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Abstract 

Objective  We performed experiments using Neuregulin-1β (NRG-1β) treatment to determine a mechanism for the protective role 
derived from its beneficial effects by remodeling gap junctions (GJs) during heart failure (HF). Methods  Rat models of HF were 
established by aortocaval fistula. Forty-eight rats were divided randomly into the HF (HF, n = 16), NRG-1β treatment (NRG, n = 16), and 
sham operation (S, n = 16) group. The rats in the NRG group were administered NRG-1β (10 µg/kg per day) for 7 days via the tail vein, 
whereas the other groups were injected with the same doses of saline. Twelve weeks after operation, Connexin 43 (Cx43) expression in 
single myocytes obtained from the left ventricle was determined by immunocytochemistry. Total protein was extracted from frozen left 
ventricular tissues for immunoblotting assay, and the ultrastructure of myocytes was observed by transmission electron microscopy. Results  
Compared with the HF group, the cardiac function of rats in the NRG group was markedly improved, irregular distribution and deceased 
Cx43 expression were relieved. The ultrastructure of myocytes was seriously damaged in HF rats, and NRG-1β reduced these pathological 
damages. Conclusions  Short-term NRG-1β treatment can rescue pump failure in experimental models of volume overload-induced HF, 
which is related to the recovery of GJs structure and the improvement of Cx43 expression. 

J Geriatr Cardiol 2012; 9: 172−179. doi: 10.3724/SP.J.1263.2012.03271 

Keywords: Neuregulin-1β; Cardiac function; Heart failure; Connexin 43; Gap junction; Remodeling 

 
 

1  Introduction  

Heart failure (HF) remains as a serious public health problem 
with high morbidity and mortality rates despite significant 
progress in drug development.[1] Thus, developing new thera-
peutic strategies and elucidating underlying mechanisms of 
HF are crucial. 

Neuregulin-1(NRG-1), an activator of ErbB2, is characterized 
by the receptor tyrosine kinases of the ErbB family. The 
NRG-1/ErbB signal transduction pathway is activated when 
NRG-1 binds to the ErbB4 receptors on cardiomyocytes to 
form ErbB2/ErbB4 receptor dimers, subsequently activating 
downstream signaling cascades. NRG-1 influences a series 
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of events in cardiomyocytes, including anti-apoptosis, promotion 
of cell survival, regulation of myofibrillar organization, and 
cell-to-cell contact.[2,3] 

The NRG-1/ErbB signaling system is not only involved 
in cardiac development as well as maintenance of structural 
and functional integrity, but is also closely related to the 
occurrence and development of HF.[4] Negro et al.[5] found 
that knockouts of the ErbB2 gene in mice lead to thinning of 
the heart wall, decreased contractility, and chamber dilatation 
similar to the pathological changes of dilated cardiomyopathy. 
This result was also confirmed by a follow-up study where 
NRG-1 gene conditional knockout mice exhibited dilated 
cardiomyopathy.[6] ErbB2/4 receptors and NRG-1 are essential 
for heart development, and mutations in NRG-1, ErbB2, or 
ErbB4 in mice result in impaired ventricular trabeculation, 
causing mid-gestation lethality.[7] 

Gap junctions (GJs) play a critical role in cell-cell coupling 
and provide substrates for electrical and chemical communi-
cation between cells. Heterogeneous remodeling of GJs lead 
to loss of synchronous ventricular activation, which has been 
confirmed to directly depress cardiac performance.[8] Connexin 
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is a constituent protein of GJs. The distribution and function 
of this protein are closely associated with the direction and 
velocity of myocardial conduction, and impairment of connexin 
leads to malignant ventricular arrhythmia, the main cause of 
death in HF.[9] Connexin 43 (Cx43) is, by far, the most 
predominant type in working myocytes and responsible for 
intercellular communication between ventricular myocytes.[10] 
Cx43 has been shown to be involved in cardiomyocyte functions 
other than electrical impulse propagation, including mitochondrial 
respiration and energy metabolism. Cx43 deficiency is associated 
with dilated cardiomyopathy with left ventricular dilatation 
and reduced systolic function, associated with depressed 
mitochondrial respiration, and manifested at advanced age.[11] 
Improvement of intercellular coupling derived from reduced 
GJ remodeling benefits synchronous contraction in heart 
and restores cardiac function. Inhibition of NADPH oxidase 
ameliorates electrical remodeling and exerts anti-arrhyth-
mogenic effects through up-regulating Cx43 in rabbits with 
HF.[12] Losartan and Captopril treatment reduced ventricular 
tachycardia risk in cardiac-specific angiotensin-converting 
enzyme (ACE) overexpression (ACE 8/8) mice, which was 
associated with a recovery of gap junctional conductance by 
increasing Cx43 expression.[13] 

