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ABSTRACT 
 

 

To explore the myocardial protective effect of Neuregulin-4 (NRG-4) gene expression on spontaneous 

hypertension (SHR) rats and its mechanism through mediating the activation of the ErbB signaling 

pathway, this study was conducted. For this purpose, forty 24-week-old male SPF SHR rats were 

selected as the experimental group, and 10 age and sex-matched Wistar Kyoto (WKY) rats were 

selected as the control group. Cardiac tissues were collected for hematoxylin-eosin (HE) staining, 

terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) staining, 

Masson staining, and immunohistochemical staining. Following tail vein injection of recombinant 

lentiviral vectors, the experimental groups were constructed as the control group (SHR rats without any 

treatment), Empty vector group (Empty Vector transfection), shRNA negative control (NC) group (LV-

shRNA-NRG-4 NC transfection to silence the expression of NRG-4), shRNA group (LV-shRNA-NRG-

4 transfection), pcDNA3.1(-) NC group (pcDNA3.1(-)-NRG-4 empty vector transfection) and 

pcDNA3.1(-) group (pcDNA3.1(-)-NRG-4 transfection to overexpress NRG-4). Quantitative real-time 

polymerase chain reaction (qRT-PCR) and Western blot were used to detect the expression levels In 

addition, methyl thiazolyl tetrazolium salt (MTT) assay and flow cytometry were performed to detect 

the proliferation and apoptosis of cardiomyocytes, respectively. Results showed that in the SHR group, 

the cardiomyocytes showed hypertrophy, disordered arrangement, hyperchromatic nucleus, irregular 

shape, obvious rupture of myocardial fibers, and obvious proliferation of fibrous stroma; obvious 

myocardial fibrosis, and there were more blue collagen fibers around cardiomyocytes and myocardial 

arterioles; cardiomyocytes were swollen, muscle fibers arranged disorderly, collagen around the 

coronary artery and myocardial interstitium increased significantly with a cross-linking appearance; 

besides, compared with WKY group, the apoptosis index of cardiomyocytes in SHR group was 

significantly increased (P<0.05). The expression of NRG-4 protein was decreased in the SHR group 

compared with the WKY group (P<0.05). In vitro, there was no difference in the mRNA expression of 

NRG-4, ErbB2 and ErbB4, MMP2, TGFβ1 and α-SMA, as well as Caspase3, Bax and Bcl-2 among the 

control group, Empty vector group, shRNA NC group and pcDNA3.1(-) NC group (P>0.05). While 

shRNA group showed decreased expressions of NRG-4, ErbB2, ErbB4, MMP2, TGFβ1, α-SMA and 

Bcl-2, while increased Caspase3 and Bax expressions, as well as promoted cell proliferation and cell 

apoptosis when compared with the shRNA NC group (P<0.05); while compared with pcDNA3.1(-) NC 

group, pcDNA3.1(-) group had highly increased expressions of NRG-4, ErbB2, ErbB4, MMP2, TGFβ1, 

α-SMA and Bcl-2, while decreased Caspase3 and Bax expressions, inhibited cell proliferation and cell 

apoptosis (all P<0.05). It is concluded Upregulation of NRG-4 gene expression can promote the 

activation of the ErbB signaling pathway, thus inhibiting the proliferation and apoptosis of 

cardiomyocytes in SHR rats, reversing myocardial fibrosis, and playing its cardioprotective role. 

 

DOI: http://dx.doi.org/10.14715/cmb/2022.68.1.12        Copyright: © 2022 by the C.M.B. Association. All rights reserved. 

Introduction 

Cardiovascular disease has long been the leading 

cause of death in developed countries and is rapidly 

becoming the biggest killer in developing countries 

(1,2). In many cardiovascular diseases, hypertension, 

ischemic heart disease, vascular disease, and 

endocrine disorders, for example, cardiomyocytes 

may respond to hypertrophic growth due to external 

stimuli (3). It may be further characterized by cell 

enlargement, enhanced protein synthesis and 

myofibrillar protein aggregation, which leads to 

myocardial remodeling and often ends in heart 

failure and sudden death (4,5). 

    Hypertension is a major risk factor for heart 

disease, especially leading to the development of 

ischemic heart disease and eventually heart failure 

(6). The pathogenesis of hypertension is quite 

complex, which is related to many factors, such as 

https://creativecommons.org/licenses/by/4.0/
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heredity, environment, diet, stress, obesity, etc. (7,8). 

Existing studies have shown that sympathetic 

hyperactivity, renin-angiotensin-aldosterone system 

activation, water and sodium retention, membrane 

ion transport abnormalities, insulin resistance, 

endothelial dysfunction and others are involved in 

the occurrence and development of hypertension 

(9,10). These mechanisms interact with each other, 

which can lead to the thickening of the vascular wall, 

the decrease of elasticity, the dysfunction of 

relaxation and contraction, the increase of peripheral 

vascular resistance, resulting in the increase of blood 

pressure and the damage of target organs (11,12). As 

one of the important target organs of direct injury in 

hypertension, the heart may suffer from the most 

significant characteristic pathological change, 

namely, myocardial fibrosis (13). In the ventricular 

remodeling of hypertension, the main changes of 

myocardial tissue structure are cardiomyocyte 

hypertrophy, coronary artery changes, myocardial 

interstitial fibrosis and imbalance of cardiomyocyte 

proliferation and apoptosis (14,15). The fibrotic 

disease is a kind of histological change after injury 

or stimulation, which is characterized by excessive 

deposition of extracellular matrix (16). Myocardial 

fibrosis is a common pathological change in most 

cardiovascular diseases (17,18). The pathological 

characteristics of its formation are the aggregation, 

activation and proliferation of fibroblasts, the 

excessive deposition of extracellular matrix proteins 

and the excessive accumulation of collagen fibers, 

which may lead to cardiac tissue sclerosis, abnormal 

cardiac tissue structure and function (19). 

