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Aims: Neuregulin-1 (NRG-1) is a member of the epidermal growth factor family, and has an important role in 
cardiomyocyte development and myocardial regeneration. The aim of this study was to determine the protective 
effect of NRG-1 on cardiac electrical conduction in a rat myocardial infarction (MI) model. Methods: Thirty-three 
adult male SPF SD rats were randomized into three groups: sham-operated (n=9), acute myocardial infarction 
(AMI, n=12), and the NRG-1-treated (NRG-1, n=12) groups. All rats were sacrificed on day 8 after inducing 
MI. The 6-lead electrocardiograms (ECG) were recorded pre-operatively and eight days after operation, and 
analyzed. The expression levels of matrix metalloproteinase (MMP)-9 and gap junction protein connexin 43 
(Cx43) in the infarcted myocardium were measured by Western blotting, and its in-situ distribution was evaluated 
using immunohistochemistry. Results: The PR, QRS and QT intervals were significantly prolonged in the AMI 
group compared to the sham operated animals (P<0.05, P<0.01 and P<0.01 respectively), and the PR and 
QRS intervals were partially restored in the NRG-1-treated rats (P<0.01 and P<0.01 compared to AMI group). 
Similarly, the increased levels of MMP-9 in the AMI group was restored upon NRG-1 treatment. The myocardial 
expression of Cx43 was decreased significantly in the AMI group, and was upregulated by NRG-1 treatment. 
Conclusions: NRG-1 attenuates MI-induced dysfunctional cardiac electrical conduction by downregulating 
MMP-9 and upregulating Cx43. 

1. Introduction
Around 80 % of sudden cardiac deaths are caused by persistent 
ventricular tachycardia and ventricular fibrillation secondary to 
acute myocardial infarction (AMI) (Rubart 2005). The arrhythmias 
can be a result of MI-induced slower cardiac electrical conduction, 
disordered distribution of the gap junction protein Cx43 in the 
infarcted area (Akar and Akar 2007; Yao 2003), alteration in Na+ 
and K+ levels (Luqman et al. 2007), reduction in action potential 
duration (Macianskiene et al. 2018), structural defects, metabolic 
imbalances and inflammation, in addition to the prescribed drugs 
as well as genetic susceptibility. Cx43 mediates the cardiac elec-
trical flow and coordinates the excitation of the entire myocardium 
and the subsequent diffusion of contraction (Zhang and Shaw 
2013). MI can trigger complex structural changes in the three 
dimensional structure of gap junction proteins (Rivera-Torres et al. 
2016; Zhang, et al. 2018). In addition, MI-induced downregulation 
of Cx43 results in a significant decrease in conduction velocity 
and an increase in the incidence of ventricular tachyarrhythmias 
in mice (Ando, et al. 2005). Taken together, Cx43 dysfunction in 
cardiomyocytes could be the underlying mechanism of the cardiac 
electrical conduction changes caused by AMI.
MMP-9 levels increase in the early stages after MI (Ramirez 
et al. 2014). The MMPs hydrolyze the extracellular matrix 
proteins (Lindsey 2004), including Cx43, around the cardiomy-
ocytes which breaks down the cell-to-cell junctions, and impairs 
inter-cellular signaling. Myocardial hypoxia-induced Cx43 

downregulation can be attenuated by an inhibition of MMP (Wu 
et al. 2013). Therefore, changes in cardiac electrical conduction 
and ventricular arrhythmia after AMI are likely related to the 
increased MMP activity, which destroys the connection between 
cardiomyocytes, as well as the number and distribution of Cx43. 
NRG-1, a transmembrane polypeptide growth factor, is a member 
of the epidermal growth factor family. It acts through the tyrosine 
kinase transmembrane receptors ErbB2, ErbB3 and ErbB4. In the 
myocardial tissue, NRG-1 is secreted by microvascular endothe-
lial cells (Cote et al. 2005; Lemmens et al. 2006). Previous studies 
have shown that NRG-1 can significantly affect the excitability 
of cardiomyocytes by inhibiting the expression of GIRK and 
acetylcholine receptor genes, and regulating the balance between 
sympathetic and parasympathetic responses, ultimately leading 
to arrhythmias (Ford et al. 2003). In NRG-1 knockout heterozy-
gous mice, muscarinic receptor stimulation does not counteract 
β-adrenergic activation (Okoshi 2004). In addition, after stimu-
lation with NRG-1, embryonic cardiomyocytes can differentiate 
into cardiac conduction system cells, and fetal cardiomyocytes 
can be transformed into cardiac pacemaker-like cells (Odiete et 
al. 2012).
However, little is known about the role of the NRG1/ErbB signaling 
pathway on cardiac electrical conduction after AMI. To elucidate 
this, we established a rat model of AMI by ligating the left anterior 
descending artery, and assessed the PR, QRS and QT intervals, 
along with the myocardial expression of MMP-9 and Cx43.
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Fig. 1: Changes of ECG parameters on day 8 after ligation, n=8-9. **P<0.05 VS Sham group; *P<0.01 VS Sham group; #P<0.01 VS AMI group.