Previous research have shown that recombinant NRG-1β 
could enhance the connection between cardiomyocytes by 
prompting Src/focal adhesion kinase (FAK) phosphorylation, 
which localizes to the intercalated disk (ID) and forms focal 
adhesion complexes in freshly isolated ventricular myocytes.[14] 
Hence, these findings might imply that NRG-1β may up-regulate 
Cx43 expression and effect on the remodeling of GJs that 
contribute to coupling between ventricular myocytes, consequently, 
rescuing cardiac performance.  

The current study aimed to investigate whether NRG-1β 
benefited GJ and reversed cardiac remodeling in failing hearts, 
improving cardiac function in a novel manner. 

2 Methods 

2.1 Animal model preparation  

Young male Sprague-Dawley rats weighing from 160 g 
to 180 g, obtained from the experimental animal center of 
Xi’an Jiaotong University (Xi’an, Shaanxi, China), were fed 
normal rat chow and allowed free access to tap water. The 
48 rats were divided randomly into the HF (HF, n = 16), 
NRG-1β treatment (NRG, n = 16) and sham operation (S, n = 
16). Volume-overloaded rat models were created using aortocaval 
fistula (ACF), according to the method of Garcia et al.,[15] 
with slight modifications. Briefly, the rats in the S group 
only received aortic puncture, instead of ACF.  

2.2 Study protocol   

Echocardiograms were performed at week eight, post- 
operation, to confirm the existence of HF and then rats in 
the NRG group were injected with NRG-1β (10 µg/kg per 
day, ProSpec-Tany Technogene Ltd., Israel) for 7 days via 
the tail vein. By contrast, rats in HF and S groups were 
injected with the same doses of saline for 7 days. All rats 
were continued to be raised on standard food and water until 
12 week. At week 12, echocardiographic characteristics were 
re-evaluated. Some hearts were subsequently excised, and the 
left ventricular tissue was either stored at -80°C for molecular 
analyses or fixed in glutaraldehyde for observation of the 
ultrastructure. Remaining rats were ready for cell disaggregation. 
All procedures were in accordance with the guidelines of the 
Chinese Committee for Experiments on Animals. 

2.3 Echocardiographic, hemodynamic and ECG mea-
surement 

Rats were anesthetized by intraperitoneal injection of 10% 
chloral hydrate (300 mg/kg). Echocardiography was performed 
using the SONOS-2500 ultrasound system with an ultraband 
transducer of 7.5 MHz (HP, USA). Left ventricular end-diastolic 
(LVEDD) and end-systolic (LVESD) dimensions were measured, 
and the left ventricular ejection fraction (LVEF) and fractional 
shortening (LVFS) were calculated. 

Hemodynamic determinations were made at the end of 
all tests. Invasive parameter was measured using a BL-420F 
Data Acquisition & Analysis System (Chengdu TME Techn-
ology Co, Ltd., China). A catheter (PE-50 tubing) was inserted 
in the right carotid artery of rats under chloral hydrate anesthesia 
(300 mg/kg) for measurement of the arterial pressure. The 
catheter was then advanced into the left ventricle to measure 
the end-diastolic pressure (LVEDP) and end-systolic pressure 
(LVESP). We evaluated the maximum velocity of the ascending 
and descending in intraventricular pressures (±dP/dtmax) as 
the indices of contractility and relaxation, respectively. The 
QT interval was measured using standard II lead ECG and 
was corrected (QTc). 

