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miR-155 modulates high glucose-induced cardiac
fibrosis via the Nrf2/HO-1 signaling pathway
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Abstract. Cardiac fibrosis is a major pathological
manifestation of diabetic cardiomyopathy, which is a leading
cause of mortality in patients with diabetes. MicroRNA
(miR)-155 is upregulated in cardiomyocytes in cardiac fibrosis,
and the aim of the present study was to investigate if the
inhibition of miR-155 was able to ameliorate cardiac fibrosis
by targeting the nuclear factor erythroid-2-related factor 2
(Nrf2)/heme oxygenase-1 (HO-1) signaling pathway. HOC2 rat
cardiomyocytes were cultured with high glucose (HG; 30 mM)
to establish an in vitro cardiac fibrosis model that mimicked
diabetic conditions; a miR-155 inhibitor and a miR-155 mimic
were transfected into H9C2 cells. Following HG treatment,
HOC2 cells exhibited increased expression levels of miR-155
and the fibrosis markers collagen I and a-smooth muscle actin
(a-SMA). In addition, the expression levels of endonuclear
Nrf2 and HO-1 were decreased, but the expression level of
cytoplasmic Nrf2 was increased. Moreover, oxidative stress,
mitochondrial damage and cell apoptosis were significantly
increased, as indicated by elevated reactive oxygen species,
malonaldehyde and monomeric JC-1 expression levels. In
addition, superoxide dismutase expression was attenuated
and there was an increased expression level of released
cytochrome-c following HG treatment. Furthermore, it was
demonstrated that expression levels of Bcl-2 and uncleaved
Poly (ADP-ribose) polymerase were downregulated, whereas
Bax, cleaved caspase-3 and caspase-9 were upregulated after
HG treatment. However, the miR-155 inhibitor significantly
restored Nrf2 and HO-1 expression levels, and reduced
oxidative stress levels, the extent of mitochondrial damage
and the number of cells undergoing apoptosis. Additionally,
the miR-155 inhibitor significantly reversed the expression

Correspondence to: Dr Chong-Quan Wang, Department of
Cardiology, Taihe Hospital, Hubei University of Medicine, 32 South
Renmin Road, Shiyan, Hubei 442000, P.R. China

E-mail: wangchongquan13@163.com

Key words: microRNA-155, nuclear factor erythroid-2-related
factor 2/heme oxygenase-1 signaling pathway, oxidative stress,
mitochondrial injury, apoptosis, cardiac fibrosis

levels of collagen I and a-SMA, thus ameliorating fibrosis.
Furthermore, the knockdown of Nrf2 reversed the above effects
induced by the miR-155 inhibitor. In conclusion, the miR-155
inhibitor may ameliorate diabetic cardiac fibrosis by reducing
the accumulation of oxidative stress-related molecules,
and preventing mitochondrial damage and cardiomyocyte
apoptosis by enhancing the Nrf2/HO-1 signaling pathway.
This mechanism may facilitate the development of novel
targets to prevent cardiac fibrosis in patients with diabetes.

Introduction

Cardiac fibrosis is a worldwide health issue associated
with nearly all forms of heart disease, such as ventricular
dilation and heart failure (1), which accounts for nearly
31% of all deaths each year (2). Fibrosis pathogenesis
mainly involves inappropriate fibroblast accumulation and
excess collagen deposition in the myocardium (3), which is
accompanied by excessive oxidative stress and apoptosis or
necrosis of cardiomyocytes (4). Acute myocardial infarction,
ageing, pressure overload, volume overload, hypertrophic
cardiomyopathy and post-viral dilated cardiomyopathy are
common pathophysiological conditions that induce cardiac
fibrosis (5). Moreover, metabolic disorders such as diabetes
and obesity are involved in the formation of fibrosis in the
myocardium of patients (6,7). A previous study reported that
cardiac fibrosis is closely associated with the progression of
diabetic cardiomyopathy, which is a major cause of mortality
in patients with diabetes (8). Thus, it is crucial to develop novel
targets to suppress apoptosis of cardiomyocytes, and to prevent
the formation of diabetic cardiac fibrosis and cardiomyopathy.
MicroRNAs (miRNAs) are small non-coding RNAs
that are involved in the regulation of gene expression at
the post-transcriptional level (9). It has been demonstrated
that miRNAs serve a significant role in cardiovascular
diseases (10); for example, miR-155 dysregulation is essential
for cardiac pathophysiology, including hypertrophy, remod-
eling and fibrosis. Loss of miR-155 can inhibit pathological
cardiac hypertrophy (11), whereas cardiac fibrosis is usually
associated with elevated miR-155 expression levels (12).
However, the downstream signaling pathways of miR-155 that
regulate myocardial fibrosis have not been fully elucidated.
Nuclear factor erythroid-2-related factor 2 (Nrf2) is a tran-
scription factor with a basic-leucine zipper domain that can
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regulate various antioxidant proteins (13). The Nrf2 signaling
pathway is implicated in the amelioration of cardiac fibrosis
by regulating oxidative stress and cell apoptosis (14,15).
Heme oxygenase-1 (HO-1) is an antioxidative gene, and its
expression is initiated and promoted by Nrf2 (16). The HO-1
protein degrades heme into biliverdin, ferrous iron and carbon
monoxide, and thus is able to ameliorate cellular injury by
exerting antioxidant effects (17). Nrf2/HO-1 signaling was
demonstrated to be increased in an overpressure-induced
cardiac fibrosis model (15) and in a doxorubicin-induced
oxidative injury model (18), and this enhanced anti-oxidative
effect is essential for inhibiting fibrosis and injury. Although
previous studies have found that miR-155 modulates oxida-
tive stress by targeting the Nrf2-mediated signaling pathway
in various diseases (19-21), the specific association between
miR-155 and the Nrf2/HO-1 signaling pathway in the progres-
sion of cardiac fibrosis remains largely unknown.

