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Abstract. The aim of the present study was to determine if 
renal sympathetic denervation (RSD) may alleviate isopro-
terenol‑induced left ventricle remodeling, and to identify the 
underlying mechanism. A total of 70 rats were randomly 
divided into control (n=15), sham operation (n=15), heart 
failure (HF) with sham operation (HF + sham; n=20) and HF 
with treatment (HF + RSD; n=20) groups. The HF model was 
established by subcutaneous injection of isoproterenol; six 
weeks later, 1eft ventricular internal diameter at end‑systole 
(LVIDs), left ventricular systolic posterior wall thickness 
(LVPWs), 1eft ventricular ejection fraction (LVEF) and left 
ventricular fractional shortening (LVFS) were measured. 
Plasma norepinephrine (NE), angiotensin II (Ang II) and aldo-
sterone (ALD) levels were measured by ELISA. Myocardial 
collagen volume fraction (CVF) was determined by Masson's 
staining. Reverse transcription‑quantitative polymerase chain 
reaction was used to determine the mRNA expression levels 
of ventricular transforming growth factor‑β (TGF‑β), connec-
tive tissue growth factor (CTGF) and microRNAs (miRs), 
including miR‑29b, miR‑30c and miR‑133a. The results 
demonstrated that LVIDs and LVPWs in the HF + RSD group 
were significantly decreased compared with the HF + sham 
group. By contrast, LVFS and LVEF in the HF + RSD group 
were significantly increased compared with the HF + sham 
group. RSD significantly reduced the levels of plasma NE, 
Ang II and ALD. CVF in the HF + RSD group was reduced 
by 38.1% compared with the HF + sham group. Expression 
levels of TGF‑β and CTGF were decreased, whereas those 

of miR‑29b, miR‑30c and miR‑133a were increased, in the 
HF + RSD group compared with the HF + sham group. These 
results indicated that RSD alleviates isoproterenol‑induced 
left ventricle remodeling potentially via downregulation of 
TGF‑β/CTGF and upregulation of miR‑29b, miR‑30c and 
miR‑133a. RSD may therefore be an effective non‑drug 
therapy for the treatment of heart failure.

Introduction

Chronic congestive heart failure (CHF) is the final outcome of 
a variety of organic heart diseases. Myocardial fibrosis is the 
primary form of myocardial remodeling in CHF. It involves 
the elevation of myocardial interstitial collagen content and 
alteration of the characteristic collagen configuration, thereby 
causing increased myocardial rigidity, ventricular systolic and 
diastolic dysfunction, and decreased coronary flow reserve. 
Overactivation of the sympathetic nervous system (SNS) and 
the renin‑angiotensin‑aldosterone system (RAAS) are impor-
tant factors responsible for myocardial fibrosis.

Renal sympathetic denervation (RSD) has been used to 
treat resistant hypertension and associated cardiovascular 
diseases, including abnormal glucose tolerance and ventricular 
hypertrophy, caused by chronic SNS and RAAS overactiva-
tion. RSD involves the removal of the peripheral portion of the 
renal artery afferent and efferent nerves, effectively reducing 
the sympathetic activity under pathological conditions through 
feedback mechanisms in the hypothalamus central nervous 
system. RSD has the potential for broad application for the 
treatment of relevant diseases (1). Systemic sympathetic acti-
vation accompanied with increased release of norepinephrine 
(NE) and angiotensin II (Ang II) promotes transforming 
growth factor‑β (TGF‑β)‑mediated myocardial fibrosis. 
TGF‑β1 is an important regulatory factor that enhances the 
expression of connective tissue growth factor (CTGF), which 
further promotes cell proliferation, extracellular matrix depo-
sition and induction of myocardial fibrosis (2).

MicroRNAs (miRNAs) are endogenous single‑stranded 
non‑coding RNAs composed of 21‑26 nucleotides. As an 
important mechanism of epigenetic regulation, miRNAs 
inhibit the translation of target genes or directly mediate the 
degradation of target mRNA by binding to the 3' untranslated 
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region. During heart failure (HF), activation of SNS directly 
or indirectly (via excited β‑receptor and activated RAAS) 
regulates miRNA expression, thereby promoting myocar-
dial remodeling. Inhibition of the sympathetic activity may 
suppress myocardial remodeling by regulating the expression 
levels of miRNA. Previous studies have demonstrated that 
miRNA (miR)‑29, miR‑30 and miR‑133 are the primary regu-
lators of TGF‑β and CTGF, and are closely associated with the 
occurrence of myocardial fibrosis (3).

