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BACKGROUND Cardiac ryanodine receptor 2 (RyR2) dysfunction
and elevated diastolic Ca21 leak have been linked to arrhythmogen-
esis not only in inherited arrhythmia syndromes but also in acquired
forms of heart disease including heart failure (HF) and atrial fibril-
lation (AF). Thus, stabilizing RyR2 may exert therapeutic effects in
these conditions.

OBJECTIVE The purpose of this study was to investigate the effects
of stabilizing RyR2 with chronic dantrolene treatment on HF devel-
opment and AF inducibility in a myocardial infarction (MI)–induced
HF model in rats.

METHODS MI was induced in adult Sprague-Dawley rats by ligation
of the left anterior descending coronary artery. Two weeks after MI
surgery, rats with large MI (�40%) were randomly assigned to MI-
vehicle (n 5 14) or MI-dantrolene (10 mg/kg/d; n 5 13) groups.
Sham-surgery rats (n 5 7) served as controls.

RESULTS Compared to the MI-vehicle group, 4-week dantrolene
treatment significantly improved cardiac function, with increased
left ventricular (LV) fractional shortening (19.48% 6 3.61% vs
15.43%6 2.65%; P,.01), and decreased LV end-diastolic pressure
(12.586 8.52 mm Hg vs 21.91 6 7.25 mm Hg; P ,.01), left atrial
This work was supported in part by the Departmental Fund of New York Inst
Science Foundation of China (No. 81825003 and 81900272); and the Chinese Ac
(CIFMS 2016-I2M-1-009). The funding sources played no roles in the preparation
to this manuscript. Address reprint requests and correspondence: Dr Youhua Zh
NewYork Institute of Technology College of Osteopathic Medicine, Northern Blvd
nyit.edu; OR Dr Yi-Da Tang, Department of Internal Medicine, State Key Laborat
vascular Diseases, Chinese Academy of Medical Sciences and Peking Union Med
tangyida@fuwaihospital.org.

2666-5018/© 2020 Heart Rhythm Society. Published by Elsevier Inc. This is an op
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4
diameter (4.97 6 0.75 mm vs 6.09 6 1.53 mm; P ,.05), and
fibrosis content (6.42% 6 0.78% vs 9.76% 6 2.25%; P ,.001).
Dantrolene significantly decreased AF inducibility (69% in MI-
vehicle vs 23% in MI-dantrolene; P ,.05). Dantrolene treatment
was associated with reduced RyR2 phosphorylation and favorably
altered gene expression involving ion channels, sympathetic
signaling, oxidative stress, and inflammatory markers.

CONCLUSION Chronic dantrolene treatment attenuated LV
dysfunction and reduced AF inducibility, which was associated
with decreased RyR2 phosphorylation and normalization of many
adverse changes in gene expression. Thus, stabilizing RyR2 with
chronic dantrolene treatment is a promising novel strategy for
decreasing AF in HF.
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Introduction
Both heart failure (HF) and atrial fibrillation (AF) are global
epidemic public health issues. HF affects more than 37.7
million individuals globally and imposes substantial eco-
nomic burden to the health care system.1 AF is the most com-
mon, clinically significant arrhythmia. AF increases
significantly the risk of morbidity and mortality and accounts
for increased hospitalizations of HF patients.2 HF and AF
frequently coexist and may precipitate one another.3 An esti-
mated 40% of individuals with either AF or HF will develop
the other condition.4 Thus, the aphorism: “HF begets AF, and
AF begets HF.”
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KEY FINDINGS

- Chronic dantrolene treatment attenuated left ven-
tricular dysfunction and reduced atrial fibrillation
(AF) inducibility in a rat myocardial infarction heart
failure (HF) model.

- Chronic dantrolene treatment decreased cardiac rya-
nodine receptor 2 (RyR2) phosphorylation in HF.

- Dantrolene treatment prevented many adverse
changes in gene expression induced by HF.

