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Purpose: Renal denervation (RD) has been demonstrated to be an effective approach to reduce blood
pressure for those with resistant hypertension. Yet, we aimed to explore the effect and possible mech-
anism of RD on blood-pressure response to hemorrhagic shock in spontaneously hypertensive rats.
Methods: A total of 48 male spontaneously hypertensive rats were randomized to three groups: study
group, sham-operation group and control group. RD was achieved by cutting off renal nerves and
swabbing phenol on it. Ten weeks after RD, 8 rats in each group were sacrificed to collect the kidney and
heart tissues. The remaining rats were subjected to an operation to induce hemorrhagic shock which
would lead to 40% loss of total blood volume, and observed for 120 min. The serum concentration of
norepinephrine was measured before and three weeks after RD.
Results: The blood-pressure and norepinephrine levels were reduced significantly after RD (p < 0.05).
Systolic blood pressure anddiastolic blood pressure of the surgerygroupwere higher than those in the sham
and control groups at 15, 30 and 45 min after hemorrhagic shock (p < 0.05), while no significant difference
was observed at 60, 90 and 120 min (p > 0.05). Additionally, the beta-1 adrenergic receptor (b1-AR) in the
study groupwas significantly higher than those in the other two groups (p < 0.05) after hemorrhagic shock.
Conclusion: This study demonstrated that RD could to some extent improve blood-pressure response to
hemorrhagic shock in an established model of severe hemorrhagic shock in spontaneously hypertensive
rats. The mechanism might be associated with up-regulation of b1-AR.
© 2018 Production and hosting by Elsevier B.V. on behalf of Daping Hospital and the Research Institute of
Surgery of the Third Military Medical University. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Hypertension is one of the most important modifiable risk fac-
tors for cardiovascular mortality andmorbidity.1 It is estimated that
approximately 9e18% hypertension patients are consistent with
the diagnostic criteria of resistant hypertension (RHTN).2,3 RHTN is
diagnosed when blood pressure (BP) remains above the target level
despite therapy with three or more antihypertensive agents of
different types at maximum tolerable doses with one being a
diuretic.4 RHTN has been characterized as a multifactorial phe-
nomenon due to multiple biological mechanisms. However, the
hyperactivity of the sympathetic nervous system, composed of
tal and the Research Institute
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efferent sympathetic nerves and afferent sensory nerves, plays a
crucial role in the pathogenesis and progression of RHTN. Elevated
renal sympathetic activity enhances renin and norepinephrine (NE)
release, leading to peripheral arterial vasoconstriction, and subse-
quent increase in arterial BP. Recently,catheter-based ablation of
afferent and efferent sympathetic nerves surrounding the renal
arteries has been featured as a safe and effective approach for
patients with RHTN.5e8 In animal models of hypertension, renal
denervation (RD), especially phenol-based renal nerve ablation, has
demonstrated an anti-hypertensive effect.9e11

Sympathetic nervous system (SNS) and hypothalamic-pituitary-
adrenal (HPA) axis could be activated by stimuli of various stress,
and both of them were involved as the major components of
the stress response. Activation of SNS and HPA axis results in the
secretion of stress hormones, including glucocorticoids from
the adrenal cortex and catecholamines from the adrenal medulla
and sympathetic nerve termini. The catecholamines NE and
nd the Research Institute of Surgery of the Third Military Medical University. This is
nses/by-nc-nd/4.0/).
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epinephrine mediate the early stress response via the SNS, but they
also have a key role in homeostatic BP control through the activa-
tion of adrenergic receptors located on the heart and the blood
vessels. Yann Vuignier et al showed that the reactivity of the SNS is
blunted after RD in their study.12 In symplicity HTN-2 one patient
was given drugs to correct hypotension,13 but the specific mecha-
nism is unknown. Independently of its effect on BP, RD could affect
the stress response, which are directly related to renal SNS activity.
So far, few clinical studies have evaluated the impact of RD on
the stress response. Therefore, we suspected that whether RD could
affect stress tolerance and even the mortality. Furthermore, hem-
orrhage is a common trauma stress.

