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Abstract
Renal denervation (RDN) has emerged as a novel therapy for drug-resistant hypertension. We here examined the effects of
RDN at early versus advanced stages of hypertension on blood pressure and organ pathology in rats with salt-sensitive
hypertension. Dahl salt-sensitive (DahlS) rats fed an 8% NaCl diet from 6 weeks of age were subjected to RDN (surgical
ablation and application of 10% phenol in ethanol) or sham surgery at 7 (early stage) or 9 (advanced stage) weeks and were
studied at 12 weeks. RDN at early or advanced stages resulted in a moderate lowering of blood pressure. Although RDN at
neither stage affected left ventricular (LV) and cardiomyocyte hypertrophy, it ameliorated LV diastolic dysfunction, fibrosis,
and inflammation at both stages. Intervention at both stages also attenuated renal injury as well as downregulated the
expression of angiotensinogen and angiotensin-converting enzyme (ACE) genes and angiotensin II type 1 receptor protein in
the kidney. Furthermore, RDN at both stages inhibited proinflammatory gene expression in adipose tissue. The early
intervention reduced both visceral fat mass and adipocyte size in association with downregulation of angiotensinogen and
ACE gene expression. In contrast, the late intervention increased fat mass without affecting adipocyte size as well as
attenuated angiotensinogen and ACE gene expression. Our results thus indicate that RDN at early or late stages after salt
loading moderately alleviated hypertension and substantially ameliorated cardiac and renal injury and adipose tissue
inflammation in DahlS rats. They also suggest that cross talk among the kidney, cardiovascular system, and adipose tissue
may contribute to salt-sensitive hypertension.
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Introduction

Hypertension is a major cause of premature death world-
wide, but its underlying mechanisms remain poorly under-
stood, as is highlighted by the large number of individuals
with uncontrolled high blood pressure. Renal sympathetic
nerves have been identified as a major contributor to the
pathophysiology of hypertension in both experimental
models and humans [1]. Most individuals with essential
hypertension have an increased efferent sympathetic drive
to the kidneys, as is evidenced by increased renal nor-
epinephrine spillover. Hypertension is also characterized by
an increased rate of sympathetic nerve firing, which is
possibly modulated by afferent signaling from renal sensory
nerves [2]. Catheter-based renal denervation (RDN) has
become available in clinical trials as a possible treatment
option for drug-resistant hypertension [3].
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Sustained overactivity of the sympathetic nervous system,
including renal nerves, is thus thought to represent a patho-
physiological mechanism of treatment-resistant hypertension.
Excretion of norepinephrine and the pressor response during
elevation of the sodium concentration in cerebrospinal fluid
were found to be similar in prehypertensive Dahl salt-
sensitive (DahlS) rats and their normotensive controls (Dahl
salt-resistant rats), suggesting that sympathetic nerve activity
does not differ between the two strains [4]. DahlS rats
become hypertensive when fed a high-salt diet, with such
hypertension being accompanied by increased sympathetic
activity as well as increased renal and splanchnic vascular
resistance [5]. Also, in obese DahlS rats, salt-induced sym-
pathetic overactivity increased lipolysis and inflammation in
adipose tissue as well as exacerbated insulin resistance and
systemic inflammation, thereby contributing to enhanced
hypertension [6]. Although RDN has consistently been found
to have no effect on the development of hypertension in
DahlS rats [7], it has been shown to attenuate hypertension
after high salt intake in this model [5].

Whereas first-generation clinical trials of RDN demon-
strated its safety and efficacy for lowering blood pressure in
individuals with drug-resistant hypertension [8, 9], results
from the more robustly designed Symplicity HTN-3 trial
raised questions about such efficacy [10]. Subsequent
favorable results from the SPYRAL HTN Global Clinical

Trial Program rekindled interest in the use of RDN for the
treatment of hypertension [11]. Although the Symplicity
HTN-Japan trial was underpowered for analysis of the
primary endpoint, promising results were obtained with a
Japanese hypertensive population characterized primarily
by high salt intake, high salt sensitivity, and a greater risk
for stroke than their white counterparts in earlier studies
[12]. These findings have suggested that RDN might be
most effective for the treatment of hypertension associated
with sympathetic overactivation, such as salt-sensitive
hypertension [13]. We have now investigated the effects
of RDN in early versus advanced stages of hypertension on
blood pressure as well as on cardiac, renal, and adipose
tissue pathology in rats with salt-sensitive hypertension.

Methods

Animals and experimental protocols

All animal experiments were approved by the Animal
Experiment Committee of Nagoya University Graduate
School of Medicine (Daiko district, approval nos. 1902,
20018, D210014-001, and D220009-002). Five-week-old
male inbred DahlS rats were obtained from Japan SLC
(Hamamatsu, Japan) and were handled in accordance with
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Graphical Abstract
Supposed mechanism for the beneficial effects of RDN on hypertension and target organ damage in DahlS rats. RDN at early
or late stages after salt loading moderately alleviated hypertension and substantially ameliorated renal injury in DahlS rats.
Cross talk among the kidney, cardiovascular system, and adipose tissue possibly mediated by circulating RAS may con-
tribute to salt-sensitive hypertension. LV; left ventricular, NE; norepinephrine, RAS; renin-angiotensin system, RDN; renal
denervation.
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the guidelines of Nagoya University Graduate School of
Medicine as well as with the Guide for the Care and Use of
Laboratory Animals (NIH publication no. 85–23, revised
2011). They were fed a low-salt diet containing 0.3% NaCl
until 6 weeks of age and a high-salt diet containing 8%
NaCl thereafter. They were allowed free access to the diet
and tap water throughout the experimental period. The rats
were randomly assigned to four groups at 6 weeks of age
and were subjected to sham surgery or RDN at 7 weeks
[sham (7w) group (n= 11) and RDN (7w) group (n= 11),
respectively] or 9 weeks [sham (9w) group (n= 11) and
RDN (9w) group (n= 12), respectively]. RDN was per-
formed by surgical ablation and by painting with a solution
of 10% phenol in absolute ethanol [14, 15]. Body weight
and food intake were measured weekly. At 12 weeks of age,
rats were placed in metabolic cages for the collection of 24-
h urine specimens and then subjected to echocardiography.
The animals were then killed, and the heart, kidneys, and
visceral (retroperitoneal) fat tissue were removed and
weighed. Left ventricular (LV) tissue was also separated
from the heart for analysis. The kidneys were cut vertically
in the center to prepare tissue specimens for histological
examination, while the remaining tissues were used for
quantitative RT-PCR analysis, immunoblot analysis, and
measurement of renal norepinephrine content.