- Stabilizing RyR2 with chronic dantrolene treatment is
a promising novel therapeutic strategy for reducing
AF in HF.
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Accumulating evidence indicates that cardiac ryanodine re-
ceptor 2 (RyR2) dysfunction and elevated diastolic Ca21 leak
contribute to impaired cardiac function in HF.5–7 Elevated
Ca21 leak from the sarcoplasmic reticulum (SR) has been
demonstrated in ventricular myocytes isolated from HF
animals and human patients. Diastolic Ca21 leak could lead
to depleted SR Ca21 stores and elevated cytoplasmic Ca21

levels in diastole, resulting in both systolic and diastolic
dysfunction. In addition, by activating the inward Na1/Ca21

exchanger (NCX) current, diastolic Ca21 leak and elevated
cytoplasmic Ca21 levels could depolarize membrane
potentials, contributing to electrical instability, delayed
afterdepolarizations, triggered arrhythmias, and sudden
cardiac death.7–10 A typical example of RyR2 dysfunction
(due to genetic mutation) leading to ventricular
tachyarrhythmias and sudden death is seen in
catecholaminergic polymorphic ventricular tachycardia.11

RyR2 dysfunction also may contribute to AF arrhythmo-
genesis. Studies have demonstrated that RyR2 dysfunction
could mediate spontaneous focal discharge and AF in an
ovine atrial ischemia/infarction model.12 RyR2 dysfunction
also has been demonstrated in human atrial myocytes isolated
from AF patients.8,13 Thus, RyR2 dysfunction could be a
common theme in development of both cardiac dysfunction
and AF arrhythmogenesis in HF. Correcting or stabilizing
dysfunctional RyR2 and preventing pathologic diastolic
Ca21 leaks may be an important approach in the treatment
of the combined condition of HF and AF.

Dantrolene, a well-known therapeutic agent for treat-
ment of malignant hyperthermia,14 can stabilize skeletal
muscle (type 1) ryanodine receptors (RyR1). Dantrolene
also can stabilize cardiac RyR2 in both ventricular and atrial
myocytes.6,8 Dantrolene treatment has been shown to
improve survival after ventricular fibrillation in a pig model
and suppress spontaneous focal discharge in an ovine atrial
ischemia/infarction model.10,12 Accordingly, dantrolene
treatment may provide therapeutic effects not only on car-
diac dysfunction but also on arrhythmogenesis. However,
few studies have examined the effect of dantrolene on HF
development in whole animals, and as yet there is no evi-
dence that dantrolene treatment can provide therapeutic
benefits in reducing AF in HF in vivo.

We previously demonstrated that acute dantrolene treat-
ment can significantly attenuate sympathetic stimulation-
enhanced AF inducibility in a rat myocardial infarction
(MI)–induced HF model.15 Accordingly, we hypothesized
that by stabilizing cardiac RyR2, chronic dantrolene treat-
ment may be a therapeutic option for reducing AF in HF.
This study was designed to investigate the effects of chronic
dantrolene treatment on HF development and AF inducibility
in a rat MI-HF model.
Materials and methods
Animal model and study design
Adult Sprague-Dawley rats of both sexes were used to pro-
duce MI-HF in this study. MI was induced by ligation of
the left anterior descending coronary artery, as described in
our previous reports.15,16 A separate group of sham-
operated animals (n 5 7) from a parallel study served as
normal reference. Sham-operated animals underwent the
same surgery except that the suture was tied loosely. MI
was confirmed by transthoracic echocardiography 2 weeks
after MI surgery. To ensure the development of HF, rats
with large MI (�40% of left ventricular [LV] circumference
on echocardiographic short-axis view) were enrolled in the
study and randomized to 1 of 2 groups: MI-vehicle group
(treated with vehicle; n 5 14) or MI-dantrolene group (n 5
13). Immediately after enrollment, dantrolene (10 mg/kg/d;
Sigma-Aldrich, St. Louis, MO) or vehicle treatment was
continuously delivered for 4 weeks by ALZET osmotic
pumps (DURECT Corporation, Cupertino, CA) implanted
subcutaneously in the upper back.