    Neuregulin (NRG) is a signal protein expressed in 

the nervous system, myocardium and other tissues 

(20). As a ligand, it can bind to the ErbB receptor on 

the cell surface, cause its conformation change to 

form dimer, and then activate the intracellular 

leucine kinase and a series of downstream signaling 

pathways, such as P13K/Akt, Ras/Erk, etc. (21,22). 

NRG gene is a member of the epidermal growth 

factor (EGF) gene family (23). At present, four 

genes with similar structures have been found, which 

encode NRG-1, NRG-2, NRG-3, and NRG-4 

respectively (24). NRG binds to ErbB (a gene 

derived from the name of a viral oncogene to which 

these receptors are homologous: erythroblastic 

leukemia viral oncogene) family of tyrosine kinase 

receptors (erbB2, ErbB3 and ErbB4) and plays its 

role through the paracrine pathway (25). ErbB 

receptor consists of extracellular ligand-binding 

domain, the transmembrane domain and intracellular 

tyrosine kinase domain (25). NRG binds to the 

ErbB4 receptor and induces its conformational 

change; the allosteric ErbB4 receptor changes to the 

activated form by binding to ErbB2 to dimer or 

intracellular ligand (26). Tyrosine kinase domain 

located in the cell can then phosphorylate the C-

terminal of the other half of the dimer. The proposed 

process can provide binding targets for a variety of 

intracellular adaptor proteins, such as PI3K, thus 

activating downstream signaling pathways and 

participating in cell proliferation, differentiation and 

migration (27). In recent years, a large number of 

literatures have reported that the activation of 

NRG1/ErbB4 and its downstream signaling pathway 

is involved in the ischemic injury of a variety of 

tissues (mainly brain and myocardium), and this 

signaling pathway is considered to be involved in the 

inhibition of apoptosis after myocardial and cerebral 

ischemic injury (28,29). However, there is a rare 

opinion concerning the exploration of NRG4/ErbB4 

in disease progression. 

    Spontaneous disease model refers to the 

establishment of a stable and uniform animal model 

of a combination of disease and syndrome by 

analyzing the characteristics of the spontaneous 

disease animal model. As for hypertension we 

concerned, our study established spontaneous 

hypertension (SHR) model to explore the myocardial 

protective effect of Neuregulin-4 (NRG-4) gene 

expression on SHR rats and its mechanism through 

mediating the activation of the ErbB signaling 

pathway. 

 

Materials and methods 

Preparation of experimental model 

    Forty 24-week-old male SPF SHR rats were 

selected as the experimental group, and 10 age and 

sex-matched Wistar Kyoto (WKY) rats were 

selected as the control group. All animals were 

purchased from the Animal Department of China 

Medical University, fed with standard rat feed at 

room temperature and raised in an environment with 

a relative humidity of 70%. Automatic lighting was 

provided from 8 am to 8 pm. Animals were provided 
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with free access to diets and drinks. The use of all 

experimental animals was approved by the local 

animal management agency, which was in line with 

the relevant management regulations. All rats were 

treated humanely throughout the experimental 

process. All rats were reared adaptively for one 

week. After that, the rats in the experimental group 

were fed with 0.45% sodium chloride solution for 

three weeks, and the rats in the control group drank 

tap water normally. 

 

Collection of cardiac tissues for staining 

    Rats with SHR (n=10) and WKY rats (n=10) were 

anesthetized by intraperitoneal injection of 10% 

chloral hydrate. After that, the heart was taken out 

quickly. The blood was rinsed with ice PBS solution. 

The large blood vessels, atrium and right ventricle 

were cut off. The tissue was dried with sterile filter 

paper. The heart was cut in half along the long axis 

of the left ventricle. One part was fixed with 4% 

paraformaldehyde for morphological examination, 

and the other part was put into a cryopreservation 

tube for cryopreservation at - 80℃ in liquid nitrogen. 

 

Hematoxylin-eosin (HE) staining 

    In the process of HE staining, the tissue fixed in 

formaldehyde was dehydrated by using ethanol 

solution from low to high concentration, then in the 

transparent agent xylene I solution and xylene II 

solution for 30 min each, and in the dissolved 

paraffin I, paraffin II and paraffin III for 40 min 

each. After the paraffin was completely immersed in 

the tissue block, the sample tissue was put into the 

embedding machine with pre-melted wax for 

paraffin embedding, and then cooled and solidified 

into blocks, which were preserved at room 

temperature. The paraffin tissue was sliced 

continuously with a slicer at the thickness of 4μL for 

storage at 37℃ overnight; the slides were baked in 

an oven at 70℃, and then were put into xylene I and 

II solution for 10 min for dewaxing. Afterward, the 

slides were put into different concentrations of 

alcohol solution from low to high for 5 min each, 

dehydrated, and then put into distilled water. The 

slides were stained in hematoxylin aqueous solution 

for several minutes and immediately washed with 

running water for a while. In the next step, the slides 

were put into a hydrochloric acid solution and 

aluminum carbonate solution for several seconds 

respectively; washed under running water for 20 min 

and then put into distilled water; stained in eosin 

solution for 3 min; successively put into different 

concentrations of (50%, 70%, 80%) ethanol solution 

for 5 min respectively for dehydration. 