2.4  Plasma concentration of brain natriuretic peptide 
and angiotensin II measurement 

After hemodynamic measurement, blood (4 mL) was 
collected from carotid artery of the rat. Half of the blood 
sample (2 mL) was used to detect the plasma brain natriuretic 
peptide (BNP) concentration using the BNP ELISA Kit 
(96T AssayMax Rat BNP-32, Assaypro, America), according 
to specifications. The remaining 2 mL was used for plasma 
angiotensin II level measurement using the Iodine [125I] 
Angiotensin II Radioimmunoassay Kit (BNIBT, China), 
according to specifications. 
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2.5  Ventricular myocytes isolation   

Single ventricular myocyte was obtained through enzymatic 
dissociation of the ventricle of rat heart using Langendorff 
retrograde perfusion via the aorta, as described by Isenberg 
and Klockner.[16] Briefly, the heart was resected quickly, 
immersed in Tyrode’s solution at 4°C, and cannulated via 
the aorta. Then, the heart was perfused successively at 37°C 
with the following solution: (1) Ca2+-free Tyrode’s solution 
for 10 minutes, at a velocity of 6 mL/minute; (2) digestion 
solution for 8–10 minutes, at a velocity of 5–6 mL/minute; 
(3) 0.06 mol/L Tyrode’s solution for 5 minutes, at a velocity 
of 8 mL/minutes. Subsequently, the left ventricle (LV) was 
dissected from the heart, placed in Kraft-Brühe (KB) 
solution, and sheared with ophthalmic scissors. Isolated cells 
were released from the separated tissue blocks by mechanical 
agitation and stored at 4°C in KB solution. All solutions 
were equilibrated with 100% O2 at 37°C. 

2.6  Solutions and drugs  

Ca2+-free Tyrode’s solution consisted of the following: 
NaCl 140 mmol/L, KCl 5.4 mmol/L, MgCl2 1.8 mmol/L, 
Glucose 10 mmol/L, HEPES 10 mmol/L, and CaCl2, 1.8 mmol/L, 
pH 7.35–7.40 (with NaOH). KB solution contained the 
following: KCl 25 mmol/L; KH2PO4 10 mmol/L; MgCl2 3 
mmol/L; Taurine 20 mmol/L; L-glutamic acid 70 mmol/L; 
EGTA 0.5 mmol/L; HEPES 10 mmol/L; and glucose 10 
mmol/L, pH 7.35–7.40 (with KOH). Tyrode’s solution (0.06 
mmol/L) contained 100 mL Ca2+-free Tyrode’s solution, supple-
mented with 60 µL CaCl2 (0.1 mol/L). The digestion solution 
consisted of 30 mg BSA, 24mg collagenase II, and 30 mL 
Ca2+-free Tyrode’s solution. Collagenase II was purchased 
from Worthington (USA). The other reagents were purchased 
from Sigma (USA). 

2.7  Immunofluorescence 

Cell suspensions from four rats in each group were dropped 
onto glass slides and fixed in 4% paraformaldehyde in 0.1 
mol phosphate buffer. Cells were incubated with 0.1% Triton 
and 10% goat serum in phosphate-buffered saline, then with 
the primary antibody Cx43 (1: 50; Cell Signaling Technology, 
America), following by the appropriate secondary antibody 
(goat anti-Rabbit IgG-FIFC, 1: 100; ZSGB- BIO, China). Finally, 
cells were stained with DAPI (Southern Biotech, USA) to 
label the nucleus. The glass slides were covered and observed 
under a confocal microscope. 

2.8  Western blot analysis of Cx43 protein expression 

Proteins were initially extracted from LV tissues by disruption 
of cellular structures and removal of non-protein components, 
then immunoblotting was performed to analyze Cx43 protein 
level.  

Briefly, myocardium tissues were homogenized in radio-
immunoprecipitation lysis buffer with a protease-inhibitor and 
centrifuged at 4°C. Protein concentrations were measured 
using the Bradford assay. Protein samples (30 μg per lane) 
were separated on 10% polyacrylamide-SDS gels and transferred 
onto nitrocellulose membranes. For Western blotting, membranes 
were first incubated with an antibody directed against Cx43 
(1: 200), then with the horseradish peroxidase-conjugated 
goat anti-rabbit IgG secondary antibody (PIERCE, USA). 
Immunoreactive bands were visualized on X-ray film using 
the enhanced chemiluminescence method. Band densities 
were quantified by densitometry, and standardized by the 
integrated density of β-actin of the lane used as an internal 
control. Each sample has three replicates. Finally, the amount 
of Cx43 was normalized to β-actin. 

2.9  Transmission electron microscopy (TEM) 

The LV anterior wall tissue from four rats in each group 
was cut rapidly into small 1 mm3 pieces, and immersed in 
glutaraldehyde. The ultrastructure in the different groups of 
cardiac tissue was observed using a Hitachi H-7650 transmi-
ssion electron microscope. 

