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Abstract

The underlying mechanisms by which renal denervation (RD) decreases blood pressure (BP) remain incompletely
understood. In this study, we investigated the effects of ischemic kidney denervation on different sympathetic outflows, brain
and renal expression of angiotensin-II receptors, oxidative stress and renal function markers in the 2-kidney, 1-clip (2K-1C)
rat model. Surgical RD was performed in Wistar male rats 4-5 weeks after clip implantation. After 10 days of RD, BP, and
the activity of sympathetic nerves projecting to the contralateral kidney (rSNA) and splanchnic region were partially reduced
in 2K-1C rats, with no change in systemic renin-angiotensin system (RAS). To distinguish the effects of RD from the
reduction in BP, 2K-1C rats were treated with hydralazine by oral gavage (25 mg/kg/day for 1 week). RD, but not
hydralazine, normalized oxidative stress in the sympathetic premotor brain regions and improved intrarenal RAS, renal
injury, and proteinuria. Furthermore, different mechanisms led to renal injury and oxidative stress in the ischemic and
contralateral kidneys of 2K-1C rats. Injury and oxidative stress in the ischemic kidney were driven by the renal nerves.
Although RD attenuated rSNA, injury and oxidative stress persisted in the contralateral kidney, probably due to increased
BP. Therefore, nerves from the ischemic kidney at least partially contribute to the increase in BP, sympathetic outflows,
brain oxidative stress, and renal alterations in rats with renovascular hypertension. Based on these findings, the reduction in
oxidative stress in the brain is a central mechanism that contributes to the effects of RD on Goldblatt hypertension.

Keywords: Renal nerves - Hypertension * Oxidative stress

Introduction

There is extensive evidence that sympathetic activation
plays a critical role in the onset and maintenance of arterial
hypertension. The importance of sympathoexcitation in
hypertension has been reinforced by studies in humans
showing that bilateral renal denervation (RD) leads to a
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sustained reduction in blood pressure (BP) [1, 2]. Addi-
tionally, a recent study provided biological proof of prin-
ciple for the BP-lowering efficacy of RD in patients with
uncontrolled hypertension in the absence of anti-
hypertensive medications [3]. However, the underlying
mechanisms by which RD decreases BP remain incomple-
tely understood.

In addition to sympathetic innervation, the kidneys are
also innervated by afferent fibers [4]. It is well-known that
renal sympathetic fibers regulate renal tubular water and
sodium reabsorption throughout the nephron, the constric-
tion of the renal vasculature, and renin release from juxta-
glomerular cells that activates the renin—angiotensin system
(RAS) [5]. However, accumulating evidence suggests that
renal afferent fibers project to the autonomic central nuclei
and thereby influence the control of BP [6, 7]. Hence, the
renal nerves mediate crosstalk between the brain and renal
mechanisms that regulate BP under normal and pathological
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conditions [8, 9]. Thus, afferent nerves from the ischemic
kidney may act by modulating neurotransmission in central
cardiovascular nuclei in the brain [10], while efferent nerves
are responsible for modulating kidney function, including
sodium handling, renin secretion, and vasoconstriction [4];
altogether, these mechanisms are the major factors involved
in the mechanism controlling cardiovascular function and
hypertension. In fact, a positive relationship between renal
afferent fibers and sympathetic overactivity has been
observed in humans [11] and animals with hypertension,
such as 2-kidney, 1-clip (2K-1C) rats [12, 13].

Sympathetic premotor neurons within the rostral ven-
trolateral medulla (RVLM) [14] and the paraventricular
nucleus of the hypothalamus (PVN) [15] have been
shown to be involved in the pathway regulating renal
function. These cardiovascular brain nuclei contain a high
density of angiotensin II (Ang II) type 1 receptors (AT;R)
[16] through which brain Ang II produces several effects
that influence cardiovascular function. In a model of
renovascular hypertension, the activation of AT;R within
the RVLM contributes to increased BP, renal sym-
pathoexcitation and baroreflex dysfunction [17, 18] by
increasing oxidative stress [19, 20]. However, researchers
have not determined whether these mechanisms
are mediated by renal nerves. In fact, renal ischemia and
injury have been shown to increase afferent activity and
Fos expression in the RVLM [21], and the electrical sti-
mulation of renal afferents has been shown to trigger
the activation of tyrosine hydroxylase (TH)-containing
neurons in the RVLM and non-TH neurons in the nucleus
of the solitary tract in normotensive rats [10]. Thus,
we hypothesized that nerves from the ischemic kidney
play an important role in the mechanisms that increase
the activity of different sympathetic outflows and BP,
such as Ang II receptor expression and brain oxidative
stress.

