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BACKGROUND Doxorubicin (Dox) is a potent chemotherapeutic
agent, but its usage is limited by dose-dependent cardiotoxicity.
Intracellular calcium dysregulation has been reported to be involved
in doxorubicin-induced cardiomyopathy (DICM). The cardioprotec-
tive role of RyR stabilizer dantrolene (Dan) on the calcium dynamics
of DICM has not yet been explored.

OBJECTIVE To evaluate the effects of dantrolene on intracellular
calcium dysregulation and cardiac contractile function in a DICM
model.

METHODS Adult male C57BL/6 mice were randomized into 4
groups: (1) Control, (2) Dox Only, (3) Dan Only, and (4) Dan 1
Dox. Fractional shortening (FS) and left ventricular ejection fraction
(LVEF) were assessed by echocardiography. In addition, mice were
sacrificed 2 weeks after doxorubicin injection for optical mapping
of the heart in a Langendorff setup.

RESULTS Treatment with Dox was associated with a reduction in
both FS and LVEF at 2 weeks (P , .0001) and 4 weeks (P , .006).
Dox treatment was also associated with prolongation of calcium
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transient durations CaTD50 (P 5 .0005) and CaTD80 (P , .0001)
and reduction of calcium amplitude alternans ratio (P , .0001).
Concomitant treatment with Dan prevented the Dox-induced decline
in FS and LVEF (P, .002 at both 2 and 4 weeks). Dan also prevented
Dox-induced prolongation of CaTD50 and CaTD80 and improved the
CaT alternans ratio (P , .0001). Finally, calcium transient rise
time was increased in the doxorubicin-treated group, indicating
RyR2 dyssynchrony, and dantrolene prevented this prolongation
(P 5 .02).

CONCLUSION Dantrolene prevents cardiac contractile dysfunction
following doxorubicin treatment by mitigating dysregulation of cal-
cium dynamics.

KEYWORDS Cardiomyopathy; Cardiac function; Doxorubicin; Dan-
trolene; Myocardial calcium transients
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Introduction
Doxorubicin (Dox) is an anthracycline drug that has been
used as a chemotherapeutic agent since the 1960s.1 Dox
works by inducing cellular toxicity and is used in the treat-
ment of many cancers, including solid tumors and hematolog-
ical malignancies.2 However, the clinical uses of this drug are
limited owing to short-term and long-term cardiotoxic ef-
fects.2 Systolic dysfunction and loss of cardiomyocytes are
hallmarks of doxorubicin-induced cardiomyopathy
(DICM).2 Calcium dysregulation has emerged as one of the
major pathophysiological features of DICM,3,4 and elevated
cytosolic calcium level has been found to precede morpho-
logic and clinical cardiomyopathy.5 Calcium dysregulation
in DICM is associated with cardiac dysfunction and cardio-
myocyte loss.6 Calcium dysregulation is also linked to reac-
tive oxygen species (ROS) generation.6,7 Increased ROS
production and subsequent interaction of Dox with sarco-
plasmic calcium-handling proteins are believed to result in
the abnormal calcium dynamics associated with DICM.8

Studies by our group,9,10 as well as by others, have also
demonstrated an association between Dox treatment and
abnormal calcium dynamics.4 Apart from contractile
dysfunction and arrhythmia, calcium dysregulation also
plays a crucial role in mitochondrial dysfunction, hypertro-
phic remodeling, and myocyte loss in cardiomyopathies
and heart failure.11 Thus, targeting the normalization of aber-
rant calcium dynamics as a therapeutic paradigm could pro-
tect DICM.12 The current clinical approach for DICM
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KEY FINDINGS

- Treatment with single-dose doxorubicin was associated
with a persistent decline in left ventricular fractional
shortening (FS) and ejection fraction in a murine
model.

- Doxorubicin treatment was also associated with prolon-
gation of calcium transient (CaT) rise time and calcium
transient duration (CaTD, both CaTD50 and CaTD80), as
well as higher calcium transient alternans.

- Concurrent administration of dantrolene prevented
doxorubicin-induced prolongation of CaT rise time
and CaTD, as well as reduction of calcium transient al-
ternans.

