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Abstract. Myocardial ischemia‑reperfusion injury results 
in elevated reactive oxygen species (ROS) production and 
causes oxidative stress damage. Therefore, the current 
study aimed to investigate whether adaptor protein phos‑
photyrosine interacting with PH domain and leucine 
zipper 1 (APPL1) could induce the expression of anti‑
oxidant enzymes through AMP‑activated protein kinase 
(AMPK) signaling in order to alleviate the injury caused 
by ischemia/hypoxia‑reperfusion. Following induction of 
hypoxia‑reoxygenation (H/R) injury in H9c2 cells, the liver 
kinase B1 (LKB1)/AMPK/acetyl‑CoA carboxylase α (ACC) 
signaling pathway was investigated using western blot 
analysis, along with the detection of superoxide dismutase 
(SOD)2 and SOD3 expression. Additionally, cell viability 
was detected using a Cell Counting Kit‑8 assay and ROS 
production was analyzed using ROS staining, whereas 
the expression levels of inflammatory mediators (TNF‑α, 
monocyte chemoattractant protein 1 and IL‑1β), apoptosis 
mediators [cleaved caspase‑3, cleaved poly (ADP‑ribose) 
polymerase and Bcl‑2] and nuclear factor erythroid 2‑related 
factor 2 signaling pathway‑related proteins were detected 
via western blot analysis following overexpression of APPL1 
alone or in combination with compound C treatment (an 
AMPK inhibitor). The results indicated that H/R induction 
upregulated the phosphorylation levels of LKB1, AMPK 
and ACC, and decreased the expression levels of APPL1 and 
SOD enzyme activities. APPL1 overexpression increased 
the phosphorylation levels of LKB1, AMPK and ACC, SOD 
enzyme activity and cell viability whereas the expression 

levels of proinflammatory mediators and proapoptotic 
mediators, and the levels of ROS production were mark‑
edly decreased when compared with H/R group with empty 
plasmid transfection. APPL overexpression‑mediated 
effects were significantly abrogated by compound C. Taken 
together, the data indicated that APPL1 inhibited ROS 
production and H/R‑induced myocardial injury via the 
AMPK signaling pathway. Therefore, APPL1 may serve as a 
potential therapeutic target for myocardial H/R injury.

Introduction

Acute myocardial infarction (AMI) is a cardiovascular disease 
with common and potentially fatal presentation (1). Although 
there was a relative decline in AMI of 48.7% over a study 
period (2000‑2014), AMI still is a leading cause of morbidity 
and mortality worldwide (2). The pathogenesis of myocardial 
ischemia‑reperfusion (I/R) injury is considered one of the 
main research topics in the field of vascular disease (3,4). The 
mechanism underlying myocardial I/R injury has not been 
fully elucidated. Ca2+ overload and oxidative stress are the 
primary factors associated with this disease, and inflamma‑
tory immune responses and induction of apoptosis are also 
involved (5,6).

During I/R, AMP‑activated protein kinase (AMPK) 
signaling serves a role in oxidative stress, cell apoptosis and 
cardiac dysfunction, and was indicated to mediate beneficial 
influence over adiponectin in cardiac damage induced by 
I/R (7‑10). Adiponectin serves a vital role in the cardiac 
protection mechanism, the decline of which was indicated 
to enhance I/R injury and the ineffectiveness of ischemia 
post‑conditioning (11). The activation of AMPK is mediated 
by adaptor protein phosphotyrosine interacting with PH 
domain and leucine zipper 1 (APPL1), which binds to both 
adiponectin receptor (AdipoR)1 and R2 (12). Adiponectin 
has been reported to protect myocardial cells from I/R 
injury by regulating AMPK and cyclooxygenase 2 (COX2) 
expression (13). In addition, following myocardial I/R injury 
induction in rats, adiponectin expression has been indicated 
to regulate the activation of the AMPK/sirtuin 1 axis (14). A 
previous study has demonstrated that adiponectin protected 
H9c2 cells from hypoxia‑reoxygenation (H/R)‑induced apop‑
tosis, but it could also activate APPL1 (15).
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Reactive oxygen species (ROS) are the main cause of 
oxidative stress and the primary inducer of I/R injury (16). 
Under normoxic conditions, the production and clearance 
of ROS in myocardial cells are balanced. However, during 
myocardial ischemia and hypoxia, the increased production of 
ROS can directly result in the oxidation of lipids, proteins and 
DNA, which further damages the cellular structure (17). As a 
result, the products of lipid peroxidation and the activity levels 
of the antioxidant enzymes, such as superoxide dismutase 
(SOD), are increased, leading to myocardial injury (18). 
Nuclear factor erythroid 2‑related factor 2 (NRF2) is involved 
in the regulation of redox balance, stress response and inflam‑
mation (19). It has been reported that NRF2 mediated the 
modulation of oxidative stress in cerebral oxygen‑glucose 
deprivation/reoxygenation (20). In addition, an interplay 
between NRF2 and NF‑κB has been demonstrated, which 
involved counterbalancing the activity of one another in cere‑
brovascular disorders (21).