In addition to brain oxidative stress, our previous study
reported the induction of renal oxidative stress by the
AT R-NADPH oxidase pathway in the ischemic kidneys of
2K-1C rats [22]. Increased NADPH oxidase activity is also
detected in patients with cardiovascular diseases [23, 24].
Oxidative stress accelerates the progression of renal injury
and induces inflammatory responses in rats with chronic
kidney disease (CKD) [25]. Moreover, RD modulates the
renal expression of AT{R and AT,R [26], and Ang II
receptors contribute to renal injury in rats with CKD [27].
Thus, we also hypothesized that renal nerves contribute to
renal oxidative stress, injury and function, as well as Ang II
receptor expression during renovascular hypertension.
Myofibroblasts, which are alpha-smooth muscle actin (o-
SMA)-expressing activated fibroblasts, play a major role in
the development of glomerulosclerosis and interstitial
fibrosis in both humans and experimental models of renal

disease, representing a great prognostic indicator of disease
progression [28-30]. Ang II promotes the shift from the
fibroblast phenotype to the myofibroblast phenotype, the
latter of which proliferate and invade the periglomerular and
peritubular spaces, contributing to matrix deposition in the
tubulointerstitial area [31, 32].

Several studies in humans and experimental models of
cardiovascular diseases, such as hypertension and heart
failure, have shown that RD improves the baroreflex control
of renal sympathetic drive and other target organs [33-35].
In Dahl hypertensive rats, RD attenuates the development of
left ventricle hypertrophy and renal damage and activation
of the RAS independent of its effects on BP [36]. In CKD
rats, RD prevents renal fibrosis and reduces sympathetic
hyperactivity to splanchnic and lumbar nerves [37]. Thus,
central mechanisms underlie the effects of RD on the car-
diovascular system.

In the present study, we examined the effects of total
denervation (afferent and efferent fibers) of the ischemic
kidney on the levels of AT|R and AT,R and oxidative stress
in brain cardiovascular nuclei, contralateral renal and
splanchnic sympathetic nerve discharge, as well as renal
changes in rats with renovascular hypertension.

Materials and methods

All experimental procedures described in this study were
conducted according to the guidelines recommended by the
National Institutes of Health and were approved by
the Ethics in Research Committee of the Escola Paulista de
Medicina—Universidade Federal de Sdo Paulo—(process
No. 1018/10). Male Wistar rats (150-180 g) were housed in
groups of 4-5 in standard polypropylene cages in a room
maintained at 22+ 1°C with a 12:12h light-dark cycle
(lights on at 7 am) and were allowed free access to food and
water.

Experimental protocol

A silver clip (gap width of 0.2 mm) was implanted around
the left renal artery of rats anesthetized with an i.p. injection
of ketamine and xylazine (40 and 20 mg/kg, respectively)
(Vetbrands, Jacarei, SP, Brazil). Age-matched rats were
used as controls and did not undergo clip implantation.
Hypertensive and control rats were divided into four inde-
pendent groups: a control group that underwent sham sur-
gery for RD, a 2K-1C group that underwent sham surgery
for RD, a 2K-1C group that underwent RD surgery, and a
2K-1C group that underwent hydralazine treatment (oral
dose of 25 mg/kg/day). Two sets of experiments were per-
formed: one set for cardiovascular and nerve recordings and
the other set for sample collection.
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RD surgery

Unilateral denervation of the ischemic kidney of 2K-1C rats
was performed 4-5 weeks after the implantation of the renal
artery clip. Under ketamine and xylazine anesthesia, the left
kidney was retroperitoneally exposed, and the renal artery
and vein were carefully isolated from the connective tissue.
After stripping all the visible nerves, the renal artery was
painted with a solution of 10% phenol diluted in absolute
ethanol. Rats were assessed 10 days after RD before com-
plete reinnervation occurred [38].

Confirmation of RD

In a different series of experiments, four control rats were
submitted to the RD surgery described above. After
10 days, the effectiveness of the procedure was determined
by measuring the noradrenaline content in the denervated
and innervated kidneys by using high-performance liquid
chromatography (HPLC—Shimadzu, Kyoto, Japan) as
previously described [39].