A primary strategy for the treatment of HF is the suppres-
sion of excessive SNS and RAAS activation and the inhibition 
of myocardial fibrosis. Renal sympathetic activation is a 
common mechanism underlying pathophysiology in HF and 
high blood pressure. A pilot trial has reported that RSD 
significantly improves cardiac function in HF patients with no 
adverse effects on blood flow and renal function, suggesting 
that RSD is a potential non‑drug approach for the treatment of 
HF (4). The present study established the isoproterenol‑induced 
HF model in rats (5) and determined the effect of RSD on 
myocardial fibrosis. In addition, the underlying molecular 
mechanisms by which RSD inhibits myocardial fibrosis were 
investigated, with the aim of providing a theoretical basis for 
the use of RSD as a potential treatment for HF.

Materials and methods

Experimental animals. Sprague‑Dawley male rats (weight, 
250‑350 g; n=70) were purchased from Beijing HFK Bioscience 
Co, Ltd. (Beijing, China). Rats were housed under a 12‑h 
light/dark cycle at a temperature of 23±2˚C and a humidity of 
61±5%. Animals were allowed to acclimatize for at least one 
week prior to the experiment. All animal procedures complied 
with IACUC (Institutional Animal Care and Use Committee) 
of Wuhan University (Wuhan, China).

Animal groups. Rats were randomly divided into four groups: 
Control (n=15), in which the rats were untreated; sham (n=15), 
in which a sham procedure was performed on the rats; HF + 
sham (n=20), in which a sham procedure was performed on the 
rats followed by HF induction; and HF + RSD (n=20), in which 
RSD was performed on the rats followed by HF induction.

RSD and HF‑induction. An intraperitoneal injection of 
40  mg/kg sodium pentobarbital (Sigma‑Aldrich; Merck 
KGaA, Darmstadt, Germany) was performed to anesthetize 
the rats at room temperature. Subsequently, abdominal skin 
was disinfected, covered with towels and a midline laparotomy 
was performed. Subcutaneous tissues and muscles were sepa-
rated layer by layer to expose the kidney, ureter, intrathecal 
artery, vein and nerve. The sheath of the artery and vein was 
stripped and all visible nerve fibers were disarticulated under 
a dissecting microscope (magnification, x25). A cotton ball 
soaked with a 95% ethanol and 10% phenol solution was 
applied to the renal artery and vein to achieve sufficient dener-
vation. The renal nerve electrical stimulation method was used 
to evaluate if renal denervation was effective, as described 
previously (6). Prior to sympathetic denervation, electrical 
stimulation (15 V, 0.2 msec, 10 Hz, square wave) was applied 
at the proximal end of the renal nerve for 10‑30 sec to induce 
a significant sympathetic response (a systolic blood pressure 

increase of 5‑10 mmHg, heart rate increase of 8‑15 bpm and 
pale kidneys). By contrast, following complete denervation, 
electrical stimulation did not produce these effects. Strict 
aseptic conditions were used, and 80,000 U/day penicillin was 
injected intraperitoneally to prevent infection. A slow subcu-
taneous injection of 4 mg/kg isopropyl adrenaline (ISO) was 
performed once a day for 10 consecutive days to induce HF.

Echocardiography. A total of six weeks after the successful 
establishment of the HF model, Doppler echocardiography 
was performed on the surviving rats. Rats were anesthetized 
by an intraperitoneal injection of 2% sodium pentobarbital 
(40 mg/kg). The rats were then fixed in a supine position and 
a parasternal short‑axis view was obtained. M‑mode echocar-
diography was used to record the left ventricular systolic and 
diastolic motion profile. The left ventricular internal diameter 
(LVIDs), left ventricular systolic posterior wall thickness 
(LVPWs), left ventricular ejection fraction (LVEF) and left 
ventricular fractional shortening (LVFS) were measured.