Based on this evidence, the present study aimed to investi‑
gate the role and mechanism of action of APPL1 in H9c2 cells 
following H/R injury.

Materials and methods

Cell lines and establishment of the H/R model. H9c2 (rat 
myocardial cells) were purchased from The Cell Bank of Type 
Culture Collection of The Chinese Academy of Sciences and 
were routinely cultured in DMEM supplemented with 10% 
FBS (each, Gibco; Thermo Fisher Scientific, Inc.) at 37˚C with 
5% CO2. H9c2 cells were subjected to hypoxia for 24 h in an 
incubator at 37˚C (82% N2, 18% CO2 and <0.5% O2) and reoxy‑
genation for 1 h in an incubator at 37˚C (5% CO2 and 21% O2) 
to simulate myocardial cell injury caused by I/R, and a H/R 
model was established (H/R group). Cells in control group 
were routinely cultured in DMEM supplemented with 10% 
FBS at 37˚C with 5% CO2. H9c2 cells were pretreated with a 
specific AMPK activator (100 µM; product name, MK‑3903; 
cat. no. GC31361; GlpBio Technology) and AMPK inhibitor 
(10 µM; product name, compound C; cat. no. HY‑13418A; 
MedChemExpress) for 24 h.

Western blot analysis. H9c2 cells were exposed to specific 
conditions (H/R, APPL1 overexpression model, AMPK 
inhibitor or AMPK activator) and the cell was lysed using 
RIPA lysis buffer containing 1% PMSF (Beijing Solarbio 
Science & Technology Co., Ltd.) on ice for 30 min. The 
supernatant was collected after centrifugation at 4˚C for 
15 min at 12,000 x g, and the protein concentration was 
determined via the BCA method. Subsequently, the proteins 
were transferred to PVDF membranes following 12% 
SDS‑PAGE (50 µg proteins/lane were loaded on the gel). The 
membranes were blocked with 5% skimmed milk powder 
solution for 2 h at room temperature. The following primary 
antibodies were incubated with the membranes at 4˚C 
overnight: AMPK (1:1,000; cat. no. ab214425; Abcam), phos‑
phorylated (p)‑AMPK (1:1,000; cat. no. ab133448; Abcam), 
SOD2 (1:1,000; cat. no. ab68155; Abcam), SOD3 (1:1,000; 
cat. no. ab83108; Abcam), COX2 (1:1,000; cat. no. ab179800; 
Abcam), APPL1 (1:1,000; cat. no. ab250150; Abcam), 
GAPDH (1:5,000; cat. no. ab181602; Abcam), NRF2 (1:1,000; 

