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Pharmacological postconditioning with
Neuregulin-1 mimics the cardioprotective
effects of ischaemic postconditioning via
ErbB4-dependent activation of reperfusion
injury salvage kinase pathway
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and Guisong Wang1*

Abstract

Background: The protective effect of Neuregulin-1 (NRG-1) on heart failure is well established. In this study, we
assessed whether NRG-1 could protect the heart by mimicking the cardioprotective effects of ischaemic
postconditioning (IP).

Methods: We used a myocardial reperfusion injury rat model in vivo to compare the cardioprotective effects of
NRG-1(3 μg/kg, iv. at the onset of reperfusion) and IP. In Langendorff isolated heart perfusion experiments, we used
the erythroblastic leukaemia viral oncogene homolog 4 (ErbB4) inhibitor AG1478, a phosphatidylinositol 3-kinase
(PI3K) inhibitor LY294002 and a mitogen-activated protein/extracellular signal regulated kinase (MEK) inhibitor
PD98059 to clarify whether the protective effects of NRG-1and IP depend on the NRG-1/ErbB4 signals and the
reperfusion injury salvage kinase (RISK) pathway. Infarct size was detected by Evans blue and TTC. Apoptosis was
detected by TUNEL assays. The expression of NRG-1/ErbB4 and downstream ERK1/2, AKT, AMPK and p70s6K were
detected by western blotting. Hematoxylin/eosin (H&E) staining was used for histological analysis.

Results: We found that NRG-1 and IP had similar effects on reducing myocardial infarct size and apoptosis in vivo.
NRG-1 heart protein levels were upregulated in the IP group. Phosphorylation of AKT, ERK1/2 and ErbB4 were also
increased in both the IP and NRG-1 groups. Furthermore, in Langendorff analyses, the ErbB4 inhibitor AG1478
suppressed the phosphorylation of ErbB4 and the RISK pathway and aggravated myocardial edema and fiber
fracture, thereby inhibited the cardioprotective effects in both the IP and NRG-1 groups. For assessment of
downstream signals, the PI3K inhibitor LY294002 and the MEK inhibitor PD98059 suppressed the phosphorylation of
AKT and ERK1/2 respectively and abolished the cardioprotective effects induced by IP and NRG-1.
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Conclusion: In conclusion, both IP and NRG-1 could reduce infarct size and apoptosis through ErbB4-dependent
activation of the RISK pathway in the same model; these results indicated the therapeutic potential of NRG-1 as a
pharmacological postconditioning agent against myocardial reperfusion injury.

Keywords: Neuregulin-1, Pharmacological postconditioning, Ischaemic postconditioning, Myocardial reperfusion
injury, ErbB4

Background
Acute myocardial infarction (AMI) due to coronary artery
occlusion is one of the most common and severe heart dis-
eases in the world (Mozaffarian et al., 2015). Reperfusion of
ischaemic myocardium is crucial for salvaging the heart tis-
sue. However, restoration of blood flow could lead to myo-
cardial ischaemia-reperfusion (IR) injury (Ibanez et al.,
2015). Ischaemic postconditioning (IP), defined as brief epi-
sodes of IR at the onset of reperfusion, is a common strategy
to salvage the myocardium suffering from reperfusion injury
(Heusch, 2015). The cardioprotective effects of IP rely on
activation of the reperfusion injury salvage kinase (RISK)
pathway (Hausenloy & Yellon, 2004), which involves phos-
phatidylinositol 3-kinase/AKT (PI3K/AKT) (Tsang et al.,
2004) and extracellular signal-regulated kinase 1/2 (ERK1/2)
signalling (Yang et al., 2004). However, IP application is lim-
ited to patients with AMI undergoing percutaneous coron-
ary intervention. Therefore, pharmacological approaches
that can mimic the cardioprotective effects induced by IP
will be more accessible and benefit more patients. Previous
studies showed several substances, such as adenosine, brady-
kinin and opioids, could act as pharmacological postcondi-
tioning agents to protect hearts from IR injury. Three major
intracellular signal transduction pathways are involved in
this protective effects: the eNOS/PKG pathway, the RISK
pathway and the survivor activating factor enhancement
pathway. However, the cardioprotective effects of these pro-
tective factors in clinical settings still remain controversial
(Kleinbongard & Heusch, 2015). Therefore, it is still of im-
portance to find more potential cardioprotective factors as
pharmacological postconditioning agents.
Neuregulin-1 (NRG-1), a member of the epidermal

growth factor (EGF) family (Parodi & Kuhn, 2014), has been
shown to play a critical role in the regulation of cardiac de-
velopment (Odiete et al., 2012) and adult cardiac function
(Sawyer & Caggiano, 2011). NRG-1 binds to erythroblastic
leukaemia viral oncogene homolog 4(ErbB4), a tyrosine
kinase receptor, and induces the conformational changes
in ErbB4 that allows dimerization with ErbB2 or
ligand-activated ErbB4. These changes provided docking
sites for downstream signals that mediates several pro-
cesses in cardiomyocytes (Odiete et al., 2012). Many stud-
ies have shown the potential effects of NRG-1 on heart
failure. Administration of NRG-1 improved cardiac func-
tion via SERCA2a and cMLCK in a rat heart failure model

