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Abstract: Myocardial infarction (MI) is a serious disease with high morbidity and mortality worldwide. Reducing 
myocardial reperfusion injury in MI patients remains a challenge. The generation of excessive reactive oxygen spe-
cies (ROS) during reperfusion is known to be responsible for injury. A peptide from tuna backbone protein (APTBP) 
captured our attention due to its strong antioxidant activity. Here, we aimed to assess the function of APTBP in 
protecting against myocardial ischaemia-reperfusion (I/R) injury and to clarify the associated mechanism. Two in 
vitro models generated by hypoxia and cobalt chloride treatment were used to determine the effect of APTBP on 
cardiomyocytes under hypoxic stress. In vivo, a rat model of I/R was generated to evaluate APTBP functions. As 
a result, APTBP attenuated hypoxia- or cobalt chloride-induced injury to H9C2 cells and primary cardiomyocytes. 
Moreover, hypoxia-induced apoptosis, ROS generation and impaired mitochondrial function were also suppressed 
by APTBP administration. In vivo, tail vein injection of APTBP ameliorated pathological damage and mildly restored 
cardiac function. To clarify the mechanism, RNA-seq was performed and revealed that the Wnt signalling pathway 
may be associated with this mechanism. Rescue analysis showed that β-catenin knockdown diminished the pro-
tective effect of APTBP and that the expression of an ROS generator abolished the restoration of Wnt/β-catenin 
signalling induced by APTBP. Collectively, our findings suggest that APTBP reduces cardiomyocyte apoptosis and 
protects against myocardial ischaemia-reperfusion injury by scavenging ROS and subsequently restoring Wnt/β-
catenin signalling.
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Introduction

Myocardial infarction (MI) is a leading cause of 
morbidity and mortality worldwide. Each year, 
approximately 800 thousand individuals in the 
United States suffer from a new MI [1, 2]. 
Despite significant advances in the medical 
management of MI, including primary percuta-
neous coronary intervention (PPCI), antiplatelet 
and antithrombotic therapies, and angioplasty, 
the prevalence of MI remains extremely high 
and constitutes a risk factor for heart failure.

The injury inflicted on the myocardium during 
acute MI mostly results from two detrimental 

processes, ischaemia and reperfusion, and is 
termed ischaemia-reperfusion (I/R) injury. The 
process of I/R is characterized by nutrient and 
oxygen deprivation that profoundly alters the 
outcome of a developing acute MI. Therefore, 
great efforts have been made to limit I/R in- 
jury.

Interestingly, therapeutic strategies applied so- 
lely at the onset of myocardial reperfusion have 
been shown to decrease MI size by 40-50% [3]. 
However, the mechanism responsible for reper-
fusion-induced injury has not yet been fully cl- 
arified. Paradoxically, reperfusion with oxygen-
rich blood further damages the ischaemic myo-
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cardium. Furthermore, a burst of reactive oxy-
gen species (ROS) generation has been well 
described during the first few moments of re- 
perfusion. Experimental studies have support-
ed the notion of oxidative stress-induced reper-
fusion injury when oxygen is reintroduced to 
ischaemic tissue [4]. Previous studies have do- 
cumented that the generation of ROS is dra-
matically elevated by more than three-fold in 
animal hearts that underwent ischaemia/re- 
perfusion compared to that of normal hearts 
[5]. ROS modulate some important pathways, 
including apoptosis, energy metabolism, the in- 
flammatory response, and survival/stress res- 
ponses [6]. Excess ROS accumulation is un- 
derstood to represent a common pathogenic 
mechanism of the progression of I/R.

Given the important role of ROS in I/R injury, 
strategies aimed at eliminating excessive ROS 
may be effective therapeutic approaches to 
reducing damage associated with I/R. Some 
evidence has suggested that restricting I/R-
induced ROS accumulation and myocardial 
apoptosis greatly benefits patients who suffer 
from MI [7]. In addition, a few antioxidants ha- 
ve been determined to have cardioprotective 
effects by countering oxidative stress [8, 9].

Recently, a novel peptide purified from the 
hydrolysates of tuna backbone protein (APTBP) 
has been identified to have strong antioxidant 
activity [10, 11]. In vitro experiments have re- 
vealed the antioxidant effects of APTBP in 
inhibiting lipid peroxidation and scavenging 
free radicals. This observation prompted us to 
consider whether APTBP may be an effective 
molecule for protecting against I/R-induced 
myocardial injury.

Therefore, in the present study, we investigated 
the effect of APTBP in myocardial ischaemia-
reperfusion injury. We first explored the func-
tion of APTBP in a hypoxic cardiomyocyte mo- 
del and in a rat model of I/R. Furthermore, 
through transcriptome analysis, we prelimina- 
rily clarified the mechanism underlying the car-
dioprotective effect of APTBP.

Materials and methods

Cell culture and hypoxic stimulation

The embryonic heart-derived H9C2 cell line 
was obtained from the Chinese Academy of 
Science (Shanghai, China). H9C2 cells were cul-

tured in Dulbecco’s modified Eagle’s medium 
(DMEM) (Thermo Fisher Scientific, Waltham, 
MA, USA) supplemented with 10% foetal bo- 
vine serum (FBS), 100 U/ml penicillin (Wisent, 
Canada) and 100 μg/ml streptomycin (Wisent, 
Canada) in a humidified incubator with 5% CO2 
at 37°C.