The present study established a high glucose (HG)-induced
cardiac fibrosis cell model by culturing H9C2 cells with
30 mM glucose, which mimics the diabetes-induced cardiomy-
opathy condition (22). It has been reported that HG treatment
can increase the activity of the transcriptional co-regulator
p300 and also enhance transforming growth factor-f3 (TGF-f3)
signaling through SMAD?2 acetylation (23), which then
promotes the formation of cardiac fibrotic tissue (11). Results
from the present study suggested that miR-155 impaired the
Nrf2/HO-1 signaling pathway to induce oxidative stress,
promote mitochondrial injury and cardiomyocyte apoptosis,
and increase extracellular matrix accumulation in the cardiac
fibrosis model. To the best of our knowledge, the present study
is the first to indicate that miR-155 targeting the Nrf2/HO-1
signaling pathway may regulate cardiac fibrosis. Moreover,
this mechanism may be a potential therapeutic target for
cardiac fibrosis treatment.

Materials and methods

Cell culture. H9C2 rat cardiomyocytes (American Type
Culture Collection) were cultured in DMEM (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 10% FBS (Gibco;
Thermo Fisher Scientific, Inc.) and 1% penicillin and strep-
tomycin (Gibco; Thermo Fisher Scientific, Inc.), and were
maintained at 37°C in a humidified incubator with 5% CO,.
To induce HG-mediated fibrosis, the HOC2 cells were cultured
with 30 mM glucose (Sigma-Aldrich; Merck KGaA) at 37°C
for 24 or 48 h.

Cell transfection. H9C2 cells (2x10°) were seeded in 6-well
plates and cultured at 37°C for 24 h. Before transfec-
tion, the DMEM was replaced with serum-free DMEM
medium (Gibco; Thermo Fisher Scientific, Inc.) for a
further 24 h of culturing at 37°. Then, miR-155 inhibitor
(5'-ACCCCUAUCACGAUUAGCAUUAA-3") or miR-155
mimics (sense 5'-UUAAUGCUAAUCGUGAUAGGGGUU-3,,
antisense 5'-CCCCUAUCACGAUUAGCAUUAAUU-3")
miRNAs (10 nM, Invitrogen; Thermo Fisher Scientific,
Inc.) were transfected for 6 h into H9C2 cells at 37°C using
Lipofectamine® RNAi MAX transfection reagent (Invitrogen;
Thermo Fisher Scientific, Inc.), followed by exposure to
normal glucose (NG; 5 mM) or HG (30 mM) treatment for
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24 or 48 h at 37°C. The cells were subsequently collected for
western blot analysis, reverse transcription-quantitative PCR
(RT-gPCR), mitochondrial membrane potential measurement,
and oxidative stress and cell apoptosis assays.

Plasmid constructionfor short hairpin RNA (shRNA)-mediated
knockdown. HIC2 cells (2x10%) were seeded in 6-well plates
and cultured at 37°C for 24 h. A pGPHI plasmid expressing
shRNA targeting Nrf2 (shNrf2, 5'-CCGGAGTTTGGGAGG
AGCTATTATCCTCGAGGATAATAGCTCCTCCCAAAC
TTTTTTG-3') and a scrambled control shRNA-expressing
pGPHI1 plasmid (shNC, 5'-CCGGCCTAAGGTTAAGTC
GCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGGTT
TTTG-3") were purchased from Shanghai GenePharma Co.,
Ltd. Lipofectamine 2000 (3 ul/well; Thermo Fisher Scientific,
Inc.) and 1 pg/well pGPHI plasmids were mixed and added to
cells according to the manufacturer's instructions. Then the
cells were cultured for another 48 h at 37°C before subsequent
experiments.

Apoptosis analysis with Annexin V/PI staining. Cell apoptosis
was measured using an Annexin V-FITC/PI dual staining kit
(Thermo Fisher Scientific, Inc.) according to the manufacturer's
instructions. HOC2 cells were trypsinized, collected and
washed once with cold PBS. After centrifugation at 4°C,
200 x g for 5 min, the cells were collected and concentrated
to 1x10° cells per ml. A 0.1 ml sample solution was mixed
with 5 gl of Annexin V-FITC and 5 pl of propidium iodide
(PI) solution, and incubated for 15 min at room temperature.
After mixing, the cell samples were subjected to flow
cytometry (FACSCalibur; BD Biosciences) analysis. A total of
10,000 cells were analyzed by flow cytometry. The apoptotic
cell rate was analyzed via FlowJo software (version 10; FlowJo
LLC) and calculated by adding the proportions of early
apoptotic cells (Annexin V-FITC*PT) and late apoptotic cells
(Annexin V-FITC'PI").

Reactive oxygen species (ROS) analysis. The level of intracel-
lular ROS was determined using a dichloro-dihydro-fluorescein
diacetate (DCFH-DA)assay (NanjingJJiancheng Bioengineering
Institute) and a ROS assay kit (Nanjing Jiancheng
Bioengineering Institute). First, H9C2 cells were cultured
with 10 M DCFH-DA at 37°C for 30 min, and then harvested
by trypsinization and washed once with PBS. Next, the cells
were resuspended in PBS and the cell density was adjusted
to 1x10° cells/ml. The fluorescence intensity of the DCF was
measured with a Synergy MX Multi-Mode microplate reader
(BioTek Instruments, Inc.) with the excitation wavelength at
480 nm and the emission wavelength at 525 nm, which were
used to determine the intracellular ROS levels.