Rats were housed in our institutional animal care facility
and kept on a 12-hour light/dark cycle with food and water
available ad libitum. The use of animals was approved by
the Institutional Animal Care and Use Committee at New
York Institute of Technology College of Osteopathic Medi-
cine and was in accordance with the Guide for the Care
and Use of Laboratory Animals.
Echocardiographic measurements
After 4-week treatment, all rats were subjected to echocardio-
graphic measurements, as previously reported.15,16

Two-dimensional echocardiograms were obtained from
short-axis (at the level of the papillary muscle tips) and
long-axis views of the LV. Two-dimensionally targeted M-
mode echocardiograms were used to determine LV wall
thickness and chamber dimensions in systole and diastole.
The following parameters were measured: LV fractional
shortening; anterior wall thickness in end-diastole and end-
systole; LV diastolic and systolic internal diameters; poste-
rior wall thickness in end-diastole and end-systole; and
wall tension index. Wall tension index was defined as the ra-
tio of LV diastolic internal diameter/(2*posterior wall
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thickness).17 Left atrial (LA) diameter was determined at the
aortic valve level.
Cardiac hemodynamic measurements
After echocardiographic measurements, each rat was sub-
jected to catheterization of the right carotid artery using a
1.9F Scisense pressure catheter (Transonic Scisense, Lon-
don, Ontario, Canada). The tip of the catheter was advanced
through the aorta into the LV as indicated from the pressure
curve. The following data were analyzed: LV systolic pres-
sure, LV end-diastolic pressure, positive change in LV pres-
sure over time (LV1dp/dt), negative change in LV pressure
over time (LV –dp/dt), and Tau.
Electrophysiology and AF inducibility test
Atrial electrophysiology and AF inducibility tests were
performed as previously described.15,16 In brief, a 1.6F
octapolar Millar electrophysiology catheter (EPR-802;
Millar Instruments, Inc, Houston, TX) was inserted
through the right jugular vein and advanced into the
right atrium. The catheter carries 8 poles with 3 pairs
of electrodes to record atrial electrocardiograms
(ECGs) and 1 pair for pacing. Standard surface ECG
lead II and 3 right atrial ECGs were recorded using a
PowerLab data acquisition system (ADInstruments, Col-
orado Springs, CO).

Standard S1S2 pacing protocol was used for determina-
tion of atrial effective refractory periods. Burst pacing con-
taining 200 impulses at 50 Hz was used to induce AF.
Each rat received burst pacing 10 times, and the duration of
subsequent AF after each burst pacing was documented.
AF was defined as irregular rapid atrial arrhythmia with vary-
ing electrographic morphology lasting �0.5 second. We
assumed the induced AF was sustained (or long-lasting)
when it lasted�5minutes, as previously reported.16 AF dura-
tion for each animal was based on the average of 10 burst pac-
ing trials.
Western blotting
Total protein was extracted from the LVwall remote from the
infarction area in sham (n5 6), MI-vehicle (n5 6), and MI-
dantrolene (n5 6) rats. Each sample lysate (30 mg) was sepa-
rated by standard sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluoride
membranes. Equal protein loading was confirmed by
Ponceau-S staining. The primary antibodies used were phos-
phorylated RyR antibody (p-RyRS2808, catalog no. Ab59225;
Abcam, Cambridge, MA), total RyR antibody (catalog no.
MA3-916; Thermo Fisher Scientific, Pittsburgh, PA), and
b-actin (catalog no. 4967; Cell Signaling Technology, Dan-
vers, MA). The corresponding immunoglobulin G–
horseradish peroxidase secondary antibodies (Santa Cruz
Biotechnology, Dallas, TX) were incubated at room temper-
ature for 1 hour. Protein bands were developed with Lumigen
ECL Ultra (catalog no. TMA-100; Lumigen Inc, Southfield,
MI) and visualized using GE Imager and quantified with Im-
age J software.

Real-time quantitative polymerase chain reaction
analysis
Total RNA was extracted from LA tissue (n 5 4 for all 3
groups) using TRIzol reagent followed by RNA purification
kit (catalog no. 12183018A; Thermo Fisher Scientific) and
DNase kit (Qiagen Inc, Valencia, CA). After RNA quantity
and quality were measured using a Nanodrop 1000 (Thermo
Fisher Scientific), 1 mg of RNA was reverse transcribed to
cDNA using RT2 First Strand Kit (Qiagen). Amplification
by polymerase chain reaction (in ABI StepOnePlus instru-
ment) using SYBR green technology (Qiagen) was per-
formed in a 96-well plate containing primers designed to
identify 88 unique genes that are altered in HF, including
genes for ion channels, sympathetic adrenergic signaling,
oxidative stress, thyroid receptors, and inflammatory
markers. Gene expression levels were normalized by Ppia
(cyclophilin A) and Rplp1 (ribosomal protein, large, P1).
Data analysis was performed using SABioscience expression
analysis online software (Qiagen).