Subsequently, the slides were put into xylene again 

to make the slices transparent, followed by sealing 

with gum. The tissue sections were observed under a 

microscope. 

 

Terminal deoxynucleotidyl transferase-mediated 

dUTP-biotin nick end labeling (TUNEL) assay 

    Tissues were treated with xylene twice for 5 min 

each time, ethanol gradient (100, 95, 90, 80, 70%) 

once for 3 min each, proteinase K solution for 15-30 

min and PBS for 2 times. The treatment group was 

mixed with 550μL TdT+450μL fluorescein-labeled 

dUTP solution; and the negative control group was 

only added with 50μL fluorescein-labeled dUTP 

solution. The reaction was carried out in a dark wet 

box at 37 ℃ for 1 h. After three times of PBS 

washing, 50~100μLDAB substrate was added to the 

tissue and reacted at 15 ~ 25℃ for 10 min, followed 

by another three times of PBS washing and re-

staining with hematoxylin. The next steps were 

gradient ethanol dehydration, xylene transparent 

processing, and neutral gum sealing. Apoptotic cells 

were observed by a light microscope and 

photographed. Under 400 times microscope, the 

apoptotic cardiomyocytes and the total number of 

cardiomyocytes were counted in 5 different fields of 

each section. Apoptosis index was used to reflect the 

apoptosis of cardiomyocytes in each group according 

to the formula of (number of apoptotic cells in visual 

field/number of all cardiomyocytes in the visual 

field) × 100%. 

 

Masson staining 

    After routine dewaxing, hematoxylin staining was 

performed, the slides were stained in hematoxylin 

solution for 10 min and immediately washed with 

tap water 4-5 times. The slides were put into 1% 

hydrochloric acid alcohol solution for 3 s and 

immediately washed with tap water 4-5 times. After 

that, the slides were placed into Ponceau acid fuchsin 

for 5 min and then washed with water. Following 

treatment with 1% phosphomolybdic acid for 5min, 
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the slides were re-stained with 2% aniline blue for 5 

min. After that, the slides were immersed in 1% 

glacial acetic acid for 1 min, quickly dripped with 

95% alcohol 3 times, dehydrated, transparently 

processed and sealed with neutral gum. The staining 

of tissues was observed under a microscope. The 

collagen fibers were blue and the cardiomyocytes 

were red. The percentage of myocardial collagen 

fiber area in the whole tissue area was calculated by 

image analysis and processing system, namely, 

Collagen Volume Fraction (CVF)=collagen 

area/total area. Three visual fields were randomly 

selected from each specimen and the mean value was 

calculated. 

 

Immunohistochemical staining 

    Following dewaxing and hydration described 

before, the tissue slices were immersed in the citric 

acid buffer which was heated and boiled by 

microwave. The tissue sections were naturally 

cooled at room temperature for 1 h and then cooled 

to room temperature. 3%H2O2 was then used to 

block endogenous peroxidase at room temperature 

for 20min, followed by 3 times of washing with 

PBS. The next step was sealing with goat serum at 

room temperature for 15-30min. After that, the 

primary antibody was added and then the incubation 

was performed in the wet box at 4℃ overnight. The 

next day, the tissue sections were taken out and 

rewarming at room temperature for about 1 h. The 

sections were rinsed with PBS for 5 min × 3 times. 

Subsequently, the secondary antibody was added for 

60min of incubation at room temperature. After three 

times PBS washing, DAB development was 

performed, and the degree of staining was controlled 

under the microscope. Afterward, the tissue sections 

were rinsed with running water for 10min and re-

stained with hematoxylin for 2min, followed by 

differentiation with hydrochloric alcohol, and the 

final steps were dehydration, transparent processing, 

sealing, and observation under the microscope. 

Immunohistochemical staining was scored by the 

German semi-quantitative system, and the positive 

staining intensity and area were observed under an 

optical microscope (100× and 400×). 

 

 

Tail vein injection of recombinant lentiviral 

vectors 

    The remaining 30 SHR rats were used for further 

experiments according to different treatment 

protocols, with 5 rats in each group. According to 

different recombinant lentiviral vectors (GeneChem, 

Shanghai, China), the experimental groups were 

constructed as follows: blank control group (Control 

group; SHR rats without any treatment, as the blank 

control and to verify the avirulence of lentiviral 

vector), Empty Vector transfection group (Empty 

Vector group), LV-shRNA-NRG-4 NC transfection 

group (shRNA NC group; NRG-4 silencing empty 

vector control group), LV-shRNA-NRG-4 

transfection group (shRNA group; NRG-4 silencing 

group), pcDNA3.1(-)-NRG-4 empty vector 

transfection group (pcDNA3.1(-) NC group; NRG-4 

overexpression empty vector control group) and 

pcDNA3.1(-)-NRG-4 transfection group 

(pcDNA3.1(-) group; NRG-4 overexpression group). 