Superoxide dismutase (SOD) and malonaldehyde (MDA)
measurements. The activities of MDA and SOD in H9C2
cells were also assessed using Malondialdehyde (MDA) and
Superoxide Dismutase (SOD) assay kit (Nanjing Jiancheng
Bioengineering Institute). H9C2 cells were collected using
a rubber scraper and homogenized in cold buffer (10 mM
Tris-HCI; 0.25 M sucrose; and 25 mM phenylmethylsulfonyl
fluoride, pH 7.4). A total of 0.1 ml homogenate was mixed with
1 ml MDA working solution and incubated at 95°C for 40 min.
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Table I. Primers sequences used for reverse transcription-quantitative PCR.

Gene Primer sequence (5'—3")
GAPDH F: CGCTAACATCAAATGGGGTG

R: TTGCTGACAATCTTGAGGGAG
U6 F: CTCGCTTCGGCAGCACA

MicroRNA-155
a-smooth muscle actin

Collagen I

R: AACGCTTCACGAATTTGCGT

F: TGCCTCCAACTGACTCCTAC

R: GCCAGCAGAATAATACGAC

F: AGCATCCGACCTTGCTAACG

R: TGAGTCACGCCATCTCCAGAG

F: TTTAATGGATAGGGACTTGTGTGAA
R:GAGAGAGAGAGAAGCTGAGGGTAGG

F, forward; R, reverse.

The samples were cooled and centrifuged at 200 x g, 22°C for
10 min, and then 250 ul of supernatant was loaded into 96-well
plate. The optical density (OD) of each well was measured at
530 nm wavelength (OD530) with a microplate reader. For the
SOD assay, 0.1 ml of the homogenate was sequentially mixed
with 20 pl enzyme working liquid and 200 ul substrate reac-
tion solution, according to the manufacturer's instructions,
and then incubated at 37°C for 40 min. SOD activity was then
assessed by measuring the OD550 with a spectrophotometer.
The values of MDA and SOD were used as indicators of lipid
superoxide and oxygen free radical in the cardiomyocytes,
respectively.

Mitochondrial membrane potential measurement by JC-1
assay. The mitochondrial membrane potential was measured
using a JC-1 Mitochondrial Membrane Potential assay kit
(Cayman Chemical Company). HOC2 cells were seeded
(1x10° cells/well) in a 24-well plate in DMEM with NG or
HG for 24 or 48 h. Next, JC-1 staining solution (100 ul/ml
of medium/well) was loaded into each well of the plate and
mixed for 10 sec at 25°C, and the cells were cultured in a CO,
incubator at 37°C for 15 min. Subsequently, the plate was
centrifuged at 400 x g at 25°C for 5 min and the supernatant
was discarded. The plate was washed twice with 500 ul of
assay buffer (supplied as part of the JC-1 kit), and then the
cells were covered with 250 ul of assay buffer. The cells
were then analyzed with a TS100 fluorescence microscope
(magnification, x200; Nikon Corporation). Normal cells
(cells that did not receive treatment) with aggregated JC-1
were captured with the fluorescence microscopy filter set for
red fluorescent dye (excitation/emission=540/570 nm), and
apoptotic cells with monomeric JC-1 were detected with the
fluorescence microscopy filter set for green fluorescent dye
(excitation/emission =485/535 nm).

RT-qPCR. TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) was used to extract the total RNA from
HOC2 cells. After quantification using a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies; Thermo Fisher
Scientific), 2 ug total RNA was applied to generate the
first-strand cDNA at 25°C for 5 min, 37°C for 30 min and 85°C

for 5 sec with First Strand cDNA Synthesis kit (Sigma-Aldrich;
Merck KGaA) according to the manufacturer's instructions.
gPCR experiments were performed on an ABI 7300 thermo-
cycler (Applied Biosystems; Thermo Fisher Scientific, Inc.)
with SYBR-Green dye (Invitrogen; Thermo Fisher Scientific,
Inc.). The thermocycling conditions were as follows: Initial
denaturation, 95°C for 5 sec; followed by 35 cycles of dena-
turation at 94°C for 15 sec, annealing at 55°C for 25 sec and
extension at 70°C for 30 sec. GAPDH was used as the internal
reference for mRNA, and U6 small nuclear RNA (U6 snRNA)
was used as the miRNA control. The relative expression of a
target gene was calculated with the 224% method (24). The
specific primers used for qPCR are listed in Table I.

