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Resiniferatoxin reduces cardiac sympathetic nerve
activation to exert a cardioprotective effect

during myocardial infarction

Ludefu Su, Yu Liu, Yanhong Tang, Mingmin Zhou, Liang Xiong, Congxin Huang

Department of Cardiology, Renmin Hospital of Wuhan University, Cardiovascular Research Institute of Wuhan
University, Hubei Key Laboratory of Cardiology, Wuhan 430000, People’s Republic of China

Received September 6, 2020; Accepted December 10, 2020; Epub April 15, 2021; Published April 30, 2021

Abstract: Background and objective: Myocardial infarction (Ml) is a common critical disease of the cardiovascu-
lar system. The process of Ml is often accompanied by the excessive activation of cardiac sympathetic nerves,
which leads to arrhythmia. Resiniferatoxin (RTX) is a transient receptor potential vanilloid 1 (TRPV1), involved in
the cardiac sympathetic afferent reflex. However, whether RTX can reduce the occurrence of arrhythmia and exert
a cardioprotective effect by inhibiting the sympathetic reflex during Ml is still unknown. Methods: The left anterior
descending artery of cardiac was clamped to construct a model of MI. RTX (50 ug/ml) was used by epicardial ap-
plication in Ml rats. Ventricular electrophysiologic properties were continuously monitored by a body surface ECG.
Yrosine hydroxylase (TH) and growth associated protein 43 (GAP43) were detected by Immunofluorescence staining.
Connexin43 and transforming growth factor beta receptor 1 (TGF-B1) were detected by western blot. Norepinephrine
(NE) and BNP levels in blood and tissue were determined by ELISA. Cardiac function was assessed by echocardiog-
raphy. Results: The ERP, APD90, QRS, QT and the Tend-Tpeak intervals in Ml rats were all prolonged, but decreased
after RTX treatment (n = 3, P<0.05). In contrast, the RR interval was shortened in the Ml group, but prolonged in
the MI+RTX group (n = 3, P<0.05). RTX treatment significantly reduced ventricular arrhythmias after MI. TH- and
GAP43-positive nerve densities and TGF-B1, and cx-43 protein expression were up-regulated in the Ml group com-
pared to the sham group, and they were decreased in the MI+RTX group compared to the Ml group (n = 3, P<0.05).
RTX can decrease serum and tissue NE and BNP levels (n = 3, P<0.05). RTX pretreatment significantly decreased
heart rate, HW/BW ratio and LVIDS, and increased LVEF andLVFS values (n = 3, P<0.05). Conclusion: RTX improved
cardiac dysfunction, ventricular electrophysiologic properties, and sympathetic nerve remodeling in rats with Ml by
inhibiting the excessive cardiac sympathetic drive.
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Introduction geneity and a susceptibility to arrhythmia caus-
ing various types of VAs [4, 5]. At the same

Myocardial infarction (Ml) is a common critical time, abnormally activated sympathetic nerves

disease of the cardiovascular system with
extremely high mortality and disability rates [1,
2]. Ventricular arrhythmias (VAs) after infarc-
tion, especially ventricular tachycardia and ven-
tricular fibrillation, are the most important fac-
tors causing death and disability from Ml [3].
Identifying the best prevention and treatment
strategy for VAs after Ml is a core issue in cur-
rent clinical and basic research.

Related experiments have confirmed that ex-
cessive activation of cardiac sympathetic nerve
input leads to local electrophysiological hetero-

after an Ml can release a large amount of nor-
epinephrine (NE), which affects the peripheral
cardiovascular system, leading to sharp incre-
ases in the heart rate and blood pressure, and
further aggravating myocardial injury and com-
promising cardiac function [6-8]. Therefore,
studying the regulation of cardiac sympathetic
nerves can provide a solid theoretical basis for
the prevention and treatment of arrhythmia
after Ml [9].

Resiniferatoxin (RTX) is a transient receptor
potential vanilloid 1 (TRPV1) agonist isolated
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from an ultrapotent capsaicin analog [10],
which can irreversibly desensitiz TRPV1 expre-
ssed at the dorsal root ganglion (DRG) of neu-
rons [11], involved in the cardiac sympathetic
afferent reflex. In order to study the regulatory
effect of epicardial application of RTX on CSAR
in MI, and whether it exerted cardioprotective
effects, RTX was applied to the epicardium dur-
ing Ml induction in rat models.