cat. no. ab89443; Abcam), Bcl2 (1:1,000; cat. no. ab196495; 
Abcam), heme oxygenase 1 (HO‑1; 1:10,000; cat. no. ab68477; 
Abcam), p‑liver kinase B1 (p‑LKB1; cat. no. 3482; 1,1000; 
Cell Signaling Technology, Inc.), LKB1 (cat. no. 3047; 
1,1000; Cell Signaling Technology, Inc.), p‑acetyl‑CoA 
carboxylase α (p‑ACC; cat. no. 3661; 1,1000; Cell Signaling 
Technology, Inc.), ACC (cat. no. 3662; 1,1000; Cell Signaling 
Technology, Inc.), cleaved caspase‑3 (cat. no. 9664; 1,1000; 
Cell Signaling Technology, Inc.), cleaved poly (ADP‑ribose) 
polymerase (PARP; cat. no. 94885; 1,1000; Cell Signaling 
Technology, Inc.), NF‑κB p65 (cat. no. 8242; all 1:1,000; Cell 
Signaling Technology, Inc.). The membranes were washed 
with TBST and then incubated with a secondary antibody 
solution [goat anti‑rabbit IgG H&L (HRP); 1:10,000; cat. 
no. ab97051; Abcam] for 2 h at room temperature. Following 
incubation, a chemiluminescence detection kit kit (Advansta, 
Inc.) was used to visualize the proteins. Quantity One soft‑
ware (v4.6.6; Bio‑Rad Laboratories, Inc.) was used to analyze 
the gray scale of the protein bands. The ratio of gray value of 
the target protein was normalized to gAPDH to represent the 
relative expression levels of the target protein.

SOD activity. H9c2 cells were collected and lysed using 
RIPA lysis buffer (Beijing Solarbio Science & Technology, 
Co., Ltd.). The cell supernatant was then obtained following 
centrifugation at 3,000 x g for 15 min at 4˚C. SOD activity was 
detected according to the manufacturer's protocol of the SOD 
assay kit (cat. no. A001‑3‑2; WST‑1 method; Nanjing Jiancheng 
Bioengineering Institute). The absorbance at a wavelength of 
450 nm was detected using a microplate reader.

Plasmid transfection. H9c2 cells (10x104 cells/ml) were 
transfected with APPL1 overexpression plasmids (5 nM; 
ov‑APPL1; Genomeditech) or empty plasmids (5 nM; 
pcDNA3.1; Genomeditech) using Lipofectamine® 3000 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. At 24 h after transfection, the 
cells were incubated at 37˚C for 12 h and then exposed to H/R 
conditions, in which H9c2 cells were subjected to hypoxia for 
24 h in an incubator at 37˚C (82% N2, 18% CO2 and <0.5% O2) 
followed by reoxygenation for 1 h in an incubator at 37˚C 
(5% CO2, 21% O2) to simulate myocardial cell injury).

Reverse transcription‑quantitative PCR (RT‑qPCR). After 
H/R induction, H9c2 cells were collected for RT‑qPCR 
analysis. Total RNA was extracted with TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) and its 
concentration was measured at a wavelength of 260 nm 
by spectrophotometry. In accordance with their respective 
manufacturer's protocols, a high‑Capacity cDNA Reverse 
Transcription kit (Thermo Fisher Scientific, Inc.) and 
SYBR™ Green quantitative kit (Thermo Fisher Scientific, 
Inc.) were used to reverse transcribe RNA into cDNA and 
for qPCR analysis, respectively, and gAPDH was used as the 
internal reference. The primers used in the present study were 
as follows: APPL1 forward, 5'‑gCC CgC AgA CAA ggT CTT 
TA‑3' and reverse, 5'‑TGA GGT CAG GTG TGT TGC TG‑3'; 
TNF‑α forward, 5'‑TgA gCA CAg AAA gCA TgA TC‑3' and 
reverse, 5'‑CAT CTG CTG  GTA CCA CCA GTT ‑3'; monocyte 
chemoattractant protein 1 (MCP‑1) forward, 5'‑TCC ACC 
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ACT ATg CAg gTC TC‑3' and reverse, 5'‑Tgg ACC CAT TCC 
TTA  TTG GG‑3'; IL‑1β, forward, 5'‑gAC CTg TTC TTT gAg 
gCT gAC ‑3', and reverse, 5'‑TCC ATC TTC TTC TTT ggg 
TAT TGT T‑3'; and GAPDH forward, 5'‑AGG GGC CAT CCA 
CAg TCT TC‑3' and reverse, 5'‑CAg TgC CAg CCT CgT CTC 
AT‑3'. The qPCR thermocycling conditions were as follows: 
Initial denaturation at 94˚C for 3 min; followed by 34 cycles 
of annealing at 55˚C for 45 sec and extension at 72˚C for 
2 min; and a final extension at 72˚C for 7 min. The results of 
the experiments were analyzed using the 2‑ΔΔCq method (22).