(Gu et al., 2010). A phase II clinical trial demonstrated
that NRG-1 significantly enhanced cardiac function in pa-
tients with chronic heart failure (Gao, 2010). NRG-1 also
suppressed apoptosis in injured primary cardiac myocytes
through RISK pathway activation (Xu et al., 2014; Jie et al.,
2012; Fukazawa, 2003; Liu et al., 2005). In animal experi-
ments, the infarct area induced by IR was increased when
NRG-1 was specifically knocked out in the microvascular
endothelial cells of mice. This study showed that NRG-1
has an important role against myocardial reperfusion in-
jury in the heart (Hedhli et al., 2011). A recent report
demonstrated that exogenous NRG-1 could reduce the in-
farct size (IS) in a myocardial reperfusion injury in situ
model (Ebner et al., 2015). No study to date has detected
protective effects of NRG-1 on IR as pharmacological
postconditioning agent in a rat model, and comparison of
the cardioprotective effects of NRG-1 and IP has not yet
performed in the same experimental model. The protect-
ive effects of NRG-1 and IP against myocardial reperfu-
sion injury are mediated by the same downstream
signalling RISK pathway. Thus, in this study, we compared
the protective effects of NRG-1 and IP on IR and also in-
vestigated the possible effects of the NRG-1/ErbB signal-
ling pathway on IP. We found that NRG-1 had a similar
protective effect in reducing IS compared with IP, and
both NRG-1 and IP could reduce apoptosis through
ErbB4-dependent activation of the RISK pathway in rat in
vivo and the Langendorff model of myocardial reperfusion
injury. These findings indicate the therapeutic potential of
NRG-1 as a pharmacological postconditioning agent
against myocardial reperfusion injury.

Methods
Animals
Male adult Sprague-Dawley rats weighing 200–300 g were
purchased from the Laboratory Animal Center of Peking
University. The Principles of Laboratory Animal Care (NIH
publication no. 85–23, revised 1996) were followed, and the
experimental protocol was approved by the Animal Care
Committee, Peking University Health Science Center.

Analysis of myocardial reperfusion injury in vivo
Myocardial reperfusion injury model
Rats were anaesthetised by sodium pentobarbital (50 mg/
kg) through intraperitoneal injection and then ventilated
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with a rodent respirator (ALCV9A; Shanghai Alcott Bio-
tech Co., Ltd., Shanghai, China) after intubation. A left
thoracotomy was performed to open the thorax through
the fourth or fifth intercostal space, and the heart was
exposed after the ribs were gently distracted. After the
pericardium was removed, a 6–0 silk suture was placed
under the left anterior descending coronary artery (LAD),
and before the suture was tightened, two suture loops
were put through the two ends of the suture to reocclude
LAD after the ligation. The coronary artery was occluded
for 45 min. Ischaemia was confirmed by blanching of the
myocardium, dyskinesia of the ischaemic region and ST
segment elevation on the ECG. Then, the heart was reper-
fused for 24 h by loosening the knot, and this was con-
firmed by a marked hyperemic response at reperfusion
(Tamareille et al., 2009).

In vivo experimental protocol
The rats were randomly divided into four groups: (1)
CON (control) group, in which the heart was exposed, but
the LAD was not occluded; (2) IR (ischaemia reperfusion)
group, in which the LAD was occluded for 45 min and re-
perfused for 24 h; (3) IP (ischaemic postconditioning)
group, in which the LAD was occluded for 45 min, and at
the onset of reperfusion, intervention of 6 cycles of 30-s
occlusion/30-s reperfusion was performed as the postcon-
ditioning treatment, and then the heart was reperfused for
24 h; (4) NRG-1 (IR +NRG-1) group, in which the LAD
was occluded for 45 min, and just before reperfusion, re-
combinant human NRG-1β2 (3 μg/kg, Prospec, Israel)
was intravenously injected via the jugular vein, and the
heart was reperfused for 24 h. The dosage of NRG-1 used
in this study was chosen based on a previous study (Fang
et al., 2010). In the present study, we reperfused the heart
for 24 h to observe clear infarct demarcation as shown in
previous studies (Liu et al., 2014; King et al., 2014).