Materials and methods
Experimental animals

Male Sprague-Dawley (SD) rats (200-250 g)
were provided by the Experimental Animal
Center, and all experiments conformed to the
guidelines for the Care and Use of Laboratory
Animals published by the US National Instit-
utes of Health (NIH Publication 85-23, revised
1996) and were approved by the Ethics Com-
mittee of Animal Care and Use Committee of
Renmin Hospital of Wuhan University, China.
The rats were divided into a sham group (n =
10), an Ml group (n = 15), a sham+RTX group (n
= 10), and an MI+RTX group (n = 15).

Rat myocardial infarction model and treatment

Briefly, the rats were anesthetized with 80 mg/
kg pentobarbital sodium injected intraperitone-
ally, intubated, and connected to a rodent ven-
tilator (respiratory ratio: 1:1.5, tidal volume: 3-4
ml/100 g). An 8-0 Prolene suture was used to
ligate the left anterior descending artery. The
ST segment of the ECG and regional cyanosis of
the myocardial surface determined whether
the myocardial infarction model was success-
fully constructed. RTX (50 ug/ml) was injected
through epicardial application.

Measurements of ventricular electrophysiologi-
cal properties in vivo

A body surface ECG was continuously moni-
tored using the PowerLab Data Acquisition
System. The heart was completely exposed. A
custom-made Ag-AgCl electrode was used to
record the monophasic action potential (MAP),
and the action potential duration was deter-
mined at 90% repolarization (APD90) at three
distinct recording sites within each ventricle to
calculate the mean LV and right ventricular (RV)
APD90 values. All MAP signals were recorded
and analyzed using the PowerLab System (AD
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Instruments Ltd., Chalgrouve, UK) and Chart
7.0 software (AD Instruments) [12]. The dura-
tion of a persistent VA episode was greater
than 2 seconds, whereas VA episodes lasting
less than 2 seconds were considered non-sus-
tained VA episodes [13].

Immunohistochemistry

The heart was removed and embedded in par-
affin for immunohistochemistry. Immunore-
activity was expressed as the infarct border
area of positive staining per square millimeter
(mm?2). Immunofluorescence staining was used
to evaluate sympathetic innervation of the
infarct border area. Heart tissue was washed
with PBS and stained with a rabbit polyclonal
antibody against tyrosine hydroxylase (TH) and
growth associated protein 43 (GAP43) diluted
1:1000. Primary antibody binding was detected
using the Bond Polymer Refine Detection Kit
(Leica, Wetzlar, Germany), then counterstained
with hematoxylin, dehydrated and mounted. All
slides were observed under a microscope [14].

Western blotting analysis

For western blot, samples were dissolved with
Tris-HCI buffer and a mixture of proteinase and
phosphatase inhibitors (Aspen, US). Trans-
forming growth factor beta receptor 1 (TGF-1)
(1:1000 dilution, Abcam, US), and connexin 43
(1:3000, Abcam, US), followed by HRP-goat
anti-rabbit secondary antibody (1:10000, As-
pen, US). GAPDH (1:20000, Abcam, US) was
used as a control to verify equal protein load-
ing. The densitometric results for TGF-B1 and
connexin 43 were reported as the ratios to
GAPDH.

Serum and myocardial tissue NE and BNP
levels

A total of 3-4 ml of peritoneal venous blood
was collected into tubes containing 10 ml of
EDTA, and the samples were immediately cen-
trifuged for plasma separation. LV myocardial
tissue (100-150 mg) was homogenized using a
homogenizer to produce a 10% tissue homog-
enate. NE levels in serum and tissue were mea-
sured by an enzyme-linked immunosorbent
assay kit (ELISA, Biolegend Inc.). Blood samples
were collected from eye veins of four-week-old
mice. NE levels in blood and tissue were deter-
mined by ELISA (Biolegend Inc.) according to
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Figure 1. Effects of RTX on ventricular repolarization. A. Representative electrocardiogram. B. Representative APD
recorded from the LV of each group. C. ERP (ms) in each group. D. APD90 (ms)in each group. E. Tpeak-Tend interval
(ms) in each group. #P<0.05 versus Sham group. *P<0.05 versus MI group. APD9O indicates action potential dura-
tion at 90% repolarization; LV, left ventricular; ERP: the ventricular effective refractory.

the recommendations of the manufacturer. The
OD value at 450 nm was detected using a
microplate reader (MQX 200, BioTek Instru-
ments, Winooski, VT, USA).