Measurement of plasma norepinephrine, angiotensin II and 
aldosterone levels. Following the ultrasound examination at 
the endpoint of the experiment, peripheral blood samples were 
obtained and coagulation was prevented with 10% EDTA and 
aprotinin. Following centrifugation at 1,200 x g at 4˚C for 
20 min, plasma samples were stored at ‑70˚C. NE, Ang II and 
ALD levels were measured by ELISA, according to the manu-
facturer's protocol (rat kit; cat. nos. ab47831 and ab136933; 
Abcam, Cambridge, UK).

Masson's staining. At the experimental endpoint, animals 
were sacrificed by intraperitoneal injection of an overdose of 
sodium pentobarbital. Ventricular tissue was harvested, fixed, 
paraffin‑embedded and sections into 5 µm were prepared 
for Masson's staining (7). A Leica‑Q500MC image analyzer 
(Leica Microsystems GmbH, Wetzlar, Germany) was used to 
determine the myocardial fibrosis area and to calculate the 
percentage collagen volume fraction (CVF).

Immunohistochemical detection of TGF‑β and CTGF. 
Expression of TGF‑β and CTGF was determined by immuno-
histochemistry as described previously (8). Briefly, following 
dehydration of the paraffin sections, primary mouse mono-
clonal antibodies against TGF‑β and CTGF (1:50; catalog nos. 
SAB4502958 and HPA031074; Sigma‑Aldrich; Merck KGaA) 
were added at 4˚C overnight. Following a thorough wash, a 
horseradish peroxidase (HRP)‑conjugated secondary antibody 
(1:400; cat. no. A0545; goat anti‑rabbit IgG; Sigma‑Aldrich; 
Merck KGaA) was applied. Image‑Pro Plus software version 6.0 
(Media Cybernetics, Inc., Rockville, MD, USA) was used deter-
mine the average optical density.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Myocardial cells were collected and total 
RNA was isolated using RNAiso Plus (Takara Biotechnology 
Co., Ltd., Dalian, China). cDNA was obtained by RT using 
the First‑Strand cDNA Synthesis kit (Toyobo Co., Ltd., Osaka, 
Japan) and oligo (dT)15. qPCR was subsequently performed 
using the FastStart Universal SYBR®-Green Master kit (Roche 
Applied Science, Mannhein, Germany) in a 10 µl reaction 
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volume on an ABI 7900 Real‑Time PCR system (Applied 
Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA). The reaction mixture contained 2 µl cDNA template, 
5 µl SYBR-Green (including ROX) mix, 200 nM forward 
primer and 200 nM reverse primer (9). The mRNA level of 
TGF‑β and CTGF were measured. Human GAPDH served as 
an internal standard. The primers for RT‑PCR analyses are 
listed in Table I. The expression levels of miR‑29b, miR‑30c 
and miR‑133a were measured using corresponding Bulge‑Loop 
miRNA qRT‑PCR Starter kits (Guangzhou RibiBio Co., Ltd., 
Guangzhou, China). miR‑29b, miR‑30c and miR‑133a were 
extracted from total RNA and their expression levels were 
measured. U6 snRNA qRT‑PCR Primer Set (Guangzhou 
Ribobio Co., Ltd) served as an internal reference. The PCR 
products were verified by melt curve analysis and the results 
were analyzed using the 2‑ΔΔCq method (RQ=2‑ΔΔCq, ΔΔCq is 
for the individual, ΔCq is the calibrator) (10). Each assay was 
performed in triplicate and repeated at least three times.

