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A dual-targeted drug inhibits cardiac ryanodine receptor
Ca2+ leak but activates SERCA2a Ca2+ uptake
Jörg W Wegener1,4 , Gyuzel Y Mitronova2,4 , Lina ElShareif1 , Christine Quentin2 , Vladimir Belov2,
Tatiana Pochechueva1,4 , Gerd Hasenfuss1,4 , Lutz Ackermann3,4, Stephan E Lehnart1,4

In the heart, genetic or acquired mishandling of diastolic [Ca2+] by
ryanodine receptor type 2 (RyR2) overactivity correlates with risks
of arrhythmia and sudden cardiac death. Strategies to avoid
these risks include decrease of Ca2+ release by drugs modulating
RyR2 activity or increase in Ca2+ uptake by drugs modulating SR
Ca2+ ATPase (SERCA2a) activity. Here, we combine these strategies
by developing experimental compounds that act simultaneously
on both processes. Our screening efforts identified the new 1,4-
benzothiazepine derivative GM1869 as a promising compound.
Consequently, we comparatively studied the effects of the known
RyR2 modulators Dantrolene and S36 together with GM1869 on
RyR2 and SERCA2a activity in cardiomyocytes from wild type and
arrhythmia-susceptible RyR2R2474S/+ mice by confocal live-cell
imaging. All drugs reduced RyR2-mediated Ca2+ spark frequency
but only GM1869 accelerated SERCA2a-mediated decay of Ca2+

transients in murine and human cardiomyocytes. Our data indicate
that S36 and GM1869 are more suitable than dantrolene to directly
modulate RyR2 activity, especially in RyR2R2474S/+ mice. Remark-
ably, GM1869 may represent a new dual-acting lead compound for
maintenance of diastolic [Ca2+].
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Introduction

During each heartbeat, the intracellular calcium concentration
([Ca2+]i) cycles dynamically between low resting diastolic and high
active systolic levels within cardiomyocytes (Bers, 2002; Eisner et al,
2017; Sankaranarayanan et al, 2017): upon electrical excitation, Ca2+

influx via voltage-gated CaV1.2 channels activates Ca2+-induced Ca2+

release via SR ryanodine receptor type 2 (RyR2) Ca2+ channels
(Fabiato, 1983). This Ca2+-induced Ca2+ release gives rise to the net
systolic [Ca2+]i increase that activates cardiac contraction. For
cardiac relaxation, [Ca2+]i is pumped back into the SR Ca2+ store by
the cardiac SR Ca2+-ATPase (SERCA2a) in concert with Ca2+ efflux to

the extracellular space by the sodium–calcium exchanger (NCX)
(McDonough et al, 2002). In healthy conditions, Ca2+ influx and efflux
and Ca2+ release and (re)uptake is strictly balanced to maintain
physiological diastolic [Ca2+]i (Walker et al, 2014; Eisner et al, 2020;
Hamilton et al, 2021).

In contrast, in various forms of human heart disease, abnormal
intracellular Ca2+ handling is regarded as one hallmark of disease
(Meuse et al, 1992). For example, increased diastolic [Ca2+]i has been
observed in muscle strips from failing human hearts (Gwathmey
et al, 1988). Subsequently, increased diastolic [Ca2+]i has been
confirmed in animal models of heart failure and attributed to
diminished SR Ca2+ uptake (Hasenfuss et al, 1994; Ribadeau Dumas
et al, 1997) and to Ca2+ “leak” out of the SR Ca2+ store (Louch et al,
2012; Bers, 2014). Increased SR Ca2+ leak has been molecularly
attributed to RyR2 overactivity mediated by several mechanisms
including (i) RyR2 hyper-phosphorylation by PKA because of a
chronic hyper-adrenergic state in heart failure (Marx et al, 2000;
Potenza et al, 2019), (ii) RyR2 hyper-phosphorylation by Ca2+–
calmodulin-dependent kinase (CaMKII) involving exchange protein
directly activated by cAMP (Epac2) and nitric oxide synthase 1
(Wehrens et al, 2004; Sag et al, 2009; Pereira et al, 2017), and (iii)
increased RyR2 oxidation (Andersson et al, 2011; Huang et al, 2021).
In addition to these mechanisms of acquired RyR2 channel dys-
regulation, missense and truncating mutations in the RyR2 gene
have been linked to increased SR Ca2+ leak in transgenic mice
carrying human-related RyR2 mutations, for example, R2474S
(Lehnart et al, 2008) and P2328S (Lehnart et al, 2004) that mimic the
phenotype of catecholaminergic polymorphic ventricular tachy-
cardia (CPVT) (Wleklinski et al, 2020).

Therapeutic strategies for altered intracellular Ca2+ handling are
mainly focused on modulators of RyR2 activity (Connell et al, 2020;
Marks, 2023). Initially, the benzothiazepine derivative JTV519 (K210)
was shown to correct SR Ca2+ leak in dog samples with heart
failure (Yano et al, 2003) and decreased human RyR2 activity in
recombinant channels harboring missense mutations (Lehnart
et al, 2004). However, JTV-519 also inhibited Ca2+-dependent
SERCA activity in striated muscle (Darcy et al, 2016). Dantrolene, a
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RyR channel pore-blocking drug approved for treatment of ma-
lignant hyperthermia, exhibited antiarrhythmic effects in some
patients with RyR2 mutations (Penttinen et al, 2015) and patients
with heart failure (Hartmann et al, 2017) but may be impractical for
chronic treatment (Bers, 2017) because direct dantrolene actions
were questioned at the single-channel level (Choi et al, 2017). The
water-soluble so-called RyCal S107 inhibited both RyR2-mediated
Ca2+ leak and stress-induced ventricular arrhythmias in RyR2R2474S/+

mice (Lehnart et al, 2008) and reduced heart failure progression in
homozygous RyR2S2808D+/+ mice carrying a mutation that mimics
PKA hyper-phosphorylation (Shan et al, 2010). Recently, the RyCal
S36 corrected Ca2+ leak in human iPSC-derived cardiomyocytes
from a patient with CPVT (RyR2-E4076K) by reducing RyR2-mediated
Ca2+ spark activity and prohibited arrhythmia but not the pro-
gression of heart failure in mice. (Mohamed et al, 2018). Thus, at the
moment, current therapeutic options for RyR2 modulation seem to
be promising but may be contaminated with additional mecha-
nisms of action (Connell et al, 2020).

In this study, we focused on the development and identification
of a new class of multi-targeted compounds related to 1,4-ben-
zothiazepine derivatives that combine activation of SR Ca2+ uptake
with reduction of Ca2+ spark activity in cardiomyocytes the latter
being shown to strongly correlate with Ca2+ leak (Walker et al,
2014). Clinical studies on both SERCA2a overexpression and
treatment with the SERCA2a activator istaroxime have been found
to be safe in heart-failure patients (Jessup et al, 2011; Carubelli
et al, 2020). In contrast to the latter compound that acts on
SERCA2a and Na+/K+ ATPase (Micheletti et al, 2007), here we
identify the first multi-targeted small compound with pronounced
SR Ca2+ leak inhibitory and SR Ca2+ uptake stimulatory action in
cardiomyocytes from mice and human, together with a prominent
action in a human-associated mouse model of CPVT, thus opening
avenues for the development of a novel class of RyR2 multi-
target–directed ligands.

Results

Screening for new multi-targeted compounds

First, the effects of 17 newly synthetized derivatives together with
the RyCal compound S36 (Fig 1A) on intracellular Ca2+ signals were
investigated in a plate reader assay using HEK293 cells that express
both the RyR2 Ca2+ release channel and the luminal calcium in-
dicator R-CEPIA1er in the ER (Murayama et al, 2018). As expected,
RyR2-expressing HEK293 cells showed reduced background-
normalized Ca2+ fluorescence signals in the ER ([Ca2+]ER)
explained by the increased Ca2+ leak through the exogenously
expressed, spontaneously opening RyR2 channels; if a drug com-
pound would inhibit this spontaneous RyR2 activity, the ER Ca2+

signals monitored by the calcium indicator R-CEPIA1er will show an
increased signal (Murayama et al, 2018). Accordingly, Fig 1B shows
the effects of the new compounds together with S36, S107, and the
proposed SERCA2a activator CDN1163 (Cornea et al, 2013) on the ER
Ca2+ signals in the induced RyR2-expressing HEK293 cells. Seven of
the new compounds, and S107 and CDN1163, did not influence the
ER Ca2+ signals (grey bars). Notably, 10 of the new small chemical

compounds significantly increased ER Ca2+ signals resulting in an
S36-comparable or apparently greater effect (orange and green
bars). Out of these, the new compound GM1869 (Fig 1A) significantly,
concentration-dependently, and most consistently increased the
ER Ca2+ signal in this assay, indicating that this compoundmay work
as potent inhibitor of spontaneous RyR2-dependent ER Ca2+ leak
(Fig 1C).