Myocardial reperfusion injury model in Langendorff
isolated heart
Heart preparation
As previously described (Bell et al., 2011), rats were
anaesthetised by sodium pentobarbital (50 mg/kg), and
the heart was removed to a Langendorff apparatus and
retrogradely perfused through the aorta with the
Krebs-Henseleit (K-H) buffer (NaCl 118.5 mM, NaHCO3

25.0 mM, KCl 4.7 mM, MgSO4 1.2 mM, KH2PO4

1.2 mM, glucose 11 mM and CaCl2 2.5 mM, at pH 7.4
and gassed with 95% O2 and 5% CO2 at 37 °C). With a
constant pressure of 70 mmHg, the heart was equili-
brated for 20 min.

Isolated heart experimental protocol
The rats were randomly assigned to six groups: (1) CON
(no-intervention) group; (2) IR group, in which the

coronary flow was stopped for 30 min, and then, the
heart was reperfused; (3) IP group, in which 6 cycles of
10-s occlusion/10-s reperfusion were performed at the
onset of reperfusion, and then the heart was reperfused;
(4) IP + AG1478 (an inhibitor of ErbB4) group, in which
the same treatment as the IP group was performed, ex-
cept 2 μM AG1478 was perfused for 10 min before the
reperfusion and lasted for 20 min at the reperfusion
period (the dosage of AG1478 was determined according
to a previous study (Cai et al., 2016)); (5) NRG-1 group,
at the onset of reperfusion, 20 ng/ml NRG-1 was per-
fused for 20 min (the dosage of NRG-1 was determined
according to a previous study (Ebner et al., 2015));
(6) NRG-1 + AG1478 group, in which the treatment
was the same as the NRG-1 group, except 2 μM
AG1478 was perfused for 10 min before the reperfu-
sion and lasted for 20 min at the reperfusion period.
The heart was reperfused for 2 h for TTC staining or
20 min for western blotting.

Isolated heart experimental protocol-2
The rats were randomly assigned to eight groups: (1)
CON (no-intervention) group; (2) IR group, in which
the coronary flow was stopped for 30 min, and then, the
heart was reperfused; (3) IP group, in which 6 cycles of
10-s occlusion/10-s reperfusion were performed at the
onset of reperfusion, and then the heart was reperfused;
(4) IP + LY294002 (LY, an inhibitor of PI3K) group,
which underwent similar treatment as the IP group, ex-
cept 20 μM LY294002 was perfused for 10 min before
the reperfusion and lasted for 20 min at the reperfusion
period (the dosage of LY294002 was determined accord-
ing to a previous study (Tamareille et al., 2009)); (5) IP
+ PD98059 (PD, an inhibitor of MEK) group, which
underwent the same treatment as the IP group, except
20 μM PD98059 was perfused for 10 min before the re-
perfusion and lasted for 20 min at the reperfusion period
(the dosage of PD98059 was determined according to a
previous study (Tamareille et al., 2009)); (6) NRG-1
group, at the onset of reperfusion, 20 ng/ml NRG-1 was
perfused for 20 min; (7) NRG-1 + LY294002 group,
which underwent the same treatment as the NRG-1
group, except 20 μM LY294002 was perfused for 10 min
before the reperfusion and lasted for 20 min at the re-
perfusion period; (8) NRG-1 + PD98059 group, which
underwent the same treatment as the NRG-1 group, ex-
cept 20 μM PD98059 was perfused for 10 min before
the reperfusion and lasted for 20 min at the reperfusion
period. The heart was reperfused for 2 h for TTC stain-
ing or 20 min for western blotting.

Assessment of IS
The staining was performed as previously described (Xie
et al., 2015). At the end of the reperfusion, LAD was
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ligated again, and the heart was retrogradely infused
with Evans blue (Sigma, St. Louis, MO, USA, 0.25% in
saline) from the aorta. The non-ischaemic 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 of 2 mm thickness.
The slices were incubated in 1% triphenyltetrazolium
chloride (TTC, Sigma, St, Louis, MO, USA) in phos-
phate buffer (pH 7.4) for 10 min at 37 °C and subse-
quently soaked in 4% paraformaldehyde for 24 h. TTC
staining could differentiate the IS (white region) from
the non-infarct AR (red region). In the Langendorff per-
fusion experiment, rat heart was only stained by TTC
without the infusion of Evans blue as described previ-
ously (Bell et al., 2011). Non-infarct area of the left ven-
tricle (LV) was stained red. Finally, the slices were
arranged from apex to base and digitally photo-
graphed. Digital images of the slices were analysed by
ImageJ software (NIH, USA) to measure the IS. The
final result is expressed as IS/AR% for in vivo results
and IS/LV% for Langendorff experiments as previously
described (Tamareille et al., 2009).

