑
sion of pro‑apoptotic markers (Fig. 4C). Moreover, SIRT1 
knockdown via siRNA (Fig. 4D) also reversed the ANRIL 
alleviating effects on H/R‑induced LDH release (Fig. 4E) and 
cell apoptosis (Fig. 4F and G) in H9c2 cells. These results 
indicated that miR‑181a could antagonize the protective 
effects of ANRIL against H/R injury, which was associated 
with decreased SIRT1 expression. Along with the aforemen‑
tioned observation that ANRIL upregulated SIRT1 expression 
via sponging miR‑181a, these data established that ANRIL 
exerted its protective effects against H/R injury by regulating 
the miR‑181a/SIRT1 axis.

Discussion

In recent years, the association between lncRNAs and MI/R 
injury has been increasingly recognized, which offers novel 
perspectives in the discovery of potential therapeutic targets 
to reduce MI/R injury (22). In the present study, it was found 
that the expression levels of the lncRNA ANRIL and SIRT1 
were synchronously decreased in H9c2 cardiomyocytes after 
H/R‑induced injury in vitro. Besides, it was demonstrated that 

Figure 1. ANRIL upregulates SIRT1 expression following H/R injury. (A‑C) H9c2 cardiomyocytes were cultured under a normoxic condition (normoxia) or 
exposed to hypoxia for 4 h followed by reoxygenation (H/R) for 2 to 24 h, as indicated. (A) ANRIL and (B) SIRT1 mRNA expression levels were determined 
by reverse transcription‑quantitative PCR analysis. β‑actin served as an internal control. Results are expressed as relative to the normoxia group. (C) SIRT1 
protein expression was detected by an immunoblotting assay. β‑actin served as a loading control. Results are representative of three independent experiments. 
(D‑G) H9c2 cardiomyocytes were transiently transfected with pcDNA3.1‑vector or pcDNA3.1‑ANRIL plasmids (1, 2 or 4 µg per well). At 2 days after 
transfection, cells were cultured under normoxia or exposed to H/R (4 h hypoxia followed by 8 h reoxygenation) as indicated. The expression of (D) ANRIL 
following transfection was detection. (E) ANRIL and (F) SIRT1 mRNA expression levels, and (G) SIRT1 protein expression were determined. Data are 
presented as the mean ± SD. n=3. **P<0.01 vs. control group. NS, not significant; ANRIL, antisense non‑coding RNA in the INK4 locus; SIRT1, sirtuin 1; 
H/R, hypoxia/reoxygenation. 
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ANRIL upregulated SIRT1 expression by sponging miR‑181a. 
These data, from a mechanistic point of view, may explain 
how ANRIL regulates SIRT1 expression in this in  vitro 
experimental system used to mimic MI/R injury. Furthermore, 
the present study linked the protective effects of ANRIL to 
miR‑181a/SIRT1 regulation, providing a novel mechanistic 
insight into the protective role of ANRIL observed following 
H/R injury. As a whole, this study may have identified ANRIL 
as being a novel regulator in MI/R injury pathogenesis and 
also highlighted its potential to be explored as a therapeutic 
target for reducing MI/R injury.

The present study observed that ANRIL was downregulated 
in H9c2 cells after H/R‑induced injury, which was in line with 
a previous clinical study that reported lower ANRIL expression 
in 414 patients with MI compared with healthy volunteers (8). 
However, the exact underlying mechanism of how ANRIL 
expression is regulated after H/R injury is still unclear and 
needs to be elucidated by further investigation. Of note, in the 
present study a decrease in the expression of SIRT was observed 
to be in sync with the downregulation of ANRIL. Thus, it was 
concluded that the decrease in SIRT1 expression following H/R 
injury could be attributed, at least partially, to ANRIL, since 
the recovery of ANRIL normal expression level restored its 
expression. Consistently, the repressed SIRT1 expression was 
also found in the mouse myocardium following I/R injury and 
cardiomyocytes exposed to H/R in vitro (23). In addition, it was 
previously found that SUV39H1 binding to the SIRT1 promoter 

suppresses SIRT1 transcription (24). Therefore, the present find‑
ings uncovered a novel regulatory mechanism by which SIRT1 
was modulated in response to H/R injury.

