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Effects of Renal Denervation on Gap Junctionin
High-Pacing-Induced Heart Failure Dogs

ABSTRACT

Background: Gap junction remodeling is an important cause of ventricular arrhythmia
in heart failure. However, it remains unclear whether renal denervation (RDN) regulates
gap junction remodeling in heart failure. To explore the effect of RDN on gap junction
remodeling in dogs with high-pacing-induced heart failure.

Methods: Fifteen dogs were randomly divided into control (n=5), heart failure (HF) (n=5),
and RDN+HF (n=5) group. A high-pacing-induced-heart failure model was established
using rapid right ventricular pacing for 4 weeks. The RDN+HF group underwent surgical
and chemical ablation of both renal arteries before 4 weeks rapid right ventricular pac-
ing. After 4 weeks, echocardiography, High-Performance Liquid Chromatography-Mass
Spectrometry test for norepinephrine and epinephrine, and pathological analysis were
performed in the above 3 groups. Further, immunohistochemical staining was used to
detect tyrosine hydroxylase, ChdT, connexin 43 (Cx43), and connexin 40 (Cx40). Connexin
43 and Cx40 expression was detected by western blotting. Transmission electron micros-
copy was used to observe the gap junction.

Results: Compared to the control group, myocardial fibrosis and sympathetic hyperactiv-
ity were observed in the HF group. Immunohistochemical staining and western blotting
showed that Cx40 expression and Cx43 expression was significantly reduced in the HF
group. Compared with the HF group, the RDN+HF group showed reduced sympathetic
hyperactivity, Cx40 expression, Cx40/Cx43 ratio, and increased Cx43 expression.

Conclusion: Renal denervation alleviates gap junction remodeling in high-pacing-
induced heart failure dogs.

Keywords: Heart failure, renal denervation, sympathetic activity, gap junction,
connexin 43

INTRODUCTION

Heart failure (HF) is the leading cause of cardiovascular disorders.” Over half of
individuals with HF ultimately succumb to ventricular arrhythmia.? Nevertheless,
there remains a dearth of efficacious medications for managing ventricu-
lar arrhythmia in HF.> Renal denervation (RDN) has emerged as a prospective
approach in addressing arrhythmia in HF. Furthermore, the mechanisms underly-
ing the potential antiarrhythmic properties of RDN are yet to be elucidated.

Remodeling of gap junctions has been identified as a key factor in the develop-
ment of ventricular arrhythmias during HF.>* Prior research has demonstrated
that there is ongoing restructuring of the gap junctions with cardiomyocytes in
HF.** These alterationsresultin anincreased vulnerability to ventricular arrhyth-
mias.>¢ Several investigations have proposed a significant association between
the activation of the renin—angiotensin—aldosterone (RASS) system and the
remodeling of the gap junctions.” Thus, the primary objective of this study was to
investigate the impact of RDN on gap junction remodeling in HF induced by high
pacing.

Heart failure is the most predominant cause of cardiovascular conditions.
Over half of individuals with HF ultimately succumb to ventricular arrhythmia.
Nonetheless, thereremainsashortage of effective medications for managingven-
tricular arrhythmia in HF. Recently, research into RDN has emerged as a promising
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approach for addressing arrhythmia in HF. Yet the mecha-
nisms underlying the potential antiarrhythmic impacts of
RDN are yetunknown. Gapjunctionrearrangementhasbeen
identified as a key factor in ventricular arrhythmia accom-
panying HF.® Studies have noted ongoing rearrangements in
cardiomyocyte gap junctionsin HF,>** which heighten suscep-
tibility to ventricular arrhythmia.>® Some investigations have
proposed a notable association between the activation of
the renin—angiotensin—aldosterone system (RAAS) and gap
junction remodeling.>’ Hence, the objective of this study was
toinvestigate the impact of RDN on gap junction remodeling
in high-pacing-induced HF.