- Correction of doxorubicin-induced calcium dysfunction
by dantrolene was associated with mitigation of reduc-
tion of FS and left ventricular ejection fraction.
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includes regular screening for early detection of left ventricle
(LV) dysfunction and standard heart failure treatment in the
presence of ventricular dysfunction. To date, effective strate-
gies to treat and prevent Dox-induced cardiomyopathy are
limited.13 To prevent chemotherapy-induced cardiomyopa-
thy, concurrent administration of carvedilol has been pre-
sented as a possible therapeutic regimen, but the
effectiveness of such an approach remains uncertain.14 Other
strategies, such as treatments with ROS scavengers15 or anti-
oxidants,12,16 have not been able to protect against DICM.
Dexrazoxane, an iron chelator, has been approved to treat
DICM, but it weakens the antitumor effect of the chemo-
therapy, and the emergence of secondary malignancies is a
concern.17 Alternatively, dantrolene (Dan), a ryanodine re-
ceptor (RyR) stabilizer, has been shown to improve sarco-
plasmic calcium release as well as cardiac function in
models of both acute and chronic cardiomyopathy.18–21

Previously, we have shown that Dan infusion during
cardiopulmonary resuscitation improved cardiac
hemodynamics by normalizing cardiac calcium
dynamics.22 Thus, in the present study, we sought to investi-
gate the role of dantrolene-mediated calcium regulation in the
prevention of DICM using a murine model.
Materials and methods
Experiment protocol
The experiments were performed in University Health
Network. All animal usage was in accordance with institu-
tional animal care guidelines and was approved by the Ani-
mal Care Committee of the University Health Network
(Canadian Council in Animal Care). Male C57BL/6J mice
(Jackson Labs, Bar Harbor, ME) aged 10–12 weeks old
were used. Mice were acclimated at the housing facility for
at least 1 week before the experimental protocol. Treatment
with dantrolene (D9175; Sigma-Aldrich, Oakville, ON,
Canada) was started 7 days before Dox treatment. Mice
were treated with a single intraperitoneal (i.p.) dose of doxo-
rubicin (10 mg/kg, D1515; Sigma-Aldrich) or distilled water
(DW) on day 7 of dantrolene treatment. Our previous study
has demonstrated that a 10 mg/kg dose of doxorubicin is suc-
cessful in inducing sustained cardiomyopathy.9 Echocardi-
ography was subsequently conducted every week to
monitor changes in cardiac function. In our preliminary ex-
periments on dantrolene, daily doses of 1 mg/kg, 2 mg/kg,
and 5 mg/kg were shown to have no significant effects on
fractional shortening (FS) reduction as compared to doxoru-
bicin. However, dantrolene at a daily dose of 10 mg/kg was
shown to prevent the reduction of FS following doxorubicin
treatment; as such, this dose of dantrolene was used in all sub-
sequent treatments. Two weeks after Dox administration, the
hearts of the mice were harvested and perfused in a Langen-
dorff setup. Calcium mapping was then performed in the
presence of calcium-sensitive fluorescent dye. The experi-
mental protocol is outlined in Figure 1.
Experimental groups
The mice were randomized into 4 experimental groups:
group 1 (Control) received oral and i.p. DW; group 2 (Dan
only) received dantrolene by oral gavage with i.p. DW simu-
lating doxorubicin injection; group 3 (Dox only) received
doxorubicin i.p. on day 7 with daily oral gavage of DW,
and group 4 (Dan 1 Dox) received oral dantrolene 10 mg/
kg daily and doxorubicin i.p. on day 7 (Figure 1).
Echocardiography
Echocardiography was performed weekly on anesthetized
mice (2% isoflurane) in all experimental groups during the
35-day protocol, as shown in Figure 1. M-mode measure-
ments of the LV end-diastolic diameter (LVEDD) and LV
end-systolic diameter (LVESD) were measured using a 15
MHz linear ultrasound transducer (Vivid7; GE, Boston,
MA) with the body temperature of the mice maintained at
37�C. From short-axis view, at the level of the papillary mus-
cle, the measurement were performed in triplicate and aver-
aged over 3–6 beats. LVEDD was measured at the
maximal LV end-diastolic dimension, whereas LVESD was
measured at the minimum LV systolic excursion. LV FS
was used as an indicator of murine cardiac function and
was calculated as:

FS 5 (LVEDD – LVESD) / LVEDD ! 100%

LV end-diastolic volume (LVEDV) and end-systolic vol-
ume (LVESV) were determined by the software based on LV
dimension measurements and used to calculate LV ejection
fraction (EF) as a secondary measure of cardiac function:

EF 5 (LVEDV – LVESV) / LVEDV ! 100%

Measurements were reported as mean 6 SEM for all
groups at the prespecified time points. The primary study



Figure 1 A schematic representation of the experimental protocol.
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outcome was the prevention of a doxorubicin-induced reduc-
tion of FS as measured by echocardiography.
Calcium mapping in Langendorff setup
Two weeks after doxorubicin treatment, each mouse was
deeply anesthetized with 2%–3% isoflurane and the hearts
were harvested via midline thoracotomy. Each murine heart
was immediately immersed into an ice-cold modified
Krebs-Henseleit solution containing (in mM): NaCl (118),
KCl (4.7), CaCl2 (1.3), MgSO4 (1.2), KH2PO4 (1.2),
NaHCO3 (25), and glucose (5.5). The aortic stub was then
cannulated to allow for retrograde perfusion of the coronary
vessels with the modified Krebs-Henseleit solution. The
perfusion pressure was approximately 70 mm Hg and the
temperature was maintained at 37�C. Following stabilization
of the explanted heart, the calcium-sensitive fluorescent dye
Rhod2-AM (0.07 mM; Biotium, Fremont, CA) and mechan-
ical uncoupler Blebbistatin (1.0 mM; Enzo Life Sciences,
Farmingdale, NY) were added to the perfusion solution to
allow for optical mapping of the heart. Using a xenon light
source (Moritex Corporation, Saitama, Japan) and a 530
nm green filter (Semrock) Rhod2-AM fluorescence was
excited and the light emission bandpass filtered at 585/40
nm. Dye fluorescence was recorded with a high-speed
CMOS camera (Ultima-L, Scimedia, Costa Mesa, CA) at a
sampling rate of 500 frames/second. Image size was 16
mm! 16 mmwith a 100! 100-pixel resolution. Following
a pace-and-pause protocol, optical mapping of calcium sig-
nals from the ventricular epicardium was performed to assess
myocardial calcium dynamics. Briefly, a Grass S88X stimu-
lator was used to pace the Langendorff-perfused heart for 30
seconds, via 2 electrodes attached to the epicardial surface, to
reach a steady state of 12–14 Hz. Fluorescence was recorded
at the end of the pacing maneuver and the beginning of spon-
taneous beats. Optical signals recorded during the final 2 sec-
onds of pacing and the first 2 seconds of spontaneous rhythm
were analyzed. From an area on the optical maps representing
the ventricle, 3 non-adjacent pixels were selected for the
following feature analysis of calcium signals using custom-
made MATLAB codes:

Calcium transient duration analysis
For calcium transient duration (CaTD) analysis, 0 to 50% of
repolarization (CaTD50) and 0 to 80% of repolarization
(CaTD80) were analyzed, as described previously.23,24

Calcium amplitude alternans ratio analysis
Ca21 amplitude alternans refers to the beat-to-beat difference
of Ca21 signal amplitudes during cardiac stimulation. A cal-
cium amplitude alternans ratio (CaAAR) of 1 indicates
similar amplitudes, whereas a ratio of 0.5 refers to a 50% dif-
ference between large and small Ca21 amplitudes. As
described in our previous publications, this parameter was
calculated as a ratio (smallest Ca21 signals)/(largest Ca21

signals), where the largest and smallest Ca21 signals were
each derived from either odd or even beats.24,25

Calcium transient rise time analysis
Rise time of calcium transient upstrokes (calcium transient
[CaT] rise time) was calculated as the time duration for fluo-
rescence to rise from minimum (10%) to maximum (90%)
and was expressed in milliseconds.26

Diastolic/spontaneous calcium leak
The presence of spontaneous calcium elevation (SCaE) is the
result of a leaky RyR2 receptor during diastole. This param-
eter is unitless and was measured from the Ca21 wave and
normalized to Ca21 transient amplitude. The calcium signal
fluorescence elevation between the final pacing beat and
the first spontaneous beat was calculated as described previ-
ously.24

Statistical analysis
The study was powered to demonstrate the effect of dantro-
lene on FS. No previous study has evaluated the role of dan-
trolene treatment on changes in FS in a DICM model. We
hypothesize that there will be no reduction in FS with