Hemodynamic and echocardiographic analyses

Systolic blood pressure (SBP) and heart rate were measured
weekly before RDN and twice a week after RDN in con-
scious animals by tail-cuff plethysmography (BP-98A;
Softron, Tokyo, Japan) [16]. At 12 weeks of age, rats were
anesthetized by i.p. injection of ketamine (50 mg/kg) and
xylazine (10 mg/kg) for echocardiographic analysis, also as
previously described [17].

Measurement of renal norepinephrine content

RDN was assumed to have been achieved by confirmation
that renal norepinephrine content at 12 weeks of age was
<10% of the mean value in the corresponding sham-
operated group [15]. Renal norepinephrine content was
measured by high-performance liquid chromatography as
described previously [7, 18].

Other methods

Histological and immunohistochemical analysis, biochem-
ical analysis, reverse transcription (RT) and real-time
polymerase chain reaction (PCR) analysis, and immuno-
blot analysis are described in Supplementary Information.

Statistical analysis

Data are presented as means ± SEM. Differences between
groups of rats at 12 weeks of age were assessed by the
unpaired Student’s t test. Time courses of body weight, food
intake, SBP, and heart rate were compared by two-way
repeated-measures analysis of variance (ANOVA). A P
value of <0.05 was considered statistically significant.

Results

Physiological parameters and renal norepinephrine
content

SBP and heart rate immediately before sham surgery or
RDN at early or advanced stages are shown in Table 1. For
the combined sham and RDN groups, SBP was higher at
9 weeks than at 7 weeks but there was no significant dif-
ference in heart rate between 7 and 9 weeks. There was also
no difference in SBP or heart rate between the sham and
RDN groups at either 7 or 9 weeks. At 12 weeks of age,
SBP was significantly lower in the RDN group than in the
sham group for each stage of intervention (Fig. 1A,
Table 2).

Renal norepinephrine content at 12 weeks was
66.73 ± 3.96 and 0.98 ± 0.30 ng/g tissue in rats subjected to
sham surgery or RDN, respectively, at 7 weeks, whereas it
was 68.06 ± 6.52 and 2.20 ± 1.04 ng/g tissue in those sub-
jected to sham surgery or RDN, respectively, at 9 weeks
(Fig. 1B). The percentage renal norepinephrine content at
12 weeks in rats subjected to RDN at 7 or 9 weeks relative
to the mean value for corresponding sham-operated rats was
thus 1.47 ± 0.45% (range 0.09–3.59%) and 3.23 ± 1.53%
(range 0.17–12.17%), respectively. These results indicated
that, with the exception of two rats (12.05% and 12.17%)
subjected to RDN at 9 weeks, RDN was successful, on the

Table 1 Baseline hemodynamic
measurements before sham
surgery or RDN at 7 weeks
(early stage) or 9 weeks
(advanced stage) of age

Parameter Early stage Advanced stage

sham (7w) n= 8 RDN (7w) n= 11 sham (9w) n= 9 RDN (9w) n= 10

SBP (mmHg) 136.7 ± 3.3 135.6 ± 1.5 171.2 ± 2.0* 166.9 ± 3.0†

Heart rate (beats/min) 391.6 ± 5.9 405.3 ± 4.3 423.0 ± 10.4 408.9 ± 7.9

Data are means ± SEM for the indicated numbers of animals. *P < 0.05 versus sham (7w), †P < 0.05 versus
RDN (7w)
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Fig. 1 Time course of SBP A as well as renal norepinephrine content B, food intake C, and urinary Na+ excretion D at 12 weeks of age for rats
subjected to sham surgery or RDN at 7 or 9 weeks of age. Data are means ± SEM for surviving animals [SBP, n= 11, 11, 11, and 12 at 6 weeks
and n= 8, 11, 9, and 10 at 12 weeks; renal norepinephrine content at 12 weeks, n= 9, 9, 9, and 10; food intake at 12 weeks, n= 6, 4, 5, and 6; and
urinary Na+ excretion at 12 weeks, n= 6, 4, 5, and 6 for sham (7w), RDN (7w), sham (9w), and RDN (9w) rats, respectively]. *P < 0.05 versus
sham (7w); †P < 0.05 versus sham (9w)
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basis that renal norepinephrine content in rats subjected to
RDN was <10% of the mean value for sham-operated rats.

Body weight (Table 2), food intake (Fig. 1C), and heart
rate (Table 2) at 12 weeks as well as the overall time
courses of these parameters (data not shown) did not differ
between the sham and RDN groups for either stage of
intervention. Urinary Na+ excretion at 12 weeks was
increased in the RDN (7w) group relative to the sham (7w)
group, whereas it did not differ between the RDN (9w) and
sham (9w) groups (Fig. 1D).

At 12 weeks of age, the ratio of heart or LV weight to
tibial length (indices of cardiac and LV hypertrophy,
respectively) did not differ between the sham and RDN
groups for either stage (Table 2). The ratio of kidney weight
to tibial length was also similar in the two groups for each
stage. The ratio of visceral (retroperitoneal) fat weight to
tibial length was smaller in the RDN group than in the sham
group for the early stage, whereas it was higher in the RDN
group than in the sham group for the advanced stage
(Table 2).