In a second approach, the effects of the inhibitory compounds
from Fig 1 were investigated on SR Ca2+ load in cardiac HL-1 cells
(Min et al, 2012). In principle, HL-1 cells were loaded with the in-
tracellular Ca2+ indicator FLIPR (FLIPR Calcium 6 Assay Kit) and
stimulated quickly with a high concentration of caffeine (10 mM) to
empty the intracellular ER Ca2+ store and, consequently, allow an
indirect estimation of the SR Ca2+ content (Smith et al, 1988;
Reggiani, 2021); if a drug compound affects the SERCA2a Ca2+ pump
activity, the SR Ca2+ content will be altered because of a change in
the SR Ca2+ filling, monitored by the magnitude of caffeine-induced
Ca2+ release. Notably, most of the derivatives listed in Fig 1B did not
modify SR Ca2+ load in this assay except GM1840 and GM1869 (Fig
S1). However, because GM1840 was less efficient than GM1869 on
Ca2+ leak in RyR2-expressing HEK293 cells (see Fig 1B) and exhibited
less water-soluble properties than GM1869, we focused on GM1869
in further experiments. Fig 2A shows the concentration-dependent
effects of GM1869 through four orders of magnitude on the
caffeine-induced Ca2+ release in HL-1 cells. Indeed, HL-1 treatment
with GM1869 significantly and concentration-dependently in-
creased the amount of released Ca2+ in HL-1 cells (Fig 2B) indicating
that this compound enhanced SR Ca2+ uptake via increased SERCA2
activity indicating a possibly unique multi-targeted activity of
GM1869 on both SR Ca2+ uptake in HL-1 and ER Ca2+ leak in HEK293
cells, respectively.

GM1869 significantly decreased RyR2-mediated Ca2+ spark
activity in permeabilized mouse cardiomyocytes

Next, we aimed for a more physiological target validation of the
selected 1,4-benzothiazepine derivative GM1869 using isolated
adult murine ventricular cardiomyocytes. Thus, we compared the
effects of the known RyR2 pore blocker dantrolene, the RyR2-closed
state-stabilizing S36 and the effects of the new derivative GM1869
on RyR2-mediated Ca2+ spark activity in permeabilized living car-
diomyocytes to ascertain rapid compound access to the intracel-
lular targets and to control RyR2 channel gating by clamped
cytosolic [Ca2+] concentration according to Galimberti & Knollmann
(2011). Fig 3 shows that both dantrolene (10 µM, Fig 3A) and S36
(10 µM, Fig 3B) significantly decreased the Ca2+ spark frequency.
Importantly, the novel derivative GM1869 (10 µM) also significantly
decreased the Ca2+ spark frequency in cardiomyocytes (Fig 3C)
confirming the observed inhibition of spontaneous Ca2+ leak in
RyR2-expressing HEK293 cells (Fig 1C). Further analysis of the Ca2+

spark shape revealed a reduced full-width-at-half maximum
(FWHM) each for GM1869, dantrolene, and S36 (Fig S2A–C). Moreover,
dantrolene but not S36 reduced the full-duration-at-half maximum
(FDHM) also, whereas GM1869 slightly increased FDHM and sparked
full duration (Fig S2D–I). Finally, under the given conditions, S107
was ineffective on Ca2+ spark activity (Fig S3A and B), consistent with
Fig 1B. Together, because RyR2-mediated Ca2+ spark activity strongly
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correlates with SR Ca2+ leak (Walker et al, 2014), these data establish
a RyR2 Ca2+ leak-inhibitory efficacy of the new compound GM1869.

Compounds modulating SERCA2a-mediated Ca2+ wave decay in
permeabilized CM

Subsequently, we assessed the effects of the multi-targeted
compound on SERCA2a-mediated SR Ca2+ uptake. At a nominal
Ca2+ concentration of 80 nM, permeabilized cardiomyocytes exhibited
spontaneous Ca2+ waves at a frequency of ~6–18/min under our ex-
perimental conditions. The process of SR Ca2+ uptake was compara-
tively analyzed using identical segments of the Ca2+ wave signal before
and after drug application (paired experimental design). Segments
(1–2 µm) for analysis were chosen to avoid interference with
wave propagation. Here, SR Ca2+ uptake is represented as the
decay of the Ca2+ wave from the half-maximal peak amplitude
to baseline obtained by a fit with a mono-exponential function
giving the time constant (τ). All fits described the mono-
exponential decay (r2 > 0.93) well, thereby characterizing the
activity of SERCA2a Ca2+ pumps and indicating no contami-
nation by other processes (e.g., mitochondrial Ca2+ uptake).
Fig 4 shows the effects of dantrolene, S36, and GM1869 (each
at 10 µM) on the kinetics of Ca2+ uptake in permeabilized
cardiomyocytes. Dantrolene significantly slowed down the

kinetics of Ca2+ uptake showing that this drug may inhibit
SERCA2a activity (Fig 4A). S36 did not change the rate of Ca2+

uptake (Fig 4B). In contrast, GM1869 significantly accelerated
the kinetics of Ca2+ uptake indicating that this drug promotes
SERCA2a activity (Fig 4C). This view is further supported by our
observation that Ca2+ wave velocity was significantly slowed
down by dantrolene, not affected by S36, but significantly
accelerated by GM1869 (Fig S4A–C and E–G). Indeed, a slower
Ca2+ wave propagation has been shown to correspond to less
SERCA2a activity in cardiomyocytes from SERCA2a knock-down
mouse hearts (Stokke et al, 2010). Unexpectedly, the RyR2 in-
hibitor S107 significantly slowed SR Ca2+ uptake and Ca2+ wave
velocity similar to dantrolene (Figs S3C and S4D and H),
complementing our assessment of drug compounds that may
inhibit SERCA2a activity.

Drug effects in permeabilized CM from RyR2R2474S/+ mice with
increased SR Ca2+ leak

The heterozygous mutation in the RYR2 gene leading to the amino
acid exchange R2474S has been associated with the phenotype of
CPVT type 1 (Priori et al, 2002). The corresponding knock-in mouse
model RyR2R2474S/+ has been shown to not only to recapitulate the
human phenotype of exercise-induced ventricular tachycardias,

Figure 1. 1,4-benzothiazepines reduce spontaneous Ca2+ leak in RyR2-expressing R-CEPIA1er HEK293 cells.
(A) Chemical structures of S36 (patents US8710045B2 and EP1928850A2, [Marks et al, 2011]) and GM1869. (B) Fluorescence (F/F0) in RyR2-expressing R-CEPIA1er HEK293
cells after the indicated compound (25 µM each, except 12.5 µM for GM1893) or vehicle (0.1% DMSO) application. F/F0 is the ratio between the average fluorescence before
(first 90 s) and after (last 100 s) injection of the test compound. Chemical structures of the compounds are presented in the supplementary information. No significant
change in F/F0 was observed with S107, CDN1163, SKTT34, GM1774, CF47204, GM1891, GM1892, GM1893, GM1938, and GM1806, (grey bars). Significant changes in F/F0
indicating a reduction in spontaneous Ca2+ leak were observed by the derivatives GM1806, GM1814, GM1840, SKTT352, GN1778, and GM1816 (orange bars), and by the lead
compound S36, GM1783, GM1812, GM1817, and GM1869 (green bars). (C) Concentration-dependent reduction of Ca2+ leak by GM1869 in RyR2-expressing R-CEPIA1er HEK293
cells. ER fluorescence (F/F0) was significantly increased by increasing concentrations of GM1869 (non-paired experimental design). Values represent themean ± SDwith
n = 17. Asterisks indicate statistical significant differences with ****P < 0.0001, **P < 0.005, *P < 0.05 versus vehicle (Cnt) by ordinary one-way ANOVA test.
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but to exhibit a profoundly increased SR Ca2+ leak during increased
catecholaminergic stress (Lehnart et al, 2008; Shan et al, 2012). In
our experimental conditions, the Ca2+ spark frequency, FWHM, and
the Ca2+ wave velocity were not significantly different between WT
and RyR2R2474S/+ cardiomyocytes (Fig S5A–C) whereas the Ca2+ spark
FDHM was significantly increased in RyR2R2474S/+ cardiomyocytes
(Fig S5D). Therefore, we compared the effects of dantrolene, S36,
and GM1896 on the RyR2-dependent Ca2+ spark activity (corre-
sponding to RyR2-mediated SR Ca2+ leak [Walker et al, 2014]) and
the SERCA2a-mediated kinetics of SR Ca2+ uptake in permeabilized
cardiomyocytes from WT and RyR2R2474S/+ mice. Fig 5A–C summarize
the effects of dantrolene, S36, and GM1869 (10 µM each) on the Ca2+

spark frequency (in % of control) and Fig 5D–F summarize their
effects on the kinetics of SR Ca2+ uptake (relative changes to
control). Each in WT and RyR2R2474S/+ cardiomyocytes, dantrolene
significantly reduced the Ca2+ spark frequency to a similar degree
(Fig 5A), whereas it delayed likewise the kinetics of SR Ca2+ uptake
significantly (Fig 5D). Interestingly, both S36 and GM1869 signifi-
cantly decreased the Ca2+ spark frequency in WT CMs but acted
significantly stronger in RyR2R2474S/+ CMs (Fig 5B and C). Whereas S36
had no significant effect on the kinetics of SR Ca2+ uptake (Fig 5E),
GM1869 accelerated the kinetics of SR Ca2+ uptake significantly
likewise in WT and RyR2R2474S/+ CMs (Fig 5F). These data indicate that
GM1869 exhibits more pronounced dual-acting properties in
RyR2R2474S/+ CMs, suggesting that it may represent a new lead
pharmacological substance for a multi-targeted therapy of CPVT
type 1.

