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HIGHLIGHTS

� In systolic heart failure, decreased renal

perfusion due to impaired cardiac

pumping activates the renal nerves, which

send a signal to the brain to call for help.

� The brain thus activates the

neurohormonal system to increase organ

perfusion, which may predispose the

heart to ventricular arrhythmia.

� Chemical renal denervation with phenol

cuts the signal sent to the brain and thus

decreases the susceptibility to ventricular

arrhythmia in rats with systolic heart

failure.
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SUMMARY
AB B
AND ACRONYM S

APD = action potential

duration

APD-ALT = action potential

duration alternans

Ca-ALT = calcium transient

alternans

HF = heart failure

MI = myocardial infarction

RDN = renal denervation

PR = pacing rate

SCD = sudden cardiac death

VF = ventricular fibrillation

VT = ventricular tachycardia
Several studies have shown the beneficial effect of renal denervation (RDN) in the treatment of ventricular

arrhythmia, especially in the setting of heart failure (HF). However, the underlying mechanism of antiarrhythmic

effect of RDN is unknown. Arrhythmogenic cardiac alternans, particularly spatially discordant repolarization

alternans, characterized by simultaneous prolongation and shortening of action potential duration (APD) in

different myocardial regions, is central to the genesis of ventricular fibrillation in HF. Whether RDN decreases

the susceptibility to arrhythmogenic cardiac alternans in HF has never been addressed before. The authors used

a rat model of post-myocardial infarction HF and dual voltage-calcium optical mapping to investigate whether

RDN could attenuate arrhythmogenic cardiac alternans that predisposes to ventricular arrhythmias, as well as

the hemodynamic effect of RDN in HF. The HF rats had increased body weights, dilated hearts, and lower blood

pressure. The HF rats also had longer ventricular APDs and a delay in the decay of the calcium transient, typical

electrophysiological features of human HF. Susceptibility to calcium transient alternans, APD alternans, and

spatially discordant APD alternans was increased in the HF hearts. RDN significantly attenuated a delay in the

decay of the calcium transient, calcium transient and APD alternans, and importantly, the discordant APD

alternans, and thereby decreased the incidence of induced ventricular arrhythmia in HF. RDN did not further

decrease blood pressure in HF rats. In conclusion, RDN improves calcium cycling and prevents spatially

discordant APD alternans and ventricular arrhythmia in HF. RDN does not aggravate hemodynamics in HF.

(J Am Coll Cardiol Basic Trans Science 2017;2:184–93) © 2017 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
P atients with heart failure (HF) still have a poor
prognosis, and treatment for HF still remains a
great challenge although pharmacological and

device therapies have greatly improved in recent
years. Compared with the general population, the
presence of HF is associated with a 6- to 9-fold
increased risk of sudden cardiac death (SCD) (1). The
most common cause of SCD in HF is ventricular
arrhythmias, such as ventricular tachycardia (VT) or
fibrillation (VF) (1). There is clear evidence that
activation of the sympathetic nervous system plays
a major role in the pathogenesis and mechanism of
ventricular arrhythmias in HF (2).
SEE PAGE 194
The recent introduction of endovascular catheter-
based radiofrequency ablation technology, renal
denervation (RDN), has emerged as a treatment tool
for patients with resistant hypertension. This
catheter-based approach that targets the efferent and
afferent renal sympathetic nerves has been demon-
strated to result in a favorable blood pressure reduc-
tion through modulation of sympathetic activity
(3,4). Recently, catheter-based RDN has also been
studied in the treatment of other relevant cardiovas-
cular diseases that are involved in activation of the
sympathetic nervous system, such as HF, atrial
fibrillation, and ventricular arrhythmias (5–9).