For primary ventricular myocyte isolation, 2- 
day-old Sprague-Dawley rats were dissected, 
and the ventricles were minced and digested 
with collagenase (0.4 mg/ml, Sigma Aldrich) 
and pancreatin (0.6 mg/ml) in 116 mM NaCl, 
20 mM HEPES (pH 7.35), 5.6 mM glucose, 0.8 
mM NaH2PO4, 5.4 mM KCl, and 0.8 mM MgSO4. 
The cells were recovered by centrifugation (5 
min, 100× g), resuspended in DMEM conta- 
ining 15% M199 and 15% FCS and plated  
on 10-cm dishes precoated with 1% gelatine 
(37°C, 30 min) to remove non-myocytes. The 
non-adherent cardiomyocytes were isolated 
and plated on gelatine-coated six-well dishes  
at a density of 2×105 cells per well.

To generate the hypoxia model, H9C2 cells  
and primary ventricular cells were cultured in 
dishes with DMEM supplemented with 10% 
serum and divided into the experimental group 
and the control group. The cells in the experi-
mental group were pre-treated with peptide  
for 1 h and then cultured in serum- and glu-
cose-free medium. The cells were then anae- 
robically cultured using the AnaeroPack sys- 
tem (Mitsubishi Gas Chemical Co., Inc., Tokyo, 
Japan) for 12 h and reoxygenated for 3 h at 
37°C (for the in vitro hypoxia time course ex- 
periment, the reperfusion period was held con-
stant at 3 h). The cells in the control group  
were cultured in normal medium. For cobalt 
chloride (CoCl2) treatment, 800 μM CoCl2 was 
added to the culture supernatant of H9C2 cells, 
and the cells were cultured for 18 h with 5% 
CO2 at 37°C after pre-administration of the 
peptide.

A trypan blue dye exclusion assay was per-
formed to detect cell survival. To examine the 
cell death rate, the cells were collected and 
stained using a trypan blue staining cell via- 
bility assay kit (Beyotime, China) according to 
the manufacturer’s protocol. The blue-stained 
cells were regarded as dead cells, and the 
death rate was calculated by the following for-
mula: dead cells/total cells ×100%.
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Determination of the lactate dehydrogenase 
(LDH) level

The level of lactate dehydrogenase released 
into the culture supernatant and in rat serum 
was examined by an LDH release assay kit 
(Beyotime, China) according to the manufac-
turer’s instructions.

Peptide synthesis

The peptides used in the study were synthe-
sized and purified by Science Peptide (Shang- 
hai, China). APTBP (VKAGFAWTANQQLS) and 
scramble APTBP (ANVQSAAGWLQTFK) conta- 
ined 13 amino acids (GRKKRRQRRRPPQ) con-
stituting a cell-penetrating peptide (CPP) de- 
rived from the HIV-1 Tat region (48-60). The 
peptides were dissolved in water at a concen-
tration of 10 mM and stored in a -80°C free- 
zer.

TUNEL staining assay

For the terminal deoxytransferase-mediated 
dUTP-biotin nick end labelling (TUNEL) assay, 
the cells were washed with phosphate-buffered 
saline (PBS) three times and immobilized with 
4% paraformaldehyde. Apoptotic cells were vi- 
sualized with TUNEL staining according to the 
manufacturer’s instructions (Beyotime, China). 
The percentage of TUNEL-positive cells was 
determined by calculating the ratio of TUNEL 
fluorescence intensity to the DAPI fluorescen- 
ce intensity, and the fluorescence intensity was 
determined using ImageJ software 1.26 (Way- 
ne Rasband, National Institutes of Health, 
Bethesda, MD, USA).

Determination of oxygen consumption 

After exposure to hypoxia, H9C2 cells were 
evaluated for oxygen consumption using a Se- 
ahorse extracellular flux analyser (Seahorse 
Biosciences, Billerica, CA, USA). The proportion 
of oxygen consumption due to ATP turnover,  
the maximal rate of respiration and the amount 
of proton leak were determined by injecting 1 
μM oligomycin A, 1 μM FCCP and 10 μM anti- 
mycin A at the indicated times.

In vivo experiment

The animal study protocol was in accordance 
with the Care and Use of Animals published  
by the Institutional Animal Ethical Committee. 

Male Sprague-Dawley rats (8 weeks old) were 
randomly assigned to three groups: the sham-
operated group (n=6), the I/R group (n=6), and 
the peptide-treated I/R group (n=6×3). All of 
the rats were injected with APTBP or an equal 
volume of scramble APTBP (the peptides were 
all dissolved in saline) via the caudal vein 30 
min before the I/R procedure. The rats were 
anaesthetized with chloral hydrate (400 mg/
kg) via intraperitoneal injection. A thoracoto- 
my was performed, and myocardial I/R was 
induced by ligating the left anterior descending 
(LAD) coronary artery with a 6-0 silk suture for 
40 min before 24 h of reperfusion. The sham 
operation was conducted using the entire sur- 
gical protocol described above without LAD 
ligation and release. Then, the hearts were har-
vested for paraffin embedding and sectioning 
and were stained with haematoxylin & eosin 
(H&E) or Masson’s trichrome. For TTC staining, 
the heart was frozen at -20°C for 1 h, cut into 
slices perpendicular to the apex-base axis, 
incubated in 1.0% TTC for 20 min at 37°C, and 
immersed in 10% formalin overnight. The scor-
ing criteria for the myocardial injury histosco- 
re were previously described [12]. Briefly, the 
pathology was scored as 0 (nil, no myocardial 
injury), 1 (minimum, minimal myocardial injury), 
2 (mild, visibly disorganized myocardial fibres), 
3 (moderate, obviously disorganized myocardi-
al fibres), or 4 (severe, severely disorganized 
myocardial fibres and focal destruction by neu-
trophil infiltration). The tissue from the MI area 
was lysed and evaluated for caspase-3 activi- 
ty using a caspase-3 activity kit (Beyotime 
Institute of Biotechnology, Haimen, China) ac- 
cording to the manufacturer’s instructions.