Hydralazine treatment

To distinguish the effects of RD from the effects of BP
reduction, a direct-acting vasodilator was used to reduce BP.
Five weeks after clip implantation, hydralazine (25 mg/kg/day)
(Sigma-Aldrich Co., St. Louis, MO, USA) was orally admi-
nistered by gavage. The treatment was performed once daily
for seven consecutive days, and the administered dose was
described in a previous report [40].

Recordings of mean arterial pressure and heart rate
in conscious rats

Ten days after RD or after seven days of hydralazine
treatment, rats were anesthetized with ketamine and xyla-
zine; then, the femoral artery was catheterized to enable
direct recordings of the arterial pressure, and the femoral
vein was catheterized for drug infusions. After recovery
from surgery (224 h), pulsatile arterial pressure was recor-
ded in conscious rats using a BP signal amplifier (PowerLab
System, ADInstruments, Sydney, Australia). The average
values of baseline mean arterial pressure (MAP) and heart
rate (HR) were obtained from the arterial pressure wave
through a 15-min continuous recording.

Recordings of the activity of sympathetic nerves
projecting to the contralateral kidney (rSNA) and
splanchnic (sSNA) region in urethane-anesthetized rats

After recording the cardiovascular parameters in conscious
rats, the animals were slowly anesthetized with urethane
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(1.2 g/kg, i.v.) (Sigma-Aldrich Co., St. Louis, MO, USA) to
avoid any changes in baseline cardiovascular conditions.
The splanchnic nerve and/or the right renal nerve in control
rats or the contralateral kidney in 2K-1C rats were retro-
peritoneally exposed and placed on bipolar silver electro-
des. When the conditions for nerve recordings were
established, the nerves and electrodes were covered with
paraffin oil. Nerve signals were displayed on an oscillo-
scope TDS 220 (Tektronix, Beaverton, OR, USA). The
nerve activity was amplified (gain 20 K, Neurolog Digiti-
mer, Welwyn Garden City, Herts, UK), filtered with a
bandpass filter (100—1000 Hz), and collected for display and
subsequent analysis using a PowerLab data acquisition
system (ADInstruments, Sydney, Australia). At the end of
the experiments, the background noise level was determined
by administering hexamethonium bromide (30 mg/kg, i.v.)
(Sigma-Aldrich). Then, the raw nerve signal was passed
through a spike discriminator using Spike Histogram soft-
ware (PowerLab, ADInstruments) to remove background
noise, and the total nerve activity was expressed in spikes
per second (spikes/s), as commonly used by previous stu-
dies that compared multifiber nerve recordings among dif-
ferent groups [41-46]. The number of spikes/burst reflects
cardiovascular barosensitive fibers, as previously reported
[47, 48]. The analysis of SNA by counting discriminated
spikes/second above an established threshold may be
influenced by the electrode contact with the nerve fibers;
however, only experiments in which the level of back-
ground noise was confirmed at the end of the experiments
following hexamethonium administration were included in
this study.

Urine, blood, renal tissue, and brain tissue collection

In another set of experiments, rats were housed in metabolic
cages (Nalgene, Ugo Basile, Italy) for the last 48 h of the
experiments. The first 24 h were considered as the adapta-
tion period to the cages, and the urine collected over the last
24 h was stored at —80 °C until subsequent analyses. Then,
rats were decapitated to collect blood samples and renal and
brain tissues. Left and right kidneys were removed and
bisected transversely; half of the kidney was fresh frozen for
the analysis of gene expression and dihydroethidium (DHE)
staining, and the other half of the kidney was immersed in
Bouin's solution for 24 h at room temperature. Brains were
quickly removed, placed in a rat brain matrix (Insight,
Ribeirdo Preto, SP, Brazil), and frozen on dry ice. Coronal
slices (500 um) were prepared according to a rat brain atlas
[49]: 12.5-12.7 mm from the bregma for the RVLM and
1.6-2.12 mm from the bregma for the PVN. Bilateral tissue
punches were collected from the brain slices containing the
RVLM and the PVN with a blunt needle (internal diameter:
0.5 mm) using a surgical microscope (x40 magnification) to
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identify each region. The RVLM region was bounded lat-
erally by the spinal trigeminal tract, medially by the inferior
olive and pyramids, and dorsally by the compact formation
of the nucleus ambiguous. The 3rd ventricle was used as a
reference to identify the PVN region.

Plasma renin activity assay

Blood samples were collected in tubes containing EDTA
(5.0 mmol/L) and protease inhibitors (1.5 mmol/L ortho-
phenanthroline and 10 pmol/L PMSF). Plasma was sepa-
rated from blood cells by centrifugation at 2000g for 15 min
at 4 °C. Plasma renin activity was determined by assessing
the generation of angiotensin I using reverse-phase HPLC
after incubating the plasma with a synthetic tetradecapep-
tide substrate at 37 °C.

