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Abstract: The severe doxorubicin (DOXO) side effect of cardiomyopathy limits it clinical application
as an effective anticancer drug. Although Ca2+ overload was postulated as one of the mechanisms
for this toxicity, its role was, however, disputable in terms of the contractile dysfunction. In this
work, the dynamics of the intracellular Ca2+ signal were optically mapped in a Langendorff guinea
pig heart. We found that DOXO treatment: (1) Delayed the activation of the Ca2+ signal. With the
reference time set at the peak of the action potential (AP), the time lag between the peak of the Ca2+

signal and AP (Ca-AP-Lag) was significantly prolonged. (2) Slowed down the intracellular Ca2+

releasing and sequestering process. Both the maximum rising (MRV) and falling (MFV) velocity of
the Ca2+ signal were decreased. (3) Shortened the duration of the Ca2+ signal in one cycle of Ca2+

oscillation. The duration of the Ca2+ signal at 50% amplitude (CaD50) was significantly shortened.
These results suggested a reduced level of intracellular Ca2+ after DOXO treatment. Furthermore, we
found that the effect of tachypacing was similar to that of DOXO, and, interestingly, DOXO exerted
contradictory effects on the tachypaced hearts: it shortened the Ca-AP-Lag, accelerated the MRV
and MFV, and prolonged the CaD50. We, therefore, concluded that DOXO had a different effect on
intracellular Ca2+. It caused Ca2+ underload in hearts with sinus rhythm; this might relate to the
contractile dysfunction in DOXO cardiomyopathy. It led to Ca2+ overload in the tachypaced hearts,
which might contribute to the Ca2+-overload-related toxicity.

Keywords: doxorubicin toxicity; intracellular Ca2+; optical mapping

1. Introduction

Doxorubicin (DOXO) is a widely used chemotherapy medication for the treatment
of cancer. Its toxicity on the heart has been drawing research attention for decades [1–3].
Dilated cardiomyopathy is the most dangerous side effect, which can lead to congestive
heart failure. This contributes to 50% mortality rate, and there is no effective treatment for
the cardiomyopathy caused by DOXO [4]. The occurrence rate of the cardiomyopathy is
related to the cumulative dose. For example, when the dose of DOXO is 500–550 mg/m2,
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the incidence is about 4%; however, when the dose exceeds 600 mg/m2, the incidence
escalates to 36% [4].

DOXO is believed to cause cardiomyopathy via several ways, including the downregu-
lation of genes for the contractile proteins, oxidative stress, and P53-mediated apoptosis [4].
Concerning the cardiac contractile dysfunction which occurs in DOXO-related cardiomy-
opathy, research interests have been focused on the interference of DOXO with intracellular
Ca2+ homeostasis [5,6]. It is well known that the intracellular Ca2+ concentration is syn-
ergically regulated by several consecutive events: the entry of the extracellular Ca2+ via
the voltage-gated Ca2+ channel (VGCC), which is activated following the generation and
propagation of the action potential (AP); interaction of the Ca2+ ion with several intracel-
lular molecules, eventually causing intracellular Ca2+ release via the ryanodine receptor
Ca2+-releasing channel (RYR), which is located on the sarcoplasmic reticulum (SR); and the
SR Ca2+-ATPase (SERCA) and Na+-Ca2+ exchanger (NCX) which are the major proteins
that handle Ca2+ sequestering [7]. Changes in these Ca2+ regulatory proteins have been
confirmed in rodents with DOXO injection [8,9]. The data relating to the intracellular Ca2+

level in cardiomyopathy caused by DOXO are discordant. Most of the current evidence
tends to relate Ca2+ overload with the cardiomyopathy caused by DOXO [10–13]; however,
Sag and Kohler et al. found a reduced intracellular Ca2+ level after DOXO incubation in
isolated rat ventricular cardiomyocytes [14], and LIach et al. reported a decreased intra-
cellular Ca2+ level with slowed rising velocity of the Ca2+ signal after 15 weeks of DOXO
injection. This is concomitant with their observation of the reduced ejection fraction [15].