Western blot analysis. Myocardial tissue samples were 
collected and incubated in ice‑cold TNEN lysis buffer (50 mM 
Tris-HCl, pH 7.5, 150 mM NaCl, 2.0 mM EDTA and 1.0% 
Nonidet P‑40) with a mini tablet of EDTA‑free protease 
inhibitors (Roche Applied Science) and 1 mmol/l phenylmeth-
ylsulfonyl fluoride for 30 min at 4˚C. The insoluble fraction 
was pelleted by centrifugation at 12,000 x g for 15 min at 4˚C. 
100 µl supernatant was mixed with 20 µl 6X laemmli buffer 
(0.3  mol/l Tris‑HCl, 6% SDS, 60% glycerol, 120  mmol/l 
dithiothreitol and proprietary pink tracking dye), and heated at 
37˚C for 10 min. Subsequently, 20 µl samples (1 µg/µl protein) 
were subjected to 10% SDS‑PAGE. Following electrophoresis, 
proteins were transferred onto a 0.45 µm PVDF membrane 
(EMD Millipore, Billerica, MA, USA). The membrane was 
probed with anti‑TGF‑β and anti‑CTGF rabbit polyclonal 
antibodies (1:500; cat. nos. SAB4502958 and HPA031074; 
Sigma‑Aldrich; Merck KGaA) at 4˚C overnight, followed 
by incubation with a horseradish peroxidase‑conjugated 
secondary goat anti‑rabbit antibody (1:5,000; cat. no. A0545; 
Sigma‑Aldrich; KGaA) for 4  h at room temperature. The 
protein signal was visualized using the Super Signal West Pico 
Chemiluminescent substrate (Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocol. Human GAPDH 
(rat; 1:3,000; cat. no. G9545; Sigma‑Aldrich; KGaA) served as 
a loading control. Each assay was performed in triplicate and 
repeated at least three times.

Statistical analysis. SPSS software version l7.0 (SPSS, Inc., 
Chicago, IL, USA) was used for statistical analysis. Data are 

expressed as the mean ± standard deviation. One‑way analysis 
of variance was conducted to compare experimental groups, 
followed by Scheffe's post hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Overall animal survival. A total of 20 rats died during the 
present study, including 4 unexpected deaths from anesthesia 
and 16 heart failure‑associated deaths following subcuta-
neous injection of drugs. The overall survival rate of the rats  
was 62.5%. The remaining animals survived to endpoint  
with 15 rats in the control, 13 rats in the sham, 12 rats in the 
HF + sham and 10 rats in the HF + RSD groups.

Echocardiography. In the HF + sham group, LVIDs and 
LVPWs were significantly increased, whereas LVFS was signif-
icantly decreased compared with the sham group (P<0.05), 
suggesting that the HF model was successfully established in 
the rats. These cardiac parameters were significantly improved 
in the HF + RSD group (P<0.05; Fig. 1), indicating that RSD is 
effective in improving heart function.

Effect of RSD on plasma NE, Ang II and ALD levels. NE, 
Ang II and ALD levels in the HF + sham group were 
significantly greater compared with the sham group (P<0.01; 
Table II). By contrast, the concentration of NE, Ang II and 
ALD in the HF  + RSD group was significantly reduced 
compared with the HF + sham group (P<0.01). There was no 
significant difference between the sham and control groups. 

Table I. Primer sequences for reverse transcription‑quantitative polymerase chain reaction. 

Primer	 Forward	 Reverse	 Length

rat(RT)‑TGF‑β	 GCGCCTGCAGAGATTCAAGTC	 GGCGTATCAGTGGGGGTCAG	 113
rat(RT)‑CTGF	 GGCCCTGTGAAGCTGACCTAG	 GCCCGGTAGGTCTTCACACTG	 124
GAPDH	 GGCACAGTCAAGGCTGAGAATG	 ATGGTGGTGAAGACGCCAGTA	 143

TGF‑β, transforming growth factor‑β; CTGF, connective tissue growth factor; RT, reverse transcription.

Table II. Effect of RSD on NE, Ang II and ALD levels in rats 
with isoproterenol‑induced HF.

		  Plasma NE	 Plasma Ang II	 Plasma ALD
Group 	 n	 (pg/ml)	 (pg/ml)	 (pg/ml)

Control	 15	 159.3±11.1	 208.5±14.3	 205.3±14.8
Sham	 13	 168.2±13.7	 201.6±10.5	 197.0±9.5
HF + sham	 12	 264.6±13.6	 491.1±14.8a	 517.3±16.0a

HF + RSD	 10	 200.7±8.0	 388.3±13.7b	 408.5±12.3b

Data are expressed as the mean ± standard deviation. aP<0.01 vs. 
control and sham groups; bP<0.01 vs. HF + sham group. RSD, renal 
sympathetic denervation; NE, norepinephrine; Ang II, angiotensin II; 
ALD, aldosterone; HF, heart failure.
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These results indicated that RSD may reduce the levels of NE, 
Ang II and ALD during HF.