Endonuclear, cytoplasmic and mitochondrial protein
extraction. Endonuclear proteins and cytoplasmic proteins
were obtained using Cell Nuclear and Cytoplasmic Protein
Extraction kit (Beyotime Institute of Biotechnology),
according to the manufacturer's protocol. After being washed
with PBS, 1x10"HIC2 cells were detached from the dish using
a rubber scraper, and then collected and centrifuged at 4°C,
200 x g for 5 min. After the supernatant was aspirated, the cell
pellet was resuspended with cytoplasmic protein extraction
reagent A [supplemented with 1 mM PMSF (Sigma-Aldrich;
Merck KGaA)], vortexed for 5 sec and incubated on ice for
15 min. Then, the cell samples were mixed with cytoplasmic
protein extraction reagent B, vortexed for 5 sec and incubated
on ice for 1 min. Cells were vortexed again for 5 sec,
centrifuged at 4°C at 16,000 x g for 5 min and the supernatant,
which contained the cytoplasmic proteins, was collected and
transferred to a new tube. The remaining pellet in the tube
was then re-suspended with nuclear protein extraction reagent
(supplemented with 1 mM PMSF) and further homogenized
by cycles of vigorous vortex mixing for 15-30 sec followed by
incubation on ice for 1-2 min for 30 min. After centrifugation
at 16,000 x g at 4°C for 10 min, the supernatant containing the
nuclear proteins was transferred to a cold tube.
Mitochondrial and cytoplasmic proteins were obtained
with a Cell Mitochondria Isolation kit (cat. no. C3601;
Beyotime Institute of Biotechnology), following the manufac-
turer's protocol. HOC2 cells were trypsinized, washed once
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with cold PBS and resuspended in mitochondria isolation
buffer (supplied as part of the Cell Mitochondria Isolation
kit) supplemented with 1 mM PMSF and incubated on ice for
15 min. Next, the samples were homogenized and centrifuged
at4°C at 600 x g for 15 min. The supernatant was collected and
transferred to a clean tube, which was then centrifuged at 4°C
at 11,000 x g for 15 min. The supernatant, which contained the
cytoplasmic proteins, was collected in a new 1.5 ml eppendorf
tube and the pellet, which contained the isolated mitochon-
dria, was subjected to mitochondria lysis buffer supplemented
with 1 mM PMSF. Following the lysis of mitochondria, all
the mitochondrial proteins were released in the lysis buffer.
The endonuclear, cytoplasmic and mitochondrial proteins
were then analyzed by western blotting, as described in the
following method.

Western blot analysis. A total of 1x107 cells were harvested
and lysed in RIPA cell lysis buffer (150 mM NaCl; 50 mM
Tris-HCI; 0.5% sodium deoxycholate; 1% NP-4; 0.1% SDS,
pH 7.4; and 1X protease inhibitor cocktail; Selleck Chemicals]
and rotated for 1 h at 4°C. Next, the cell lysates were centri-
fuged at 4°C at 1,200 x g for 10 min, and the supernatant
was collected. Protein concentrations were determined with
a commercial bicinchoninic acid protein assay kit (Tiangen
Biotech Co., Ltd.). 30 ug protein samples were subjected to
10% SDS-PAGE and transferred onto PVDF membranes
(EMD Millipore). After blocking with 5% skim milk (EMD
Millipore) for 1 h at 25°C, the PVDF membranes were
probed with primary antibodies against a-SMA (1:1,000;
cat. no. ab5694; Abcam), collagen I (1:2,000; cat. no. ab34710;
Abcam), Nrf2 (1:1,000; cat. no. ab62352; Abcam), HO-1
(1:1,000; cat. no. ab 13248; Abcam), cytochrome-c (Cyt-c;
1:1,000; cat. no. ab13575; Abcam), cytochrome-c oxidase
subunit IV (COX 1IV; 1:1,000; cat. no. ab33985; Abcam),
Lamin B1 (1:5,000; cat. no. abl6048; Abcam), cleaved
Caspase-3 (1:2,000; cat. no. 9661; Cell Signaling Technology,
Inc.), cleaved Caspase-9 (1:1,000; cat. no. 7237; Cell Signaling
Technology, Inc.), poly (ADP-ribose) polymerase (PARP;
1:2,000; cat. no. 9532; Cell Signaling Technology, Inc.), Bax
(1:2,000; cat. no. 5023; Cell Signaling Technology, Inc.), Bcl-2
(1:2,000; cat. no. 12789-1-AP; ProteinTech Group, Inc.) and
GAPDH (1:5,000; cat. no. 60004-1-Ig ProteinTech Group,
Inc.) at 4°C overnight. After washing three times with TBST
(20 mM Tris, 137 mM NaCl, 0.1% Tween-20), the membranes
were then probed with horseradish peroxidase-conjugated goat
anti-mouse or anti-rabbit (both 1:5,000; cat. nos. 7076 and 7074,
respectively; both Cell Signaling Technology, Inc.) antibody for
1 h at room temperature. Protein bands were visualized using
an ECL reagent (EMD Millipore), captured using a LAS-3000
imager (Fuji Film Corporation) and semi-quantified using
Image] software (version 1.52, National Institutes of Health).
The protein expression levels were normalized to the controls.

Statistical analysis. Each experiment was performed at least
times, and representative data from one replicate are shown in
the figures. Data are presented as the mean + SD. Statistical
analysis was performed using a one-way ANOVA followed
by Tukey's post hoc test, using SPSS software version 13.0
(SPSS, Inc.). P<0.05 was considered to indicate a statistically
significant difference.
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Results

Effects of miR-155 in the HG-induced cardiac fibrosis
model. HIC2 cells were treated with a high concentration
of glucose (30 mM) for 24 h to establish a cardiac fibrosis
model at the cellular level. The expression level of miR-155
was assessed using RT-qPCR, which demonstrated that HG
treatment resulted in increased miR-155 expression compared
with NG-treated cells (Fig. 1A). In addition, the effects of
miR-155 inhibitors and miR-155 mimics in both NG- and
HG-treated H9C2 cells were examined. It was shown that
the miR-155 inhibitor suppressed miR-155 expression levels,
whereas the miR-155 mimics significantly increased miR-155
expression levels, regardless of NG or HG treatment (Fig. 1A).
The expression levels of collagen I and a-SMA in NG- and
HG-treated H9C2 cells, both of which were positively
associated with fibrosis, were also examined. Western blot
analysis results indicated that both collagen I and a-SMA
protein expression levels were significantly increased after HG
treatment (Fig. 1B). In addition, inhibiting miR-155 expression
led to significantly reduced collagen I and a-SMA expression
levels, whereas overexpression of miR-155 increased the
expression levels. Moreover, the mRNA expression levels
of a-SMA and collagen I were also downregulated when
miR-155 expression levels were impaired, although there were
no significant differences in collagen I expression levels in the
NG and HG groups, and a-SMA expression levels in the NG
group. However, miR-155 overexpression upregulated a-SMA
and collagen I mRNA expression levels in both the NG and
HG groups (Fig. 1C). Therefore, these results suggested that
the cardiac fibrosis model was successfully established.

