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Introduction: Intracellular calcium overload is an important contributor to myocardial ischemia/reperfu-
sion (MI/R) injury. Total saponins of the traditional Chinese medicinal plant Aralia elata (Miq.) Seem. (AS)
are beneficial for treating MI/R injury, and Calenduloside E (CE) is the main active ingredient of AS.
Objectives: This study aimed to investigate the effects of CE on MI/R injury and determine its specific reg-
ulatory mechanisms.
Methods: To verify whether CE mediated cardiac protection in vivo and in vitro, we performed MI/R sur-
gery in SD rats and subjected neonatal rat ventricular myocytes (NRVMs) to hypoxia-reoxygenation (HR).
CE’s cardioprotective against MI/R injury was detected by Evans blue/TTC staining, echocardiography, HE
staining, myocardial enzyme levels. Impedance and field potential recording, and patch-clamp tech-
niques of human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) were used to detect
the function of L-type calcium channels (LTCC). The mechanisms underlying between CE and LTCC was
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studied through western blot, immunofluorescence, and immunohistochemistry. Drug affinity responsive
target stability (DARTS) and co-immunoprecipitation (co-IP) used to further clarify the effect of CE on
LTCC and BAG3.
Results: We found that CE protected against MI/R injury by inhibiting calcium overload. Furthermore, CE
improved contraction and field potential signals of hiPSC-CMs and restored sarcomere contraction and
calcium transient of adult rat ventricular myocytes (ARVMs). Moreover, patch-clamp data showed that
CE suppressed increased L-type calcium current (ICa,L) caused by LTCC agonist, proving that CE could reg-
ulate calcium homeostasis through LTCC. Importantly, we found that CE promoted the interaction
between LTCC and Bcl2-associated athanogene 3 (BAG3) by co-IP and DARTS.
Conclusion: Our results demonstrate that CE enhanced LTCC-BAG3 interaction to reduce MI/R induced-
calcium overload, exerting a cardioprotective effect.
� 2020 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Ischemic heart disease is characterised by high morbidity and
mortality. Following ischemia, reperfusion via thrombolysis,
induced by surgery or medication, may further promote cardiac
damage, a phenomenon which is known as myocardial ischemia/
reperfusion (MI/R) injury [1]. The mechanisms underlying MI/R
injury have not yet been fully elucidated. Different factors, includ-
ing energy metabolism disorders, oxidative stress, calcium over-
load, myocardial cell apoptosis, and vascular endothelial cell
dysfunction are considered crucial in MI/R injury [2]. Calcium over-
load occurs during reperfusion and damages cardiomyocytes
through various mechanisms [1]. In fact, calcium overload directly
induces cardiac systolic dysfunction, and can promote cellular
apoptosis and myocardial injury, which is the most unfavourable
consequence for patients with ischemic heart disease [3]. There-
fore, identifying reagents that could ameliorate MI/R injury by
reducing calcium overload is essential.

L-type calcium channels (LTCC) are located on several electri-
cally excitable tissues, especially the heart, and include the four
isoforms Cav1.1, Cav1.2, Cav1.3, and Cav1.4 [4]. In myocardial cells,
LTCC opening causes entry of extracellular calcium into the cell,
which triggers the release of a considerable amount of calcium
through ryanodine receptor 2 (RyR2) from the sarcoplasmic retic-
ulum (SR), thereby inducing contraction of cardiac myocytes [5].
LTCC communicates with RyR2 and participates in excitation–con-
traction coupling [6]. Besides, calcium channel blockers, such as
nifedipine, nisoldipine, and diltiazem, are used clinically in the
treatment of hypertension and coronary heart disease. LTCC is
known to initiate calcium cycling and calcium overload is consid-
ered the main damage induced by MI/R, so the specific mecha-
nisms by which LTCC regulates MI/R was further explored in this
study.

Aralia elata (Miq.) Seem. is a well-known traditional Chinese
medicinal plant used for treatment of arrhythmia, diabetes, and
coronary heart disease [7]. Previously, we proved that total sapo-
nins of Aralia elata (Miq.) Seem. (AS) exhibit anti-myocardial ische-
mia, anti-hypoxia, and anti-endothelial injury activity [8,9].
Calenduloside E (CE), a natural pentacyclic triterpenoid saponin,
is the main active ingredient of AS. Our team demonstrated that
CE protects H9c2 cardiomyocytes against oxidative damage and
reduces apoptotic injury of human umbilical vein endothelial cells
(HUVECs) [10]. Moreover, CE can alleviate the damage caused by
arrhythmia in a variety of models, and regulates calcium and
sodium channels to illustrate the mechanism of treating arrhyth-
mias. Notably, our previous study concluded that AS could play
cardiac protective role by inhibiting calcium overload and improve
contraction function of myocardial cells [8]. Studies have shown
that dihydropyridine calcium antagonists, such as furnidipine
and diltiazem, can reduce myocardial ischemia–reperfusion injury
by inhibiting apoptosis and oxidative stress [11,12]. Our research
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has proved that CE can play a cardioprotective effect by reducing
calcium overload. CE plays a role similar to calcium antagonists,
but its specific mechanisms are not exactly the same as calcium
antagonists. So, we began to study the protective mechanism of
CE against MI/R injury from the perspective of calcium overload.

In this study, we evaluated the effects of CE on MI/R injury in
rats and hypoxia-reoxygenation (HR) injury in hiPSC-CMs and
NRVMs. Importantly, the present study aimed to illuminate the
underlying mechanisms of CE-mediated calcium overload inhibi-
tion and cardiac protection.
Materials and methods

Experimental materials

CE (Fig. 1b) were provided by the Institute of Medicinal Plant
Development (Beijing, China) [9,10]. Bay-K-8644 (S7924) and
nisoldipine (S1748) were purchased from Selleck (Shanghai,
China). The primary antibodies in this article were used including:
SERCA (ab2861, 1:1000), RyR2 (ab2868, 1:1000), NCX (ab177952,
1:1000), a1C (ab84814, 1:1000), calpain-2 (ab126600, 1:1000),
STIM1 (ab57834, 1:1000), CaMKⅡ (ab22609, 1:1000), p-CaMKⅡ
(ab32678, 1:1000), p-PLB (ab15000, 1:1000), calmodulin
(ab45689, 1:1000), Troponin I (ab52862, 1:1000) and tubulin
(ab6046, 1:2000) were purchased from abcam (Cambridge, UK);
FKBP12.6 (sc-376135, 1:200) and PLB (sc-393990, 1:200) were
purchased from Santa Cruz Biotechnology (California, USA); BAG3
(A14826, 1:500), a2d (A10315, 1:500), c (A10014, 1:500) and b
(A9304, 1:500) were purchased from ABclonal (Wuhan, China).
The secondary antibodies in this article were used including: rabbit
(ab6721, 1:2000) and mouse (ab6728, 1:2000).
Animals and MI/R injury model