Determination of plasma urea and creatinine
concentrations

Plasma urea concentrations were determined with an
enzymatic-colorimetric method using a commercially available
kit (Labtest Diagnéstica, Lagoa Santa, Brazil), and plasma
creatinine concentrations were measured by Jaffe's reaction.

Determination of proteinuria and plasma and
urinary angiotensinogen concentrations

Total urinary protein excretion was measured with the pyr-
ogallol red-molybdate method using a commercially avail-
able kit (Labtest Diagndstica, Brazil). Plasma and urinary
angiotensinogen concentrations were measured using a
commercial solid-phase sandwich enzyme-linked immuno-
sorbent assay (ELISA) (Immuno-Biological Laboratories,
Japan). The urinary levels of angiotensinogen were nor-
malized to the urinary creatinine content and reported as the
angiotensinogen:creatinine ratio. All assays were performed
according to the manufacturer's instructions.

Quantification of the levels of the AT;R and AT,R
mRNAs in the RVLM and PVN, as well as the mRNA
levels of oxidative stress markers in the ischemic
and contralateral kidneys

Total RNA was extracted from bilateral punches of the
RVLM and PVN or from the kidneys using the ReliaPrep""
RNA Tissue Miniprep System (Promega, USA) or Trizol
reagent (Ambion-Life Technologies, USA), respectively,
according to the manufacturer’s instructions. The reverse
transcription reaction was performed using the High Capacity
cDNA Reverse Transcription Kit (AB-Life Technologies,
USA) according to the manufacturer’s directions. Quantitative
real-time PCR (qRT-PCR) was conducted using the

RotorGene Thermocycler (Qiagen, Dusseldorf, Germany) and
the Power SybrGreen PCR Master Mix (AB-Life Technolo-
gies, USA) according to the manufacturer’s recommenda-
tions. The expression of target genes was normalized to
HPRT1 mRNA expression levels that were measured con-
currently. The primer list is available in the Supplementary
material, and PCR parameters will be provided upon request.

Analysis of ROS production in the kidneys, RVLM
and PVN

Reactive oxygen species (ROS) production was estimated
using DHE staining. Fresh frozen renal and brain tissues
were sectioned at 20 um thickness using a cryostat. Sec-
tions were incubated with 20um DHE (Invitrogen,
Carlsbad, CA) for 15min at 37 °C and protected from
light. The fluorescence intensity was quantified using a
previously described method [17].

Analysis of renal injury

After fixation with Bouin's solution, the kidneys were dehy-
drated and embedded in paraffin using standard techniques,
and then, sections were prepared at a thickness of 5 um. Renal
interstitial injury was determined by immunostaining with a
monoclonal antibody for a-smooth muscle actin (a-SMA;
1:1000; Dako Corporation, Carpinteria, USA) and detected
with a Dako LSAB System HRP and DAB kit (Dako Cor-
poration). Sirius red staining was performed by incubating
slides in a 0.1% Sirius red solution diluted in saturated picric
acid (PSR) for 20 min. Slides were visualized with an Eclipse
80i microscope (Nikon Instruments, Melville, NY, USA) and
all images were uniformly adjusted for brightness and contrast
and captured with a Nikon digital sight DSRil camera. Images
of 20 fields of the renal cortex (3—4 sections/slide; each section
approximately 150 um apart) at x200 magnification (area/
field: 276816.61 um [2]) were blindly analyzed using the NIS-
Elements software (Nikon Instruments). a-SMA expression
and PSR staining were quantified as a percentage of the
labeled area/field (vessels were excluded in the o-SMA
analysis).

Statistical analysis

Values are presented as means + standard deviations.
Homogeneity of variance was assessed using the Bartlett
test and the normal distribution of the data was analyzed
using the Kolmogorov—Smirnov test. Data with an unequal
distribution of the samples or a lack of homogeneity of
variance were analyzed by Kruskal-Wallis ANOVA fol-
lowed by the Mann—-Whitney U test (a«-SMA in the
ischemic and contralateral kidneys and ROS production and
AT R gene expression in the ischemic kidney). The
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Table 1 Effects of total
denervation of the ischemic

kidney or hydralazine treatment
on the baseline heart rate (HR)
and plasma angiotensinogen,
renin activity, creatinine, and
urea

