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Long-term renal sympathetic denervation ameliorates 
renal fibrosis and delays the onset of hypertension  
in spontaneously hypertensive rats
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Abstract: This study was designed to explore the effects of long-term renal denervation (RDN) on blood pressure and 
renal function in spontaneously hypertensive rats (SHR). RDN was performed in bilateral renal arteries with 10% 
phenol in absolute ethanol in SHR and Wistar-Kyoto rats (WKY) at 13 weeks. Age-matched SHR and WKY served as 
controls. Blood pressure was measured. Plasma, urine and kidneys were collected 8 months after the RDN opera-
tion. Plasma renin activity (PRA), aldosterone levels, reactive oxidative stress, renal function and structural remodel-
ing were assessed. RDN-treated SHR demonstrated a lower spontaneous rise in systolic blood pressure than rats 
in the SHR-Sham group (P < 0.01, at 20, 27, 34 and 41 weeks), except at 48 weeks (198.2 ± 12.9 vs 209.4 ± 11.9 
mmHg, P = 0.145). WKY were not affected by RDN. Renal tissue norepinephrine was decreased by RDN in both SHR 
and WKY. Plasma PRA activity, aldosterone levels, and NAD(P)H oxidase activity were reduced by the RDN in SHR. 
Plasma eNOS and NO were increased by RDN only in SHR. The renal nerve was destroyed by RDN with no regen-
eration after 8 months. The progression of renal dysfunction associated with urinary protein excretion, glomerular 
sclerosis, and tubulointerstitial fibrosis was attenuated by RDN only in SHR through downregulation of the ACE/Ang 
ΙΙ/AT1R axis and upregulation of the ACE2/Ang-(1-7)/MasR axis in the kidney. Thus, RDN delays the onset of hyper-
tension and ameliorates glomerular sclerosis and tubulointerstitial fibrosis in SHR.
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Introduction

Hypertension is a common cardiovascular dis-
ease worldwide and is a major factor involved 
in coronary heart disease, chronic heart failure, 
stroke, chronic kidney disease and even death 
[1]. It has been estimated that 972 million 
adults suffered hypertension in 2000 and that 
this number will increase to 1.56 billion in 2025 
[2]. In addition, it has been reported that 8.9% 
of the population of the United States cannot 
control their blood pressure (BP > 140/90 
mmHg) after taking of a minimum of 3 antihy-
pertensive agents [3]. 

Sympathetic nerve activity (SNA) plays a dis-
tinct role in the development of hypertension. It 
can regulate hypertension through the innerva-
tion of the kidney, which enhances the renal 
SNA in different pathways including renin secre-

tion and sodium reabsorption and reducing 
renal blood flow (RBF) [4]. Studies have indicat-
ed that most hypertension patients and animal 
models are characterized by sympathetic hyper-
activity [5, 6]. Renal SNA is doubled in hyperten-
sive patients compared with that of normoten-
sive individuals [7]. However, Gattone VH et al. 
proved that inhibition of sympathetic function 
ameliorates renal damage independently of 
systemic hypertension [8]. 

Recently, renal sympathetic denervation (RDN) 
has become a promising strategy for the treat-
ment of hypertension [9-13]. In 2009, Krum et 
al. found that percutaneous renal artery abla-
tion can effectively control refractory hyperten-
sion [9]. The Symplicity Hypertension 2 (HTN-2) 
trial furtherly confirmed the safety and effec-
tiveness of RDN [10]. However, the negative 
results of HTN-3 challenged the feasibility of 
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RDN [14], which was a disappointing outcome. 
However, the benefits of RDN have not yet been 
ruled out. Instead, more comprehensive mech-
anistic studies should be performed to explore 
the effects of RDN in the treatment of 
hypertension.