2. Investigations and results

2.1. Assessment ECG
Out of the 33 operated rats, 3 died in the AMI and 4 in the NRG-1 
group. No significant differences were seen in the pre-operative 
and post-operative heart rate (day 1 and day 8) across the three 
groups. However, the PR, QRS and QT intervals were significantly 
increased in the AMI group compared to the sham-operated rats 
(p<0.05, p<0.01 and p<0.01). These parameters were restored by 
NRG-1 treatment, with significant reduction in the PR and QRS 
intervals (p<0.01 and p<0.01 compared to AMI), and only a slight 
reduction in the QT interval (Fig. 1). 

2.2. The expression of MMP-9 and Cx43
Compared to the Sham group, the expression of MMP-9 in the core 
infarcted region of the left ventricle was significantly increased 
after AMI (P<0.05), while that of Cx43 was significantly decreased 
(P<0.05). NRG-1 treatment decreased the expression of MMP-9 
(P<0.05), and increased that of Cx43 (P<0.05) compared to the 
untreated AMI group (Fig. 2).

2.3. In situ levels of Cx43 in the left ventricular infarct 
area
In the Sham group, the majority of Cx43 protein was distributed 
in the intercalated disk, with less expression in the cytoplasm and 
more towards the cellular boundaries. After AMI, Cx43 levels were 
significantly reduced and showed a disordered arrangement, which 
was accompanied by extensive myocardial cell thickening and 
dissolution. However, NRG-1treatment increased the levels of Cx43 
protein (P<0.05), and also reduced its lateral distribution (Fig. 3).

3. Discussion
This study is the first to report the effect of NRG-1 on the aberrant 
cardiac electrical conduction induced by AMI. NRG-1 improved 
several conduction parameters after AMI, in addition to downregu-
lating MMP-9 and upregulating Cx43 in the myocardium.
Any structural change induced by AMI in the cardiomyocytes can 
potentially alter cell-cell pulse conduction through gap junctions, 

interfere with cardiac electrical activity, and increase the likelihood 
of ectopic impulse formation (Saffitz and Corradi 2016). AMI 
resulted in prolonged PR, QRS and QT intervals, which were 
ameliorated to some extent in the rats treated with NRG-1. Elec-
trical coupling between ventricular cardiomyocytes in the healthy 
myocardium cells depends on Cx43 (Fernandes et al. 2009), and any 
disruption of this protein impairs cardiac conduction (Kalcheva et 
al. 2007; Roell et al. 2018). Nattel et al. (2007) reported that MI 
causes irregular distribution of Cx43 in the myocardial tissue near 
the infarcted area, which leads to altered ion channels and increases 
the risk of ventricular arrhythmia. Osbourne et al. (2014) found that 
downregulation of Cx43 induced by overexpression of miRNA130a 
resulted in a prolonged PR interval and a significant increase in 
persistent VT. Ng et al (2016) found that the conduction velocity in 
the infarct border zone improved, and the arrhythmia susceptibility 
was significantly reduced after the Cx43 gap junction coupling was 
improved. The post-AMI rats in our study showed prolonged PR 
and QRS intervals, reduced Cx43 levels in the myocardium, which 
was restored by NRG-1.These are analogous to the findings of Rent-
schler et al. (2002) who showed that NRG-1 promoted formation of 
murine cardiac conduction system, and another study that found an 
association of a common missense mutation of the NRG-1 gene with 
sudden cardiac death (Huertas-Vazquez et al. 2013).
In addition, Li et al. (2008) found that NRG-1 improved neuron 
survival and delayed irreversible neuron necrosis in rat models by inac-
tivating MMP-9 and thus preventing inflammation. MMP-9 cleaves 
various extracellular matrix and inflammatory proteins (Ramirez et 
al. 2014), thereby affecting the function of gap proteins. Lindsey et al. 
(2006) showed that MMPs may cause arrhythmias by affecting Cx43. 
Consistent with this, MMP-9 levels were significantly upregulated in 
the myocardia of the AMI rats in our study, and inhibited upon NRG-1 
treatment. Our study shows for the first time that NRG-1 protects 
cardiac electrical conduction after AMI via its action on MMP-9.
In terms of study limitations, we did not conduct a more in-depth 
electrophysiological examination, and did not investigate the 
mechanism underlying NRG-1-mediated regulation of MMP-9. 
Nevertheless, we can conclude that NRG-1 restores normal cardiac 
electrical conduction after AMI by downregulating MMP-9 and 
upregulating Cx43. Our findings lay the foundation for developing 
novel approaches to treat arrhythmias.
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Fig. 2: The Cx43 and MMP-9 protein expression levels in the core region of left ventricular infarction (three group, n=4). *P<0.05 VS Sham group; #P<0.05 VS AMI group