Table 2 Physiological and
echocardiographic parameters at
12 weeks of age for rats
subjected to sham surgery or
RDN at 7 weeks (early stage) or
9 weeks (advanced stage) of age

Parameter Early stage Advanced stage

sham (7w) RDN (7w) sham (9w) RDN (9w)

Physiological parameters n= 8 n= 11 n= 9 n= 10

Body weight (g) 328.7 ± 9.9 310.4 ± 8.1 325.5 ± 7.0 324.1 ± 6.1

SBP (mmHg) 194.5 ± 5.4 176.4 ± 2.8* 191.5 ± 4.5 179.8 ± 4.0†

Heart rate (beats/min) 416.6 ± 10.5 408.8 ± 5.2 422 ± 7.0 404.0 ± 10.0

Organ weights n= 11 n= 11 n= 11 n= 12

Tibial length (TL, mm) 37.4 ± 0.3 37.5 ± 0.4 38.2 ± 0.3 37.8 ± 0.5

Heart weight/TL (mg/mm) 39.4 ± 1.2 37.2 ± 1.0 39.0 ± 1.0 38.0 ± 1.4

LV weight/TL (mg/mm) 29.5 ± 1.0 28.2 ± 0.8 29.7 ± 0.8 29.0 ± 1.1

Kidney weight/TL (mg/mm) 97.6 ± 2.5 93.3 ± 2.2 92.2 ± 2.9 96.0 ± 3.1

Retroperitoneal fat weight/TL (mg/mm) 66.7 ± 7.7 41.7 ± 5.0* 51.2 ± 4.7 64.3 ± 3.5†

Echocardiographic parameters n= 7 n= 10 n= 9 n= 9

IVST (mm) 2.29 ± 0.11 2.43 ± 0.08 2.33 ± 0.06 2.32 ± 0.07

LVPWT (mm) 2.23 ± 0.09 2.23 ± 0.07 2.21 ± 0.06 2.19 ± 0.07

LVDd (mm) 7.35 ± 0.23 7.07 ± 0.18 7.29 ± 0.12 7.28 ± 0.14

LVDs (mm) 4.39 ± 0.41 4.09 ± 0.28 4.44 ± 0.15 4.36 ± 0.18

LVFS (%) 40.83 ± 4.39 42.58 ± 3.10 39.20 ± 1.69 40.29 ± 1.81

LVEF (%) 77.41 ± 3.74 79.60 ± 2.63 77.10 ± 1.87 78.14 ± 1.77

LV mass (mg) 933.07 ± 12.01 903.14 ± 9.89 921.20 ± 7.82 905.79 ± 11.67

RWT 0.62 ± 0.05 0.67 ± 0.04 0.63 ± 0.02 0.62 ± 0.03

E/A 1.26 ± 0.02 1.41 ± 0.05* 1.27 ± 0.04 1.43 ± 0.05†

IRT (ms) 48.40 ± 1.99 40.62 ± 1.25* 49.44 ± 2.00 42.76 ± 1.57†

Renal function parameters n= 6 n= 4 n= 5 n= 4

Creatinine clearance (mL min–1 g–1

kidney weight)
0.67 ± 0.06 0.79 ± 0.10 0.74 ± 0.09 0.67 ± 0.02

Creatinine clearance (mL min–1 100 g–1

body weight)
0.81 ± 0.06 0.90 ± 0.09 0.82 ± 0.10 0.79 ± 0.03

Sympathetic activity index n= 6 n= 4 n= 5 n= 6

Urinary norepinephrine (μg/day) 1.29 ± 0.11 1.27 ± 0.15 1.62 ± 0.12 1.33 ± 0.20

Humoral immune parameter n= 10 n= 7 n= 9 n= 10

Serum TNF-α (pg/mL) 19.65 ± 2.31 15.28 ± 2.98 15.55 ± 2.01 19.40 ± 2.09

Serum IL-6 (pg/mL) 153.6 ± 8.9 162.2 ± 10.3 168.4 ± 10.7 171.8 ± 12.1

Circulating renin-angiotensin system
parameters

n= 4 n= 4 n= 4 n= 4

Plasma renin activity (ng/mL/hr) 4.18 ± 1.87 1.55 ± 0.10 3.78 ± 0.54 1.63 ± 0.16†

Plasma angiotensin II concentration (pg/mL) 10.74 ± 1.99 7.04 ± 1.23 13.22 ± 0.48 9.03 ± 0.47†

Data are means ± SEM for the indicated numbers of animals. *P < 0.05 versus sham (7w), †P < 0.05 versus
sham (9w)
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Echocardiographic data

Echocardiography revealed that the interventricular septum
thickness (IVST), LV posterior wall thickness (LVPWT),
LV end-diastolic and end-systolic diameters (LVDd and
LVDs), LV fractional shortening (LVFS) and ejection
fraction (LVEF), LV mass, and relative wall thickness
(RWT) at 12 weeks of age were all similar in the sham and
RDN groups for each stage (Table 2). The ratio of the peak
flow velocity at the mitral level during rapid filling to that
during atrial contraction (E/A ratio) was increased, whereas
the isovolumic relaxation time (IRT) was decreased, in the
RDN group compared with the sham group for both early
and advanced stages. These data thus indicated that RDN at
both stages preserved LV systolic function and ameliorated
LV diastolic dysfunction, but did not affect LV hypertrophy
or geometry, in salt-loaded DahlS rats.

Cardiac pathology and gene expression

Microscopic analysis revealed that the cross-sectional area
of cardiac myocytes at 12 weeks of age did not differ
between the sham and RDN groups for the early or
advanced stage (Fig. 2A). In contrast, Azan-Mallory stain-
ing revealed that fibrosis in perivascular and interstitial
regions of the LV myocardium was reduced in each RDN
group compared with the corresponding sham group
(Fig. 2B, C). Immunostaining for the monocyte-
macrophage marker CD68 showed that macrophage infil-
tration in the LV myocardium was decreased in the RDN
group compared with the sham group for both stages
(Fig. 2D). Expression of the monocyte chemoattractant
protein–1 (MCP-1) gene in the left ventricle was reduced in
the RDN group compared with the sham group for both
early and advanced stages (Fig. 2E), whereas that of the
tumor necrosis factor–α (TNF-α) gene was significantly or

tended to be (P= 0.0663) downregulated in the RDN group
at the early or advanced stage, respectively (Fig. 2F).

Renal function, pathology, and gene expression

The ratio of creatinine clearance to either body or kidney
weight at 12 weeks of age did not differ between the sham
and RDN groups for early or advanced stages (Table 2).
The glomerulosclerosis index, an indicator of the extent of
glomerulosclerosis, as well as the tubulointerstitial injury
score were lower in the RDN group than in the sham group
for both stages (Fig. 3A, B). The number of CD68-positive
cells in glomeruli (Fig. 3C) as well as the expression of
MCP-1 (Fig. 3D) and TNF-α (Fig. 3E) genes in the kidney
were all decreased in the RDN groups compared with the
corresponding sham groups. In addition, with regard to the
renin-angiotensin system (RAS), the amounts of angio-
tensinogen, angiotensin-converting enzyme (ACE), and
angiotensin II type 1 A receptor (AT1AR) mRNAs
(Fig. 3F–H) as well as that of angiotensin II type 1 receptor
(AT1R) protein (Fig. 3I) were all downregulated in the RDN
group for each stage.