2.10  Statistical analysis 

All data were expressed as means ± SE. Statistical 
analysis was performed using one-way ANOVA with a 
post-hoc Student-Newman-Keuls test. P < 0.05 was considered 
statistically significant. 

3  Results 

3.1  Effect of NRG-1β on cardiac function 

At eight weeks post operation, the first echocardiographic 
measurement showed that the HF and NRG rats had significant 
left ventricular hypertrophy and systolic dysfunction compared 
with the S rats, which indicated the successful establishment 
of volume-overloaded HF. Repeated echocardiography were 
performed at 12 week post operation. Compared with the HF 
group, LVEF and LVFS significantly increased in the NRG 
group (P < 0.01), whereas, LVEDD and LVESD were smaller 
in NRG group than that in HF group rats (P < 0.01), (Table 1).  

A summary of the terminal hemodynamics was shown in 
Table 2. Systolic dysfunction was evident in HF rats in the 
fact that +dP/dtmax was reduced by 35% compared with the 
S rats (P < 0.01), similar to the reduction in -dP/dtmax, which 
is an index of diastolic dysfunction (P < 0.01). By contrast, 
rats treated with NRG-1β preserved both ±dP/dtmax (P < 
0.01 vs. HF). LVEDP, as another index of systolic dysfunction, 
was increased from 3.2 ± 0.5 mmHg to 12.2 ± 0.7 mmHg in 
HF rats versus S rats (P < 0.01). In contrast to HF rats, NRG 
rats were reduced to 7.5 ± 0.8 mmHg (P < 0.05 vs. HF). 

 



Wang XH et al. Neuregulin-1β reverses gap junction remodeling 175 
  

http://www.jgc301.com; jgc@mail.sciencep.com | Journal of Geriatric Cardiology  

 

Table 1. Echo-cardiographic measurement results. 

Before treatment (BT) After treatment (AT) 

 S (n = 16) HF (n = 16) NRG (n = 16) S (n = 16) HF (n = 16) NRG (n = 16) 
HR (bpm) 411.30 ± 39.51 392.33 ± 28.52 396.13 ± 20.84 417.03 ± 40.60 424.01 ± 30.92 390.23 ± 30.52 

LVESD (mm) 3.50 ± 0.40 6.26 ± 0.59** 5.95 ± 0.45** 3.05 ± 0.41 6.02 ± 0.53# # 4.21 ± 0.55# #††§§ 
LVEDD (mm) 6.00 ± 0.45 9.01 ± 0.69** 8.91 ± 0.55** 6.19 ± 0.28 8.95 ± 0.68# # 7.22 ± 0.67# #††§§ 

LVEF (%) 84.06 ± 4.45 63.38 ± 4.67** 60.91 ± 7.05** 82.64 ± 2.11 61.53 ± 4.45# # 78.28 ± 4.04#††§§ 
LVFS (%) 46.29 ± 2.52 30.53 ± 2.62** 32.38 ± 2.50** 51.87 ± 5.57 31.32 ± 7.19# # 46.78 ± 4.53# #††§§ 

**P < 0.01 vs. S BT; ##P < 0.01 vs. S AT; ††P < 0.01 vs. HF AT; §§P < 0.01 vs. NRG BT (self control ). HF: heart failure; HR: heart rate; LVEDD: left 
ventricular end-diastolic dimension; LVEF: left ejection fraction; LVESD: left ventricular end-systolic dimension; LVFS: fraction shortening; NRG: 
neuregulin-1β; S: sham operation. 
 
Table 2. Echo-cardiographic measurement results. 

 S (n = 6) HF (n = 7) NRG (n = 6) 
HR (bmp) 410.00 ± 15.76 439.43 ± 29.22 397.33 ± 41.69 
LVESP 
(mmHg) 127.04 ± 5.92 89.27 ± 6.89** 111.04 ± 6.51 ** # #

LVEDP 
(mmHg) 3.20 ± 1.13 12.17 ± 1.91** 7.47 ± 1.78 ** # #

+dP/dtmax 
(mmHg/S) 5468.16 ± 345.28 3573.60 ± 511.22** 4968.64 ± 141.74 * # #

-dP/dtmax 
(mmHg/S) 4163.79 ± 155.51 2446.42 ± 540.17** 3773.14 ± 269.52 # #

QT interval 
(ms) 61.21 ± 6.31 84.72 ± 7.85 ** 76.51 ± 6.73** # 

QTc (ms) 156.63 ± 12.32 206.7 ± 27.81** 187.85 ± 18.92** #

*P < 0.05 vs. S; **P < 0.01 vs. S; #P < 0.05 vs. HF; # #P < 0.01 vs. HF. -dP/dtmax: 
maximum velocity of ascending in intraventricular pressure; -dP/dtmax: 
minimum velocity of descending in intraventricular pressure; HF: heart 
failure; HR: heart rate; LVESP: left ventricular end-systolic pressure; 
LVEDP: left ventricular end-diastolic pressure; NRG: neuregulin-1β; S: 
sham operation; QTc: corrected QT interval. 