In 2012, Ukena et al. (7) first showed that RDN
greatly decreased VT/VF episodes in 2 patients with
HF due to cardiomyopathy and therapy-resistant
electrical storm. One recent report also showed that
RDN successfully treated repetitive VT/VF that were
refractory to antiarrhythmic drug therapy and abla-
tion in a patient with acute myocardial infarction (MI)
and HF (8). In a recent small case series, a significant
reduction of VT burden was observed after RDN in 4
patients with HF and VT despite maximized antiar-
rhythmic therapy and ablation (9). In all these
patients, RDN not only was an effective treatment
modality for suppressing or diminishing ventricular
arrhythmias, but also was associated with a good
safety profile.

The electrophysiological characteristics and the
mechanisms of ventricular arrhythmias that occur
during HF are complex and depend on the underlying
diseases. In HF, intracellular calcium homeostasis is
altered, and such calcium-handling impairment has
been demonstrated to result in arrhythmogenic
calcium transient alternans (Ca-ALT) and thus action
potential duration (APD) alternans (APD-ALT) (10).
Several lines of evidence have shown that arrhyth-
mogenic APD-ALT is the major mechanism initiating
ventricular arrhythmias and SCD in HF (11–13).

Based on the preliminary results of the small series
of case studies showing the beneficial effect of RDN in
the treatment of ventricular arrhythmia in HF and
from a pathophysiological point of view, RDN may be
an effective treatment for the prevention and treat-
ment of ventricular arrhythmias in HF. However, the

http://creativecommons.org/licenses/by-nc-nd/4.0/


FIGURE 1 HF Hearts Have Longer APDs, Which Are Shortened

by RDN

(A) Representative apical action potentials in the apex of the

hearts of sham control (CTL), heart failure (HF), and HF plus

renal denervation (HFþRDN) hearts are shown. (B) Summary

data of action potential duration for all the groups are shown.

The HF hearts have a longer mean action potential duration

(APD) than CTL hearts. The HFþRDN hearts have a shorter

mean APD compared with the HF hearts. Data represent

mean � SD; *p < 0.05 HF versus CTL group. #p < 0.05

HFþRDN versus HF group.
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molecular mechanism underlying the antiarrhythmic
effect of RDN is still unknown. Whether RND de-
creases the susceptibility to arrhythmogenic cardiac
and APD-ALT in HF has never to our knowledge been
addressed before. Accordingly, in the present study,
using a rat model of post-MI HF, we sought to
investigate whether RDN could attenuate arrhyth-
mogenic cardiac alternans that predisposes to
ventricular arrhythmias, as well as investigate the
hemodynamic effect of RDN in HF.

METHODS

RAT MODEL OF HF AND ISCHEMIC CARDIOMYOPATHY.

Adult male Wistar rats (BioLASCO, Taipei, Taiwan)
weighing 250 to 300 g received intraperitoneal
injection of urethane (1,000 mg/kg) (Sigma-Aldrich,
St. Louis, Missouri). The anesthetized rats were
endotracheally intubated with a PE240 polyethylene
tubing (I.D. 1.67 mm, O.D. 2.42 mm) (Intra-Medic
polyethylene tubing, Clay Adams, Sparks, Maryland)
through an incision of the trachea and then mechan-
ically ventilated (17 to 23 ml/kg, 50 respirations/min)
(SAR-830 /P Small Animal Ventilator, CWE, Ardmore,
Pennsylvania). The respiration rate was approxi-
mately 110 per min, with an inspiratory pressure of 17
to 18 cm H2O.

The chest was then opened through a sternal inci-
sion. The pericardium was cut to uncover the heart.
The left anterior descending coronary artery (LAD) is
located between the pulmonary artery and the left
auricle. The LAD was ligated with 1 suture using an
8-0 Prolene suture, and the anterior wall of the left
ventricle was observed for evidence of blanching,
indicating ischemia. If the myocardium did not
become increasingly pale, a second ligature was
placed more proximally. A chest tube (28G, venal
catheter) was then placed between the 4th and the
5th rib, and the thoracic incision was closed in layers
using running sutures to adapt the ribs and to close
the skin. The endotracheal tube was taken out, the
tracheal cartridge rings were sutured, and then the
skin was closed.