Spontaneously hypertensive rats (SHR), which 
compose a rat model of hypertension, develop 
high blood pressure spontaneously with age, as 
is observed in humans. The change in BP and 
the resulting end-organ damage in SHR are 
similar to those reported in patients selected 
for in clinical RDN. Additionally, an increase in 
renal sympathetic activity has been observed 
in this model [15]. Previous studies have indi-
cated that RDN performed in young SHR delays 
or attenuates the development of hypertension 
[16-19]. Furthermore, RDN performed in the 
established phase of hypertension can lead to 
a significant and sustained reduction in BP [20-
23]. Nevertheless, the effect of long-term RDN 
on BP in SHR has not yet been investigated yet. 
Luippold G et al. showed that chronic RDN 
could improve renal function in diabetic rats 
[24]. Hence, the present study was undertaken 
to evaluate the effects of long-term RDN on BP 
and renal function in SHR.

Methods and materials

Animals

Male SHR and Wistar-Kyoto rats (WKY) were 
obtained from Vital River Laboratory Animal 
Technology Company (Beijing, China) at the age 
of 12 weeks. Animals were maintained in stan-
dard laboratory animal housing conditions 
under a 12 h light/dark cycle and were given 
normal laboratory rat chow and water. These 
protocols completely conformed to the relevant 
ethical standards of the National Institutes of 
Health (NIH Publication no. 85-23, revised 
1996) and were approved by the committees 
on animal research of Huadong Hospital affili-
ated with Fudan University.

Experimental design

To evaluate the effects of RDN on hypertension 
and renal function, all rats were followed up for 
8 months after the treatments, which included 
bilateral RDN (SHR-RDN group, n = 10; WKY-
RDN group, n = 10) and a sham operation 
(SHR-Sham group, n = 10; WKY-Sham group, n 
= 10). The RDN surgery was performed at the 

age of 13 weeks after acclimatization for one 
week, as described below in detail. Blood pres-
sure (BP) was monitored every 7 weeks after 
the surgery. The 24-hour urine samples were 
collected at the age of 48 weeks. Then, plasma 
was collected by cardiac puncture under anes-
thetization. Kidneys and renal nerves were 
excised for histological identification. 

Renal denervation and sham operation

Animals were fasted for one night before the 
surgery. A ventral midline abdominal incision 
was made under sodium pentobarbital anes-
thesia (30 mg/kg i.p.). Then, the renal arteries 
and veins of each kidney were identified. All of 
visible nerves, adipose tissue and surrounding 
connective tissue from the origin of the renal 
vessels at the abdominal aorta to the renal 
hilus were carefully stripped. Furthermore, the 
bilateral renal arteries were painted with a 10% 
phenol/ethanol solution for 2 minutes to ensure 
the destruction of any remaining renal sympa-
thetic nerves, while the renal vessels of the 
sham group were only briefly exposed and 
painted with saline. The incision was finally 
closed with silk suture [24, 25]. 

Measurement of blood pressure

Blood pressure (BP) was determined at base-
line and every 7 weeks after the RDN or sham 
treatment with the tail-cuff plethysmography 
method in conscious rats (BP-2000 Blood 
Pressure Analysis System II, USA).

Measurement of biochemical parameters

Blood samples were collected by cardiac punc-
ture. Plasma renin activity (PRA) and the levels 
of aldosterone (ALD), NAD(P)H oxidase, nitric 
oxide (NO), endothelial nitric oxide syntha- 
se (eNOS), creatinine, and renal norepinephrine 
(NE) were examined by ELISA (Beijing FuRuiZe 
Biological and Technology Company, China). 
Urinary protein excretion was determined via 
Bradford protein assay with a commercially 
available assay kit (Beijing FuRuiZe Biological 
and Technology Company, China). The analyses 
were conducted according to a previously 
reported method [26].