Cell counting kit‑8 (CCK‑8) assay. H9c2 cells were seeded 
into 96‑well plates (1x107 cells/ml). A total of 100 µl cell 
suspension was added to each well. Following incubation, 10 µl 
CCK‑8 solution (glpBio Technology) was added to each well 
and incubated for 2 h at 37˚C. The absorbance was measured 
at a wavelength of 450 nm with a microplate reader (Thermo 
Fisher Scientific, Inc.).

Lactate dehydrogenase (LDH) assay. When cells undergo 
apoptosis or necrosis, the cell membrane ruptures and 
intracellular LDH is released into the medium (23). The cell 
supernatant was collected after centrifugation at 400 x g at 

4˚C for 5 min and LDH activity was detected using a LDH 
kit (cat. no. ab65393; Abcam) according to the manufacturer's 
instructions. The absorbance value of each well was measured 
at a wavelength of 450 nm using a microplate reader, and the 
activity levels of LDH were quantitatively detected based on 
pyruvate levels. During the experiment, three wells were used 
per experimental condition.

ROS staining. H9c2 cells (1x106 cells/well) were seeded 
into 6‑well plates and treated with H/R (three wells for each 
experimental condition). A total of 1 µl ROS probe (cat. 
no. HY‑D0940; MedChemExpress) was added for a 30 min 
incubation at 37˚C. The culture medium was discarded, and 
the cells were rinsed twice with PBS. Four random fields of 
view were selected and imaged using a fluorescence micro‑
scope (Olympus Corporation; magnification, x200). The 
fluorescence intensity was detected using ImageJ 1.52r soft‑
ware (National Institutes of Health).

TUNEL assay. The apoptotic cells were stained using 
the TUNEL kit (cat. no. C1086; Beyotime Institute of 
Biotechnology) according to the manufacturer's instruc‑
tions. H9c2 cells were collected, washed with PBS and 

Figure 1. AMPK affects the protein expression levels of AMPK signaling and SOD levels. (A) H/R induction increased the ratios of p‑AMPK/AMPK, 
p‑LKB1/LKB1 and p‑ACC/ACC. (B) Expression of SOD2 and SOD3 proteins after H/R. (C) Analysis of SOD activity levels using a SOD assay kit. 
(D) Analysis of SOD2 and SOD3 protein expression levels via western blotting. (E) The detection of SOD activities by SOD assay kit. The experimental data 
are presented as the mean ± SD. *P<0.05, **P<0.01 and ***P<0.001. SOD, superoxide dismutase; H/R, hypoxia‑reoxygenation; ACC, acetyl‑CoA carboxylase; 
AMPK, AMP‑activated protein kinase; p, phosphorylated; LKB1, liver kinase B1. 
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subsequently fixed using 4% paraformaldehyde at room 
temperature for 30 min. Following incubation with 0.3% 
Triton X‑100 for 5 min at room temperature, the cells were 
further incubated with TUNEL solution at 37˚C for 60 min. 
DAPI (0.1 µg/ml) was added to counterstain nuclei at room 
temperature in the dark for 5 min. Four random fields were 
selected for analysis and the apoptotic cells was observed 
using a fluorescence microscope (Olympus Corporation; 
magnification, x200).

Statistical analysis. SPSS 22.1 software (IBM Corp.) was 
used for analysis of all data. graphPad Prism 7.0 (graphPad 

Software, Inc.) was used for production of the relevant graphs. 
The data are presented as the mean ± SD. Each experiment 
was at least repeated three times. One‑way ANOVA was used 
for comparisons among multiple groups, followed by Tukey's 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

H/R affects the AMPK signaling pathway and the expression 
levels of antioxidant enzymes. AMPK activation has been 
reported to serve a protective role in decreasing the death 