METHODS

Animals and Welfare

All dogs (weight 12-15 kg, male or female, age 1-2 years old)
were raised in an SPF laboratory (temperature, 22-26°C;
humidity, 50-70%, light—darkness cycle, 12 hours light, 12
hours darkness; unlimited food and water) and were ran-
domly divided into 3 groups, including the control (n=5), HF
(n=5), and RDN+HF (n=5) group. There was no pacemaker
implantation and RDN in the control group. The HF group
received 4 weeks of rapid right ventricular pacing (RVP). The
RDN+HF group underwent RDN before RVP. The study was
approved (IACUC-201902-K03) and was carried out strictly
in accordance with the Declaration of Helsinki. At the end of
the study, the dogs were euthanized by an anesthetic over-
dose. Blood, renal, and heart tissues were harvested for fur-
ther analysis (Figure 1).

Construction of High-Pacing-Induced Heart Failure Model
The construction of a high-pacing-induced HF dog model
was described in our previous study.® In brief, the cork-
screw electrode was inserted under ultrasound guidance,
implanted in the apex of the right ventricle, and connected
to a cardiac pacemaker. After 2 weeks of recovery, pace-
maker frequency was adjusted to RVP (180 bpm for 3 days,
220 bpm for 3 days, and 250 bpm for 3 weeks). Heart fail-
ure was defined as left ventricular ejection fraction (EF)
less than 45%. Serum B-type natriuretic peptide (BNP) was
determined using a BNP ELISA kit (Jianglai, China).

Construction of Renal Denervation

Surgical and chemical RDN have been described and applied
in our previous study.’ Briefly, after the bilateral renal arter-
ies were approached, all visible nerves on the surface of the
renal arteries were cut off, and the surrounding renal artery
was moistened with a 20% phenol solution for 8-10 min.

HIGHLIGHTS

e Sympathetic activation and gap junction remodeling
were found in high-pacing-induced heart failure.

e Renal denervation suppressed sympathetic hyperactiv-
ity in high-pacing-induced heart failure.

e Renal denervation alleviates arrhythmia substrate
through reduced Cx40 expression and the Cx40/Cx43
ratio in high-pacing-induced heart failure dogs.
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Figure 1. Flowchart of study. Fifteen dogs were randomly
divided into control group, heart failure (HF) group, and renal
denervation (RDN) + HF group. Right ventricular pacing was
used to construct a chronic heart failure model in the HF
group. Pacing frequency 180 beats/min for 3 days, pacing
frequency 220 beats/min for 3 days, pacing frequency 250
beats/min for 3 weeks. The control group was a sham
operation group, no pacemaker implantation, and no RDN
surgery was performed. In the RDN+ HF group, after RDN
surgery, a pacemaker was implanted to construct heart
failure, with a pacing frequency of 180 times/min for 3days, a
pacing frequency of 220 times/min for 3 days, and a pacing
frequency of 250 times/min for 3 weeks. Finally, cardiac
ultrasound, high-performance liquid chromatography-mass
spectrometry were used to detect norepinephrine and
epinephrine nerve discharge. Cardiac tissue was collected in
the3groupsforpathologicalanalysis,immunohistochemistry,
and Western Blot, and electron microscopy.

Echocardiography

Echocardiography was performed using a phased-array sys-
tem (Sonos5500, Philips Ultrasound, United States) in the
conscious state. The left ventricular EF was recorded after
4-week RVP.