Histological examination

All rats were euthanized and immediately per-
fused transcardially with 300 ml of ice-cold 
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0.9% saline followed by 300 ml of 4% parafor-
maldehyde in saline. The kidneys were removed 
and stored overnight in a 4% paraformaldehyde 
solution. Paraffin-embedded kidneys were sec-
tioned into 5 µm slices and subjected to hema-

50% to 75% of the area; and 4 points, severe 
sclerotic changes in over 75% of the area. At 
least 50 glomeruli were randomly selected 
from each kidney, and the mean score was cal-
culated per animal [27, 28]. Tubulointerstitial 
fibrosis was assessed by the % fibrotic area in 
30 randomly selected fields per section of kid-
ney using Image-Pro Plus 6.0 [29]. 

Western blot analysis

Western blotting was carried out as described 
previously [30]. Kidneys were excised, frozen in 
liquid nitrogen and stored for later protein eval-
uation. The tissues were homogenized on ice 
and lysed in RIPA buffer containing a protease 
inhibitor cocktail. Total protein concentration 
was measured using a Bradford assay with BSA 
as a standard. Samples (60 µg) were subjected 
to 10% SDS-PAGE and transferred to a PVDF 
membrane (Millipore). Blot membranes were 
blocked at room temperature with 5% nonfat 
milk in TBST. Then, membranes were incubated 
overnight at 4°C with primary antibodies includ-
ing rabbit monoclonal anti-ACE (1:1000 dilu-
tion; Abcam), rabbit monoclonal anti-AT1R 
(1:800 dilution; Abcam), rabbit monoclonal 
anti-ACE2 (1:1000 dilution; Abcam), rabbit 
monoclonal anti-Mas receptor (1:200 dilution; 
Alomone Labs), and rabbit monoclonal anti-rat 
β-actin antibody (1:1000 dilution; Abcam). The 
membranes were washed three times with 

Figure 1. Systolic blood pressure measured by tail-cuff plethysmography 
35 weeks after RDN performed at the age of 13 weeks. Asterisk indicates 
statistical significance (P < 0.01) vs sham operated rats; NS, not signifi-
cant; Values are mean ± standard deviation; N = 10 in each group; WKY-Sh-
am indicates sham-operated Wistar-Kyoto rats; WKY-RDN, Wistar-Kyoto rats 
subjected to renal denervation; SHR-Sham, sham-operated spontaneously 
hypertensive rats, SHR-RDN, spontaneously hypertensive rats subjected to 
renal denervation.

toxylin-eosin (HE), Periodic ac- 
id-Schiff (PAS) and Masson 
staining along with immunohis-
tochemical staining for tyro- 
sine hydroxylase (TH, Abcam, 
Cambridge, UK). Two patholo-
gists semiquantitatively ana-
lyzed the PAS-stained sections 
in a blinded manner. The sever-
ity of glomerular injury was 
quantified by the glomerulo-
sclerosis (GS) score. The GS 
index ranged from 0 to 4 and 
was assessed as follows: 0 
points, normal appearance; 1 
point, minimal or segmental 
sclerotic changes in less than 
25% of the entire area in an iso-
lated glomerulus; 2 points, mild 
sclerotic changes in 25% to 
50% of the area; 3 points, mo- 
derate sclerotic changes in 

Figure 2. Effect of RDN on renal tissue norepineph-
rine at the age of 48 weeks. Asterisk indicates sta-
tistical significance (P < 0.01) vs sham operated 
rats; NS, not significant; the statistical significance 
is indicated by the sharp (P < 0.01 vs WKY-Sham) 
and dagger (P < 0.01 vs WKY-RDN). Values are 
mean ± standard deviation; N = 10 in each group; 
WKY-Sham indicates sham-operated Wistar-Kyoto 
rats; WKY-RDN, Wistar-Kyoto rats subjected to renal 
denervation; SHR-Sham, sham-operated spontane-
ously hypertensive rats, SHR-RDN, spontaneously 
hypertensive rats subjected to renal denervation.
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TBST. Subsequently, the membranes were 
incubated with a secondary antibody (goat anti-
rabbit IgG-horseradish peroxidase conjugate, 
1:2000 dilution; Sangon Biotech, Shanghai, 
China) for 1 h at room temperature. Immu- 
noreactive bands were visualized using enhan- 
ced chemiluminescence (Thermo Scientific), 
band intensities were quantified using an image 
analyzer (BioRad, Hercules, CA, USA) and inten-
sity analysis was performed with a Gel-Pro 
Analyzer (Media Cybernetics, Silver Spring, MD, 
USA).