Analysis of the echocardiographic values

Echocardiography analysis was performed
using a high-resolution imaging system with a
30-MHz high-frequency scanhead (VisualSon-
ics Vevo770, VisualSonics, Toronto, Canada) as
previously described. Echocardiographic para-
meter analysis was performed in this study to
assess the left ventricular end-systolic diame-
ter (LVESD), left ventricular internal diameter at
end-systole (LVIDS), left ventricular end-systolic
volume (LVESV), left ventricular end-diastolic
volume (LVEDV), left ventricular ejection frac-
tion (LVEF), and left ventricular endocardial
fractional shortening (LVEFS). The heart weight
(HW) index was defined as the ratio of HW to
body weight (BW).

Statistical analysis

Statistical analysis was performed using SPSS
19.0 software for Windows (SPSS Inc, Chicago,
Illinois). All data are expressed as the mean +
SD. Multi-group comparisons were determined
by one-way analysis of variance (one-way
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ANOVA), and the comparison between data
from two groups that obey a normal distribution
measurement was conducted by t-test. P<0.05
was considered significant.

Results
Effects of RTX on ventricular repolarization

The representative electrocardiogram charac-
teristics of each group are shown in Figure 1A.
The representative APDs recorded from each
group are shown in Figure 1B. The result shows
that compared with the sham group, the ERP
and APD9O in Ml rats was obviously prolonged,
but decreased compared with that of the
MI+RTX group (n = 3, P<0.05) (Figure 1C, 1D).
In addition, MI group had prolonged Tend-Tpeak
intervals compared with the sham group (Figure
1E) (n = 3, P<0.05), and the Tend-Tpeak inter-
val was shorter in the MI+RTX group than in the
Ml group (n = 3, P<0.05).

Effects of RTX on ventricular arrhythmias

Examples of VA in each group are shown in
Figure 2A. The result shows that the sustained
VA was induced in 6 out of 10 Ml rats (incidence
of 60.31%), and 3 out of 8 RTX+MI rats (inci-
dence of 28.24%); non-sustained VA was
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Figure 2. Effects of RTX on ventricular arrhythmias. A. Examples of VA in each group. B. The non-sustained VA per-
cent (%) in each group. C. Sustained VA percent (%) in each group. D. Intervals of each index (ms) (RR, QRS, QT, QTc)
in each group. #P<0.05 versus sham group; *P<0.05 versus MI group. VA indicates ventricular arrhythmia.

induced in 8 out of 10 MI rats (incidence of
79.68%), and 4 out of 8 RTX+Ml rats (incidence
of 41.16%). Analysis of the threshold of the VA
incidence indicated that epicardial RTX treat-
ment significantly reduced VA after Ml, implying
that RTX blocks cardiac afferent nerves and
protects against the occurrence and develop-
ment of VA. In addition, MI prolonged the QRS,
QT, and QTc compared with the sham group
(Figure 2D) (n = 3, P<0.05), and only the QT
interval was shorter in the MI+RTX group than
in the Ml group (n = 3, P<0.05), but there was
no statistically significant effect on QRS. In con-
trast, the RR interval was shortened in the Ml
group compared with that in the sham group,
but prolonged in the MI+RTX group compared
with that in the MI group (n = 3, P<0.05). The
results suggest that RTX can significantly
improve electrophysiological properties.

Effects of RTX on sympathetic nerve remodel-
ing

TH- and GAP43-positive nerve densities were
up-regulated in the MI group compared to th-
ose in the sham group. The TH- and GAP43-
positive nerve densities in the MI+RTX group
were less than in the MI group, although the
distributions were relatively similar (n = 3,
P<0.05) (Figure 3). TGF-B1, and cx-43 protein
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expression were greater in the Ml group than in
the sham group (n = 3, P<0.05), and they were
decreased in the MI+RTX group versus the Ml
group (n = 3, P<0.05) (Figure 4). The results
showed that significant sympathetic nerve
remodeling can occur during Ml, and epicardial
RTX injection can significantly improve this
phenomenon.