The mice underwent 40 min of ischaemia and 
24 h of reperfusion and were evaluated for  
cardiac function through transthoracic echo-
cardiography using a Vevo 2100 system (Visu- 
al Sonics, Toronto, Canada). Two-dimensional-
guided M-mode echocardiography was used to 
determine the left ventricular chamber volume 
at systole and diastole and contractile param-
eters, such as the left ventricular end-diasto- 
lic dimension (LVEDD), the left ventricular end-
systolic dimension (LVESD), the left ventricular 
end-diastolic volume (LVEDV), and the left ven-
tricular end-systolic volume (LVESV). The left 
ventricular fractional shortening (LVFS) was  
calculated as follows: FS (%)=(LVEDD-LVESD)/
LVEDD×100. The ejection fraction (EF) was th- 
en derived as EF (%)=(EDV-ESV)/EDV×100.
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Western blot analysis

Protein was extracted from the cells with RIPA 
lysis buffer containing 1% PMSF and quantified 
using a BCA protein assay kit (23229; Thermo 
Fisher Scientific). A total of 30 µg of protein  
was mixed with 1× SDS sample loading buffer 
and separated on a 10% SDS-PAGE gel. Anti-
caspase-3 (#9665) (1:2000), anti-β-catenin 
(#8480) (1:1000), anti-cyclin D1 (#2922) (1: 
2000), and anti-β-actin (#3700) (1:5000) we- 
re purchased from Cell Signaling Technology 
(Danvers, MA, USA). Anti-GSK3β (ab93926) 
(1:2000), anti-APC (ab40778) (1:1000) and 
anti-Axin2 (ab32197) (1:1000) antibodies we- 
re purchased from Abcam (Cambridge, MA, 
USA). The immunoreactive bands were detect-
ed by a FluorChem M system (ProteinSimple, 
San Jose, CA, USA).

Knockdown of β-catenin

Twenty thousand H9c2 cells were plated in 
6-well plates, and 24 h later, when the cells 
reached approximately 60% confluence, 100 
pmol of siRNA was transfected into the cells 
using Lipofectamine 2000 (Thermo Fisher Sci- 
entific, Waltham, MA, USA). Forty-eight hours 
post-transfection, the cells were used for pep-
tide treatment or hypoxic stimulation. The siR-
NAs used in this study were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA, 
USA).

Transcriptomic analysis

The cells that underwent hypoxia were treat- 
ed with APTBP (50 μM) or left untreated. Then, 
total RNA was isolated as previously describ- 
ed and submitted for transcriptome analysis 
using Illumina HiSeq. A TruSeq RNA sample 
prep kit v2 (Illumina) was used to prepare the 
cDNA libraries according to the manufacturer’s 
instructions. The size distribution of the final 
product was assessed using a Bioanalyzer  
DNA High Sensitivity Kit (Agilent Technologies). 
Each library was loaded into one lane of an 
Illumina HiSeq 2500 for 2×150 bp paired-end 
(PE) sequencing.

Following on-board cluster generation on a 
Rapid Run paired-end flow cell, the libraries 
subsequently underwent 150 cycle sequencing 
(v3 sequencing kit) according to the manufac-
turer’s instructions (HiSeq 2500, Illumina). The 

differentially regulated genes were analysed 
using ClueGO + Cluepedia.

ROS determination and generation

For intracellular ROS assessment, ROS levels 
were determined by a reactive oxygen species 
assay kit (Beyotime, China) according to the 
manufacturer’s instructions. Briefly, after being 
cultured in serum-free DMEM containing 0.1% 
DCFH-DA at 37°C for 20 min, the cells were 
washed with serum-free DMEM three times 
and photographed using a laser scanning con-
focal microscope. The ROS fluorescence inten-
sity was assessed using ImageJ software and 
normalized to that of the control.

For the DPPH (2,2-diphenyl-1-picrylhydrazyl) 
assay, the procedure was performed according 
to a previous study [13]. Briefly, 1 mg DPPH was 
dissolved in 24 ml of ethyl alcohol, and differ-
ent concentrations of APTBP were added to the 
DPPH solution to evaluate the radical scaveng-
ing ratio by measuring the absorbance at 519 
nm.

For mitochondrial ROS determination, H9c2 
cells were stained with CellROX Deep Red Re- 
agent (Thermo Fisher, USA) and MitoTracker™ 
Green (Thermo Fisher, USA) for 40 min and 
then washed with PBS 3 times. The fluorescent 
images were photographed using a Leica fluo-
rescence stereomicroscope model MZ FL III 
(Leica, Germany).

For ROS generation, D-galactose (0.5 mM)  
and galactose oxidase (GAO) (0.015 U/ml) were 
used to generate exogenous H2O2 as previously 
described [12]. The reagents were purchased 
from Sigma Aldrich (St. Louis, MO, USA).

Statistical analysis

Statistical analyses were performed using 
SPSS 13.0 software. All experiments were re- 
peated at least three times with similar results, 
and Student’s t-test or one-way ANOVA followed 
by a post hoc Tukey test was used to assess 
significance.