Western blotting
At the end of the reperfusion, the LV in the risk area was
freeze-clamped in liquid nitrogen before being stored at −
80 °C. Frozen tissue samples were homogenised in RIPA
solution, and 80 μg extracted protein was subjected to west-
ern blotting. SDS-PAGE and immunoblotting were per-
formed as previously described (Xu et al., 2015). ECL
chemiluminescence was used for detection of the bands by
an imaging system (molecular imager, ChemiDoc XRS,
Bio-Rad, USA), and the densities of the bands were also de-
termined semi-quantitatively using the same system. All
protein levels were normalized to that of GAPDH. Primary
antibodies used in the experiment were as follows:
202Thr/204Tyr-P-ERK1/2, T-ERK1/2, 473Ser-P-AKT, T-AKT
(pan),389Thr-P-p70S6k, p70S6k, 172Thr-P-AMPK, AMPK
(rabbit monoclonal antibodies, Cell Signaling Technology,
USA) and caspase 3 antibody (rabbit polyclonal antibody,
Cell Signaling Technology, USA); 1248Tyr-P-ErbB2, ErbB2,
1284 Tyr-P-ErbB4, T-ErbB4, and NRG-1 (rabbit polyclonal
antibodies, Abcam, USA); GAPDH (mouse anti-human
monoclonal antibody, Millipore, USA) and appropriate
horseradish peroxidase-conjugated secondary antibody
(ZSGB-BIO, China).

Evaluation of apoptosis
Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labelling (TUNEL) assays were performed to
detect apoptotic cells of the heart tissue sections in the
risk area by an in situ cell death detection kit (Roche
Applied Science, USA) according to the manufacture’s
instruction. The nuclei were counted in 10 random

fields of an optical microscope (400X, Leica, Germany)
for each section, and the results are expressed as a per-
centage of TUNEL-positive nuclei in the total cell
nuclei.

Histological analysis
After 2 h perfusion, the ischaemic myocardial tissue of
the isolated heart was fixed in 4% polyformaldehyde for-
malin. The paraffin-embedded sections were stained
with hematoxylin/eosin (H&E) according to a previous
study (Xu et al., 2015). Then the tissue sections were
evaluated for histological changes by an optical micro-
scope (400X, Leica, Germany).

Statistical analysis
All data are presented as the mean ± SEM. Statistical com-
parisons between the groups were performed using
one-way ANOVA followed by Neuman-Keuls post-hoc test
or followed by Mann-Whitney test for non-parametric data.
The statistical analyses were performed by GraphPad Prism
5.0 (Graph Pad Software, San Diego, CA). A value of p ≤
0.05 was considered significant.

Results
The equivalent cardioprotective effects of IP and NRG-1 in
vivo
After 24 h reperfusion in the IR rat, we compared the
cardioprotective effects of IP and NRG-1. The heart
slices were stained by Evans blue and TTC, distin-
guishing the non-ischaemic area (blue region), the
area at risk (AR, non-blue region) and IS (white re-
gion) (Fig. 1a). The IS/AR% was used to evaluate the
damage to the heart as previously described (Xie et
al., 2015). Both IP and NRG-1 treatment effectively
reduced IS to similar levels compared with the IR
group (33.37 ± 2.86% and 36.82 ± 5.04% respectively,
vs. 51.87 ± 3.27%, p < 0.05; Fig. 1b).
The apoptotic nuclei were stained brown by TUNEL

assays. We found that apoptosis increased in the IR
group compared to the control group as shown in Fig.
1c-d (p < 0.001). The increase of apoptosis induced by
myocardial reperfusion injury was suppressed by both IP
and NRG-1 treatment (Fig. 1d, p < 0.01). Pro-caspase 3
(35 kDa) and its activated fragment cleaved-caspase 3
(17 kDa), as the executor of apoptosis, were assessed by
western blotting (Fig. 1e). Cleaved-caspase 3 protein
levels were significantly increased in the IR group com-
pared to the control group (Fig. 1f, p < 0.05) and de-
creased in the IP and NRG-1 groups compared with the
IR group (Fig. 1f, p < 0.05). Pro-caspase 3 protein levels
remained unchanged.
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Activation of NRG-1/ErbB4 by IP in vivo
To clarify the relationship between IP and NRG-1, we
measured the protein expression of NRG-1 (70 kDa),
ErbB2 (138 kDa) and ErbB4 (185 kDa) (Fig. 2). After

24 h reperfusion, NRG-1 increased significantly in the IR
group compared with control group (Fig. 2b, p < 0.05).
These results were consistent with a previous study
(Fang et al., 2010). A further increase of NRG-1 was