 

Cardiomyocytes culture 

    Rats were operated on under aseptic conditions the 

following sacrifice by cervical dislocation. The heart 

was taken out by thoracotomy. The atrium and large 

blood vessels were separated and removed. The 

ventricle was cut into a tissue block of 1mm3 in 

volume. Following washing twice with DMEM, 

0.125% trypsin was added for digestion in a water 

bath at 37℃ for 5 min. The trypsin was sucked and 

discarded, and the DMEM medium containing 15% 

fetal calf serum (FCS) was added for full blowing. 

After slightly standing, the upper cell suspension 

was sucked and transferred into a 25cm2 culture 

flask. Following incubation in a 5%CO2 incubator at 

37℃ for 90 min, the DMEM medium containing 

15% FCS was added to culture until sub-fusion state 

after the removal of the original culture medium. The 

cells were digested with 0.25% trypsin containing 

EDTA and subcultured, followed by further culture 

in a 5% CO2 incubator at 37℃. 

    Quantitative real-time polymerase chain reaction 

(qRT-PCR) for detecting NRG-4; ErbB2, ErbB4; 

matrix metalloproteinase 2 (MMP2), tumor growth 

factor β (TGFβ1) and α-smooth muscle actin (α-

SMA); Caspase3, Bcl-2 associated X (Bax) and B-

cell lymphoma-2 (Bcl-2) mRNA expressions 
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Total RNA was extracted from animal tissues 

according to Trizol reagent instructions. The specific 

steps are as follows: about 50mg of rat tissue was 

collected from each group and placed into a 

homogenizer, followed by the addition of Trizol to 

1.0ml/50mg of tissue for homogenization. The 

homogenized sample was transferred to a 1.5ml 

RNase-free EP tube, and the supernatant was 

collected after standing at room temperature for 

5min, centrifugation at 4℃ and 12,000r/min for 

10min, with the supernatant collected. An amount of 

0.2ml chloroform was added to every 1ml Trizol, 

followed by vortex oscillation for 15s, and reaction 

at room temperature for 3-5min. After another 

centrifugation at 4℃ and 12,000r/min for 15min, the 

supernatant was transferred to another clean 

centrifuge tube, then centrifuged with isopropanol, 

the supernatant was removed, RNA precipitate was 

washed with 75% ethanol, and the supernatant was 

discarded after centrifugation. The A260, A280 and 

A260/A280 values were determined by UV 

spectrophotometer. The purity and concentration of 

RNA were analyzed. The RNA was stored at - 80℃ 

for future use. In order to avoid the degradation of 

RNA, the extracted RNA should be reverse 

transcribed immediately. Secondly, to avoid RNase 

contamination of RNA samples, all laboratory 

supplies should be treated with DEPC, and all 

reaction solutions should be prepared on ice. After 

cDNA synthesis, RT-PCR was used to detect the 

mRNA expression of related genes. Specifically, the 

reagents needed for qPCR reaction were dissolved, 

turned upside down slightly, mixed well, centrifuged 

for a short time, and placed on ice for use. The 

following reagents were added to the total volume of 

20ul, including 2u1 cDNA, 10ul 2xAll-in-one qPCR 

Mix, 2ul PCR forward/reverse primer(2uM), 0.4ul 

50x Rox Reference Dye, and 3.6ul ddH2O. The 

qPCR reaction solution was mixed well, added to the 

PCR reaction tube, and centrifuged briefly to ensure 

that all reagents were thrown to the bottom of the 

reaction tube. The PCR reaction tube was put into 

ABI 7500 fluorescence quantitative PCR instrument 

for reaction. The amplification curve and dissolution 

curve were analyzed immediately after the reaction, 

and each sample was repeated three times. Reaction 

conditions were pre-denaturation at 95℃ for 10 min, 

denaturation at 95℃ for 10 s, annealing at 64℃ for 

20 s, extension at 72℃ for 32 s, in a total of 40 

cycles. This experiment was performed to calculate 

the relative expression of NRG-4, AKT1, mTOR, 

Cyclin D1, Bcl-2, Bax and caspase-3, with GADPH 

as the internal reference. Detection in cells was 

similar as that in tissues. 

 

Western Blot for detecting NRG-4; ErbB2, 

ErbB4; MMP2, TGFβ1, α-SMA; Caspase3, Bax 

and Bcl-2 protein expressions 

     For the extraction of total protein of tissues, an 

appropriate amount of tissue was taken and put in a 

homogenizer, with the addition of 1 ml of pre-cooled 

PBS, homogenized until there was no obvious 

visible solid, transferred to a pre-cooled 1.5 ml EP 

tube, placed on ice for 5 min, and then the 

supernatant was transferred into another pre-cooled 

EP tube. The next step was centrifugation at 4℃ for 

3min (500r/min), with the supernatant discarded. 

After that, every 20μL cells were added with 200μL 

pre-cooled buffer A and 2μL protease inhibitor mix 

to oscillate for 15s and then placed on ice for 10min. 