Atrial collagen content
Tissue sections from the LA appendage were immersion-
fixed in 4% paraformaldehyde and then processed by paraffin
embedding. Serial histologic sections (6.0-mm thick) were
cut and processed with Masson trichrome stain for determi-
nation of fibrosis.

Stained sections were examined using an Olympus BX53
microscope, and high-resolution digital images were
captured at 40!magnification using an Olympus DP72 dig-
ital camera (Olympus Corporation, Tokyo, Japan). Morpho-
metric analyses of digitized images were performed in a
blinded manner using Image-Pro Analyzer 7.0 software (Me-
dia Cybernetics, Bethesda, MD). The extent of atrial fibrosis
was determined using standardized color thresholds and ex-
pressed as the percentage of the total area occupied by cardiac
myocytes and interstitial tissue. For each atrium, 6 optical
fields were examined, and the average data were obtained.

Statistical analysis
Continuous data are expressed as mean 6 SD and were
compared using 1-way analysis of variance with Bonferroni
correction for multiple comparisons. The incidence of AF
was compared using the Fisher exact test. AF duration data
are expressed as median (Q1, Q3) due to not normal distribu-
tion and were compared using a nonparametric Kruskal-
Wallis test followed by the Dunn multiple comparison test.
P ,.05 was considered significant.
Results
General information
One of the 14 animals enrolled in the MI-vehicle group
died 3 weeks after treatment, so 13 MI-vehicle animals
completed 4-week treatment. All 13 animals in the



Figure 1 Echocardiographic parameters. A: Left ventricular fractional shortening (LVFS). B: Left ventricular anterior wall thickness in diastole (AWTd). C:
Left ventricular anterior wall thickness in systole (AWTs). D: Left atrial diameter in diastole (LADd). E: Left ventricular diameter in diastole (LVDd). F: Left
ventricular diameter in systole (LVDs). G: Left ventricular posterior wall thickness in diastole (PWTd). H: Left ventricular posterior wall thickness in systole
(PWTs). I: Wall tension index (WTI). Values are given as mean 6 SD. *P ,.05 vs sham. #P ,.05 vs MI-vehicle. MI 5 myocardial infarction.
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MI-dantrolene group survived the 4-week treatment. Body
weights between MI-vehicle and MI-dantrolene groups
were not significantly different (351 6 82 g vs
339 6 57 g, respectively; P ..05). Similarly, heart
weights (1392 6 63 mg vs 1295 6 50 mg; P ..05) and
LV weights (749 6 94 mg vs 774 6 78 mg; P ..05)
were not significantly different between the 2 groups.

Effect of dantrolene treatment on
echocardiographic parameters
No infarctionwas detected in the sham-control group.MI size
was comparable between theMI-vehicle (46.6%6 6.0%) and
MI-dantrolene (45.4% 6 5.1%; P ..05) groups. Compared
with the sham-control group, both MI-vehicle and MI-
dantrolene rats had increased LV chamber dimensions (LV
internal diameter in diastole: MI-vehicle 10.99 6 1.09 mm,
MI-dantrolene 10.23 6 1.30 mm, sham 6.78 6 0.21 mm;
LV internal diameter in systole: MI-vehicle 9.22 6 1.16
mm, MI-dantrolene 8.28 6 1.34 mm, sham 3.59 6 0.13
mm), increased wall tension index, decreased LV fractional
shortening, and decreased LV anterior wall thickness (due
to MI) (Figure 1). The MI-dantrolene group had significantly
greater LV fractional shortening compared with the MI-
vehicle group, indicating improved LV function. Compared
with the sham-control group, LA diameter was increased in
both MI-vehicle and MI-dantrolene rats, but nevertheless
LA was significantly smaller in the MI-dantrolene group
compared with the MI-vehicle group. The MI-dantrolene
group had a significantly lower LV wall tension index
compared with the MI-vehicle group.



