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Abstract

Background: Long-term B-adrenergic receptor (B-AR) activation can impair myocardial structure and function. Da-
paglifiozin (DAPA) has been reported to improve clinical prognosis in heart failure patients, whereas the exact mechanism
remains unclear. Here, we investigated the effects of DAPA against B-AR overactivation toxicity and explored the un-
derlying mechanism.

Methods and Results: Rats were randomized to receive saline + placebo, isoproterenol (ISO, 5 mg/kg/day, intra-
peritoneally) + placebo, or ISO + DAPA (I mg/kg/day, intragastrically) for 2-week. DAPA treatment improved cardiac
function, alleviated myocardial fibrosis, prevented cardiomyocytes (CMs) apoptosis, and decreased the expression of ER
stress-mediated apoptosis markers in ISO-treated hearts. In isolated CMs, 2-week ISO stimulation resulted in deteriorated
kinetics of cellular contraction and relaxation, increased diastolic intracellular Ca®* level and decay time constant of Ca**
transient (CaT) but decreased CaT amplitude and sarcoplasmic reticulum (SR) Ca®" level. However, DAPA treatment
prevented abnormal Ca** handling and contractile dysfunction in CMs from ISO-treated hearts. Consistently, DAPA
treatment upregulated the expression of SR Ca®*-ATPase protein and ryanodine receptor 2 (RyR2) but reduced the
expression of phosphorylated-RyR2, Ca**/calmodulin-dependent protein kinase Il (CaMKIl), and phosphorylated-CaMKIl
in ventricles from ISO-treated rats.

Conclusion: DAPA prevented myocardial remodeling and cardiac dysfunction in rats with B-AR overactivation via
restoring calcium handling and suppressing ER stress-related CMs apoptosis.
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Introduction

Heart failure (HF) is associated with high morbidity and
mortality." Sustained activation of symptho-B-adrenergic
system, a powerful regulator of heart physiological func-
tions, has been observed in HF patients.”* The long-term
effect of f-adrenergic receptor (B-AR) activation on car-
diovascular function is harmful, including distinct myo-
cardial remodeling and severe cardiac dysfunction.*> It is
well-accepted that chronic stimulation with isoproterenol
(ISO), a non-selective agonist of B-AR, can mimic sus-
tained P-AR activation in experimental studies.®’
Emerging evidence suggests that severe cardiomyocyte
(CM) apoptosis and abnormal Ca®* handling are implicated
in the etiopathogenesis of chronic ISO stimulation-induced
cardiomyopathy.®'°

Dapaglifiozin (DAPA), a selective inhibitor of sodium/
glucose cotransporter-2 inhibitor (SGLT21i), is a novel anti-
hyperglycaemic drug that blocks the glucose reabsorption
in renal proximal tubules.!' Improved cardiac function in
HF patients with DAPA appears to be independent of the
effect on glycaemia, whereas the exact mechanisms are still
poorly understood.'* Our previous studies confirmed that
DAPA treatment improved right ventricular function and
prevented ventricular arrhythmia by restoring Ca®" han-
dling in rats with right HE."* In addition, the anti-apoptosis
effect of DAPA has been observed in various animal
models.'*'® Therefore, we hypothesize that given its ef-
fects on normalizing [Ca®"]; homeostasis and preventing
cell apoptosis, DAPA might exert a cardioprotective effect
against chronic B-AR activation-induced myocardial
damage and cardiac dysfunction. In the present study, we
tested this hypothesis using a rat model of chronic ISO
administration.

Materials and methods

Experimental animals

Animal care and use were performed in accordance with
the guidelines of the American Veterinary Medical Asso-
ciation (AVMA) for the Euthanasia of Animals (2020). All
the experimental procedures were approved by the Animal
Research Ethics Committee of Renmin Hospital of Wuhan
University (No.20201211). Adult Sprague-Dawley rats
(8 weeks, male, weighting from 240 to 300 g) were pur-
chased from the Animal Centre of Wuhan University. After
1 week, animals were randomly divided into one of three
groups: the control (CTL) group where rats were treated
with intraperitoneal (i.p.) injection of saline (0.1 mL/kg/d)

plus intragastric (i.g.) administration of placebo; the ISO
group where rats were treated with ISO (Sigma, USA)
(5 mg/kg/d, i. p.) plus placebo (i.g.); the ISO + DAPA
group where rats were treated with ISO (5 mg/kg/d, i. p.)
plus DAPA (1 mg/kg/d, i. g.). The duration of drug ad-
ministration was two consecutive weeks.