In the sham control group, only a thoracotomy and
closure were performed. The experimental protocol
conformed to the Guide for the Care and Use of
Laboratory Animals (NIH Publication, 8th edition,
2011) and was approved by the Institutional Animal
Care and Use Committee of the National Taiwan
University College of Medicine.

RDN PROCEDURE. Four weeks after LAD ligation,
RDN was performed through a lateral abdominal
incision. The abdominal aorta and renal artery were
separated, with the renal artery exposed at about
3 cm from the abdominal aorta. All visible renal nerve
bundles were removed, and adventitia of the renal
artery and vein were stripped with the aid of a
dissecting microscope. Blood vessels were then
gently painted with a cotton swab soaked with a
solution of 95% ethanol and 10% phenol in ethanol
(Supplemental Figure 1) (14). In the sham control
group, the kidneys were exposed in the same manner
as the RDN group, but the vessels were not stripped or
painted with phenol (15). Therefore, the control ani-
mals received both a thoracotomy and abdominal
incision as sham operations, and the HF without RDN
animals also received an abdominal incision as the
sham operation.
ELECTROPHYSIOLOGICAL STUDIES OF THE RAT

HEART. Four weeks after the RDN procedure, the rats
were anesthetized, and blood pressure were first

http://dx.doi.org/10.1016/j.jacbts.2017.01.008


FIGURE 2 HF Hearts Have an Increased Susceptibility to APD-ALT, Which Is Prevented

by RDN

(A) Representative action potential tracings at 333-ms and 130-ms pacing cycle length

from CTL, HF, and HFþRDN hearts are shown. Significant APD alternans (APD-ALT) is

seen in the HF heart (middle panel), but not in the CTL (upper panel) and HFþRDN

(lower panel) hearts. (B) Summary data demonstrating the relationship of pacing rate

(PR) and APD alternans from CTL, HF, and HFþRDN hearts are shown. In HF hearts,

more APD-ALT is observed at each PR tested, and HF produces a leftward shift in APD-

ALT to PR relationship, which is prevented by RDN (HFþRDN). *p < 0.05 HF versus CTL

group. #p < 0.05 HFþRDN versus HF group. bpm ¼ beats/min; L ¼ long action potential

duration; S ¼ short action potential duration; other abbreviations as in Figure 1.
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measured. The hearts were then quickly removed,
and the aorta was cannulated and perfused with
oxygenated Tyrode solution as previously reported
(16). High-resolution dual calcium-voltage mapping
and microelectrode methods were performed to
record action potentials and calcium transients in the
left ventricular posterior wall (16). In optical map-
ping, the hearts were first perfused with the electro-
mechanical uncoupler blebbistatin (1 mmol/l, Sigma
Aldrich) and then stained with voltage-sensitive dye
RH237 (5 mmol/l, Molecular Probes, Eugene, Oregon)
and calcium-sensitive dye Rhod-2 AM (5 mmol/l,
Molecular Probes), and action potentials and calcium
transients were recorded by 2 CMOS charge-coupled
device cameras (MiCam Ultima, SciMedia, Tokyo,
Japan), each with 100 � 100 pixels and acquiring
images at 1,000 frames per second. Fluorescent light
from both dyes was split by a fluorescence splitter
(MiCam Ultima, SciMedia). The longer-wavelength
light (>690 nm) for action potential recording and
shorter-wavelength light (585 nm) for calcium
transient recording were directed to the 2 CMOS
charge-coupled device cameras.

Incremental pacing at the apex was applied to
induce alternans and ventricular arrhythmia. Mea-
surement of apical APD-ALT was made on 6 serial
consecutive beats, and the APD was averaged for the 3
even and 3 odd beats, respectively. The magnitude of
APD-ALT at each mapping point was defined as
the mean APD of even beats minus that of odd beats.
The APD-ALT (in milliseconds) was plotted against
the pacing cycle lengths.