Statistical analysis

All data are expressed as the means ± stan-
dard deviation and were assessed by analysis 
of variance (ANOVA) followed by Bonferroni’s 
post hoc test using SPSS version 22.0 soft-
ware. All P < 0.05 was considered to represent 
a statistically significant difference.

Results

RDN attenuates the increase in blood pres-
sure in SHRs

RDN in SHR significantly restrained a spontane-
ous rise in systolic blood pressure (SBP) after 
the 8 months after surgery. RDN-treated SHR 
demonstrated a lower spontaneous rise in SBP 
than the rats of the SHR-Sham group (P < 0.01, 
at 20, 27, 34 and 41 weeks), but there was no 
significant difference between the SHR-RDN 

P = 0.02). However, no difference was existed 
between the SHR-RDN and WKY-RDN groups 
(50.5 ± 31.01 vs 54.5 ± 29.57 ng/g, P = 1.00, 
Figure 2).

Effect of RDN on plasma renin activity (PRA) 
and aldosterone

PRA was significantly decreased by the RDN in 
SHR (17.9 ± 4.79 vs 7.7 ± 4.66 ng/ml/hr, P < 
0.01). The SHR-Sham group demonstrated a 
higher PRA than the WKY-Sham group (17.9 ± 
4.79 vs 10.8 ± 3.11 ng/ml/hr, P < 0.01), while 
there was no difference between the SHR-RDN 
and WKY-RDN groups (7.7 ± 4.66 vs 11.0 ± 
3.10 ng/ml/hr, P = 0.44, Figure 3A). The 
change in the level of plasma aldosterone was 
similar to that of PRA. The SHR-sham group dis-
played a progressive increase in aldosterone 
compared to the levels in the WKY-Sham group 
35 weeks after RDN or sham operation that 
was significantly attenuated by RDN (1.31 ± 
0.47 vs 0.78 ± 0.37 ng/ml, P = 0.02, Figure 
3B).

Changes in the production of the reactive 
oxygen species

Plasma NAD(P)H oxidase, eNOS and NO levels 
were measured to show the activity of the ROS. 
RDN resulted in a significant decrease in plas-
ma NADPH oxidase and an increase in eNOS 
and NO levels in SHR (171.7 ± 4.32 vs 152.4 ± 
4.23 nmol/ml, P < 0.01; 2.41 ± 0.59 vs 3.16 ± 

Figure 3. Effect of RDN on plasma renin activity (A) and aldosterone (B) at 
the age of 48 weeks. Asterisk indicates statistical significance (P < 0.01) vs 
sham operated rats; NS, not significant; the statistical significance is indicat-
ed by the sharp (P < 0.01 vs WKY-Sham) and dagger (P < 0.01 vs WKY-RDN). 
Values are mean ± standard deviation; N = 10 in each group; WKY-Sham 
indicates sham-operated Wistar-Kyoto rats; WKY-RDN, Wistar-Kyoto rats 
subjected to renal denervation; SHR-Sham, sham-operated spontaneously 
hypertensive rats, SHR-RDN, spontaneously hypertensive rats subjected to 
renal denervation.

and SHR-Sham groups at the 
48 weeks (198.2 ± 12.9 vs 
209.4 ± 11.9 mmHg, P = 
0.145). The SBP of WKY, how-
ever, was not affected by RDN 
at the 8-months follow-up 
(Figure 1).