Tachycardias can lead to ventricular contractile dysfunction, and rapid pacing is
widely used to produce animal models of cardiomyopathy [16] and atrial fibrillation [17].
Abnormalities of cardiac Ca2+ handling is one of the proposed mechanisms underlying
the pacing-induced cardiac dysfunction. A downregulation of sarcoplasmic reticulum
Ca2+ transport ATPase and myofibrillar Ca2+ ATPase has been documented in tachycardia-
induced cardiomyopathy [18]. Although the abnormality in Ca2+ handling is a potentially
unifying mechanism, controversy exists with regard to systolic dysfunction. Some groups
suggest a decreased Ca2+ sensitivity [19], while others speculate abnormalities in excitation–
contraction coupling that might be responsible for the systolic dysfunction [20].

In this study, we simultaneously optically mapped the dynamic signals of membrane
potential and intracellular Ca2+ on an ex vivo Langendorff guinea pig heart, and the effects
of DOXO and tachypacing were evaluated. We found that DOXO decoupled the temporal
connection between the signals of AP and Ca2+. DOXO also decreased the rising and falling
velocity of the Ca2+ signal, suggesting detrimental effects on machineries corresponding
to both Ca2+ releasing and sequestering. Similar to the effect of DOXO, tachypacing also
decoupled the AP-Ca2+ connection and slowed down the rising and falling velocity of the
Ca2+ signal. In the rapid-paced group, however, the effects of DOXO were in contrast to that
of the sinus group: 1 µM and 3 µM DOXO promoted the coupling between AP and Ca2+,
and accelerated both the rising and falling velocity of the Ca2+ signal. The decreasing effect
of DOXO on the intracellular Ca2+ signal might reveal, at least partially, the contractile
dysfunction which occurs in DOXO-related cardiomyopathy, and the different effects of
DOXO on the sinus and tachypaced heart suggested that DOXO might exert different
effects on the heart with physiological and pathological status.

2. Methods

The guinea pig hearts were harvested from male adult animals (300~400 g) which
were housed in the animal center of Tongji Medical College, Huazhong University of
Science and Technique, and fed ad libitum (20~30 ◦C, 60% humility, 12:12 light/dark cycle).
All experimental procedures with guinea pigs were approved by the Animal Welfare
Committee of Huazhong University of Science and Technology, and experiments in this
study were carried out in accordance with the rules of this committee.

Heparin (3125 IU/Kg) was administrated (intraperitoneal) 15 min before inhaling of
Isoflurane. After being overdosed, the animal was scarified and their heart exposed. The
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heart was Langendorff-perfused with 37 ◦C KH solution (in mM: NaCl 119, KCl 4, CaCl2
1.8, MgCl2 1, NaH2PO4 1.2, NaHCO3 25, Glucose 10. pH = 7.4) for 15 min. The flow rate
was set at 30 mL/min. Blebbistatin (6 mg/L), an excitation–contraction uncoupling agent,
was loaded to arrest the heart, which ensures mechanical stabilization for consequential
optical sampling.

The dyes Rhod-2AM (1 mg/L) and RH273 (1 mg/L) were used for labelling Ca2+ and
voltage signals, respectively, and Pluronic F127 (500 µg/L) was used as a dye solubilizer to
facilitate their loading. These agents were circulating the heart for 15 min before sampling.

A 530 ± 25 nm laser light source, LEDC-2001 (MappingLab, Oxford, UK), was applied
for signal excitation. The emission light was detached via a dichroic mirror at 630 nm, and
the Ca2+ and voltage signals were filtered at 590 nm and 700 nm before being sampled
with two separate CMOS cameras (OMS-PCIE-2002, Oxford, UK, MappingLab). The
sampling frequency was 0.8 kHz. The software package for recording was OMapScope4.0
(MappingLab, Oxford, UK). The Ca2+ and voltage signals were recorded simultaneously,
so that their temporal properties could be evaluated.