After repeated centrifugation at 4℃ for 5min 

(16,000r/min), the supernatant after centrifugation 

was transferred into a 0.5mL centrifuge tube and 

stored at - 80℃. After electrophoresis, the membrane 

was transferred directly by the wet transfer method, 

and then the transferred membrane was placed into a 

TBST sealing solution containing 5% skimmed milk 

powder for 1h of sealing at room temperature. For 

the incubation of the primary antibody, the sealed 

membrane was placed into the corresponding 

primary antibodies for overnight incubation at 4℃. 

For subsequent incubation of the secondary 

antibody, the treated membrane was washed with 

TBST buffer at 4℃ for 15min×3 times and added 

into the secondary antibody for 4h of incubation at 

4℃. After washing with TBST buffer at 4℃ for 

15min×3 times, the membrane was developed with 

ECL and exposed automatically in the 

chemiluminescence imaging system. The gray value 

of the target band was measured by Quantity One 

software, and the gray value of the experimental 

group and β-actin was calculated with β-actin as the 

control. The procedure of the cell experiment was 

similar to that of detection in tissues. 
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Methyl thiazolyl tetrazolium salt (MTT) 

colorimetry assay for cell activity detection 

    In the step of cell inoculation, rat cardiomyocytes 

were separated from suckling mice in the same steps 

as before, inoculated into 96 well plates at a cell 

concentration of 1×103-104 cells per well, and the 

volume of each well was 200μL. For cell culture, the 

cells were cultured in a carbon dioxide incubator 

(37℃, 5% CO2) for 3-5 d. After 3-5 d of culture, 20 

μ l of MTT (5 mg/mL, prepared with PBS, pH = 7.4) 

was added to each well for continuous culture for 4 

h. After that, the culture was terminated and the 

suspension in the well was sucked and discarded 

carefully. In the next step, 150μL DMSO was added 

to each well and oscillated for 10 min to make the 

crystal-melt completely. The wavelength of 490 nm 

was selected to measure the light absorption value of 

each well on the MTT enzyme-linked immunometric 

meter, and the results were recorded. The cell growth 

curve was drawn with time as abscissa and light 

absorption value as ordinate. 

 

Flow cytometry for cell apoptosis detection 

    After 7 d of culture, the medium was removed, 

cells were washed with PBS once, digested with 

trypsin without EDTA for 30 s, and then digested 

with PBS containing 10% FBS. Trypsin digestion 

time should not be too long, otherwise, it was easy to 

cause false-positive results. Following centrifugation 

at 2,000 rpm for 5 min, cells were collected and 

washed with PBS once. With the adjustment of cell 

concentration at 1-5×105/mL, 500 μL Binding Buffer 

was a to mix well for incubation at room temperature 

for 5-15 min of reaction. The detection was 

performed by using a flow cytometer within 1 h. The 

four regions of the apoptotic graph were R1, normal 

cells; R2, early apoptotic cells; R3, late apoptotic 

cells; R4, necrotic cells. The apoptosis rate was 

calculated based on regions R2 and R3. 

 

Statistical analysis 

    SPSS 21.0 software package (SPSS Inc, Chicago, 

IL, USA) was used to analyze the data and calculate 

the mean and standard deviation. All experiments 

were repeated at least three times. T-test was used 

for between-group data analysis. One-way analysis 

of variance was used for multiple-group analysis. 

The presence of a significant difference was 

determined when P<0.05. 

 

Results and discussion 

Myocardial staining results in SHR rats 

    HE staining (Figure 1A) showed that the 

cardiomyocytes in the WKY group were smaller in 

size, more uniform in shape and arranged more 

orderly. In the SHR group, the cardiomyocytes were 

characterized by hypertrophy, disordered 

arrangement, hyperchromatic nucleus, irregular shape, 

obvious rupture of myocardial fibers, and obvious 

proliferation of fibrous stroma. According to Masson 

staining (Figure 1B), the myocardial fibers in the 

WKY group were arranged in order, there was a small 

amount of collagen deposition around the coronary 

artery in the myocardium, and the collagen in the 

myocardial interstitium was mostly long strip 

distribution. While in the SHR group, there was 

obvious myocardial fibrosis, and there were more blue 

collagen fibers around cardiomyocytes and 

myocardial arterioles; cardiomyocytes were swollen, 

muscle fibers arranged disorderly, collagen around the 

coronary artery and myocardial interstitium increased 

significantly with a cross-linking appearance. In 

addition, based on the results of Tunel staining, as 

shown in Figure 1C, compared with the WKY group, 

the apoptosis index of cardiomyocytes in the SHR 

group was significantly increased, with a statistical 

difference (P<0.05). 

 

Expression of NRG-4 protein in myocardial tissue 

of SHR rats 

    As shown in Figure 2 of the results of the 

expression of NRG-4 detected by 

immunohistochemistry, NRG-4 protein was found to 

be expressed in the cytoplasm, and its positive 

expression was brown and granular in appearance. 

The semi-quantitative system was used to score the 

immunohistochemical staining, and the results were 

statistically analyzed, which showed that the 

expression of NRG-4 protein was significantly 

decreased in the SHR group, with statistical difference 

compared with the WKY group (P<0.05). 
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Figure 1.  Myocardial staining results in SHR rats. Note: 

A: HE staining between WKY group and SHR group (100× 

and 400×); B: Masson staining between WKY group and 

SHR group (100× and 400×); C: Tunel staining between 

WKY group and SHR group. 

