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Protective effects of metformin against myocardial
ischemia-reperfusion injury via AMPK-dependent
suppression of NOX4
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Abstract. Numerous studies have demonstrated that metformin
can reduce the incidence of myocardial infarction and improve
the prognosis of patients. However, its specific mechanism
has not been determined. Using a rat model of myocardial
ischemia-reperfusion injury (MIRI), it was observed that
metformin significantly reduced infarct size, and decreased
the levels of plasma lactate dehydrogenase and creatine
kinase-MB form. A TTC-Evans blue staining was used to
detect the infarct size and MTT assay was used to evaluate
the cell viability. TUNEL assay was performed to evaluate
apoptosis. Furthermore, 4-hydroxynonenal was detected by
immunohistochemical staining. mRNA expression levels were
detected by reverse transcription-quantitative PCR; protein
expression levels were detected by immunoblotting. When
treated with metformin, the number of TUNEL-positive cells
was significantly decreased. Reduced 4HNE immunoreac-
tivity was observed in metformin-treated rats as determined
via immunohistochemistry. Furthermore, NADPH oxidase 4
(NOX4) was downregulated by metformin at both the mRNA
and protein levels, and adenosine 5'-monophosphate-activated
protein kinase (AMPK) phosphorylation was increased by
metformin. In a primary myocardial hypoxia-reoxygenation
cell model, metformin increased the viability of cardiomyo-
cytes and reduced the content of malondialdehyde. It was also
found that metformin upregulated the phosphorylation of
AMPK and decreased the expression of NOX4. Furthermore,
pre-treatment with AMPK inhibitor compound-C could
block the effect of metformin, indicated by increased NOX4
compared with metformin treatment alone. These results
suggested that metformin was capable of reducing the oxida-
tive stress injury induced by MIRI. In conclusion, the present
study indicated that metformin activated AMPK to inhibit
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the expression of NOX4, leading to a decrease in myocardial
oxidative damage and apoptosis, thus alleviating reperfusion
injury.

Introduction

Coronary artery disease is severe, with high morbidity and
mortality worldwide (1). Early reperfusion with thrombolysis
or percutaneous coronary intervention is an effective strategy
for acute myocardial infarction, and can effectively reduce
infarct size and improve clinical outcome (2). However, further
myocardial damage may occur during the reconstruction of
coronary blood flow, called myocardial ischemia-reperfusion
injury (MIRI). Mechanisms involved in MIRI include
oxidative stress, myocardial apoptosis, calcium overload and
mitochondrial dysfunction (3).

Oxidative stress refers to the accumulation of reactive
oxygen species (ROS) and oxidative damage in cells (4). A
previous study reported that NADPH oxidase (NOX)2 and
NOX4 are major sources of cardiac ROS, playing an important
regulatory role in the proliferation and death of cardiomyo-
cytes (5). Inhibition of NOX2 and NOX4 contributes to
decreased ROS and alleviation of MIRI (6). However, small
quantities of ROS produced by NOX2 and NOX4 exert an
anti-inflammatory protective effect during ischemia and reper-
fusion (5). In this scenario, inhibition of both NOX2 and NOX4
may aggravate reperfusion injury (7). A study on adenosine
5'-monophosphate-activated protein kinase (AMPK) knockout
mice confirmed that the activation of AMPK in MIRI plays an
important role in cardioprotection (8), but other studies have
failed to get the same result (9,10).