3.2  ECG changes 

In the HF group, QT and QTc increased to 84.72 ± 7.85 ms 
and 206.7± 27.8 ms, respectively; however, increased to 
76.51 ± 6.73 ms and 187.85 ± 18.92 ms, respectively, in 
NRG group.  

3.3  Plasma concentration of BNP and angiotensin II 

Data showed that the plasma concentration of BNP in the  

HF group (0.80 ± 0.05) was higher than in the S group (0.05 ± 
0.09), (P < 0.01), whereas the BNP level in NRG group 
(0.27 ± 0.02) was reduced by 67% when compared with the 
HF (0.80 ± 0.05) (P < 0.01). NRG-1β reduced the plasma 
concentration of BNP in rats with HF (Figure 1A). Similarly, 
elevated plasma angiotensin II level of rats in the HF group 
(0.68 ± 0.03) was remarkably lowered through NRG-1β 
treatment (0.45 ± 0.040), (P < 0.05), as shown in Figure 1B. 

3.4  Patterns of Cx43 distribution 

In isolated LV myocytes from normal hearts, Cx43 was 
located mainly at both ends of cells, which localizes to the 
IDs, with low expression at the lateral sarcolemma (Figure 3A). 
In the HF group, Cx43 labeling was distributed not only at 
the IDs, but also at the lateral sarcolemma (Figure 3B). 
Lateralization of Cx43 was less in the NRG group, with the 
amount of Cx43 at sides of the cells obviously attenuated 
(Figure 3C). 

3.5  Cx43 expression 

The amount of Cx43 in LV tissue was markedly decreased 
in the HF group (0.13 ± 0.02) compared with the S group 
(0.43 ± 0.05) (P = 0.001). This change was inhibited by NRG-1β 
treatment (NRG 0.34 ± 0.07 vs. HF 0.13 ± 0.02; P = 0.015). 
Data are illustrated in Figure 2. 

 

 
 

Figure 1.  Plasma concentrations of BNP and AngII. (A): Plasma concentrations of BNP; (B): Plasma concentrationin of AngII. *P < 
0.05 vs. S; **P < 0.01 vs. S; #P < 0.05 vs. HF; # #P < 0.01 vs. HF. BNP: brain natriuretic peptide; HF: heart failure; NRG: neuregulin-1β; S: 
sham operation. 
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Figure 2.  Western blot results of Cx43. (A): Representative 
western blots; (B): The amount of Cx43 normalized to β-actin. **P 
< 0.01 vs. S; #P < 0.05 vs. HF. BNP: brain natriuretic peptide; Cx43: 
Connexin 43; HF: heart failure; NRG: neuregulin-1β; S: sham 
operation. 

 

 
 

Figure 3. Confocal images of Cx43 (green signal) labeling in 
LV isolated myocytes in S group, HF group and NRG group. 
(A): S group (control), Cx43 labeling confined to the IDs; (B): HF 
group, Cx43 staining appears at cardiomyocyte lateral membrane; 
(C): NRG group, Cx43 staining appears mostly at ends. In all 
micrographs, nuclei are stained blue with DAPI. Variations in the 
pattern of organization of GJ were seen. Thick arrows indicate 
Cx43 labeling confined to the IDs, thin arrows point to the lateral 
Cx43. Scale bars = 20 μm. Cx43: Connexin 43; HF: heart failure; 
LV: left ventricle; NRG: neuregulin-1β; S: sham operation. 
 