 

 

 
 

Figure 2.  Expression of NRG-4 protein in myocardial 

tissue of SHR rats by immunohistochemistry. Note: A: 

Expression of NRG-4 protein in myocardial tissue by 

immunohistochemistry (100× and 400×); B: The semi-

quantitative analysis of NRG-4 expression between WKY 

group and SHR group; *compared with WKY group, 

P<0.05. 

 

Results of qRT-PCR and Western blot detection in 

each group  

    The relative mRNA expressions of NRG-4 and 

ErbB pathway-related genes (ErbB2 and ErbB4) were 

detected by qRT-PCR, and the results were analyzed 

by the 2-ΔΔCT method. The results (Figure 3A) showed 

that there was no obvious difference in the mRNA 

expression of NRG-4, ErbB2 and ErbB4 among the 

Control group, Empty vector group, shRNA NC group 

and pcDNA3.1(-) NC group (all P>0.05). While 

shRNA group showed significantly decreased mRNA 

expression of NRG-4, ErbB2 and ErbB4 when 

compared with shRNA NC group (all P<0.05); while 

compared with pcDNA3.1(-) NC group, pcDNA3.1(-) 

group had highly increased mRNA expression of 

NRG-4, ErbB2 and ErbB4 (all P<0.05). 

    Furthermore, a western blot was also performed to 

explore the protein expression of NRG-4, ErbB2 and 

ErbB4. Similarly, as shown in Figure 3BC, no 

obvious difference was found in the protein 

expression of the three proteins among the control 

group, empty vector group, shRNA NC group and 

pcDNA3.1(-) NC group (all P>0.05). In addition, the 

shRNA group had highly downregulated protein 

expression of NRG-4, ErbB2 and ErbB4 when 

compared with the shRNA NC group, which, 

however, was upregulated in pcDNA3.1(-) group 

relative to pcDNA3.1(-) NC group, with statistical 

differences (all P<0.05). 

 

Results of MTT assay and expression levels of 

proliferation-related factors 

    MTT assay was used to detect the cell proliferation, 

and the results (Figure 4A) showed no obvious 

difference in cell proliferation among the control 

group, Empty vector group, shRNA NC group and 

pcDNA3.1(-) NC group (all P>0.05). While the rate 

of cell proliferation was downregulated in the shRNA 

group and upregulated in the pcDNA3.1(-) group 

when compared with the shRNA NC group and 

pcDNA3.1(-) NC group, respectively (all P<0.05). 

    As shown in Figure 4BCD in terms of the results of 

qRT-PCR and Western blot detection of fibrosis-

related genes (MMP2, TGFβ1 and α-SMA), there was 

no obvious difference in their mRNA expression (all 

P>0.05). Furthermore, the shRNA group showed 

increased mRNA and protein expressions of MMP2, 

TGFβ1 and α-SMA when compared with the shRNA 
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NC group (P<0.05); while pcDNA3.1(-) group had 

decreased mRNA and protein expressions of MMP2, 

TGFβ1 and α-SMA, with statistical differences (all 

P<0.05). 

 

 
Figure 3.  Results of qRT-PCR and Western blot detection 

of NRG-4 and ErbB pathway-related genes (ErbB2 and 

ErbB4) in each group. Note: A: Relative mRNA expression 

of NRG-4 gene and ErbB signaling pathway-related genes; 

B: Relative protein expression of NRG-4 gene and ErbB 

signaling pathway-related genes; C: Western blot images of 

NRG-4 and ErbB signaling pathway-related proteins; *, 

compared with shRNA NC group, P<0.05; #, compared 

with pcDNA3.1(-) NC group, P<0.05. 

 

Results of flow cytometry and expression levels of 

apoptosis-related factors 

    According to the detection results of cell apoptosis 

by using flow cytometry(Figure 5AB), there was no 

significant difference in cell apoptosis among the 

control group, empty vector group, shRNA NC group 

and pcDNA3.1(-) NC group (all P>0.05). However 

and significantly, the shRNA group showed increased 

cell apoptosis rate and the pcDNA3.1(-) group had 

decreased rate when compared with the shRNA NC 

group and pcDNA3.1(-) NC group, respectively (all 

P<0.05). 

 

 
Figure 4.  Results of MTT assay and expression levels of 

proliferation-related factors (MMP2, TGFβ1 and α-SMA) 

by qRT-PCR and Western blot in each group. Note: A: 

Results of MTT assay; B: Relative mRNA expression of 

MMP2, TGFβ1 and α-SMA; C: Relative protein expression 

of MMP2, TGFβ1 and α-SMA; D: Western blot images of 

MMP2, TGFβ1 and α-SMA; *, compared with shRNA NC 

group, P<0.05; #, compared with pcDNA3.1(-) NC group, 

P<0.05. 

 

    Furthermore, there was no significant difference in 

the mRNA and protein expression of apoptosis-related 

genes (Caspase3, Bax and Bcl-2) (all P>0.05). While 

in relative to the shRNA NC group, shRNA group 

showed increased mRNA and protein expression of 

Caspase3 and Bax, but decreased expression of Bcl-2 

(all P<0.05). In addition, compared with pcDNA3.1(-) 

NC group, pcDNA3.1(-) group showed decreased 

mRNA and protein expression of Caspase3 and Bax, 

but increased expression of Bcl-2 (all P<0.05) (Figure 

5CDE). 