Figure 2 Left ventricular hemodynamics.A: Left ventricular systolic pressure (LVSP).B: Left ventricular end-diastolic pressure (LVEDP).C: Positive change
in left ventricular pressure over time (LV1dp/dt).D:Negative change in left ventricular pressure over time (LV –dp/dt). Values are given as mean6 SD. *P,.05
vs sham. #P ,.05 vs MI-vehicle. MI 5 myocardial infarction.
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Effect of dantrolene treatment on LV
hemodynamics
LV hemodynamic data are shown in Figure 2. As expected,
MI rats in both vehicle and dantrolene groups had decreased
LV systolic pressures, LV 1dp/dt, and LV –dp/dt, and
increased LV end-diastolic pressure compared with the
sham-control group. Dantrolene treatment significantly
reduced LV end-diastolic pressure, with greater –dp/dt, and
decreased Tau (21.05 6 6.44 ms in MI-vehicle vs 15.93 6
4.61 ms in MI-dantrolene; P ,.05) compared to MI-
vehicle rats. LV systolic function index (1dp/dt) showed a
trend toward improvement but did not reach statistical signif-
icance (P ..05).
Effects of dantrolene on atrial electrophysiology,
AF inducibility, and AF duration
Heart rates were not significantly different among the 3
groups (sham-control 284 6 25 bpm; MI-vehicle 262 6 25
bpm; MI-dantrolene 2776 26 bpm ). Atrial effective refrac-
tory periods were slightly longer in the MI groups but did not
reach statistical significance (sham-control 42 6 2 ms; MI-
vehicle 52 6 13 ms; MI-dantrolene 48 6 12 ms). Atrioven-
tricular conduction times were longer in MI-HF groups
compared with controls (sham-control 53 6 2 ms; MI-
vehicle 67 6 5 ms; MI-dantrolene 61 6 9 ms) (P ,.05).
No AF was induced in the sham-control group. In MI rats,
dantrolene treatment significantly reduced the incidence of
AF (9/13 in vehicle group vs 3/13 in dantrolene group;
P ,.05) and reduced AF duration (Figures 3A and 3B).

Effects of dantrolene on atrial fibrosis
LA interstitial fibrosis levels in both the MI-vehicle and the
MI-dantrolene groups were significantly greater than in the
sham group (Figure 4). However, dantrolene treatment
significantly reduced LA interstitial fibrosis compared with
the MI-vehicle group.

Effect of dantrolene on phosphorylated RyR2 levels
MI-vehicle rats had significantly higher levels of phosphory-
lated RyR2 (p-RyRS2808) compared with sham-control rats
(Figure 5). MI-dantrolene rats had significantly lower levels
of phosphorylated RyR2 compared to MI-vehicle animals.
Dantrolene treatment in MI rats resulted in p-RyRS2808 levels
comparable to those of sham-control rats.

Effect of dantrolene on gene expression
Compared with sham-controls, MI-HF resulted in significant
changes in many of the gene examined, and dantrolene treat-
ment attenuated or prevented many of these changes. Dantro-
lene treatment increased RyR2 mRNA levels compared with
the MI-vehicle group, although MI-HF did not significantly



Figure 3 Atrial fibrillation (AF) inducibility (A) and duration (B) in the studied groups. Top:Original electrocardiogram (ECG) (lead II) and right atrial ECGs
(RA1 and RA2). Note AF was induced immediately after burst pacing. AF duration data are not normally distributed, and values are given as median (Q1, Q3),
with original numbers shown. *P ,.05 vs sham. #P ,.05 vs MI-vehicle. MI 5 myocardial infarction.
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decrease RyR2 mRNA levels (Figure 6). Dantrolene
increased L-type calcium channel and sarco/endoplasmic re-
ticulum calcium ATPase 2a (SERCA2a) mRNA levels
compared with vehicle group in MI-HF. In fact, SERCA2a
mRNA levels were normalized by dantrolene, with no
significant difference between the sham and MI-dantrolene
groups.

Compared with the MI-vehicle group, dantrolene treat-
ment increased Na1/K1 ATPase alpha 1 polypeptide
(Atp1a1) mRNA level, whereas the increase in beta 1
polypeptide (Atp1b2) was not significant. Dantrolene signif-
icantly increased potassium voltage-gated channel, shaker-
related subfamily member 5 (Kcna5) mRNA levels in
MI-HF, whereas the increases in hyperpolarization activated
cyclic nucleotide-gated potassium channel 2 (Hcn2), hyper-
polarization activated cyclic nucleotide-gated potassium
channel 4 (Hcn4), and potassium voltage-gated channel,
Shal-related subfamily member 2 (Kcnd2) were not signifi-
cant. Myosin heavy chain 6 (Myh6) was increased
2.31-fold (P ,.05) with dantrolene treatment compared to
MI-vehicle rats. Dantrolene significantly increased thyroid
hormone receptor alpha (TRa) and beta (TRb) mRNA levels
compared with MI-vehicle animals.