Animal studies conformed to the ARRIVE guidelines [13]. Adult
Sprague Dawley (SD) rats were housed for three days before exper-
iments under standard laboratory conditions. All experimental
operations were approved by the Laboratory Animal Ethics Com-
mittee of the Institute of Medicinal Plant Development, Peking
Union Medical College (No. SLXD-20190614006), and conformed
to the Guide for the Care and Use of Laboratory Animals. All SD rats
were purchased from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd (Beijing, China).

SD male rats (270–280 g) were anaesthetised by intraperitoneal
injection of sodium pentobarbital (50 mg/kg). Following tracheal
intubation, the rats breathed with a ventilator, and were then fixed
in supine position and connected to the electrocardiogram. The
chest was then opened, and the left anterior descending (LAD)
coronary artery was ligated over a tube with a thread from 2 mm
below the left atrial appendage [14]. Heart ischemia began when

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


Fig. 1. CE attenuated myocardial ischemia/reperfusion (MI/R) injury in rats by suppressing calcium overload. After CE (7.5, 15, 30 mg/kg) treatment for three days, the rats
have undergone IR surgery. (a) Experimental protocol 1 to detect the effects of CE on MI/R injury in rat. (b) The molecular structure of Calenduloside E (CE). (c) The myocardial
infarction area was detected by Evans Blue/TTC staining. (d) The quantification of infarct size (IS/AAR) and ischemic size (AAR/LV) was also displayed (n = 5 per group). (e)
Representative trace of M�mode echocardiography performed 48 h after MI/R injury in a rat study and quantitative analysis of left ventricular ejection fraction (LVEF) and left
ventricular fractional shortening (LVFS) using echocardiography (n = 5 per group). (f) The levels of LDH, AST, CK-MB, and Troponin-I were detected (n = 5 per group). (g) The
myocardial pathological damage was detected by HE staining (scale bar, 100 lm, n = 5 per group) and black arrows indicated inflammatory cell infiltration. (h) The
representative western blot bands and quantitation of SERCA, RyR2, NCX, and a1C in rat myocardial tissue (n = 5 per group). The data were expressed as the mean ± SD.
###P < 0. 001 vs sham group; *P < 0.05 vs IR group, **P < 0.01 vs IR group, ***P < 0.001 vs IR group; &P < 0.05, &&P < 0.01.
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the ST segment of the ECG raised, and lasted for 30 min, as previ-
ously reported. In sham group and CE group, LAD coronary arteries
were not ligated to the tube; all other procedures were the same as
the IR group. Following ischemia, the hearts were perfused for
48 h. After the operation, the ventilator was removed when the rats
were able to breathe spontaneously. They were then placed on a
thermostatic blanket until they could walk, and were returned to
the cage.

Experimental protocols with rats

In all experiments, rats were randomly divided into groups.
Experiment protocol 1 (Fig. 1a): Ninety rats were divided

equally into six groups: sham, CE, IR, CE (7.5 mg/kg) + IR, CE
(15 mg/kg) + IR, and CE (30 mg/kg) + IR. Sham and IR groups were
given an equal volume of ultrapure water containing 0.5‰ sodium
carboxymethylcellulose intra-gastrically for three days. Treatment
groups were administered 7.5, 15, or 30 mg/kg CE intra-gastrically
for three days and the last treatment finished 60 min before MI/R
injury model. Then proceed the next experiments, including Evans
Blue/TTC (n = 5), HE (n = 5) and western blot (n = 5).

Experiment protocol 2 (Fig. 4a): Seventy five rats were divided
equally into five groups: sham, IR, IR + CE, IR + CE + Bay-K-8644,
IR + nisoldipine. Sham and IR groups were given an equal volume
of ultrapure water containing 0.5‰ sodium carboxymethylcellu-
lose intra-gastrically for three days and saline by intravenous
injection in the tail 30 min before surgery. Treatment groups we
administered 15 mg/kg CE and 2 mg/kg nisoldipine intra-
gastrically for three days and injected 30 lg/kg Bay-K-8644 in
the tail vein 30 min before MI/R injury model. Then proceed the
next experiments, including Evans Blue/TTC (n = 5), immunohisto-
chemistry (n = 5) and western blot (n = 5).

Infarct size measurement

The experimental protocols are shown in Fig. 1a and Fig. 4a.
Infarct size after MI/R injury was determined by Evans Blue/triph-
enyl tetrazolium chloride (TTC) staining, as described previously
[15]. After MI/R, the rat heart was re-ligated in the original posi-
tion, and then 2% Evans Blue was slowly injected from the abdom-
inal aorta. After 1 min, rat hearts were removed, frozen, and cut
into 2-mm slices along the heart axis. The tissue was then stained
in 1% TTC (93140, Sigma-Aldrich Corp., St. Louis, MO USA) solution
at 37 ℃ and fixed with 4% paraformaldehyde. White staining indi-
cates myocardial infarction size (IS), bright red staining indicates
area at risk (AAR), blue staining indicates non-ischemic region.
The proportion of the infarcted area was counted after obtaining
tissue images.

Cardiac function measurement by echocardiography

Cardiac function was assessed using M�mode echocardiogra-
phy. Briefly, rats were anesthetized with 2% isoflurane, and
echocardiography was performed using a Vevo 770 high-
resolution in vivo imaging system (FUJIFILM VisualSonics, Inc., Tor-
onto, Ontario, Canada). M�mode tracing of the left ventricle was
obtained from the parasternal long-axis view. Left ventricular ejec-
tion fraction (LVEF) and left ventricular fractional shortening
(LVFS) were calculated using computer algorithms.