Metformin is commonly used for the treatment of type II
diabetes (11). It can significantly reduce the risk of myocardial
infarction and all-cause mortality in patients with type II
diabetes (12). Therefore, it has been suggested that metformin,
besides glycemic control, has an additional role in improving
the prognosis of cardiovascular disease (13). In a rat model of
myocardial infarction, metformin is reported to significantly
reduce infarct size (14), while in a mouse model, a lower dose
of metformin was administered 18 h prior to ischemia, which
also reduced infarct size by 50% (15); however, metformin
did not affect plasma glucose concentration. In a subsequent
isolated rat heart study, intracoronary infusion of metformin
within the first 15 min of the reperfusion period reduced the
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infarct size by 40-50% (16). These results have been validated
in vivo in rats and mice (15,16). Various studies have reported
that the cardioprotective effect of metformin is at least partly
dependent on the activation of AMPK (14,17). Although
the effect of metformin on MIRI has been established, the
mechanism involved has not been clarified. Concerning the
antioxidant effects of metformin, studies have focused on
whether it can reduce ROS synthesis, thereby reducing tissue
fibrosis (11,18). It is reported that metformin inhibits cardiac
fibrosis by inhibiting NOX activity and reducing the produc-
tion of ROS (19). For downstream signals, several studies have
shown that AMPK inhibits NOX4 activity and reduces ROS
production in a high-glucose-induced apoptosis model (20,21).
There is no clear explanation for the relationship between
metformin and NOX4 in MIRI. Therefore, it was hypothesized
that metformin inhibits NOX4 activity by activating AMPK,
thereby reducing ROS production, ultimately playing a protec-
tive role against MIRI.

The present study aimed to elucidate whether metformin
decreases MIRI by inhibiting NOX4 in rat MIRI and neonatal
ventricle myocyte (NRVM) models, and to identify potential
drug targets.

Materials and methods

Animals and materials. Sprague-Dawley (SD) male rats
(weight, 200-250 g; age, 6-8 weeks; n=50) and neonatal SD
rats (age, 1-3 days; n=30) were obtained from the Animal
Experimental Center of Shandong University. Protocols for
the care and use of laboratory animals were approved by the
Local Ethics Committee at the Medical College of Shandong
University. Laboratory animals were reared according to the
Guide for the Care and Use of Laboratory Animals from
the National Institutes of Health (NIH) (22). At the end of
animal experiments, rats were euthanized using excessive
anesthesia administration as conditionally acceptable (intra-
peritoneal injection with sodium pentobarbital at a dosage of
200 mg/kg). Metformin was purchased from Sigma-Aldrich
(Merck KGaA).

Myocardial reperfusion injury model. Rats were anesthetized
by sodium pentobarbital (50 mg/kg) via intraperitoneal injec-
tion and then ventilated with a rodent respirator (ALCVO9A;
Shanghai Alcott Biotech Co., Ltd.) after intubation. Then, the
heart was exposed, and the left anterior descending coronary
artery (LAD) was ligated by a 6-0 silk suture for 45 min.
Ischemia was determined by blanching of the myocardium,
dyskinesia of the ischemic region and ST segment elevation on
the ECG. Then, the heart was reperfused for 4 h by loosening
the knot, and a marked hyperemic response indicated reperfu-
sion (16).

Experimental protocol in vivo. The rats were randomly divided
into three groups: i) Sham (sham operated) group, in which
the heart was exposed but the LAD was not occluded; ii) isch-
emia-reperfusion (IR) group, in which the LAD was occluded
for 45 min and reperfused for 4 h; and iii) IR + metformin
(IR + met) group, in which the LAD was occluded for 45 min,
and metformin (5 mg/kg) was intravenously injected via the
jugular vein, subsequently followed by 4 h of reperfusion.

The dose of metformin used in the present study was selected
based on a previous study (16).

Assessment of infarct size. Staining was performed as previ-
ously described (23). At the end of the reperfusion, the LAD
was ligated again, and the heart was retrogradely infused
with Evans blue (0.25% in phosphate buffer; Sigma-Aldrich;
Merck KGaA) from the aorta. The non-ischemic area was
stained blue, indicating the area at risk (AR, non-blue region).
Then, the heart was frozen at -20°C for 30 min and sectioned
into 6 slices (2 mm/slice). The slices were incubated in
triphenyltetrazolium chloride (TTC; 1% in phosphate buffer;
Sigma-Aldrich; Merck KGaA) for 10 min at 37°C and then
immersed in 4% paraformaldehyde for 4 h at room tempera-
ture. TTC staining can differentiate the infarct size (IS; white
region) from the non-infarct area at risk (AR; red region).
These heart slices were used only for Evans-blue-TTC staining.
Finally, the slices were arranged from apex to base and digi-
tally photographed. Digital images of the slices were analyzed
using Imagel software (version 1.47; National Institutes of
Health). The final result was presented as the IS/AR as previ-
ously described (24).