    Nowadays, the incidence of hypertension is 

increasing year by year in China (30), and there are 

more than 200 million adult patients with 

hypertension in China (31). Hypertension is one of the 

main risk factors of cardiovascular and 

cerebrovascular diseases such as stroke and coronary 

heart disease (32). In China, hypertension has been 

confirmed to be the major risk factor for subjects who 

die from cardiovascular and cerebrovascular diseases 

(33). Target organ damage is the major death factor of 

hypertension (34). The treatment of hypertension is no 

longer just to reduce blood pressure to the normal 

range. 
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Figure 5.  Results of flow cytometry and expression levels 

of apoptosis-related factors (Caspase3, Bax and Bcl-2) by 

qRT-PCR and Western blot in each group. Note: A: Results 

of flow cytometry; B: Statistical analysis of cell apoptosis; 

C: Relative mRNA expression of MMP2, TGFβ1 and α-

SMA; D: Relative protein expression of MMP2, TGFβ1 

and α-SMA; E: Western blot images of MMP2, TGFβ1 and 

α-SMA; *, compared with shRNA NC group, P<0.05; #, 

compared with pcDNA3.1(-) NC group, P<0.05. 

 

    It is critical to pay attention to the protection of 

target organs while controlling blood pressure (35). 

Significantly, patients with long-term hypertension 

may develop ventricular hypertrophy and myocardial 

fibrosis (14). Myocardial fibrosis is a complex 

pathological process (15). Myocardial fibrosis is a 

progressive, persistent and irreversible pathological 

change, which is the key pathological basis of heart 

failure (16). After myocardial infarction, interstitial 

fibrosis occurs not only in the infarcted area (17,18). 

At present, the drugs for the treatment of hypertensive 

myocardial fibrosis mainly include angiotensin-

converting enzyme inhibitor (ACEI), angiotensin 

receptor inhibitor (ARB), aldosterone receptor 

inhibitor, P-receptor blocker, statins and natural drugs 

(36,37). While there is an increased concern about the 

side effects and limitations of chemicals, such as 

potassium retention in ACEI and ARB that should be 

used cautiously for patients with renal insufficiency 

(38). It in turn highlights the importance of clarifying 

the molecular pathogenesis of the hypertensive 

myocardial fibrosis process and identifying possible 

targets for its treatment. 

    SHR is a kind of hypertension model which is very 

similar to the pathological performance of human 

essential hypertension (39). It belongs to polygenic 

hereditary hypertension and is quite similar to the 

pathogenesis and pathophysiological changes of 

human hypertension. It is an ideal animal model for 

the study of human essential hypertension and the 

screening of antihypertensive drugs (40). Lentiviral 

vector is a gene therapy vector based on the human 

immunodeficiency virus, which is a kind of retrovirus 

(41). In addition to the basic characteristics and 

structure of retrovirus, it also has a wider host range 

than retrovirus vector. Lentivirus has a higher titer 

than retrovirus. It can not only infect cells in the 

mitotic phase but also infect cells in the non-mitotic 

phase. It has the advantages of high transfection 

efficiency, low immunogenicity, no cellular immune 

response at the injection site, low humoral immune 

response and high safety (42). Lentiviral vectors can 

be used to study the regulation of promoters, 

overexpression of specific genes or silencing of 

specific genes, which are widely used in gene therapy. 

Specifically, the direct myocardial injection has good 

targeting and high transfection efficiency, but it needs 

thoracotomy under good anesthesia conditions to 

complete. Intracardiac or coronary injection often 

requires ligation of main and pulmonary arteries, and 

temporary cardiac arrest to achieve high transfection 

efficiency. These transfection methods are difficult to 

operate and have high mortality in rats. Hence in this 

experiment, the lentiviral vectors were injected into 

rats via tail vein. This method is simple, easy to 

operate, and more suitable for clinical application. 

In our study, it was found that in rats with SHR, the 

cardiomyocytes showed hypertrophy, disordered 

arrangement, hyperchromatic nucleus, irregular shape, 

obvious rupture of myocardial fibers, and obvious 

proliferation of fibrous stroma; obvious myocardial 

fibrosis, and there were more blue collagen fibers 

around cardiomyocytes and myocardial arterioles; 

cardiomyocytes were swollen, muscle fibers arranged 

disorderly, collagen around the coronary artery and 

myocardial interstitium increased significantly with a 
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cross-linking appearance, as well as promoted 

apoptosis of, suggesting a pathological change in 

those modeling rats. Besides, the expression of NRG-

4 protein was significantly decreased in SHR rats 

compared with WKY rats. To this end, we proposed 

our speculation that NRG-4 may be downregulated in 

SHR, and upregulation of NRG-4 may exert a 

potential positive role in alleviating the progression of 

SHR. Accordingly, there was no obvious difference in 

the mRNA expression of NRG-4, ErbB2 and ErbB4, 

MMP2, TGFβ1 and α-SMA, as well as Caspase3, Bax 

and Bcl-2 among the control group, Empty vector 

group, shRNA NC group and pcDNA3.1(-) NC group. 