muscle and the lower left side of the chest wall. A 6-lead surface ECG was then 
obtained, and the artifacts were manually excluded. The PR, QRS and QT intervals 
were measured manually by 3 individuals in a blinded fashion, and the average was 
calculated. 

4.4. Immunohistochemistry
The heart tissues were fixed in 4 % formalin, embedded in paraffin, and cut into 
5-μm sections. After incubating with 3 % hydrogen peroxide for 5-10 min at room 
temperature to quench endogenous peroxidase, the cardiac cross-sections were immu-
no-stained with Cx43 antibody (50 μl) overnight at 4 °C. After re-warming the slides 
for 1 h, the secondary antibody was added dropwise. The sections were stained with 
DAB solution and counterstained with hematoxylin.

4.5. Western blotting
As previously described (Gui et al. 2012). The myocardial tissues were collected on ice 
and weighed, and the left ventricle was homogenized in liquid nitrogen. RIPA buffer 
containing PMSF was added immediately for protein extraction, and the lysates were 
quantified using a BCA kit. Equal amount of proteins per sample; were separated by 
SDS-PAGE and transferred to a PVDF membrane. After blocking the membranes with 
a blocking solution at 4 °C for 2 h, the primary antibody was added and the blots were 
incubated overnight at 4 °C. The positive bands were detected using horseradishper-
oxidase-labeled secondary antibody and a chemi lumi nescence detection system, and 
densitometrically quantified using image analysis software. 

4.6. Statistical analysis
All data are expressed as mean±standard deviation, and compared by one-way anal-
ysis of variance. P values less than 0.05 were considered statistically significant. All 
statistical analyses were performed with the SPSS 16.0 software package (IBM Corp., 
Armonk, NY, USA).
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4. Experimental

4.1. Materials
NRG-1 (cat no. #5218SF) and Cx43 antibody (1:1000; cat no. #3512) and anti-rabbit 
secondary antibody (1:2000; cat no. #7074) were obtained from Cell Signaling Tech-
nology Inc, the anti-MMP-9 rabbit polyclonal antibody (1:1000; cat no. W680) from 
Bioworld technology Inc, and the BCA Kit (cat no. AR0146) from Boster Biological 
Technology co.ltd. ALC-V9A animal respirator and MPA-CFS animal heart function 
analysis system were purchased from Shanghai Aokete Biotechnology Co. Ltd 
(Shanghai, China), the ECG-9130P electrocardiograph from Japan Optoelectronic 
Industry Corporation (Tokyo, Japan), YJ12001 electronic balance from Minqiao 
Precision Science Co. Ltd. (Shanghai, China), and the Nikon Eclipse mounted optical 
microscope from Nikon Corporation (Tokyo, Japan). 