Results

The basic characteristics of APTBP

We first identified the basic characteristics of 
APTBP using the ProtParam tool (https://web.
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expasy.org/protparam/) and Helical Wheel Pr- 
ojections software (http://rzlab.ucr.edu/scrip- 
ts/wheel/wheel.cgi). Analyses with the Prot- 
Param tool revealed that the protein had a the-
oretical half-life of up to 100 h, demonstrating 
the stability of APTBP (Table 1). Based on heli-
cal wheel projections, APTBP appeared to have 
a significant amphipathic character, with three 
distinct hydrophobic residues (F5, W7, and 
L13), along with three distinct hydrophilic resi-
dues (N10, Q11, and Q12) (the most hydropho-
bic residues are coded green, and the hydro-
philic residues are coded red) (Figure 1A). 
Considering that the cell membrane is a barri- 
er for peptides to enter the cell and exert th- 
eir functions, we chemically synthesized APT- 
BP with a cell-penetrating peptide (CPP: GRKK- 
RRQRRRPPQ) derived from HIV-1 Tat (48-60) 
attached to the N terminus. To determine the 
stability and cell-penetrating ability of the syn-
thesized APTBP, embryonic heart-derived H9C2 
cells were treated with FITC-labelled APTBP (10 
μM), and the fluorescence was monitored at 
different time points. APTBP penetrated the 
cell membrane readily and resided intracellu-
larly, including in the nucleus, after 3 h. The 
fluorescence intensity remained relatively con-
stant at 9 h, but the majority of the signal had 
declined by 18 h (Figure 1B). These results 
demonstrate that APTBP is able to easily pene-
trate the cell and displays sufficient intracellu-
lar stability, which provides support for subse-
quent in vitro and in vivo studies.

APTBP protected cardiomyocytes from hypoxia-
induced injury

To investigate whether APTBP is able to pro- 
tect cardiomyocytes against hypoxic stress, we 
determined the impact of APTBP administra-
tion on hypoxia-induced damage to H9C2 cells. 
Hypoxia caused more than half of the H9C2 
cells to become round and float, indicating cel-
lular death. Although the scramble peptide  
and low doses of APTBP (10 μM) exhibited no 
significant protective effects, doses of 20 μM, 
50 μM, and 100 μM markedly decreased car-
diomyocyte death in a dose-dependent man-

TBP for subsequent studies. Then, we assess- 
ed alterations in the cell death rate at diffe- 
rent time points and found that APTBP (50 μM) 
caused a significant reduction in the death rate 
after 6-12 h of hypoxia treatment (Figure 2D).

To confirm the protective effect of APTBP on 
hypoxia-induced injury, we used CoCl2, a com-
pound that rapidly increases intracellular ROS 
levels, to chemically mimic hypoxia. Consis- 
tently, APTBP (50 μM) notably attenuated 
CoCl2-induced H9C2 cell death and decreased 
the death rate from approximately 0.8 to 0.4 
(Figure 2E, 2F). APTBP also reduced hypoxia-
induced primary myocardial cell death (Figure 
2G). Taken together, these results demonstra- 
te that APTBP possesses a strong protective 
effect against hypoxic stress and exhibits a fa- 
vourable protective effect in cardiomyocytes.

APTBP inhibited hypoxia-induced apoptosis

Limited ischaemia is understood to mainly in- 
duce apoptosis in cardiomyocytes. Therefore, 
Western blot analysis of cleaved caspase-3 
expression was conducted to examine the le- 
vel of apoptosis in H9C2 cells. We observed a 
dramatic decrease in the level of cleaved cas-
pase-3 after APTBP treatment. Compared to 
the hypoxia group, the group treated with 20 
μM APTBP exhibited an almost 50% reduction 
in the expression of cleaved caspase-3 (Figure 
3A, 3B).

We next used a TUNEL assay to measure apop-
totic cells and observed that APTBP (50 μM) 
significantly reduced the number of TUNEL-po- 
sitive cells, and the proportion decreased fr- 
om approximately 70% to 40% (Figure 3C, 3D). 
These results indicate that APTBP inhibits ap- 
optosis and exhibits a protective effect in car-
diomyocytes exposed to hypoxia.

APTBP reduced ROS accumulation and re-
stored mitochondrial function

A previous study showed that APTBP possess-
es the ability to engage in direct free radical 
scavenging and exhibits antioxidant activity 
[14]. Given that hypoxia commonly increases 

Table 1. Characterization of APTBP
Formula MW pI Half-life (h) Instability index GRAVY
C69H105N19O20 1520.7 8.72 100 4.86 -0.071
GRAVY: Grand average of hydropathicity.

ner, as well as the level of LDH re- 
leased into the cell culture super- 
natant (Figure 2A-C). Because 50 
μM peptide showed a marked effect 
similar to that of the 100 μM dose, 
we selected 10, 20, and 50 μM AP- 
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cytotoxic ROS accumulation, which always le- 
ads to mitochondrial dysregulation and cell 
damage, we next assessed the intracellular 
ROS levels after APTBP administration by fluo-
rescence microscopy using DCFH-DA. The re- 
sults showed that the levels of intracellular  
ROS were increased dramatically under hypoxic 
stress, and APTBP potently restricted ROS ac- 
cumulation, while the scramble peptide had no 
effect (Figure 4A, 4B).