Control 2K-1C 2K-1C Denervated 2K-1C Hydralazine
HR (bpm) 365+24 (8) 367+23(8) 370+28 (8) 372 +25 (8)
Plasma angiotensinogen (umol/L) 3.2+0.8 (5) 3.8x1.0(5) 29+09 (5 3.8+1.0 (5)
Plasma renin activity (nmol/ml/h) 59+2.1 (5) 4.1+£2.1(5) 54x19(5) -
Plasma creatinine (mg/dL) 0.6+0.1 (5 1103 (5" 08x0.1 (5" 1.1£0.3 (5"
Plasma urea (mg/dL) 308 (5) 6220 (5)° 45+12(5) 66+ 14 (5)°

Values are presented as the mean + SD (n). *p<0.05 versus control and *p <0.05 versus 2K-1C (one-way

ANOVA).

noradrenaline content was evaluated using the paired 7 test.
The remaining data were evaluated with one-way ANOVA
followed by the Newman—Keuls test. P<0.05 was con-
sidered statistically significant.

Results

Effects of ischemic kidney denervation or
hydralazine treatment on renal and cardiovascular
parameters

As shown in Table 1, no significant differences in baseline HR
or plasma angiotensinogen and renin activities were observed
among groups. However, plasma creatinine levels were
increased in the 2K-1C and hydralazine-treated 2K-1C groups.
Denervation significantly reduced the plasma creatinine levels.

In the control group (n = 4), the intrarenal noradrenaline
content showed that the RD procedure was successful
(Fig. 1a). A significant, 95% reduction in the noradrenaline
content was observed in the denervated kidney (5 =2 ng/g
tissue) compared with the intact kidney (102 +57 ng/g tis-
sue) 10 days after unilateral RD.

The MAP (n =8 animals/group) was significantly higher
in the 2K-1C rats (192 + 12 mmHg) than in the control rats
(112 £ 5 mmHg). Unilateral RD of the ischemic kidney (167
+15mmHg) and hydralazine treatment (150+9 mmHg)
decreased the MAP compared to the hypertensive group, as
shown in Fig. 1b. Increased baseline contralateral rSNA and
SSNA (n =5 animals/group) were observed in the 2K-1C
group (rSNA: 180+ 36 spikes/s; and sSNA: 98 + 8 spikes/s)
compared with the control group (rSNA: 103 + 11 spikes/s;
and sSNA: 69 + 8 spikes/s). RD (rfSNA: 134 + 12 spikes/s and
sSNA: 84 +5 spikes/s), but not the hydralazine treatment
(rSNA: 174 +22 spikes/s and sSNA: 99 + 13 spikes/s), sig-
nificantly reduced rSNA and sSNA in the hypertensive group
(Fig. 1c, d). Typical traces are shown in Fig. 1g.

Proteinuria (n = 5/group) was increased in the 2K-1C
group (45 + 13 mg/24 h) compared with control group (22 +
3mg/24 h). RD (23 +4 mg/24 h, n =4), but not the hydra-
lazine treatment (43 + 17 mg/24h), significantly reduced
proteinuria (Fig. le). Urinary angiotensinogen concentra-
tions (n=15 animals/group) were increased in the
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nondenervated (38 + 19 angiotensinogen:creatinine ratio)
and hydralazine-treated (45 + 15 angiotensinogen:creatinine
ratio) 2K-1C groups compared with the control group (2 + 1
angiotensinogen:creatinine ratio). After RD, but not the
hydralazine treatment, urinary angiotensinogen concentra-
tions were significantly reduced in the 2K-1C group (5 +3
angiotensinogen:creatinine ratio), as shown in Fig. 1f.

Effects of ischemic kidney denervation or
hydralazine treatment on ROS production and the
expression of Ang Il receptors within the PVN and
RVLM

ROS production (n = 4/group) was significantly increased
in the PVN (173 £ 16%) and RVLM (148 + 12%) of the 2K-
1C group. RD (117 +15% and 101 + 12%, respectively),
but not the hydralazine treatment (148 £21% and 143 +
18%, respectively), reduced ROS production in the PVN
and RVLM. Representative images of ROS production are
shown in Fig. 2a, b.

The expression of both the AT R (twofold) and AT,R
(twofold) mRNAs was significantly upregulated in the PVN
(n =4/group) of the hypertensive group (Fig. 2e, g,
respectively). RD and the hydralazine treatment normalized
the levels of both receptors in the PVN of 2K-1C rats.
Within the RVLM (n=4/group) of 2K-1C rats, the
expression of the AT,R mRNA was significantly increased
(1.7-fold) (Fig. 2h). Both RD and the hydralazine treatment
normalized the expression of AT,R (Fig. 2h) and reduced
the expression of AT|R (Fig. 2f) within the RVLM of the
hypertensive groups.