High-Performance Liquid Chromatography—Mass
Spectrometry

Our previous study measured norepinephrine (NE) and
epinephrine (E) using HP-LC-MS. First, 12.2 mg of E stan-
dard (Zhongshan Golden Bridge, China) and 10.0 mg of
NE (Zhongshan Golden Bridge, China) were added to 0.1%
ascorbic acid solution (1 mg of ascorbic acid was dissolved
in 1 mL methanol). The plasma samples (250 pL) were then
pretreated with 250 pL of ammonium acetate, 200 pL of
methanol, and 200 pL of water, and the sample was dissolved
in 200 pL of ammonium acetate and 200 pL of acetonitrile:
isopropanol (50 : 50). The samples were blown dry using a
nitrogen gun and reconstituted with 50 pL of an acetonitrile:
water (85 : 15) solution containing 2% formic acid. Finally,
the injection volume was 20 pL for both the sample and the
standard. Analysis was performed using ultra-high-perfor-
mance liquid chromatography (ACQUITY UPLC, Waters) and
mass spectrometry (ACQUITY TQD, Waters). Samples were
eluted using a gradient program consisting of mobile phase
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A, containing 30 mM formic acid in 5 : 95 acetonitrile: MilliQ
water, and mobile phase B, containing 30 mM formic acid in
85:15 acetonitrile: MilliQ water. The following MS conditions
were used: flow rates of cone gas and desolvation gas were
150 and 900 L/h, respectively, with a source temperature of
150°C, desolvation temperature of 550 °C, and Electrospray
ionization (ESI*).

Nerve Discharge Recording

The left stellate ganglion (LSG) was dissected and the sur-
rounding fat tissue was separated using a glass needle. A
pair of silver bipolar microelectronics was inserted into the
LSG, and a ground wire was connected to the chest wall to
reduce noise. Nerve signals and electrocardiography (ECG)
were recorded using the PowerLab data acquisition system
in the control and HF group, and all data were analyzed using
Lab Chart 8.0/proV7 software (Bio Amp; ADInstruments).
The nerve discharge was quantitatively analyzed using sig-
nal-to-noise ratios greater than 3:1, as shown in a previous
study.” The amplitude and frequency of discharge in the 1
minutes were defined as nerve activity.

The ILSG was dissected and the surrounding fat tissue was
separated using a glass needle. A pair of silver bipolar micro-
electronics wasinsertedinto the LSG, and a ground wire was
connected to the chest wall to reduce noise. Nerve signals
and ECG were recorded using the PowerLab data acquisi-
tion system in the control and HF group, and all data were
analyzed using Lab Chart 8.0/proV7 software (Bio Amp;
ADInstruments). The nerve discharge was quantitatively
analyzed using signal-to-noise ratios greater than 3 : 1, as
shown in a previous study.” The amplitude and frequency of
discharge in the Tminute were defined as nerve activity.

Pathological Analysis

Ventricular tissues were harvested for Masson and Sirius
scarlet staining. The area of the interstitial fibers was cal-
culated using image analysis software (Imagel). The renal
arteries were harvested for further hematoxylin staining to
observe the renal nerve.

Immunohistochemistry

Paraffin-embedded tissue (renal and myocardial tis-
sues) sections were deparaffinized, baked, dewaxed, and
hydrated. The process of immunohistochemical staining
was performed as follows: endogenous peroxidase activity
was quenched using 3% hydrogen peroxide, samples were
subjected to heat-mediated antigen retrieval (citrate buf-
fer, pH 6), and samples were then blocked with goat serum.
Primary antibody incubation was performed overnight at
4°C using different dilutions, including tyrosine hydroxylase
(TH, 1 : 500, Proteintech, USA), choline acetyltransferase
(ChdT, 1: 300, Bioss, China), connexin (Cx)43 (1:500, Abcam,
USA), and Cx40 (1: 200, Abcam, USA) antibodies, and the
secondary antibody was incubated for 1 hour at 37°C. The
sections were washed 3 times (5 min/wash) after each step.
Diaminobenzidine (DAB; ZSGB-BIO, China) was used to stain
the sections. Finally, an optical microscope (Leica, Wetzlar,
Germany) was used for evaluation. Five fields were selected
randomly from each slide for quantitation with Image-J
software. The nerve density was calculated as positive nerve
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area/total area x100%. The Cx43, Cx40 expression was cal-
culated as the percentage of Cx43 -/Cx40- positive staining
area, and Cx43 lateralization was analyzed as in a previous
study.™

Western Blot

Western blotting was performed using standard methods,
and the ventricles were dissected and subjected to mem-
brane protein extraction. Immunoblot analysis was per-
formed using anti-Cx43(1: 1000, Abcam, USA), anti-Cx40 (1:
1000, Abcam, USA), and GAPDH (1: 2000, Chemicon, USA).
The bands were analyzed by Bio-Image and signal quantita-
tive molecularimage chemical DocXRS system analysis (Bio-
Rad, Richmond, Calif, USA). As reported previously, band
intensities were expressed relative to those of GAPDH."