Echocardiographic analysis

At the end of 14-day drug treatment period, cardiac
function was blindly assessed using a transthoracic
echocardiography system (VINNO Technology, Suzhou,
China). M-mode tracing was performed to measure the left
ventricular (LV) posterior wall dimension in diastole
(LVPWD), LV end-systolic diameter (LVESD), interven-
tricular septum thickness at diastole (IVSD), LV ejection
fraction (LVEF), LV end-diastolic diameter (LVEDD), LV
fractional shortening (LVFS), and cardiac output (CO).

Analysis of N-terminal pro-brain natriuretic peptide
(NT-pro-BNP)

As previously described,'® serum NT-pro-BNP levels were
determined using an ELISA kit (ELK Biotechnology. Ltd,
Wauhan).

Histological analysis

As previously described,'* LV myocardial fibrosis was
evaluated using Masson’s trichrome staining. The inter-
stitial collagen volume fraction (CVF) was calculated as
collagen area/reference area x100%.

Detection of the apoptosis of LV cardiomyocytes
(LVCMs) by the TUNEL staining

As previously described.'” TUNEL staining was used to
assess LV myocardial apoptosis, and the apoptosis rate was
calculated as the percentage of positive apoptotic CMs
nuclei/total CMs nuclei.

LVCMs Isolation

As previously described,'® LVCMs were obtained from rat
hearts through enzymatic digestion with collagenase type
II. Briefly, rats were anesthetized (pentobarbital sodium,
40 mg/kg, i. p.) and heparinized (heparin sodium, 1000 U,
i. p.). Subsequently, heart was quickly isolated and can-
nulated by the aorta in a Langendorff system. The heart was
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perfused sequentially with the following buffers: (1) nor-
mal Tyrode solution at 37°C for 10-15 min to recover
regular spontaneous rhythm, (2) Ca*"-free Tyrode solution
for 1520 min, and (3) Ca®'-free Tyrode solution con-
taining collagenase type II (0.8 mg/ml, Worthington) plus
0.1% bovine serum albumin for 6—8 min at 37°C for an-
other 10 min. After digestion, LV tissue was cut into
fragments and gently agitated in Ca®"-free Tyrode solution
plus 1 mg/ml bovine serum albumin to dissociate and
collect LVCMs. Finally, ventricular cells were filtered
using a nylon mesh (pore size 200mm) and subjected to a
progressive normalization of Ca®" levels to a final con-
centration of 1.8 mM. Normal Tyrode solution contained
(in mM): NaCl 130, KCl 5.4, CaCl, 1.8, MgCl, 1.0,
NaH,PO4 0.33, glucose 10 and HEPES 10 (pH was ad-
justed to 7.4 with NaOH). The free Ca>*-Tyrode’s solution
was the normal Tyrode’s solution without CaCl2. LVCMs
were kept in normal Tyrode solution at room temperature
and used within 6 h following isolation.

Measurement of cell contraction

LVCMs were superfused with normal Tyrode solution. Cell
contraction was recorded in LVCM using a video camera
(IonOptix Corporation, Milton, MA, USA) at 240 Hz as
previously described.'” Fractional cell-shortening (%),
time to half relaxation of shortening (THRS), and time to
peak shortening (TPS) were calculated to assess cell
contractility.

Ca** imaging study in LVCMs

To record Ca*" transient (CaT), LVCMs were incubated
with fluorescent indicator (Fura-2 a.m., 5 uM) at room
temperature for 20-25 min. Subsequently, cells were su-
perfused with normal Tyrode solution for another 30 min to
remove extracellular Fura-2 a.m. and ensure complete
deesterification of intracellular Fura-2 a.m. In this study,
Fura-2 was excited by 340 nm and 380 nm puStep light
source, and emission was recorded at 510 nm. In order to
provide an index of intracellular Ca®* ([Ca®*];) level, the
ratio of 340/380-nm fluorescence was calculated following
background fluorescence subtraction. CaTs were recorded
in LVCMs with 1 Hz electrically field stimulation at 37°C.
As previously described,'*?° the amplitude of CaT, the
diastolic [Ca®']; level, as well as CaT decay time constant
were measured to evaluate cellular Ca** handling. Addi-
tionally, the sarcoplasmic reticulum (SR) Ca”' content
([Ca**1sr) was measured by rapidly adding caffeine
(10 mm) after a train of 1 Hz electrically field stimulation.
The caffeine-induced CaT amplitude was calculated to
evaluate [Ca®"Jgr. All measurements were acquired and
analyzed with IonWizard 6.2 software (IonOptix Corpo-
ration, Milton, MA, USA).