Beta-1 adrenergic receptor (b1-AR) is the predominant subtype
of b-AR in the heart, and leads to most of the actions of adrenergic
stimulation in cardiac muscle cells.14,15 The activation of b1-AR can
increase cardiac rate and contractility in response to NE and
epinephrine during stress. Evidence fromboth animal- and patient-
based studies has proved that b1-AR may play an important role in
the development and clinical course of progressive cardiac dilata-
tion and heart failure.16 Moreover, lots of pathological mechanisms
within acute myocardial infarction and chronic heart failure can
regulate the b1-AR expression.17,18

Spontaneously hypertensive rat (SHR) represents an experi-
mental model of hypertension and many of their characteristics
mimic those found in human essential hypertension. Because RD
is applied to the patients with resistant hypertension, it seems to be
more helpful and important to reveal the precise effects of RD on BP
in SHR, rather than other ordinary rats. There is still lack of studies
focusing on the effect of RD on BP response to hemorrhagic shock in
SHRs (n=48
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Fig. 1. Experimental flow chart. SHR: Spontaneously hypertensive rat; BP: blood pressu
SHR. Based on the existing knowledge, the objectives of the
study were to assess the effect of RD on BP response in SHR when
subjected to hemorrhagic shock. Besides, the role of RD in regula-
tion of the expression of b1-AR during the pathylogical process of
hemorrhagic shock would also be explored. This study focused on
the BP response to hemorrhagic shock after RD, not the effect of this
procedure on BP.

Materials and methods

Animals

The experiment scheme and the use of rat were approved by
Animal Use and Management Ethics Committee of Zhejiang Uni-
versity of Traditional Chinese Medicine (Hangzhou, China). The
implementation process and experimental designwere undertaken
in accordance with animal welfare guidelines provided by the
CPCSEA and World Medical Association Declaration of Helsinki on
Ethical Principles. Forty-eight SHRs were randomly assigned to
three groups: the study group, sham-operation group and control
group. Before and three weeks after RD, the plasma was collected,
centrifuged and stored at�80 �C for measurement of NE activity. At
week 10 after surgery, 8 animals from each group were sacrificed
with a large dose of chloral hydrate for the separation of the kidney
and heart tissue, and the other 8 rats were used for hemorrhagic
shock operation. All the kidneys were frozen for measurement to
evaluate the completion of RD, and heart tissues were collected for
measuring the b1-AR expression. NE in blood and kidneywere used
as measures of sympathetic activity (Fig. 1).
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Materials

The male SHRs (n ¼ 48) weighing 240e260 g were purchased
from Beijing Vitalriver Co., Ltd (License number SCXK [JING] 2012-
0001). Animals were housed in the experimental animal center of
the said university until they were aged 12 weeks. Rat NE ELISA kit
(Wuhan Sino-American Biotechnology Co., Ltd., Hubei, China), rat
NE ELISA kit (Beijing Boosen Biological Technology Co., Ltd., Beijing,
China), and the multi-channel physiological recorder (MedLab-U/
8c, Nanjing Mei Yi Technology Co., Ltd., Nanjing, China) were used
in the present study.

Renal denervation procedure

The RD procedure was performed as previous description.19,20

The rats were anesthetized intraperitoneally at room temperature
with chloral hydrate at 10% chloral hydrate (3 ml/kg). After anes-
thesia and sterilization, amidline incisionwasmade in the abdomen
to expose the ureters and the arteries, veins and nerves in the
sheath. Under a microscope (magnification, 25�), the renal nerve
was stripped and painted with 10% phenol in 90% ethanol for 3 min
to ensure the destruction of any remaining nerves. In the sham-
operation group, the sympathetic nerve was treated with normal
saline. Thewoundwas subsequently closed.Within 3 days following
RDN, intraperitoneal injection of 16 U of penicillinwas administered
once daily in case of infection.