4.2. Establishment of rat AMI model
All animals were treated humanely and in accordance with the “Guidelines for the Care 
and Use of Laboratory Animals” published by the National Institutes of Health (8th edition, 
2011). The experimental protocol was approved by the Animal Care and Use Committee 
of Guangxi Medical Research Institute. Thirty-three male Sprague Dawley rats (7-8 weeks 
old with average body weight 298.56±38.73 g) were obtained from the Animal Center of 
Guangxi Medical University (Nannin, China). After anesthetizing the rats by an intra-peri-
toneal injection of sodium pentobarbital (1 %, 35 mg/kg), they were intubated at 4 ml/100 
g and ventilated at 80 breaths/min. A left-side thoracotomy was performed, and the fourth 
and fifth ribs were removed. The rats were then randomized into the sham-operated, AMI 
and NRG-1-treatedgroups.The sham-operated rats only underwent thoracotomy without 
left anterior descending ligation. For the other two groups, the left coronary artery was 
ligated approximately 2 mm below the left atrial appendage with 6-0 polypropylene suture 
after pericardial incision. Successful MI was determined by ST segment elevation and Q 
wave changes in Leads II and III in ECG, and pallor appearance in the LV anterior wall. 
The chest was closed until a stable cycle was obtained. The rats were then accordingly 
injected with either 10 μg/kg NRG-1 or normal saline (sham-operated and AMI groups) 
via the tail vein 2 h after the operation, and continued once daily for 7 days. 

4.3. ECG recording
The ECGs of the animals were recorded before the coronary artery ligation and on the 
8th day after ligation. Briefly, the rats were anesthetized and ventilated as described 
above, and 4 stainless steel electrodes were subcutaneously fixed to the right pectoral 



ORIGINAL ARTICLES

Pharmazie 74 (2019)234

Ford BD, Liu Y, Anne Mann M, Krauss R, Phillips K, Gan L, Fischbach GD (2003) 
Neuregulin-1 suppresses muscarinic receptor expression and acetylcholine-acti-
vated muscarinic K+ channels in cardiac myocytes. Biochem Biophys Res Comm 
308: 23-28.

Gui C, Zhu L, Hu M, Lei L, Long Q (2012) Neuregulin-1/ErbB signaling is impaired 
in the rat model of diabetic cardiomyopathy. Cardiovasc Pathol 21: 414-420.

Huertas-Vazquez A, Teodorescu C, Reinier K, Uy-Evanado A, Chugh H, Jerger 
K, Ayala J, Gunson K, Jui J, Newton-Cheh C, Albert CM, Chugh SS (2013) A 
common missense variant in the neuregulin 1 gene is associated with both schizo-
phrenia and sudden cardiac death. Heart Rhythm 10: 994-998.

Kalcheva N, Qu J, Sandeep N, Garcia L, Zhang J, Wang Z, Lampe PD, Suadicani 
SO, Spray DC, Fishman GI (2007) Gap junction remodeling and cardiac arrhyth-
mogenesis in a murine model of oculodentodigital dysplasia. Proc Natl Acad Sci 
USA 104: 20512-20516.

Lemmens K, Segers VFM, Demolder M, De Keulenaer GW (2006) Role of neureg-
ulin-1/ErbB2 signaling in endothelium-cardiomyocyte cross-talk. J Biol Chem 
281: 19469-19477.

Li Q, Zhang R, Ge Y-l, Mei Y-W, Guo Y-l (2008) Effects of Neuregulin on expres-
sion of MMP-9 and NSE in brain of ischemia/reperfusion rat. J Mol Neurosci 38: 
207-215.

Lindsey ML (2004) MMP induction and inhibition in myocardial infarction. Heart 
Fail Rev 9: 7-19.

Lindsey ML, Escobar GP, Mukherjee R, Goshorn DK, Sheats NJ, Bruce JA, Mains 
IM, Hendrick JK, Hewett KW, Gourdie RG, Matrisian LM, Spinale FG (2006) 
Matrix metalloproteinase-7 affects connexin-43 levels, electrical conduction, and 
survival after myocardial infarction. Circulation 113: 2919-2928.

Luqman N, Sung RJ, Wang C-L, Kuo C-T (2007) Myocardial ischemia and ventricular 
fibrillation: Pathophysiology and clinical implications. Int J Cardiol 119: 283-290.

Macianskiene R, Martisiene I, Navalinskas A, Treinys R, Andriule I, and Jurevicius J 
(2018) Mechanism of action potential prolongation during metabolic inhibition in 
the whole rabbit heart. Front Physiol 9: 1077.