S36 and GM1869 modulate electrically evoked Ca2+ transients in
intact CMs

In the next series of experiments, we comparatively studied the
effects of S36 and GM1869 on electrically evoked Ca2+ transients in

intact adult murine ventricular CMs to get insights in the phar-
macokinetic properties of the drugs. For this purpose, cells were
loaded with the intracellular Ca2+ indicator Fluo-4 AM (5 µM) and
paced five times at 1 Hz every 2 min after drug application. Ca2+

transients were analyzed by mono-exponential functions, each
with respect to the rise time (from baseline to peak) mainly
reflecting RyR2-mediated Ca2+ release and the decay time (from
half-maximal peak to baseline) mainly reflecting SERCA2a ac-
tivity. Fig 6 shows representative Ca2+ transients each for the
control and S36 (Fig 6A) and GM1869 (Fig 6B) treated conditions
(10 µM each). Analysis of the Ca2+ transient rise and decay ki-
netics showed that after 6 min of S36 treatment significantly
slowed down the Ca2+ release, whereas Ca2+ decay was not
influenced (Fig 6A). Interestingly, 6-min treatment with GM1869
significantly delayed the rise time but also significantly
accelerated the decay time of the Ca2+ transients indicating that
GM1869 affects both RyR2 and SERCA2a functions in intact
cardiomyocytes (Fig 6B). Notably, 6-min drug compound expo-
sure needed for the development of the drug effects seems to be
fairly acceptable for a multi-targeted pharmacokinetic process
of GM1869, which depends on membrane permeation and in-
tracellular binding to its putative targets, namely SERCA2a and
RyR2.

S36 and GM1869 modulate Ca2+ transients in human iPSC-CMs

To translate the multi-targeted compound effects to a human
model system, we investigated the effects of S36 and GM1869
on electrically evoked Ca2+ transients in human iPSC-derived
cardiomyocytes (iPSC-CMs) matured for at least 60 d. Again, Ca2+

transients were analyzed by mono-exponential functions to
characterize the intracellular Ca2+ release and decay kinetics. Fig
7 shows exemplary Ca2+ transients of untreated control and S36

Figure 2. The S36 derivative GM1869 enhances concentration-dependently caffeine-induced Ca2+ release in HL-1 cells.
(A) Original traces of changes in intensities monitored by the FLIPR Calcium6 assay using HL-1 cells after caffeine application in control conditions (DMSO, 0.1%) and in
the presence of GM1869 at the indicated concentrations. Caffeine (10 mM) was applied at t = 10 s. (B) Maximal amplitudes of the Caffeine induced signal using the FLIPR
Ca2+ assay in HL-1 cells in control conditions and in the presence of GM1869 at the indicated concentrations. ⌀ indicates the use of vehicle only. Data were fitted by a
sigmoidal concentration response curve using GraphPad Prism. EC50 value was calculated to 7.4 µM. Values represent the mean ± SD with n = 8. Asterisks indicate
statistical significant differences with ****P < 0.0001, **P < 0.001 versus DMSO (Cnt) by ordinary one-way ANOVA test.
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(Fig 7A) or GM1869 (Fig 7B) treated hiPSC-CMs. The rise and
decay kinetics were analyzed 4 min each after S36 and
GM1869 application (0.1 µM each, Fig 7C–F). Similar to intact
murine cardiomyocytes, application of S36 did not change
the decay time but significantly slowed down the Ca2+ release
kinetics of the Ca2+ transients. In contrast, GM1869 signifi-
cantly both delayed the rise time and accelerated the de-
cay time of the Ca2+ transients indicating that GM1869
affects both the RyR2 and SERCA2a functions also in human
iPSC-CMs.

To get more insights towards the affinity of our compound, we
performed concentration–response curves for S36 and GM1869
in RyR2-WT and RyR2-R2474S+/− iPSC-derived cardiomyocytes
(Fig 7G–J). Ca2+ transients in iPSC-CM were recorded in control
conditions and in the presence of three cumulatively applied
drug concentrations after 2 min each for S36 and GM1869, re-
spectively. Rise times and decay times obtained in each cell
were normalized to the values obtained under control condi-
tions. The fit of the datasets with concentration–response
curves estimated the IC50 values for the rise times to 150 pM (WT)
and 40 pM (R2474S+/−) for S36 (Fig 7G) and to 25 pM (WT) and 45
pM (R2474S+/−) for GM1869 (Fig 7I). EC50 values for the decay
times were estimated to 97 pM (WT) and 71 pM (R2474S+/−) for
GM1869 (Fig 7J), whereas no EC50 values were obtained for the
datasets with S36 (Fig 7H). These data indicate that the affinity of
GM1869 may be sufficient for clinical application as an orally
active drug.

Discussion

The present study identified a new multi-targeted small chemical
compound (GM1869) that acts simultaneously by both decreasing
SR Ca2+ release via modulating systolic RyR2 channel function and
by stimulating SR Ca2+ uptake via SERCA2 pump activity in murine
cardiomyocytes and in human iPSC-CMs. Strikingly, this GM1869
substance exhibited its most pronounced effect on RyR2 activity in
cardiomyocytes isolated from hearts of an in-depth characterized
CPVT-susceptible RyR2R2474S/+ knockin mouse model (Lehnart et al,
2008) compared with WT littermate cardiomyocytes. Thus, we
suggest that GM1869 is a novel lead candidate for developing multi-
targeted drug ligands as proposed previously (Zhang et al, 2023)
that may allow further fine-tuning of their effects either towards
RyR2 Ca2+ leak or SERCA2a pump activity, respectively, dependent
on the pathophysiological context, for example, heart failure af-
fecting ~2% of the general population with its known hallmarks of
RyR2 channel and SERCA2a pump dysfunction (Braunwald, 2015).

Dysregulation of intracellular Ca2+ cycling, particularly SR Ca2+

leak, is a phenomenon observed in a number of heart disease
phenotypes (Dridi et al, 2020; Hamilton et al, 2021). Increased
catecholamine-induced acute SR Ca2+ leak has been extensively
discussed for CPVT type 1 in which diastolic Ca2+ leak occurs via
abnormally enhanced activity of mutant tetrameric RyR2 channels,
promoting delayed afterdepolarizations, atrial and ventricular ar-
rhythmias, and sudden cardiac death (Wleklinski et al, 2020). In
addition, in a canine model of heart failure progression, an early

Figure 3. Dantrolene (Dan), S36, and GM1869 reduced Ca2+ spark activity in saponin-permeabilized ventricular cardiomyocytes (sp-vCM) from WT mice.
(A, B, C, top) Representative confocal line scans of Ca2+ spark activity in the absence (Ctr) and presence of 10 µM Dan (A), 10 µM S36 (B), and 10 µM GM1869 (C) in sp-vCM
from WT mice. (A, B, C, bottom) Ca2+ spark frequencies in the absence (Ctr) and presence of 10 µM Dan (A), 10 µM S36 (B), and 10 µM GM1869 (C) in sp-vCM from WT mice.
Vertical lines connect the respective data pairs. Numbers correspond to the number of cells/number of mice. Datasets were analyzed by paired t test. **P < 0.01 with P =
0.002 for Dan, P = 0.008 for S36, and P = 0.002 for GM1869.
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and continuous increase in RyR2-mediated SR Ca2+ leak has been
proposed (Belevych et al, 2011), although this defect has been
mainly assigned to decreased coupling of Ca2+ influx and RyR2-
mediated Ca2+ release evidenced by a loss of canonical dyadic
nanodomain organization (Manfra et al, 2017) and increased
junctophilin-2 cleavage by calpain (Lehnart & Wehrens, 2022;
Weninger et al, 2022). Finally, increased RyR2-mediated Ca2+ leak
has been associated with ageing and cardiac dysfunction involving
enhanced RyR2 glycation (Ruiz-Meana et al, 2019).

Pharmacological treatment of pathologically increased SR
Ca2+ leak is currently indirect through β-adrenergic receptor
blockers as first-line, which can be seconded by anti-arrhythmic
drugs like flecainide or propafenone as outlined by consensus
guidelines for CPVT patients (Priori et al, 2013; Baltogiannis et al,
2019). Interestingly, both flecainidine and propafenone, but not
lidocaine, have been shown to inhibit RyR2 activity besides their
effects on sodium channels (Hwang et al, 2011). However, it is

controversial whether the flecainide effect in CPVT is because its
action on the RyR2 channel pore or whether sodium channel
block alone is responsible for the beneficial effect (Bannister
et al, 2015). It has been argued that flecainide’s inhibitory po-
tency on RyR2 activity in permeabilized CMs or on single RyR2
channels might be too low in intact cells to explain its clinical
efficacy, and that sodium channel blockers lacking effects on
RyR2 activity, such as tetrodotoxin, may decrease spontaneous
SR Ca2+ leak via increased NCX Ca2+ extrusion (Sikkel et al, 2013).
Thus, although both anti-arrhythmic drugs are effective clini-
cally, their use as potential first-line therapeutics has still
to be clarified towards potential additive effects on sodium
channel versus RyR2 modulation (Watanabe et al, 2009; Behere &
Weindling, 2016).

Therefore, it is timely to develop and identify allosteric
pharmacological RyR2 inhibitory compounds as potential first-
line and mechanism-directed therapeutically active drugs.