The spatial patterns of repolarization, or magnitude
of APD-ALT, were represented as iso-alternans con-
tour maps. Contour intensity represented the magni-
tude of APD-ALT. Contour color represented the phase
of APD-ALT. Red (positive) and blue (negative) colors
indicated prolongation and shortening of repolariza-
tion, respectively. Therefore, red is marked positive
phase, yellow is mild positive phase, light blue is mild
negative phase and dark blue is marked negative
phase. When APD-ALT of 2 mapping sites was out of
phase, discordant alternans was observed, depicted by
the presence of both red and blue contours.

The calcium level was reported as F/F0, where F0
was the resting or diastolic fluorescence level. The
measurements were made on 6 serial consecutive
beats, and the F/F0 was averaged for the 3 even and
3 odd beats, respectively. The magnitude of Ca-ALT
at each mapping point was defined as the mean
peak F/F0 of even beats minus that of odd beats. To
further quantify the rate of reuptake of intracellular
calcium, the decay portion of the calcium transient
(from 30% to 90% of decline phase) was fit to a single
exponential function whose time constant tau, s, was
used to measure calcium decay (16).

STATISTICAL ANALYSES. All data were expressed as
mean � SD. Continuous data from independent group
were compared using the Student t test, and cate-
gorical data were compared using the Fisher exact
test. When there were more than 2 groups, means
were compared first using 1-way analysis of variance
and then post hoc Student t test with Bonferroni
corrections for the p values. A p value or post hoc
p value <0.05 was considered statistically significant.

RESULTS

RDN DOES NOT DETERIORATE HEMODYNAMICS OF

POST-MI HF. Increased body weight is the most com-
mon clinical feature of HF. The mean body weight for



FIGURE 3 HF Hearts Have Slower Calcium Reuptake Kinetics, Which Is Prevented by

RDN

(A) Representative calcium transients at 333-ms pacing cycle length from CTL, HF, and

HFþRDN hearts are shown. Calcium transients are expressed as F/F0 (fluorescence level

[F] normalized to diastolic fluorescence level [F0]). The decay portion of the calcium

transient (from 30% to 90% of decline phase) is marked as a red curve, and is fit to a

single exponential function whose time constant, s, is used to measure calcium decay.

(B) Summary data of time constant tau (s) and calcium transient amplitude for all the

groups are shown. The mean time constant s is larger in HF hearts than CTL hearts,

reflecting a slower calcium decay rate or a slower calcium reuptake. However, the mean

time constant s is smaller in HFþRDN hearts than HF hearts, suggesting RDN improves

calcium reuptake in HF. The calcium transient amplitude is also significantly smaller in HF

hearts than CTL hearts. RDN significantly increases calcium transient amplitude in HF

hearts (HFþRDN). Data represent mean � SD; *p < 0.05 HF versus CTL group. #p <

0.05 HFþRDN versus HF group. Abbreviations as in Figure 1.
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HF and HFþRDN rats (0.38 � 0.03 kg, n ¼ 20) was
significantly (p < 0.0001) greater than that of sham
control rats (0.29 � 0.03 kg, n ¼ 13), but no weight
differences were noted between HF and HFþRDN rats
(0.37 � 0.03 kg for HF [n ¼ 10] vs. 0.38 � 0.03 kg for
HFþRDN [n ¼ 10]). HF rats had a lower mean systolic
arterial pressure, compared with that of the sham
control rats (118 � 6 mm Hg for sham controls [n ¼ 13]
vs. 106� 8mmHg for HF [n¼ 10]; p¼0.0005). RDN did
not lower systolic arterial pressure or deteriorate the
hemodynamics of the HF rats, compared with those of
the HFwithout RDN rats (106�8mmHg for HF [n¼ 10]
vs. 100 � 10 mm Hg for HFþRDN [n ¼ 10]).