Fig. 1 Protective effects of both IP and NRG-1 by reducing the IS and apoptosis induced by IR in vivo. (a), Representative heart slices stained by
Evans blue and TTC. Blue: non-ischaemic area; non-blue: the area at risk (AR); white: infarct size (IS). (b), The percentage of infarct size/area at risk
(IS/AR%). (c), Representative myocardial apoptosis in paraffin sections of the heart at the risk area. The normal cellular nuclei were stained blue by
haematoxylin; the apoptotic nuclei were stained brown by TUNEL assay. (d), The percentage of TUNEL-positive cells in the total cells. (e),
Representative protein levels of pro-caspase 3 and cleaved-caspase 3 by western blotting. (f), Semi-quantification of cleaved-caspase 3 protein
levels normalised to GAPDH. CON: control, IR: ischaemia-reperfusion, IP: ischaemic postconditioning, NRG-1: IR + NRG-1. Data are shown as the
mean ± SEM (n = 6). #p < 0.05, ###p < 0.001 vs. CON, *p < 0.05, **p < 0.01 vs. IR
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detected in the IP group compared with the IR group
(Fig. 2b, p < 0.05). ErbB4 is the receptor of NRG-1. Phos-
phorylation levels of ErbB4 were higher in the IR than in
the control group, and the levels were further increased
in the NRG-1 group compared to the IR group as ex-
pected (Fig. 2d, p < 0.05). Interestingly, activation of
ErbB4 was also observed in the IP group (Fig. 2d, p <
0.05). Total ErbB4 levels remained unchanged in all
group. ErbB2 has no direct ligand, but it can be activated
by forming a heterodimer with ErbB4 which then trig-
gers the downstream signals. In the NRG-1 and IP
group, the phosphorylation of ErbB2 increased signifi-
cantly compared with the IR group (Fig. 2f, p < 0.05).

Activation of the RISK pathway by IP and NRG-1 in vivo
The phosphorylation of AKT (60 kDa) and ERK1/2
(44 kDa/42 kDa) was detected by western blotting at the

end of 24 h reperfusion as shown in Fig. 4. Following
IP or NRG-1 treatment, conspicuous increases in
phosphorylation of AKT and ERK1/2 were observed
compared with the IR group (Fig. 3b, d). Moreover,
there was no significant difference between the IP
group and NRG-1 group. The phosphorylation of
AMPK (62 kDa) has been showed to play a crucial
role in the process of IP. Compared with IR group,
the phosphorylation of AMPK was elevated in the IP
group, but no significant increase was found with the
NRG-1 treatment (Fig. 3e, f ).

The cardioprotective effects of IP were suppressed by the
ErbB4 inhibitor ex vivo
To determine the role of NRG-1 in the IP process,
we used the ErbB4 inhibitor AG1478 to block NRG-1
in the Langendorff isolated rat heart perfusion model.

Fig. 2 Increased NRG-1 and activation of ErbB2/4 by both IP and NRG-1 in vivo. (a), Representative protein levels of NRG-1. (b), Semi-
quantification of protein levels of NRG-1. (c), Representative protein levels of P-ErbB4 and T-ErbB4 by western blotting. (d), Semi-quantification of
the density ratio of P-ErbB4/T-ErbB4. (e), Representative protein levels of P-ErbB2 and T-ErbB2. (f), Semi-quantification of protein levels of P-ErbB2/
T-ErbB2.These protein levels were normalised to GAPDH. CON: control, IR: ischaemia-reperfusion, IP: ischaemic postconditioning, NRG-1: IR + NRG-
1. Data are shown as the mean ± SEM (n = 6). # p < 0.05 vs. CON, *p < 0.05 vs. IR
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After 2 h reperfusion, IS was significantly reduced in
the IP and NRG-1 groups compared with the IR
group (Fig. 4a, b, p < 0.05). The protective effects in-
duced by IP and NRG-1 showed no significant differ-
ence. When the ErbB4 inhibitor AG1478 was
perfused to the heart, reduction of the IS by IP and
NRG-1 treatment was suppressed (Fig. 4b). H&E
staining was performed for histological analysis. The
myocardial structure in IR group showed irregularly
arranged muscle fibers; fracture, degeneration, and
necrosis of muscle fibers; severe edema between cells,
pyknotic nuclei, and infiltrated inflammatory cells. IP
and NRG-1 treatments showed similar effects on re-
ducing the pathological changes of myocytes. AG1478
could suppress the protective effects of IP and NRG-1
on the IR induced pathological changes (Fig. 4c).