Myocardial injury indicators of rat serum determination

The experimental protocols are shown in Fig. 1a and Fig. 4a.
After treatment, the sera of SD rats were collected to detect the
levels of Troponin I, Creatine Kinase-MB (CK-MB), lactate dehydro-
genase (LDH) and aspartate aminotransferase (AST) using commer-
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cial ELISA kits (Beijing Expandbiotech Ltd., Beijing, China)
according to the manufacturer’s instructions. The absorbance of
each well was measured at 450 nm using a Synergy H1 microplate
reader (BioTek, Vermont, USA).
Histopathological detection

The experimental protocols are shown in Fig. 1a. After MI/R, rat
hearts were fixed in 4% paraformaldehyde and embedded in paraf-
fin after dehydration. The embedded tissue was cut into 5–8 lm
sections, which were attached to a glass slide. The sections were
heated, deparaffinised, and dehydrated before staining with
haematoxylin and eosin (HE). The images were acquired by Aperio
S2 Leica Biosystem microscopy (Leica, Wetzlar, Germany).
Adult rat ventricular myocyte (ARVM) isolation and Ca2+ transient
measurement

The experimental protocols are shown in Fig. 1a. After treat-
ment, rat hearts were removed and hung on the Langendorff perfu-
sion system. Left ventricle of heart was then dispersed into
individual cardiomyocytes by perfusing type II collagenase, fol-
lowed by grinding, as previously reported [7]. Cardiomyocytes that
appeared rod-shaped (more than 85%) under the microscope could
be used for subsequent experiments. Next, video-based sarcomere
contractility and calcium recording module in a SoftEdge MyoCam
System (IonOptix Corporation, Milton, MA, USA) were used to
detect sarcomere shortening and Ca2+ transient-related indicators,
simultaneously. Cardiomyocytes were incubated with Fura-2 AM
(2 lM) for 20 min in a dark environment. Then, the cardiomyocytes
were placed in a cell perfusion chamber on an inverted microscope
stage and stimulated by an electric field (0.5 Hz, 5 ms). Sampling
speed in this experiment reached 1000 times/s. The indicators
related to sarcomere shortening (including resting sarcomere
length, maximal velocity of re-lengthening (-dL/dt), maximal
velocity of shortening (+dL/dt), sarcomere shortening amplitude,
the time-to-peak shorting (TPS) and the time-to-90% re-
lengthening (TR90)) and Ca2+ transients (including resting calcium
levels, calcium relaxation maximal velocity (-d [Ca2+]/dtmax), cal-
cium shorting maximal velocity (+d [Ca2+]/dtmax), calcium ampli-
tude, Time-to-50% peak [Ca2+], intracellular calcium transient
decay rate) were collected and recorded by the IonWizard 6.0 soft-
ware in real-time (n = 16/group).
Simultaneous detection of beat signals and potential signals of
(human-induced pluripotent stem cell-derived cardiomyocytes) hiPSC-
CMs

HiPSC-CMs were purchased from Cellapybio (CA2201106, Bei-
jing, China). The e-plate was covered with 1% Matrigel at 37 ℃
overnight. The cells were thawed quickly in a 37 ℃ water bath
and seeded at 3 � 104 cells/well on the e-plate after removing
the Matrigel. Fresh medium was supplied the next day and then
changed every two days. The e-plates can be placed on the xCELLi-
gence RTCA Cardio ECR System to detect the beat signals and
potential signals of hiPSC-CMs [16]. The drug treatment started
when the beat signals and potential signals stabilised.

Control and HR groups were cultured in normal medium con-
taining 1‰ DMSO. In the treatment group, hiPSC-CMs were cul-
tured in medium containing 2, 4, or 8 lM CE and 0.1 lM
nisoldipine before inducing hypoxia for 5 h and reoxygenation
for 24 h, and 8 nM Bay-K-8644 was added 2 h before HR.
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Patch-clamp detection

Calcium currents were recorded using whole-cell voltage-clamp
techniques (EPC10 amplifier, HEKA, USA). For L-type calcium cur-
rent (ICa,L) recordings, the pipette solution and the bath solution
contained the following (mM): CsCl 120, MgCl2 1, HEPES 10, Mg-
ATP 4, EGTA 10, Na2-GTP 0.3 (pH 7.2 with CsOH), and the bath
solution contained the following (mM): TEA-Cl 140, MgCl2 2, CaCl2
10, HEPES 10, Glucose 5, (pH 7.4 with TEA-OH. Currents were digi-
tised at a sampling rate of 5 kHz. At 10 mV step depolarizations, ICa,
L was recorded from a holding potential of �60 mV, between �60
and + 60 mV. The steady-state inactivation curve was obtained by a
250-ms test pulse to 10 mV, after a pre-pulse of 2000 ms from
�60 mV to + 80 mV, by 10 mV steps. Recovery from inactivation
was analysed by two steps. From a holding potential of �60 mV,
the membrane was first pulsed to 10 mV for 250 s to induce inac-
tivation. The membrane was then repolarised to �90 mV for vary-
ing periods before the second pulse to 10 mV for 250 ms was
applied [17]. The hiPSC-CMs and ARVMs were used for patch-
clamp, the experiment protocols of cell culture were the same as
above.
Neonatal rat ventricular myocyte (NRVM) culture and cell viability
assay

The hearts of SD rats (one day old) were harvested, and blood
stains were washed off using Hank’s solution containing heparin.
After mincing the hearts with scissors, the myocardial tissue was
digested with 1% type II collagenase and trypsin without EDTA
(2:1) for 5 min. The supernatant was collected, and the same diges-
tion process was repeated until no tissue block was visible. The
cells in the supernatant were placed into a culture flask and were
settled for 1.5 h in the 37 ℃ incubator. The underlying adherent
myocardium fibroblasts were discarded, and the upper cells were
well dispersed and then cultured in a plate pre-moistened with
1% gelatin. Fresh medium was supplied the next day when a few
cells started to beat; after 2–3 days, the neonatal rat primary car-
diomyocytes matured and began to beat. For the experiments, con-
trol and HR groups were cultured in normal medium containing
1‰ DMSO. In the treatment group, cells were cultured in medium
containing 8 lM CE and 0.1 lM nisoldipine for 12 h before induc-
ing hypoxia for 5 h and reoxygenation for 12 h, and 8 nM Bay-K-
8644 was added 2 h before HR.