Hemorrhagic shock operation21,22

After 10-week follow-up observation, rats were anesthetized by
intraperitoneal injection of 10% chloral hydrate (3 ml/kg). Poly-
ethylene catheters (PE 50 tubing, outside diameter is 0.965mm, and
inside diameter is 0.58 mm; experimental animal center of Com-
mittee of Zhejiang University of Traditional Chinese Medicine,
Hangzhou, China) containing saline and heparin were then intro-
duced into the left femoral artery for blood withdrawal. The left
femoral artery was also connected to the multi-channel physiolog-
ical recorder for monitoring systolic blood pressure (SBP), diastolic
blood pressure (DBP) and heart rate. After 15 min tranquillization,
hemorrhagic shock was induced by removing 40% of the total blood
volume (22.4 ml/kg). The operation was divided into 3 stages to
achieve a uniformhemorrhagic shock state: thefirst stage of 20% (T0
e T20, 30 min), the second stage of 10% (T20e T30, 15 min), and the
third stage of 10% (T30 e T40, 15 min). Hemodynamic indexes were
compared at each time point before and at 15, 30, 45, 60, 90 and
120 min after shock induction. The plasma and heart tissue of each
rat were collected at the last time point, and the number of dead rats
was recorded.

Measurement of blood pressure

BP of the tail artery was measured non-invasively as previous
description.19,20 Briefly, the resting rat was fixed on a plastic
restrainer at room temperature until the temperature was increased
to 39 �C. The proximal tail was attached to the computer via a
4-channel dynamic signal acquisition system. The mean BP was
obtained from three consecutive readings at 3 min intervals.

Measurement of the norepinephrine concentration

The NE concentration in serum of the kidney was detected by
ELISA. In brief, chromogenic reagent A (50 ml) and B (50 ml) were
consecutively added to eachwell, towhich stop solution (50 ml) was
added until vortexing, and then incubated in the dark at 37 �C for
15 min. The optical density (OD) was measured at 450 nm by
spectrophotometer, and the standard curve was delineated to
calculate the NE concentration.

Measurement of beta-1 adrenergic receptor expression in the
myocardium

The b1-AR expression in the myocardium was measured by
immunohistochemistry. In brief, the paraffin-embedded heart tissue
was sliced into sections and placed onto clean glass slides.
The primary antibody (Anti-beta1 adrenergic receptor antibody,
ab3442,ABCAM,Massachusetts,USA)atadilutionof1:300wasadded
toeachglass slide, andtheslideswere incubatedat4 �Covernight. The
slideswere thentreatedwith secondaryantibodies for30minat room
temperature. Finally, the sections were visualized by applying dia-
minobenzidine chromogen (DAB; ZhongshanBiotech, Beijing, China),
counterstained with methyl green, dehydrated, mounted, and cover-
slipped. Three noncontiguous microscopic areas were randomly
selected and photographed with a digital camera (�400; DM3000;
Leica, Germany). Three selected areas from each slide was captured
and stored as high-resolution image files (2047�1532 pixels).
Computer-aided image analysis software (Image-Pro Plus 6.0, Media
Cybernetics)was introduced to discriminate the immunostained area
and calculate the integrated optical density (IOD).

Statistical analysis

SPSS version 16.0 (SPSS Inc., Chicago, USA) was employed
for statistical analysis. Quantitative data were expressed as
means ± standard deviation (SD). Normal distribution was tested
before comparisons. The difference during the different periods of
the same group was compared by an paired sample t-test. Multiple
comparisons of means among groups were analyzed by one-way
analysis of variance (ANOVA) test, while between-group compari-
sons of means were examined by Least Significant Difference (LSD)
t-test or StudenteNewmaneKeuls test where appropriate.
Differences were considered statistically significant at p < 0.05.

Results

Effect of renal denervation on animal survive

Three rats died after RD and sham operation because of infec-
tion, overdose of anesthesia or intestinal paralysis. Eight rats in
the control group, 7 rats in the sham-operation group, and 7 rats in
the study group were euthanized randomly with an overdose of
anesthetic (Fig. 2).

Effect of renal denervation on systolic blood pressure and diastolic
blood pressure

As shown in Table 1, there were no significant differences in SBP
and DBP before RD among the three groups (p > 0.05). After RD, SBP
and DBP in the study groupwere reduced significantly at weeks 2, 4,
6 and 8, as compared with the other two groups (p < 0.05),
confirming RDN's BP-lowering efficacy. In addition, no significant
differences in SBP and DBP were observed between the sham
operation and control groups after RD (p > 0.05) (Table 1).