Effect of RSD on CVF. As determined by Masson's staining 
(Fig. 2), CVF in the HF + sham group was increased by 1,230 
and 1,300% (P<0.01), compared to that in the control and sham 

groups, respectively. CVF in the HF + RSD group was reduced 
by 38.1% (P<0.01) compared with the HF + sham group 
(Fig. 2), indicating that RSD may reduce CVF during HF.

Effect of RSD on the expression of TGF‑β1 and CTGF. 
RT‑qPCR revealed that TGF‑β (Fig. 3A) and CTGF (Fig. 3B) 

Figure 2. Masson's staining of collagen deposition. (A) Control (B) Sham (C) HF + Sham (D) HF + RSD. CVF values were as follows: Control 4.94±0.38%; 
Sham 4.67±0.63%; HF + Sham 60.76±6.01% and HF + RSD 43.99±6.23%. Normal myocardial tissues are depicted in red and collagen is depicted in blue. 
(Original magnification, x400). CVF, collagen volume fraction; RSD, renal sympathetic denervation; HF, heart failure.

Figure 1. Comparison of cardiac functional parameters among the groups of rats. (A) LVIDs, (B) LVPWs, (C) LVEF and (D) LVFS were measured in control, 
sham, HF + sham and HF + RSD groups. Data are expressed as the mean ± standard deviation. **P<0.01 vs. control and sham groups; ††P<0.01 vs. HF + sham 
group. LVIDs, 1eft ventricular internal diameter at end‑systole; LVPWs, left ventricular systolic posterior wall thickness; LVEF, 1eft ventricular ejection 
fraction; LVFS, left ventricular fractional shortening; RSD, renal sympathetic denervation; HF, heart failure.
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mRNA expression levels in the HF + sham group were signifi-
cantly greater compared with the control and sham groups 
(P<0.01). mRNA expression levels of TGF‑β1 and CTGF in 
the HF + RSD group were significantly reduced compared 
with the HF + sham group (P<0.01). Immunohistochemical 
analysis demonstrated greater staining of TGF‑b1 (Fig. 4A) 
and CTGF (Fig. 4B) in the HF + sham group compared with 
the control and sham groups (P<0.01); staining was reduced 
by RSD treatment (P<0.01). Additionally, western blot analysis 

revealed that TGF‑β (Fig. 5A) and CTGF (Fig. 5B) protein 
expression levels were significantly reduced following RSD 
treatment compared with the sham treatment.

Effect of RSD on the expression levels of miR‑29b, miR‑30c 
and miR‑133a. The expression levels of miR‑29b, miR‑30c 
and miR‑133a in the HF + sham group were significantly 
reduced compared with the sham group [miR‑29b, 5.87±0.97 
vs. 30.94±4.65 (P<0.01); miR‑30c, 0.28±0.16 vs. 1.46±0.20 

Figure 4. Immunohistochemical analysis of TGF‑β and CTGF in myocardial tissues. Positive staining of (A) TGF‑β and (B) CTGF in each group appears 
brown. Hematoxylin nuclear staining appeared blue. In the HF + RSD group, positive staining of TGF‑β and CTGF was significantly reduced compared with 
the HF + sham group. Data are expressed as the mean ± standard deviation. **P<0.01 vs. sham group; ††P<0.01 vs. HF + sham group; TGF‑β, transforming 
growth factor‑β; CTGF, connective tissue growth factor; HF, heart failure; RSD, renal sympathetic denervation.