Figure 2 Temporal effects of dantrolene (Dan) on fractional shortening (FS) following doxorubicin (Dox) treatment. A: Effects of Dan 10 mg/kg daily on
FS following Dox treatment. Echocardiography was performed at baseline, after day 7 of Dan treatment, and 1, 2, 3, and 4 weeks after Dox treatment. FS was
significantly reduced 1 week following the Dox administration and sustained up to the observation period of 4 weeks. Treatment with Dan prevented the
decline in FS after Dox treatment. Asterisk (*) indicates significant differences at 1 week after the injection of Dox (P 5 .0009 control vs Dox only;
P 5 .04 Dox vs Dan 1 Dox), 2 weeks after the injection of Dox (P , .0001 control vs Dox only; P , .0001 Dox vs Dan 1 Dox), 3 weeks after the injection
of Dox (P 5 .0005 control vs Dox only; P 5 .001 Dox only vs Dan 1 Dox), and 4 weeks after the injection of Dox (P 5 .001 control vs Dox; P 5 .002 Dox
vs Dan 1 Dox). N 5 4–5 mice per group. B: Representative images of M-mode echocardiography at 4 weeks after Dox treatment. C: Effects of Dan at 2 and
4 weeks following Dox treatment. FS as measured by echocardiography in the 4 groups. Asterisk (*) denotes significant difference vs controls (P , .0001 at 2
weeks and P 5 .001 at 4 weeks after Dox injection) and U denotes significant difference vs Dox group (P , .0001 at 2 weeks and P 5 .002 at 4 weeks after
Dox injection). N 5 4–5 mice per group.
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concurrent administration of dantrolene with doxorubicin
(Dan 1 Dox group). The sample size was calculated from
our previous study examining the effects of doxorubicin
single-dose injection (10 mg/kg).9 The calculations were
based on a P value of .05 (Za/25 1.96 at 95% confidence in-
terval) and an error rate of 1%. Based on previous animal
studies, we expected to measure a difference in FS between
the control and Dox groups of approximately 25%. The min-
imum sample size for comparing 2 means of continuous vari-
ables was calculated with the formula: n 5 (Za/2)

2
*s

2 /E2,
where s2 is the standard deviation (1.1) and E is the error
rate (1%). This yielded a value of n5 5 for each group. Echo-
cardiographic measurements were reported as mean 6 SEM
for all groups at the prespecified time points. FS; EF; calcium
signals for CaTD50 and CaTD80; CaAAR; rise time; and
SCaE were analyzed by 2-way ANOVA (ordinary for Ca21

and mixed effect for FS and EF, followed by Bonferroni
test). A P value ,.05 is considered to be statistically signif-
icant.
Results
Effect on dantrolene on cardiac contractile function
Baseline FS was comparable in all groups (Figure 2). At 2
weeks, a relative drop of 22% in FS was observed in the
Dox only group compared to control. More specifically, FS
was 40.20% 6 0.37%, 38.75% 6 0.48%, 31.20% 6
0.49%, and 41.20% 6 0.73% in control, Dan only, Dox
only, and Dan 1 Dox, respectively (P , .0001, control vs
Dox only and P , .0001, Dox only vs Dan 1 Dox;
Figure 2) after 2 weeks of treatment.