In addition, apoptotic rates were examined by flow cytom-
etry. It was demonstrated that the miR-155 mimics further
increased the number of apoptotic cells, whereas the miR-155
inhibitor suppressed apoptosis compared with the Control
(Fig. 1D). Collectively, the results suggested that miR-155 was
upregulated in the HG-induced cardiac fibrosis cell model,
which indicated that miR-155 may be involved in cardiac
fibrosis, extracellular matrix deposition and cardiomyocyte
apoptosis. In addition, it was shown that the miR-155 mimics
contributed to the fibrotic phenotypes, whereas the miR-155
inhibitor prevented the acquisition of the fibrotic phenotypes.

miR-155 inhibition partially restores the Nrf2/HO-1 signaling
pathway induced by HG. The role of the miR-155 inhibitor on
the Nrf2/HO-1 signaling pathway in the HG-induced cardiac
fibrosis model was investigated. It was demonstrated that HG
treatment for 48 h increased the expression levels of miR-155
in H9C2 cells compared with the levels produced after 24 h of
treatment. miR-155 inhibitor transfection significantly reduced
miR-155 expression levels that had been induced by HG at both
24 and 48 h (Fig. 2A). The effects of the miR-155 inhibitor
on the expression levels of Nrf2 and HO-1 in HG-treated
HOC2 cells were also examined. Western blot analysis results
indicated that HG treatment downregulated endonuclear Nrf2
expression level and upregulated cytoplasmic Nrf2 expression
level compared with the control group (Fig. 2B and C). As a
downstream antioxidative protein induced after endonuclear
Nrf2-mediated transcriptional activation (16), HO-1 was
identified to have similar expression levels as endonuclear
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Figure 1. Effects of miR-155 on cardiac fibrosis induced by HG in vitro. HOC2 cells transfected with a miR-155 inhibitor or a miR-155 mimic were co-treated
with NG (5 mM) or HG (30 mM) for 24 h. (A) Relative mRNA expression levels of miR-155 were measured by RT-qPCR. (B) Protein expression levels of
a-SMA and collagen I were assessed by western blotting and semi-quantitated; GAPDH was used as the loading control and for normalization. (C) Relative
mRNA expression levels of a-SMA and collagen I. (D) Apoptotic rates were determined by Annexin V-FITC/PI staining and flow cytometry. Data are
presented as the mean + SD from three independent experiments. “P<0.05, “P<0.01 and *“P<0.001. a-SMA, a-smooth muscle actin; HG, high glucose;
miR-155, microRNA-155; NG, normal glucose; PI, propidium iodide; RT-qPCR, reverse transcription-quantitative PCR.

Nrf2. However, the miR-155 inhibitor reversed these changes,
most notably in HG-cells treated for 48 h (Fig. 2B and C). It
was demonstrated that miR-155 inhibition enhanced nuclear
translocation of Nrf2 and increased the expression level
of HO-1 in HG-treated H9C2 cells (Fig. 2C). Collectively,
the present results indicated that miR-155 may modulate
HG-induced cardiac fibrosis by targeting the Nrf2/HO-1
signaling pathway.

Inhibiting miR-155 reduces oxidative stress and
mitochondrial damage induced by HG. Since oxidative
stress and mitochondrial injury are the main manifestations
of cardiac fibrosis (25), and as miR-155 regulates oxidative
stress by targeting the Nrf2-mediated signaling pathway in
some diseases (16-18), the present study examined miR-155
regulation of oxidative stress and mitochondrial injury in
HG-treated HOC2 cells. It was demonstrated that HG treatment
significantly increased ROS and MDA expression levels, and
decreased SOD expression levels in H9C2 cells compared
with control cells at both 24 and 48 h (Fig. 3A-C, respectively),
which indicated that substantial oxidative stress occurred.
However, miR-155 inhibition reversed the increased ROS and

MDA levels and the decreased SOD levels, suggesting that
an antioxidative response may be triggered and enhanced
by miR-155 attenuation (Fig. 3A-C). Cyt-c is an important
component of the electron transport chain, and is localized
in the spaces between the intermembrane and the cristae of
mitochondria (26). Generally, ROS production in mitochondria
results in the release of Cyt-c from the mitochondria into the
cytosol and initiates cell apoptosis (27). Therefore, the present
study assessed the content of mitochondrial and cytoplasmic
Cyt-c in HG-treated H9C2 cells to investigate the effect of
miR-155 on mitochondrial damage. The western blot analysis
results indicated that HG treatment induced the release of
Cyt-c from the mitochondria into the cytosol, particularly
in the H9C2 cells that were treated for 48 h (Fig. 3D and E).
However, miR-155 inhibition partially prevented the release
of Cyt-c into the cytosol, as determined by increased protein
expression levels of mitochondrial Cyt-c and decreased levels
of cytoplasmic Cyt-c (Fig. 3D and E).