Figure 3. mRNA expression levels of TGF‑β and CTGF in myocardial tissues 6 weeks after establishing HF, as determined by reverse transcription‑quantitative 
polymerase chain reaction. Compared with the HF + sham group, the HF + RSD group had significantly reduced mRNA expression levels of (A) TGF‑β and 
(B) CTGF. Data are expressed as the mean ± standard deviation. **P<0.01 vs. control and sham groups; ††P<0.01 vs. HF + sham group. TGF‑β, transforming 
growth factor‑β; CTGF, connective tissue growth factor; HF, heart failure; RSD, renal sympathetic denervation.

https://www.spandidos-publications.com/10.3892/mmr.2017.7255


WANG et al:  RSD INHIBITION OF MYOCARDIAL FIBROSIS5096

Figure 6. Expression levels of miR‑29b, miR‑30c and miR‑133a in myocardial tissues. Compared with the HF + sham group, expression of (A) miR‑29b, 
(B) miR‑30c and (C) miR‑133a in the HF + RSD group was significantly greater. Data are expressed as the mean ± standard deviation. *P<0.05 vs. control and 
sham groups; **P<0.01 vs. control and sham groups; †P<0.05 vs. HF + sham group; ††P<0.01 vs. HF + sham group. miR, microRNA; HF, heart failure; RSD, 
renal sympathetic denervation.

Figure 5. Western blot analysis of TGF‑β and CTGF protein expression levels in myocardial tissues. Protein expression levels of (A) TGF‑β and (B) CTGF in 
myocardial tissues were determined 6 weeks after the establishment of HF. Compared with the HF + sham group, TGF‑β and CTGF protein expression levels 
in the HF + RSD group were significantly reduced. Data are expressed as the mean ± standard deviation. The expression levels of TGF‑β were as follows: 
Control, 0.15±0.03; sham, 0.15±0.01; HF + RSD 0.46±0.06 and HF + sham 1.10±0.02. The expression levels of CTGF were as follows: Control, 0.17±0.03; 
sham, 0.19±0.04; HF + RSD 0.58±0.04 and HF + sham 1.52±0.06. **P<0.01 vs. sham group; ††P<0.01 vs. HF + sham group; TGF‑β, transforming growth 
factor‑β; CTGF, connective tissue growth factor; HF, heart failure; RSD, renal sympathetic denervation.
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(P<0.01); miR‑133a, 3.76±1.14 vs. 10.39±1.95 (P<0.01; Fig. 6)]. 
Expression levels of miR‑29b, miR‑30c and miR‑133a in the 
HF + RSD group were significantly greater compared with the 
HF + sham group [miR‑29b, 21.69±3.12 vs. 5.87±0.97 (P<0.01); 
miR‑30c, 1.09±0.19 vs. 0.28±0.16 (P<0.01); miR‑133a, 
9.14±0.90 vs. 3.76±1.14 (P<0.01; Fig. 6)]. miRNA expression 
levels were not significantly different between the control and 
sham groups (P>0.05).

Discussion

The present study demonstrated that RSD may effectively 
reduce LVIDs and LVPWs, and increase LVEF and LVFS, 
leading to the improvement of left ventricular function in the 
ISO‑induced rat HF model. These results are consistent with a 
previous report, which suggested that angiotensin‑converting 
enzyme inhibitors may alleviate ventricular remodeling via a 
reduction of ventricular volume overload (11).

An increase in synthesis or decrease in degradation of 
myocardial collagen serves an important role in myocardial 
rigidity following HF, which ultimately affects left ventricular 
function. The present study demonstrated that myocardial 
CVF in the HF group was significantly increased compared 
with the control and sham groups, indicating that ventricular 
fibroblasts proliferate, leading to increased synthesis and 
secretion of collagen as well as remodeling of the cardiac 
collagen spatial network. Reduction of CVF in the RSD treat-
ment group indicated that ventricular collagen deposition 
decreased, thereby increasing ventricular adaptability. The 
underlying mechanisms by which RSD reduces CVF require 
further investigation.

TGF‑β and CTGF are the two most important factors in 
promoting myocardial fibrosis. TGF‑β is a multi‑functional 
polypeptide involved in cell proliferation, differentiation, 
migration, apoptosis and matrix formation. In chronic infec-
tion, TGF‑β is activated, which promotes the formation of 
muscle fibroblasts. This inhibits extracellular matrix degrada-
tion and increases extracellular matrix mRNA expression and 
protein synthesis. Thus, TGF‑β serves an important role in the 
development of myocardial fibrosis (12). CTGF may promote 
fibroblast cell division and collagen deposition (13). CTGF is 
an important marker of myocardial fibrosis and is regarded as a 
downstream mediator of TGF‑β, as it has numerous biological 
similarities to TGF‑β. CTGF may promote cell proliferation 
and collagen synthesis, induce extracellular matrix deposition 
and inhibit its degradation. In addition, CTGF may promote the 
expression of protease inhibitors, including plasminogen acti-
vator inhibitor and tissue inhibitor of metalloproteinase (14). 
Furthermore, CTGF may promote angiogenesis and facilitate 
myocardial fibrosis (15) via cell adhesion and aggregation (16). 
The results of the present study demonstrated that RSD signifi-
cantly reduced the expression of TGF‑β and CTGF, which may 
contribute to the improvement of cardiac function.