Cell viability was measured using 3-[4,5 -dimethylthiazol-2-y
l] � 2,5-diphenyl-tetrazolium bromide (MTT) assay. NRVMs were
seeded into 96-well plates. After the different treatments, MTT
(1 mg/mL) was added to the primary cells and incubated for 4 h
at 37 ℃. The supernatant was discarded, and DMSO was added to
dissolve the formazan crystals. The absorbance was measured at
570 nm using a Synergy H1 microplate reader (BioTek, Vermont,
USA).
Detection of intracellular reactive oxygen species (ROS) in hiPSC-CMs

The experimental protocol of hiPSC-CM culture was the same as
above. The level of intracellular ROS in hiPSC-CMs was detected
using the ROS assay kit (Beyotime, Shanghai, China). Following dif-
ferent treatments, DCFH-DA (10 lM) probe was added to the cells
for 30 min at 37 �C in the dark. Cells were washed three times to
remove probes that did not enter [18]. Intracellular ROS level
was reflected by the fluorescence intensity measured using the
IncuCyteTM S3 ZOOM cell imaging system (Essen BioScience, Ann
Arbor, MI).
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Detection of intracellular calcium in hiPSC-CMs

The experimental protocol of hiPSC-CM culture was the same as
above. Fluo-3 AM was used as fluorescent indicator to measure
intracellular calcium levels. The cardiomyocytes were cultured to
a confluence of ~ 80% and divided into groups. Then, cardiomy-
ocytes were incubated in medium containing 5 lM Fluo-3AM at
37 �C in the dark for 40 min. After adding fresh medium, the cells
were incubated for 20 min at 37 �C in the dark to generate calcium
fluorescence [19]. Intracellular calcium levels were determined by
the fluorescence images taken using IncuCyteTM S3 ZOOM cell imag-
ing system (Essen BioScience, Ann Arbor, MI).

Immunofluorescence staining of rat cardiac tissue

The experimental protocols are shown in Fig. 4a. Rat hearts
were embedded in paraffin and cut into 7–8 lm sections. Paraffin
sections were placed at 60 �C for 1 h, dewaxed in xylene, and
hydrated in alcohol gradient. The sections were then subjected to
antigen retrieval by boiling in citrate buffer. Once restored at room
temperature, the sections were blocked with BSA and incubated
with primary antibody overnight at 4 �C. The next day, the sections
were incubated with secondary antibody at 37 �C in the dark for
1 h, and nuclei were stained with DAPI [20,21]. The fluorescent
images were acquired by Tissue Gnostics AX10 analysis system
(Vienna, Austria). The primary antibodies in this article were used
including: a1C (ab84814, 1:1000) and tubulin (ab6046, 1:2000)
were purchased from abcam (Cambridge, UK); BAG3 (A14826,
1:500) and a2d (A10315, 1:500) were purchased from ABclonal
(Wuhan, China).

Immunohistochemistry for rat cardiac tissue

The experimental protocols are shown in Fig. 4a. Paraffin sec-
tions of rat hearts were used for immunohistochemistry using SP
Rabbit & Mouse HPR kit (CoWin Biosciences, Beijing, China)
according to the manufacturer’s instructions [22]. Briefly, heart
paraffin sections were incubated with normal goat serum after
dewaxing, hydrating, and antigen retrieval. The sections were then
incubated in a suitable primary antibody solution at 4℃ overnight,
followed by incubation with the corresponding secondary antibody
solution. Finally, the DAB working solution was used for colour
development, and the nuclei were counterstained with haema-
toxylin. The images were acquired by Aperio S2 Leica Biosystem
microscopy (Leica, Wetzlar, Germany). The primary antibodies in
this article were used including: a1C (ab84814, 1:1000) were pur-
chased from abcam (Cambridge, UK); BAG3 (A14826, 1:500) were
purchased from ABclonal (Wuhan, China).

Western blot

Western blots were performed according to reported protocols
[23,24]. Briefly, 50 lg of total proteins were loaded per lane, sepa-
rated using 10% SDS-PAGE, and transferred to a nitrocellulose
membrane. The membrane was blocked in 5% skim milk at room
temperature for at least 2 h and then incubated in primary anti-
body overnight at 4 �C. After washing three times with TBST, mem-
branes were incubated with the corresponding secondary antibody
at room temperature for 2 h. Finally, the bands were visualised
using an ECL kit (CW0049, CWBIO, Beijing, China). The primary
antibodies in this article were used including: SERCA (ab2861,
1:1000), RyR2 (ab2868, 1:1000), NCX (ab177952, 1:1000), a1C
(ab84814, 1:1000), calpain-2 (ab126600, 1:1000), STIM1
(ab57834, 1:1000), CaMKⅡ (ab22609, 1:1000), p-CaMKⅡ
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(ab32678, 1:1000), p-PLB (ab15000, 1:1000), calmodulin
(ab45689, 1:1000), Troponin I (ab52862, 1:1000) and tubulin
(ab6046, 1:2000) were purchased from abcam (Cambridge, UK);
FKBP12.6 (sc-376135, 1:200) and PLB (sc-393990, 1:200) were
purchased from Santa Cruz Biotechnology (California, USA); BAG3
(A14826, 1:500), a2d (A10315, 1:500), c (A10014, 1:500) and b
(A9304, 1:500) were purchased from ABclonal (Wuhan, China).
The secondary antibodies in this article were used including: rabbit
(ab6721, 1:2000) and mouse (ab6728, 1:2000).
Drug affinity responsive target stability (DARTS) assay

NRVMs were lysed in protein extraction buffer (CW2333,
CWBIO, Beijing, China) with protease inhibitor (CW2200, CWBIO,
Beijing, China), and proteins were quantified using a BCA kit
(CW0014S, CWBIO, Beijing, China) according the instruction. Cell
lysates were incubated with CE (200, 400, 800 lM) at room tem-
perature for 1 h. The cell lysates then underwent proteolysis
(25 lg/mL) at room temperature for 15 min. The enzymatic hydrol-
ysis reaction was terminated by adding loading buffer and the
lysates were detected by western blot analysis [25,26]. The pri-
mary antibodies in this article were used including: a1C
(ab84814, 1:1000) were purchased from abcam (Cambridge, UK);
BAG3 (A14826, 1:500) were purchased from ABclonal (Wuhan,
China).
Co-Immunoprecipitation (co-IP)