In addition, mitochondria membrane potential was
examined using a JC-1 assay. It was found that HG treatment
impaired the integrity of mitochondria in HOC2 cells, which
led to a reduced membrane potential as indicated by elevated
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Figure 2. Effects of miR-155 inhibitor on the HG-induced Nrf2/HO-1 signaling pathway. HOC2 cells were treated with HG and co-transfected with or without
miR-155 inhibitor for 24 and 48 h. (A) Relative mRNA expression levels of miR-155 were measured by reverse transcription-quantitative PCR. (B) Protein
expression levels of endonuclear and cytoplasmic Nrf2, and HO-1 in whole cell lysate were assessed by western blot analysis; Lamin Bl and GAPDH were
used as the nuclear and cytoplasmic fraction loading controls, respectively. (C) Semi-quantification of endonuclear and cytoplasmic Nrf2 expression levels and
HO-1 protein expression levels after normalization to Lamin B1 and GAPDH. The ratio of normalized endonuclear Nrf2 to cytoplasmic Nrf2 is also shown.
Data presented as the mean + SD from three independent experiments. “P<0.05, “P<0.01 and "“P<0.001. HG, high glucose; HO-1, heme oxygenase-1; miR-155,

microRNA-155; Nrf2, nuclear factor erythroid-2-related factor 2.

JC-1 monomer and decreased JC-1 aggregation (Fig. 3F).
In addition, miR-155 inhibitor transfection significantly
repressed the downregulation of the membrane potential of
the mitochondria in H9C2 cells after HG treatment, which
suggested that miR-155 inhibition may aid in relieving mito-
chondrial damage under HG conditions. Overall, these results
indicated that inhibition of miR-155 suppressed oxidative
stress and mitochondrial damage in the HG-induced cardiac
fibrosis model.

miR-155 inhibition suppresses the apoptosis of cardio-
myocytes induced by HG. Excessive oxidative stress and
mitochondrial damage lead to cell apoptosis, which is one of
the causes of cardiac fibrosis (28). To investigate the function
of miR-155 on the apoptosis of cardiomyocytes, western blot-
ting was performed to assess the protein expression levels of
apoptosis-associated proteins in HG-treated H9C2 cells. The
present results suggested that the protein expression levels of
Bcl-2, an anti-apoptotic protein (29), were downregulated, and
Bax, a pro-apoptotic protein (30), were upregulated after HG
treatment (Fig. 4A). Moreover, the protein expression levels

of the activated caspases, cleaved caspase-3 and caspase-9,
were increased, and the uncleaved PARP expression levels
were decreased (Fig. 4A). This phenotype indicated that
HG-induced cardiomyocyte apoptosis may be mediated by
the caspase-9-dependent mitochondrial damage pathway. In
addition, the decreased expression levels of anti-apoptotic
proteins and the enhanced expression levels of pro-apoptotic
proteins had a time-dependent effect (Fig. 4A). However,
miR-155 inhibition reversed the expression levels of the apop-
tosis-associated proteins in HOC2 cells (Fig. 4A). In addition,
it was demonstrated that HG treatment increased the number
of apoptotic cells compared with the control treated cells, and
this result had a time-dependent trend (Fig. 4B). Additionally,
miR-155 inhibition reduced the total apoptotic rate. Taken
together, these results suggested that miR-155 inhibition
suppressed HG-induced apoptosis in cardiomyocytes.

miR-155 inhibition mitigates cardiac fibrosis induced by HG.
The progression of cardiac fibrosis is characterized by the
abnormal expression and secretion of collagen I and a-SMA
in cardiomyocytes (31). To investigate the effect of miR-155
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glucose; MDA, malonaldehyde; miR-155, microRNA 155; ROS, reactive oxygen species; SOD, Superoxide dismutase.

inhibition on cardiac fibrosis, western blot analyses was
performed to assess the protein expression levels of collagen I
and a-SMA in HG-treated H9C2 cells with or without miR-155
inhibitor transfection. It was demonstrated that HG treatment
increased the protein expression levels of collagen I and
o-SMA in a time-dependent manner, and miR-155 inhibition
decreased these expression levels (Fig. SA and B). The
mRNA expression levels of collagen I and a-SMA after HG
treatment and miR-155 inhibitor transfection were consistent
with the protein expression levels described above (Fig. 5C).
Collectively, the present results indicated that the miR-155
inhibitor may ameliorate cardiac fibrosis induced by HG.

Nrf2/HO-1 signaling is required to maintain the homeostasis
of mitochondria in cardiomyocytes after HG treatment. To
further examine the role of the Nrf2/HO-1 signaling pathway
in the homeostasis of mitochondrial function, Nrf2 expres-
sion was knocked down using shRNA in HG-treated H9C2
cells transfected with the miR-155 inhibitor. To assess the

transfection efficiency of shNrf2, western blotting was used to
examine the protein expression level of Nrf2. It was shown that
the protein expression level of Nrf2 was significantly decreased
after shNrf2 transfection for 48 h (Fig. 6A). The protein
expression levels of the Nrf2 and HO-1 were then examined in
HOC2 cells at 48 h after transfection of miR-155 inhibitor and
shNrf2. It was found that both Nrf2 and HO-1 protein expres-
sion levels were reduced in HOC2 cells after HG treatment,
whereas miR-155 inhibition partially rescued their expression
(Fig. 6B). However, Nrf2 knockdown significantly suppressed
the protein expression levels of Nrf2 and HO-1 compared with
the HG+miR-155 inhibitor+shNC group (Fig. 6B).