Figure 4. Dantrolene (Dan) and GM1869, but not S36, modulate Ca2+ uptake in saponin-permeabilized ventricular cardiomyocytes (sp-vCM) from WT mice.
(A, B, C, top) Representative confocal line scans of spontaneous Ca2+ waves in the absence (Control) and presence of 10 µM Dan (A) 10 µM S36 (B), and 10 µMGM1869 (C) in
sp-vCM from WT mice. (A, B, C, middle) Averaged Ca2+ transients from spontaneous Ca2+ waves in the absence (Control) and presence of 10 µM Dan (A) 10 µM S36 (B), and
10 µM GM1869 (C) in sp-vCM from WT mice. The obtained Ca2+ transients were averaged from three to four independent experiments and shown as indicated. Single Ca2+

transients were obtained by averaging the identical 1–2 µm segments of the Ca2+ wave in the absence and presence of the drug to avoid the influence of wave
propagation and to reduce the noise in the signal. Insets show the respective mono-exponential fits to the mean data ± SEM to determine the overall decay times. (A, B, C,
bottom) Decay times of Ca2+ transients in the absence (Ctr) and presence of 10 µM Dan (A), 10 µM S36 (B), and 10 µM GM1869 (C) in sp-vCM from WT mice. Decay times
correspond to the tau values (in s) obtained after a mono-exponential fit of the decay of the signal from half maximum to baseline. Vertical lines connect the respective
data pairs. Numbers correspond to the number of cells/number of mice. Datasets were analyzed by paired t test. ***P < 0.001; **P < 0.01; n.s., nonsignificant; with P = 0.0008
for Dan, P = 0.94 for S36, and P = 0.004 for GM1869.
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Under physiological conditions, RyR2 opening is induced by the
mechanism of Ca2+-induced Ca2+ release (Meissner, 2017). The
sensitivity of RyR2 to intracellular [Ca2+] is tightly regulated by
protein–protein interactions including FKBP12.6 (a.k.a. calstabin-
2), calmodulin (CaM), and calsequestrin (CASQ2). At a systemic
level of regulation, the association of FKBP12.6 with the tetra-
meric macromolecular RyR2 channel complex is especially
thought to serve as a potential therapeutic strategy against
heart failure (Yano et al, 2003) because enhanced binding re-
duced, whereas diminished binding increased RyR2-mediated
Ca2+ leak, the latter being affected by PKA-mediated phos-
phorylation of RyR2 during β-adrenergic stimulation (Marx et al,
2000; Marx & Marks, 2013). A weakened association between

FKBP12.6 and mutated RyR2 was also proposed to be related to
CPVT type 1 pathology (Lehnart et al, 2008; Shan et al, 2012). Vice
versa, small chemical molecules that directly enhance the as-
sociation of FKBP12.6 to RyR2, namely JTV-519 (K201) and S107,
improved cardiac muscle function in experimental models of
heart disease (Wehrens et al, 2005; Shan et al, 2010). However,
S107, one of the less effective drug compounds (US8710045B2),
did not change RyR2-mediated Ca2+ spark activity in this study
using permeabilized WT cardiomyocytes. In addition, no dif-
ferences in FKBP12.6 binding were detected in recent cryo-EM
structures for WT versus RyR2–R2474S channels, open or closed
states or PKA-phosphorylated versus dephosphorylated chan-
nels (Miotto et al, 2022). Thus, despite promising early results

Figure 5. Dantrolene (Dan), S36, and GM1869 modulate differentially Ca2+ spark activity and Ca2+ uptake in saponin-permeabilized ventricular cardiomyocytes (sp-
vCM) from WT and RyR2R2474S/+ mice.
(A, B, C) Reduction of Ca2+ spark frequency (in % of control) by Dan ((A), 10 µM), S36 ((B), 10 µM), and GM1869 ((C), 10 µM) in cardiomyocytes from WT and RyR2R2474S/+ mice.
Numbers correspond to the number of cells/number of mice. Please note that the data shown for WT correspond to the respective data pairs from Fig 3 (Ca2+ spark
activity). Datasets were analyzed by unpaired t test. n.s., nonsignificant with P = 0.59 for Dan, **P < 0.01 with P = 0.003 for S36, and *P < 0.05 with P = 0.019 for GM1869. (D, E,
F) Relative changes in the decay time tau of Ca2+ transients from spontaneous Ca2+ waves (in control/drug) by Dan ((D), 10 µM), S36 ((E), 10 µM), and GM1869 ((F), 10 µM) in
cardiomyocytes from WT and RyR2R2474S/+ mice. Data points for Dan (D) were significantly above 1 for both mice strains (paired t test with P = 0.0008 for WT and P = 0.03 for
RyR2R2474S/+ mice). Data points for S36 (E) were not significantly different from 1 in cardiomyocytes from WT and RyR2R2474S/+ mice (paired t test with P = 0.94 for WT and
P = 0.31 for RyR2R2474S/+ mice). Data points for GM1869 (F) were significantly below 1 in cardiomyocytes fromWT and RyR2R2474S/+ mice (paired t test with P = 0.004 for WT and
P = 0.02 for RyR2R2474S/+mice). Numbers correspond to the number of cells/number of mice. Please note that the data shown for WT correspond to the respective data pairs
from Fig 4 (Ca2+ decay times). Datasets betweenmouse strains were analyzed by unpaired t test. n.s., nonsignificant with P = 0.72 for Dan, with P = 0.28 for S36, and P = 0.77
for GM1869.
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with K201 and subsequently S107, it is not clear to which extent
an intervention leading to enhanced FKBP12.6 binding to RyR2
may contribute to an overall improvement of heart disease,
particularly in larger clinically relevant species (Seidler et al,
2011) or in human heart models studied here. Because our drug
screening method used HEK293 cells that do not endogenously
express FKBP12.6 (Xiao et al, 2007), we assume that the described
effects of GM1869 do not depend on FKBP12.6–RyR2 interactions.

Interestingly, we found that both S36 and GM1869 displayed
a significantly more pronounced inhibitory action on RyR2-
mediated Ca2+ spark activity in murine RyR2R2474S/+ compared
with murine WT cardiomyocytes indicating a potential treatment
benefit for CPVT type 1 (Wleklinski et al, 2020). However, we could
not observe these clear-cut differences in the rise times of Ca2+

transients from RyR2R2474S/+ and WT iPSC-CM probably because of
the different read out of RyR2 activity (Ca2+ spark activity vs. rise
times of Ca2+ transients) and the immature status of iPSC-CM
(Jiang et al, 2018).

Recently, a second generation 1,4-benzothiazepine derivative
(ARM210) was shown to prevent fatal cardiac arrhythmias and to

reduce SR Ca2+ leak in RyR2R2474S/+ mice (Miotto et al, 2022). In cryo-
EM studies, this compound reversed inappropriate openings of
RyR2–R2474S channels by stabilizing the closed conformation
(Miotto et al, 2022). Furthermore, another cryo-EM study revealed
binding of ARM210 to the cleft of the RY1&2 domain of RyR1,
attenuated by engineered point mutations of RY1&2, indicating
that ARM210 binds to a specific site with is homologous in RyR2
(Melville et al, 2022). The RY1&2 domain was postulated to
represent a second ATP binding site in addition to the C-terminal
ATP-binding site binding site described at the mutual junction of
the S6c (cytoplasmic extension of S6), the CTD (C-terminal do-
main), and TaF (thumb and forefingers domain) domain (des
Georges et al, 2016). In detail, ARM210 reversed the destabili-
zation of the bridging solenoid domain (Hadiatullah et al, 2022)
of RyR2 induced by the CPVT-associated RyR2–R2474S mutation
thereby stabilizing the closed channel conformation (Miotto
et al, 2022). Overall, the mechanism of ARM210 binding to
RY1&2 occurred cooperatively together with ATP and stabilized
the closed state in the presence of activating ligands (Ca2+, ATP,
and caffeine) (Melville et al, 2022).

Figure 6. S36 and GM1869 modulate differentially
electrically induced Ca2+ transients in intact adult
cardiomyocytes.
(A, B, top) Overlay of representative Ca2+ transients
elicited by electrical field stimulation in control
conditions and in the presence of S36 ((A), 10 µM) and
GM1869 ((B), 10 µM) in cardiomyocytes from WT mice.
(A, B, middle) Time-dependent changes in rise
times of Ca2+ transients in the presence of S36 (A) and
GM1869 (B). Rise times represent the tau values
calculated by a mono-exponential fit of the Ca2+

transients from start to the peak of the signal. Ca2+

transients were recorded in control conditions (time
point 0) and in 2-min time intervals after drug
application. **P = 0.009; *, P = 0.04, evaluated by
paired t test. (A, B, bottom) Time-dependent changes
in decay times of Ca2+ transients in the presence of
S36 (A) and GM1869 (B). Decay times represent the tau
values calculated by a mono-exponential fit of the
Ca2+ transients from half maximum to baseline of
the signal. Ca2+ transients were recorded in control
conditions (time point 0) and in 2-min time intervals
after drug application. Numbers correspond to the
number of cells/number of mice. Datasets were
analyzed by paired t test. n.s., P = 0.16; *P = 0.04.
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Because GM1869 used here is also a 1,4-benzothiazepine de-
rivative, we anticipate a similar mechanism of action, for example,
stabilizing the channel closed state. Indeed, both the observed
decrease of Ca2+ spark FWHM and the pronounced amelioration of
the Ca2+ spark frequency in RyR2R2474S/+ CMs by GM1869 suggest a
shift of RyR2 cluster ensembles towards a lower Ca2+ spark fidelity.
However, this concept has to be clarified by future studies using
mathematical homology modeling as described previously (Bender
et al, 2020).