Transmission Electron Microscopy

The morphology of the intercalated discs in the ventricle
was observed using transmission electron microscopy (TEM,
JEM-1220, JEOL Ltd., Tokyo, Japan). Myocardial tissue was
fixed with 4% glutaraldehyde for 24 hours, dehydrated with a
graded ethanol series, post-fixed with 0.5% osmium tetrox-
ide, contrasted with 2% uranyl acetate and 0.1% tannic acid,
and embedded in epoxy resin.?

Statistical Analysis

Continuous data are presented as mean * SD, Kolmogorov—
Smirnov tests were performed for checking data normality.
Comparisons between 2 groups were carried out using the
independent t test. Multiple comparisons were evaluated
by one-way ANOVA followed by Tukey's Post Hoc multiple
comparisons. SPSS19.0 software (SPSSInc., Chicago, I, USA)
was used for data analysis, and statistical significance was
defined as P < .05.

RESULTS

Renal Denervation Effectively Removed Renal Nerves
AsshowninFigure2A, RDN effectively removedrenalnerves.
Compared with the control group, the TH-positive area of
the renal tissue in the HF group was significantly increased
(Figure 2B; Control vs. HF group, P = .0052). Compared with
the HF group, the TH-positive area of the renal tissue in the
RDN+HF group was significantly reduced, indicating that
RDN effectively removed renal nerves (Figure 2B; HF vs.
RDN+HF group, P =.0006).

Successfully Generation of High-Pacing-Induced Heart
Failure Model

After 4 weeks of RVP, the HF group had reduced EF (Table 1)
(HF group, EF, 40.32 + 6.09%). Sirius scarlet and Masson stain-
ing showed myocardial interstitial fibrosis in the HF group
(Figure 3; Sirius scarlet, Control vs. HF group, P < .0007;
Masson, Control vs. HF group, P < .0001). Moreover, plasma
BNP was significantly increased in the HF group (Control
vs. HF group, 128.6 + 29.87 vs. 266 = 48.43, P < .0001)
(Table 1), indicating that the dog model of HF was success-
fully established.

Renal Denervation-Alleviated Myocardial Fibrosis
Fibrosis occurred in the ventricles of the HF group accord-
ing to Sirius scarlet and Masson staining (Figure 3A-B).
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A Control HF RDN+HF
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Figure 2. Renal denervation effectively removed renal nerves. (A) Representative images of hematoxylin staining of renal
vessels. (B) Representative images of TH staining of renal tissue among 3 groups. (C) Quantitative analysis of TH expression of the
renal tissue among 3 groups, **P <.01. n=5 for each group.

A small amount of fat cell infiltration was observed in

Table 1. Echocardiographic Examination and Serum B-type

Natriuretic Peptide at 4-Week Rapid Ventricular Pacing the ventricle in the HF group (Figure 3A). Renal denerva-
Control RDN+HE tion-reduced fibrosis of the ventricle (Figure 3A-B; Sirius
(n=5) HF (n=5) (n=5) P scarlet, HF vs. RDN+HF group, P < .0001; HF vs. RDN+HF
RVdiameter, 21.62+177 26.4+226** 21.84:156* <05  9roup.P<.0001).

mm Renal Denervation-Ameliorated Sympathetic

LVDd,mm  34.77+293 41.44 + 38.77+3.47 <05  Hyperactivity

3.50%* Compared to the control group, frequent and amplitude

LVDs, mm 22.06+2.10 38.25+ 33.02+ <.01 premature ventricular contractions were observed in the HF
3.89** 2.30%x group, accompanied by an increase in LSG nerve discharges

LVPWd, mm  9.83+0.62 6.46+099** 786 % <.01 (Figure 4A; frequent, control vs. HF group, P < .0001; ampli-
0.68%** tude, control vs. HF group, P < .0001). Epinephrine and NE