Effect of renal denervation on the serum norepinephrine
concentration

There were no significant differences in the serum NE concen-
trations among the study, sham operation and control groups before
RD (174.38 ± 12.25 ng/L vs. 169.17 ± 14.02 ng/L, p ¼ 0.266 and
175.06 ± 10.9 ng/L, p¼ 0.882) (Fig. 3A). Threeweeks after RD, the NE



Fig. 2. The survival situation of experimental animals during different periods. (A)
Survival of SHR after RD: (B) Survival of SHR after HS. SHR: Spontaneously hyperten-
sive rat; RD: renal denervation; HS: hemorrhagic shock.

Fig. 3. Effects of renal denervation (RD) on norepinephrine (NE) concentrations after
RD. (A) NE concentrations in serum before and three weeks after RD. △: p < 0.05, vs
control; ,: p < 0.05, vs sham operation; *: p < 0.05, vs same group before operation.
(B) NE concentrations in kidney ten weeks after RD. △: p < 0.05, vs control; ,:
p < 0.05, vs sham operation.
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concentration in the study group, compared with the sham opera-
tion and control groups, was reduced significantly (77.66 ± 11.06 ng/
L vs. 171.72 ± 11.47 ng/L, p < 0.001 and 177.17 ± 9.87 ng/L, p < 0.001)
(Fig. 3A). In addition, there were no significant differences in the NE
concentration between the sham operation and control groups
(p > 0.05) (Fig. 3A). At the last time point after hemorrhagic shock,
the serum NE concentration in the study group (n ¼ 7) was signif-
icantly lower than those in the sham operation (n ¼ 8) and control
(n ¼ 8) groups (119.25 ± 10.39 ng/L vs. 223.00 ± 8.99 ng/L, p < 0.001
and 224.14 ± 8.85 ng/L, p < 0.001) (Fig. 4A).
Table 1
SBP and DBP of each group during different periods before HS(mmHg), mean ± SD.

Items control sham

n ¼ 16 n ¼ 15

preoperation SBP 223.46 ± 10.31 220.20 ± 9.00
DBP 169.13 ± 16.93 178.99 ± 14.87

2 weeks SBP 221.44.±11.06 218.60 ± 10.06
DBP 173.42 ± 10.58 171.72 ± 19.68

4 weeks SBP 223.94 ± 8.02 218.33 ± 7.98
DBP 182.77 ± 11.68 175.36 ± 6.75

6 weeks SBP 221.94 ± 10.27 220.60 ± 7.64
DBP 176.62 ± 14.75 175.07 ± 12.48

8 weeks SBP 224.62 ± 12.46 220.60 ± 8.82
DBP 176.01 ± 8.67 183.85 ± 15.46

Notes: *p < 0.05, compared with control, yp < 0.05, compared with sham-operation, whi
comparedwith same group before operation, xt¼ 13.104, p< 0.001, compared same group
blood pressure; DBP: diastolic blood pressure; HS: hemorrhagic shock.
Effect of renal denervation on the concentration in the kidney tissue

After RD, the NE concentration in the kidney of the study group
(n ¼ 7) was significantly lower than those in the sham operation
(n ¼ 7) and control (n ¼ 8) groups (80.37 ± 6.48 ng/L vs. 147.27 ±
5.81 ng/L, p < 0.001 and 150.26 ± 7.00 ng/L, p < 0.001) (Fig. 3B),
thus indicating that the RD was effective. There were no significant
differences in the NE concentration between the sham operation
and control groups (p > 0.05) (Fig. 3B). After hemorrhagic shock, the
NE concentration in the kidney of the study group (n ¼ 7) was
significantly lower than those in the sham operation group (n ¼ 8)
and the control (n ¼ 8) group (101.08 ± 9.58 ng/L vs. 187.69 ±
10.50 ng/L, p < 0.001 and 181.20 ± 9.49 ng/L, p < 0.001) (Fig. 4B).
study F p

n ¼ 14

222.43 ± 11.79 0.394 0.788 0.567
172.39 ± 13.57 2.310 0.151 0.572
202.07 ± 11.08z 13.800 <0.001* <0.001y