Effects of ischemic kidney denervation or
hydralazine treatment on injury, oxidative stress,
and the expression of the NADPH oxidase subunit
and Ang Il receptors in the ischemic and
contralateral kidneys

Differential responses to RD and hydralazine treatment
were observed in the ischemic and contralateral kidneys. In
both the ischemic and contralateral kidneys, renal injury, as
indicated by a-SMA expression (Fig. 3a, b, respectively)
and PSR staining (Fig. 3c, d, respectively), and oxidative
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stress, as indicated by DHE fluorescence (Fig. 3e, f,
respectively), were increased in the 2K-1C group (n =4).
RD (n=4), but not the hydralazine treatment (n=4),
decreased the levels of these markers in the ischemic kid-
ney. However, in the contralateral kidney, both RD (n =4)
and the hydralazine treatment (n =4) attenuated the levels
of these markers. Representative images of renal immuno-
histochemistry and histology are shown in Fig. 4.

The expression (n = 4/group) of the p47phox (Fig. 5a),
gp91phox (Fig. 5¢), AT R (Fig. 5e), and AT,R (Fig. 5g)
mRNAs was significantly upregulated (2-3-fold) in the
ischemic kidneys of the 2K-1C group. Both RD and the
hydralazine treatment normalized the expression of these
markers in the ischemic kidney. However, no significant
changes were observed in the contralateral kidney (Fig. 5b,
d, f, h).

Discussion

Based on the data from the present study, denervation of the
ischemic kidneys in 2K-1C hypertensive rats reduces the
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baseline BP to some extent, without modifying plasma renin
activity; however, a partial reduction in sympathoexcitation
to the contralateral kidney and splanchnic region, as well as
normalization of oxidative stress in the premotor sympa-
thetic brain regions RVLM and PVN are observed. In
addition to these effects, the reduction in renal angiotensi-
nogen excretion and the levels of renal dysfunction markers
induced by RD seems to be independent of its effects on
reducing BP. Furthermore, the underlying mechanisms of
renal injury and oxidative stress differ in the ischemic and
contralateral kidneys of rats with renovascular hypertension.
Injury and oxidative stress in the ischemic kidney are driven
by the renal nerve and the increased expression of AT{R
and NADPH oxidase subunits. Although rSNA to the
contralateral kidney is reduced by the denervation of the
ischemic kidney, injury and oxidative stress in the con-
tralateral kidney are partially driven by the increase in BP
and not by AT R and NADPH oxidase subunit expression.

Our findings that total denervation (afferent and efferent
fibers) of the ischemic kidney reduced BP to some extent
without reducing plasma renin activity are consistent with
the data reported by Katholi et al. [50]. Although the
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Fig. 2 Representative images
(a, b) and quantification of
reactive oxygen species (ROS)
levels (c, d) and the expression
of the angiotensin II receptor
type 1 (AT{R) (e, f) and 2
(AT,R) (g, h) mRNAs within
the paraventricular nucleus of
the hypothalamus (PVN) (n =4/
group) and rostral ventrolateral
medulla (RVLM) (n = 4/group).
“p <0.05 compared with the
control group. *p <0.05
compared with the 2K-1C group

B RVLM

A PVN

2K-1C Denervated | 2K-1C Hydralazine 2K-1C Denervated | 2K-1C Hydralazine

C 200 * D 200
*

c
S . 1501 § _ 150
©o ©o
3E 35
S & 1004 S & 100-
a © a o
0 X n X
Q= 50- O = 501
14 14

0- 0-
E F 3-

N
N
N
1

—
1

AT,R / HPRT1
(mRNA fold)

AT{R / HPRT1
(mRNA fold)

o- Iﬁ% 10l

G 3- * H 3
2 2 # 2 2
(o T # o = #
T T
=3 =3 #
& ] % E
= = I] Ij
0- 0-
1 Control H2>K-1C