Effect of RDN on renal tissue 
norepinephrine

Renal tissue norepinephrine 
was significantly decreased by 
RDN in both SHR (197.5 ± 
35.27 vs 50.5 ± 31.01 ng/g, P 
< 0.01) and WKY (153.6 ± 
28.61 vs 54.5 ± 29.57 ng/g, P 
< 0.01). The SHR-Sham group 
showed higher renal tissue 
norepinephrine content than 
the WKY-Sham group (197.5 ± 
35.27 vs 153.6 ± 28.61 ng/g, 
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0.47 U/ml, P = 0.03; 51.7 ± 6.87 vs 60.9 ± 
5.30 μmol/l, P = 0.03). The NAD(P)H oxidase, 
eNOS and NO levels WKY, however, were not 
affected by the RDN (Figure 4).

Histological analysis of renal sympathetic 
nerve fascicles 

Compared with that of the sham-treated SHR 
and WKY, the renal nerve bundle showed con-
spicuous changes under routine staining (HE, 
Masson, PAS) in the RDN-treated rats. There 
were notable changes in the perineurium 
including perineuronal inflammation and fibro-
sis and even the loss of normal perineurial 
sheath. In the endoneurium, there were a vari-
ety of pyknotic nuclei, digestion chambers and 
swelling nerve nuclei along with fragmented 
and unclear nucleoli. More importantly, mono-
nuclear inflammatory cell response, rare hem-
orrhage and segmental demyelination of myelin 
were observed in endoneurium injury. In con-
trast, the renal nerve bundle was surrounded 
by a thin fibrotic connective tissue sheath in 
both the SHR-Sham group and the WKY-Sham 
group. There was slight injury in the renal nerve 
in these two groups. Additionally, immunohisto-
chemistry morphology of the nerve bundles 
revealed a significantly higher expression of TH 
in both the SHR-Sham group and the WKY-
Sham group than that in the SHR-RDN and 
WKY-RDN groups (Figure 5).

Kidney remodeling

The histological findings of the kidney sections 
from PAS staining are depicted in Figure 6A. 

The kidneys of the SHR-Sham group displayed 
moderate to severe segmental sclerosis and 
proliferation of the mesangial area in the glom-
eruli compared those of the WKY-Sham group 
with normal blood pressure, while the renal 
damage was attenuated following RDN treat-
ment in SHR-RDN. The GS score was signifi-
cantly decreased in the SHR-RDN group com-
pared with that in the SHR-Sham group (1.42 ± 
0.25 vs 1.84 ± 0.32, P < 0.01). The kidneys of 
the SHR-RDN group showed more severe seg-
mental sclerosis than that of the WKY-RDN 
group (1.42 ± 0.25 vs 0.48 ± 0.27, P < 0.01, 
Figure 6C). Representative Masson staining of 
the tubulointerstitium is shown in Figure 6B. 
The SHR-Sham group exhibited mild interstitial 
fibrosis along with slight tubular changes, 
whereas the SHR-RDN group showed lower 
interstitial fibrosis under the operation after 8 
months after the surgery. No differences in 
interstitial fibrosis were observed between the 
WKY-Sham and WKY-RDN group. The intersti-
tial fibrosis score (IF score) was markedly lower 
in the SHR-RDN group than in the SHR-Sham 
group (7.52 ± 1.29 vs 13.63 ± 1.51, P < 0.01, 
Figure 6D). These data indicate that RDN  
ameliorates glomerular and tubulointerstitial 
damage.

Effects of RDN on plasma creatinine and uri-
nary protein excretion

Urinary protein excretion in the SHR-Sham 
group was significantly higher than that in the 
WKY-Sham group (159.9 ± 6.92 vs 39.4 ± 5.97 
mg/24 h, P < 0.01). However, RDN led to a sig-