Besides chronically enhanced diastolic Ca2+ leak, heart failure is
frequently accompanied by reduced SERCA2a function, promoting
a decreased SR Ca2+ load vis-à-vis a propensity for diastolic

intracellular Ca2+ overload (Bers et al, 2006), the extent of which,
however, may vary between distinct phenotypes (Hasenfuss et al,
1994; Hasenfuss, 1998). Although treatment of heart failure by
positive inotropic drugs, such as β-adrenoreceptor agonists or PDE
inhibitors, increased long-term mortality (Packer et al, 1991;
O’Connor et al, 1999; Toma & Starling, 2010), directly targeting
SERCA2a by overexpression gene therapy (Jessup et al, 2011) or by
the small molecule activator istaroxime demonstrated absence of
severe side-effects in patients with heart failure (Carubelli et al,
2020). Likewise, SUMO1 restitution by adeno-associated virus-
mediated gene therapy maintained SERCA2a levels and signifi-
cantly improved cardiac function in heart failure mice (Kho et al,

Figure 7. S36 and GM1869 modulate differentially Ca2+ transients in intact human iPSC-derived cardiomyocytes.
(A, B)Overlay of representative Ca2+ transients in control conditions and in the presence of S36 ((A), 0.1 µM) and GM1869 ((B), 0.1 µM) in iPSC-derived cardiomyocytes. (A,
B) Insets show the overlay of the Ca2+ transients from start to peak (A) and from 70% of the maximum to baseline (B). (C, E) Changes in rise times of Ca2+ transients in the
presence of S36 (C) and GM1869 (E). Rise times represent the tau values calculated by amono-exponential fit of the Ca2+ transients from start to the peak of the signal. Ca2+

transients were recorded in control conditions and every 2 min (S36) or at 4 min (GM1869) after drug application. **P = 0.0065 for S36; ****P = 0.000019 for GM1869,
evaluated by paired t test. (D, F) Changes in decay times of Ca2+ transients in the presence of S36 (D) and GM1869 (F). Decay times represent the tau values calculated by a
mono-exponential fit of the Ca2+ transients from half maximum to baseline of the signal. Ca2+ transients were recorded in control conditions and every 2 min (S36) or at
4 min (GM1869) after drug application. Datasets were analyzed by paired t test. n.s., P = 0.14; **P = 0.0043. (G, H, I, J) Concentration-response curves for S36 (G, H) and
GM1869 (I, J) on rise times (G, I) and decay times (H, J) of Ca2+ transients, respectively, in RyR2-WT (red) and RyR2-R2474S+/− (blue) iPSC cardiomyocytes. Data from each
experiment were normalized to the data from the first transient recorded. Each cell was treated cumulatively with three increasing drug concentrations. Data are shown as
mean ± SEM. Lines represent a nonlinear fit of each data set using Graphpad Prism (with log[agonist] versus response [three parameters]). (G, I) IC50 values for the rise
times were estimated to 150 pM (WT) and 40 pM (R2474S+/−) for S36 (G) and to 25 pM (WT) and 45 pM (R2474S+/−) for GM1869 (I). (J) EC50 values for the decay times were
estimated to 97 pM (WT) and 71 pM (R2474S+/−) for GM1869 (J), whereas no EC50 values were obtained for the data sets (WT and R2474S+/−) with S36. (H) Instead, datasets with
S36 were manually approximated by the dotted lines shown (H). Numbers correspond to the number of cells investigated.
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2011). Consequently, our strategy to identify multi-targeted drug
compounds with RyR2 inhibitory activity combined with SERCA2a
activatory activity is expected to represent a safe approach for
treatment of heart failure. In addition, we think that this approach is
attractive to reduce the risk that pharmacologically enhanced SR
Ca2+ uptake increases SR Ca2+ load, and, as a consequence, aug-
ments the driving force for Ca2+ leak via posttranslationally mod-
ified RyR2 channels in the diseased heart. Indeed the data show
that GM1869 enhanced Ca2+ uptake in human and murine car-
diomyocytes, both from WT and RyR2R2474S/+ mouse hearts and WT
and RyR2R2474S/+ human iPSC-CM. However, because the focus of
this study has been a functional identification of a candidate
compound after screening in transiently RyR2-expressing HEK293
cells, we cannot exclude that the positive effects of our compounds
on SERCA2a Ca2+ uptake may be contaminated by stimulatory ac-
tions on β-adrenergic signaling. Nevertheless, we did not observe
different effects of S36 or dantrolene in the presence or absence of
cyclic AMP in permeabilized cardiomyocytes, which renders this
scenario unlikely. In addition, under similar conditions, it has been
shown previously that increased cAMP does not influence SR Ca2+

leak in permeabilized cardiomyocytes (Bovo et al, 2017). Yet, at the
moment, the exact mode of action of GM1869 and related com-
pounds on SERCA2a activity is unclear. Because the detailed crystal
structures of SERCA2a and SERCA2b have been published (Sitsel
et al, 2019; Zhang et al, 2021), further studies might identify whether
GM1869 interacts with the ATP binding site of SERCA2a as likewise
shown for the interaction of the RyCal ARM210 with the RyR2 (Miotto
et al, 2022) or whether GM1869 relieved phospholamban inhibition
from SERCA2a as proposed for istaroxime (Ferrandi et al, 2013).

Pathologically increased SR Ca2+ leak through RyR2 dysfunction
combined with decreased SERCA2a function represents hallmarks
in acquired forms of cardiac diseases including heart failure
(Braunwald, 2015; Hamilton et al, 2021). Hence, identification of the
first multi-targeted compound GM1869 inhibiting RyR2-mediated
Ca2+ leak together with activating SERCA2a functionmay represent a
critical breakthrough for pharmacological development. Future
work and testing of GM1869-derived compound libraries will
without doubt further improve this type of multi-targeted drugs in
the context of rodent, pig, and human cardiomyocytes and tissue
model systems and open avenues for translation towards first-in-
man studies.

Materials and Methods

Animals

All procedures associated with animal care and treatment con-
formed to the institutional and governmental guidelines (Directive
2010/63/EU of the European Parliament) and were approved by
local authorities (T11.2, veterinarian state authority [LAVES]). The
mouse line used for the study carried the RyR2–R2474S knock-in
mutation (Lehnart et al, 2008) and was back-crossed for at least 10
generations into the C57BL/6N background. Breeding of WT and
heterozygous RyR2R2474S/+ mice generated littermate male mice at
12–24 wk of age used for the experiments.

Chemicals

Chemicals and reagents were purchased from Sigma-Aldrich un-
less otherwise stated. Rycal S36 was obtained from Endotherm
(www.endotherm-lsm.com). The synthesis of the tested compounds is
described in the Supplemental Data 1 (Marks et al, 2011; Elek et al, 2019).

Ca2+ leak measurements in RyR2 expressing R-CEPIA1er
HEK293 cells

Measurements on Ca2+ leak in R-CEPIA1er HEK293 cells expressing
RyR2 after treatment with doxycycline (2 µg/ml, 24 h) were per-
formed as described (Murayama & Kurebayashi, 2019). These cells
were a generous gift from Takashi Murayama (Juntendo University
School of Medicine, Tokyo) and cultured in black-walled, clear-
bottom 96-well micro-plates (Corning) using Dulbecco’s Modified
Eagle medium covered with fibronectin (10 μg/ml; Roche) in a
humidified incubator at 37°C and 5% CO2 (50,000 cells per well).
Changes in ER calcium concentrations [Ca2+]ER were measured on a
multi-well plate reader TECAN Spark 20 M at 37°C. The 1,000 × stock
solutions of the test compounds were prepared in DMSO. After the
culture medium was removed, 100 µl of Tyrode’s solution con-
taining 2 mM CaCl2 was added to the cells. Fluorescence was evoked
by 560 nm excitation wavelength and collected in a bottom-read
mode at 610 nm. The time courses were recorded in each well. Data
were recorded every 10 s, exposure: 20 flashes, excitation band-
width: 20 nm, emission bandwidth: 20 nm. Test compounds or
vehicle (DMSO, 0.1%) were applied at 90 s after start of the assay at
the indicated concentrations. The ratio values of the averaged
fluorescence intensities F/F0 before and after drug application
were taken for analysis.