Effects of RTX on serum and tissue norepi-
nephrine (NE) and B-type natriuretic peptide
(BNP) levels

As shown in Figure 5, NE levels were higher in
the MI group compared with the sham group (n
= 3, P<0.05), while they were lower in the
MI+RTX group than those of the MI group (n =
3, P<0.05), which demonstrated that sympa-
thetic hyperactivity occurred after MI, but it
could be reduced by RTX. BNP levels were high-
er in the Ml group compared to the sham group
(n = 3, P<0.05), but BNP levels in the MI+RTX
group were lower than those in the Ml group (n
= 3, P<0.05), indicating that RTX can improve
BNP levels after MI.

Effects of RTX on cardiac function
Cardiac function in each group is shown in

Table 1 and Figure 6. The heart rate and HW/
BW ratio in the MI group were significantly high-
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Figure 3. Effect of RTX on distribution of GAP43 and TH. A, B. Representative immunofluorescence of GAP43 and
TH by staining with Sirius red dye in four groups.(n = 3). C, D. Relative quantitative analysis GAP43 and TH signals in
each group. *P<0.05 versus Sham group. * P<0.05 versus MI group. Magnification, x 200.
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Figure 4. Effect of RTX on TGF-B1, CX43 protein expression. A. Expression of the TGF-B1, CX43 proteins in each
group (n = 5). B. Relative quantitative analysis of TGF-B1, CX43 proteins expression. *P<0.05 versus Sham group.
*P<0.05 versus Ml group.

erthan those in the sham group (n = 3, P<0.05), LVFS values (n = 3, P<0.05), which indicates
but after epicardial RTX pretreatment, signifi- decreased ventricular function during MI. After
cant decreases in both the heart rate and HW/ epicardial RTX pretreatment, significant decr-
BW ratio occurred (n = 3, P<0.05), which sug- eases of LVESV and increased LVEF occurred,
gests a protective effect of RTX on cardiac with LVFS values (n = 3, P<0.05), suggesting
hypertrophy. Compared with sham rats, the M that RTX treatment can significantly reduce
rats exhibited elevated LVESD and LVESV val- MI-induced cardiac dilatation, and improve car-
ues (n = 3, P<0.05), and decreased LVEF and diac function.
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Figure 5. Levels of NE and BNP. A, C. Quantification of tissue NE and BNP levels. B, D. Quantification of serum NE
and BNP levels. #P<0.05 versus Sham group. *P<0.05 versus MI group. NE: norepinephrine; BNP: B-type natri-

uretic peptide.

Table 1. Effect of RTX on cardiac function

Variable Sham S+RTX Ml MI+RTX
Heart rate (bmp) 392.74+45.95 389.93+41.01 484.81+34.41% 434.5+35.08"
Body Weight (g) 421.6+24.47 432.8+12.21 344.8+34.16% 355.6+25.98"
HW/BW ratio (%) 2.67+0.22 2.69+0.12 4.68+0.27* 4.28+0.2"
LVEF (%) 71.35+6.95 71.05+8.98 35.44+5.57* 54.98+7.35"
LVFS (%) 32.73+5.00 38.25+8.94 15.46+4.92* 28.72+6.02"
LVESD (cm) 0.37+0.07 0.38+0.04 0.56+0.07# 0.42+0.08"
LVESV (ml) 0.28+0.05 0.22+0.10 0.43+0.10* 0.30+0.08"

HW: heart weight; BW: body weight; LVESD: left ventricular end-systolic diameter, LVESV: left ventricular end-systolic volume;
LVEF: left ventricular ejection fraction; LVFS: left ventricular endocardial fractional shortening; MI: myocardial infarction.

#P<0.05 versus Sham group. "P<0.05 versus MI group.