Phosphorylation of ErbB4 and RISK pathway were
decreased by the ErbB4 inhibitor ex vivo
To clarify the potential role of ErbB4 in IP, we detected
the phosphorylation of ErbB4. The phosphorylation of
ErbB4 induced by IP and NRG-1 was significantly sup-
pressed by AG1478 in isolated heart (Fig. 5a). To deter-
mine whether ErbB4 plays a role in IP-induced
phosphorylation of ERK1/2 and AKT, we reperfused the
heart with AG1478 in a Langendorff apparatus. After
20 min reperfusion, the phosphorylation of AKT and
ERK1/2 increased substantially after IP and NRG-1
treatment compared with the IR group, consistent with
the in vivo study (Fig. 5c-f). Following pretreatment of
AG1478, the phosphorylation of ERK1/2 and AKT in-
duced by IP or NRG-1 was reduced considerably com-
pared to the non-AG1478 treated groups (Fig. 5c-f).

Fig. 3 Activation of the RISK pathway by IP and NRG-1 in vivo. (a), Representative protein levels of P-ERK1/2 and T-ERK1/2 by western blotting.
(b), Semi-quantification of the density ratio of P-ERK1/2/T-ERK1/2. (c), Representative protein levels of P-AKT and T-AKT by western blotting. (d),
Semi-quantification of the density ratio of P-AKT/T-AKT. (e), Representative protein levels of P-AMPK and T-AMPK by western blotting. (f),
Semi-quantification of the density ratio of P-AMPK/T-AMPK. These protein levels were normalised to GAPDH. CON: control, IR: ischaemia-
reperfusion, IP: ischaemic postconditioning, NRG-1: IR + NRG-1. Data are shown as the mean ± SEM (n = 6). #p < 0.05 vs. CON; *p < 0.05,
**p < 0.01 vs. IR
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The cardioprotective effects of IP and NRG-1 were
suppressed by PD98059 and LY294002 ex vivo
To determine whether the cardioprotective effects in-
duced by IP and NRG-1depend on RISK pathway activa-
tion, we used LY294002 (LY, a PI3K inhibitor) and
PD98059 (PD, a MEK inhibitor) to block the phosphor-
ylation of AKT and ERK1/2, respectively, in the Langen-
dorff isolated rat heart perfusion model. After 20 min
reperfusion, treatment with LY or PD considerably
inhibited the phosphorylation of AKT and ERK1/2 in-
duced by NRG-1 and IP (Fig. 6c-f). In addition to sup-
pression of the RISK pathway, the reduction of IS
induced by IP and NRG-1 was reversed by LY and PD
(Fig. 6a-b). For downstream signals, we measured the
phosphorylation of p70S6K which has been shown to be
activated by AKT. P-p70S6K was up regulated in the IP
and NRG-1 group than in the IR group. Treatment with
LY substantially reduced P-p70S6K induced by IP and
NRG-1(Fig. 6g-h).

Discussion
The present study demonstrated that NRG-1 shows
similar cardioprotective effect to those of IP via activa-
tion of the NRG-1/ErbB pathway and downstream
PI3K-AKT and ERK1/2 signalling, which is termed the
RISK pathway. To our knowledge, this is the first study
that used a head-to-head comparison of NRG-1 and IP
to demonstrate that the NRG-1/ErbB signalling pathway
mediates the cardioprotection of IP and the potential
use of NRG-1 as a promising agent of pharmacological
postconditioning.
The NRG-1/ErbB pathway is considered a compensa-

tory protective mechanism of cardiac injury (Odiete et
al., 2012). A recent study indicated that preconditioning
with NRG-1 protected the heart from reperfusion injury
in an IR rat model (Fang et al., 2010). However, precon-
ditioning with injection of NRG-1 for 20 min before
long-term ischaemia is difficult to perform in humans.
Pharmacological postconditioning may be an effective

Fig. 4 Protective effects of IP and NRG-1 were suppressed by the ErbB4 inhibitor AG1478 ex vivo. (a), Representative heart slices stained by TTC,
red: the ischaemic area, white: infarct area. (b), the percentage of infarct size/left ventricle (IS/LV%). (c), Histological analysis of heart sections in
Langendorff model by hematoxylin and eosin staining. CON: control, IR: ischaemia-reperfusion, IP: ischaemic postconditioning, NRG-1: IR + NRG-1.
Data are shown as the mean ± SEM (n = 6). *p < 0.05 vs. IR; #p < 0.05 vs. the same treated group without AG1478
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and more applicable therapy. Our study found that post-
conditioning with injection of NRG-1 simultaneously
with reperfusion could reduce IS and apoptosis in the IR
rat model in vivo and the Langendorff model. This pro-
tective effect of NRG-1 was also confirmed by two stud-
ies in mice IR model (Ebner et al., 2015; Ebner et al.,
2013). Our results revealed an increase of NRG-1 in-
duced by IR in vivo (Fig. 2), which was described in a
previous study indicating the release of NRG-1 from
microvascular endothelial cells induced by
hypoxia-reoxygenation (Hedhli et al., 2011). Endogen-
ous NRG-1 was insufficient to protect against myo-
cardial reperfusion injury (Fig. 1), but injection of
exogenous NRG-1 resulted in increased activation of

downstream signalling pathways compared with that
of the IR group (Fig. 3).
The downstream signals of NRG-1 are complicated.