The effect of dantrolene on adrenergic signaling, oxida-
tive stress, inflammatory markers, and collagen genes are
summarized in Figure 7. Dantrolene significantly increased
adrenergic receptor beta 1 (b1AR), adenylate cyclase 6
(Adcy6), superoxide dismutase 2 (Sod2), and catalase (Cat)
mRNA expression levels compared to the MI-vehicle group.
In the MI-dantrolene group, expression of interleukin 6 (IL-
6) was significantly decreased, and expression of interleukin
10 (IL-10) was slightly decreased but not statistically signif-
icant. Compared with the vehicle group, the dantrolene group
showed a trend toward lower collagen type I (Col1a1) and
collagen type III alpha 1 (Col3a1) genes; however, this was
not significant.
Discussion
Major findings
In this study, we found that chronic dantrolene treatment
attenuated HF development and significantly reduced AF
inducibility in a rat MI-HF model. The beneficial effect of
treatment was associated with reduced RyR2 phosphoryla-
tion and attenuation or prevention of many gene changes
induced by MI-HF, including mRNA levels for ion channels,
adrenergic receptors, antioxidative enzymes, and inflamma-
tory markers. Thus, it seems that stabilizing RyR2 by chronic
dantrolene treatment could be a promising novel therapeutic
strategy for reducing AF in HF.



Figure 4 Left atrial fibrosis content. Representative photomicrographs of left atrial histologic slides (Masson trichrome stain) from 1 rat in sham (A), MI-
vehicle (B), and MI-dantrolene (C) are shown.D:Quantitative data given as mean6 SD. *P,.05 vs sham. #P,.05 vs MI-vehicle. MI5myocardial infarction.
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RyR2 dysfunction in HF and AF
It has been well-documented experimentally that RyR2
dysfunction and elevated Ca21 leak occur in HF,5–7 with
few exceptions.18 SR diastolic Ca21 leak has been reported
in ventricular myocytes from HF animals to human pa-
tients.6,8,19 Increased Ca21 leak could lead to reduced SR
Ca21 stores with subsequently diminished Ca21 release in
systole, leading to reduced myocyte contraction.
Figure 5 Dantrolene significantly decreases phosphorylation of ryanodine recept
phosphorylated and total RyR2 in left ventricular tissue from different groups. B:Q
as mean 6 SD (n 5 6). *P ,.05 vs sham. #P ,.05 vs MI-vehicle. MI 5 myocard
Additionally, increased Ca21 leak could result in elevated
Ca21 levels in diastole, affecting ventricular diastolic func-
tion. Thus, stabilizing RyR2 and preventing diastolic Ca21

leak could improve cardiac function in HF.6 Consistent
with this, our study demonstrated that chronic dantrolene
treatment improved cardiac function (Figures 1 and 2),
with increased LV function, and reduced LV end-diastolic
pressure, LV wall tension, and LA diameter.
or (RyR) in MI-induced heart failure rats. A: Representative immunoblots of
uantification of intensity of bands in protein expression levels. Data are given
ial infarction.



Figure 6 Expression of selected cardiac ion channels and thyroid genes in left atrial tissue. Gene expression was normalized using cyclophilin A and Rplp1.A:
Ryanodine receptor 2 (RyR2); L-type calcium channel (LTCC); sarco/endoplasmic reticulum calcium ATPase 2a (SERCA2a). B: ATPase, Na1/K1 transport-
ing, alpha 1 polypeptide (Atp1a1); ATPase, Na1/K1 transporting, beta 1 polypeptide (Atp1b2). C: Hyperpolarization activated cyclic nucleotide-gated potas-
sium channel 2 (Hcn2); hyperpolarization activated cyclic nucleotide-gated potassium channel 4 (Hcn4); potassium voltage-gated channel, shaker-related
subfamily member 5 (Kcna5); potassium voltage-gated channel, Shal-related subfamily, member 2 (Kcnd2). D: Myosin heavy chain 6 (Myh6); myosin heavy
chain 7 (Myh7); cardiac troponin T type 2 (Tnnt2). E: Thyroid hormone receptor alpha (TRa); thyroid hormone receptor beta (TRb). *P,.05 vs sham. #P,.05
vs MI-vehicle. MI 5 myocardial infarction.
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Increased SR Ca21 leak and elevated cytoplasmic Ca21