Serum and urine data

The serum concentrations of TNF-α and interleukin-6 (IL-
6) in serum were similar in the sham and RDN groups for
both early and advanced stages (Table 2). Urinary nor-
epinephrine excretion also did not differ between the groups
for either stage. Both renin activity and angiotensin II
concentration in plasma were not significantly decreased in
the RDN group for early stage (P= 0.21 for renin activity;
P= 0.16 for angiotensin II concentration) (Table 2). In
contrast, these parameters were significantly reduced in the
RDN group for advanced stage.

Adipose tissue pathology and gene expression

Hematoxylin-eosin staining and immunostaining for CD68
revealed that adipocyte cross-sectional area and macrophage
infiltration in visceral adipose tissue at 12 weeks of age were
decreased specifically in the RDN (7w) group compared with
the sham (7w) group (Fig. 4A, B). The expression of MCP-1
(Fig. 4C) and TNF-α (Fig. 4D) genes in visceral adipose
tissue was decreased in the RDN group compared with the
sham group for both stages, as were the amounts of angio-
tensinogen (Fig. 4E) and ACE (Fig. 4F) mRNAs.

Discussion

We have here shown that RDN at both early and advanced
stages of hypertension resulted in a moderate lowering of

Fig. 2 Cardiomyocyte size, cardiac fibrosis, macrophage infiltration,
and inflammatory gene expression in the left ventricle at 12 weeks of
age for rats subjected to sham surgery or RDN at 7 or 9 weeks of age.
A Representative hematoxylin-eosin staining of transverse sections of
the LV myocardium (scale bars, 50 µm) and cross-sectional area of
cardiac myocytes determined from such sections. B, C Representative
Azan-Mallory staining of collagen deposition in perivascular and
interstitial regions of the LV myocardium (scale bars, 100 µm),
respectively, as well as relative extents of perivascular and interstitial
fibrosis determined from such images. D Representative immunohis-
tochemical analysis of the monocyte-macrophage marker CD68 (scale
bars, 100 µm) in the left ventricle and the density of CD68-positive
cells as determined from such images. E, F Quantitative RT-PCR
analysis of MCP-1 and TNF-α mRNAs, respectively, in the left ven-
tricle. The amount of each mRNA was normalized by that of GAPDH
mRNA and then expressed relative to the normalized value for the
sham (7w) or sham (9w) group. All quantitative data are means +
SEM [n= 10, 10, 10, and 10 (A‒D) or n= 8, 8, 6, and 6 (E, F) for
sham (7w), RDN (7w), sham (9w), and RDN (9w) rats, respectively].
*P < 0.05 versus sham (7w); †P < 0.05 versus sham (9w)
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SBP as well as ameliorated LV inflammation, fibrosis, and
diastolic dysfunction in salt-loaded DahlS rats. In addition,
RDN at both stages attenuated renal injury and inflamma-
tion as well as downregulated RAS-related gene expression
in the kidney. Furthermore, RDN at each stage inhibited the
expression of both inflammatory cytokine and RAS-related
genes in adipose tissue. The early intervention also reduced
both fat mass and adipocyte size, whereas the late inter-
vention increased fat mass without affecting adipocyte size.
RDN at either stage did not affect circulating levels of
inflammatory cytokines or urinary norepinephrine excre-
tion. In contrast, RDN at advanced stage significantly
reduced both renin activity and angiotensin II concentration
in plasma.

Clinical studies have shown that RDN is safe and
effective for lowering blood pressure in individuals with
treatment-resistant hypertension [8, 9]. However, a sub-
group analysis of the Symplicity HTN-3 trial [10] suggested
that the anti-hypertensive effect of RDN was smaller in
individuals with hypertension accompanied by chronic
kidney disease (CKD) than in those without CKD. The
DahlS rat is a model of hypertensive CKD and develops
hypertension on a high-salt diet. However, DahlS rats fed a
normal salt diet also manifest nephropathy [19], indicating
that they develop renal injury even without high salt intake.
In the present study, RDN at both the early and advanced
stages of hypertension resulted in a moderate lowering of
SBP in salt-loaded DahlS rats, whereas the intervention at
either stage did not affect intake of the high-salt diet.
Urinary Na+ excretion was increased by RDN at the early
stage, but not by that at the advanced stage, with this dif-
ference possibly being related to the slightly greater anti-

hypertensive effect of the intervention at the early stage.
Pressure natriuresis is important in blood pressure control
and is impaired in hypertension, and tubulointerstitial
inflammation in the renal medulla can adversely affect
pressure natriuresis directly or via increased renal sympa-
thetic nerve activity, thereby giving rise to hypertension
[20]. Renal medullary circulation plays a pivotal role in the
development of salt-sensitive hypertension [21]. The influ-
ence of various regulatory factors on the control of arterial
pressure is likely to be mediated partly through their impact
on medullary blood flow, which is relatively insensitive to
vasoconstrictors such as angiotensin II, endothelin-1 and
norepinephrine, and renal sympathetic nerves [22]. Our
results thus suggest that the anti-hypertensive effect of RDN
at the early stage may be attributable, at least in part, to
improved pressure natriuresis as well as amelioration of
renal inflammation and injury in this model of hypertension
with CKD. In contrast, RDN at the advanced stage also
alleviated renal cortical damage but did not affect medullary
injury or pressure natriuresis, resulting in an apparently
smaller reduction in blood pressure. The restoration of
baroreflex function by RDN at the advanced stage might
have contributed to the moderate but significant lowering of
blood pressure without improvement of pressure natriuresis
[23].

A decrease in blood pressure can lead to a functional
decline in estimated glomerular filtration rate as a result of a
reduced perfusion pressure. However, RDN may improve
renal perfusion by reducing intraparenchymal resistance,
thereby having a potentially renal-protective effect [24].
Our findings that RDN at both stages induced a moderate
lowering of SBP and ameliorated renal inflammation and
injury, without affecting creatinine clearance, in salt-loaded
DahlS rats are consistent with previous results [25, 26]. Our
study thus suggests that a renal-protective effect of RDN
may have offset a possible decline in creatinine clearance
due to the modest reduction in blood pressure induced by
the intervention.