Figure 2. APPL1 overexpression increases the phosphorylation levels of LKB1, AMPK and ACC, as well as SOD levels. (A) mRNA and (B) protein expression 
levels of APPL1 in H/R‑induced H9c2 cells. (C) mRNA and (D) protein expression levels of APPL1 in H9c2 cells with or without ov‑APPL1 transfec‑
tion. (E) mRNA and (F) protein expression levels of APPL1 in H/R‑induced H9c2 cells overexpressing APPL1. Determination of the expression levels of 
(g) p‑LKB1, LKB1, p‑AMPK, AMPK, p‑ACC, ACC, (H) SOD2 and SOD3. (I) Determination of the activity levels of SOD. The experimental data are 
presented as the mean ± SD. *P<0.05, **P<0.01 and ***P<0.001. APPL1, adaptor protein phosphotyrosine interacting with PH domain and leucine zipper 1; 
ACC, acetyl‑CoA carboxylase; H/R, hypoxia‑reoxygenation; SOD, superoxide dismutase; LKB1, liver kinase B1; AMPK, AMP‑activated protein kinase; 
p, phosphorylated; ov, overexpression; NC, negative control. 
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of myocardial cells induced by I/R (4,24). The expression 
levels of the total and phosphorylated forms of I/R‑associated 
proteins, including AMPK, LKB1 and ACC, were assessed 
using western blot analysis. The phosphorylation levels of 

these proteins were significantly increased in H/R‑treated 
H9c2 cells compared with those in the control group (Fig. 1A). 
Furthermore, the expression levels of SOD2 and SOD3, and 
SOD activity were significantly decreased by H/R treatment 

Figure 3. APPL1 overexpression increases cell viability after H/R and compound C reduces it via the AMP‑activated protein kinase signaling pathway. (A) Cell 
viability and (B) LDH were detected using Cell Counting Kit‑8 and LDH assays, respectively. The experimental data are presented as the mean ± SD. *P<0.05 
and ***P<0.001. APPL1, adaptor protein phosphotyrosine interacting with PH domain and leucine zipper 1; LDH, lactate dehydrogenase; H/R, hypoxia‑reoxy‑
genation; ov, overexpression; NC, negative control. 

Figure 4. APPL1‑induced suppression of proinflammatory mediators after H/R is mediated by AMP‑activated protein kinase. (A) Detection of the expression 
levels of TNF‑α, MCP‑1 and IL‑1β in H/R‑induced H9c2 cells. (B) Expression levels of NF‑κB p65 and COX2 were determined by western blotting. The 
experimental data are presented as the mean ± SD. *P<0.05 and ***P<0.001. APPL1, adaptor protein phosphotyrosine interacting with PH domain and leucine 
zipper 1; H/R, hypoxia‑reoxygenation; MCP‑1, monocyte chemoattractant protein 1; COX2, cyclooxygenase 2; ov, overexpression; NC, negative control. 
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compared with those in the control group (Fig. 1B and C). It 
has been reported that AMPK/gSK3β‑Nrf2 is implicated in 
affecting oxidative stress (25,26). To verify the effects of the 
AMPK signaling pathway on the expression of the antioxidant 
enzymes, MK‑3903 or compound C were added to the cells. 
The results indicated that the expression levels of SOD2 and 
SOD3, and SOD activity were tightly regulated by the AMPK 
signaling pathway (Fig. 1D and E).

APPL1 overexpression upregulates the expression levels 
of LKB1/AMPK/ACC signaling pathway‑related proteins. 
The protein and mRNA expression levels of APPL1 were 
detected by western blot analysis and RT‑qPCR, respectively. 
The results revealed that the mRNA and protein expression 
levels of APPL1 were significantly downregulated following 
H/R exposure in H9c2 cells compared with those in the 
control group (Fig. 2A and B). To explore the mechanism 
of action underlying APPL1, this protein was overexpressed 
in H9c2 cells with or without H/R induction (Fig. 2C‑F). 
The phosphorylation levels of LKB1, AMPK and ACC were 
increased after APPL1 overexpression compared with the 
H/R and Ov‑NC cotreatment group (Fig. 2g). In addition, 
the expression levels of SOD2 and SOD3, and levels of SOD 
activity were also significantly increased by APPL1 over‑
expression compared with the H/R and Ov‑NC cotreatment 
group (Fig. 2H and I).