Evaluation of apoptosis. The left ventricles of rat hearts were
fixed in 4% paraformaldehyde at room temperature for 24 h
and embedded in paraffin at 56°C for 1.5 h, then sectioned
(thickness, 6 ym). According to the manufacturer's instruc-
tions, terminal deoxynucleotidyl transferase-mediated dUTP
nick end labelling (TUNEL) assays were performed to detect
apoptotic cells in heart tissue sections using an in situ cell
death detection kit (Roche Applied Science). The sections were
incubated in TUNEL reaction mixture for 60 min at 37°C in a
humidified atmosphere in the dark. Sections were then stained
with hematoxylin (Beijing Solarbio Science & Technology,
Co., Ltd.) for 2 min at room temperature, washed with PBS,
and mounted with mounting medium (Abcam). The nuclei
were counted in 10 random fields of each section using a light
microscope (magnification, x400; Leica Microsystems GmbH),
and the results are shown as a percentage of TUNEL-positive
nuclei compared with the total number of cell nuclei.

Western blotting. RIPA solution (Abcam) was used to
homogenize the frozen tissue samples and cultured cardio-
myocytes and BCA assay (Pierce; Thermo Fisher Scientific,
Inc.) was used to detect the concentration of protein samples.
Then, 50 pg/lane extracted protein was separated via 10%
SDS-PAGE and transferred onto PVDF membranes (EMD
Millipore). Non-specific reactivity was blocked with 5% milk
for 2 h at room temperature and the membrane was incubated
with primary antibody overnight at 4°C in buffer (10 mM
Tris-HCI; pH 7.5; 150 mM NaCl, 2% Tween-20, 4% bovine
serum albumin). The membrane was then incubated with
secondary antibody for 1.5 h at room temperature. ECL
chemiluminescence (Cell Signaling Technology, Inc.) was
used for detection by an imaging system (ChemiDoc XRS;
Bio-Rad Laboratories, Inc.), and densitometry was performed
using ImagelJ software (version 1.47; National Institutes
of Health) semi-quantitatively (4). All protein levels were
normalized to that of GAPDH. The antibodies used in the
study were as follows: Phosphorylated (p)-AMPK (Thr172;
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1:1,000; cat. no. 50081; rabbit monoclonal antibodies; Cell
Signaling Technology, Inc.), AMPK (1:1,000; cat. no. 2532;
rabbit monoclonal antibodies; Cell Signaling Technology, Inc.)
and NOX4 (1:1,000; cat. no. ab109225; rabbit monoclonal anti-
body; Abcam); GAPDH (1:10,000; cat. no. AB2302; mouse
monoclonal antibody; EMD Millipore) and corresponding
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (OriGene Technologies, Inc.).

Isolation of neonatal rat cardiomyocytes. NRVMs were
isolated from 1-3-day-old SD rats as previously described (25).
The rats were euthanized by decapitation and the hearts were
rapidly excised, minced and dissociated with 0.1% trypsin
and 0.03% collagen II solution. The dispersed cells were then
plated at a density of 2x10° cells/cm? on a 6-well plate with
2 ml/well DMEM supplemented with 10% fetal bovine serum
(FBS; both HyClone; GE Healthcare Life Sciences). Cytosine
arabinoside (10 M) was used to suppress non-cardiomyocytes.
After serum-starved cultivation (37°C, 95% O,, 5% CO,, 24 h),
the myocytes were put in a hypoxia (95% N,, 5% CO,) incu-
bator for 4 h at 37°C then, the culture medium was replaced
with fresh oxygenated DMEM (10% FBS) and the plates were
transferred to a normoxic incubator (5% CO,) for 6 h of reoxy-
genation.

Experimental protocol in vitro (i). The NRVMs were randomly
divided into four groups: i) Control (CON) group, cells were
incubated with normal oxygen; ii) hypoxia-reoxygenation (HR)
group, in which the cells were incubated in hypoxic condi-
tions for 4 h and reoxygenated for 6 h; iii) HR + metformin
(HR + met) group, at the onset of reoxygenation, metformin
(0.1 mM) was added to the DMEM (the dose of metformin
used in the present study was selected based on a previous
study) (26); and iv) HR + metformin + compound-C (HR + met
+ compound-C), at the onset of reoxygenation, metformin and
compound-C (10 nM; cat. no. ab120843; Abcam) were added
into the medium simultaneously (the dose of compound-C
used in the present study was selected based on a previous
study) (26).