levels in diastole could be a crucial arrhythmogenic trigger
in HF. Increased cytoplasmic Ca21 levels could activate
the NCX, which extrudes 1 Ca21 ion in exchange for 3
Na1 ions, generating an inward NCX current (INCX) and de-
polarizing the membrane potential. This could lead to the for-
mation of delayed afterdepolarizations and triggered
arrhythmias. RyR2 dysfunction in HF could lead to ventric-
ular arrhythmias.8,20 RyR2 dysfunction and Ca21 leak have
been reported to occur in atrial myocytes from pacing-
induced AF dog hearts and AF patients.8 Of note, previous
data on Ca21 leak and AF were derived mainly from isolated
cell work from AF subjects.8

RyR2 dysfunction in HF is believed to be caused by post-
translational modifications of the receptors through phosphor-
ylation, oxidation, or nitrosylation.12,19,21–25 However, the
phosphorylation pathway(s) (ie, protein kinase A or calcium/
calmodulin-dependent kinase II) responsible for RyR2
dysfunction is still debated.9,19 RyR2 hyperphosphorylation
also has been demonstrated in AF animals and AF patients.26

In this study, we confirmed increased phosphorylation of
RyR2 in HF. Of note, we used phosphorylated RyR2
(p-RyRS2808) as a marker of phosphorylation level. It does
not implicate that p-RyR2S2808 is the culprit of RyR2 dysfunc-
tion.9,19 Nevertheless, RyR2 hyperphosphorylation may lead
to RyR2 dysfunction and promote AF in this animal model.
Dantrolene treatment in HF and AF
Dantrolene, a drug currently used to treat malignant hyper-
thermia (by stabilizing RyR1 in skeletal muscle),14 also has
been found to stabilize cardiac RyR2.6,8,27 As discussed
earlier, RyR2 dysfunction and elevated Ca21 leak could
deplete SR Ca21 stores and reduce Ca21 release in systole.
Correcting this Ca21 leak should provide therapeutic benefits
in improving SR Ca21 stores, increasing Ca21 release in sys-
tole, and improving cardiac contractility. Consistent with
this, dantrolene treatment has been shown to improve Ca21

transients and myocyte shortening in myocytes isolated
from failing dog hearts, whereas no such change was noted
in normal cardiomyocytes.6 A defect in the interdomain inter-
action between the N-terminal and central domains in RyR2
in HF has been reported.6 The defective interdomain interac-
tion (domain unzipping) caused spontaneous Ca21 leak.
Dantrolene led to “re-zipping” of the N-terminal and central
domains of RyR2 and reduced Ca21 leak in HF.6 Consistent
with this, our study demonstrated that chronic dantrolene
treatment improved cardiac function in this animal model.

To date, the antiarrhythmic effect of dantrolene has been
demonstrated mainly in ventricular arrhythmias. Dantrolene
was found to inhibit ischemia/reperfusion–induced ventricu-
lar arrhythmias in animals.27 Dantrolene also has been shown
to inhibit catecholaminergic polymorphic ventricular tachy-
cardia in mice28 and to improve survival after ventricular



Figure 7 Expression of selected adrenergic, oxidative, inflammation, and collagen genes in left atrial tissue. Gene expression was normalized using cyclophilin
A and Rplp1.A:Adrenergic receptor b1 (b1AR); adrenergic receptor b2 (b2AR).B:Adenylate cyclase 6 (Adcy6); GNAS complex locus (Gnas).C: Interleukin 6
(IL-6); interleukin 10 (IL-10).D: Superoxide dismutase 2 (Sod2); catalase (Cat); NADPH oxidase 4 (Nox4); glutathione peroxidase 1 (Gpx1). E: Collagen type I
alpha 1 (Col1a1); collagen type III, alpha 1 (Col3a1). *P ,.05 vs sham. #P ,.05 vs MI-vehicle. MI 5 myocardial infarction.
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fibrillation in pigs.10 A study demonstrated Ca21 leak in atrial
myocytes from human AF patients, which was suppressed by
dantrolene treatment, suggesting its antiarrhythmic effect in
AF.8 Dantrolene treatment has been shown to suppress spon-
taneous focal discharges and AF in an atrial ischemia/infarc-
tion model in sheep.12 However, to date no experimental data
have demonstrated the therapeutic effects of dantrolene treat-
ment on AF in HF in vivo.