Western blot analysis

Proteins were extracts from LV tissues and then the con-
centration of protein was detected by BCA protein assay kit.
An equal amount of protein was separated by using a 10%
SDS-PAGE and transferred to PVDF membranes. The
membrane was blocked with non-fat dried milk for 30 min at
37°C and then incubated with the primary antibodies [anti-
glucose-regulated protein 78 (GRP78; 1:3000; Servicebio,
GB11098,Wuhan, China), anti-phosphorylated protein kinase
R-like ER kinase (p-PERK; 1:3000; Servicebio, GB11510,
China), anti-activating transcription factor-4 (ATF-4;1:2000;
Affinity, DF6008, USA), anti-phosphorylated eukaryotic
translation initiation factor 2a (p-e[F2a; 1:3000; BIOSS, BS-
4842R, USA), anti-C/EBP homologous protein (CHOP; 1:
2000; Proteintech, 60304-1-IG; China), anti-cleaved caspase-
12 (C-Casp-12; 1:3000; Abcam, AB62484, UK), total rya-
nodine receptor 2 (t-RyR; 1:1000; Affinity, AF0015, USA),
Ser2814-phosphorylated RyR2 (Ser2814-p- RyR2;1:1000;
Affinity, AF0015, USA), SR Ca*"-ATPase 2a (SERCA2a; 1:
3000; Servicebio, GB112211, China), phospholamban (PLB;
1:1000; BIOSS, BS-4197R, USA), total CaMKII (t-CaMKII;
1:3000; Abcam, AB52476, USA), and Thr287-
phosphorylated CaMKII (p-CaMKII; 1:1000; Cell Signal-
ing Technology, 12716, USA)] overnight at 4°C. After being
washed with Tris-buffered saline and Tween for three times,
membranes were incubated with corresponding secondary
antibodies conjugated to horse radish peroxidase for 1 h at
37°C. The protein bands were visualized by chem-
iluminescence detection using an ECL kit and films were
scanned and analyzed with Quantitive One version four
software (Bio-Rad, Hercules, CA, USA). The protein con-
tents were normalized to that of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH).

Statistical analysis

In this study, all study data were analysed using IBM SPSS
17.0 or GraphPad Prism 5.0. The data were presented as the
mean = SEM and then analyzed by ANOVA followed by
Tukey’s post hoc test to determine the differences among
three groups. A value of p <.05 was considered statistically
significant.

Results

DAPA Attenuated Cardiac Structural Remodeling
and Dysfunction in Rat Hearts with Chronic
ISO Stimulation

Table 1 shows the echocardiographic parameters and NT-pro-
BNP levels of three groups. Increased LVPWD, LVEDD,
LVESD, and IVSD but decreased LVEF, LVFS, and CO were
observed in ISO group when compared with CTL group (all
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Table I. Results of echocardiographic parameters and NT-pro-BNP.

CTL ISO ISO+DAPA
LVPWD (mm) 2.05 + 0.09 2.64 = 0.21% 2.13 £ 0.13%
LVEDD (mm) 594 % 0.13 8.28 = 0.08* 6.54 = 0.06"
LVESD (mm) 353+0.13 5.83 + 0.13* 428 £ 0.14%
IVSD (mm) 1.96 £ 0.11 2.53+ 0.08* 2.17 £ 0.13%
LVEF (%) 76.28 + 3.28 43.82 £ 4.34% 56.48 + 3.35%
LVFS (%) 42.12 £ 2.63 28.23 £ 3.57*% 33.52 + 4.56"
CO (ml/min) 351.14 + 32.36 303.58 + 47.61%* 336.28 + 23.52%
NT-pro-BNP (ng/ml) 1.22 £ 0.27 3.24 + 0.48* 2.36 = 0.24%

LVPWD: left ventricular posterior wall dimensions in diastole; LVEDD: left ventricular end-diastolic diameter; LVESD: left ventricular end-systolic
diameter, LVEF: left ventricular ejection fraction, LVFS: left ventricular fractional shortening, IVSD: interventricular septum thickness at diastole; CO:

cardiac output; NT-pro-BNP: N-terminal pro-Brain natriuretic peptide.