Mitochondria are understood to play a crucial 
role in maintaining the normal function of car-
diomyocytes. Accordingly, we validated mito-
chondrial function after treatment with APTBP 
by measuring the oxygen consumption rate us- 
ing a Seahorse extracellular flux analyser. We 
observed that hypoxia markedly impaired not 
only basal respiration but also maximal respira-
tion in cardiomyocytes (Figure 4C). The admin-
istration of APTBP partly restored the rate of 
oxygen consumption, suggesting a protective 
effect on mitochondria (Figure 4C). Taken to- 
gether, these results suggest that APTBP eli- 
minates ROS accumulation and protects mi- 
tochondria against hypoxic stress, potentially 
maintaining normal cardiomyocyte function.

APTBP attenuated cardiomyocyte injury 
caused by ischaemia-reperfusion in vivo

We next examined whether APTBP exhibits a 
cardioprotective effect in vivo similar to that 

observed in vitro. To address this, an I/R mo- 
del was generated in male SD rats by LAD liga-
tion for 40 min followed by 3 h of reperfusion. 
Figure 5A shows a schematic of the procedure 
used to generate the animal model. The echo-
cardiography results showed that 20 mg/kg 
APTBP mildly restored myocardial function, 
such as the EF (ejection fraction) and FS (frac-
tional shortening) indices, the HW/BW (heart 
weight/body weight) ratio, LV (left ventricular) 
mass and cardiomyocyte CSA (cross-sectional 
area) (Figures 5B, S1). TTC, HE and Masson 
staining showed severely disorganized myocar-
dial fibres and focal destruction by neutrophil 
infiltration in the hearts that were exposed to 
I/R (Figure 5C-E). APTBP (20 mg/kg) reduced 
the ischaemic area, restored the relative inte-
grated organization of myocardial fibres, and 
improved myocardial fibrosis (Figure 5C-E). In 
addition, the ROS level in primary cardiomyo-
cytes was also reduced upon APTBP adminis-
tration (Figure S2). Moreover, the serum level of 
LDH, which serves as a sensitive marker of  
cardiomyocyte injury, decreased in response  
to 20 mg/kg APTBP treatment (Figure 5F). We 
then measured the activity of caspase-3, the 
activation of which reflects the level of apopto-
sis. The results showed that the mice exposed 
to 20 mg/kg APTBP exhibited decreased cas-
pase-3 activity compared with that of I/R mice, 
indicating a reduced apoptosis level (Figure 
5G). These observations suggest a mild cardio-

Figure 1. The basic characteristics of APTBP. A. Helical wheel representations of APTBP. Numbers indicate the loca-
tion of these motifs in the peptide APTBP. The structure presents hydrophilic residues as circles, hydrophobic resi-
dues as diamonds, potentially negatively charged residues as triangles, and potentially positively charged residues 
as pentagons. Hydrophobicity is colour coded as well: the most hydrophobic residue is green, and the amount of 
green is decreased proportionally to the hydrophobicity, with zero hydrophobicity coded as yellow. Hydrophilic resi-
dues are coded red, with pure red being the most hydrophilic (uncharged) residue, and the amount of red decreas-
ing proportionally to the hydrophilicity. The potentially charged residues are light blue. B. Fluorescent images of the 
intracellular distribution of FITC-labelled APTBP and the relative density. As described, after the peptide was added, 
the fluorescence was monitored at 1, 3, 9, and 18 h. Three replicate experiments were conducted and analysed. 
Scale bar: 20 μm. H9c2 cells were treated with APTBP (10 μM) for the indicated time and photographed under a 
fluorescence microscope.
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Figure 2. APTBP protected cardiomyocytes from hypoxia-induced injury. H9c2 cells were pre-treated with different 
doses of peptides for 1 h, then treated as indicated and analysed after 12 h of hypoxia and 3 h of reoxygenation. 
A. Photographs obtained using phase-contrast microscopy; scale bar: 20 μm. B. The death rate measurement by 
trypan blue dye staining. C. The LDH level in the culture supernatant. D. The death rate of H9c2 cells treated as 
indicated for different hypoxia times (the reoxygenation time remained the same). One-way ANOVA was used to 
compare the differences between groups. **P<0.001. E. H9c2 cells were pre-treated with APTBP (50 μM) for 1 h 
and then treated with 800 μM CoCl2 for 18 h and photographed using phase-contrast microscopy; scale bar: 20 
μm. F. Death rate measurement by trypan blue dye staining. Student’s t-test was used to compare the differences 
between the control and hypoxia groups (***P<0.001) and the hypoxia and APTBP treatment groups (##P<0.01). G. 
Primary myocardial cells were pre-treated with different doses of peptides for 1 h and then challenged with hypoxia 
(12 h)/reoxygenation (3 h), and the death rates were determined. Scr denotes the scramble peptide of APTBP. The 
death rate was calculated via trypan blue analysis. **P<0.01, *P<0.05. One-way ANOVA was used to compare dif-
ferences between groups. The data are shown as the means ± SD. All experiments were repeated three times with 
similar results.
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protective effect of APTBP on I/R-induced myo-
cardial injury in vivo.