After binding with NRG-1, the receptor ErbB4 is phos-
phorylated by the formation of dimers, and the down-
stream RISK signalling pathway, including AKT and
ERK1/2, is activated. The AKT and ERK1/2 pathway
may mediate the effect of NRG-1 signalling on the sur-
vival of cardiomyocytes (Odiete et al., 2012). Precondi-
tioning with NRG-1 was found to protect cardiomyocyte
from apoptosis by activation of AKT in a rat IR model
(Fang et al., 2010). In the present study, we confirmed
that postconditioning with NRG-1 could also stimulate
the RISK pathway in IR rats in vivo (Fig. 3) and the in

Fig. 5 The phosphorylation of ErbB4 and the RISK pathway inhibited by AG1478 ex vivo. (a), Representative protein levels of P-ErbB4 and T-ErbB4
by western blotting. (b), Semi-quantification of the density ratio of P-ErbB4/T-ErbB4. (c), Representative protein levels of P-ERK1/2 and T-ERK1/2 by
western blotting. (d), Semi-quantification of the density ratio of P-ERK1/2/T-ERK1/2. (e), Representative protein levels of P-AKT and T-AKT by
western blotting. (f), Semi-quantification of the density ratio of P-AKT/T-AKT. These protein levels were normalised to GAPDH. CON: control, IR:
ischaemia-reperfusion, IP: ischaemic postconditioning, NRG-1: IR + NRG-1. Data are shown as the mean ± SEM (n = 6). *p < 0.05, **p < 0.01,
***p < 0.001 vs. IR; #p < 0.05, ##p < 0.01, ### p < 0.001 vs. the same treated group without AG1478
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vitro Langendorff model (Fig. 5). and protected cardio-
myocytes from apoptosis in vivo (Fig. 1).
Apoptosis plays important roles in myocardial reperfu-

sion injury, and caspase 3 inhibitors could effectively reduce
this injury (Hausenloy & Yellon, 2004). IP has been shown
to significantly reduce the number of TUNEL-positive cells
(Kin et al., 2008) and suppress the activity of caspase 3
(Tian et al., 2011). The anti-apoptotic effects of NRG-1 on
cardiomyocytes were identified in many studies and were

assessed on apoptosis induced by H2O2 (Xu et al., 2014),
anthracycline (Fukazawa, 2003) and serum deprivation
(Kuramochi et al., 2004). Thus, we explored the anti-apop-
totic effect of NRG-1 in an IR rat model. Following treat-
ment with NRG-1, TUNEL-positive cells and cleaved
-caspase 3 expression were both reduced significantly com-
pared with those of the IR group, which is similar to the ef-
fects of IP. We suggest that NRG-1 might be a promising
pharmacological postconditioning agent that significantly

Fig. 6 Protective effects of IP and NRG-1 abolished by PD980509 and LY294002 ex vivo. (a), Representative heart slices stained by TTC, red: the
ischaemic area, white: infarct area. (b), The percentage of infarct size/left ventricle (IS/LV%). (c), Representative protein levels of P-ERK1/2 and T-ERK1/2
by western blotting. (d), Semi-quantification of the density ratio of P-ERK1/2/T-ERK1/2. (e), Representative protein levels of P-AKT and T-AKT by western
blotting. (f), Semi-quantification of the density ratio of P-AKT/T-AKT. (g), Representative protein levels of P-p70s6k and T-p70s6k by western blotting. (h),
Semi-quantification of the density ratio of P-p70s6k/T-p70s6k.These protein levels were normalised to GAPDH. CON: control, IR: ischaemia-reperfusion,
IP: ischaemic postconditioning, NRG-1: IR + NRG-1, PD: PD98059, LY: LY294002. Data are shown as the mean ± SEM (n = 6). *p < 0.05, **p < 0.01 vs. IR;
#p < 0.05, ##p < 0.01, ###p < 0.001 vs. the same treated group without inhibitor
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suppresses apoptosis induced by IR. The mechanisms
of reperfusion injury were complicated, and whether
the cardioprotective effect of NRG-1 exclusively relies
on the anti-apoptotic effect remains to be evaluated
in future studies.
The cardioprotective effect of IP is well established