Caffeine-induced Ca2+ release in HL-1 cells

HL-1 cells (SCC065; Merck KGaA, 50,000 per well) were cultured in
black-walled, clear-bottom 96-well micro-plates (Corning) after
coating with fibronectin according to the manufacturer’s instruc-
tions. Cytosolic Ca2+ concentrations were measured on a multi-well
plate reader TECAN Spark 20 M using FLIPR Calcium 6 Assay Kit
(Molecular Devices LLC) at 37°C. HL-1 cells were loaded with the
FLIPR Calcium 6 dye for 2 h at 37°C, together with drugs or vehicle
(DMSO, 0.1%) at the indicated concentrations. Fluorescence in-
tensities (485 nm excitation, >525 nm emission) were continuously
monitored in each well for 1 min. Caffeine (10 mM final concen-
tration) was injected at 10 s. The differences in intensities between
the caffeine-induced maximal Ca2+ signal and baseline, ΔFCaff, were
taken for analysis. The dose response curves were calculated using
the software package GraphPad Prism version 8.3.1. All data are
presented as mean ± SD from eight independent experiments.
Y=Bottom + (Top-Bottom)/(1 + 10 ^ ((LogEC50-X)*HillSlope)) was
used where HillSlope describes the steepness of the curve, Top and
Bottom are plateaus in the units of the Y axis.

Handling of human iPSC-derived cardiomyocytes

The human iPSC line is WT1. Bld2 (GOEi014-A.2) was differentiated
into iPSC-vCMs as described (Cyganek et al, 2018) and also used to
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generate the RyR2-R2474S+/− iPSC cell line that was kindly provided
by L Cyganek (Stem Cell Unit, Department of Cardiology and Pul-
monology, UMG Göttingen). In brief, differentiation was initiated
at 80–90% confluence in Geltrex-coated plates with a cardio dif-
ferentiation medium composed of RPMI 1640 with Glutamax and
HEPES (Thermo Fisher Scientific), 0.5 mg/ml human recombinant
albumin, and 0.2 mg/ml L-ascorbic acid 2-phosphate and se-
quential treatment with 4 μM CHIR99021 (Merck Millipore) for 48 h
and then 5 μM IWP2 (Merck Millipore) for 48 h. The medium was
changed to RPMI 1640 with Glutamax, HEPES, and 2% B27 (Thermo
Fisher Scientific) at day 8. Metabolic CM selection was performed
using RPMI 1640 without glucose (Thermo Fisher Scientific), 0.5 mg/
ml human recombinant albumin, 0.2 mg/ml L-ascorbic acid 2-
phosphate, and 4 mM lactate (Sigma-Aldrich) for 5 d. Afterwards,
iPSC-CMs were cultured at least to day 60 for further maturation
and then used in the experiments. All experiments on car-
diomyocytes were performed at room temperature.

Handling of adult cardiomyocytes

Ventricular cardiomyocytes were isolated from mice as described
previously (Louch et al, 2011). Isolated cardiomyocytes were used
directly after isolation according to Berisha et al (2021) or per-
meabilized with saponin as described (Guo et al, 2006). Briefly,
200 μl of the solution containing isolated cardiomyocytes was
placed on a laminin-coated glass cover slip (Cell Systems) and
allowed to settle down. After 10 min, cells were exposed to a
relaxing solution containing (in mM): 1,2-bis(o-aminophenoxy)
ethane-N,N,N9,N9-tetraacetic acid (BAPTA) 0.1, HEPES 10, K-aspartate
120, MgCl2 5.5, and adenosine Tri-phosphate di-Na+ (di-Na+ ATP) 5,
KH2PO4 5, phosphocreatine-diNa+ 5, phosphocreatine-diTris 10, and
creatine phosphokinase 10 U/ml. pH was adjusted to 7.2 with NaOH.
After adding 0.03 mM Ca2+, the free [Ca2+] was estimated to 80 nM
(Maxchelator). After 2 min, the supernatant was replaced with the
relaxing solution containing saponin (40 μg/ml) for 1 min. Cells
were then washed three times with the relaxing solution. The
solution was replaced by the relaxing solution containing 10 µM
Fluo-4 pentapotassium salt (Thermo Fisher Scientific). About 5% of
the remaining cardiomyocytes exhibited spontaneous contractions
and Ca2+ waves at a constant frequency for at least 5 min.

Ca2+ imaging

Cardiomyocytes were imaged using an LSM 880 inverted micro-
scope equipped with a 63x oil immersion objective (Zeiss). Fluo-4
was excited at 488 nm with a krypton/argon laser. The fluorescent
emission was collected through a long-pass filter (>515 nm). All
images were acquired digitally in line-scan mode (1.85 or 2.5 ms per
line-scan; pixel size 0.1 μm) with 6,000 lines/image. The scan line
was placed in parallel to the longitudinal axis of brick-shaped
cardiomyocytes with clear cross striations that were solid at-
tached to the cover slip. Images were recorded only from Fluo-4
loaded permeabilized cells that show spontaneous contractions
and corresponding Ca2+ waves at frequencies below 4 waves/10 s.
These cells were attributed to have experienced a mild per-
meabilization procedure, that is, the cell membrane was sufficiently
permeabilized to allow the membrane-impermeable Ca2+ indicator

to enter the cell but the intracellular membranes and contractile
structures were not affected, as evidenced by Ca2+ release from
intracellular stores and cell shortening, respectively. All mea-
surements were performed under control conditions and after
2 min incubation with relaxing solution containing either vehicle
(DMSO, 0.1%) or the indicated drug concentration. Drugs were
added cumulatively if appropriate. Intact cardiomyocytes were
loaded with Fluo-4 AM (5 µM; Thermo Fisher Scientific) for 45 min
at room temperature and imaged as described above. Electrical
field stimulation was performed as described (Wegener et al,
2021).

Analysis

Images were analyzed using ImageJ (http://rsb.info.nih.gov/nih-
image) equipped with the SparkMaster plugin (Picht et al, 2007). The
detection criteria for Ca2+ sparks were set at 3.8, that is, the
threshold for the detection of events was 3.8 times the SD of the
background noise divided by the mean. Ca2+ spark amplitude was
normalized as F/F0 (with F0 being the initial fluorescence recorded
under steady-state conditions and ΔF = F − F0), duration was
expressed as full duration or taken from the FDHM, and width was
expressed as full width or taken from FWHM.

Ca2+ spark shape (i.e., FWHW and FDHM) is reported to be dif-
ferent between RyR+/+ and RyRR2474S/+ channel clusters, especially
with the observation of ember sparks in cardiomyocytes from mice
expressing the RyRR2474S/+ mutation (Danielsen et al, 2018). Spark
shape is related to intracellular Ca2+ buffer capacity (Stern et al,
2013), that is, using EGTA at low concentration increases the width
and length of calcium sparks compared with using EGTA at high
concentration (Bovo et al, 2015). Likewise, the use of the faster
calcium chelator BAPTA reduces the width and length of Ca2+ sparks
compared with EGTA (Bovo et al, 2015). To compare the effects of the
drugs tested more accurately, we used the fast calcium chelator
BAPTA at 0.1 mM giving a free [Ca2+] of 80 nM. In this condition, the
frequency of Ca2+ sparks and FWHM was not different in per-
meabilized cardiomyocytes from RyR2+/+ and RyRR2474S/+ mice,
whereas FDHM was slightly increased in cardiomyocytes from
RyRR2474S/+ mice (Fig S5). However, analysis of drug effects should
not be hampered by the differences in FDHM.

Spontaneous Ca2+ waves were analyzed by calculating the wave
speed and the Ca2+ wave decay reflecting Ca2+ uptake by SERCA2a
activity. Ca2+ wave speed was obtained by a linear approximation of
wave propagation (in μm/ms). Ca2+ decay was obtained in a 1–2 µm
part of the wave (10–20 pixels in width) before and after drug
application to exclude the influence of wave propagation but to
reduce the noise in the recording. Because of permeabilization
procedure, activity of sodium–calcium exchanger (NCX) was not
expected to contaminate our signals. The obtained Ca2+ decay was
fitted by a mono-exponential function from 50% of the peak
maximum to baseline resulting in the time constant τ as an in-
dicator of decay velocity with r2 > 0.93.

Statistical analysis

Statistical analysis was performed using Prism software (Graph-
Pad Software Inc). Data are presented as means ± SEM or means ±
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SD. Numbers indicate the number of analyzed experiments
and the number of cells isolated from at least three different
animals. Statistically significant differences were determined
either by paired or unpaired t test (two groups), by Mann–
Whitney’s test (if the datasets did not pass normality test), or by
one-way ANOVA followed by a Dunnet’s post-hoc test (multiple
groups). P < 0.05 was considered as statistically significant. No
hierarchical clustering of the datasets was observed after analysis
according to Sikkel et al (2017).