MTT assay. Cell viability was assessed by an MTT assay.
The MTT assay was performed according to the manu-
facturer's protocols (cat. no. C0009; Beyotime Institute of
Biotechnology). Cardiomyocytes were plated on 96-well dishes
at a density of 1x10* cells/well. Following reoxygenation, cells
were incubated with MTT reaction solution (0.5 mg/ml) for
4 h and the medium was removed. Then, 100 1 DMSO was
added to each well for 10 min and mixed thoroughly with a
mechanical plate mixer. At last, the absorbance was measured
with a microplate reader (Molecular Devices, LLC) at a wave-
length of 530 nm.

Plasma creatine kinase-MB form (CK-MB) and lactate dehy-
drogenase (LDH) activity. Blood samples were centrifuged
at 1,800 x g for 10 min at 4°C. LDH (cat. no. A020-1) and
CK-MB (cat. no. E006-1-1) levels in plasma were detected
according to the manufacturer's protocols (Nanjing Jiancheng
Bioengineering Institute). The optical density of the tetra-
zolium product was determined spectrophotometrically
(Molecular Devices, LLC) at a wavelength of 490 nm.
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Malondialdehyde (MDA) detection. Lipid peroxidation was
estimated by measuring the concentration of MDA in the
isolated myocytes using a Lipid Peroxidation Assay kit (cat.
no.MAKO085; Calbiochem; Merck KGaA). Briefly, the cells were
lysed and mixed with reagent R1 (N-methyl-2-phenylindole
in acetonitrile and methanol) for a total of 60 min at 45°C.
The samples were then centrifuged at 21,130 x g for 10 min
at room temperature. The optical density of the supernatant
was determined spectrophotometrically at a wavelength of
586 nm (Molecular Devices, LLC). The MDA concentration
was displayed as gmol/g protein.

Immunohistochemistry. Tissue sections (thickness, 6 pm) were
deparaffinized and then blocked with CAS-Block (Invitrogen;
Thermo Fisher Scientific, Inc.) for 1 h at 37°C. The sections
were incubated with anti-4HNE primary antibody (1:200; cat.
no. ab48506; Abcam) for 2 h at 37°C followed by incubation
with HRP-conjugated secondary antibody (1:500; cat. no. 7074;
Cell Signaling Technology, Inc.) for 1 h at 37°C. Sections were
developed in 3,3'-diaminobenzidine solution for 3 min at room
temperature, then stained with hematoxylin for 2 min at room
temperature, washed with PBS, and mounted with mounting
medium. Sections were visualized under a light microscope
(magnification, x400; Leica Microsystems GmbH).

RNA isolation and reverse transcription-quantitative (RT-q)
PCR.Total RNA of myocardial tissues and NRVMs was extracted
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific,
Inc.). The TagMan® Reverse Transcription Reagents (cat.
no. N8080234; Applied Biosystems; Thermo Fisher Scientific,
Inc.) was used to generate the first-strand cDNA using the
following thermocycling conditions: 70°C for 5 min, 42°C for 1 h
and 70°C for 15 min. A Mx3000 Multi-plex Quantitative PCR
System (Stratagene; Agilent Technologies, Inc.) with SYBR-Green
fluorescence (Molecular Probes, LLC) was used to amplify the
c¢DNA in 35 cycles. Each cycle consisted of heating denaturation
for 30 sec at 94°C, annealing for 30 sec at 56°C and extension for
30 sec at 72°C. All samples were quantitated using the compara-
tive Cq method for relative quantitation of gene expression,
normalized to GAPDH (27). The primers used in this study were
as follows: NOX4, forward, 5“-TGGCCAACGAAGGGGTT
AAA-3" and reverse, 5-CACTGAGAAGTTCAGGGCGT-3';
AMPK, forward, 5-GATCGGACACTACGTGCTGG-3' and
reverse, S"TAGTTGCTCGCTTCAAGGGG-3'; and GAPDH,
forward, 5“TGATGACATCAAGAAGGTGGTGAAG-3' and
reverse, 5- TCCTTGGAGGCCATGTAGGCCAT-3.