The sampling framing was 150 × 150 pixels. Each sampling episode lasted for one
or two seconds, followed by a 5 min interval. The heart was subjected to two different
excitation patterns: uninterfered sinus excitation and paced excitation. To pace the heart, a
pair of stimulatory electrodes was placed on the apex, and a 5 Hz 2 mA current was applied.
As illustrated in Figure 1A, signals from both left and right ventricles were mapped.
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Figure 1. (A) schematic diagram showing the mapping region and the location of the pacing stim-
ulator. (B) Consecutive mapping of the Ca2+ fluorescence signal. The sampling frequency was
800 frames/second. For clarity, only the 1st, 900th and 1600th frames are displayed. (C) Plot of the
averaged fluorescence intensity of each frame in (B) (Y axis) versus the number of frames (X axis).
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Data were retrieved with custom-written Python code (Python 3.9) and analyzed
with Matlab 2017a. As exampled in Figure 1B, the Ca2+ intensity signal was consecutively
mapped onto 1600 frames; for clarity, only three of them (1, 900 and 1600) are displayed.
The fluorescence intensity of each pixel can be extracted and plotted along the time axis
(the frames). Thus, for each of the 150 × 150 segmented regions, the periodic oscillation of
both Ca2+ and membrane potential can be monitored. As an example, Figure 1C shows
the dynamic variation in the averaged Ca2+ signal of the mapping region. The peaks were
detected; each of them marked one rhythmic activity. From each of these activities, the
following information was retrieved: the maximum rising velocity (MRV), maximum falling
velocity (MFV), and the 50% signal duration (CaD50) (the duration with intensity ≥ 50%
amplitude). Because voltage and Ca2+ signals were recorded simultaneously, the time
difference of peak occurrence of Ca2+ and membrane potential (Ca-AP-Lag) could be
calculated, which denotes the property of action potential–Ca2+ coupling.

Blebbistatin and Rhod-2 AM were from Abcam (Cambridge, UK) and Rh-237 was
from Univ (Shanghai, China). All other agents were from Sigma (Shanghai, China).

The data were analyzed with the built-in statistical tool in GraphPad Prism 9.3 (Graph-
Pad Software, CA, USA), and presented as mean ± SEM. An unpaired t-test, if not stated,
was applied to compare the differences between groups, and the difference with p < 0.05
was regarded as significant. Figures were plotted with Prism or Matlab.

3. Result

3.1. DOXO Delayed the Ca2+ Activation in Respect of the Occurrence of AP

It is well known that the rise in the intracellular Ca2+ level is a subsequent event
following the generation of AP. Several events are involved in the AP-Ca2+ coupling: the
entry of the extracellular Ca2+ via the voltage-gated Ca2+ channel and binding of the Ca2+

with Ryanodine receptors which induced Ca2+ release from the SR. The time lag between
the Ca2+ and AP (Ca-AP-Lag, defined as the time difference between the peak time of
AP and the peak time of Ca2+ signal) reflects the dynamics of the underlying AP-Ca2+

coupling events.
We found that in hearts with sinus rhythm, DOXO prolonged the Ca-AP-Lag in

a concentration-dependent manner. As shown in Figure 2A, the Ca-AP-Lag before the
application of DOXO was 6.3 ± 0.9 ms, which was significantly increased to 10.8 ± 1.4, and
18.7 ± 2.4 ms after the treatment of DOXO 3 µM and 10 µM, respectively (p < 0.01, control
vs. DOXO treatment).

Compared to sinus rate excitation, pacing significantly increased the Ca-AP-Lag
(Figure 2A). Although the ratio of the heart rate enhancement was not very high (from
272 ± 4 bpm (beats per minute) at sinus rate, to 300 bpm, with paced rate) regarding the
high basal heart rate, fast pacing significantly increased the Ca-AP-Lag from 6.3 ± 0.9
to 12.4 ± 1.2 ms (p < 0.01, sinus control vs. paced control). In other words, fast pacing
hampered the proper coupling between AP and Ca2+ signaling.