This drop in FS persisted for 4 weeks after doxorubicin
treatment. At 4 weeks, the FS was 41.20% 6 0.74%,
40.00% 6 1.47%, 28.60% 6 1.36%, and 40.40% 6 1.44%
in control, Dan only, Dox only, and Dan1Dox, respectively
(P 5 .001, control vs Dox only and P 5 .002, Dox only vs
Dan1Dox; Figure 2). A similar drop in LVEFwas seen after
2 weeks (77.0%6 0.71%, 75.5%6 0.65%, 66.0%6 0.63%,
and 78.4%6 0.68% in control, Dan only, Dox only, and Dan
1 Dox, respectively; P , .0001, control vs Dox only and P
, .0001, Dox only vs Dan1 Dox; Figure 3). This correlated
with a relative drop of 14% in LVEF in the Dox only group,
which was not seen in any of the groups that were treated with
dantrolene. At 4 weeks post-doxorubicin (or vehicle), the EF
was 77.6%6 0.68%, 77.0%6 1.73%, 61.8%6 2.08%, and
77.6% 6 1.44% in control, Dan only, Dox only, and Dan 1
Dox, respectively; P 5 .006, control vs Dox only and P 5
.002, Dox only vs Dan 1 Dox (Figure 3).
Effects of dantrolene on calcium transient duration
Next, we studied calcium dynamics in a Langendorff setup of
isolated murine hearts. The effects of a 5-week dantrolene
treatment regimen on the mitigation of Dox-induced calcium
dysregulation were assessed. As compared to the control
group, Dox lengthened CaTD50 (39.96 6 3.67 ms vs 33.24
6 0.68ms at 14Hz, P5 .02, Figure 4A). Amore pronounced
prolongation was seen in CaTD80 (67.66 10.88 ms vs 46.32
6 1.17 ms at 14 Hz, P5 .001, Figure 4B). The prolongation
of CaTD50 (32.95 6 1.15 ms vs 39.96 6 3.67 at 14 Hz,
P 5 .007, Figure 4A) and CaTD80 (45.43 6 1.57 ms vs
67.65 6 10.88 ms at 14 Hz, P5 .0003, Figure 4B) was pre-
vented with dantrolene treatment. When compared with con-
trols, the Dan only group did not have a significantly different
CaTD50 or CaTD80 (Figure 4A and 4B).

Effects of dantrolene on calcium transient rise time
Dox treatment was associated with an increased rise time
compared to control hearts (11.55 6 1.30 ms in Dox only
vs 10.10 6 0.56 ms in control at 14 Hz, overall P 5 .02,
Figure 4C). The treatment with Dan prevented the prolonga-
tion of rise time following Dox treatment (11.556 1.30ms in
Dox only vs 9.766 0.58 ms in Dan1 Dox at 14 Hz, overall
P 5 .02, Figure 4C). These data lend support to the mecha-
nism of Dox-induced RyR2 dysregulation, as well as the
role of dantrolene in the stabilization of RyR2 activity.

Effects of dantrolene on diastolic calcium leak
We measured the elevation of diastolic calcium amplitude to
explore the effects of dantrolene on diastolic calcium leak
following doxorubicin treatment. We found that there was
an elevation of spontaneous diastolic calcium in the hearts
of Dox-treated mice compared to control groups (P 5
.046); however, Dan had no effects on elevated SCaE (P 5
.30, Figure 4D).

Effects of dantrolene on CaAAR
Beat-to-beat CaAAR was significantly lower in the Dox-
treated group compared to the controls (0.42 6 0.02 in
Dox only group vs 0.54 6 0.09 in the control group at 14
Hz, overall P , .0001). Dantrolene prevented the reduction
of CaAAR following Dox treatment (0.42 6 0.02 in the
Dox only group vs 0.70 6 0.05 in the Dan 1 Dox group at
14 Hz, P 5 .04, Figure 5). These data further suggest that
RyR2 function is dysregulated following Dox treatment.
Discussion
In this study, we investigated the cardioprotective role of
dantrolene in doxorubicin-induced cardiomyopathy in a
murine model. We demonstrated that daily dantrolene
treatment was associated with mitigation of Dox-induced
aberration of cytosolic Ca21 dynamics. This mitigation
of calcium dysfunction caused by Dox was associated
with protection from contractile dysfunction in our exper-
imental model. To the best of our knowledge, this is the
first study to assess a mechanistically novel therapeutic
approach to prevent DICM by modulating calcium cycling
using dantrolene.

Dantrolene and cardiac contractile function
In this experimental model, our findings surrounding
doxorubicin-induced cardiac dysfunction were consistent
with those of previous studies,8 and we found that dantrolene
was indeed successful as a cardioprotective agent. A study by