3.6  Ultrastructure 

TEM revealed regular myofibrils in S group, characterized 
by their regular arrangement, clear Z lines, intact sarcomeres, 
dense mitochondrial crest, normal spaces between cardiac 
cells, well-shaped IDs (Figure 4A), and well-structured GJs 
with strong electrical density (Figure 4 A1). Swollen cardiac 
myocytes can be seen in the HF group with abnormal myofibril 
arrangement, obscure sarcomeres and Z lines, reduced mito-
chondrial size, and increased electronic density. The continuity 
of the ID structure is interrupted (Figure 4B), and the GJ struc-
tures were vague, with dissolved or disappeared portions. Elec-
tronic density was also lowered (Figure 4B1). In contrast to the 
HF group, the pathological damage was obviously attenuated 
in the NRG group (Figures 4C and 4C1).  

4  Discussion 

Chronic heart failure (CHF) is a common outcome of 
most cardiovascular diseases, with high morbidity, poor prognosis, 
tendency towards malignant arrhythmia, and sudden death. 
Pump failure is an independent predictor of death. Short- 
term improvement of cardiac pump function can reduce HF 
mortality.[17] 

 
 

Figure 4.  TEM of cardiac tissue sections in 3 groups, IDs 
were clearly seen (thick arrow). (A): S group: myofibril arranged 
regularly, sarcomeres and Z lines were distinct, the structure of 
intercalated discs and gap junction were normal; (B): Micrographs 
of HF group: the structure of myocyte was disrupted, GJ was 
vague, part of them dissolved and disappeared; (C): Micrographs 
of NRG group, GJ recovered to some extent, the structure was 
integrate. A1, B1, C1, Magnified and extended view of the boxed 
region (thin arrow) in A, B, C, respectively. GJs were clearly seen 
(arrow head). Scale bars: A, B, C = 1 μm; A1, B1, C1 =100 nm. 
HF: heart failure; LV: left ventricle; NRG: neuregulin-1β; S: sham 
operation; TEM: Transmission electron microscope 
 

Our data demonstrated short-term intravenous admini-
stration of NRG-1β into rats with HF can obviously ameliorate 
all malignant changes in the parameters of cardiac function, 
such as elevated ±dP/dtmax, increased EF and lowered LVEDP. 
Echocardiography showed that NRG-1β can reverse general 
cardiac remodeling by reducing LVEDD and LVESD. The 
hemodynamic effects of NRG-1β have been well-documented. 
NRG-1/ErbB-activation improves cardiac function in models 
of ischemic, dilated, and viral cardiomyopathy.[18] Fukazawa 
et al.[19] found that NRG-1 protects ventricular myocytes 
from anthracycline-induced apoptosis via ErbB4-dependent 
activation of PI3-kinase/Akt. Jabbour et al.[20] first applied 
recombinant human NRG-1(rhNRG-1) to patients with stable 
CHF, and found that rhNRG-1 produced favorable acute 
and chronic hemodynamic effects in patients with stable 
CHF. In recent years, studies have shown that the level of 
plasma BNP is an important biomarker for the diagnosis and 
prognosis in chronic HF.[21,22] Our data revealed that NRG-1β 
can reduce the plasma concentration of BNP in rats with HF, 
further confirming the efficacy of NRG-1β treatment.  

Heart rate corrected QT interval (QTc) is a crucial and 
critical factor in the assessment of repolarization changes 
considering safety of drugs and cardiac disorders.[23] HF is 
characterized by prolonged QTc accompanying arrhythmia 
susceptibility. Prolonged QTc is closely related to malignant 
ventricular arrhythmia in HF, as well as a negative correlation 
with declined index of the left ventricular systolic function.[24]  

It is reported that the decrease of QTc was correlated 
with the increase of LVEF and the therapy of shortening 
QTc improved cardiac function,[25] which is consistent with 
our findings. The current study revealed that NRG rats QTc 
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was shorter than HF rats with the improvement of cardiac 
function. Kirchhoff et al.[26] reported that Cx43-heterozygous 
knockout mice exhibited cardiac conduction abnormalities 
with QT prolongation.  

GJs are mainly confined to IDs in normal myocardium. 
Lateralized and internalized GJs are remarkable features in 
HF and also serve as the pathological basis of functional 
disorder.[27] We also observed the ultrastructure of LV tissues 
by TEM, revealing that myofibrils, sarcomeres, Z lines, IDs 
and GJs were all injured in HF group. Fortunately, the path-
ological damages were obviously diminished by NRG-1β 
treatment. Impressively, we found, for the first time, that 
NRG-1β can restore GJ structure in failing hearts. Other 
protective myocardial roles of NRG-1β have also been 
reported. Sawyer et al.[28] reported that doxorubicin- induced 
myofibrillar disarray in cultured adult rat ventricular myocytes 
(ARVMs) were significantly reduced after the ErbB2 receptor 
of ARVMs was activated by NRG-1β.  