157.70 ± 18.91x 19.508 <0.001* <0.001y

204.29 ± 12.34 16.478 <0.001* <0.001y

148.96 ± 13.44 38.391 <0.001* <0.001y

200.86 ± 12.18 19.595 <0.001* <0.001y

140.11 ± 19.65 48.697 <0.001* <0.001y

201.50 ± 12.73 16.924 <0.001* <0.001y

138.56 ± 11.12 56.774 <0.001* <0.001y

ch were both detected by Least Significant Difference t-test; zt ¼ 23.975, p < 0.001,
before operation, whichwere both detected by an paired sample t-test. SBP: systolic



Fig. 4. Effects of renal denervation (RD) on norepinephrine (NE) concentrations after
hemorrhagic shock (HS). (A) NE concentrations in serum after HS. △: p < 0.05, vs
control; ,: p < 0.05, vs sham operation. (B) NE concentrations in kidney after HS. △:
p < 0.05, vs control; ,: p < 0.05, vs sham operation.
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Effect of renal denervation on systolic blood pressure and diastolic
blood pressure after hemorrhagic shock

Before hemorrhagic shock, the SBP and DBP in the study
group were significantly lower than those in the other two groups
(p < 0.05). At 15, 30 and 45 min after hemorrhagic shock, the SBP
and DBP of the study group were significantly higher than those of
Table 2
SBP and DBP of each group during different periods after HS(mmHg), mean ± SD.

Items control
n ¼ 8

sham
n ¼ 8

preoperation SBP 141.25 ± 9.08 143.00 ± 12.06
DBP 113.25 ± 7.92 109.75 ± 8.96

15 min SBP 62.38 ± 9.78 62.88 ± 7.02
DBP 57.75 ± 8.05 52.63 ± 3.78

30 min SBP 61.13 ± 9.39 62.63 ± 7.67
DBP 53.88 ± 5.84 50.50 ± 5.90

45 min SBP 61.13 ± 11.08 63.00 ± 9.64
DBP 50.88 ± 9.60 49.25 ± 7.27

60 min SBP 58.75 ± 16.20 62.00 ± 13.71
DBP 49.63 ± 11.14 46.13 ± 8.92

90 min SBP 53.29 ± 14.51 57.57 ± 10.78
DBP 51.71 ± 7.78 41.71 ± 12.12

120 min SBP 52.00 ± 15.36 56.80 ± 11.45
DBP 52.50 ± 6.00 50.50 ± 4.20

Notes: *p < 0.05, compared with control; yp < 0.05, compared with sham-operation, w
pressure; DBP: diastolic blood pressure; HS: hemorrhagic shock.
the other two groups (p < 0.05), but no significant differences in the
SBP and DBP were observed at 60, 90 and 120 min after hemor-
rhagic shock among the three groups (p > 0.05) (Table 2, Fig. 5).

Effect of renal denervation on beta-1 adrenergic receptor expression
before and after hemorrhagic shock

Different shades of brown yellow granules were observed in the
immunohistochemically stained sections. The b1-AR expression in
the study group was significantly higher than those in the other
two groups (p < 0.05) after hemorrhagic shock, although the
differences were not statistically significant before hemorrhagic
shock (p > 0.05) (Table 3, Fig. 6).

Discussion

Hemorrhage is a major cause of morbidity and mortality in
both humans and animals.23 In response to hypovolemia, a major
manifestation at the early stage of hemorrhagic shock, the neuro-
humoral mechanisms which including SNS and renin-angiotensin-
aldosterone system (RAAS) would be activated to play a compen-
sated role by increasing heart rate and peripheral vascular
resistance. Besides, high-concentration catecholamines including
NE are released into systemic circulation in hemorrhagic shock,24