miRNAs have been demonstrated to serve an important 
role in epigenetic regulation. To date, 1,424 miRNAs have 
been identified in humans, which regulate >60% of proteins. 
miRNAs serve a role in myocardial remodeling in HF. For 
example, miR‑29, miR‑133 and miR‑30 have been demon-
strated to be involved in myocardial fibrosis (17). The present 
study further investigated the effects of RSD on the expression 

of miRNA in myocardial tissues. RSD increased the expres-
sion of miR‑29b, miR‑30c and miR‑133a in rats with HF. It 
has previously been demonstrated that SNS activation may 
increase TGF‑β‑mediated myocardial fibrosis via the release 
of NE (18). In addition, SNS activation may upregulate Ang 
II levels and stimulate the synthesis of TGF‑β (19). Ang II 
enhances the synthesis of CTGF via upregulation of RacI, which 
further promotes myocardial fibrosis (20). Perlini et al (21) 
revealed that sympathetic denervation may inhibit myocardial 
fibrosis. miR‑29 is primarily present in myocardial fibroblasts. 
Numerous extracellular matrix‑associated genes, including 
elastin, fibrillin‑1, collagen (COL) type I α 1 chain, COL 
type I α 2 chain and COL type III α 1 chain are regulated 
by miR‑29. A reduction in miR‑29 expression may promote 
myocardial interstitial fibrosis (22); TGF‑β may downregulate 
the expression of miR‑29, leading to myocardial fibrosis. As 
an important factor in promoting myocardial fibrosis, CTGF is 
regulated by miR‑133 and miR‑30. Overexpression of miR‑133 
and miR‑30 may reduce the expression of CTGF, thereby 
inhibiting myocardial fibrosis (23). Therefore, growth factors 
and associated miRNAs produce a complete feedback loop 
in the regulation of ventricular remodeling, which may be 
partially responsible for the underlying mechanism by which 
RSD inhibits ventricular remodeling in HF.

SNS activation is closely associated with the prognosis of 
HF. Following SNS activation, the release of NE and neuro-
peptide Y is increased, causing peripheral vasoconstriction. 
This reduces renal blood flow and excretion of sodium and 
water, and promotes the process of HF (24). In addition to 
the direct effect on hemodynamics, SNS activation is closely 
associated with myocardial fibrosis. Wang et al (25) suggested 
that RSD may significantly reduce the concentration of Ang II 
and ALD and inhibit atria remodeling in a canine model of HF 
induced by rapid pacing. Clayton et al (26) demonstrated that 
RSD may inhibit myocardial expression of the Ang II receptor, 
increase urinary sodium excretion, reduce plasma brain natri-
uretic peptide levels and improve cardiac functions in a rabbit 
HF model. A study performed by Hu et al (27) indicated that 
RSD may significantly improve cardiac remodeling, increase 
urine volume and improve cardiac function in a rat model of 
myocardial infarction. Therefore, reduction of neurohormone 
activation status by the simultaneous inhibition of SNS and 
RAAS may be a primary underlying mechanism by which 
RSD improves cardiac function. This hypothesis may explain 
the effect of RSD on growth factors and miRNA.

RSD is currently the primary treatment used in cases of 
hypertension and the results of the present study suggest it may 
act as a promising candidate for the treatment of heart failure 
in the future. However, the implementation of RSD in the 
clinic depends on renal artery catheter ablation, an area where 
further research is required. Furthermore, the present study 
focused on myocardial fibrosis and further research is required 
to validate this method prior to the acceptance of RSD as a 
clinical treatment of heart failure.
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