Figure 3 Effects of dantrolene (Dan) on ejection fraction following doxo-
rubicin (Dox) treatment. Ejection fraction was measured by echocardiogra-
phy in the 4 groups at 2 and 4 weeks following Dox treatment as
described in Methods section. Asterisk (*) denotes significant difference
vs controls (P , .0001 at 2 weeks and P 5 .006 at 4 weeks) and U denotes
significant difference vs Dox only group (P, .0001 at 2 weeks and P5 .002
at 4 weeks). N 5 4–5 mice per group.
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Sufu-Shimizu and colleagues27 demonstrated a marked
improvement in FS and RyR2 function following chronic
dantrolene treatment in CaMKIIdc-overexpressing mice.
Interestingly, CaMKIIdc overexpression in mice was associ-
ated with increased phosphorylation of RyR2 and chronic
dantrolene treatment for 1 month improved RyR2 function
without changing its phosphorylation status.27 Rather, dan-
trolene improved the association of calmodulin with RyR2,
suggesting the possible zipping of unzipped RyR2.27 In
another study, it has been demonstrated that CaMKII played
an important role in Dox-induced impaired Ca21 dynamics in
isolated cardiomyocytes.28 In addition, improvements in car-
diac function have been demonstrated following treatment
with dantrolene in a canine model of long-term pacing-
induced heart failure.18 In our present study, there were no
changes in contractile function and calcium dynamics in
the heart of mice treated with dantrolene only. This finding
is consistent with that of Kobayashi and colleagues,18 who
demonstrated that dantrolene is effective in stabilizing
RyR2 only in the unzipped state, but not in the zipped state.
In our previous study, which used azumolene, an active
analog of dantrolene, we demonstrated that the phosphoryla-
tion of RyR2 is essential for azumolene function in ischemia
and long-duration ventricular fibrillation.24 The cardiopro-
tective effect of dantrolene has also been demonstrated in
various acute and chronic models of DICM,29,30 but these
previous studies did not assess the impact on calcium dy-
namics as demonstrated in this study.
Dantrolene and systolic calcium rise
In the present study, doxorubicin treatment led to prolonga-
tion of CaT rise time. Both CaT rise time and time to peak
provide an assessment of the integrity of systolic calcium
release function (calcium-induced calcium release, or
CICR) from the sarcoplasmic reticulum (SR).26 However,
measurement of rise time is not influenced by errors from
signal smoothing and imaging frame rates.26 Prolongation
of systolic calcium release time is a hallmark of diseased
myocardium31 and has been reported in cardiomyocytes
from animals treated with doxorubicin.32–35 The
prolongation of rise time is linked to contractile
dysfunction in infarcted and failing hearts,36,37 as well as
hearts with doxorubicin-induced cardiotoxicity.32,33 Dyssyn-
chronous Ca21 release from RyR2 channels is associated
with prolongation of systolic calcium release time in remod-
eled myocardium,36,37 and leaky RyR2 plays a crucial role in
the prolongation of calcium release time.38,39 Synchroniza-
tion of RyR2 has been reported to significantly improve
myocardial contractility and shorten systolic calcium rise
time in experimental models.40 Doxorubicin-induced alter-
ation in the expression and function of RyR2 may contribute
to abnormal CaT rise time. Doxorubicin is known to reduce
the expression of RyR2 in cardiomyocytes41 as well as in-
crease the open probability of the channel, thereby resulting
in increased calcium leak from the SR,42,43 which can in-
crease cardiac alternans. In addition to enhanced CaMKII
phosphorylation,44 the binding of Dox to RyR2 may increase
the open probability of the channel and increase the calcium
leak from SR.42,43

Our previous study and others demonstrated that dantro-
lene can improve contractile function and reduce arrhythmia
in a wide variety of acute and chronic cardiomyopathy
models.19–22,45 A reduction of diastolic calcium leak is also
known to be associated with dantrolene treatment,22 as dan-
trolene prevents the pathologic unzipping of remodeled
RyR2.18 In the present study, dantrolene treatment was found
to reduce the CaT rise time in the doxorubicin-treated mice,
but not in the control group. Therefore, the stabilization of re-
modeled RyR2 by dantrolene in DICM may explain the
shortening of the CaT rise time and subsequent improvement
in myocardial contractility. The protective effect of dantro-
lene against doxorubicin-induced CaT remodeling is a novel
finding from the present study.
Dantrolene and calcium transient duration
Our study also demonstrated the prolongation of CaTD50 and
CaTD80 by doxorubicin. Prolongation of CaTD50 and
CaTD80 are indicative of impairment in diastolic Ca21 extru-
sion.26 Doxorubicin may prolong CaTD by inhibiting SR
Ca21 uptake or by promoting persistent Ca21 leak from SR
or by prolongation of CaT rise time. Mechanisms of
abnormal Ca21 sequestration induced by doxorubicin
include inhibition of SERCA2a expression, redox modifica-
tion of SERCA2a, impaired SERCA2a activity from cellular
ATP depletion, and inhibition of Na1/Ca21 exchanger.46–49