Figure 4. Effect of RDN on plasma NAD(P)H oxidase (A), Enos (B) and NO (C) level. Asterisk indicates statistical 
significance (P < 0.01) vs sham operated rats; NS, not significant; the statistical significance is indicated by the 
sharp (P < 0.01 vs WKY-Sham) and dagger (P < 0.01 vs WKY-RDN). Values are mean ± standard deviation; N = 10 in 
each group; WKY-Sham indicates sham-operated Wistar-Kyoto rats; WKY-RDN, Wistar-Kyoto rats subjected to renal 
denervation; SHR-Sham, sham-operated spontaneously hypertensive rats, SHR-RDN, spontaneously hypertensive 
rats subjected to renal denervation.
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nificant decrease in 24 h urinary protein excre-
tion in SHR 8 months after surgery (159.9 ± 
6.92 vs 99.9 ± 5.36, mg/24 h, P < 0.01). There 
was also a remarkable difference in 24 h uri-
nary protein excretion between the SHR-RDN 
and WKY-RDN groups (99.9 ± 5.36 vs 45.6 ± 
8.17 mg/24 h, P < 0.01, Figure 6E). The RDN 
treatment did not change the level of plasma 
creatinine in either SHR or WKY (Figure 6F).

Effect of RDN on renal ACE, AT1R, ACE2, and 
MasR expression

RDN caused a significant decrease in the renal 
expression of ACE and AT1R and a marked 
increase in the renal expression of ACE2 and 

MasR in RDN-treated SHR compared to the 
expression in sham-operated SHR. However, 
the renal expression of ACE, AT1R, ACE2, and 
MasR was not affected by RDN in WKY. This 
result indicated that RDN can result in down-
regulation of renal ACE and AT1R expression 
and the upregulation of ACE2 and MasR expres-
sion in SHR, but not WKY (Figure 7).

Discussion

We obtained three major findings from the 
present study: 1) Long-term RDN significantly 
attenuated SBP only in SHR. 2) RDN significant-
ly reduced renal tissue norepinephrine with his-

Figure 5. Representative images of renal nerves with HE (A), Masson (B), PAS (C), TH-antibody staining (D). Mag-
nification, × 400. Strong positive reaction to TH-antibody staining was observed in Sham-operated rats, whereas 
weaker reaction in RDN-operated rats. WKY-Sham indicates sham-operated Wistar-Kyoto rats; WKY-RDN, Wistar-
Kyoto rats subjected to renal denervation; SHR-Sham, sham-operated spontaneously hypertensive rats, SHR-RDN, 
spontaneously hypertensive rats subjected to renal denervation.
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tological damage to the renal nerve. 3) RDN 
attenuated glomerulosclerosis and tubulointer-
stitial fibrosis; moreover, it had a strong anti-
proteinuric effects in SHR through downregula-
tion of the ACE/Ang ΙΙ/AT1R axis and upregu- 
lation of the ACE2/Ang-(1-7)/MasR axis in the 
kidney.

It has become controversial whether RDN can 
help reduce blood pressure since the confirmed 
result of the symplicity HTN-3 trial, which 
proved to be a failure for RDN [14]. However, 
multiple lines of studies, including our previous 
experiment, demonstrated that RDN can effec-
tively lead to a significant decrease in blood 
pressure in hypertensive animals, including 
SHRs, dogs, pigs, and sheep et al. [11-13, 17, 
19, 25, 31-34]. Our findings were similar to 
those of the other previous studies. The consid-
erable discrepancy between findings of studies 

and the Symplicity HTN-3 trial can be attributed 
to several factors. On the one hand, it is difficult 
to determine the certain numbers of lesions 
with a single-tip catheter in a 3-dimensional 
artery; on the other hand, no accurate intrapro-
cedural makers of success have been identi-
fied as of yet [35]. These issues may result in 
incomplete denervation. A more important fact 
is that the achievement of RDN in the Symplicity 
HTN-3 trial was mainly evaluated by the reduc-
tion in norepinephrine in plasma or renal tis-
sues compared with levels the control group; 
the trial lacked histological analysis of the renal 
nerve. The extent of renal nerve ablation 
remained unknown. Recently, Rousselle SD et 
al. found poorly organized neuromatous regen-
eration after 90 days of RDN in swine [36]. 
Thus, the lack of histological analysis of the 
renal nerve in the Symplicity HTN-3 trial can 
partly explain these inconsistent results. 