Co-IP were performed according PierceTM Co-
Immunoprecipitation Kit (26149, Thermo ScientificTM, MA, USA).
Then, twenty micrograms of affinity-purified antibody were pre-
pared for coupling by adjusting the volume to 200 mL. A Pierce spin
column filled with AminoLink Plus coupling resin and diluted anti-
body was incubated on a rotator or mixer at room temperature for
2 h to ensure that the slurry remained suspended during incuba-
tion. The antibody was immobilised on resin after adding quench-
ing buffer to the column. Then, tissue lysates and coupling resin
were incubated with gentle mixing overnight at 4 �C. The target
protein was eluted using elution buffer, and the eluant was then
mixed with loading buffer and denatured. The results were anal-
ysed using western blot as described previously [27–29]. The pri-
mary antibodies in this article were used including: a1C
(ab84814, 1:1000) were purchased from abcam (Cambridge, UK);
BAG3 (A14826, 1:500) were purchased from ABclonal (Wuhan,
China).
Statistical analysis

Data were collected and analysed blindly, and were presented
as mean ± SEM. Statistical analyses were performed using Graph-
Pad Prism 5.0. For the column diagrams, one-way ANOVA followed
by Tukey’s post-hoc test was used for multiple comparisons. For
patch-clamp and Cardio ECR data, two-way ANOVA was used for
multiple comparisons. The statistical significance was set at
P < 0.05 (two-tailed).
Results

CE protects against MI/R injury in rats

To demonstrate the cardiac protective effects of CE in rats, we
chose the MI/R injury model (Fig. 1a-b) [15]. Evans Blue/TTC stain-
ing showed that the myocardial infarct area/ area at risk of IR
group was closer to 60%, which was reduced to 53%, 38%, and
178
43% by treatment with 7.5, 15, and 30 mg/kg CE, respectively
(Fig. 1c-d).

M�mode echocardiography was used to determine the protec-
tive effects of CE on cardiac function and the results showed that
7.5, 15, and 30 mg/kg CE can significantly restore cardiac function
(Fig. 1e). Analysis of troponin I and myocardial enzyme levels indi-
cated that IR caused extensive myocardial damage, and that 15 mg/
kg CE was the most effective dose against MI/R injury (Fig. 1f). HE
staining revealed the pathological features of myocardial damage.
The IR group manifested severe myocardial infarction, fibroblast
proliferation, myocardial fibre necrosis, lymphocytic infiltration,
and haemorrhage (Fig. 1g). In CE-treated groups, especially the
15 mg/kg group, myocardial infarction clearly improved, although
it could not be reversed. Next, we chose CE 15 mg/kg to further
analyse the expression of calcium regulators in cardiac tissue using
western blotting. Compared with the sham group, the IR group
showed lower expression of calcium transporters SERCA and
NCX, leading to an increase in intracellular calcium levels. Instead,
the expression of calcium transporters RyR2 and a1C increased,
therefore augmenting intracellular calcium levels. However, treat-
ment with CE (15 mg/kg) restored the expression of these calcium
regulatory proteins to normal levels, including calcium trans-
porters (SERCA, a1C, RyR2 and NCX) (Fig. 1 h). Together, these
results indicate that CE could protect the heart against MI/R injury
by regulating calcium cycling proteins.

CE recovers damaged ARVMs and intracellular calcium homoeostasis
induced by MI/R injury

Following MI/R injury, rat hearts were separated by enzymatic
hydrolysis, and the obtained cardiomyocytes with proper mor-
phology and function were used to detect contraction and calcium
transients [7,30]. In the CE + IR group, the resting sarcomere length
(+dL/dt and -dL/dt) was significantly higher than in the IR group.
By contrast, sarcomere shortening amplitude (TR90 and TPS) in
the CE + IR group was significantly reduced, indicating the positive
inotropic effects of CE (Fig. 2 a-b). Notably, in ARVMs, CE not only
resumed cell contraction, but also improved calcium transients. In
the IR group, resting calcium levels, time-to-50% peak [Ca2+], and
intracellular calcium transient decay rate increased after MI/R
injury, while calcium amplitude, -d [Ca2+]/dtmax and + d [Ca2+]/
dtmax decreased (Fig. 2 c-d). However, after CE treatment, the indi-
cators of calcium transients returned basically to the control group
level.

CE protects against HR and MI/R injury by electrophysiology

To assess whether CE could regulate LTCC, we employed LTCC
agonist Bay-K-8644 and the specific LTCC inhibitor nisoldipine.
Bay-K-8644 significantly affected impedance and field potential
indicators of hiPSC-CMs [31,32]. However, CE counteracted the
changes induced by Bay-K-8644, mainly by increasing contraction
amplitude, contraction and relaxation time, and field potential
amplitude, as well as reducing beat rate and field potential dura-
tion (Fig. 3a). Moreover, CE promoted a much better recovery of
the abnormal contraction and electrical signals in hiPSC-CMs than
nisoldipine after Bay-K-8644 treatment. Subsequently, we exam-
ined the effects of CE, LTCC inhibitor, and LTCC agonist on the cal-
cium channels using patch-clamp. Remarkably, CE inhibited the
increase of ICa,L induced by Bay-K-8644, showing a stronger inhibi-
tory effect than nisoldipine (Fig. 3b), which directly proved that CE
could inhibit LTCC activity.