Data are presented as the meanz SEM. p values were calculated using a one-way analysis of variance test and Tukey’s multiple comparisons test used for

multiple comparisons. N = 5 per group.
*p<.05, indicates statistical significance compared with the CTL group.
#p<.05, indicates statistical significance compared with the ISO group.
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Figure I. DAPA reduced left ventricular (LV) myocardial fibrosis: (2) Representative images of the LV histological tissues stained with Masson’s
trichrome from one rat in each group (magnification of X400); (b) Quantitative analysis of LV myocardial fibrosis in each group. Horizontal
lines show the meant SEM. N = 5 per group for all analyses. CVF: collagen volume fraction; DAPA: dapagliflozin; ISO: isoproterenol.

p < .01). Additionally, 2-week ISO stimulation significantly
increased NT-pro-BNP level in rats from ISO group (p <
.01 vs CTL group). However, DAPA treatment attenuated the
abnormal echocardiographic indices and NT-pro-BNP level
induced by 2-week ISO exposure (all p < .05).

DAPA Prevented myocardial fibrosis and apoptosis
induced by chronic ISO stimulation in rat hearts

Figure 1 shows the representative results of Masson
staining in three groups. Consistent with echocardiographic

results, LV interstitial CVF was also markedly augmented
in the ISO group when compared to that in the CTL group
(ISO group: 30.80 £ 4.07% vs CTL group: 4.37 + 0.77%,
p < .001). In contrast, a lower LV interstitial CVF was
found in ISO+DAPA group (ISO+DAPA: 14.94 + 1.99%
vs ISO group: 30.80 = 4.07%, p < .01).

Figure 2 shows the representative results of TUNEL
staining in left ventricles from each group. The myocardial
apoptotic rate was significantly augmented in the ISO
group when compared to that in the CTL group (ISO group:
54.3 £4.6% vs CTL group: 0.6 +0.1%, p <.01). However,
compared with ISO group, chronic DAPA administration
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Figure 2. DAPA reduced myocardial apoptosis: (a) TUNEL stain shown (magnification of X400) in the LV tissues from three groups;
(b) Summarized data of myocardial apoptosis rate in each group. Horizontal lines show the mean+ SEM. N = 5 per group for all

analyses.

markedly reduced the myocardial apoptotic rate by 57% in
ISO+DAPA group (ISO+DAPA: 23.5 + 3.2% vs ISO
group: 54.3 + 4.6%, p < .01).

DAPA restored LVCMs contractility and relaxant
function in ISO-treated rats

Figure 3 summarizes the mechanical properties of isolated
LVCMs from each group. 2-week ISO stimulation sig-
nificantly decreased fraction cell-shortening by 63% in
ISO group when compared with CTL group (ISO group:
4.40 + 0.40% vs CTL group: 11.97 + 0.49%, p < .001).
Additionally, the TPS (ISO group: 346.6 + 20.4 ms vs
CTL group: 140.3 + 14.1 ms) and THRS (ISO group:
121.2 = 8.5 ms vs CTL group: 57.1 + 3.7 ms) were
prolonged by 147% and 112% in ISO group, respectively
(all p < .001 vs CTL). However, DAPA treatment
improved the cardiomyocyte contractile and relaxant
function in ISO+DAPA group, evident by increased
fraction cell-shortening but decreased TPS and THRS (all
p <.001 vs ISO group).

DAPA improved CaT and preserved [Ca2+]SR in
LVCMs from rats with 2-week I1SO stimulation

Typical recordings of CaTs are shown in Figure 4(a).
Compared with CTL group, the decay time constant of CaT
(454.30 =22.80 ms in ISO group vs. 154.90 £ 17.19 ms in
CTL group) and diastolic [Ca*"]; level (1.22 £ 0.04 in ISO
group vs. 0.83 + 0.03 in CTL group) were significantly

increased while the CaT amplitude was markedly reduced
(0.19£0.02 in ISO group vs. 0.38 £ 0.01 in CTL group) in
ISO group (all p<.01). However, abnormal changes in CaT
induced by chronic ISO exposure were prevented by DAPA
treatment in ISO +DAPA group (all p < .01 vs ISO group;
Figure 4(b)).

In our study, the change in [Ca®"]gg was determined by
recording caffeine-induced CaT (Figure 5(a)). We found
that 2-week ISO stimulation markedly decreased [Ca®]sg
by 48% in LVCMs isolated from ISO group (ISO group:
0.54 + 0.04 vs. CTL group: 1.04 + 0.05, p < .001;
Figure 5(b)). In contrast, DAPA treatment increased [Ca”']
sk by 57% in ISO +DAPA group (ISO+DAPA group:
0.85 + 0.04 vs. ISO group: 0.54 + 0.04, p < .001;
Figure 5(b)).