The central nervous system regulates blood pressure. The
rostral ventrolateral medulla (RVLM) contains neurons that
play a key role in blood pressure regulation. RDN ablates
both renal efferent sympathetic and afferent sensory nerves
as well as reduces activity of the RVLM, leading to a
reduction in blood pressure [27]. Increased sensitivity of the
subfornical organ and the lamina terminalis to serum Na+

enhances the efferent sympathetic activity and blood pres-
sure through activation of the paraventricular nucleus and
the RVLM neurons, in essential hypertension. Also, the
respiratory system modifies sympathetic activity in the
hypothalamus and the nucleus tractus solitarius [28, 29].
The success of RDN performed at both stages in the present
study was judged on the basis of a marked reduction in
renal norepinephrine content [15]. Impaired renal Na+

Fig. 3 Histological changes and inflammatory and RAS-related gene
expression in the kidney at 12 weeks of age for rats subjected to sham
surgery or RDN at 7 or 9 weeks of age. A Representative periodic
acid–Schiff staining of transverse sections of glomeruli (scale bars,
100 μm) and the glomerulosclerosis index (range of 0–4 reflects the
extent of glomerulosclerosis) as determined from such sections.
B Representative Azan-Mallory staining of transverse sections of
tubulointerstitial regions (scale bars, 100 μm) and the tubulointerstitial
injury score (range of 0–4 reflects the extent of tubulointerstitial
injury) as determined from such sections. C Representative immuno-
histochemical analysis of the monocyte-macrophage marker CD68 in
transverse sections of glomeruli (scale bars, 100 μm) and the number
of CD68-positive cells in each glomerulus as determined from such
sections. D–H Quantitative RT-PCR analysis of relative MCP-1 D,
TNF-α E, angiotensinogen F, ACE G, and AT1AR H mRNA abun-
dance in the kidney. I Representative immunoblot analysis of AT1R in
the kidney as well as densitometric determination of the relative ratio
of the amount of AT1R to that of GAPDH for such analysis. All
quantitative data are means + SEM [n= 10, 10, 10, and 10 (A‒C),
n= 8, 8, 8, and 8 (D, E, F), n= 7, 8, 8, and 8 (F), n= 6, 6, 8, and 8
(H), or n= 6, 6, 6, and 6 (I) for sham (7w), RDN (7w), sham (9w), and
RDN (9w) rats, respectively]. *P < 0.05 versus sham (7w); †P < 0.05
versus sham (9w)
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excretion contributes to the pathogenesis of salt-sensitive
hypertension [5]. Urinary norepinephrine excretion, an
indicator of systemic sympathetic activity, was unaffected

by RDN at either stage, consistent with a previous finding
for SHR/NDmcr-cp (+/+) rats, a model of metabolic syn-
drome with hypertension [30]. The unchanged heart rate in
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animals subjected to RDN at either stage suggests that renal
afferent nerves might not play a major role in systemic
sympathetic activity in our model. However, we measured
heart rate weekly by the tail-cuff method rather than con-
tinuous monitoring by telemetry [30]. Furthermore, the
attenuation of cardiac and adipose tissue inflammation and
injury by RDN at both stages, despite only a moderate
reduction in blood pressure, is suggestive of a substantial
role of renal afferent nerves in interactions between the
kidney and multiple organ systems in salt-sensitive hyper-
tension. However, we have no data on activities of the
hypothalamus, RVLM neurons, and efferent systemic
sympathetic nerves. Future studies are required to determine
the possible role of central mechanisms in blood pressure
regulation and organ cross talk in this model.

Recent observations from clinical trials have increased
interest in interactions between the heart and kidney. Such
organ cross talk is mediated by hemodynamic changes,
oxidative stress, inflammation, and activation of the RAS
and sympathetic nervous system [31]. The circulating
concentrations of TNF-α and IL-6 and urinary nor-
epinephrine excretion were not affected by RDN at either
stage in our study, suggesting that these humoral inflam-
matory factors and systemic sympathetic activity did not
substantially contribute to the reduction in organ inflam-
mation induced by this intervention. In contrast, RDN at
advanced stage reduced renin activity and angiotensin II
concentration in plasma. In the heart and the kidney, the
local RAS operates in close interaction with the circulating
RAS [32]. Circulating renin may thus be taken up by tissues
and most renin found in local RAS is derived from the
kidney. Thus, although RDN moderately attenuated salt-
induced hypertension and did not affect LV hypertrophy, its
protective effect against renal injury related to inhibition of
the kidney RAS might have contributed to amelioration of
LV inflammation and injury, possibly through attenuation
of systemic RAS.

RDN inhibited the expression of genes for proin-
flammatory cytokines and the RAS in the kidney and

adipose tissue. Salt loading was previously shown to
increase renal inflammation and fibrosis as well as to
upregulate the expression of RAS-related genes in a model
of CKD [6], in part through activation of a renocerebral
RAS axis linked by renal afferent and efferent nerves [33].
In rats, CKD was found to be accompanied by activation of
afferent sensory signals from the kidney and adipose tissue,
with the local RAS and reactive oxygen species (ROS) in
the brain also being linked with those in the kidney and
adipose tissue through activation of efferent sympathetic
nerves [34]. Salt loading in CKD enhanced the effects of
these pathways by promoting the local RAS and ROS
accumulation and consequent local inflammation in adipose
tissue. Although we have no data on central mechanisms, it
is possible that the anti-inflammatory effects of RDN on the
kidney and adipose tissue are related to inhibition of the
local RAS in the kidney and adipose tissue via the brain as
well as systemic RAS.

Human and rodent adipose tissues contain all compo-
nents of the RAS. Angiotensin II regulates adipocyte
growth and differentiation, lipid metabolism, and the
expression or release of adipokines and RAS components.
Synthesis of angiotensinogen is a key step in the operation
of the RAS in adipose tissue because it is released into the
circulation [35]. RDN at the early stage of hypertension
reduced both fat mass and adipocyte size in the present
study, and these changes were accompanied by the down-
regulation of angiotensinogen and ACE gene expression,
suggesting that RDN at this stage suppressed RAS-induced
adipocyte growth. Indeed, in wild-type mice, targeted
expression of angiotensinogen in adipose tissue increased
fat mass, supporting the notion that adipocyte-derived
angiotensinogen positively regulates adipose tissue
growth [36].