In the paced group, however, DOXO showed different effects compared with those
in the sinus group. Although the p value did not reach the significant level, the low
concentration of DOXO (1 uM and 3 µM) showed a trend of concentration-dependent
decreasing effect on the Ca-AP-Lag (p = 0.06, control vs. DOXO 3 µM), opposite to its
increasing effect on CA-AP-LAP in the sinus group. The higher concentration of DOXO
(10 µM) in the tachypaced group, however, consistent with its effect in the sinus group,
increased the Ca-AP-Lag (p < 0.01). In other words, a low concentration of DOXO tends
to alleviate the pacing damaged Ca-AP coupling, while a high concentration of DOXO
exacerbates the damage.
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Figure 2. (A–D) the effect of DOXO on Ca-AP-Lag, MRV_Ca, MFV_Ca and CaD50 in sinus and
tachypaced groups. (A) in the sinus group, 3 µM and 10 µM DOXO significantly prolonged the
Ca-AP-Lag (p < 0.01); in the paced group, low concentration of DOXO (1 µM and 3 µM) had the
opposite effect to that of 10 µM DOXO. (B) the MRV_Ca was decreased by DOXO (1 µM, 10 µM and
3 µM, p < 0.01) in the sinus group but increased in the tachypaced group by DOXO (1 µM and 3 µM,
p < 0.05). (C) the MFV_Ca was decreased by DOXO (3 µM, p < 0.01 and 10 µM, p < 0.05) in the sinus
group, but increased by DOXO (1 µM and 3 µM, p < 0.01) in the tachypaced group. (D) The CaD50
was decreased by DOXO (3 µM, p < 0.05 and 10 µM, p < 0.01) in the sinus group, but was increased by
DOXO (10 µM, p < 0.01) in the tachypaced group. Ca-AP-Lag: the time difference between the peak
of AP and the peak of the following Ca2+ signal; MRV_Ca and MFV_Ca: the maximum rising and
following velocity of the Ca2+ signal; CaD50: the duration of the Ca2+ signal at 50% of the amplitude.
∆F: change in the fluorescence intensity.

3.2. DOXO Hampered Both the Releasing and Sequestering Processes of Ca2+

The maximum rising velocity of the Ca2+ (MRV_Ca) signal reflects the process of
Ca2+ release, and the maximum falling velocity of the Ca2+ signal (MFV-Ca) denotes
the Ca2+-sequestering process. In the sinus group, DOXO treatment damaged both pro-
cesses. For instance, 10 µM DOXO significantly reduced the MRV-Ca from 3520 ± 24
to 3072 ± 177 ∆F/ms (p < 0.01), and the MFV_Ca from 3460 ± 25 to 3094 ± 255 ∆F/ms
(p < 0.05).
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Tachypacing (300 bpm) is detrimental to both the releasing and the sequestering
process of Ca2+. It reduced MRV-Ca from 3520 ± 24 (sinus rhythm) to 2225 ± 330 ∆F/ms
(p < 0.01), and MFV_Ca from 3460 ± 25 (sinus rhythm) to 1541 ± 382 ∆F/ms (p < 0.01),
respectively (Figure 2B,C).

DOXO treatment had contrary effects on the pacing-interfered MRV_Ca and MFV_Ca.
In the pacing group, 1 µM and 3 µM DOXO increased the MRV_Ca and MFV_Ca in a
concentration-dependent manner, an action opposite to that observed in the sinus group.
The higher concentration of DOXO (10 µM), however, pulled both the MRV_Ca and
MFV_Ca down (Figure 2B,C). Thus, the low concentration of DOXO (1 and 3 µM) treatment
accelerated the pacing slowed MRV_Ca and MFV_Ca; this might cause Ca2+ overload. The
higher concentration (10 µM), however, fostered the slowing effect of pacing and might
reduce the risk of Ca2+ overload.

In the sinus group, DOXO treatment increased the duration of the Ca2+ signal
(Figure 2D). The duration of the Ca2+ signal at 50% Ca2+ signal amplitude (CaD50) was
significantly reduced by DOXO (3 and 10 µM) treatment. For example, the CaD50 before
and after 10 µM DOXO was 126.5 ± 1.4 and 112.8 ± 0.9 ms (p < 0.01). In comparison with
the sinus group, pacing (300 bpm) significantly shortened the CaD50 from 126.5 ± 1.4 to
97.3 ± 1.5 ms (p < 0.01). Within the paced group, however, DOXO 3 µM increased the
CaD50 from 97.3 ± 1.5 to 118.5 ± 0.4 (p < 0.01), and DOXO 10 µM pulled the CaD50 down
to 99.9 ± 0.5 ms.

3.3. DOXO Increased the Heterogeneity of the CaD50

As explained in the method (Figure 1), the parameters of the Ca2+ signals were
retrieved for each of the mapped pixels (150 × 150); as a result, the heterogeneity of these
parameters and the effects of tachypacing and DOXO treatment can be evaluated along
the dimension of the spatial frame. The standard deviation (STD) was employed as a
describer of the heterogeneity. As an example, Figure 3A shows the distribution pattern
of the CaD50 (sinus rhythm, control) along the sampling frame, and Figure 3B displays
the CaD50 after 10 µM DOXO treatment. It was clear that the variation in the signal was
increased by DOXO.
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Figure 3. (A,B) An example mapping of the Ca2+ signal duration at 50% amplitude (CaD50) before
(A) and after (B) the application of DOXO 10 µM in a heart with sinus rhythm. (C) The standard
deviation (STD) of CaD50 in the sinus and paced groups. In the sinus group, DOXO 3 µM and
10 µM significantly increased the STD (p < 0.01), and in the paced group, DOXO 10 µM significantly
increased the STD (p < 0.01). Compared to the sinus group, tachypacing (300 bpm) increased the STD
(p < 0.01, sinus control vs. paced control).