ANRIL can regulate gene expression through a direct 
epigenetic mechanism or by recruiting the polycomb 
repression complex 2  (25,26). Besides, ANRIL can also 
act as a miRNA sponge to execute its biological activities, 
such as miR‑186  (27) and let‑7  (28). It was demonstrated 
in the present study that ANRIL upregulated SIRT1 by 
sponging miR‑181a, thus identifying another ANRIL target. 
Remarkably, two recent investigations reinforce the present 
data by also documenting that ANRIL inhibits cell senes‑
cence of vascular smooth muscle cells  (29) and promotes 
lymphangiogenesis (30) by regulating miR‑181a. In conjunc‑
tion with these previous studies, the present results suggested 
that the negative regulation of miR‑181a by ANRIL may be 
a critical mechanism by which ANRIL exerts its versatile 
activities.

ANRIL knockdown has been demonstrated to aggra‑
vate H2O2‑induced cell injury  (31). On the other hand, 
ANRIL upregulation protects lens epithelial cells against 
H2O2‑induced cell injury  (32). Moreover, in PC‑12 cells, 
ANRIL reduces oxygen and glucose deprivation‑induced 
injury  (33), indicating a protective role of ANRIL impli‑
cated in the pathogenesis of cellular oxidative and ischemic 
damage. In line with these studies, the present study found 
that ANRIL protected against H/R injury in H9c2 cells. This 

Figure 2. ANRIL upregulates SIRT1 expression by sponging miR‑181a. (A) Putative binding sites (red) between miR‑181a and the 3'‑UTR of ANRIL and SIRT1. 
Mutant sequences (blue) of ANRIL were depicted at the top. (B) RNA‑binding protein immunoprecipitation assay was conducted to detect the enrichment of 
miR‑181a and ANRIL by using Ago2 antibody to precipitate the lysates of H9c2 cells. Isotype IgG antibody was used as a control. Results are expressed as 
relative to IgG control (n=3). (C) 293T cells were co‑transfected with NC‑mimic or miR‑181a mimic along with wt or mut ANRIL luciferase reporter plasmids. 
Luciferase activity was measured at 2 days after transfection. Results are expressed as relative to NC transfection (n=5). (D) H9c2 cells were transfected with 
pcDNA3.1‑vector or pcDNA3.1‑ANRIL plasmids, or si‑NC or siANRIL as indicated. ANRIL (left) and miR‑181a (right) expression levels were determined 
at 2 days after transfection. (E) 293T cells were co‑transfected with NC‑mimic or miR‑181a mimic along with wt or mut SIRT1 luciferase reporter plasmids. 
Luciferase activity was measured at 2 days after transfection. Results are expressed as relative to NC transfection (n=5). (F and G) H9c2 cells were transfected 
with NC‑mimic or miR‑181a mimic, or antagomir‑NC or antagomir‑181a. At 2 days after transfection, the (F) mRNA expression levels of miR‑181a and SIRT1, 
and the (G) protein expression levels of SIRT1 were determined (n=3). (H) H9c2 cells were transfected with pcDNA3.1‑vector or pcDNA3.1‑ANRIL plasmids 
(4 µg per well) along with or without 50 or 150 nM miR‑181a mimic. At 2 days after transfection, cells were cultured under normoxia or exposed to H/R (4 h 
hypoxia followed by 8 h reoxygenation). SIRT1 protein expression was determined by an immunoblotting assay (n=3). Data are presented as the mean ± SD. 
**P<0.01. NS, not significant; ANRIL, antisense non‑coding RNA in the INK4 locus; SIRT1, sirtuin 1; miR, microRNA; UTR, untranslated region; NC, 
negative control; wt, wild‑type; mut, mutant; si/siRNA, small interfering RNA; H/R, hypoxia/reoxygenation. 
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Figure 4. ANRIL protects against H/R injury via the miR‑181a/SIRT1 axis. (A‑C) H9c2 cells were transiently transfected with pcDNA3.1‑vector or 
pcDNA3.1‑ANRIL plasmids (4 µg per well) along with or without 50 or 150 nM miR‑181a mimic. At 2 days after transfection, cells were cultured under 
normoxia or exposed to H/R (4 h hypoxia followed by 8 h reoxygenation). (A) The release of LDH from cells was measured and expressed as a percentage of 
the total LDH activity (n=5). (B) Apoptosis was detected using a TUNEL assay and defined as a percentage of TUNEL positive cells (green) of the total number 
of cells (DAPI, blue) (n=12). Scale bar, 100 µm. (C) The expression levels of Bax, Bcl‑2 and cleaved caspase‑3 were analyzed. (D) The efficiency of siRNA 
targeting SIRT1 was confirmed in H9c2 cells under normoxia. (E‑G) H9c2 cells were transiently transfected with pcDNA3.1‑vector or pcDNA3.1‑ANRIL 
plasmids (4 µg per well) along with or without 10 or 20 nM siSIRT1. At 2 days after transfection, cells were cultured under normoxia or exposed to H/R (4 h 
hypoxia followed by 8 h reoxygenation). (E) LDH release, (F) cell apoptosis (scale bar, 100 µm) and (G) expression of Bax, Bcl‑2 and cleaved caspase‑3 were 
analyzed as described in A‑C. Data are presented as the mean ± SD. **P<0.01. NS, not significant; ANRIL, antisense non‑coding RNA in the INK4 locus; 
H/R, hypoxia/reoxygenation; SIRT1, sirtuin 1; miR, microRNA; LDH, lactate dehydrogenase; si/siRNA, small interfering RNA; NC, negative control. 