We previously demonstrated that, compared with normal
hearts (which are more sensitive to vagal stimulation-induced
AF),29 failing hearts are more vulnerable to sympathetic
stimulation-induced AF.15 We further demonstrated that sta-
bilizing RyR2 with acute dantrolene treatment could signifi-
cantly attenuate sympathetic stimulation-enhanced AF
inducibility in failing hearts.15 To our knowledge, this was
the first study to examine long-term dantrolene treatment
on AF in HF. We found that chronic dantrolene treatment
improved cardiac function, attenuated atrial remodeling,
and significantly reduced AF inducibility and AF duration
in this animal model.

Our data demonstrated that dantrolene treatment reduced
RyR2 phosphorylation in ventricular tissue in HF. To probe
other potential mechanisms related to the beneficial effects of
dantrolene treatment, we used quantitative polymerase chain
reaction array to examine.90 genes in LA tissue and found
that the treatment also prevented or attenuated many gene
changes associated with HF in LA tissue, including genes
of ion channels, b-receptors, oxidative markers, and inflam-
matory pathways. It is interesting to note that dantrolene
treatment normalized SERCA2a mRNA levels, which is
consistent with a previous report that dantrolene preserved
SERCA2a and RyR2 protein levels in rats with chronic b-
adrenergic receptor activation.30 Dantrolene treatment also
reduced atrial fibrosis. All these favorable changes may be
secondary to improved cardiac function, but they should
contribute to the reduced AF inducibility observed in animals
treated with dantrolene, in addition to its direct effect on sta-
bilizing RyR2.
Clinical implications
Although it is well recognized that HF promotes AF, the un-
derlying mechanisms for enhanced AF in HF are not fully un-
derstood. Because accumulating evidence indicates that
RyR2 dysfunction and elevated Ca21 leak could be common
factors contributing to both HF development and arrhythmo-
genesis, stabilizing RyR2 not only would attenuate HF devel-
opment but also would reduce arrhythmogenesis, including
AF. This study provided evidence from an animal model
in vivo that stabilizing RyR2 by chronic dantrolene treatment
attenuates HF development and reduces AF inducibility. In
contrast to many classic antiarrhythmic medications, which
may depress cardiac function and exacerbate HF, stabilizing
RyR2 with dantrolene improved cardiac function. Thus, sta-
bilizing RyR2 with dantrolene or other new medications
could be a novel promising strategy in treating the combined
condition of AF and HF and deserves further investigation.

RyR2 dysfunction and its exacerbation by sympathetic
activation could explain our finding that failing hearts are
more vulnerable to sympathetic stimulation-induced AF
compared to normal hearts.15 Moreover, these results provide
a mechanistic explanation that sympathetic inhibition with
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b-blocker therapy (by decreasing RyR2 phosphorylation)
could reduce AF in HF.31

Study limitations
Due to the limited amount of LA tissue available from rat
hearts, only mRNA levels were measured in LA tissue.
RyR2 protein levels were determined using LV tissues.
Moreover, we used p-RyR2S2808 as readout of phosphoryla-
tion levels only. It does not necessarily indicate that p-
RyR2S2808 is responsible for RyR2 dysfunction.9,19

Even though rat MI-HF is a commonly used animal model,
these findings cannot be directly extrapolated to patients. Clin-
ical studies are needed to further establish our findings before
chronic dantrolene treatment can be applied in patients.
Conclusion
Chronic dantrolene treatment attenuated LV dysfunction and
reduced AF inducibility in a rat MI-HF model. The treatment
was associated with decreased RyR2 phosphorylation and
normalization of many adverse changes in gene expression.
Thus, stabilizing RyR2 with dantrolene is a novel promising
treatment for reducing AF in HF.
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