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Notch signaling is involved in
the antiapoptotic effects of
liraglutide on rat H9c2
cardiomyocytes exposed to
hypoxia followed by
reoxygenation
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Abstract

Objective: Liraglutide (Lir) protects cardiomyocytes against high glucose-induced myocardial

damage. This study investigated whether Notch signaling participated in the antiapoptotic effects

of Lir on rat H9c2 cardiomyocytes subjected to hypoxia followed by reoxygenation (H/R).

Methods: We used H9c2 rat cardiomyocytes as a model of H/R and measured viability, apo-

ptosis, and expression of the apoptotic genes Bax and Bcl-2 and Notch signaling genes Notch1

and Jagged1. Notch1 was depleted by siRNA to test the effect of Notch1 deficiency on the

antiapoptotic effects of Lir on H/R-treated H9c2 cardiomyocytes.

Results: After H/R treatment, viability was significantly decreased, and the apoptosis rate was

greater in the H/R group than in the control (CT). Lir at 50, 100, and 200 nM significantly

increased viability and decreased apoptosis in H/R-treated H9c2 cells. Treatment with 50 nM

Lir for 2 hours before H/R significantly increased the expression levels of Notch1, Jagged1, and

Bcl-2 compared with the CT levels. Bax was downregulated, which indicated that Lir activated

Notch signaling and inhibited apoptosis. Notch1 depletion partially abolished the antiapoptotic

effect of Lir on H/R-treated H9c2 cells by altering apoptotic gene expression.

Conclusion: Lir activated Notch signaling, which was responsible for the antiapoptotic effect of

Lir on H9c2 cardiomyocytes.
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Introduction

Myocardial reperfusion is the chief strategy
for preventing ischemic injury; however, it
can also induce myocardial ischemia/reper-
fusion (I/R) injury (MIRI). I/R-induced
cardiomyocyte apoptosis is a vital
pathological process. Increasing evidence
indicates that glucagon-like peptide 1
(GLP-1), an incretin hormone in the gastro-
intestinal tract that stimulates insulin secre-
tion, can activate antiapoptotic signaling
pathways to protect the heart against
MIRI.1–3

Liraglutide (Lir) is a GLP-1 receptor
agonist that protects cardiomyocytes
against injury associated with high glucose
levels in the infarcted heart.4,5 At present,
the underlying molecular mechanism of the
antiapoptotic effects of Lir on cardiomyo-
cytes has not been fully elucidated. Previous
studies demonstrated that the cardioprotec-
tive effects of GLP-1 were mediated
through the classical GLP-1 receptor
(GLP-1R) and included reduced I/R-
induced damage, increased energy substrate
utilization, and reduced oxidative stress and
apoptosis.6 GLP-1 activates GLP-1R and
increases intracellular cAMP levels, which
lead to activation of the protein kinase A
(PKA) pathway and the exchange protein
activated by cAMP (Epac-1) pathway.7,8

Previous research suggested that both the
PKA and Epac-1 pathways were required
for the GLP-1– and Lir-mediated inhibition
of oxidative stress and apoptosis in cardio-
myocytes.2,3 Recent studies indicated that
Notch signaling plays an important role in

the protective response to I/R-induced oxi-
dative stress and myocardial damage.9

Notch1 prevents cardiomyocyte apoptosis
by activating the PI3K/AKT pro-survival
pathway and regulating apoptotic gene
expression.10–13 Consequently, we hypothe-
sized that Notch signaling may be involved
in the antiapoptotic effects of Lir on
cardiomyocytes.

The present study investigated whether
the Notch signaling pathway was involved
in the cardioprotective effects of Lir against
H/R-induced apoptosis in rat cardiomyo-
cytes. We focused on the effects of Lir
on H/R-induced H9c2 cell apoptosis. Our
results demonstrated that Lir could pro-
mote Notch1 expression, which inhibited
H9c2 cell apoptosis.

Materials and Methods

Ethics approval was not required because
no humans or animals were used in
this study.

H9c2 cell culture and Lir treatment

The rat cardiomyocyte cell line H9c2
was cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) supple-
mented with 10% fetal bovine serum
(TransGen Biotech, Beijing, China),
100units/mL penicillin (Lukang
Pharmaceutical, Shandong, Jinan, China),
and 100mg/mL streptomycin (Lukang
Pharmaceutical) in 5% CO2 in air (v/v) at
37�C. The cells were seeded in six-well
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plates and grown to approximately 70% con-
fluence before incubation with Lir at 0, 50,
100, 200, or 500 nM for 2 hours before H/R.