In contrast, RDN at the advanced stage increased fat
mass, without any change in adipocyte size, as well as
attenuated the expression of these RAS-related genes. If
renal sympathetic activity was higher at 3 weeks (at 9 weeks
of age) than at 1 week (at 7 weeks of age) after initiation of
the high-salt diet in DahlS rats, our finding that down-
regulation of angiotensinogen gene expression by RDN at
the advanced stage was not accompanied by a reduction in
adipocyte size would be consistent with the previous
observation in a rat model of Parkinson’s disease that
degeneration of dopaminergic neurons in the nigrostriatal
system correlated with increased sympathetic activity and
that such activity resulted in lipolysis and inhibition of fat
cell differentiation [37]. β-Adrenergic–mediated lipolysis in
adipocytes is associated with increased cellular levels of
cyclic AMP, which increases angiotensinogen mRNA
abundance in human adipose tissue [38]. The RAS may also
contribute to the regulation of adipose differentiation,
although conflicting findings have been obtained with

Fig. 4 Histological changes and inflammatory and RAS-related gene
expression in visceral (retroperitoneal) adipose tissue at 12 weeks of
age for rats subjected to sham surgery or RDN at 7 or 9 weeks of age.
A Representative hematoxylin-eosin staining of tissue sections (scale
bars, 50 μm) and cross-sectional area of adipocytes determined from
such sections. B Representative immunohistochemical staining of the
monocyte-macrophage marker CD68 (scale bars, 100 µm) and the
number of nuclei for CD68-positive cells as a percentage of total
nuclei determined from such staining. C‒F Quantitative RT-PCR
analysis of relative MCP-1 (C), TNF-α (D), angiotensinogen (E), and
ACE (F) mRNA abundance. All quantitative data are means + SEM
[n= 10, 10, 10, and 10 (A), n= 7, 7, 10, and 10 (B), n= 6, 6, 6, and 6
(C, E), n= 4, 6, 6, and 6 (D), or n= 6, 4, 6, and 6 (F) for sham (7w),
RDN (7w), sham (9w), and RDN (9w) rats, respectively]. *P < 0.05
versus sham (7w); †P < 0.05 versus sham (9w)
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regard to the possible effect of angiotensin II on adipocyte
differentiation [38]. The differentiation of stem cells into
adipocytes was associated with a decrease in angiotensi-
nogen and ACE gene expression [39]. Although the reasons
for the differential effects of RDN at the early and advanced
stages on adipose pathology are unclear, it is possible that
attenuation of the adipose RAS related to inhibition of
circulating RAS by RDN at the advanced stage might have
induced the differentiation of preadipocytes into small fat
cells, thereby affecting macrophage polarization and
downregulating inflammatory cytokine expression in adi-
pose tissue [40].

Mediators whose levels are increased in the obese state,
such as TNF-α and angiotensin II, have also been found to
regulate angiotensinogen expression in adipocytes [41].
Dietary salt restriction reduced hypertension and circulating
levels of inflammatory cytokines and insulin, as well as
ameliorated adipose tissue inflammation and insulin sig-
naling, without affecting fat mass, in obese DahlS rats [42],
suggesting that these humoral factors are involved in the
pathogenesis of salt-sensitive hypertension in these rats.
However, circulating levels of TNF-α and IL-6 were not
changed by RDN in our study, and the circulating con-
centration of angiotensin II was previously shown to be
markedly reduced in salt-loaded DahlS rats at the stage of
compensated LV hypertrophy [43]. Circulating inflamma-
tory cytokines may therefore not play a major role in the
adipose tissue response to RDN. Thus, attenuation of the
circulating RAS by RDN could contribute to moderate
blood pressure reduction as well as alleviation of LV, renal,
and adipose tissue inflammation and injury through inhi-
bition of the tissue RAS [44].

Although the effects of RDN on blood pressure lowering
are inconsistent, it is consistently reported that RDN has not
prevented the onset of hypertension in DahlS rats [7]. Indeed,
combined surgical and chemical RDN before high salt intake
reduced heart rate and attenuated the catabolic state, but it did
not affect blood pressure elevation, in these rats [7]. On the
other hand, chemical RDN after a high-salt diet attenuated
cardiac remodeling and renal damage, but not hypertension,
in DahlS rats [45]. Interestingly, although arterial pressure
was lowered in Sprague-Dawley rats by RDN, it was
increased to a similar extent in both denervated and intact
animals by increased salt intake [46]. Although the reason for
the discrepancy of the blood pressure lowering effect of RDN
between the present and previous studies is unclear, it is
possible that renal injury rather than renal sympathetic
overactivity is related to blood pressure regulation in DahlS
rats, as with obese DahlS rats [6]. Apart from differences in
blood pressure measurement methods, the anti-hypertensive
effect of RDN may also be affected by the time point and the
procedure of RDN, as well as the concentration and the
initiation time of a high-salt diet, in this model.

In conclusion, RDN moderately attenuated hyperten-
sion as well as ameliorated LV inflammation, fibrosis, and
diastolic dysfunction in salt-loaded DahlS rats in a manner
independent of the disease stage at which it was per-
formed. RDN at both early and advanced stages also
ameliorated renal inflammation and injury as well as
downregulated RAS-related gene expression in the kid-
ney. Furthermore, it reduced inflammatory cytokine and
RAS-related gene expression in adipose tissue at both
stages, but differentially affected adipose morphology in a
stage-dependent manner. Although systemic inflammation
and sympathetic activity were not affected by the inter-
vention at either stage, the circulating RAS was sup-
pressed by RDN at advanced stage. Our findings thus
suggest the operation of cross talk among the kidneys,
cardiovascular system, and adipose tissue possibly medi-
ated via systemic RAS in salt-sensitive hypertension.
Further studies are required to elucidate the mechanisms
underlying the anti-hypertensive and organ-protective
effects of RDN.

Acknowledgements We thank Nozomi Furukawa and Yuichiro
Yamada for technical assistance.