Small interfering (si)RNA transfection. Transfection of
siRNA was performed with Lipofectamine® 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
protocols. NRVM (6x10° cells per well of a 6-well plate at) were
transfected with siRNA directed to AMPK (cat. no. sc-74461;
Santa Cruz Biotechnology, Inc.) at 10 M for 6 h in serum-free
medium. Afterwards, it was changed to standard medium
containing 10% FBS for 24 h. Non-specific (NS)-siRNA (cat.
no. sc-37007; Santa Cruz Biotechnology, Inc.) was used as
negative control.

Experimental protocol in vitro (ii). The NRVMs were randomly
divided into four groups: i) CON + NS-siRNA group, in which
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Figure 1. Cardioprotective effects of metformin against reperfusion injury. (A) Representative heart slices stained by Evans blue and triphenyltetrazolium
chloride. Blue, non-blue and white areas represent non-ischemic, AR and IS areas. (B) IS/AR scores in different groups. (C) Cell viability detected by an MTT
assay. "P<0.001 vs. CON; "P<0.05 vs. HR. (D) Plasma LDH concentration. (E) Plasma CK-MB concentration. Data are shown as the mean + SEM (n=6).
"1P<0.001 vs. Sham; ““P<0.001 vs. IR. Sham, sham-operated control, IR, ischemia-reperfusion, met, metformin; AR, area at risk; IS, infarct size; CON,
control; HR, hypoxia-reoxygenation; LDH, lactate dehydrogenase; CK-MB, creatine kinase MB form.

the cells were pretreated with NS-siRNA and then incubated
with normal oxygen; ii) HR + NS-siRNA group, in which the
cells were pretreated with NS-siRNA and then subjected to
4 h of hypoxia and 6 h of reoxygenation; iii) HR + metformin
+ NS-siRNA (HR + met + NS-siRNA) group, in which the
cells were pretreated with NS-siRNA and then subjected to
4 h of hypoxia and 6 h of reoxygenation, and at the onset of
reoxygenation, metformin (0.1 mM) was added; and iv) HR
+ metformin + AMPK-siRNA (HR + met + AMPK-siRNA)
group, in which the cells were pretreated with AMPK-siRNA
and then subjected to 4 h of hypoxia and 6 h of reoxygenation,
and at the onset of reoxygenation, metformin (0.1 mM) was
added into DMEM.

Statistical analysis. All data are presented as the mean + SEM
(n=3). Statistical comparisons between the groups were
performed using one-way ANOVA followed by Newman-Keuls
or Tukey's post hoc test. Kruskal-Wallis test followed by

Dunn's post hoc test was used for non-parametric data. The
statistical analyses were performed by GraphPad Prism 5.0
(GraphPad Software, Inc.). P<0.05 was considered to indicate
a statistically significant difference.

Results

Cardioprotective effects of metformin. After 24 h reperfusion
in IR rat, the IS and AR were determined using Evans blue and
TTC. The IS/AR was used to evaluate damage to the heart as
previously described (16). The results showed that treatment
with metformin significantly reduced the infarct size in IR rats
by ~20% (P<0.05; Fig. 1A and B). There was no infarct area in
the Sham group, so the IS/AR was 0. Plasma LDH and CK-MB
levels in the IR group were increased compared with the Sham
group; however, the increases were significantly attenuated
by metformin (P<0.001; Fig. 1D and E). The viability of
cardiomyocytes decreased significantly after HR treatment
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Figure 2. Alleviation of oxidative damage and apoptosis by metformin. (A) Representative myocardial apoptosis in paraffin sections of the heart in the
risk area, as determined via a TUNEL assay; brown cells are TUNEL-positive. (B) Representative paraffin sections of the heart in the risk area stained for
4-hydroxynonenal. (C) Percentage of TUNEL-positive cells (n=6). “##P<0.001 vs. Sham; “P<0.01 vs. IR. (D) Concentration of MDA in cardiomyocytes (n=6).
Data are shown as the mean + SEM. #7P<0.001 vs. CON; ““P<0.001 vs. HR. Sham, sham-operated control; IR, ischemia-reperfusion; HR, hypoxia-reoxygen-
ation; met, metformin; MDA, malondialdehyde; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling.

compared with the cells in CON group (P<0.001); treatment
with metformin increased the viability of HR-treated cardio-
myocytes (P<0.05; Fig. 1C).