(1 2K-1C Denervated B 2K-1C Hydralazine

authors observed increased plasma renin activity in the  contralateral kidney, reduced systolic BP to some extent
2K1C group, this parameter was not changed after RD [50]. without altering creatinine clearance or sodium excretion
Moreover, denervation of the ischemic kidney, but not the  [50]. Furthermore, these findings support the hypothesis
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that the ischemic kidney contributes to the pathogenesis of
renovascular hypertension in the 2K-1C model by stimu-
lating renal afferent fibers, leading to enhanced activity of
the sympathetic nervous system. Indeed, selective afferent
RD by thoracolumbar dorsal rhizotomy decreases BP in the
2K-1C model [13]. Although we have not performed the
selective denervation of afferent fibers, the current study
shows that the removal of both the afferent and efferent
fibers of the ischemic kidney decreases the contralateral
rSNA and sSNA, and the relative contributions of afferent
and efferent fibers remain to be elucidated. In humans,
diseased kidneys display considerable contributions to the
elevated sympathetic nerve activity in renal transplant
recipients, which was probably mediated by renal afferent

nerves [11]. Renal transplantation patients with excellent
graft function only achieved normalization of the muscle
sympathetic nerve activity after bilateral kidney nephrect-
omy [11]. In the renovascular model, afferent activity from
the contralateral kidney leads to a normal inhibitory renor-
enal reflex in the ischemic kidney that is similar to the
healthy kidney, while increased afferent activity from the
ischemic kidney leads to an abnormal excitatory reflex that
increases sympathetic drive to the contralateral kidney [51].
Thus, changes in the neural activity from the ischemic
kidney trigger a disproportionate increase in sympathetic
outflows in 2K-1C rats that may be integrated in the brain,
particularly in the sympathetic premotor regions.

In 2K-1C rats, AT|R expressed in the PVN and RVLM is
a major mediator of renal sympathoexcitation and hyper-
tension [17, 18, 52]. The stimulation of AT,R counteracts
most of the effects of AT R stimulation within the PVN and
RVLM of normal and chronic heart failure animals [53].
Surprisingly, both AT|R and AT,;R were upregulated within
the PVN of 2K-1C rats, and RD and the hydralazine-
induced BP reduction decreased Ang II receptor expression
in both the RVLM and PVN of the hypertensive group. The
roles of AT,R in these brain regions in rats with renovas-
cular hypertension remains unclear. However, based on our
data, changes in AT;R and AT,R expression are mostly
mediated by changes in BP rather than RD.

Interestingly, the reduction in oxidative stress observed
in the sympathetic premotor regions after RD may con-
tribute to the reductions in BP and the activity of sympa-
thetic nerves projecting to the contralateral kidney and the
splanchnic bed. Oxidative stress and activation of AT{R in
the RVLM and PVN of rats with renovascular hypertension
are major contributors to sympathoexcitation [19, 54]. The
downregulation of AT|R in the PVN and RVLM may
contribute to the observed reductions in oxidative stress in
the brain and sympathoexcitation in the denervated hyper-
tensive group but not in the hydralazine-treated group.
However, further studies are needed to determine whether
the denervation of ischemic kidney directly or indirectly
reduces oxidative stress in the brains of 2K-1C rats.
Moreover, other receptors, such as 5S-HT [55] or opioid [56]
receptors, are known to influence the hypertensive state in
rats with renovascular hypertension; thus, we cannot
exclude the possibility that other mechanisms are involved
in reducing blood pressure after RD.

In addition to the reduced contralateral rSNA and sSNA
after RD, we observed the amelioration of renal function
and the reduction of proteinuria and urinary angiotensino-
gen concentrations in 2K-1C rats. These effects probably
occurred independently of the effects of RD on reducing
BP, because the hydralazine treatment significantly reduced
BP but did not change these parameters. The urinary
angiotensinogen concentration is an indicator of intrarenal
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Fig. 4 Representative images of renal damage, as indicated by o-
smooth muscle actin (x-SMA) expression and picrosirius red (PSR)
staining, and reactive oxygen species (ROS) production, as indicated

RAS activation in hypertensive rodents [57, 58] and patients
[59]. Although urinary proteins and angiotensinogen are
derived from both the ischemic and contralateral kidneys in
the 2K-1C group, the upregulation of AT|R observed only
in the ischemic kidney, along with our previous studies
showing increased mRNAexpression of the AT R [22] and
ACE and angiotensinogen protein expressions [60] only
in the ischemic kidney, potentially indicates that RAS is
activated in this kidney. However, further experiments
in which the left and right ureters are cannulated are
required to determine the different effects of each kidney
on proteinuria,

SPRINGER NATURE

2K1C Denervated 2K-1C Hydralazine

by dihydroethidium staining (DHE), in the ischemic and contralateral
kidneys. The scale bar represents 50 um