The Cardio ECR system recorded the growth and development
of hiPSC-CMs in real time, and the protective effect of CE was also
reflected by the impedance and field potential recording of hiPSC-
CMs. After 5 h of hypoxia, hiPSC-CMs were analysed by the Cardio



Fig. 2. CE regulated sarcomere contraction and calcium transient of ARVMs after MI/R injury. (a) The diagram (10 s) of sarcomere contraction. (b) The analysis results for CE’s
effect on sarcomere contraction of ARVMs and the indicators including resting sarcomere length, maximal velocity of re-lengthening (-dL/dt), maximal velocity of shortening
(+dL/dt), sarcomere shortening amplitude, the time-to-peak shorting (TPS) and the time-to-90% re-lengthening (TR90) (n = 16 per group). (c) The diagram (10 s) of calcium
transient (d) The analysis results for CE’s effect on calcium transient of ARVMs and the indicators including resting calcium levels, calcium relaxation maximal velocity (-d
[Ca2+]/dtmax), calcium shorting maximal velocity (+d [Ca2+]/dtmax), calcium amplitude, Time-to-50% peak [Ca2+], intracellular calcium transient decay rate (n = 16 per
group). The data were expressed as the mean ± SD. ###P < 0. 001 vs sham group; **P < 0.01 vs IR group, ***P < 0.001 vs IR group.
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Fig. 3. Regulation of CE on LTCC by Cardio ECR and patch-clamp. (a) The impedance and field potential of hiPSC-CMs were real-time monitored after Bay-K-8644 treatment
(n = 5 per group). (b) I–V curve (left) of Ca current and representative Ca current traces (right) recorded from the control group, Bay-K-8644 group, CE + Bay-K-8644 group,
and nisoldipine + Bay-K-8644 group in hiPSC-CMs (n = 5 per group). The data were expressed as the mean ± SD. #P < 0. 05 vs control group (The color of # was the same as the
color of the curve); *P < 0.05 vs Bay-K-8644 group (The color of * was same as the color of the curve). (c) After incubating CE for 24 h, hiPSC-CMs were hypoxic, and the
impedance and field potential were monitored during reoxygenation 24 h (n = 5 per group). (d) After rat MI/R injury, NRVMs were obtained. Moreover, I–V curve (left) of Ca
current and representative Ca current traces (right) recorded from the sham group, IR group, and CE + IR group. The data were expressed as the mean ± SD. #P < 0. 05 vs
control (sham) group (The color of # was same as the color of the curve); *P < 0.05 vs HR (IR) group (The color of * was same as the color of the curve).
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Fig. 4. CE alleviated MI/R injury by regulating LTCC in vivo and vitro. After treatment of CE (7.5, 15, 30 mg/kg) and nisoldipine (2 mg/kg) or Bay-K-8644 (30 lg�kg�1) for three
days, the rats were subjected to IR surgery. (a) Experimental protocol 2 to detect the effects of CE on MI/R injury in rat. (b) The myocardial infarction area was detected by
Evans Blue/TTC staining, and quantification of infarct size (IS/AAR) and ischemic size (AAR/LV) was also displayed (n = 5 per group). (c) Representative trace of M�mode
echocardiography performed 48 h after MI/R injury in a rat study and quantitative analysis of left ventricular ejection fraction (LVEF) and left ventricular fractional shortening
(LVFS) using echocardiography (n = 5 per group). (d) The levels of LDH, AST, CK-MB, and Troponin-I were detected (n = 5 per group). (e) The fluorescence images of ROS and
calcium levels (scale bar, 200 lm) in hiPSC-CMs were displayed after the treatment of nisoldipine (100 nM) or Bay-K-8644 (8 nM) (n = 6 per group). (f) The fluorescence
intensity of ROS (left) and intracellular calcium (right) was statistically represented in the histogram. (g) After the intervention of nisoldipine (100 nM) or Bay-K-8644 (8 nM)
for 2 h, NRVMs were incubated using CE (8 lM) for 12 h and then cell viability was detected after HR injury (n = 16 per group). The data were expressed as the mean ± SD.
###P < 0. 001 vs sham (control) group; *P < 0.05 vs IR (HR) group, **P < 0.01 vs IR (HR) group, ***P < 0.001 vs IR (HR) group; &&&P < 0.001 vs IR + CE (HR + CE) group.
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Fig. 5. CE promoted interaction between LTCC and BAG3. (a) DARTS assay is used to detect the effect of CE on BAG3 or a1C. Lysate of NRVMs was hydrolyzed by pronase after
CE (0, 100, 200, 400, 800 lM) incubation 1 h. The expression of BAG3 and a1C were showed through western blots and statistical histograms (n = 5 per group). The data were
expressed as the mean ± SD. ###P < 0. 001 vs control group; *P < 0.05 vs pronase group, **P < 0.01 vs pronase group, ***P < 0.001 vs pronase group. (b-c) Lysates (sham, CE, IR,
CE + IR group) of rat heart tissue were co-immunoprecipitated using BAG3 or a1C antibody. The expression of BAG3 and a1C in input and IP were showed through western
blots and statistical histograms (n = 5 per group). The data were expressed as the mean ± SD. ###P < 0. 001 vs sham group; **P < 0.01 vs IR group, ***P < 0.001 vs IR group. (d)
Colocalization of BAG3 and a1C by immunofluorescence double staining were showed by the images (The scale bar is 100 lm or 20 lm.) and statistical histograms (n = 5 per
group). The data were expressed as the mean ± SD. ###P < 0. 001 vs sham group; **P < 0.01 vs IR group, ***P < 0.001 vs IR group; &&P < 0.01 vs IR + CE group, &&&P < 0.001 vs
IR + CE group.
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Fig. 6. Regulation of LTCC agonist on BAG3 and calcium pathway proteins. (a) The expression levels of a1C, a2d, BAG3, and cardiac troponin I (CTnI) in rat myocardial tissue
were displayed in immunohistochemical images and statistical histograms (n = 5 per group). (b) The expression levels of LTCC subunits (a1C, a2d, c, b) and BAG3 in NRVMs
were displayed in western blots and statistical histograms (n = 5 per group). (c) The expression levels of Calmodulin, SERCA, CaMKⅡ and p-CaMKⅡ (T286) in NRVMs were
displayed in immunohistochemical images and statistical histograms (n = 5 per group). The data were expressed as the mean ± SD. ##P < 0. 01 vs sham (control) group,
###P < 0. 001 vs sham (control) group; *P < 0.05 vs IR (HR) group, **P < 0.01 vs IR (HR) group, ***P < 0.001 vs IR (HR) group; &P < 0.05 vs IR + CE (HR + CE) group, &&P < 0.01 vs
IR + CE (HR + CE) group, &&&P < 0.001 vs IR + CE (HR + CE) group.
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ECR system at the beginning of reoxygenation. As the reoxygena-
tion time progressed, the beat rate, diastolic time, and field poten-
tial duration of hiPSC-CMs also increased, while the contraction
time and field potential amplitude decreased rapidly. At 16 h of
reoxygenation, the five indicators representing cellular function
dropped to zero (Fig. 3c). These results indicated that, with pro-
longed reoxygenation time, damage in hiPSC-CMs continued to
increase. Importantly, CE pre-treatment improved contraction
and field potential function of hiPSC-CMs during HR; in particular,
8 mM CE restored cell functions to near-normal levels. Patch-clamp
was used to further prove CE-mediated cardiac protection. For
patch-clamp, ARVMs were isolated from rats who received MI/R
48 h after CE administration. In the IR group, ICa,L increased consid-
erably (Fig. 3d). Notably however, in the CE + IR group, ICa,L was
reduced to levels close to those of the sham group.
LTCC agonists influence CE’s protective effect in vivo and vitro