Metformin alleviates oxidative damage and apoptosis.
Ocxidative stress plays an important role in the process of
MIRI (14). 4-hydroxynonenal (4HNE) is the final product of
lipid oxidation, the amount of which indicates the severity of
oxidative damage (28). Immunohistochemistry results showed
that the levels of 4HNE in the IR group were notably increased
compared with the Sham group (Fig. 2B). However, the content
of 4HNE in the IR + met group was markedly decreased
compared with the IR group (Fig. 2B). In addition to 4HNE,
another lipid peroxidation product, MDA, was measured in
cells following HR. The results showed that the level of MDA
in the HR + met group was significantly decreased compared
with the HR group (Fig. 2D; P<0.001). A TUNEL assay was

performed in tissue sections to evaluate apoptosis. It was
found that apoptosis was increased in the IR group compared
with the Sham group (P<0.05; Fig. 2A and C). When treated
with metformin, the percentage of TUNEL-positive cells
was significantly decreased compared with the IR group
(P<0.01; Fig. 2C).

Metformin inhibits the expression of NOX4 and increases
the activation of AMPK. NOX4 plays an important role in
regulating the content of ROS in cardiac myocytes (6). A
significant increase in NOX4 mRNA was observed in the IR
group compared with the Sham group; after metformin was
administered, the elevation in NOX4 was significantly attenu-
ated (P<0.05; Fig. 3A). The protein level of NOX4 in the IR
group was also significantly increased compared with that
in the Sham group; after metformin treatment, the increase
of NOX4 was significantly reversed (P<0.05; Fig. 3B and C).
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Figure 3. Effect of metformin on the activity of NOX4 and the activation of AMPK. (A) Expression of NOX4 mRNA as determined via reverse transcrip-
tion-quantitative PCR. (B) Representative protein levels of p-AMPK, AMPK and NOX4 as determined via western blotting. (C) Semi-quantification of NOX4
protein levels. (D) Semi-quantification of the p-AMPK/AMPK ratio. Protein levels were normalized to GAPDH. Data are shown as the mean + SEM (n=6).
"P<0.05, ""P<0.001 vs. Sham; "P<0.05 vs. IR. Sham, sham-operated control; IR, ischemia-reperfusion; met, metformin; NOX, NADPH oxidase; AMPK, ade-
nosine 5'-monophosphate-activated protein kinase; p, phosphorylated.
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Figure 4. AMPK inhibitor upregulates the expression of NOX4 protein in vitro. (A) Representative protein levels of p-AMPK, AMPK and NOX4 as determined
via western blotting. (B) Semi-quantification of the p-AMPK/AMPK ratio. (C) Semi-quantification of NOX4 protein levels. Protein levels were normalized
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comC, compound-C; NOX, NADPH oxidase; AMPK, adenosine 5'-monophosphate-activated protein kinase; p, phosphorylated.
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Figure 5. AMPK siRNA increases the expression of NOX4 protein in vitro. (A) Representative protein levels of p-AMPK, AMPK and NOX4 as determined via
western blotting. (B) Semi-quantification of p-AMPK levels. (C) Semi-quantification of NOX4 protein levels. (D) Semi-quantification of AMPK protein levels.
(E) Semi-quantification of the p-AMPK/AMPK ratio. (F) Expression of AMPK mRNA as determined via reverse transcription-quantitative PCR. Protein and
mRNA levels were normalized to GAPDH. Data are shown as the mean + SEM (n=6). “P<0.05, #4P<0.01 vs. CON + NS-siRNA; ‘P<0.05 vs. HR + NS-siRNA;
7P<0.05, #P<0.01 vs. HR + met + NS-siRNA. CON, control; HR, hypoxia-reoxygenation; met, metformin; siRNA, small interfering RNA; NS-siRNA, non-spe-
cific siRNA; AMPK-siRNA, AMPK-specific siRNA; NOX, NADPH oxidase; AMPK, adenosine 5'-monophosphate-activated protein kinase; p, phosphorylated.