As shown in Figure 3C, the heterogeneity of CaD50 was increased by both DOXO
treatment and tachypacing. The STD of CaD50 was significantly increased from 8.5 ± 0.7
to 33.5 ± 4.6 and 21.1 ± 1.4 ms by DOXO 10 µM treatment and tachypacing, respectively
(p < 0.01, in both cases). In the tachypaced group, DOXO 10 µM also increased the hetero-
geneity of CaD50.

DOXO and pacing did not affect the heterogeneity property of MRV and MRF (data
not shown).

3.4. Correlation Analysis of the Ca2+ Properties

In order to unveil the possible causes and/or effects of the change in Ca-AP-lag, a
series of correlation analyses (Pearson) were performed between different Ca2+ properties.
All the correlations in the results displayed in Figure 4 were significant (p < 0.05), and
each were successfully fitted with a simple linear regression method: Y = A × X ± B,
where X and Y represent the x and y axis data, and A and B are the slope factor and the
Y-intercept, respectively.

1. The MRV_Ca was positively correlated with MFV_Ca

The correlation analysis revealed that the MRV and MFV of the Ca2+ signal were
positively correlated with each other in both the sinus (Figure 4A) and the paced (Figure 4B)
groups. Thus, myocytes with slow MRV Ca2+ signals also have slow MFV. In the heart with
sinus rhythm, the correlation was successfully described by the equation: Y = 0.97×X −69.2,
where X and Y represented the MRV and MFV, respectively. In fast-paced preparations,
the linear equation was altered to Y = 1.08 × X − 316. This increase in the slope factor
(from 0.97 to 1.08) suggested that, under the paced circumstance, a unit decrease in MRV
corresponded to a more prominent decrease in MFV. This effect might contribute to, at least
partially, the Ca2+ overload observed in the fast-paced heart model.



Biomedicines 2022, 10, 2197 8 of 12
Biomedicines 2022, 10, x FOR PEER REVIEW 9 of 13 
 

 
Figure 4. (A,B) The correlation of MRV_Ca and MFV_Ca in sinus group (A) and paced group.
(C–J) the correlation of Ca-AP-Lag with the peak of Ca2+ signal ((C): sinus, (D): paced), CaD50 ((E):
sinus, (F): paced), MRV ((G): sinus, (H): paced) and MFV ((I): sinus, (J): paced). All the correlations
were performed with Pearson analysis and were significant (p < 0.01); and the equation Y = A × X ± B
was employed to describe the simple linear regression (insets in each Figure).
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2. The Ca-AP-Lag was negatively correlated with the peak amplitude of Ca2+ signal

As illustrated in Figure 4C,D, the Ca-AP-Lag was negative correlated with the peak
amplitude of Ca2+ in both groups of sinus rhythm (Figure 4C) and fast pacing (Figure 4D).
Thus, a higher value of the Ca-AP-Lag corresponds to a smaller peak Ca2+ signal. In
other words, myocytes with delayed Ca2+ activation had a smaller peak Ca2+ amplitude;
thus, DOXO, that slowed down the Ca2+ activation, might also reduce the amount of Ca2+

entry/release during the activation phase.
The correlation was stronger in the pacing group than that in the sinus group, as the

slope factor was increased from −132 (the sinus group) to −259 (the tachypaced group).
Therefore, similar change in the Ca-AP-LAG corresponds to a more prominent change in
the peak Ca2+ signal.

3. The Ca-AP-Lag was positively correlated with duration of the Ca2+ signal

The Ca-AP-Lag was positively correlated with CaD50 in both the sinus (Figure 4E)
and paced (Figure 4F) groups, with similar slope factors (0.66 and 0.68 for the sinus and
paced groups, respectively). Thus, myocytes with a delayed rise in the Ca2+ signal also
displayed an increased Ca2+ activation window. This might contribute to the reported
DOXO-related Ca2+ overloading which underlines the toxic effect of DOXO treatment.