Figure 6. Effect of RDN on renal structural remodeling and function: semiquantitative glomerular scoring (A, C, 
Magnification, × 200), quantification of interstitial kidney fibrosis (B, D, Magnification, × 100) with representative 
histological pictures, urinary protein excretion (E), plasma creatinine (F). Asterisk indicates statistical significance 
(P < 0.01) vs sham operated rats; NS, not significant; the statistical significance is indicated by the sharp (P < 0.01 
vs WKY-Sham) and dagger (P < 0.01 vs WKY-RDN). Values are mean ± standard deviation; N = 10 in each group; 
WKY-Sham indicates sham-operated Wistar-Kyoto rats; WKY-RDN, Wistar-Kyoto rats subjected to renal denervation; 
SHR-Sham, sham-operated spontaneously hypertensive rats, SHR-RDN, spontaneously hypertensive rats subjected 
to renal denervation.
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In our study, we denervated the adventitia of 
the renal artery with 10% phenol in absolute 
ethanol [23] and estimated the effect of RDN 
through norepinephrine content in renal tissue 
combined with the morphology of the renal 
nerve. We successfully established an in vivo 
model of RDN in rats with the striking decreas-
es in SBP and renal tissue norepinephrine con-
centrations. Additionally, notable histological 
changes without regeneration of the renal 
nerve were observed in this study. Early studies 
suggested that definite renal nerve injury after 
radiofrequency ablation was observed at the 

thetic activity in SHRs and used THir as an  
indicator of sympathetic activity. Their findings 
showed increased TH activity in the heart  
and kidney in the SHRs than in WKY rats [42]. 
We also found a strong positive reaction  
to TH-antibody staining in the renal nerve  
bundle in sham-operated rats, and this reac-
tion was inhibited by RDN (Figure 5), a finding 
that was consistent with the renal tissue  
norepinephrine concentrations (Figure 2). Fur- 
thermore, renal norepinephrine content has 
been used to measure the sympathetic activity 
[17].

Figure 7. RDN result in downregulation of renal ACE, AT1R expression, and 
upregulation of ACE2, MasR expression in SHR. Upper panels show repre-
sentative Western blots (A). Each protein value in individual rats was nor-
malized to β-actin. Lower panels show western blot analyses (B-E). Asterisk 
indicates statistical significance (P < 0.01) vs sham operated rats; NS, not 
significant; the statistical significance is indicated by the sharp (P < 0.01 vs 
WKY-Sham) and dagger (P < 0.01 vs WKY-RDN). Values are mean ± stan-
dard deviation; N = 10 in each group; WKY-Sham indicates sham-operated 
Wistar-Kyoto rats; WKY-RDN, Wistar-Kyoto rats subjected to renal dener-
vation; SHR-Sham, sham-operated spontaneously hypertensive rats, SHR-
RDN, spontaneously hypertensive rats subjected to renal denervation.

site of ablation [36-38], which 
further supports our findings. 
However, the SBP of the SHR-
RDN group increased gradually 
begining 21 weeks after RDN 
treatment and reached levels 
equivalent of those of the SHR-
Sham group at the age of 48 
weeks. This result indicated 
that RDN cannot completely 
prevent the progressive in- 
crease in blood pressure in 
SHR. Renal nerves did not play 
a significant role in the mainte-
nance of increased BP in sta-
bled hypertension. Early inter-
vention by RDN may contribute 
to a delay in the development of 
hypertension [39].