The activation of AMPK, which is the downstream factor of
metformin (26), was also evaluated. The phosphorylation of
AMPK in the IR group was significantly increased compared
with that in the Sham group. In the IR + met group, metformin
significantly promoted the phosphorylation of AMPK to a
higher level than that in the IR group (P<0.05; Fig. 3B and D).

AMPK inhibition upregulates the expression of NOX4 protein
in vitro. In the NRVM HR model, treatment with metformin
increased p-AMPK levels (P<0.01; Fig. 4A and B) and signifi-
cantly reduced NOX4 expression (P<0.01; Fig. 4A and C). The
AMPK inhibitor compound-C was used to investigate the rela-

tionship between AMPK and NOX4; following treatment with
compound-C, metformin did not induce a further increase
in the phosphorylation of AMPK (P<0.05; Fig. 4B), and the
expression of NOX4 was significantly increased compared
with the HR + met group (P<0.05; Fig. 4C).

AMPK-siRNA upregulates the expression of NOX4 protein
in vitro. Following transfection with AMPK-siRNA, the
expression of AMPK was significantly downregulated in both
the CON + AMPK-siRNA group and IR + AMPK-siRNA
group compared with the corresponding NS-siRNA
groups (P<0.05; Fig. 5F). In the HR + NS-siRNA NRVM
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model, treatment with metformin significantly enhanced
AMPK phosphorylation (P<0.05; Fig. 5A and B), while
significantly reducing NOX4 expression (P<0.01; Fig. 5C).
AMPK-siRNA was used to explore the relationship between
AMPK and NOX4. In the HR + met + AMPK-siRNA group,
the expression of AMPK was significantly downregulated
compared with the HR + met + NS-siRNA group (P<0.01;
Fig. 5A and D). The p-AMPK/AMPK ratio was used to
determine the phosphorylation level of AMPK; it was found
that p-AMPK/AMPK was significantly increased in the
HR + met + NS-siRNA group compared with in the HR +
NS-siRNA group (P<0.05; Fig. 5A and E. No significant
difference, however, was observed between the HR + met +
NS-siRNA and HR + met + AMPK-siRNA groups (P>0.05;
Fig. 5A and E). Following transfection with AMPK-siRNA,
metformin did not induce a further increase in p-AMPK
(P<0.05; Fig. 5B), and the expression of NOX4 was signifi-
cantly increased compared with the HR + met + NS-siRNA
group (P<0.01; Fig. 5A and C).

Discussion

In the present study, the cardioprotective effects of metformin
were examined in animal and cell models. Although previous
studies had indicated that metformin reduces MIRI (14,17), the
specific mechanism remains unclear. In the present study, it was
observed that metformin reduced myocardial infarct size, alle-
viated myocardial oxidative damage and apoptosis, promoted
the activation of AMPK and inhibited the expression of NOX4.
In primary NRVMs following HR injury, metformin inhibited
the expression of NOX4, and this inhibition was reversed using
an AMPK inhibitor. These findings indicated that metformin
inhibited the expression of NOX4 via the activation of AMPK,
thereby reducing oxidative damage and ultimately playing a
role in myocardial protection.

It has previously been reported that ischemic postcondi-
tioning could effectively reduce myocardial infarct size (29);
however, its application is limited. Therefore, there is a
motivation to search for medications with potential cardiopro-
tective effects to simulate the effects of postconditioning in a
manner that may be more accessible to clinical patients. In the
process, it has been found that various endogenous substances,
including adenosine, erythropoietin and cell growth factors,
play crucial roles in reducing MIRI (30). Another option is to
look for existing drugs with cardioprotective effects, expanding
their existing uses and greatly reduces the cost of developing
new drugs. Statins have been found to exert cardioprotective
effects outside of blood lipid regulation, resulting from anti-
oxidant, anti-apoptotic and other effects (31). Previous studies
showed that metformin may also have a similar cardioprotec-
tive effect. For example, in a prospective diabetes study in the
UK, metformin was found to reduce the risk of acute myocar-
dial infarction (AMI) by 39% in patients with type II diabetes,
reducing all-cause mortality by 36% (32). Regarding patients
with AMI, metformin treatment has also significantly reduced
their mortality compared with sulfonylureas (33,34). In the
present study, it was found that infarct size was significantly
reduced in metformin-treated animals in an IR rat model.
Consistent with a previous study (16), the results showed that
5 mg/kg metformin was sufficient for myocardial protection

and would not result in changes in blood glucose concentra-
tions.