LVPWs,mm 1114 +0.62 8.61+x0.77** 910*1.42** <.01 levels were higher in the HF group than in the control group
LVEF, % 66.29 +5.74 40.32 + 50.06 * <.01 (Figure 4B; E, control vs. HF, P = .0001; NE, control vs. HF, P
6.09** 2.95#%* =.0037). Renal denervation suppressed E and NE compared

BNP, ng/L 128.6 £29.87 266+ 48.43** 174 +11.58% <.01 to those in the HF group (Figure 4B; E, HF vs. RDN+HF, P
BNP, B-type Natriuretic Peptide; HF, heart failure; LVDs, left =.0001; NE, HF vs. RDN+HF, P = .0106). A higher expres-
ventricular end systolic diameters; LVDd, left ventricular end diastolic sion of TH-positive nerve densities was observed in the HF

diameter; LVEF, left ventricular ejection fraction; LVPWs, left
ventricular posterior wallin systole; LVPWd, left ventricular posterior
wallin diastole; RV, right ventricular end-diastolic diameter.

group than in the control group (Figure 5A; P =.0050), which
was reversed by RDN (Figure 5A; P = .0070). However, there

*P < .05 vs. control. was no significant difference in Chdl expression in ventri-
**P<.01vs. control. cle among the 3 groups (Figure 5B; control vs. HF group, P =
#P < .05 vs. HF group. . _ .

.4706; control vs. RDN+HF group, P = .5191; HF vs. RDN+HF

#p < .01vs. HF group.

group, P =.9959).
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Figure 3. Renal denervation-attenuated ventricular myocardial fibrosis in high-pacing-induced heart failure dogs. (A)
Representative Masson staining in ventricle among the 3 groups, and quantitative analysis of the fibrosis in the ventricle. (B)
Representative Sirius Scarlet staining ventricle among the groups, Quantitative analysis of fibrosis in the ventricle. *P < .05,

**P < .01.n=5 for each group; scale bar, 100 pm.
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Figure 4. Sympathetic activation in high-pacing-induced
heart failure dogs. (A) ECG and LSG nerve discharge.
Ventricular extrasystoles are indicated with red arrows,
ventricular tachycardia are indicated by red boxes. Black
arrows indicate increasing amplitude of sympathetic
discharge. ECG, electrocardiography; LSG, left stellate
ganglion; scale bar, 1 second. (B) Quantitative analysis of E
and NE among 3 groups by HP-LC-MS. E, epinephrine;
HP-LC-MS, high-performance liquid chromatography—mass
spectrometry; NE, norepinephrine. *P <.05, **P <.01.n=5 for
each group.

RDN+HF Control HF RDN+HF

Renal Denervation-Alleviated Gap Junction Remodelingin
Ventricle

Compared with the control group, the expression of Cx43
in the HF group was significantly reduced (Figure 6A; P =
.0160); Compared with the HF group, the expression of
Cx43 in the RDN+HF group was significantly increased
(Figure 6A; P = .0013). The lateralization of Cx43 in the HF
group was higher than that in the control group (Figure 6A;
black arrowheads indicate Cx43 lateralization, P < .0001).
But, there were no significant differences among the HF
and RDN+HF groups for Cx43 lateralization (Figure 6A;
black arrowheads indicate Cx43 lateralization, P = .0610).
Cx40 expression in the HF group was higher than that in

A Control HF
Vo ) s S— i

THZ
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the control group (Figure 6B; P = .0010). Cx40 expression
in the RDN+HF group was lower than that in the HF group
(Figure 6B; P=.0488).

Quantitative analysis of the expression of Cx43, Cx40,
and Cx40/Cx43 was performed by western blotting
(Figure 6C-D). Compared with the control group, Cx43
in the HF group (Figure 6D; P = .0004) was significantly
reduced, whereas Cx40 expression (Figure 6D; P = .0140)
and Cx40/Cx43 (Figure 6D; P = .0001) ratios were signifi-
cantly increased. Compared with the HF group, Cx43 in
the RDN+HF group increased significantly (Figure 6D;
P = .0407), and the RDN+HF group showed significantly
reduced Cx40 expression (Figure 6D; P = .0120) and the
ratio of Cx40/Cx43 (Figure 6D; P = .0050). In addition, the
gap junction and desmosomes connection in the control
group were arranged intermittently, but this phenomenon
was less frequently seen in the HF group (Figure 6E). Renal
denervation seemed to alleviate gap junction remodeling
(Figure 6E).