Cardiac myocytes suffering from injury were related to 
increased oxidative stress in HF.[29] There is substantial evidence 
that oxidative stress can activate many cellular responses in 
HF, including cellular hypertrophy, changes in gene expression, 
ultrastructural abnormality, and cell death.[30,31] NRG-1β can 
rapidly modulate nitric oxide synthesis to enhance antioxidant 
stress.[32] NRG-1, as a survival factor for adult cardiocytes, 
enhances levels of redox regulators and the cell cycle regulator, 
cyclin D1, as well as protects cardiocytes against injuries.[33] 
These mechanisms are apparently used by NRG-1β for 
restoring organelles, including the remodeling of GJs. 

In myocardial tissue, Cx43 constitutes the GJs located at 
the IDs, which are mainly limited to the ends of a cell. Prominent 
features of structural heart disease are the redistribution of 
Cx43 to the lateral surface and decreased Cx43 expression 
levels.[27] We found that, using immunofluorescence staining 
in freshly isolated ventricular myocyte, the lateral and dispersed 
distribution of Cx43 was increased in the HF group, whereas, 
this kind of disorder was alleviated in the NRG group.  

Immunoblotting data showed that an increase in Cx43 
level in the NRG group with NRG-1β, in contrast to the HF 
group. Down-regulation of Cx43 is a typical feature of myocardial 
remodeling in heart failure regardless of its origin.[10,34,35] To 
our knowledge, the confirmed mechanism for the up-regulation 
of Cx43 by NRG-1β is poorly known. Activated renin-angiotensin- 
aldosterone system (RAAS) may lead to an increase in 
angiotensin II concentration during pump failure, consequently 
accelerating the degradation of the Cx43 protein.[36] The 
present study found that angiotensin II levels in the NRG 
group were reduced, compared with that of the HF group. In 
addition, angiotensin II weakened NRG-1 mRNA synthesis 
and resulted in decreased levels of endogenous NRG-1.[37] 

NRG-1β treatment corrected the NRG-1 down-regulation 
and increased Cx43 content by lowering serum angiotensin II 
levels that resulted from the inhibition of RAAS,[18] and by 
compensating for the endogenous deficiency in NRG-1. By 
contrast, increased oxidative stress during pump failure was 
involved in altered Cx43 expression. Oxidative stress inhibited 
intercellular communication and decreased Cx43 expression. 
Liu Y et al.[12] reported that the antioxidants prevented oxidative 
stress-induced inhibition of Cx43, ameliorating electrical remo-
deling and exerting anti-arrhythmogenic effect in rabbits with 
HF. NRG protected cells from injury by balancing redox 
states, prompting the antioxidant system, and inhibiting oxidative 
stress. NRG-1, similar to the antioxidant N-acetylcysteine, can 
protect cardiac myocytes against injury of oxidative stress 
using the PI3-kinase/Akt pathway via the ErbB2 receptor.[38] 
NRG was shown to decrease reactive oxygen species in 
PC12 cells transfected with ErbB4 dependent on the PI3K 
pathway.[39] Endothelial nitric oxide synthase (eNOS), as a 
mediator of oxidative stress, reduced in HF.[40] NRG-1- 
activated Akt, a serine/threonine kinase, was involved in the 
phosphorylation of eNOS,[41] this phenomenon enhances the 
production of eNOS and NO to stimulate antioxidant action 
and inhibit reduction of Cx43 expression. 

In summary, the present study reveals that NRG-1β 
restored heterogeneous remodeling of GJ in the failing heart 
and improves cardiac function of general animal. Because 
GJ abnormalities exist in many cardiovascular diseases, 
restoration of normal intercellular coupling may well serve 
as a novel approach to diminish lethal arrhythmias and 
improve cardiac function. Strategies to improve intercellular 
coupling in the diseased heart could include methods designed 
to up-regulate Cx43 or other connexins.  

5  Conclusion 

Short-term intravenous injection of NRG-1β improves 
cardiac function in rats with volume-overloaded HF. NRG-1β 
may benefit heart performance through reducing GJ patho-
logical damage and increasing Cx43 expression. NRG-1β is 
proven effective in treatment for HF.  
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