and NE is the predominant one. Moreover, a large amount of NE
is produced by sympathetic postganglionic fibers. Although
animals respond to hemorrhage with several reactive types, the
major pathway is the reflex activation of the sympathetic nerves to
maintain arterial pressure and organ perfusion,25 and lack of renal
sympathetic activation may affect restoration of BP in the short
term following blood loss. The results of this study showed that SBP
and DBP in the study group were significantly higher than those in
the other two groups at 15, 30 and 45 min after hemorrhagic shock,
indicating that from initiation time to 45 min during hemorrhagic
shock, the BP response in the study group was better than those
in the other two groups, while the serum and kidney NE concen-
trations were lower. Many findings had demonstrated the relative
importance of renal nerves in the physiological response to hem-
orrhage. But Machino et al26 demonstrated that the RAAS was
inhibited in SHR after RD. To this day, the mechanism contributing
to this response when the two important compensatory mecha-
nisms of SNS and RAAS are blocked remains to be answered.

Three subtypes of b-AR (b1-AR, b2-AR and b3-AR) have been
identified in the heart. b1-AR and b2-AR subtypes are expressed as a
ratio of 70:30 in normal.27,28 In response to NE and epinephrine,
study
n ¼ 7

F p

111.14 ± 5.05 26.805 <0.001* <0.001y

97.14 ± 7.84 7.865 0.001* 0.008y

79.86 ± 5.67 11.982 <0.001* <0.001y

72.71 ± 8.00 17.089 <0.001* <0.001y

80.00 ± 4.66 13.883 <0.001* <0.001y

65.57 ± 4.43 15.282 0.001* <0.001y

80.29 ± 14.00 6.007 0.005* 0.009y

63.86 ± 3.13 8.733 0.003* 0.001y

70.86 ± 9.32 1.571 0.100 0.221
53.00 ± 5.03 1.122 0.471 0.150
63.14 ± 12.55 1.059 0.164 0.423
42.86 ± 13.56 1.608 0.164 0.854
64.60 ± 4.67 1.559 0.106 0.300
47.40 ± 8.36 0.514 0.332 0.589

hich were both detected by Least Significant Difference t-test. SBP: systolic blood



Fig. 5. Effects of renal denervation (RD) on systolic blood pressure (SBP) and diastolic
blood pressure (DBP) after hemorrhagic shock (HS). (A) △: p < 0.05, vs control; ,:
p < 0.05, vs sham operation. (B) △: p < 0.05, vs control; ,: p < 0.05, vs sham
operation.
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stimulation of b1-AR has positive inotropic, chronotropic and
lusitropic effects in the myocardium.29 In addition, inotropic treat-
mentwith the b1 adrenoceptor agonist dobutamine has been used to
increase cardiac output in hemorrhagic shock. Dynamic regulation of
b-AR subtype expression and functional desensitization are consid-
ered to be adaptive or protective mechanisms in the heart.30 For
example, b1-AR is the predominant adult isoform (b1 vs. b2 59% vs.
41%), whereas b2-AR is more highly expressed in neonates (b1 vs. b2
36% vs. 64%) in rats.31 In addition, NE has higher affinity in combining
with b1-AR than the other subtypes of adrenergic receptors. More-
over, in certain pathophysiological conditions, b-AR expression is
subtype-selective in the heart. For instance, b2-AR is up-regulated in
the transplanted humanheart,32 but down-regulated in chronic heart
failure.18 Acute hypovolemia in hemorrhagic shock would result in
acute myocardial infarction, as observed in the present immunohis-
tochemistryof somemyocardiumtissues fromSHR. Acutemyocardial
Table 3
The IOD of b1-AR in myocardium, mean ± SD.