Transcriptome analysis of H9C2 cells treated 
with APTBP

Based on the nuclear distribution of APTBP 
(Figure 1B), we examined whether APTBP also 
functions by regulating the transcription of cer-

tain genes. Hence, global transcriptome analy-
sis was used to analyse the alterations in gene 
expression after APTBP treatment to clarify  
the mechanism underlying the cardioprotec- 
tive effect of APTBP. A total of 11512 genes 
were detected, 1485 of which were significant-
ly differentially expressed (P<0.05) (Figure 6A). 
To evaluate the potential signalling pathways 
involved in APTBP-mediated amelioration of 

Figure 3. APTBP inhibited hypoxia-induced apoptosis. A. After 1 h of pre-treatment with peptide and hypoxia (12 h)/
reoxygenation (3 h) challenge, H9c2 cells were harvested and subjected to Western blot analysis of cleaved cas-
pase-3. B. The relative density was calculated by dividing the cleaved caspase 3 level by the total caspase 3 level. 
Three replicate experiments were conducted and analysed. C. Fluorescent images of TUNEL staining; scale bar: 
20 μm, D. The proportion of TUNEL-positive cells. **P<0.01 versus the control group. #P<0.05, ##P<0.01 versus the 
hypoxia group. Student’s t-test was used to compare differences between groups. The data are shown as the means 
± SD. All experiments were repeated four times with similar results.
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hypoxic injury, the differentially expressed ge- 
nes were subjected to KEGG pathway analysis. 
The results demonstrated a significant enrich-
ment in signalling pathways that regulate the 
pluripotency of stem cells (rno04550), the Wnt 
signalling pathway (rno04310), pathways invo- 
lved in cancer (rno05200), the transforming 
growth factor beta (TGF-beta) signalling path-
way (rno04350), and the Hippo signalling path-
way (rno04390) (Figure 6B, 6C). These obser-
vations suggest that these signalling pathways 
are implicated in the cardioprotective mecha-
nism of APTBP.

APTBP restored the activity of Wnt/β-catenin in 
cells injured by hypoxia

Among the enriched pathways identified by 
KEGG pathway analysis, the Hippo and the sig-

nalling pathways captured our attention. The 
Hippo pathway is known to control the balan- 
ce between proliferation, differentiation and ap- 
optosis in cells [15]. As key downstream effec-
tors of the Hippo pathway, YAP (yes-associated  
protein)/TAZ (transcriptional coactivator with 
PDZ-binding motif) are dephosphorylated and 
translocate to the nucleus when the Hippo pa- 
thway is not activated and interact mainly with 
TEAD family transcription factors to initiate the 
expression of genes that promote cell prolife- 
ration and inhibit apoptosis [16, 17]. Indeed, 
hypoxia induced a strong decrease in YAP phos-
phorylation, suggesting inhibition of the Hippo 
signalling pathway under hypoxic stress con- 
ditions. However, no significant difference in 
the level of phosphorylated YAP was detected 
after APTBP administration (Figure 7A). These 

Figure 4. APTBP reduced ROS accumulation and 
restored mitochondrial function. A. After 1 h of 
pre-treatment with peptide and hypoxia (12 h)/
reoxygenation (3 h) challenge, H9c2 cells were 
stained with DCFH-DA, and representative images 
were photographed to determine the intracellular 
ROS levels. B. Quantitative analysis of the mean 
fluorescence intensity of DCFH-DA by ImageJ soft-
ware. Three replicate experiments were conduct-
ed and analysed. C. After hypoxic stimulation and 
APTBP treatment, the oxygen consumption rate of 
H9c2 cells was measured. *P<0.05, **P<0.01 ver-
sus the control group. #P<0.05, ###P<0.001 ver-
sus the hypoxia group. Student’s t-test was used 
to compare differences between groups. The data 
are shown as the means ± SD. All experiments 
were repeated three times with similar results.
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Figure 5. APTBP attenuated cardiomyocyte injury caused by ischaemia-reperfusion in vivo. A. Outline of the experimental procedure for the rat I/R model. After the 
procedure, rats were subjected to subsequent analysis. B. Echocardiography. C. Rat hearts were extracted for TTC staining and ischaemic area measurement. Stu-
dent’s t-test was used to compare differences between groups, *P<0.05. D. Left panel, Representative histopathological analysis of rat hearts after the indicated 
treatments; scale bar: 50 μm. Right panel, the extent of myocardial lesions was evaluated by the histoscore. The score standard was described in the methods sec-
tion. E. Masson staining; scale bar: 100 μm. F. After treatment, the serum LDH level of the rats was determined. There were six rats per group. G. Cardiac muscle 
tissue was minced and lysed for caspase 3 activity measurement, and three replicate experiments were conducted and analysed. *P<0.05. Student’s t-test was 
used to compare differences between groups. The data are shown as the means ± SD. Each group contained 6 rats.
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Figure 6. Transcriptomic analysis of H9c2 cells treated with APTBP. Hypoxic H9c2 cells were treated with APTBP (50 μM, 6 h) or left untreated. Then, total RNA was 
isolated for transcriptome analysis. A. Volcano plots showing the differentially regulated genes (P<0.05) after APTBP treatment. The volcano plot shows the log2 
(fold change) on the x-axis against the -log10 (P-value) on the y-axis. B. The differentially regulated genes were then subjected to KEGG pathway enrichment analysis. 
The differentially regulated genes were analysed using the Cytoscape plug-in ClueGO + Cluepedia to identify statistically enriched KEGG pathways. C. The top five 
enriched KEGG pathways.
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results indicate no detectable effect of APTBP 
on the Hippo pathway.

Canonical Wnt signalling driven by β-catenin is 
an established, critical pathway in the cardio-
vascular system [18]. A previous study demon-
strated that β-catenin overexpression decreas- 
ed apoptosis in cardiomyocytes and cardiac 
fibroblasts and reduced I/R-induced damage 
[19]. These observations suggest a protective 
role of Wnt/β-catenin signalling in I/R and led 
us to hypothesise that APTBP protects cardio-
myocytes against hypoxic stress through the 
Wnt/β-catenin signalling pathway.