(Heusch, 2015). IP plays an important role in reduction
of oxidative stress, inflammation and apoptosis by sal-
vage kinase pathways, including AKT (Tsang et al.,
2004), ERK1/2 (Yang et al., 2004), AMPK (Hao et al.,
2017), PKC and PKG (Ovize et al., 2010). No activation
of AMPK in NRG-1 group suggested AMPK was not in-
volved in the protective effect of NRG-1 (Fig. 3e-f ). In
this study, we found that NRG-1 and IP had similar
anti-apoptotic effects by activation of the RISK pathway
in the IR rat model. Increased phosphorylation of ErbB4
was detected in the NRG-1 group compared with the IR
group in vivo as expected (Fig. 2). Notably, the activation
of ErbB4 was also found in the IP group (Fig. 2). There-
fore, we detected the protein levels of NRG-1, the ligand
of ErbB4. Our data showed the IP could increase NRG-1
protein expression in the in vivo study. These results
suggested that the cardioprotective effect of IP is medi-
ated by the NRG-1/ErbB4 pathway. The shedding of
NRG-1, which is regulated by a disintegrin and metallo-
protease (ADAM)17/19 (Zhang et al., 2015), may also be
a critical part of IP based on a study demonstrating the
involvement of ADAM17 in ischaemic preconditioning
(Ichikawa et al., 2004). The detailed mechanisms of
NRG-1/ErbB4 pathway activation stimulated by postcon-
ditioning should be clarified by further investigations.
In the Langendorff experiments, AG1478 could effectively

block the activation of NRG-1/ErbB4 pathway after IP treat-
ment, and diminish the activation of the RISK pathway (Fig.
5). These findings suggested that the NRG-1/ErbB4 signal-
ling pathway was involved in IP. AG1478 is not a specific in-
hibitor of ErbB4, it could also inhibit the activation of EGFR
(ErbB1). A previous study showed no activation of EGFR
after the incubation of NRG-1 in neonatal rat ventricle myo-
cyte (NRVM) (Fukazawa, 2003). To further clarify the po-
tential role of ErbB4 in IP, we examined the phosphorylation
of ErbB4. We found the phosphorylation of ErbB4 was in-
creased by IP and suppressed by AG1478 in isolated heart
treated with IP (Fig. 5b). All of these data showed activation
of NRG-1/ErbB4 pathway was involved in the protective ef-
fects of IP. In isolated cultured cardiomyocytes lacking
NRG-1 expression, postconditioning exhibited protective
effects against IR injury as well (Sun et al., 2005).
NRG-1-independent ErbB4 activation might be involved in
protective mechanisms of IP (Forrester et al., 2016). As a
mechanical stimulus, IP may be associated with many
mechanical and chemical signals. The mechanisms of the
NRG-1/ErbB4 signalling pathway activated by IP should be
further explored.

To assess the downstream signals, we used LY294002
and PD98059 to block RISK pathway activation and
found that the cardioprotective effects induced by
NRG-1 and IP were substantially decreased (Fig. 6c-f).
Numerous studies have shown that LY can effectively in-
hibit the effects of NRG-1 and IP by preventing the
phosphorylation of AKT, which is consistent with a
present study (Tsang et al., 2004; Ebner et al., 2015).
p70S6K could be activated by AKT and contributed to
the cardioprotective effects (Tsang et al., 2004). Higher
level of P-p70S6K was detected in IP and NRG-1 groups
than IR group. This result indicated AKT/p70S6K path-
way played important role in protective effect of NRG-1
against myocardial reperfusion injury. PD was reported
to block the effects of IP by inhibiting the phosphoryl-
ation of ERK1/2 (Darling et al., 2005); however, whether
PD can block the effects of NRG-1 in a Langendorff
model is unknown. In the present study, we found that
PD can inhibit the phosphorylation of ERK1/2 induced
by NRG-1, which impaired protective effects (Fig. 6c-d).
In this study, we used IR rat models to compare the pro-

tective effects of NRG-1 and IP. We know difference be-
tween species could lead to different effects of the same
drugs (Heusch, 2017). Protective effect of NRG-1 by activa-
tion of RISK pathway in patients suffering from myocardial
IR injury remained unknown. Whether NRG-1 activated
other signalling pathways besides RISK need more investi-
gation. It is difficult to translate the findings in healthy,
young animals with acute coronary occlusion/reperfusion
to patients of older age, with a variety of co-morbidities and
co-medications, suffering from different scenarios of myo-
cardial IR injury. Dosing and timing studies also very im-
portant to evaluate the pharmacological effect of NRG-1.
Therefore, we need more experiments in different animal
models and even larger clinical trials with dosing and tim-
ing studies to clarify the protective effect of NRG-1 in pa-
tients suffering from myocardial IR injury.

Conclusion
In conclusion, both NRG-1 and IP have cardioprotective ef-
fects by reducing IS and apoptosis through ErbB4-dependent
activation of the RISK pathway in a rat myocardial reperfu-
sion injury model. NRG-1 might be a potential pharmaco-
logical postconditioning agent for cardioprotection against
reperfusion injury.
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