The hypoxia/reoxygenation (H/R)
cell model

The H/R cell model was established as pre-
viously described.13 Briefly, H9c2 cells were
cultured in deoxygenated DMEM in a hyp-
oxic atmosphere of 95% N2 and 5% CO2 at
37�C for 3 hours. The hypoxic medium was
then replaced with reoxygenated medium,
and the cells were cultured in 95% O2 and
5% CO2 for 3 hours. After the treatment,
cell viability was determined using an MTT
cell viability assay kit (Biolab Technology
Co., Ltd, Beijing, China) following the
manufacturer’s instructions.

Apoptosis assay

The apoptosis rate was measured by flow
cytometry using an annexin V-FITC apo-
ptosis detection kit (Beyotime, Beijing,
China). Approximately 1� 105 cells were
collected and suspended in 200 mL of bind-
ing buffer. After adding 5mL of annexin
V-FITC and 10 mL of propidium iodide
(PI), the cultures were incubated at room
temperature in the dark for 15 min. The
samples were analyzed via flow cytometry
(Beckman Coulter). The apoptosis rate was
calculated as the number of annexin
V-positive cells divided by the number of
PI-negative (living) cells.

Western blot analysis

Cells were lysed in protein lysis buffer
(Beyotime) at 4�C, and aliquots were separat-
ed by 10% SDS-PAGE and transferred to a
PVDF membrane (Millipore, Bedford, MA,
USA)). The membranes were blocked with
5% milk for 1 hour at room temperature
and incubated overnight at 4�C with the fol-
lowing primary antibodies: Bcl-2 (1:500, Santa
Cruz Biotechnology, Santa Cruz, CA, USA),

Bax (1:500, Santa Cruz), Notch1 (1:200,
Abcam, Cambridge, UK), Jagged1 (1:200,
Abcam), GLP-1R (1:500, Abcam), and
b-actin (1:1000, Abcam). After washing, the
membranes were incubated for 1 hour with
horseradish peroxidase-conjugated secondary
antibodies (Beyotime) at a 1:1000 dilution.
The signals were detected using an enhanced
chemiluminescence system, and protein band
densities were determined using ImageJ soft-
ware (US National Institutes of Health,
Bethesda, MD, USA, https://imagej.nih.gov/
ij/download.html). Relative protein levels
were normalized to those of b-actin.

Small interfering RNA (siRNA) and
RT-qPCR

w?>Three siRNAs targeting Notch1 gene
transcription were designed and synthesized
by Genepharma (Shanghai, China) (Table
1). The siRNAs were transfected into H9c2
cells, and the interference efficiency of
siRNA was determined using qPCR. Total
RNA was extracted from the cultured cells
using TRIzol (Invitrogen, Thermo Fisher
Scientific) according to the instructions and
reverse-transcribed into cDNA using
PrimeScriptTM II cDNA synthesis kit
(Takara, Dalian, China). SYBRVR Premix
Ex TaqTM II (Takara, Dalian, China) was
used for RT-qPCR. The sequences of the
three siRNAs and the primer sequences are
listed in Table 1. GAPDH was used as the
internal control for normalization. Relative
gene expression was determined by the
2�DDCt method.

Experimental design

Five H9c2 cell groups were used for analysis.
The control (CT) group was transfected with
control siRNA. The H/R group was trans-
fected with control siRNA and subjected to
H/R. The H/RþsiRNA1 group was trans-
fected with 100mM siRNA1 for 24 hours
before H/R. The H/RþLir group was trans-
fected with control siRNA and treated with
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50nM Lir for 2 hours before H/R. The H/

RþsiRNA1þLir group was transfected with

siRNA1 and treated with 50nM Lir for 2

hours before H/R.

Data analysis

Data were analyzed by one-way ANOVA

using SPSS 19.0 (IBM, Chicago, IL,

USA). The data were expressed as the

mean�SEM, and differences were

considered statistically significant at

P< 0.05.

Results

Lir reduced H/R-induced injury

The H9c2 cell viability and apoptosis rates

were determined after Lir and H/R

treatment. As presented in Figure 1a, cell

viability was significantly decreased in the

H/R group with that in the CT group

(P< 0.001), and Lir significantly increased

the cell viability in the H/R groups (10 nM,

P< 0.05; 50, 100, and 200 nM, P< 0.001).