4. The Ca-AP-Lag was negatively correlated with the Ca2+ MRV and MFV

The Ca-AP-Lag was negatively correlated with the Ca2+ MRV and MFV in both sinus
and fast-paced groups (Figure 4G–J). The correlations for MRV were described with the
equation of Y = −25 × X ± 3535 in the sinus group and Y = −38 × X ± 3587 in the fast-paced
group; the correlations for MFV were described with the equation of Y = −27 × X ± 3417
in the sinus group and Y = −56 × X ± 3703 in the fast-paced group. These results indi-
cated that a delayed activation of Ca2+ coexisted with slowed releasing and sequestering
dynamics of Ca2+, and this effect was more prominent in the tachypaced group.

4. Discussion

The current research evaluated the effect of DOXO, tachypacing and DOXO–tachypacing
interactions on the dynamics of intracellular Ca2+ signals. The membrane potential and
Ca2+ signal were optically mapped and performed ex vivo on Langendorff guinea pig
hearts. The main finding was that DOXO treatment favored a reduction in the intracellular
Ca2+ level; this was suited well to explaining the mechanism of the contractile dysfunction
which occurs in DOXO-related cardiomyopathy.

Our results suggested a retarding effect of DOXO on one or several of the essential
targets that contribute to the rising (for instance, VGCC and RYR) and falling (for instance,
SERCA and NCX) of the intracellular Ca2+ signal (Figure 2A). Together with the observa-
tions that DOXO shortened the Ca2+ duration, CaD50 and the negative correlation between
Ca-AP-Lag and the peak of the Ca2+ signal were observed. Our results support a hypothesis
that DOXO treatment reduced the intracellular Ca2+ level; this might be responsible for
the systolic contractile dysfunction presented in DOXO-related cardiomyopathy [4]. This
was consistent with the work of Sag, C.M. et al. [14] and LIach, A. et al. [15] whose work
indicated a reduced intracellular Ca2+ transience after the administration of DOXO. More-
over, the observations of the reduced RYR expression in the presence of DOXO [9,21] might
contribute to the slowed MRV observed in the current research. Although, the current
mainstream supports an opinion that DOXO might provoke Ca2+ overload, which causes
lesions presented in cardiomyopathy [10–12,22,23]. This opinion, however, was disputable
in terms of elucidating the contractile cardiac dysfunction.

Several possible factors might contribute to this discrepancy between the current re-
search and the available data. The first consideration is the recording method. In the current
experiment, the Ca2+ signal was directly measured with optical procedure at the whole-
heart level. Many previous works were performed on the isolated cardiomyocytes [22,23];
their properties might be quite different from the in vivo or ex vivo hearts. Moreover,



Biomedicines 2022, 10, 2197 10 of 12

the species differences should also be considered. For example, contrary to our obser-
vation that DOXO shortened the CaD50, the work of Chao et al., in isolated zebrafish
cardiomyocytes, found that DOXO prolonged the Ca2+ transient and increased the sarcom-
ere contraction [13]. More importantly, for some experiments, the level of the Ca2+ signal
was determined at the tissue level, and the static total Ca2+ amount was measured due to a
technique limitation at the time of the experiment [10,12]. As a result, the measured Ca2+

level might not precisely reflect the Ca2+ level in the cytosol rather than the total amount
in all compartments of the cell, and the essential dynamic characteristics of the cytosol
Ca2+ were overlooked. Additionally, for some research, the conclusion of an increased
intracellular Ca2+ might be based on assumptions from some ‘indirect’ observations; for
instance, in isolated rat cardiomyocytes, whole-cell patch clamp recording revealed that
DOXO increased the amplitude of the L-type Ca2+ current [23], and some research con-
firmed that DOXO reduced the expression of SERCA and RYR at the mRNA or protein
level [8,9].