APPL1 increases cell viability and reduces LDH release 
via the AMPK signaling pathway. To assess whether AMPK 
activation was associated with APPL1 overexpression in 
H/R‑treated H9c2 cells, compound C was used to inhibit 

the activation of AMPK. Cell viability was detected using 
a CCK‑8 assay. Following H/R treatment, the viability of 
H9c2 cells was significantly decreased compared with that 
in the control group. When the cells were transfected with 
ov‑APPL1 plasmids for 12 h, the results of cell viability 
indicated that APPL1 overexpression significantly reduced 
H/R‑induced cell injury compared with the H/R + ov‑NC 
group, displaying no apparent cytotoxic effect (Fig. 3A). 
When cardiomyocytes are damaged, they release several 
different proteins into the bloodstream, such as LDH. The 
release of LDH from H9c2 myocardial cells was significantly 
increased in the H/R group compared with that in the control 
group (Fig. 3B). However, the effect of APPL1 overexpres‑
sion on cell viability and LDH release was significantly 
counteracted by inhibiting AMPK via co‑treatment of the 
cells with compound C.

APPL1 overexpression reduces the expression levels of 
proinflammatory markers via AMPK signaling. APPL1 
overexpression significantly decreased the expression levels 
of the proinflammatory markers TNF‑α, MCP‑1 and IL‑1β 
in H/R‑induced H9c2 cells, which was significantly reversed 
following compound C treatment (Fig. 4A). Similar effects 
were also observed after H/R treatment and APPL1 overex‑
pression in the expression levels of p65 and COX2 (Fig. 4B), 
indicating that APPL1 could regulate the NF‑κB signaling 
pathway via AMPK.

APPL1 overexpression decreases ROS regeneration via the 
AMPK signaling pathway. Previous studies have indicated 
that H/R can induce ROS production and oxidative damage, 

Figure 5. Decrease in ROS levels induced by APPL1 overexpression is mediated via AMP‑activated protein kinase. (A) Quantification of ROS production 
(B) as determined by ROS staining. The experimental data are presented as the mean ± SD. ***P<0.001. ROS, reactive oxygen species; APPL1, adaptor protein 
phosphotyrosine interacting with PH domain and leucine zipper 1; H/R, hypoxia‑reoxygenation; ov, overexpression; NC, negative control. 
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leading to cardiomyocyte death and apoptosis (27,28). In 
the present study, it was further revealed that ROS produc‑
tion was significantly decreased by APPL1 overexpression 
in H/R‑induced H9c2 cells, as determined by ROS staining 
(Fig. 5A and B). However, this effect was significantly inhib‑
ited by compound C treatment.

APPL1 overexpression suppresses cell apoptosis induced 
by H/R. TUNEL staining was used to detect the apoptosis 
of H9c2 cells. The apoptotic rate of the ov‑APPL1 group 

was significantly reduced compared with that of the H/R + 
ov‑NC group. Western blot analysis was used to detect the 
expression levels of apoptosis‑associated proteins. The 
data demonstrated that the expression levels of cleaved 
caspase‑3 and cleaved PARP were significantly reduced, 
whereas the expression levels of Bcl2 were significantly 
increased following APPL1 overexpression in H/R‑induced 
H9c2 cells. This effect was reversed by compound C treat‑
ment (Fig. 6C); however, no effect was observed on Bcl‑2 
expression.

Figure 6. Suppression of apoptosis by APPL1 overexpression. (A) Quantification of apoptotic rate of H9c2 cells induced by H/R (B) as determined by 
performing TUNEL staining. (C) Detection of cleaved caspase‑3, cleaved PARP and Bcl2 expression levels. The experimental data are presented as the 
mean ± SD. *P<0.05, **P<0.01 and ***P<0.001. APPL1, adaptor protein phosphotyrosine interacting with PH domain and leucine zipper 1; H/R, hypoxia‑reox‑
ygenation; PARP, poly (ADP‑ribose) polymerase 1; ov, overexpression; NC, negative control. 