DISCUSSION

Excessive activation of the sympathetic nervous system
and changes in gap junction structure play a key role in the
development of arrhythmias in HF. Our research uncovered
that RDN could potentially improve the arrhythmia-prone
environment by mitigating sympathetic overactivation and
remodeling of gap junctions in high-pacing-induced HF. The
impact of RDN on gap junction remodeling was character-
ized by a decrease in the levels of Cx40 and the Cx40/Cx43
ratio, alongside anincrease in Cx43 expression.

Sympathetic Activation in High-Pacing-Induced Heart Failure
The significant role of the sympathetic nervous system in
the development and persistence of arrhythmia has been
well established. Studies have demonstrated that height-
ened sympathetic activity extends repolarization dura-
tion, enhances repolarization variability, and elevates the
rate of arrhythmia.” In cases of HF, there is an initial rise
in cardiac sympathetic nerve activity, precipitating ven-
tricular arrhythmias.™* Our research similarly indicated
that ventricular contractions associated with sympathetic
overactivation were observed in high-pacing-induced
HF dogs.

_25
S8R 220 _—

i 215
v 1.0
' T05

RDN+HF

TH d

ol
Control HF RDN+HF

ChAT density (%)

HF RDN+HF

Control

Figure 5. Effects of renal denervation on autonomic neural remodeling. (A) Representative images and quantitative analysis of

TH staining. (B) Representative images and quantitative analysis of ChAT staining.*P < .05, **P <.01. n=5 for each group; scale
bar, 100 pm.
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Figure 6. Effects of renal denervation on gap junction remodeling. (A) Immunohistochemical staining of Cx43 on the ventricle. A
black row indicates the Cx43 lateralization. (B) Immunohistochemical staining of Cx40 on the ventricle. (C) Expression of Cx40
and Cx43 was detected by western blotting. (D) Quantitative analysis of the expression levels of Cx43, Cx40, and Cx40/Cx43
ratio. *P <.05,**P <.01; n=5 for each group. Cx43, connexin 43; Cx40, connexin 40. (E) Ultrastructural images of gap junction in
the ventricular myocardium conducted by transmission electron microscopy; The region of the gap junction is indicated by the
black box; scale bar, 1pm.

Renal Denervation-Suppressed Sympathetic Hyperactivity
in High-Pacing-Induced Heart Failure

Renal denervation is a novel intervention strategy for auto-
nomic nerve regulation. It not only suppresses the activity of
sympathetic nerves but also reduces the activity of the RASS
system.™ Renal denervation shows promise for patients with
atrial fibrillation (AF) stemming from both pulmonary vein
and extrapulmonary vein triggers.” The ERADICATE-AF
study demonstrated a notable decrease in the recurrence
rate of AF and atrial tachyarrhythmias in patients who
underwent RDN alongside circumflex pulmonary vein isola-
tion.” Nevertheless, further validation through extensive
long-term trials is necessary to confirm these findings. In
2018, our team found that RDN reduces ventricular arrhyth-
mia after myocardial infarction by reducing the sympathetic
activity.? Yamada et al* also suggested that RDN reduced
therisk of ventricular arrhythmia (manifestedin the shorten-
ing of ERP and reduction of APD,,) in a rabbit model of HF by
inhibiting sympathetic activity.'*®On the other hand, a study
conducted by Evranos et al” has demonstrated thatRDNis a
secure and efficient method for decreasing the arrhythmia
load in individuals with stubborn ventricular arrhythmias.

e 434

Additionally, it has the potential to serve as a treatment
option for polymorphic ventricular tachycardia that trig-
gers electrical storms.?°|n our study, RDN reduced the sym-
pathetic activity and NE/E. Further, the changes of vagus
nervesinthe ventricles were not significantin this study. This
finding suggests that RDN reduces the risk of ventricular
arrhythmiain HF possibly mainly by suppressing sympathetic
activity. This further demonstrated that arrhythmia con-
nected with the activation of sympathetic.