A large amount of evidence has 
indicated that sympathetic ner-
vous system overactivity plays 
a crucial role in the deve- 
lopment of hypertension [5, 
40-42]. Recently, studies have 
indicated that tyrosine hydroxy-
lase (TH) is the rate-limiting 
enzyme in the synthesis of the 
catecholamine pathway and 
that TH activity can represent 
the ability to produce norepi-
nephrine. Hence, TH immunore-
activity could be used as an 
appropriate indicator to evalu-
ate the level of regional sympa-
thetic nerve activity and reflect 
changes in sympathetic nerve 
activity. Burgi et al. explored the 
relationship between TH immu-
noreactivity (THir) and sympa-
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It has been proven that increased sympathetic 
activity plays an important role in the patho-
physiology of the kidney [44, 45]. The renal 
artery adventitia is richly filled with nerves, 
including afferent and efferent renal sympa-
thetic nerves that innerve the kidney. Possible 
mechanisms for sympathetic hyperactivity 
involved in renal damage are as follow: 1) the 
initiation of ROS and oxidative stress; 2) abnor-
mal interglomerular pressure and renal hemo-
dynamic changes through regulating of the glo-
merular afferent and efferent arteries with 
renal sympathetic nerve [25, 46]. Therefore, 
reduced SNA could prevent the progressive 
renal damage and have a reno-protective 
effect. 

It is well accepted that activation of renin-
angiotensin-aldosterone (RAS), especially intra-
renal RAS, plays a central role in the pathogen-
esis of hypertension and many types of kidney 
damage, including diabetic nephropathy and 
chronic kidney disease. More importantly, the 
ACE/Ang II/AT1R axis is known to contribute to 
chronic renal injury. Ang II is associated with 
perpetuating glomerular injury in the kidney 
through the modulation of nephrin signaling, 
the integrity of which is crucial for the glomeru-
lar filtration barrier [47]. However, ACE2, a 
newly discovered homolog of ACE, is a mono-
carboxypeptidase capable of processing angio-
tensin peptides, cleaving Ang ΙΙ to generate 
Ang-(1-7). Generally, ACE2 counteracts many 
functions of the conventional ACE/Ang II/AT1R 
axis. It degrades Ang I into the inactive Ang-(1-
9) and degrades Ang II into Ang-(1-7). Fur- 
thermore, Ang-(1-7) exerts antioxidant, antifi-
brotic properties through its receptor, Mas 
(MasR) [48, 49]. Recently, Berger RC et al. 
found that a high-salt diet increased the ACE/
ACE2 ratio while causing glomerular hypertro-
phy, loss of podocyte foot processes, and pro-
teinuria in SHR [50]. Similarly, the work of Jin 
HY et al. showed that ACE2 deficiency enhanc-
es renal fibrosis and exacerbates the progres-
sion of chronic kidney disease [51]. Indeed, 
clinical evidence has demonstrated that the 
blockade of RAS by ACE inhibitors or AT1 recep-
tor blockers alleviates renal injury, improves 
renal function and reduces renal events in 
patients with chronic kidney disease and end-
stage renal disease [52, 53]. These data indi-
cate that the relative decrease in renal activity 
of the classic ACE/Ang II/AT1R pathway in com-

parison to that of the ACE2/Ang-(1-7)/Mas 
pathway is key to protection against renal inju-
ry. In our study, increased renal ACE2 and MasR 
expression along with decreased renal ACE and 
AT1R expression were observed only in SHR 
treated with RDN and were related to the ame-
lioration of renal injury.

In conclusion, RDN delays the onset of hyper-
tension and mitigates the progression of hyper-
tension in SHR. Furthermore, RDN has a pro-
tective effect against glomerulosclerosis, in- 
terstitial fibrosis and urinary protein excretion 
through downregulation of the ACE/Ang ΙΙ/AT1R 
axis and upregulation of the ACE2/Ang-(1-7)/
MasR axis in the kidney.

Study limitation

The mechanism BP regulation includes not only 
the sympathetic nervous system but also the 
renin-angiotensin system, renal sodium han-
dling, reactive oxygen species, endothelin 
activity and the carotid barore-flex system. 
Thus, further studies are needed to distinguish 
the precise mechanisms responsible for the 
anti-hypertensive and renoprotective effects of 
RDN in SHR [17, 54, 55].
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