Accordingly, we performed Western blotting to 
measure the activity of the Wnt/β-catenin sig-
nalling pathway. Hypoxic stress caused a sig-
nificant decrease in the amounts of β-catenin 
and downstream cyclin D1, demonstrating an 
impairment of the Wnt/β-catenin signalling 
pathway (Figure 7A). In contrast, APTBP res- 
tored Wnt/β-catenin activity in a dose-depen-
dent manner. The 50 μM APTBP-induced activ-
ity of β-catenin was equal to that of the control 
(Figure 7A, 7B). β-catenin function is known to 
be abolished by a destruction complex com-
posed of Axin2, adenomatous polyposis coli 
(APC), glycogen synthase kinase-3 beta (GS- 

Figure 7. APTBP restored the activity of Wnt/β-catenin after hypoxic injury. A. H9c2 cells were pre-treated with APTBP 
for 1 h and then challenged with hypoxia (12 h)/reoxygenation (3 h). Then, the cells were harvested for Western blot 
analysis of β-catenin and its downstream target cyclin D1, phosphorylated YAP and the destruction complex, includ-
ing APC, Axin2, and GSK3β. B. The relative density of the Western blot results. #P<0.05 versus the hypoxia group. 
The data from three replicate assays were collected and analysed. C. β-catenin knockdown efficiency of two siRNAs. 
**P<0.01 *P<0.05 versus the control group. D. After siRNA transfection of H9c2 cells for 48 h, the cells were treated 
as described and then the death rate was determined trypan blue analysis. E. Cells that underwent hypoxia (12 h)/
reoxygenation (3 h) were pre-treated with APTBP (50 μM) combined with an ROS generator (0.5 Mm D-galactose + 
0.015 U/ml GAO) for 1 h and then subjected to Western blotting. *P<0.05 versus the control group, ##P<0.01 versus 
the Hypoxia+APTBP group. Student’s t-test was used to compare differences between groups. The data are shown 
as the means ± SD. All experiments were repeated three times with similar results.
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K3β) and casein kinase 1a (CK1a), which tar-
gets β-catenin for proteasomal destruction 
[20]. Consistently, the protein levels of APC and 
Axin2 were markedly elevated under hypoxic 
conditions, and APTBP administration repress- 
ed these levels in a dose-dependent manner 
(Figure 7A, 7B). Moreover, the pattern of GS- 
K3β expression was similar to that of APC and 
Axin2, suggesting a coincident effect of APTBP 
on the negatively regulated complex. To con- 
firm that the Wnt/β-catenin pathway is requir- 
ed for the cardioprotective effects of APTBP,  
we next examined the influence of β-catenin 
knockdown on APTBP functions. Two β-catenin 
siRNAs significantly reduced the levels of β- 
catenin, suggesting efficient inhibition of β-ca- 
tenin signalling (Figure 7C). In the context of 
hypoxia, APTBP partially restored the protein 
level of β-catenin and reduced the H9C2 cell 
death rate to ~0.4, whereas silencing β-caten- 
in increased the death rate to ~0.6 and ~0.5 
(Figure 7D). Then, to determine whether APTBP 
restores Wnt/beta-catenin activity by scaveng-
ing ROS, we increased intracellular ROS levels 

by treating cardiomyocytes with D-galactose 
plus galactose oxidase (GAO) in the presence  
of APTBP. As shown in Figure 7E, the adminis-
tration of D-galactose and GAO abolished the 
APTBP-restored expression of beta-catenin, 
suggesting that the APTBP-induced restoration 
of Wnt/β-catenin activity was dependent on 
ROS elimination. These results suggest that 
APTBP attenuates hypoxic damage in cardio-
myocytes by restoring the hypoxia-induced 
impairment of Wnt/β-catenin signalling.

APTBP directly quenched ROS and restricted 
mitochondrial ROS accumulation

APTBP was regarded as an antioxidant when it 
was first identified. Thus, we examined its direct 
effect on ROS in vitro by performing a DPPH 
assay. The 2,2-diphenyl-1-picrylhydrazyl (DPPH) 
assay is routinely practised to assess the an- 
tiradical properties of different compounds. As 
shown in Figure 8A, APTBP significantly quen- 
ched ROS in vitro, suggesting a direct ROS sc- 
avenging function. In addition, we also mea-

Figure 8. APTBP directly quenched ROS and re-
stricted mitochondrial ROS accumulation. A. Dif-
ferent doses of APTBP were used for the DPPH 
assay, and the OD 519 nm was measured. B. 
After 12 h of hypoxia and 3 h of reoxygenation, 
H9c2 cells were treated with APTBP (50 μM) for 3 
h. Then, the cells were stained with CellROX (red) 
and MitoTracker (green), and then the fluorescent 
images were acquired. Scale bar: 20 μm.
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sured mitochondrial ROS (MtROS), the major 
ROS source during I/R. Interestingly, MtROS in- 
creased under hypoxia/reoxygenation and was 
significantly decreased at 3 h after APTBP ad- 
dition (Figure 8B), which was consistent with 
the time at which the peptide penetrated the 
cells (Figure 1B). Considering that the time was 
too short to initiate transcription and induce 
protein turnover, APTBP may possess direct 
antioxidant abilities and influence Wnt/β-cate- 
nin signalling by scavenging excessive ROS in 
the context of I/R.