The prolongation of the diastolic phase of the calcium
transient is linked to diastolic dysfunction in



Figure 4 Effects of dantrolene (Dan) on calcium transient dynamics following doxorubicin (Dox) treatment. A: Calcium transient duration 50 (CaTD50) at
different pacing rates. Asterisk (*) denotes P5 .02 vs control group andU denotes P5 .007 vs Dan1Dox-treated group. Overall, P5 .0005 by 2-way ANOVA
among the 4 groups. N5 4–6 in each group.B:Calcium transient duration 80 (CaTD80) at different pacing rates. Asterisk (*) denotes P5 .001 vs controls, andU
denotes P5 .0003 vs Dan1 Dox-treated group. Overall, P, .0001 by 2-way ANOVA among the 4 groups. N5 4–6 mice per group. C: Calcium transient rise
time. Rise time was calculated from the optical signal as described in the Methods section. Overall, P5 .02 by 2-way ANOVA among the 4 groups. N5 4–6 in
each group. D: Spontaneous calcium elevation (SCaE). SCaE was measured from the optical signal as described in Methods section. Overall P5 .30 by 2-way
ANOVA among the 4 groups. N 5 4–6 mice per group.
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cardiomyocytes of doxorubicin-treated rats.34 The presence
of diastolic dysfunction is considered a poor prognostic
marker in heart failure and has been reported to precede con-
tractile dysfunction in DICM.50 Concurrent dantrolene
administration prevented the doxorubicin-induced prolonga-
tion of CaTD in our study. A previous study demonstrated
that dantrolene enhanced SR Ca21 uptake in a rat heart.51

Dantrolene has also been found to preserve SERCA2a
expression following isoprenaline treatment52 and the pre-
vention of diastolic calcium leak by stabilization of remod-
eled RyR2 is expected to reduce the CaTD following
doxorubicin-induced cardiomyopathy.
Dantrolene and calcium alternans
Our study also demonstrated the promotion of CaT amplitude
alternans following doxorubicin treatment and its subsequent
inhibition following dantrolene administration in the heart of
doxorubicin-treated mice. CaT amplitude alternans is a
consequence of dysfunction in the SR Ca21 handling pro-
teins53,54 and leads to the generation of mechanical alter-
nans.55 In the myopathic heart, the presence of mechanical
alternans indicates an advanced disease stage56 and is associ-
ated with an increased risk of adverse events.57 Mitigation of
Ca21 amplitude alternans by RyR2 stabilization may indicate
a restorative effect on calcium handling after a myopathic
insult following doxorubicin treatment.
Limitations
There are some limitations in this study that should be noted.
Firstly, doxorubicin was administered as a single injection
rather than with repeated smaller doses. Despite the brief
treatment, this model exhibited persistent LV dysfunction
following doxorubicin injection. Secondly, our experimental
model is not a cancer model, and we cannot determine if dan-
trolene interferes with the chemotherapeutic effects associ-
ated with doxorubicin treatment. However, in a previous
study using a breast cancer model, dantrolene was not found
to influence the antitumor activity of doxorubicin.29 Lastly,
given that we only included male mice in our experiment,
the results of our experiment may suffer the limitation of
generalizability. This is owing to differences in vulnerability
and clinical course of doxorubicin-induced cardiomyopathy
in males and females.58,59
Conclusion
Intracellular calcium dysregulation plays a crucial role in the
pathogenesis of doxorubicin-induced cardiomyopathy.
Restoration of calcium dynamics via dantrolene



Figure 5 Effects of dantrolene (Dan) on Ca21 amplitude alternans ratios
(CaAAR) following doxorubicin (Dox) treatment. CaAAR was measured
from the optical signal as described in theMethods section. a:Representative
fluorescence tracings showing the calcium amplitude alternans in different
groups. b: Graphical presentation of CaAAR at different pacing rates.
Asterisk (*) denotes P , .0001 vs control and U denotes P 5 .04 vs Dan
1 Dox-treated group. Overall, P , .0001 by 2-way ANOVA among the 4
groups. N 5 4–6 mice per group.
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administration is successful in preventing cardiotoxicity
following doxorubicin treatment.
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