To assess the homeostasis of mitochondria, ROS, MDA
and SOD levels were measured in HG-treated HIC2 cells at
48 h. It was shown that HG treatment significantly increases
ROS and MDA expression levels and decreased SOD levels
in H9C2 cells, whereas miR-155 inhibition reversed these
phenotypes (Figs. 3A-C and 6C-E). Nrf2 knockdown reversed
the effects of the miR-155 inhibitor, leading to elevated
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ROS and MDA expression levels, and reduced SOD levels  the miR-155 inhibitor suppressed the expression of miR-155
(Fig. 6C-E), which suggested that Nrf2 may be required for  in the HOC2 cells after HG treatment, and subsequent Nrf2
mitochondrial homeostasis. knockdown had no significant effect on miR-155 expression
Moreover, western blotting was used to investigate the level (Fig. 6G). Taken together, these results demonstrated
mitochondrial and cytoplasmic expression levels of Cyt-c in  that the Nrf2/HO-1 signaling pathway may be required for the
HIC2 cells after the treatment (Fig. 6F). The results revealed = homeostasis of the mitochondria in cardiomyocytes after HG
that mitochondrial Cyt-c was reduced by HG treatment, treatment.
increased by miR-155 inhibition, and subsequently reduced by
Nrf2 knockdown, whereas the cytoplasmic Cyt-c expression  Nrf2/HO-I signaling is essential for the effects of the miR-155
levels were opposite (Fig. 6F). The changes in mitochondrial  inhibitor on the apoptosis and cardiac fibrosis induced by
and cytoplasmic Cyt-c expression following Nrf2 knockdown  HG. To investigate whether the Nrf2/HO-1 signaling pathway
further demonstrated that Nrf2 may be essential for is required for miR-155 inhibitor-induced suppression of
maintaining the normal function of mitochondria under HG  apoptosis and/or fibrosis of cardiomyocytes, Nrf2 was
conditions. Furthermore, RT-qPCR results demonstrated that  knocked down by shRNA in H9C2 cells transfected with
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miR-155 inhibitor and treated with HG for 48 h. The western
blotting results demonstrated that the expression level of the
anti-apoptotic protein Bcl-2 was reduced by HG treatment,
increased by miR-155 inhibition and decreased after Nrf2
knockdown (Fig. 7A). By contrast, the expression levels of the
pro-apoptotic protein Bax were increased by HG treatment,
reduced by miR-155 inhibition and increased following
Nrf2 knockdown. Cleaved caspase-3 and cleaved caspase-9
protein expression levels were increased in H9C2 cells after
Nrf2 knockdown, whereas uncleaved PARP expression levels
were decreased (Fig. 7A). miR-155 inhibition significantly
decreased the apoptotic rate of HOC2 cells after HG treatment,
whereas Nrf2 knockdown enhanced the apoptosis of HOC2
cells (Fig. 7B).

To evaluate the effect of Nrf2 knockdown on the extent of
miR-155-induced fibrosis of the cardiomyocytes, the expres-
sion levels of a-SMA and collagen I were measured by western
blotting and RT-qPCR (Fig. 7C and D, respectively). The results
showed that both a-SMA and collagen I were upregulated in
HG-treated H9C2 cells and were downregulated after miR-155
inhibition; however, Nrf2 knockdown led to increased expres-
sion of a-SMA and collagen I at both the protein and mRNA
level. Collectively, these results indicated that the Nrf2/HO-1
signaling pathway may be the underlying mechanism for
miR-155 inhibitor-induced inhibition of apoptosis and fibrosis
of the cardiomyocytes in response to HG treatment.

Discussion

Progressive cardiac fibrosis is associated with myocardial
infarction, hypertrophy, hypertension, heart failure and other
cardiovascular diseases (1). However, current therapies for
cardiac fibrosis are severely limited and inefficient (32). To
develop strategies against cardiac fibrosis, the pathogenesis
and the complex regulatory network of these pathologies must
be investigated in greater depth. To the best of our knowledge,
the present study is the first to report the role of miR-155 in
regulating oxidative stress, mitochondrial injury and myocar-
dial apoptosis via the Nrf2/HO-1 signaling pathway in cardiac
fibrosis, using HG-induced H9C2 rat cardiomyocytes as an
in vitro model.

A previous clinical study has shown that myocardial
damage associated with diabetic cardiomyopathy is related
to glucose level (33). In addition, dysregulation of miRNAs
is associated with cardiac fibrosis (34). To investigate whether
miR-155 affected oxidative stress, mitochondrial damage,
apoptosis, as well as extracellular matrix accumulation, the
present study aimed to determine the underlying mechanisms
of these processes in cardiomyocytes under HG conditions.
It was demonstrated that expression levels of collagen I and
o-SMA were significantly upregulated after HG treatment. In
addition, miR-155 expression level was increased in cardiomy-
ocytes by induced glucotoxicity; a finding that was consistent
with previous studies on miR-155 expression in human renal
glomerular endothelial cells and endothelial progenitor
cells in HG microenvironments (35,36). Moreover, the
present results indicated that inhibiting miR-155 suppressed
glucotoxicity-induced apoptosis of cardiomyocytes, whereas
overexpression of miR-155 increased the number of apop-
totic cells. Similar phenotypes have also been reported in

LI et al: CARDIAC FIBROSIS ALLEVIATION BY miR-155 INHIBITION

HG-treated endothelial progenitor cells and acute myeloid
leukemia cells (36,37). The present study demonstrated that
miR-155 may be implicated in HG-induced cardiac fibrosis
and is positively associated with apoptosis.