HF HEARTS HAVE A LONGER APD AND INCREASED

SUSCEPTIBILITY TO ARRHYTHMOGENIC APD-ALT,

WHICH WAS ATTENUATED BY RDN. We then char-
acterized the electrophysiological phenotypes in each
group. The action potentials were recorded in vitro.
The APD at baseline pacing was longer in the HF
heart, compared with that of the control heart
(mean APD 165 � 23 ms vs. 141 � 22 ms; p ¼ 0.0189)
(Figure 1). Prolonged APD is the pathognomonic
electrophysiological feature of human HF (17,18).
RDN significantly attenuated prolongation of APD in
the HF rats (mean APD 165 � 23 ms vs. 144 � 19 ms;
p ¼ 0.039) (Figure 1).

Recently, it has been demonstrated that repolari-
zation or APD-ALT is central to the genesis of
malignant ventricular arrhythmias or ventricular
fibrillation, and is a highly sensitive marker of sus-
ceptibility to SCD in patients with HF (10,11). We
sought to investigate whether loss of systolic function
or systolic HF led to increased susceptibility to
APD-ALT in our HF model and whether it was atten-
uated by RDN. Incremental pacing was performed to
evaluate the relationship between APD-ALT and
pacing rate (PR) in each group (Figure 2). In HF hearts,
there was a leftward shift in the APD-ALT to PR
relationship (Figure 2B). In other words, at each PR,
the magnitude of alternans was always greater in the
HF hearts, indicating greater susceptibility to
APD-ALT. We found that RDN prevented HF-induced
greater susceptibility to APD-ALT (Figure 2B).
HF HEARTS SHOW SLOWER DIASTOLIC CALCIUM DECAY

AND INCREASED SUSCEPTIBILITY TO Ca-ALT. Accumu-
lating evidence has shown that APD-ALT arise
primarily from Ca-ALT in both intact whole hearts
and in vitro cardiomyocytes (19). In the next step,
we tried to investigate the calcium dynamics in
the HF hearts and whether it could be prevented
by RDN.

The calcium transient of the post-MI HF hearts
showed characteristic features seen in human failure
hearts (10,18). The peak calciumwas smaller (Figure 3).
The decay rate of calcium transient was also slower,
with a larger time constant, indicating defective cal-
cium reuptake and cycling (Figure 3) (16,20). Defective
intracellular calcium cycling (impaired diastolic
reuptake) may directly contribute to Ca-ALT
(16,19,20). We then sought to investigate whether HF
hearts also had increased susceptibility to Ca-ALT.

Incremental pacing was performed to evaluate the
relationship between Ca-ALT and PR (Figure 4).
Again, in the HF hearts, there was a leftward shift in
the Ca-ALT to PR relationship, indicating greater
susceptibility to Ca-ALT. When comparing the APD-
ALT and Ca-ALT, the APD-ALT and Ca-ALT were
closely coupled, and longer APD was associated with
larger Ca transient. Defective Ca dynamics and the
development of Ca-ALT were prevented by RDN in
the HF hearts (Figures 3 and 4).



FIGURE 4 HF Hearts Have an Increased Susceptibility to Ca-ALT, Which Is Prevented

by RDN

(A) Representative calcium transient tracings at 333-ms and 130-ms pacing cycle length

from CTL, HF, and HFþRDN hearts are shown. Significant calcium transient alternans

(Ca-ALT) is seen in the HF heart (middle panel), but not in the CTL (upper panel), and

HFþRDN (lower panel) hearts. (B) Summary data demonstrating the relationship of PR

and Ca-ALT from CTL, HF, and HFþRDN hearts are shown. In HF hearts, more Ca-ALT is

observed at each PR tested, and HF produces a leftward shift in Ca-ALT to PR rela-

tionship, which is prevented by RDN (HFþRDN). *p < 0.05 HF versus CTL group.