Discussion
Currently, the electrophysiological mechanism

underlying the development of significant dis-
persion of repolarization after Ml is not clear.
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Marked repolarization heterogeneity is caused
by adjacent regions of scar tissue, normal myo-
cardium, and hypertrophied myocardium from
structural remodeling as previously described
[15, 16]. In MI rats, hypertrophied myocardial

Int J Clin Exp Pathol 2021;14(4):408-416
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tissue or myocardial fibrosis prolongs the action
potential duration. Moreover, ERPs and repolar-
ization heterogeneity increased [17]. Regarding
cellular electrical remodeling, Ml can cause
important functional changes in cells, especial-
ly border-zone cells, and ion-channel abnormal-
ities mainly through ionic loss, membrane
breakdown, and intracellular acidosis [18]. The
current study shows that cardiac-induced fibro-
sis and cardiac electrical remodeling can atten-
uate electrical interactions between ventricular
myocytes and delay transmural activation [19].
Of note, the sympathetic nerve distribution in
peri-infarcted areas with sympathetic activity

414

B 500+
e Sham
450- m S+RTX
I I A Ml
400+ # + Y MHRTX
3504 } {
300+
250 T
Body Weight (g)
D 100+
e Sham
80- m S+RTX
I { " A Ml
60+ } v MHRTX
#
40 I
20+
0 T
LVEF (%)
0.8+
e Sham
- # m S+RTX
] I . A M
v MI+RTX
0.4 I §
0.2+
0.0

LVESb(cm)

Figure 6. Cardiac function by echocardiography
in each group. A. Heart weight (HW); B. Body
weight (BW); C. Heart weight/body weight ra-
tio (HW/BW ratio); D. Left ventricular ejection
fraction (LVEF); E. Left ventricular endocardial
fractional shortening ( LVFS); F. Left ventricular
end-systolic diameter (LVESD); G. Left ventricu-
lar end-systolic volume (LVESV); #P<0.05 versus
Sham group. *P<0.05 versus Ml group.

quickly leads to the occurrence of VAs. Addi-
tionally, sympathetic stimulation can increase
catecholamine secretion and cause cardiac
sympathetic nerve redistribution after MI. Myo-
cardial fibrosis and concentric enlargement
decreased LV function. Selective denervation
of sympathetic afferent nerves with RTX chang-
es the cardiac structure (LV remodeling),
enhances LV function, and improves heart
failure.

Previous studies have shown that the cardiac
sympathetic afferent reflex increases cardiac
sympathetic tone and cardiac remodeling in

Int J Clin Exp Pathol 2021;14(4):408-416
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CHF [20]. RTX can block sympathetic afferent
nerves and influence the cardiac neuroendo-
crine system [21, 22]. A study by Wang et al
demonstrated that RTX works selectively on
local epicardial cardiac sympathetic afferent
nerves to cause selective cardiac sympathetic
afferent denervation, and reduces cardiac
remodeling after Ml by interfering with cardiac
and renal sympathetic nerves [23]. Neverth-
eless, our study demonstrated that selective
cardiac sympathetic afferent depletion and de-
afferentation by epicardial RTX treatment pre-
vents excessive local cardiac sympathetic acti-
vation in MI rats. The results of our study
display that epicardial application of RTX can
influence ventricular repolarization, inhibit the
occurrence of ventricular arrhythmias, attenu-
ate sympathetic nerve remodeling and sympa-
thetic hyperactivity, and protect cardiac func-
tion in rats after Ml.

MI elicits the release of various metabolites,
that can stimulate cardiac sympathetic afferent
nerve endings affecting the ventricular electro-
physiological properties (Tend-Tpeak intervals,
QRS, QT and so on) [24]. In this study, we found
that sympathetic excitation was alleviated by
RTX treatment, which prolonged repolarization
and reduced the occurrence of VA in Ml rats.
Interventions targeting cardiac sympathetic
activation may be safe and effective strategies
to reduce the incidence of lethal VAs. We
observed TH- and GAP43-positive cells within
the area of MI. Along with gradually increased
TH and GAP43, cardiac nerve density was dra-
matically increased. We also found dramatical-
ly increased protein expression levels of TGF-3
and cx43 in rats with chronic MI.

Related studies have demonstrated that inhibi-
tion of sympathetic excitation prevents myocar-
dial fibrosis in CHF [25]. However, our study
found that epicardial RTX treatment significant-
ly reduced MI-induced cardiac dilation and HW/
DW index, such as the increase of LV systolic
and diastolic diameters and volumes compared
with the Ml rats, suggesting a protective effect
on cardiac muscle.

Conclusions

Epicardial RTX treatment can improve cardiac
dysfunction, ventricular electrophysiological
properties, and sympathetic nerve remodeling
in rats with Ml injury.
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