Nattel S, Maguy A, Le Bouter S, Yeh YH (2007) Arrhythmogenic ion-channel remod-
eling in the heart: heart failure, myocardial infarction, and atrial fibrillation. 
Physiol Rev 87: 425-456.

Ng FS, Kalindjian JM, Cooper SA, Chowdhury RA, Patel PM, Dupont E, Lyon AR, 
Peters NS (2016) Enhancement of gap junction function during acute myocardial 
infarction modifies healing and reduces late ventricular arrhythmia susceptibility. 
JACC: Clin Electrophysiol 2: 574-582.

Odiete O, Hill MF, Sawyer DB (2012) Neuregulin in cardiovascular development and 
disease. Circ Res 111: 1376-1385.

Okoshi K (2004) Neuregulins regulate cardiac parasympathetic activity: muscarinic 
modulation of beta-adrenergic activity in myocytes from mice with neuregulin-1 
gene deletion. Circulation 110: 713-717.

Osbourne A, Calway T, Broman M, McSharry S, Earley J, Kim GH (2014) Down-
regulation of connexin43 by microRNA-130a in cardiomyocytes results in cardiac 
arrhythmias. J Mol Cell Cardiol 74: 53-63.

Ramirez TA, Iyer RP, Ghasemi O, Lopez EF, Levin DB, Zhang J, Zamilpa R, Chou 
YM, Jin YF, Lindsey ML (2014) Aliskiren and valsartan mediate left ventricular 
remodeling post-myocardial infarction in mice through MMP-9 effects. J Mol Cell 
Cardiol 72: 326-335.

Rentschler S, Zander J, Meyers K, France D, Levine R, Porter G, Rivkees SA, Morley 
GE, Fishman GI (2002) Neuregulin-1 promotes formation of the murine cardiac 
conduction system. Proc Natl Acad Sci USA 99: 10464-10469.

Rivera-Torres J, Calvo CJ, Llach A, Guzman-Martinez G, Caballero R, Gonza-
lez-Gomez C, Jimenez-Borreguero LJ, Guadix JA, Osorio FG, Lopez-Otin C, 
Herraiz-Martinez A, Cabello N, Vallmitjana A, Benitez R, Gordon LB, Jalife J, 
Perez-Pomares JM, Tamargo J, Delpon E, Hove-Madsen L, Filgueiras-Rama D, 
Andres V (2016) Cardiac electrical defects in progeroid mice and Hutchinson-Gil-
ford progeria syndrome patients with nuclear lamina alterations. Proc Natl Acad 
Sci USA 113: E7250-E7259.

Roell W, Klein AM, Breitbach M, Becker TS, Parikh A, Lee J, Zimmermann K, 
Reining S, Gabris B, Ottersbach A, Doran R, Engelbrecht B, Schiffer M, Kimura 
K, Freitag P, Carls E, Geisen C, Duerr GD, Sasse P, Welz A, Pfeifer A, Salama 
G, Kotlikoff M, Fleischmann BK (2018) Overexpression of Cx43 in cells of the 
myocardial scar: Correction of post-infarct arrhythmias through heterotypic cell-
cell coupling. Sci Rep 8: 7145.

Rubart M (2005) Mechanisms of sudden cardiac death. J Clin Invest 115: 2305-2315.
Saffitz JE, Corradi D (2016) The electrical heart: 25 years of discovery in cardiac 

electrophysiology, arrhythmias and sudden death. Cardiovasc Pathol 25: 149-157.
Wu X, Huang W, Luo G, Alain LA (2013) Hypoxia induces connexin 43 dysregu-

lation by modulating matrix metalloproteinases via MAPK signaling. Mol Cell 
Biochem 384: 155-162.

Yao JA (2003) Remodeling of gap junctional channel function in epicardial border 
zone of healing canine infarcts. Circ Res 92: 437-443.

Zhang D, Tu H, Wadman MC, Li YL (2018) Substrates and potential therapeutics of 
ventricular arrhythmias in heart failure. Eur J Pharmacol 833: 349-356.

Zhang SS, Shaw RM (2013) Multilayered regulation of cardiac ion channels. Biochim 
Biophys Acta 1833: 876-885.