While significantly, after downregulation of the 

expression of NRG-4, the expressions of NRG-4 were 

silenced, supporting a successful downregulation 

treatment of this gene. Meanwhile, ErbB2 and ErbB4 

were both downregulated, which may reveal a 

possible inactivation of the ErbB signaling pathway. 

While upregulation of NRG-4 resulted in increased 

NRG-4 expression and activated ErbB2 and ErbB4. In 

general, NRG is an epidermal growth factor-like 

protein, which is a member of the Neuregulin family 

(23). It can activate downstream signaling pathways 

by binding with the tyrosine kinase receptors ErbB3 

and ErbB4 on the cell surface (25). NRG plays an 

important role in tissue development, survival of 

epidermal cells, cell growth and differentiation (20). 

Meanwhile, as a growth factor, the expression level of 

NRG in the human body is closely related to breast 

cancer (43), gallbladder cancer, renal cell carcinoma, 

bladder cancer, ovarian cancer, pancreatic cancer (44), 

and hypertension (45). Recently, NRG is defined as an 

endocrine factor in brown adipose tissue (46), which 

can improve diet-induced insulin resistance and 

hepatic steatosis by inhibiting liver lipid synthesis and 

chronic inflammatory response, promoting liver fatty 

acid oxidation and energy consumption, which may 

facilitate the attenuating of sympathetic activity and 

blood pressure. 

Furthermore, downregulated NRG-4 expression 

resulted in promoted cardiomyocyte proliferation and 

apoptosis, while upregulated expression was 

associated with inhibited cardiomyocyte proliferation 

and apoptosis. As for the exploration of mechanism, 

downregulation of NRG-4 resulted in increased 

MMP2, TGFβ1, α-SMA and Bcl-2, while increased 

Caspase3 and Bax expressions; while its upregulation 

decreased MMP2, TGFβ1, α-SMA and Bcl-2, while 

reduced Caspase3 and Bax expressions. For the 

interpretation and explanation of the above results, 

MMP-2 is a gelatin matrix metalloproteinase, which 

can release the angiogenesis-related factors stored in 

ECM by degrading ECM and promoting the formation 

of blood vessels (47). Recent studies have found that 

MMP-2 can promote angiogenesis by stimulating the 

expression of VEGF; MMP-2 is expressed in a variety 

of cells, including endothelial cells and cardiac 

fibroblasts; MMP-2 plays an important role in the 

cardiovascular system, and can inhibit the contractile 

function of the myocardium (48,49). In addition, 

TGF-β1 is an important member of the TGF-β multi-

functional family (50). It is a powerful promoter of 

synthesis and deposition of collagen fibers and other 

extracellular factors and is closely related to fibrosis 

of many organs (50). Prior research has confirmed 

that the expression of TGF-β1 increased significantly 

in the myocardial tissue of the myocardial infarction 

rat model (51). While as a kind of myocardial 

interstitial cells, α-SMA is high in quantity and is 

closest to myocardial cells (52). It can inhibit 

extracellular matrix-degrading enzymes, promote 

myocardial fibrosis and play an important role in the 

development of myocardial fibrosis (52). In vitro 

experiments also showed that TGF-β1 could promote 

the proliferation and transformation of cardiac 

fibroblasts into myofibroblasts, promote the 

expression of α-SMA in fibroblasts, and produce a 

large amount of extracellular matrices, such as 

collagen fibers and fibronectin (53). In our in vitro 

test, downregulation of MMP2, TGFβ1, α-SMA 

resulted from upregulation of NRG-4 did support the 

anti-proliferation and anti-fibrosis progression of 

cardiomyocytes. Meanwhile, it is well known that 

Bcl-2 is an important anti-apoptotic factor while 

Caspase3 and Bax are pro-apoptotic factors (54). The 

reduced Caspase3 and Bax expressions but increased 

Bcl-2 expression supported the anti-apoptosis role 

exerted by downregulated NRG-4 expression. 

With regard to the aforementioned findings, it 

inspires us that the use of recombinant NRG-4 to 

intervene the cardiac signal transduction and improve 

cardiac function has a strong potential therapeutic 

value. However, the clear mechanism of the 

cardiovascular effect of this signaling pathway still 

needs to be further studied; besides, the use of small 
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molecule ErbB receptor agonists may also be a 

potential direction in our future study. In addition, this 

study confirmed that NRG-4 can participate in the 

proliferation and apoptosis of cardiomyocytes, and 

mediate the process of myocardial fibrosis. However, 

it is not clear whether NRG is involved clearly in 

improving cardiac function. Anyway, the current 

research in this field is still preliminary, and a clear 

understanding of the above mechanism is the premise 

for NRG to be formally applied in clinical practice, 

which is the major highlight of this study. 

In conclusion, our study confirms that upregulation 

of NRG-4 gene expression can promote the activation 

of the ErbB signaling pathway, thus inhibiting the 

proliferation and apoptosis of cardiomyocytes in SHR 

rats, reversing myocardial fibrosis, and playing its 

cardioprotective role. In our subsequent research, we 

should further explore the related molecular 

mechanism, detect more related transcription factors 

and signaling molecules, and find the downstream 

molecular mechanism of NRG-4 regulating the 

expression of related factors, so as to improve the 

understanding of NRG-4 regulating fibrosis 

mechanism. 
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