Renal Denervation-Regulated Cardiac Fibrosis

Numerous research studies have indicated that there is obvi-
ous atrial and ventricular fibrosis in HF. Myocardial fibrosis
results in slow conduction and increased heterogeneity.?"?? Li
et al® found that RDN reduced atrial and ventricular fibro-
sis in HF after myocardial infarction. Consistent with prior
studies,?* our study demonstrated that RDN inhibited myo-
cardial fibrosis and improved cardiac function in high-pac-
ing-induced HF dogs.

Renal Denervation-Regulated Gap Junction Remodeling
Gapjunction mediatesintercellular electricalcouplingin car-
diomyocytes. The gap junction proteins found in the heart,
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Cx40 and Cx43, have been strongly linked to arrhythmias.
Studies have found that a decrease in Cx43 expression leads
to uncoupling of the gap junction, ultimately increasing the
risk of ventricular arrhythmias. Additionally, the presence of
Cx40 in myocardial tissue is inversely related to gap junction
conduction velocity. Our research demonstrated that RDN
resulted in an increase in Cx43 expression and a decrease
in Cx40 expression. Previous literature has indicated that
activation of sympathetic. nerves or the RAAS can lead to
downregulation of Cx43 and upregulation of Cx40 in the
heart. Our findings further support the association between
sympathetic nerve activity and the expression levels of Cx43
and Cx40. Therefore, it is plausible to suggest that RDN may
impact arrhythmia susceptibility by modulating the expres-
sion of Cx40 and Cx43.

The ratio of Cx40 to Cx43 is correlated with the develop-
ment of arrhythmia. When increasing Cx40/Cx43 ratio
results in decreased coupling, consequently reducing con-
duction speed between cardiomyocytes and elevating the
risk of reentrant arrhythmia.?*2¢ The alteration in the Cx40/
Cx43 ratio is partially initiated by the signaling cascade in
the extracellular matrix (involving cAMP, angiotensin Il, and
growth factors).?” Our research demonstrated that RDN led
to decreased levels of the Cx40/Cx43 ratio. We believe that
this effect may stem from RDN's influence on the RAAS or
sympathetic nervous system activity.

Lateralized Cx43 was located on both sides of the cell
boundary. Connexin 43 lateralization in HF has been shown
in this study. Connexin 43 lateralization leads to increased
propensity for arrhythmogenesis. The possible reasons for
this might include the following 3 reasons: i) Lateralized
Cx43 may lose its original function and lack mechani-
cal stability.?®?° ii) Cx43 lateralization has been associ-
ated with decreased longitudinal conduction velocity (a
potential proarrhythmic change).?°*2 3. Zigzag conduction
is caused by the lateralization of Cx43.5%* Previous studies
have shown that Cx43 |lateralization is directly attributed
to sympathetic overactivation via adrenergic receptor
agonists.* Yet this study did not show RDN-reduced Cx43
lateralization. This result could be attributed to multiple
possible reasons: first, a relatively short follow-up period.
Second, Cx43 lateralization may be regulated by multiple
system control mechanisms, such as autophagy, mechani-
cal overload. Given that Cx43 lateralization can also be
arrhythmogenic, how to reduce the lateralization of Cx43
needs to be further studied.

Study Limitations

This study has some limitations. First, the exact mechanism
of RDN altering gap junction remodeling is not clear. Second,
the ways of reducing lateralization of Cx43 were unclear.

CONCLUSION

Sympathetic hyperactivity and gap junction remodeling
have been observed in high-pacing-induced HF dogs. Renal
denervation-reduced sympathetic activity, Cx40 expression,
and the Cx40/Cx43 ratio in high-pacing-induced HF dogs.
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