To unveil the role of LTCC in MI/R injury, nisoldipine (2 mg/kg)
and Bay-K-8644 (30 lg/kg) were administered to rats before
myocardial ischemia surgery (Fig. 4a). As shown by Evans Blue/
TTC staining, nisoldipine could reduce myocardial infarction size/
area at risk (45.3%) compared to IR group, while Bay-K-8644
instead aggravated it (63.3%) (Fig. 4b). Echocardiographic results
also showed that Bay-K-8644 obstructed cardiac protective effect
of CE (Fig. 4c). Similarly, the levels of LDH, AST, CK-MB, and
Troponin-I also demonstrated that activation of LTCC could exacer-
bate myocardial cell damage (Fig. 4d). Intracellular calcium levels
are a direct measure of calcium overload. Therefore, we also
detected intracellular calcium levels in hiPSC-CMs. Consistently,
while Bay-K-8644 exacerbated intracellular calcium overload, both
CE and nisoldipine instead reduced it (Fig. 4e-f). Analogously, anal-
ysis of intracellular ROS production indicated that Bay-K-8644
increased while CE and nisoldipine decreased oxidative stress,
which is also closely connected to calcium overload. Importantly,
these results were confirmed by analysis of NRVM viability after
treatment. Bay-K-8644 treatment decreased the cell viability but
nisoldipine increased it. (Fig. 4g).
CE enhances the interaction between LTCC and BAG3

Next, to clarify the molecular effects of CE and identify its
potential targets, we employed DARTS. The principle of DARTS is
that the binding of a compound to a target protein changes the
conformation of the protein and improves its stability [25]. The
levels of BAG3, which dropped sharply following protease hydrol-
ysis, were gradually stabilised with higher concentrations of CE.
Interestingly, the expression of a1C, the main functional subunit
of LTCC, showed the same tendency as BAG3, suggesting that CE
may interact directly with BAG3 and LTCC (Fig. 5a).

To verify the direct interaction between these components and
their interplay with CE, we performed co-IP. As expected, both
BAG3 and a1C could successfully co-precipitate each other. Inter-
estingly, the expression of BAG3 or a1C was significantly lower
in the IR group than in the sham group, indicating weaker interac-
tion between these two proteins during ischemia. However, CE
treatment could restore their interaction to normal levels (Fig. 5-
b-c). Additionally, the interaction between BAG3 and LTCC was fur-
ther confirmed by immunofluorescence. In line with the previous
results, CE restored the interaction between BAG3 and a1C. Consis-
tently, the LTCC inhibitor also restored this interaction, while the
LTCC agonist reversed it. (Fig. 5d).
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LTCC agonist reverses the effect of CE on the expression of LTCC and
BAG3

Next, to elucidate the regulatory effect of CE on BAG3 and LTCC,
we analysed their expression by western blot and immunohisto-
chemistry. In the CE + IR group, the expression of LTCC subunits
(a1C and a2d, but not c or b) increased after treatment with
Bay-K-8644, whereas expression of BAG3 strongly decreased.
Importantly, nisoldipine induced opposite effects to those of Bay-
K-8644 (Fig. 6a-b). Immunohistochemistry showed consistent
results for expression of LTCC subunits and BAG3. Finally, Bay-K-
8644 also increased the expression of calmodulin, RyR2, and
CaMKⅡ (T286)/CaMKⅡ but decreased that of SERCA (Fig. 6c). Col-
lectively, these results demonstrate that CE could maintain calcium
homeostasis by regulating LTCC and BAG3.
Discussion

In this study, we demonstrate that the natural compound CE
plays a crucial role in cardiac protection. CE protected rats against
MI/R injury by reducing myocardial infarct size and myocardial
enzyme levels, as well as by ameliorating myocardial pathological
damage and restoring cardiac function. In vitro, our team previ-
ously reported that CE analogues inhibit oxidative stress and apop-
tosis, thus protecting H9c2 cardiomyocytes [33]. Our current
results also proved that CE improved cell viability of NRVMs after
HR injury. Derived from human cells, hiPSC-CMs have similar
mechanical and electrical activities to adult cardiomyocytes and
are more reliable for evaluating cardiotoxicity than other car-
diomyocytes, such as H9c2 [34]. We detected the impedance and
field potential signals of hiPSC-CMs, which reflected visible con-
tractile function and intrinsic ion channel signal, respectively
[31]. Consistent with previous results, CE could mostly restore sys-
tolic and diastolic abnormalities and field potential signal weak-
ness in a dose-dependent manner.

Complex mechanisms underlie MI/R injury. Currently, calcium
overload is considered one of the crucial targets in this pathological
process. Upon MI/R injury, excessive production of ROS causes cell
membrane damage and increases membrane permeability, leading
to extracellular Ca2+ influx and consequent increase in intracellular
Ca2+ level [35]. Eventually, this results in intracellular calcium
overload, which in turn causes contractile disorders and apoptosis
[36,37]. Our data demonstrates that CE restores the systolic and
diastolic function of ARVMs, which declined after MI/R injury.
Importantly, CE also significantly reduced intracellular calcium
overload caused by MI/R injury, especially during intracellular cal-
cium transient decay. Calcium is a pivotal second messenger and
plays a critical role in electrophysiology, excitation–contraction
coupling, and contraction [38,39]. Therefore, the imbalance of
intracellular calcium levels has a severe impact on numerous intra-
cellular activities.