We observed normal levels of plasma renin activity and
increased intrarenal RAS activation in the 2K-1C group, as
previously reported in other studies [61, 62]. Moreover,
although RD did not change plasma renin activity, the
activity of the intrarenal RAS was attenuated after RD,
which may have contributed to the decrease in BP and
improvement in renal function and proteinuria in the 2K-1C
group. Interestingly, 2K-1C rats with a moderate increase in
BP present increased levels of circulating Ang II and normal
renal function; moreover, ischemic kidney denervation by
cryoablation normalizes circulating Ang II levels and con-
tralateral rSNA after 3 weeks [63]. Despite the differences
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Fig. 5 Quantification of the expression of the mRNAs encoding
NADPH oxidase subunits p47phox (a, b) and gp91phox (c, d) and
angiotensin II receptor type 1 (ATIR) (e, f) and 2 (AT2R) (g, h) in the
ischemic (n =4 animals/group) and contralateral kidneys (n=4/
group). "p <0.05 compared with the control group. *p <0.05 compared
with the 2K-1C group

in the literature regarding circulating RAS levels in rats with
renovascular hypertension, we show that the effects of RD
on the activity of the intrarenal RAS and renal function
markers were accompanied by reductions in renal injury and
oxidative stress in the ischemic kidney.

Our data show that renal damage and oxidative stress are
induced by distinct mechanisms in the ischemic and con-
tralateral kidneys of 2K-1C rats. We observed that a-SMA,
PSR, and ROS production were partially reduced in the
ischemic kidney after RD, and the levels of these markers
were also decreased to some extent by the BP reduction
induced by the hydralazine treatment in the contralateral
kidneys of hypertensive rats. Although oxidative stress is
mediated by the AT,R-NADPH oxidase pathway in the
ischemic kidney [22], our data indicate that this axis/path-
way is also sensitive to changes in BP. Both RD and
the hydralazine treatment decreased the expression of the
p47phox, gp9lphox, AT;R, and AT,R mRNAs in the
ischemic kidney, whereas the levels of these markers were
unchanged in the contralateral kidneys of the 2K-1C group.
Previous studies have shown that elevated renal perfusion
pressure was the dominant cause of renal damage in both
noradrenaline- and Ang II-induced hypertensive rats [64],
and both Ang II and increased renal perfusion pressure
induce the renal activation of NADPH oxidase and oxida-
tive stress [65]. Nevertheless, further experiments are
necessary to verify whether the amelioration of renal injury
and oxidative stress are direct effects of RD, a consequence
of attenuated intrarenal RAS, or both in rats with renovas-
cular hypertension. According to the results of an in vitro
study, exposure to noradrenaline for 24 h significantly and
dose-dependently increased angiotensinogen mRNA levels
in immortalized human proximal tubular cells [66].

Therefore, nerves from the ischemic kidney at least
partially contribute to the development of hypertension,
high contralateral rfSNA and sSNA and renal alterations,
such as proteinuria and intrarenal RAS activation, in the
2K-1C model of renovascular hypertension. Reductions in
oxidative stress and levels of Ang II receptors in the RVLM
and PVN induced by RD may contribute to the observed
decreases in hypertension and sympathetic hyperactivity in
2K1C rats.

Limitations

In the present study, the SNA was compared between
groups from baseline and expressed as spikes/s. Although
we recognize that this method may be a limitation, the SNA
baseline variation expressed as spikes/s among individuals
using this approach was relatively small and highly
responsive to baroreceptor reflex loading or unloading and
was abolished by the hexamethonium administration con-
firming that the rfSNA is a very homogenous population of
fibers, consistent with a previous report [67]. Increased
SNA was previously reported using an assessment of nor-
adrenaline spillover in humans [68], an uV/s analysis [63],
and by calculating the percentage of maximum rSNA
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response [69] in rats with renovascular hypertension.
Moreover, RD, ganglionic blockade or RVLM inhibition
lead to a larger decrease in BP in 2KI1C rats compared to
controls [43, 70, 71] and support our finding that rfSNA is
significantly increased in the renovascular hypertension
model. Another limitation of the present study is the number
of animals used in some experiments. For the data obtained
from n =4 animals, we calculated the power analysis using
G*Power software (Diisseldorf, Germany) and the value
ranged from 60 to 80%. The ideal power analysis is >80%
to avoid increased type II error. However, the gene
expression analysis in the RVLM and PVN bilateral pun-
ches requires a pool of 3 animals per sample and therefore
the ethics committee of our university recommended the use
of 12 animals per group in our study to adhere to the 3Rs
Principle.
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