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202302278.
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Berisha F, Götz KR, Wegener JW, Brandenburg S, Subramanian H, Molina CE,
Rüffer A, Petersen J, Bernhardt A, Girdauskas E, et al (2021) cAMP
imaging at ryanodine receptors reveals β2-adrenoceptor driven
arrhythmias. Circ Res 129: 81–94. doi:10.1161/CIRCRESAHA.120.318234

Bers DM (2002) Cardiac excitation-contraction coupling. Nature 415: 198–205.
doi:10.1038/415198a

Bers DM (2014) Cardiac sarcoplasmic reticulum calcium leak: Basis and roles
in cardiac dysfunction. Annu Rev Physiol 76: 107–127. doi:10.1146/
annurev-physiol-020911-153308

Bers DM (2017) Stabilizing ryanodine receptor gating quiets arrhythmogenic
events in human heart failure and atrial fibrillation. Heart Rhythm 14:
420–421. doi:10.1016/j.hrthm.2016.10.005

Bers DM, Despa S, Bossuyt J (2006) Regulation of Ca2+ and Na+ in normal and
failing cardiac myocytes. Ann N Y Acad Sci 1080: 165–177. doi:10.1196/
annals.1380.015

Bovo E, Mazurek SR, Fill M, Zima AV (2015) Cytosolic Ca2+ buffering determines
the intra-SR Ca2+ concentration at which cardiac Ca2+ sparks
terminate. Cell Calcium 58: 246–253. doi:10.1016/j.ceca.2015.06.002

Bovo E, Huke S, Blatter LA, Zima AV (2017) The effect of PKA-mediated
phosphorylation of ryanodine receptor on SR Ca(2+) leak in
ventricular myocytes. J Mol Cell Cardiol 104: 9–16. doi:10.1016/
j.yjmcc.2017.01.015

Braunwald E (2015) The war against heart failure: The lancet lecture. Lancet
385: 812–824. doi:10.1016/S0140-6736(14)61889-4

Carubelli V, Zhang Y, Metra M, Lombardi C, Felker GM, Filippatos G, O’Connor
CM, Teerlink JR, Simmons P, Segal R, et al (2020) Treatment with 24
hour istaroxime infusion in patients hospitalised for acute heart
failure: A randomised, placebo-controlled trial. Eur J Heart Fail 22:
1684–1693. doi:10.1002/ejhf.1743

Choi RH, Koenig X, Launikonis BS (2017) Dantrolene requires Mg(2+) to arrest
malignant hyperthermia. Proc Natl Acad Sci U S A 114: 4811–4815.
doi:10.1073/pnas.1619835114

Connell P, Word TA, Wehrens XHT (2020) Targeting pathological leak of
ryanodine receptors: Preclinical progress and the potential impact on

A multi-acting compound on Ca2+ cycling Wegener et al. https://doi.org/10.26508/lsa.202302278 vol 7 | no 2 | e202302278 12 of 15

https://doi.org/10.26508/lsa.202302278
https://doi.org/10.26508/lsa.202302278
https://doi.org/10.1016/j.cmet.2011.05.014
https://doi.org/10.1016/j.cmet.2011.05.014
https://doi.org/10.3389/fcvm.2019.00092
https://doi.org/10.1161/CIRCRESAHA.116.305347
https://doi.org/10.4103/0974-2069.180645
https://doi.org/10.1093/cvr/cvr025
https://doi.org/10.1371/journal.pcbi.1007597
https://doi.org/10.1371/journal.pcbi.1007597
https://doi.org/10.1161/CIRCRESAHA.120.318234
https://doi.org/10.1038/415198a
https://doi.org/10.1146/annurev-physiol-020911-153308
https://doi.org/10.1146/annurev-physiol-020911-153308
https://doi.org/10.1016/j.hrthm.2016.10.005
https://doi.org/10.1196/annals.1380.015
https://doi.org/10.1196/annals.1380.015
https://doi.org/10.1016/j.ceca.2015.06.002
https://doi.org/10.1016/j.yjmcc.2017.01.015
https://doi.org/10.1016/j.yjmcc.2017.01.015
https://doi.org/10.1016/S0140-6736(14)61889-4
https://doi.org/10.1002/ejhf.1743
https://doi.org/10.1073/pnas.1619835114
https://doi.org/10.26508/lsa.202302278


treatments for cardiac arrhythmias and heart failure. Expert Opin Ther
Targets 24: 25–36. doi:10.1080/14728222.2020.1708326

Cornea RL, Gruber SJ, Lockamy EL, Muretta JM, Jin D, Chen J, Dahl R, Bartfai T,
Zsebo KM, Gillispie GD, et al (2013) High-throughput FRET assay yields
allosteric SERCA activators. J Biomol Screen 18: 97–107. doi:10.1177/
1087057112456878

Cyganek L, Tiburcy M, Sekeres K, Gerstenberg K, Bohnenberger H, Lenz C,
Henze S, Stauske M, Salinas G, Zimmermann WH, et al (2018) Deep
phenotyping of human induced pluripotent stem cell-derived atrial
and ventricular cardiomyocytes. JCI Insight 3: e99941. doi:10.1172/
jci.insight.99941

Danielsen TK, Manotheepan R, Sadredini M, Leren IS, Edwards AG, Vincent KP,
Lehnart SE, Sejersted OM, Sjaastad I, Haugaa KH, et al (2018)
Arrhythmia initiation in catecholaminergic polymorphic ventricular
tachycardia type 1 depends on both heart rate and sympathetic
stimulation. PLoS One 13: e0207100. doi:10.1371/journal.pone.0207100

Darcy YL, Diaz-Sylvester PL, Copello JA (2016) K201 (JTV519) is a Ca2+-
dependent blocker of SERCA and a partial agonist of ryanodine
receptors in striated muscle. Mol Pharmacol 90: 106–115. doi:10.1124/
mol.115.102277

des Georges A, Clarke OB, Zalk R, Yuan Q, Condon KJ, Grassucci RA,
Hendrickson WA, Marks AR, Frank J (2016) Structural basis for gating
and activation of RyR1. Cell 167: 145–157.e17. doi:10.1016/
j.cell.2016.08.075

Dridi H, Kushnir A, Zalk R, Yuan Q, Melville Z, Marks AR (2020) Intracellular
calcium leak in heart failure and atrial fibrillation: A unifying
mechanism and therapeutic target. Nat Rev Cardiol 17: 732–747.
doi:10.1038/s41569-020-0394-8

Eisner DA, Caldwell JL, Kistamás K, Trafford AW (2017) Calcium and excitation-
contraction coupling in the heart. Circ Res 121: 181–195. doi:10.1161/
CIRCRESAHA.117.310230

Eisner DA, Caldwell JL, Trafford AW, Hutchings DC (2020) The control of
diastolic calcium in the heart: Basic mechanisms and functional
implications. Circ Res 126: 395–412. doi:10.1161/CIRCRESAHA.119.315891

Elek GZ, Koppel K, Zubrytski DM, Konrad N, Järving I, Lopp M, Kananovich DG
(2019) Divergent access to histone deacetylase inhibitory
cyclopeptides via a late-stage cyclopropane ring cleavage strategy.
Short synthesis of chlamydocin. Org Lett 21: 8473–8478. doi:10.1021/
acs.orglett.9b03305

Fabiato A (1983) Calcium-induced release of calcium from the cardiac
sarcoplasmic reticulum. Am J Physiol 245: C1–C14. doi:10.1152/
ajpcell.1983.245.1.C1

Ferrandi M, Barassi P, Tadini-Buoninsegni F, Bartolommei G, Molinari I,
Tripodi MG, Reina C, Moncelli MR, Bianchi G, Ferrari P (2013) Istaroxime
stimulates SERCA2a and accelerates calcium cycling in heart failure
by relieving phospholamban inhibition. Br J Pharmacol 169: 1849–1861.
doi:10.1111/bph.12278

Galimberti ES, Knollmann BC (2011) Efficacy and potency of class I
antiarrhythmic drugs for suppression of Ca2+ waves in permeabilized
myocytes lacking calsequestrin. J Mol Cell Cardiol 51: 760–768.
doi:10.1016/j.yjmcc.2011.07.002

Guo T, Zhang T, Mestril R, Bers DM (2006) Ca2+/calmodulin-dependent
protein kinase II phosphorylation of ryanodine receptor does affect
calcium sparks in mouse ventricular myocytes. Circ Res 99: 398–406.
doi:10.1161/01.RES.0000236756.06252.13

Gwathmey JK, Slawsky MT, Briggs GM, Morgan JP (1988) Role of intracellular
sodium in the regulation of intracellular calcium and contractility -
effects of dpi 201-106 on excitation-contraction coupling in human
ventricular myocardium. The J Clin Invest 82: 1592–1605. doi:10.1172/
JCI113771

Hadiatullah H, He Z, Yuchi Z (2022) Structural insight into ryanodine receptor
channelopathies. Front Pharmacol 13: 897494. doi:10.3389/
fphar.2022.897494

Hamilton S, Veress R, Belevych A, Terentyev D (2021) The role of calcium
homeostasis remodeling in inherited cardiac arrhythmia syndromes.
Pflugers Arch 473: 377–387. doi:10.1007/s00424-020-02505-y

Hartmann N, Pabel S, Herting J, Schatter F, Renner A, Gummert J, Schotola H,
Danner BC, Maier LS, Frey N, et al (2017) Antiarrhythmic effects of
dantrolene in human diseased cardiomyocytes. Heart Rhythm 14:
412–419. doi:10.1016/j.hrthm.2016.09.014

Hasenfuss G (1998) Alterations of calcium-regulatory proteins in heart
failure. Cardiovasc Res 37: 279–289. doi:10.1016/s0008-6363(97)00277-0

Hasenfuss G, Reinecke H, Studer R, Meyer M, Pieske B, Holtz J, Holubarsch C,
Posival H, Just H, Drexler H (1994) Relation between myocardial-
function and expression of sarcoplasmic-reticulum Ca2+-atpase in
failing and nonfailing human myocardium. Circ Res 75: 434–442.
doi:10.1161/01.res.75.3.434