Several calcium cycling proteins are responsible for calcium
transport and circulation in the cell, thereby ensuring intracellular
calcium homeostasis [40,41]. Normally, opening of LTCC in car-
diomyocytes causes extracellular Ca2+ influx, which triggers the
release of Ca2+ by RyR2 on SR. Ultimately, this triggers contraction
of cardiomyocytes mediated by increase in intracellular Ca2+ con-
centration. Subsequently, Ca2+ in the cytosol is retaken to the SR
via SERCA and transported back to the extracellular space through
NCX [42,43]. The decreased cytosolic Ca2+ concentration therefore
induces myocardial cell relaxation. During MI/R injury, dysfunction
of proteins that regulate intracellular calcium levels aggravates cal-
cium overload in cardiomyocytes [3]. Our results show that CE
upregulated SERCA and NCX and downregulated RyR2 and a1C,
which substantially reduced calcium overload by recovering the
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calcium in excess to the ER or/and transporting it outside the cell
[44]. Therefore, we concluded that CE could protect against MI/R
injury by reducing calcium overload.

In subsequent experiments, we found using RTCA Cardio ECR
system that CE could recover the impedance and field potential
signals of hiPSC-CMs after treatment with the LTCC agonist Bay-
K-8644, suggesting that CE could inhibit calcium channels [31].
We verified this hypothesis using the patch-clamp technique,
which allows to observe changes of cell membrane currents and
to understand the activity of ion channels by analysing various fac-
tors, such as current intensity and channel opening/closing [45,46].
Patch-clamp analysis showed that CE significantly decreased the
peak current of ICa,L with Bay-K-8644 treatment. As expected, MI/
R injury induced calcium overload, which was initiated by LTCC-
mediated enhance in ICa,L following ischemia [47]. Strikingly, cal-
cium current increase was reversed by CE administration, demon-
strating that CE reduced post-MI/R injury myocardial calcium
overload by inhibiting LTCC activity. Calcium channels play an
important role in maintaining the plateau of the action potential
of cardiomyocytes. CE can reduce ICa,L, which also proves that CE
can reduce the occurrence of arrhythmias by extending the dura-
tion of action potentials.

Nisoldipine is a dihydropyridine calcium channel blocker that is
clinically used in the treatment of primary hypertension and coro-
nary heart disease [11,12]. Bay-K-8644 is instead a highly selective
LTCC agonist [48]. Here, unsurprisingly, administration of Bay-K-
8644 aggravated the extent of myocardial injury notwithstanding
CE treatment. Conversely, nisoldipine displayed a cardioprotective
effect, but could ameliorate MI/R injury to a lower extent than CE.
LTCC is a multi-subunit channel, containing the essential pore-
forming subunit a1C, together with the auxiliary subunits and
calmodulin [4,47]. The C-terminus of a1C is crucial for the channel
trafficking of LTCC and is regarded as a target to modulate channel
activity. Knockout of the b subunit in mice can slightly reduce the
calcium current, while c subunit exerts a typical effect on the
amplitude of the calcium current. Notably, the a2d subunit is
essential to ensure the stability of the calcium current, and its
knockout leads to a decrease in calcium current and prolonged
inactivation time [38,47]. In our study, CE treatment before the
MI/R injury increased the expression of a1C and a2d but did not
affect b and c. Additionally, emerging evidence suggests that
calmodulin can inhibit LTCC activity, while CaMKII can activate
it, which also was proved by our results [49]. Enhanced LTCC activ-
ity leads to calcium overload, which can aggravate MI/R injury. In
the SR, excessive RyR2 opening or weakened SERCA function can
also exacerbate calcium overload [39]. Our data showed that LTCC
could affect the amount of extracellular calcium entering the cell
by modulating calcium channel activity, thereby influencing cal-
cium transportation by other calcium cycling participants, and that
CE can stabilise intracellular calcium homeostasis by regulating
LTCC activity.

BAG3 is a 575-amino acid protein mainly expressed in the heart
and skeletal muscle [50]. BAG3 enhances the anti-apoptotic effect
of Bcl-2, thereby reducing cell damage under stress. Previous stud-
ies indicated that overexpression of BAG3 alleviates the degree of
myocardial infarction due to MI/R [51]. Consistently, our results
proved that CE could promote the expression of BAG3, reduce
myocardial infarction in rats, and improve the viability of myocar-
dial cells. Using the DARTS method, we demonstrated that CE
treatment increased expression of LTCC and BAG3 dose-
dependently, proving that this compound can directly act on these
proteins. Importantly, our immunofluorescence results are consis-
tent with those of previous reports showing that BAG3 and LTCC
colocalise in the sarcolemma and transverse tubules, which impli-
cates that BAG3-LTCC interaction plays a vital role in the intracel-
lular calcium cycling of cardiomyocytes [50,52]. The direct
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interaction of LTCC with BAG3 was further confirmed through
co-IP. This interaction, which was reduced due to MI/R injury,
was fully restored after CE treatment, showing that CE could
improve calcium homeostasis by promoting BAG3 and LTCC inter-
action. Co-localization data, however, showed that LTCC agonists
can reduce the interaction between BAG3 and LTCC restored by
CE. Collectively, our data demonstrate that CE protects against
MI/R injury through significantly reducing intracellular calcium
overload, which is achieved by enhancing BAG3-LTCC interaction.

This study proved that CE pre-administration can protect MI/R
injury by regulating the interaction of LTCC-BAG3. However, there
may be some possible limitations in this study. The effect of CE’s
therapeutic administration of on MI/R injury and its mechanism
should be further explored in subsequent experiments. In fact,
we have also carried out experiments to prove that both pre-
administration and therapeutic administration of CE can signifi-
cantly alleviate MI/R injury, and even the protective effect of CE
pre-administration is better than CE’s therapeutic administration
(Supplementary Fig. 1), which is also main reason for the choice
of CE pre-administration in the study. Of course, CE’s therapeutic
administration is also meaningful, and we will promote follow-
up experiments.

Conclusion

In conclusion, we demonstrated that CE protects rats against
MI/R injury and cardiomyocytes from HR injury by inhibiting cal-
cium overload. Our findings showed that CE suppressed calcium
overload by promoting the interaction between LTCC and BAG3,
which stabilised calcium cycling in myocardial cells and thus pro-
moted cardiac protection. These findings also provided a preclini-
cal experimental basis for CE as a candidate drug for the
treatment of MI/R injury.
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