Funding This work was supported by a grant from Ichihara Interna-
tional Scholarship Foundation as well as by personal funds from
Tetsuro Nagata, Shigeki Nagata, and K. Nagata. Open Access funding
provided by Nagoya University.

Compliance with ethical standards

Conflict of interest The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. DiBona GF, Kopp UC. Neural control of renal function. Physiol
Rev. 1997;77:75–197.

2. Schlaich MP, Lambert E, Kaye DM, Krozowski Z, Campbell DJ,
Lambert G, et al. Sympathetic augmentation in hypertension: role
of nerve firing, norepinephrine reuptake, and Angiotensin neuro-
modulation. Hypertension. 2004;43:169–75.

K. Nagata et al.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


3. Yamamoto E, Sueta D, Tsujita K. Renal denervation in resistant
hypertension: a review of clinical trials and future perspectives.
Cardiovasc Interv Ther. 2022;37:450–7.

4. Sjoquist M, Lee SL, Hansell P. CNS-induced natriuresis, neuro-
hypophyseal peptides and renal dopamine and noradrenaline
excretion in prehypertensive salt-sensitive Dahl rats. Exp Physiol.
2005;90:847–53.

5. Foss JD, Fink GD, Osborn JW. Reversal of genetic salt-sensitive
hypertension by targeted sympathetic ablation. Hypertension.
2013;61:806–11.

6. Aoyama K, Komatsu Y, Yoneda M, Nakano S, Ashikawa S,
Kawai Y, et al. Alleviation of salt-induced exacerbation of car-
diac, renal, and visceral fat pathology in rats with metabolic
syndrome by surgical removal of subcutaneous fat. Nutr Diabetes.
2020;10:28.

7. Morisawa N, Kitada K, Fujisawa Y, Nakano D, Yamazaki D,
Kobuchi S, et al. Renal sympathetic nerve activity regulates car-
diovascular energy expenditure in rats fed high salt. Hypertens
Res. 2020;43:482–91.

8. Krum H, Schlaich MP, Sobotka PA, Bohm M, Mahfoud F,
Rocha-Singh K, et al. Percutaneous renal denervation in patients
with treatment-resistant hypertension: final 3-year report of the
Symplicity HTN-1 study. Lancet. 2014;383:622–9.

9. Esler MD, Krum H, Schlaich M, Schmieder RE, Bohm M, Sobotka
PA, et al. Renal sympathetic denervation for treatment of drug-
resistant hypertension: one-year results from the Symplicity HTN-2
randomized, controlled trial. Circulation. 2012;126:2976–82.

10. Bhatt DL, Kandzari DE, O’Neill WW, D’Agostino R, Flack JM,
Katzen BT, et al. A controlled trial of renal denervation for
resistant hypertension. N Engl J Med. 2014;370:1393–401.

11. Kandzari DE, Kario K, Mahfoud F, Cohen SA, Pilcher G, Pocock
S, et al. The SPYRAL HTN Global Clinical Trial Program:
Rationale and design for studies of renal denervation in the
absence (SPYRAL HTN OFF-MED) and presence (SPYRAL
HTN ON-MED) of antihypertensive medications. Am Heart J.
2016;171:82–91.

12. Kario K, Ogawa H, Okumura K, Okura T, Saito S, Ueno T, et al.
SYMPLICITY HTN-Japan - first randomized controlled trial of
catheter-based renal denervation in asian patients. Circ J.
2015;79:1222–9.

13. Fujita M, Ando K, Nagae A, Fujita T. Sympathoexcitation by
oxidative stress in the brain mediates arterial pressure elevation in
salt-sensitive hypertension. Hypertension. 2007;50:360–7.

14. Rafiq K, Noma T, Fujisawa Y, Ishihara Y, Arai Y, Nabi AH, et al.
Renal sympathetic denervation suppresses de novo podocyte
injury and albuminuria in rats with aortic regurgitation. Circula-
tion. 2012;125:1402–13.

15. Luippold G, Beilharz M, Muhlbauer B. Chronic renal denervation
prevents glomerular hyperfiltration in diabetic rats. Nephrol Dial
Transplant. 2004;19:342–7.

16. Murase T, Hattori T, Ohtake M, Abe M, Amakusa Y, Takatsu M,
et al. Cardiac remodeling and diastolic dysfunction in DahlS.Z-
Lepr(fa)/Lepr(fa) rats: a new animal model of metabolic syn-
drome. Hypertens Res. 2012;35:186–93.

17. Takeshita Y, Watanabe S, Hattori T, Nagasawa K, Matsuura N,
Takahashi K, et al. Blockade of glucocorticoid receptors with
RU486 attenuates cardiac damage and adipose tissue inflamma-
tion in a rat model of metabolic syndrome. Hypertens Res.
2015;38:741–50.

18. Tsunoda M, Aoyama C, Ota S, Tamura T, Funatsu T. Extraction
of catecholamines from urine using a monolithic disk-packed spin
column and high-performance liquid chromatography-
electrochemical detection. Anal Methods. 2011;3:582–5.

19. Mohammed-Ali Z, Carlisle RE, Nademi S, Dickhout JG. Animal
models of kidney disease. In: Michael Conn P (editor), Animal

models for the study of human disease. 2nd edn. Academic Press;
2017. p. 379–417.

20. Ivy JR, Bailey MA. Pressure natriuresis and the renal control of
arterial blood pressure. J Physiol. 2014;592:3955–67.

21. Mori T, Ogawa S, Cowely AW Jr, Ito S. Role of renal medullary
oxidative and/or carbonyl stress in salt-sensitive hypertension and
diabetes. Clin Exp Pharmacol Physiol. 2012;39:125–31.

22. Evans RG, Eppel GA, Anderson WP, Denton KM. Mechanisms
underlying the differential control of blood flow in the renal
medulla and cortex. J Hypertens. 2004;22:1439–51.

23. Khan SA, Sattar MA, Rathore HA, Abdulla MH, Ud Din Ahmad
F, Ahmad A, et al. Renal denervation restores the baroreflex
control of renal sympathetic nerve activity and heart rate in
Wistar-Kyoto rats with cisplatin-induced renal failure. Acta Phy-
siol. 2014;210:690–700.