#p < 0.05 HFþRDN versus HF group. L ¼ large calcium transient; S ¼ small calcium

transient; other abbreviations as in Figures 1 and 2.
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EFFECT OF RDN ON SPATIAL DISCORDANT APD

ALTERNANS IN HF. Figure 5 shows representative
action potentials in different regions from control,
HF, and HFþRDN hearts. The magnitude and phase of
APD-ALT are shown by iso-alternans maps. In control
hearts, cells alternated in phase at PR 600 beats/min,
with each alternating in a long-short-long-short
pattern (concordant alternans) (Figure 5A). However
at the identical PR in the HF hearts, cells alternated in
opposite phase, with a region alternating in long-
short-long-short pattern and the other short-long-
short-long (discordant alternans) (Figure 5B). In the
HFþRDN hearts, discordant alternans was signifi-
cantly attenuated (Figure 5C).

RDN DECREASESVENTRICULAR ARRHYTHMIA INDUCIBILITY

IN THE RAT MODEL OF POST-MI HF. Rapid pacing was
performed to induce VT/VF in each heart. Represen-
tative induced VT and VF electrocardiogram tracings
are shown (Figure 6A). Alternation of long and short
QT intervals is noted before the onset of VT or VF.
The VT/VF inducibility was higher in the HF than in
the control hearts (70% [7 of 10] vs. 8% [1 of 13]; p ¼
0.006). RDN significantly decreased VT/VF induc-
ibility (20% [2 of 10] vs. 70% [7 of 10]; p ¼ 0.07). The
mean duration of induced VT/VF was higher in the HF
group, compared with that of sham controls, and RDN
significantly decreased induced VT/VF duration
(Figure 6B). The proportion of induced VF was also
higher in the HF group, compared with that of sham
controls, and RDN decreased the proportion of
induced VF (Figure 6B).

DISCUSSION

MAIN FINDINGS. We first showed that in the rat
model of post-MI systolic HF, RDN improved
calcium dynamics and decreased susceptibility to
arrhythmogenic cardiac alternans, including spatially
discordant APD alternans, explaining the therapeutic
effect of RDN in the prevention and treatment of
HF-related ventricular arrhythmia or SCD. These
data suggested that RDN could modify cardiac
electrophysiological properties or the substrate for
ventricular arrhythmia in HF, even if the procedure
was not done in the heart. Additionally, RDN did not
have a significant impact on the hemodynamics of
HF. These findings imply that RDN could be safely
applied clinically in patients with HF.

ARRHYTHMOGENIC CARDIAC ALTERNANS AND

SUSCEPTIBILITY TO VT/VF AND SCD IN HF. It has
been demonstrated that HF is associated with alter-
nation of intracellular calcium handling and cycling
(10). To maintain normal calcium homeostasis, the
amount of released calcium to initiate cardiac
contraction must be equaled by the amount of cal-
cium reclaimed. In HF, cytoplasmic calcium reuptake
rate during diastole is decreased (as reflected by
decreased diastolic calcium decay rate) and the
amount of released calcium can only be fully
reclaimed on an alternating beat basis, resulting in
calcium transient alternans (10). Importantly, many
lines of evidence have proven that calcium transient
alternans leads to APD alternans, particularly
spatially discordant APD alternans, which conse-
quently results in conduction block and initiation of
ventricular arrhythmia (19,21).

In spatially discordant APD alternans, some ven-
tricular myocytes undergo a prolongation of APD,
whereas neighboring myocytes undergo APD short-
ening on the same beat. The development of
spatially discordant APD alternans amplifies repo-
larization gradients to produce conduction block



FIGURE 5 HF Enhances Susceptibility to Spatially Discordant Alternans, Which Is Prevented by RDN