Huang Y, Lei C, Xie W, Yan L, Wang Y, Yuan S, Wang J, Zhao Y, Wang Z, Yang X,
et al (2021) Oxidation of ryanodine receptors promotes Ca(2+) leakage
and contributes to right ventricular dysfunction in pulmonary
hypertension. Hypertension 77: 59–71. doi:10.1161/
HYPERTENSIONAHA.120.15561

Hwang HS, Hasdemir C, Laver D, Mehra D, Turhan K, Faggioni M, Yin H,
Knollmann BC (2011) Inhibition of cardiac Ca2+ release channels
(RyR2) determines efficacy of class I antiarrhythmic drugs in
catecholaminergic polymorphic ventricular tachycardia. Circ
Arrhythm Electrophysiol 4: 128–135. doi:10.1161/CIRCEP.110.959916

Jessup M, Greenberg B, Mancini D, Cappola T, Pauly DF, Jaski B, Yaroshinsky A,
Zsebo KM, Dittrich H, Hajjar RJ, et al (2011) Calcium upregulation by
percutaneous administration of gene therapy in cardiac disease
(CUPID): A phase 2 trial of intracoronary gene therapy of sarcoplasmic
reticulum Ca2+-ATPase in patients with advanced heart failure.
Circulation 124: 304–313. doi:10.1161/CIRCULATIONAHA.111.022889

Jiang Y, Park P, Hong SM, Ban K (2018) Maturation of cardiomyocytes derived
from human pluripotent stem cells: Current strategies and
limitations. Mol Cells 41: 613–621. doi:10.14348/molcells.2018.0143

Kho C, Lee A, Jeong D, Oh JG, Chaanine AH, Kizana E, Park WJ, Hajjar RJ (2011)
SUMO1-dependent modulation of SERCA2a in heart failure. Nature
477: 601–605. doi:10.1038/nature10407

Lehnart SE, Wehrens XHT (2022) The role of junctophilin proteins in cellular
function. Physiol Rev 102: 1211–1261. doi:10.1152/physrev.00024.2021

Lehnart SE, Wehrens XHT, Laitinen PJ, Reiken SR, Deng SX, Cheng ZZ, Landry
DW, Kontula K, Swan H, Marks AR (2004) Sudden death in familial
polymorphic ventricular tachycardia associated with calcium release
channel (ryanodine receptor) leak. Circulation 109: 3208–3214.
doi:10.1161/01.CIR.0000132472.98675.EC

Lehnart SE, Mongillo M, Bellinger A, Lindegger N, Chen BX, Hsueh W, Reiken S,
Wronska A, Drew LJ, Ward CW, et al (2008) Leaky Ca2+ release channel/
ryanodine receptor 2 causes seizures and sudden cardiac death in
mice. J Clin Invest 118: 2230–2245. doi:10.1172/JCI35346

Louch WE, Sheehan KA, Wolska BM (2011) Methods in cardiomyocyte
isolation, culture, and gene transfer. J Mol Cell Cardiol 51: 288–298.
doi:10.1016/j.yjmcc.2011.06.012

Louch WE, Stokke MK, Sjaastad I, Christensen G, Sejersted OM (2012) No rest
for the weary: Diastolic calcium homeostasis in the normal and failing
myocardium. Physiology (Bethesda) 27: 308–323. doi:10.1152/
physiol.00021.2012

Manfra O, Frisk M, Louch WE (2017) Regulation of cardiomyocyte T-tubular
structure: Opportunities for therapy. Curr Heart Fail Rep 14: 167–178.
doi:10.1007/s11897-017-0329-9

Marks AR (2023) Targeting ryanodine receptors to treat human diseases. J Clin
Invest 133: e162891. doi:10.1172/JCI162891

Marks AR, Landry DW, Deng S, Zhuang CZ, Lehnart SE (2011) Agents for
Preventing and Treating Disorders Involving Modulation of the RyR
Receptors. National Center for Biotechnology Information. PubChem
Patent Summary for US7879840B2.

A multi-acting compound on Ca2+ cycling Wegener et al. https://doi.org/10.26508/lsa.202302278 vol 7 | no 2 | e202302278 13 of 15

https://doi.org/10.1080/14728222.2020.1708326
https://doi.org/10.1177/1087057112456878
https://doi.org/10.1177/1087057112456878
https://doi.org/10.1172/jci.insight.99941
https://doi.org/10.1172/jci.insight.99941
https://doi.org/10.1371/journal.pone.0207100
https://doi.org/10.1124/mol.115.102277
https://doi.org/10.1124/mol.115.102277
https://doi.org/10.1016/j.cell.2016.08.075
https://doi.org/10.1016/j.cell.2016.08.075
https://doi.org/10.1038/s41569-020-0394-8
https://doi.org/10.1161/CIRCRESAHA.117.310230
https://doi.org/10.1161/CIRCRESAHA.117.310230
https://doi.org/10.1161/CIRCRESAHA.119.315891
https://doi.org/10.1021/acs.orglett.9b03305
https://doi.org/10.1021/acs.orglett.9b03305
https://doi.org/10.1152/ajpcell.1983.245.1.C1
https://doi.org/10.1152/ajpcell.1983.245.1.C1
https://doi.org/10.1111/bph.12278
https://doi.org/10.1016/j.yjmcc.2011.07.002
https://doi.org/10.1161/01.RES.0000236756.06252.13
https://doi.org/10.1172/JCI113771
https://doi.org/10.1172/JCI113771
https://doi.org/10.3389/fphar.2022.897494
https://doi.org/10.3389/fphar.2022.897494
https://doi.org/10.1007/s00424-020-02505-y
https://doi.org/10.1016/j.hrthm.2016.09.014
https://doi.org/10.1016/s0008-6363(97)00277-0
https://doi.org/10.1161/01.res.75.3.434
https://doi.org/10.1161/HYPERTENSIONAHA.120.15561
https://doi.org/10.1161/HYPERTENSIONAHA.120.15561
https://doi.org/10.1161/CIRCEP.110.959916
https://doi.org/10.1161/CIRCULATIONAHA.111.022889
https://doi.org/10.14348/molcells.2018.0143
https://doi.org/10.1038/nature10407
https://doi.org/10.1152/physrev.00024.2021
https://doi.org/10.1161/01.CIR.0000132472.98675.EC
https://doi.org/10.1172/JCI35346
https://doi.org/10.1016/j.yjmcc.2011.06.012
https://doi.org/10.1152/physiol.00021.2012
https://doi.org/10.1152/physiol.00021.2012
https://doi.org/10.1007/s11897-017-0329-9
https://doi.org/10.1172/JCI162891
https://doi.org/10.26508/lsa.202302278


Marx SO, Marks AR (2013) Dysfunctional ryanodine receptors in the heart:
New insights into complex cardiovascular diseases. J Mol Cell Cardiol
58: 225–231. doi:10.1016/j.yjmcc.2013.03.005

Marx SO, Reiken S, Hisamatsu Y, Jayaraman T, Burkhoff D, Rosemblit N, Marks
AR (2000) PKA phosphorylation dissociates FKBP12.6 from the calcium
release channel (ryanodine receptor): Defective regulation in failing
hearts. Cell 101: 365–376. doi:10.1016/s0092-8674(00)80847-8

McDonough AA, Velotta JB, Schwinger RH, Philipson KD, Farley RA (2002) The
cardiac sodium pump: Structure and function. Basic Res Cardiol 97:
I19–I24. doi:10.1007/s003950200024

Meissner G (2017) The structural basis of ryanodine receptor ion channel
function. J Gen Physiol 149: 1065–1089. doi:10.1085/jgp.201711878

Melville Z, Dridi H, Yuan Q, Reiken S, Wronska A, Liu Y, Clarke OB, Marks AR
(2022) A drug and ATP binding site in type 1 ryanodine receptor.
Structure 30: 1025–1034.e4. doi:10.1016/j.str.2022.04.010

Meuse AJ, Perreault CL, Morgan JP (1992) Pathophysiology of cardiac
hypertrophy and failure of human working myocardium:
Abnormalities in calcium handling. Basic Res Cardiol 87: 223–233.
doi:10.1007/978-3-642-72474-9_18

Micheletti R, Palazzo F, Barassi P, Giacalone G, Ferrandi M, Schiavone A, Moro
B, Parodi O, Ferrari P, Bianchi G (2007) Istaroxime, a stimulator of
sarcoplasmic reticulum calcium adenosine triphosphatase isoform
2a activity, as a novel therapeutic approach to heart failure. Am J
Cardiol 99: 24A–32A. doi:10.1016/j.amjcard.2006.09.003

Min CK, Yeom DR, Lee KE, Kwon HK, Kang M, Kim YS, Park ZY, Jeon H, Kim DH
(2012) Coupling of ryanodine receptor 2 and voltage-dependent anion
channel 2 is essential for Ca2+ transfer from the sarcoplasmic
reticulum to the mitochondria in the heart. Biochem J 447: 371–379.
doi:10.1042/BJ20120705

Miotto MC, Weninger G, Dridi H, Yuan Q, Liu Y, Wronska A, Melville Z, Sittenfeld
L, Reiken S, Marks AR (2022) Structural analyses of human ryanodine
receptor type 2 channels reveal the mechanisms for sudden cardiac
death and treatment. Sci Adv 8: eabo1272. doi:10.1126/sciadv.abo1272

Mohamed BA, Hartmann N, Tirilomis P, Sekeres K, Li W, Neef S, Richter C,
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