During MIRI, a large number of intracellular ROS can
be generated, which may cause damage to myocardial tissue
through various pathways, including destruction of various
structural proteins and enzymes, DNA damage, calcium over-
load and cardiomyocyte apoptosis (35). Previous studies have
mainly focused on the effect of metformin on decreasing ROS
formation in myocardial fibrosis (19,36). MDA and 4HNE
are the products of lipid peroxidation, which reflect the levels
of ROS production. In the present study. it was found that
metformin could reduce the levels of 4HNE in a rat model of
MIRI, as well as those of MDA in a cell model of HR, thus
indicating a protective role.

Intracellular ROS are produced mainly by NOX and
mitochondrial pathways (35). It was previously reported that
NOX2 and NOX4 are the main sources of cardiac oxygen free
radical production and play important roles in the growth and
death of cardiomyocytes (37,38). Studies have shown that,
following HR treatment, the expression levels of NOX2 are
increased (39,40). In addition, cardiac-specific knockout of
NOX4 aggravates MIRI (41). In a separate study, there was
no significant reduction of IS in rats with NOX4 knockout,
suggesting that NOX4 did not aggravate MIRI (7). There
remains a degree of controversy concerning the role of NOX4
in MIRI. Therefore, the role of NOX4 in MIRI was investi-
gated in the present study. It was observed that the expression
level of NOX4 was increased significantly in the IR group,
which is consistent with the finding that 4HNE levels were
significantly increased in the IR group compared with the
Sham group. These findings suggested that NOX4 aggravated
MIRI by promoting oxidative stress.

A previous study had shown that metformin can inhibit
NOX4 activity and alleviate pulmonary fibrosis (36). Similarly,
metformin can prevent cardiac fibrosis by inhibiting the acti-
vation of NOX, inhibiting the production of ROS (19). These
results indicated the potential regulatory association between
metformin and NOX4. Metformin also inhibits intracel-
lular oxidation by activating AMPK to stimulate myocardial
protection (26). A previous study showed that AMPK allevi-
ated the apoptosis of epithelial cells by inhibiting the activity
of NOX4 (20), indicating an association between AMPK and
NOX4. As a downstream effector of metformin, increased
AMPK phosphorylation has been shown to decrease cardio-
myocyte apoptosis and improve cardiac function (15). In the
present study, it was found that the phosphorylation of AMPK
in the IR group was increased compared with that in the Sham
group. After metformin treatment, p-AMPK was significantly
increased compared with the IR group, consistent with a
previous study (15). In the present study, it was also found that
in the metformin group, the mRNA and protein levels of NOX4
were significantly reduced compared with the IR group. These
results indicated the association between AMPK and NOX4
in a rat model of MIRI. In the cell model, pretreatment with
the AMPK inhibitor compound-C significantly reduced NOX4
protein expression when compared with the group only treated
with metformin. To further investigate the role of AMPK in
metformin-induced inhibition of NOX4, AMPK expression
was knocked down by siRNA transfection. As expected,
AMPK-siRNA significantly downregulated the expression of
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AMPK. The p-AMPK/AMPK ratio was used to determine
phosphorylation level of AMPK, which was increased by
metformin, but was not affected by transfection with NS-siRNA
or AMPK-siRNA in metformin-treated HR cells. Evaluating
p-AMPK in isolation, it was observed that AMPK-siRNA
reduced p-AMPK levels compared with NS-siRNA, whilst
also increasing the expression of NOX4 (Fig. 5C). These find-
ings suggested that the regulation of NOX4 activity depends on
the levels of activated AMPK. In conclusion, the results of the
present study indicated that metformin inhibited the expression
of NOX4 via the activation of AMPK, leading to a reduction
of myocardial oxidative damage, apoptosis and infarct size,
ultimately alleviating MIRI.
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