The contour map of action potential duration alternans (APD-ALT) is shown. The magnitude of APD-ALT (contour intensity) at each mapping

point is defined as the mean APD of even beats minus that of odd beats. Red (positive) and blue (negative) colors indicate prolongation and

shortening of repolarization, respectively (contour phase). Therefore, red is marked positive phase, yellow is mild positive phase, light blue is

mild negative phase and dark blue is marked negative phase. (A) In the representative CTL heart, alternans that is in-phase (concordant

alternans) between site a and site b is observed at 600 beats/min PR. In the contour map, concordant alternans is distributed across the

whole map region (both site a and site b are dark blue). 1 indicates odd beats, and 2, even beats. (B) In the representative HF heart, alternans

that is out of phase between site a and site b (discordant alternans) is observed at a PR of 600 beats/min. At 600 beats/min pacing rate,

discordant alternans is observed, as APD of myocytes at site a and site b alternate with opposite phase, depicted by the presence of both red

and dark blue contours. (C) In the representative HF heart with RDN, although APD of myocytes at site a and site b alternate with the

opposite phase, the magnitude of discordant alternans is substantially decreased, depicted by the presence of both dark blue and yellow

contours. Abbreviations as in Figures 1 and 2.
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and thus initiate re-entrant arrhythmia such as VT
or VF (11–13). Clinically, electrocardiographic T-wave
alternans is the manifestation of cellular APD
alternans, and T-wave alternans is a consistent
precursor to VT/VF and a sensitive marker for SCD
in HF (22,23).



FIGURE 6 HF Hearts Have Increased Ventricular Arrhythmia Inducibility, Which Is

Prevented by RDN

(A) Representative induced electrocardiogram tracings of VT and VF in the HF group is

shown. Red horizontal lines annotate the QT intervals. L indicates long QT interval, and

S, short QT interval. Alternation of long and short QT intervals is noted before the onset

of VT and VF. (B) Summary data of the mean duration of induced VT or VF and the

proportions of induced VT and VF are shown. The mean duration of VT/VF and the

proportion of VF are higher in the HF group, compared with those of CTL, and RDN

decreases induced mean VT/VF duration and VF proportion in HF hearts (HFþRDN). Data

represent mean � SD. #p < 0.05 HFþRDN versus HF group. Abbreviations as in

Figures 1 and 2.
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In agreement with previous investigations, in our
rat model of post-MI systolic HF, we observed that
cytoplasmic calciumdecay rate was decreased, and the
HF rats showed susceptibility to Ca-ALT and APD-ALT,
including discordant APD alternans. These arrhyth-
mogenic substrates, particularly the discordant APD
alternans, could be reversed by RDN, which has never
been reported before.
RDN, SYMPATHETIC ACTIVITY, AND ALTERNANS. A
hallmark characteristic of HF is neurohumoral acti-
vation, particularly the sympathetic nervous system
activation. The activation of sympathetic nervous
system is considered to play an important role in
initiating and sustaining of ventricular arrhythmias in
HF (2). Therefore, in clinical practice, beta-blockers
were widely used for reduction of the burden of
VT/VF and risk of SCD by modulating cardiovascular
sympathetic activity (24,25).

Several clinical studies have indicated that systemic
sympathetic activity was reduced in patients with
hypertension who underwent RDN (26). The RDN
procedure leads to a 42% decrease in whole-body
norepinephrine spillover and a 37% decrease in
efferent muscle sympathetic nerve activity (26).
Recently, some small studies have demonstrated that
RDN has a therapeutic effect on atrial and ventricular
arrhythmias (5,7–9). The results of these studies have
also implied that the antiarrhythmic effect of RDNmay
be related to the reduction of sympathetic activity.