Discussion

MI is a serious disease worldwide that has  
high morbidity and mortality. However, there is 
no effective approach to prevent myocardial 
reperfusion injury. Our present work revealed 
that APTBP, an antioxidant peptide, ameliorat-
ed myocardial ischaemia-reperfusion injury by 
restoring Wnt/β-catenin signalling activity.

ROS are well known as critical second mes- 
sengers in various signalling pathways and  
are involved in different phases of the apoptot-
ic pathway [21]. Our data suggest that APTBP 
reduces the levels of intracellular ROS, partly 
restores mitochondrial function and inhibits 
apoptosis. As an antioxidant, APTBP has been 
proven to inhibit lipid peroxidation and potently 
scavenge hydroxyl radicals, which are regard- 
ed as the strongest ROS [10]. However, those 
experiments were performed in an in vitro sys-
tem, and the intracellular effect of APTBP on 
ROS generation was not clarified. In our study, 
APTBP decreased hypoxic stress-induced ROS 
accumulation in H9C2 cells and protected mi- 
tochondrial function, but whether APTBP func-
tioned by scavenging ROS directly or by bind- 
ing to and regulating specific proteins remains 
unclear.

A number of studies have documented that 
hydrogen peroxide (H2O2) induces a rapid in- 
crease in Wnt/β-catenin signalling that peaks 
approximately 20 min after stimulation, but this 
activity is reduced several hours later [22, 23]. 
Moreover, the administration of ROS scaven-
gers such as superoxide dismutase (SOD) and 
catalase reduces β-catenin expression levels 
[24]. In our study, treatment with D-galactose 
plus GAO, which produces hydrogen peroxide  
in the medium that rapidly enters the cytosol, 
abolished the APTBP-induced restoration of β- 
catenin expression, suggesting that the AP- 

TBP-induced restoration of Wnt/β-catenin ac- 
tivity was dependent on its effect on ROS eli- 
mination. This observation indicates a dynamic 
response of Wnt/β-catenin signalling to ROS 
stimulation.

Recent studies have suggested that β-catenin 
can regulate cell survival, apoptosis and car- 
diomyocyte hypertrophy [25, 26]. In addition, 
β-catenin overexpression decreases apoptosis 
in cardiomyocytes and cardiac fibroblasts and 
reduces infarct size in rat models of I/R [19]. 
We showed that APTBP decreased apoptosis in 
association with an elevated level of β-catenin. 
This finding suggests that β-catenin activity is 
associated with hypoxia-induced cardiomyo-
cyte apoptosis.

β-catenin function is well-known to be blocked 
by a destruction complex consisting of Axin2, 
APC, GSK3β and CK1a and that targets β-ca- 
tenin for proteasomal destruction. Under the 
hypoxic conditions in our study, Wnt/β-catenin 
activity was significantly inhibited. We observ- 
ed that the expression of APC and Axin2 was 
strongly elevated in response to hypoxia (Fi- 
gure 7D, 7E). These results indicate that the 
hypoxia-induced reduction in Wnt/β-catenin ac- 
tivity may contribute to the increased activity of 
the destruction complex. In addition, APC and 
Axin2 expression was decreased by treatment 
with APTBP, which suggests that APTBP func-
tion may be associated with the disruption  
of the destruction complex. However, whether 
and how ROS regulate Wnt/β-catenin activity in 
cardiomyocytes requires further investigation.

Although a valuable effect was observed in 
vitro, the in vivo effect was mild based on the 
evaluation of the myocardial infarction area 
and echocardiography. This result may be due 
to poor bioavailability at the target site. In ad- 
dition, a sufficient dose and time were also 
required for high efficacy. In the future, the dis-
tribution of APTBP in various organs and modi-
fications to improve peptide stability and speci-
ficity should be studied. In addition, in our pres-
ent study, pre-treatment with APTBP was used 
in all experiments; however, the function of 
APTBP in cells exposed to hypoxia has not be- 
en determined. This issue needs to be addre- 
ssed to evaluate the potential of APTBP in clini-
cal therapy.

Taken together, our results suggest a cardio-
protective role of APTBP in myocardial isch-
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aemia-reperfusion injury. APTBP decreased 
ROS accumulation and cardiomyocyte apopto-
sis. The function of APTBP was associated wi- 
th the restoration of hypoxia-induced impair-
ments in Wnt/β-catenin signalling activity. Our 
study not only provides insights into the me- 
chanisms underlying I/R but also presents no- 
vel opportunities for the design and develop-
ment of more effective therapeutic strategies.
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Figure S1. APTBP attenuated I/R-induced impairment of myocardial function. After the I/R procedure, the rats were 
subjected to echocardiography analysis, and the related indices were measured. A. Fractional shortening. B. Ejec-
tion fraction. C. HW/BW ratio. D. LV mass. E. Relative cardiomyocyte CSA. Student’s t-test was used to compare 
differences between groups. The data are shown as the means ± SD. Each group contained 6 rats.

Figure S2. APTBP diminished hypoxia-induced ROS accumulation in primary rat cardiomyocytes. Primary cardio-
myocytes were pre-treated with APTBP (50 μM) for 1 h and then challenged with 12 h of hypoxia and 3 h of reoxy-
genation. Intracellular ROS levels were then measured using DCFH-DA. A. Representative images of ROS staining; 
scale bar: 20 μm. B. The relative fluorescence intensity. #P<0.05 versus the I/R group. Student’s t-test was used to 
compare differences between groups. The data are shown as the means ± SD. The experiment was repeated three 
times with similar results.