The present results showed that the Nrf2/HO-1 signaling
pathway was impaired under HG conditions in atime-dependent
manner, as indicated by decreased endonuclear Nrf2 and HO-1
expression levels but increased cytoplasmic Nrf2 expression;
this has also been reported in previous studies (38-41).
However, another previous study found that Nrf2 expression
and nuclear translocation are enhanced after HG exposure (42).
These contradicting conclusions indicated that the details of
Nrf2 functions in cardiomyocytes are complex. Excessive
Nrf2 protein can be ubiquitinated and degraded through
the ubiquitin-proteasome system, which is regulated by the
miR-29/Kelch Like ECH Associated Protein 1 axis (43). We
hypothesized that, over a short time period, such as <24 h
after the initial HG challenge, cardiomyocytes show increased
Nrf2 expression levels to counteract the induced oxidative
stress and protect themselves from oxidant-induced damage;
however, over a longer period of oxidative stress, such as
48 h, Nrf2 is ubiquitinated and degraded. Therefore, a precise
tuning mechanism likely maintains the homeostasis of Nrf2
and protects cardiomyocytes from oxidative stress-induced
apoptosis. HG-induced impairment of the Nrf2/HO-1 pathway
is implicated in the disruption of homeostasis by oxidative
stress in cardiomyocytes. However, the complex regulatory
network behind cardiac fibrosis also comprises other pathways,
such as the TGFbl/SMAD?2 signaling pathway, as reported in
a diabetes-induced cardiac fibrosis in mice (11). The present
results suggested that the miR-155 inhibitor partially rescued
the impaired Nrf2/HO-1 signaling pathway induced by HG,
which was reflected by the significant increase in nuclear
translocation of Nrf2 and the upregulated expression level
of HO-1. Therefore, miR-155 may play a pivotal role in the
regulation of the Nrf2/HO-1 signaling pathway. Previous
studies have demonstrated that miR-155 directly targets Nrf2 in
septic liver injury and diabetic peripheral neuropathy (44,45).
However, the precise mechanism of miR-155 in the regulation
of the Nrf2/HO-1 pathway in cardiac fibrosis requires further
investigation.

Previous studies have shown that the Nrf2/HO-1 pathway
is extensively involved in the regulation of oxidative
stress (46), mitochondrial injury (47) and apoptosis (48), and
these phenotypes contribute to the pathogenesis of cardiac
fibrosis (46,49). Thus, the present study focused on oxidative
stress, mitochondrial injury and apoptosis in subsequent
experiments. In the present study, H9C2 cells treated with
HG showed enhanced accumulation of ROS and MDA,
and lower expression levels of SOD, which indicated that
after HG treatment cardiomyocytes were under substantial
oxidative stress. Previous studies have also revealed that
HG induces oxidative stress and apoptosis in cardiac
microvascular endothelial cells (50) and in human umbilical
vein endothelial cells (51). In addition, the increased ratio
of cytoplasmic Cyt-c to mitochondrial Cyt-c indicated
the presence of mitochondrial injury upon HG induction,
which coincides with a previous study showing that HG and
high-fat conditions lead to mitochondrial dysfunction and
apoptosis in cardiomyocytes (52). Directly measuring the
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mitochondrial ROS level could reveal the oxidative stress
accumulation in mitochondria upon HG treatment; however,
this measurement was not performed in the present study
due to the facility limitations. Moreover, the dissipation of
mitochondrial membrane potential in the HOC2 cells further
supported the hypothesis that mitochondrial function was
impaired upon HG treatment, and this phenomenon has also
been reported in previous studies with respect to 3T3-L1
adipocytes and human peritoneal mesothelial cells (53,54).
Elevated levels of oxidative stress and mitochondrial
injury resulted in increased numbers of apoptotic cells, as
indicated in the present study by increased expression levels
of pro-apoptotic proteins and reduced expression levels of
anti-apoptotic proteins. The results also demonstrated that
apoptosis induced by HG is caspase-9-dependent, which
is consistent with previous studies investigating human
endothelial cells and periodontal ligament fibroblasts
under HG conditions (55,56). Moreover, miR-155 inhibition
significantly suppressed oxidative stress, mitochondrial
injury and apoptosis. Therefore, miR-155 may exert its
pro-fibrosis function by impairing the Nrf2/HO-1 signaling
pathway to cause oxidative stress, mitochondrial injury
and myocardial apoptosis. Moreover, the importance of
Nrf2/HO-1 signaling in the homeostasis of mitochondria
upon HG treatment was indicated in subsequent
experiments, in which Nrf2 was knocked down. However,
further investigation is required to obtain more details on
this mechanism.

The present study also investigated the function of miR-155
attenuation on cardiac fibrosis. High expression levels of
o-SMA and collagen I were significantly decreased after the
miR-155 inhibition. Wei et al (9) found that miR-155 deficiency
ameliorated the progression of angiotensin II-induced cardiac
fibrosis in mice. During the wound healing process, acute
reduction in miR-155 expression resulted in a milder fibrosis
phenotype, which was acquired by a suppressed inflammatory
response, and also accelerated the healing rate (57). Therefore,
targeting miR-155 may ameliorate cardiac fibrosis caused by
HG. In addition, the present study found that miR-155 may
exert its effect partially via Nrf2/HO-1 signaling, as indicated
by the results from Nrf2 knockdown experiments, which
showed that Nrf2 knockdown compromised the effects of
miR-155 inhibition on oxidative stress and cell apoptosis, as
well as a-SMA and collagen I accumulation in HG-treated
HIC2 cells.

In conclusion, miR-155 may regulate the pathogenesis of
cardiac fibrosis via the Nrf2/HO-1 signaling pathway. The
present study results not only elucidated a novel pathway
for the pathogenesis of cardiac fibrosis induced by HG, but
also identified the potential of miR-155 as a therapeutic for
cardiac fibrosis. However, this conclusion is based mainly on
in vitro cellular assays, thus in vivo experiments are required
to further investigate these effects. Therefore, generating
specific transgenic mice and evaluating the clinical relevance
of miR-155 using human samples are required in follow-up
studies.
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