The level of apoptosis was significantly

higher in the H/R group than in the CT

group (P< 0.001), and 50, 100, and

200 nM Lir significantly decreased apopto-

sis after H/R treatment (all P< 0.05, Figure

1b). Moreover, there were no significant dif-

ferences in cell viability and apoptosis rates

after treatment with 50, 100, and 200 nM

Lir in both the CT and H/R groups. The

results indicated that 50 nM Lir was suffi-

cient to protect H9c2 cells against

H/R-induced injury and was used in the fol-

lowing experiments.

Table 1. Primers for qPCR and siRNA sequences.

Name Sequence (50–30) Size (bp)

GAPDH F: CCAGGGGTGCCTTCTCTT

R: CCGTGGGTAGAGTCATACTGG

124

Notch1 F: GAGGCGTGGCAGACTATGC

R: CTTGTACTCCGTCAGCGTGA

140

Notch1 siRNA1 CAGCAAACATCCAGCAGCAGCAAAG

Notch1 siRNA2 CAAACATCCAGCAGCAGCAAAGCCT

Notch1 siRNA3 CCAGCAAACATCCAGCAGCAGCAAA

Figure 1. Effects of liraglutide (Lir) on viability and apoptosis in H9c2 cardiomyocytes exposed to hypoxia
followed by reoxygenation (H/R). (a) Cell viability was determined using the MTT cell viability assay. (b) The
apoptosis rate was measured using an annexin V-FITC assay. Data are expressed as the mean� SEM (n¼ 3).
*P< 0.05 and **P< 0.001 vs. 0 nM Lir in the H/R group. CT, control group.
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Lir enhanced Notch signaling activity after

H/R treatment

The protein expression levels of the apopto-

sis genes Bax and Bcl-2 and the Notch

signaling genes Notch1 and Jagged1 were

determined using western blotting. As pre-

sented in Figure 2a and b, Bax, Notch1, and

Jagged1 expression was significantly upre-

gulated after H/R treatment, whereas the

expression of the antiapoptotic protein

Bcl-2 was downregulated (P< 0.001 vs.

CT). After treatment with Lir, the expres-

sion levels of Notch1, Jagged1, and Bcl-2

were significantly increased compared with

those in the H/R group (all P< 0.05), and

Bax was downregulated (P< 0.05). This

result indicated that Lir activated Notch

signaling and inhibited apoptosis.

Notch1 is involved in the antiapoptotic

effect of Lir on H/R-induced H9c2

To determine whether Notch1 was involved

in the antiapoptotic effect of Lir on H9c2

cardiomyocytes, we used siRNA to deplete

Notch1 in H9c2 cells. The interference effi-

ciencies of the three Notch1 siRNAs were

measured by qPCR and western blotting.

As presented in Figure 3a and b, siRNA1

was the most efficient siRNA, and it was
used in subsequent experiments.

FACS was used to determine the
apoptosis rates in the different groups
(Figure 4a and b). Apoptosis was not affect-
ed after Notch1 depletion in H/R treatment
groups. However, in the H/R and Lir
treatment groups, apoptosis was significant-
ly increased after the depletion of
Notch1 (H/RþLir vs. H/RþsiRNA1þLir,
P< 0.05). Moreover, the western blot anal-
ysis confirmed that GLP-1R was activated
by Lir and that Notch1 was significantly
downregulated by siRNA (Figure 4c and
d, P< 0.001). In combination with the
results in Figure 1a, these data suggest
that Notch1 enhanced the antiapoptotic
effect of Lir on H/R-induced H9c2 cells.

To further confirm that Notch1 was
involved in the Lir antiapoptotic effect
against H/R, we measured the protein
expression of Bax and Bcl-2 by western
blotting (Figure 5a). As presented in
Figure 5b and c, Bcl-2 expression was
decreased after the depletion of Notch1 in
the H/R treatment groups (H/R vs. H/Rþ
siRNA1, P< 0.05), and Bax protein expres-
sion was increased (H/R vs. H/RþsiRNA1,
P< 0.001). In the H/R and Lir treatment
groups, the upregulation of Bax and

Figure 2. Effects of liraglutide (Lir) on the expression of Bax, Bcl-2, Notch1, and Jagged1. (a) The protein
expression levels were determined using western blotting. (b) The protein bands were analyzed using ImageJ
software. Protein levels were normalized to that of b-actin. Data are expressed as the mean� SEM (n¼ 3).
**P< 0.001 vs. the control (CT) group, #P< 0.05 and ##P< 0.001 vs. hypoxia/reoxygenation (H/R) group.
For the H/RþLir groups, H9c2 cells were treated with 50 nM Lir for 2 hours before H/R.
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Figure 4. The apoptosis rate was measured using annexin V-FITC after liraglutide (Lir) treatment and
hypoxia/reoxygenation (H/R) in H9c2 cells with Notch1 depletion (a). Apoptosis rate¼ annexin V-positive
cells/PI-negative (living) cells (b). The GLP-1R and Notch1 protein levels were determined by western
blotting (c and d). n¼ 3, *P< 0.05, **P< 0.001.