Regarding sympathetic activity and cardiac alter-
nans, in our rat model of post-MI HF, we reported a
novel finding that RDN could improve calcium reup-
take and thereby decrease susceptibility to calcium
and APD alternans, including discordant APD alter-
nans. Previously, it has been shown that the devel-
opment and magnitude of calcium and APD alternans
are closely associated with cardiac sympathetic tone
(27–29). Sympathetic activation increases the severity
of calcium transient alternans and exacerbates APD
alternans (30,31). Therefore, it is logical to speculate
that RDN alters the electrophysiological substrate for
the genesis of ventricular arrhythmias in the setting
of HF through modulation of systemic sympathetic
nervous system. These results indicate that RDN may
offer a new therapeutic option to treat or prevent
ventricular arrhythmias for HF patients, in addition
to pharmacological treatment and catheter ablation.
However, further larger randomized double-blind
clinical trials are warranted to prove this hypothesis.
Moreover, there are reports showing the reverse
finding that sympathetic activation decreases alter-
nans (32), and further molecular studies are also
warranted to confirm the relationship between
sympathetic activity and alternans.
RDN AND BLOOD PRESSURE IN HF. Recent small
studies have shown that RDN could effectively sup-
press VT/VF episodes with a good safety profile in
patients with HF and electrical storm (7–9). Impor-
tantly, blood pressure was not significantly changed
during the procedure and the following months in
these patients with low left ventricular ejection frac-
tion. A small study in normotensive patients with HF
also showed a favorable effect on exercise capacity
without significantly decreasing blood pressure (6).



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The

most challenging part in the treatment of systolic

heart failure is the prevention of lethal cardiac

arrhythmia and sudden cardiac death. Renal dener-

vation is an emerging therapy to treat hypertension.

We provide another line of evidence that renal

denervation may also decrease the susceptibility to

lethal cardiac arrhythmia but does not cause

hypotension in systolic heart failure.

TRANSLATIONAL OUTLOOK: We propose that

inhibition of neurohormonal activity by renal

denervation prevents arrhythmogenic cardiac

alternans and leads to decrease of susceptibility to

lethal cardiac arrhythmia in systolic heart failure.

Further studies are warranted to investigate the

interplay between neurohormonal activity and

arrhythmogenic cardiac alternans.
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Because most HF patients have normal or lower blood
pressure, no significant alternation in blood pressure
after the RDN procedure is of paramount importance.
The reasons why RDN did not decrease blood pres-
sure in patient with HF seem to be multifactorial and
have not been elucidated before.

In the present study, as expected, blood pressure
was significantly reduced in our rat model of post-MI
systolic HF. Similar to the clinical observations, RDN
did not reduce blood pressure in the post-MI HF rats.
There are several plausible explanations. First, rapid
adrenergic sensitization (receptor up-regulation) in
the vessel walls prevents blood pressure dropping
after sympathetic deactivation by RDN. Second, the
blood pressure and sodium/fluid status in HF are
controlled by multiple systems. For example, renin-
angiotensin-aldosterone system activation in HF
may overcome the sympathetic deactivation by RDN.
Moreover, the regulatory mechanism of the secretion
of the natriuretic peptide may not be affected by RDN
and compensatory decrease in natriuretic peptide
secretion may prevent blood pressure drop induced
by sympathetic deactivation.

STUDY LIMITATIONS. We did not show an alternans-
mediated conduction block and initiation of re-entry
arrhythmia in the optical mapping study of our HF
model (11,12). Another limitation is that we only
showed APD-ALT and Ca-ALT were closely coupled,
but we did not prove Ca-ALT drove APD-ALT in the
present study. Our data also did not directly prove
that Ca-ALT and APD-ALT were attributed to a delay
in the decay of calcium transient or impaired calcium
reuptake. To prove this hypothesis, targeted gene
transfer may be performed to augment sarcoplasmic
reticulum calcium ATPase (SERCA) expression and
function and thus improve the delay in calcium
transient decay, and see whether APD-ALT and
Ca-ALT could be attenuated or not (19).
CONCLUSIONS

RDN decreases susceptibility to arrhythmogenic
cardiac alternans, and did not worsen hemodynamics
in a rat model of post-MI systolic HF. RDN may have a
potential role in the anti-arrhythmic therapy for
patients with HF who have a high risk for VT/VF and
SCD in the future.
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