24. Mahfoud F, Cremers B, Janker J, Link B, Vonend O, Ukena C,
et al. Renal hemodynamics and renal function after catheter-based
renal sympathetic denervation in patients with resistant hyper-
tension. Hypertension. 2012;60:419–24.

25. Azizi M, Sapoval M, Gosse P, Monge M, Bobrie G, Delsart P,
et al. Optimum and stepped care standardised antihypertensive
treatment with or without renal denervation for resistant hyper-
tension (DENERHTN): a multicentre, open-label, randomised
controlled trial. Lancet. 2015;385:1957–65.

26. Ott C, Janka R, Schmid A, Titze S, Ditting T, Sobotka PA, et al.
Vascular and renal hemodynamic changes after renal denervation.
Clin J Am Soc Nephrol. 2013;8:1195–201.

27. Kumagai H, Oshima N, Matsuura T, Iigaya K, Imai M, Onimaru
H, et al. Importance of rostral ventrolateral medulla neurons in
determining efferent sympathetic nerve activity and blood pres-
sure. Hypertens Res. 2012;35:132–41.

28. Dampney RA, Horiuchi J, Killinger S, Sheriff MJ, Tan PS,
McDowall LM. Long-term regulation of arterial blood pressure by
hypothalamic nuclei: some critical questions. Clin Exp Pharmacol
Physiol. 2005;32:419–25.

29. Paton JF. The ventral medullary respiratory network of the mature
mouse studied in a working heart-brainstem preparation. J Phy-
siol. 1996;493:819–31.

30. Katayama T, Sueta D, Kataoka K, Hasegawa Y, Koibuchi N,
Toyama K, et al. Long‐term renal denervation normalizes dis-
rupted blood pressure circadian rhythm and ameliorates cardio-
vascular injury in a rat model of metabolic syndrome. J Am Heart
Assoc. 2013;2:e000197.

31. Ronco C, Haapio M, House AA, Anavekar N, Bellomo R. Car-
diorenal syndrome. J Am Coll Cardiol. 2008;52:1527–39.

32. Fyhrquist F, Saijonmaa O. Renin-angiotensin system revisited. J
Intern Med. 2008;264:224–36.

33. Cao W, Li A, Wang L, Zhou Z, Su Z, Bin W, et al. A salt-
induced reno-cerebral reflex activates renin-angiotensin systems
and promotes CKD progression. J Am Soc Nephrol.
2015;26:1619–33.

34. Cao W, Shi M, Wu L, Yang Z, Yang X, Liu H, et al. A renal-
cerebral-peripheral sympathetic reflex mediates insulin resistance
in chronic kidney disease. EBioMedicine. 2018;37:281–93.

35. Kalupahana NS, Moustaid-Moussa N. The renin-angiotensin
system: a link between obesity, inflammation and insulin resis-
tance. Obes Rev. 2012;13:136–49.

36. Massiera F, Bloch-Faure M, Ceiler D, Murakami K, Fukamizu A,
Gasc JM, et al. Adipose angiotensinogen is involved in adipose
tissue growth and blood pressure regulation. FASEB J.
2001;15:2727–9.

37. Meng X, Zheng R, Zhang Y, Qiao M, Liu L, Jing P, et al. An
activated sympathetic nervous system affects white adipocyte
differentiation and lipolysis in a rat model of Parkinson’s disease.
J Neurosci Res. 2015;93:350–60.

Comparison of the effects of renal denervation at early or advanced stages of hypertension on cardiac,. . .



38. Thatcher S, Yiannikouris F, Gupte M, Cassis L. The adipose
renin-angiotensin system: role in cardiovascular disease. Mol Cell
Endocrinol. 2009;302:111–7.

39. Matsushita K, Wu Y, Okamoto Y, Pratt RE, Dzau VJ. Local renin
angiotensin expression regulates human mesenchymal stem cell
differentiation to adipocytes. Hypertension. 2006;48:1095–102.

40. Matsuura N, Asano C, Nagasawa K, Ito S, Sano Y, Minagawa Y,
et al. Effects of pioglitazone on cardiac and adipose tissue
pathology in rats with metabolic syndrome. Int J Cardiol.
2015;179:360–9.

41. Lu H, Boustany-Kari CM, Daugherty A, Cassis LA. Angiotensin
II increases adipose angiotensinogen expression. Am J Physiol
Endocrinol Metab. 2007;292:E1280–7.

42. Hattori T, Murase T, Takatsu M, Nagasawa K, Matsuura N,
Watanabe S, et al. Dietary salt restriction improves cardiac and
adipose tissue pathology independently of obesity in a rat model
of metabolic syndrome. J Am Heart Assoc. 2014;3:e001312.

43. Yamada Y, Tsuboi K, Hattori T, Murase T, Ohtake M, Furukawa
M, et al. Mechanism underlying the efficacy of combination
therapy with losartan and hydrochlorothiazide in rats with salt-
sensitive hypertension. Hypertens Res. 2011;34:809–16.

44. Mahfoud F, Townsend RR, Kandzari DE, Kario K, Schmieder RE,
Tsioufis K, et al. Changes in plasma renin activity after renal artery
sympathetic denervation. J Am Coll Cardiol. 2021;77:2909–19.

45. Watanabe H, Iwanaga Y, Miyaji Y, Yamamoto H, Miyazaki S.
Renal denervation mitigates cardiac remodeling and renal damage
in Dahl rats: a comparison with beta-receptor blockade. Hypertens
Res. 2016;39:217–26.

46. Jacob F, Ariza P, Osborn JW. Renal denervation chronically lowers
arterial pressure independent of dietary sodium intake in normal
rats. Am J Physiol Heart Circ Physiol. 2003;284:H2302–10.

K. Nagata et al.


	Comparison of the effects of renal denervation at early or advanced stages of hypertension on cardiac, renal, and adipose tissue pathology in Dahl salt-sensitive�rats
	Abstract
	Introduction
	Methods
	Animals and experimental protocols
	Hemodynamic and echocardiographic analyses
	Measurement of renal norepinephrine content
	Other methods
	Statistical analysis

	Results
	Physiological parameters and renal norepinephrine content
	Echocardiographic�data
	Cardiac pathology and gene expression
	Renal function, pathology, and gene expression
	Serum and urine�data
	Adipose tissue pathology and gene expression

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