Items n

RD control 8
sham 7
study 7

RD þ HS control 8
sham 8
study 7

Notes: *p < 0.05, compared with RD þ HS-control, yp < 0.05, compared with RD þ HS
zt¼�6.653, p < 0.001, compared with RD-study, which were detected by an paired sampl
denervation; HS: hemorrhagic shock.
infarction is a type of acute coronary syndrome that can decrease the
cardiac output as a result of impaired cardiac pump function. To
compensate for the decreased cardiac output, one of the reactions in
the infarctedmyocardium is to up-regulate b1-ARexpression17 rather
than any other types of b-AR. The results of our study confirmed the
above illustration. Watanabe et al33 reported that in Dahl salt
sensitive hypertensive rats, RD significantly prolonged survival, and
increased tyrosine hydroxylase and b1-adrenergic receptors in
the left ventricular myocardium. In the present study the b1-AR
expression in the study group was significantly higher than those
in the other two groups (p < 0.05) after hemorrhagic shock. So we
hypothesized that up-regulation of b1-AR may increase the cardiac
contractility, frequency and rate and improve BP response against
hemorrhagic shock following RD. This study does not provide
explanation of this issue. It was found in our study that there was no
significant difference in SBP and DBP at 60, 90 and 120 min after
hemorrhagic shock between the three groups. To our knowledge,
hemodynamic and sympathetic responses to acute hemorrhage
represent two distinct phases: in the initial phase, the sympathetic
nerve activity and heart rate are increased to maintain the BP,
recovery of the circulation volume can prevent the situation to be
exacerbation in this phase. When hemorrhage continues to evolve
into the next phase, decreases in renal sympathetic nerve activity and
heart rate follow. We speculated that it may evolve into
the irreversible period from 60 min after hemorrhagic shock in the
present study. As BP was progressively decreased, the seriously
insufficient perfusion of systemic microcirculation could cause car-
diovascular collapse and death.

This study is the first to focus on BP and b1-AR change after RDN,
in response to a common trauma stress induced by hemorrhagic
shock. To this day, the mechanism of RD in improving BP response
to hemorrhagic shock is still unclear. One of the possible mecha-
nisms, except b1-AR accounting for the better compensation initi-
ated by RD, may be regeneration of renal sympathetic nerves. There
is considerable evidence that efferent renal sympathetic nerves
reinnervate the kidney after RD in animals and humans. Therefore,
the long-term reduction in arterial pressure has been related with
lack of afferent renal sensory reinnervation.34 However, other
available data shows that renal reinnervation will take months to
year(s) in humans versus weeks in animals. In normotensive rats,
reinnervation of the afferent renal sensory nerves and the efferent
renal sympathetic nerves occurs over the same time course,
both being complete at 9e12 weeks after RD.35 Similarly, report of
Booth et al36 showed the reinnervation of renal afferent and
efferent nerves at 5.5 months after catheter-based radiofrequency
renal denervation in sheep and by 11 months the functional
afferent and efferent responses to electric stimulationwere normal.

Several limitations need to be recognized in our study. First, the
sample size is limited, which limits the statistical effectiveness and
further observation of b1-AR changes in heart at the early stage of
hemorrhagic shock. Further studies with larger sample sizes are
warranted to more definitively determine the relation between
b1-AR and BP. In addition, the experiment only involved changes in
IOD F p

22169 ± 2882.391 0.015 0.780
23043 ± 3972.917 0.839
22668 ± 3354.595
27534 ± 6913.565 20.192 <0.001*

28538 ± 6252.929 <0.001y

51632 ± 1107.896z

-sham-operation, which were both detected by Least Significant Difference t-test.
e t-test. IOD: integrated optical density; b1-AR: beta-1 adrenergic receptor; RD: renal



Fig. 6. Effects of renal denervation (RD) on b1-adrenergic receptor (b1-AR) expression in myocardium before and after hemorrhagic shock (HS). (A) RD-control; (B) RD-sham
operation; (C) RD-study; (D) RD þ HS-control; (E) RD þ HS-sham operation; (F) RD þ HS-study.
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macro indicators including NE and BP, and failed to further explain
the possible mechanisms from molecular biology. As in all experi-
mental animal studies, the relevance of the findings to the clinical
situation is unclear, but as most human hemorrhagic shock is
hyperdynamic in nature it is likely that this model has clinical
relevance. It also indirectly indicates the relative safety of RD.

In conclusion, this study demonstrated that RD could to some
extent improve BP response to hemorrhagic shock in an established
model of severe hemorrhagic shock in SHR. The mechanism might
be associated with up-regulation of b1-AR. This study would offer a
theoretical basis for the intensive study on safety and efficacy of
clinical renal arteries ablation in the treatment of hypertension.
Also thismay provide a valuable time for the rescue of patients with
hemorrhagic shock after RD, which can prolong the therapeutic
time window of the shock compensatory period and improve their
prognosis.
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