Figure 3. Interference efficiency of Notch1 small interfering RNA in H9c2 cells. (a) The mRNA level of
Notch1 was determined by RT-qPCR. (b) The Notch1 protein level was determined using western blotting
(n¼ 3). *P< 0.05 and **P< 0.001 vs. control group.
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downregulation of Bcl-2 were also obvious

(H/RþsiRNA1 vs. H/RþsiRNA1þLir,

both P< 0.001). Taken together, our results

demonstrated that Notch1 was involved in

the Lir-mediated antiapoptotic effect on

H9c2 cardiomyocytes.

Discussion

It has been reported that GLP-1 activates

an antiapoptotic signaling pathway to pro-

tect cardiomyocytes against I/R-induced

apoptosis.1,2,14 Notch signaling pathway

activation is important for the protective

response to I/R-induced cardiomyocyte

apoptosis.10,13,15 The present study demon-

strated that the GLP-1R agonist Lir could

promote Notch1 expression to protect

cardiomyocytes against H/R-induced apo-

ptosis by altering Bax and Bcl-2 expression

in H9c2 cells.
Several studies have reported that GLP-1

and GLP-1R agonists have cardioprotective

effects and play an important role in the

regulation of heart functions.6 Amal et al.1

reported for the first time that GLP-1

protected the infarcted heart against MIRI
by activating PI3K and mitogen-activated
protein kinase signaling. Subsequently, sev-
eral studies found that the PKB/Akt,
ERK1/2, PKA, and Epac-dependent
pathways were involved in antiapoptotic
activity.2,14,16 Increasing evidence indicates
that in addition to reducing blood glucose
levels and blood pressure, GLP-1 and GLP-
1R agonists also improve lipid profiles and
directly reduce the risks of heart failure and
myocardial infarction.6

The GLP-1R agonist Lir is used to treat
patients with type 2 diabetes mellitus, and
its pharmacological action is similar to that
of GLP-1. Some studies have demonstrated
that Lir protects cultured cardiomyocytes
against high glucose-induced cell apoptosis
and oxidative stress and that the Epac-1/
Akt and AMPK pathways may be involved
in these effects.3,4,17 In addition, a previous
study demonstrated that Lir could reduce
cardiac fibrosis and myocardial death in a
rat model of myocardial infarction.5 In this
study, we found that treatment with 50 nM
Lir for 2 hours before H/R could increase

Figure 5. The protein expression levels of Bax and Bcl-2 were determined by western blotting after
liraglutide (Lir) treatment and hypoxia/reoxygenation (H/R) in H9c2 cells with Notch1 depletion (a). The
protein bands of Bax (b) and Bcl-2 (c) were quantitated using ImageJ software. Protein levels were nor-
malized to that of b-actin. Data are expressed as the mean� SEM (n¼ 3). *P< 0.05, **P< 0.001).
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the viability and decrease the apoptosis rate

in H/R-treated H9c2 cells by regulating Bcl-

2 and Bax expression, demonstrating that

Lir could protect cardiomyocytes against

H/R-induced apoptosis.
Notch signaling has been revealed to

play an important role in protecting cardi-

omyocytes against MIRI.9 Activation of the

Notch1 pathway significantly reduced car-

diomyocyte apoptosis, infarct size, and

myocardial fibrosis and promoted coronary

neo-angiogenesis and revascularization of

the ischemic myocardium.18–20 In the pre-

sent study, we found that Lir increased

Notch1 and Jagged1 expression in H/R-

exposed H9c2 cells, and the antiapoptotic

effect of Lir was partially abolished after

Notch1 depletion. This result indicated that

Notch signaling may be involved in the pro-

tective effects of Lir on cardiomyocytes and

further expands our understanding of the

molecular mechanisms underlying the pro-

tective effects of Lir on the heart.
In conclusion, our findings indicated that

Notch signaling was involved in the preven-

tion of H/R-induced damage to cardiomyo-

cytes through the action of Lir, which

enhanced Notch1 expression. The Lir-

mediated antiapoptotic effect was inhibited

by Notch1 depletion. Our findings will con-

tribute to elucidating the molecular mecha-

nisms underlying the protective effects of

Lir on the heart.
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