Figure 7. Upregulation of NRF2 expression by APPL1 overexpression after H/R. Expression levels of NRF2 and HO‑1 in H/R‑induced H9c2 cells were 
detected using western blotting. The experimental data are presented as the mean ± SD. *P<0.05, **P<0.01 and ***P<0.001. H/R, hypoxia‑reoxygenation; 
NRF2, nuclear factor erythroid 2‑related factor 2; HO‑1, heme oxygenase‑1; APPL1, adaptor protein phosphotyrosine interacting with PH domain and leucine 
zipper 1; ov, overexpression; NC, negative control. 
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APPL1 overexpression upregulates the expression of NRF2. 
Previous studies have reported that the activation of AMPK 
causes a further activation of the NRF2 signaling pathway 
and protects cells from oxidative damage via NRF2 (26,29). 
Therefore, the current study assessed whether APPL1 could 
activate the NRF2 signaling pathway in H/R‑induced myocar‑
dial cells via AMPK signaling. Nrf2 could directly regulate the 
promoter activities of HO‑1, a vital antioxidase that is involved 
in myocardial ischemia reperfusion injury. Compared with 
those in the control group, the expression levels of NRF2 and 
HO‑1 (30) were significantly reduced by H/R treatment and 
these effects were significantly recovered by APPL1 overex‑
pression (Fig. 7). However, compound C significantly inhibited 
the effects of APPL1 overexpression in H/R‑induced H9c2 
cells. These results indicated that APPL1 activated the AMPK 
signaling pathway, thereby enhancing NRF2 signaling.

Discussion

The activation of ACC catalyzes the synthesis of malonyl CoA, 
which induces the transport of long chain fatty acyl‑CoA into the 
mitochondria for β‑oxidation. This process can be modulated by 
AMPK (31). The AMPK/ACC signaling pathway is markedly 
altered in myocardial I/R as reported by previous studies (32,33). 
The present study provided evidence of this in H9c2 cells 
exposed to H/R conditions, which was in agreement with the 
aforementioned studies. The phosphorylation levels of AMPK, 
LKB1 and ACC were markedly increased following overexpres‑
sion of APPL1. The activation of the AMPK signaling pathway 
has been reported to mediate the cardioprotective effects of 
carvedilol (33). Therefore, APPL1 overexpression was indicated 
to serve a protective role in HR‑induced H9c2 cells. Further 
experimental results from the present study confirmed that 
SOD2 and SOD3 protein expression levels were increased along 
with increased cell viability and decreased LDH production 
following overexpression of APPL1 in H/R‑induced H9c2 cells. 
It has also been previously demonstrated that SOD reduces ROS 
generation induced by myocardial I/R and decreases oxidative 
stress‑induced injury (34,35).

During myocardial I/R, the number of TUNEL+ cells 
and the levels of TNF‑α, MCP‑1 and IL‑1β are notably 
increased (34). In the present study, this effect was also 
demonstrated in H9c2 cells induced by H/R, which was 
significantly inhibited by APPL1 overexpression. In addition, 
compound C reversed these effects of APPL1 overexpression 
in H/R‑induced H9c2 cells, suggesting that the suppression of 
the levels of the proinflammatory markers following APPL1 
overexpression was mediated by AMPK. Similar results were 
also observed for NF‑κB p65 and COX2. It has been reported 
that the inflammatory response caused by the induction of 
H/R is improved via AMPK activation, which modulates the 
JNK‑mediated NF‑κB signaling pathway (36). A decrease 
in ROS levels has been indicated to be associated with 
suppressing the induction of cell apoptosis and reducing the 
levels of apoptosis‑associated markers in I/R (34). The present 
study demonstrated that APPL1 overexpression inhibited ROS 
production in H/R‑induced H9c2 cells, which could lead to 
the suppression of H/R‑induced apoptosis. This effect was 
significantly relieved by compound C treatment. The activa‑
tion of the Nrf2 signaling pathway serves a protective role in 

improving cardiac function and decreasing myocardial infarct 
size, which in turn coordinates the upregulation of antioxidant 
and anti‑inflammatory cellular mechanisms (37). Moreover, 
in the present study, the levels of Nrf2 and HO‑1 were signifi‑
cantly increased by APPL1 overexpression following H/R, 
and these effects were suppressed by compound C treatment, 
demonstrating the regulation of the Nrf2 signaling pathway 
by AMPK. The AMPK/Nrf2 signaling pathway is widely 
involved in I/R‑induced injury, such as cerebral I/R and 
myocardial I/R (38‑41). Taken together, the data indicated that 
APPL1 inhibited oxidative stress and H/R‑induced myocardial 
injury via the AMPK signaling pathway. However, whether 
the regulatory mechanism underlying APPL1 in the AMPK 
signaling pathway is also present in vivo or in other cell lines 
after I/R or H/R still requires further investigation, which was 
a limitation of the present study. The present study indicated 
that APPL1 may be considered as a potential therapeutic target 
for myocardial H/R injury.
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