Figure 3. ANRIL protects against H/R injury. (A‑E) H9c2 cells were transiently transfected with pcDNA3.1‑vector or pcDNA3.1‑ANRIL plasmids (2 or 4 µg 
per well). At 2 days after transfection, cells were cultured under normoxia or exposed to H/R (4 h hypoxia followed by 8 h reoxygenation). (A) ANRIL expres‑
sion was determined via reverse transcription‑quantitative PCR analysis. β‑actin served as an internal control. Results are expressed as relative to normoxia 
group. (B) The release of LDH from cells was measured and expressed as a percentage of the total LDH activity (n=5). (C and D) Apoptosis was detected using 
a TUNEL assay and defined as a percentage of TUNEL positive cells (green) of the total number of cells (DAPI, blue) (n=12). Scale bar, 100 µm. (E) The 
expression levels of Bax, Bcl‑2 and cleaved caspase‑3 were determined using an immunoblotting assay (n=3). Data are presented as the mean ± SD. **P<0.01. 
NS, not significant; LDH, lactate dehydrogenase; ANRIL, antisense non‑coding RNA in the INK4 locus; H/R, hypoxia/reoxygenation. 
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function of ANRIL may be associated with its modulation 
of the miR‑181a/SIRT1 axis since both miR‑181a and SIRT1 
knockdown diminished the protective effects of ANRIL. 
These data highlighted the important role of SIRT1 in 
mediating ANRIL protection against H/R injury. To date, 
it is known that SIRT1 exhibits cardioprotective effects on 
H/R injury by comprehensive means, including inhibition 
of oxidative and endoplasmic reticulum stress (34,35), and 
orchestration of autophagy induction (36). Examining the 
specific contribution of these underlying mechanisms to the 
effects of ANRIL is one of the future research topics that 
deserves further investigation.

Finally, a major limitation of the present study is that all the 
observations were obtained only from H9c2 cells. The differences 
in physiological aspects between mice and humans combined 
with the complexity of cell involvement during MI/R injury, 
require future studies to explore ANRIL activities involved in 
MI/R injury using other physiologically relevant approaches 
and materials in order to evaluate effects within a more complex 
system than just in vitro cultured cardiomyocytes, such as other 
appropriate types of cardiac cells and tissues and animal models.

In conclusion, the present study established a key role of the 
downstream regulation of the miR‑181a/SIRT1 signaling axis in 
mediating ANRIL protection against H/R injury in cardiomyo‑
cytes, suggesting that targeting this axis may have a potential 
therapeutic benefit for patients with MI/R injury.
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