Importantly, the work of Ondrias, K. et al. [24] confirmed that DOXO had biphasic
effects on the cardiac SR Ca2+-releasing channel incorporated in an artificial lipid bilayer.
The initial exposure of DOXO increased the opening probability of the channel; after a mean
of 8 min DOXO, however, it irreversibly inhibited the channel. Because the DOXO-related
cardiomyopathy occurred after chronic treatment, the general effects of DOXO would more
likely inhibit the SR Ca2+ channel. This was consistent with our observations. Interestingly,
the pretreatment of dithiothreitol (DTT) prevented the inhibiting effect of DOXO on the
SR Ca2+ channel [24].Because of the high efficiency of DTT in restoring the function of
sulfhydryl groups damaged by reactive oxygen species (ROS),wehypothesized that the
direct effect of chronic DOXO treatment was to inhibit the SR Ca2+-releasing channel,
and, thus, reduce the intracellular Ca2+; calcium overloading might be an indirect effect
of DOXO. For instance, DOXO might promote the release of ROS [14] which altered the
response of calcium-handling proteins to DOXO [25].

Although the current work did not support the mechanism of Ca2+-overload-related
DOXO cardiotoxicity, the increased heterogeneity of the Ca2+ signal might play a role.
The heterogeneities of the heart electrical properties were greatly concerned, because
the abnormal increase in many of them was proarrhythmic [26–29]. For instance, the
spatial variability of the repolarization of the ventricular myocardium has been linked
to the arrhythmogenesis through reentry and increased dispersion of refractories, and
alternans in intracellular Ca2+ handling underlined the alternans in AP morphology [30].
Therefore, our finding that DOXO increased the heterogeneity of CaD50 might contribute
to the arrhythmogenesis in DOXO treatment [31,32]. Similarly, Kharin, S. et al. [33], with
a method of 64-electrode array ventricular epicardial mapping, confirmed an increased
heterogeneity of ventricular repolarization after chronic DOXO treatment.

It was important to point out that the role of Ca2+ overload in DOXO-related car-
diomyopathy cannot be ruled out based on the current research. Firstly, the slowing effect
of DOXO in the falling velocity of the Ca2+ (MFV_Ca) (Figure 2C) might contribute to the
possible development of Ca2+ accumulation. This was consistent with the observation that
DOXO decreased the expression of SERCA and increased the level of PLB [8,9,34]. Secondly,
multivariables, especially the dosage and the basal condition of the heart, are involved
in the development of the cardiomyopathy. A different dosage of DOXO might have
unanimous effects on the Ca2+ homeostasis in hearts with different basal status [8,35]. For
example, in the tachypaced group, a low concentration of DOXO (1 uM and 3 µM) generally
displayed the opposite effect in terms of that in the sinus group (Figure 2). Their tendency
of increasing MRV and CaD50 might lead to Ca2+ overload in the tachypaced heart.

Limitations and future works: Although the current work stated a general reducing
effect of DOXO on the intracellular Ca2+ level, further investigations, however, need to
be carried out to clarify the underlying mechanisms. As a series of cascade molecules are
involved in the fine-tuning of the intracellular Ca2+, it was valuable to test the effects of
these molecules on the DOXO-meddled hearts. For instances, DOXO is known to affect
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Ca2+ homeostasis by modulation of SERCA and NCX, and the NCX inhibitor ameliorates
DOXO toxicity in cardiomyocytes [25]. Thus, investigation of the effects of SERCA and
NCX inhibitors would be helpful to unveil the mechanism of the DOXO toxicity. Moreover,
as DOXO also affected gene expression of the intracellular Ca2+ handling proteins, such as
RYRs and SERCA [8,9], it was helpful to evaluate how DOXO at the RNA and/or DNA
level affects the intracellular Ca2+ level.

The results of this study demonstrate the effect of DOXO in reducing the intracellular
Ca2+ level, providing experimental evidence for elucidating the long-existing controversy
in terms of the contractile dysfunction in DOXO-caused cardiomyopathy. Furthermore,
DOXO in the tachypaced hearts had the opposite effect to that in hearts with sinus rhythm.
This suggested the importance of Ca2+-overload-related cardiotoxicity in a heart undergo-
ing pathological states. Although more affirmative research still needs to be performed,
the current research might shed some light on the clinical strategies for treating and/or
preventing DOXO-induced cardiomyopathy.

5. Conclusions

In heart with sinus rhythm, DOXO led to Ca2+ underload; this might contribute to
the contractile dysfunction in DOXO-related cardiomyopathy. In the tachypaced hearts,
however, DOXO might increase the intracellular Ca2+ level and cause Ca2+-overload-
related toxicity.
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