DAPA ameliorated abnormal expression of major
Ca2+ handling proteins

As shown in Figure 6, the protein levels of p-CaMKII,
t-CaMKII, and p-RyR2 were markedly upregulated in LV
tissues from ISO group (all p < .01 vs CTL group).
However, the protein expression of t-RyR2 and SERCA2a
were significantly lower in ISO group than those in CTL
group (all p < .01). Additionally, DAPA treatment sig-
nificantly preserved the expression of RyR2 and SERCA2a
but reduced the expression of p-CaMKII, p-RyR2, and
t-CaMKII in the ISO + DAPA group (all p < .01 vs ISO
group). There was no significant difference in terms of PLB
expression among three groups (p > .05).
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Figure 3. Effect of DAPA on ventricular calcium transient (CaT): (a) The typical recording of CaT in each group; (b) Diastolic
intracellular Ca®* level; (c) CaT amplitude; (d) CaT decay time constant. Horizontal lines show the mean+ SEM. n/N = 15/5 (15 LVCMs

from five rat hearts per group) for all analyses.
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Figure 4. Effect of DAPA on ventricular cardiomyocytes contractility: (a) The typical recordings of cell shortening in each group; (b)
Quantitative analysis of fractional cell shortening, (c) TPS (time to peak shortening), and (d) THRS (time to half relaxation of shortening)
in LVCMs from three groups. Horizontal lines show the meant SEM. n/N = 15/5 (15 LVCMs from five rat hearts per group) for all

analyses.
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Figure 5. Effect of DAPA on sarcoplasmic reticulum (SR) Ca®* content: (a): The typical recording of caffeine induced-calcium transient
in each group; (b) The comparison of caffeine-induced CaT amplitude and (c) decay time constant in LVCMs from three groups.
Horizontal lines show the meant SEM. n/N = 12/4 (12 LVCMs from four rat hearts per group) for all analyses.
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Figure 7. Effect of DAPA on expression of ER stress-mediated apoptosis markers. (a) Examples of original gels from two ventricles in
each group. (b) LV expression of ER stress-mediated apoptosis markers in each group. Horizontal lines show the meant SEM. N =

5 per group for all analyses.

DAPA Inhibited Endoplasmic Reticulum (ER)
Stress-mediated Apoptotic Signal in Rat Hearts with
Chronic I1SO Stimulation

To further determine the effects of DAPA on the apoptotic
signal, we detected the protein expression of an ER stress
biomarker (GRP78) and compensatory unfolded protein
response (UPS) pathway (PERK/eIF20/ATF-4) and ER
stress-related pro-apoptosis factors (CHOP and C-Casp-
12) in each group. 2-week ISO stimulation markedly up-
regulated the protein expression of p-PERK, p-elF2a,
CHOP, ATF-4, GRP78, and C-Casp-12 in ISO group (all
p < .01 vs CTL group; Figure 7). However, DAPA treat-
ment markedly decreased the protein expression of
p-PERK, p-elF2a, CHOP, ATF-4, GRP78, and C-Casp-
12 in the ISO+DAPA group (all p < .05 vs ISO group;
Figure 7).

Discussion

In this study, we investigated the effects of DAPA treatment
on chronic B-AR activation-mediated myocardial remod-
eling and cardiac dysfunction in rats and the underlying
mechanisms for actions. Our results show that (1) treatment
with DAPA attenuated LV structural remodeling and
dysfunction in rats with -AR overactivation; (2) DAPA
treatment prevented LV fibrosis and LVCMs apoptosis in

rats with 2-week ISO stimulation; (3) DAPA treatment
restored Ca”>" handling in LVCMs from sustained ISO-
treated hearts by increasing CaT amplitude, reducing di-
astolic [Ca®']; level, shortening decay time constant of
CaT, and preserving [Ca®Jsr; (4) DAPA treatment caused
significant increases in the protein levels of t-RyR2 and
SERCAZ2a but a reduction of protein expression of p-RyR2,
CaMKII, and p-CaMKII in LV samples from ISO-treated
rats; (5) DAPA treatment suppressed ER stress-mediated
apoptosis induced by 2-week ISO exposure in rat hearts,
evident by downregulated expression of p-PERK, GRP7S,
ATF-4, CHOP, C-Casp-12, and p-eIF20 protein expression.

ER Stress-mediated apoptosis and f-AR
overactivation in cardiomyocytes

We observed that sustained 3-AR stimulation increased the
protein expression of p-elF2a, GRP78, ATF-4, CHOP,
p-PERK, and C-Casp-12 in LV tissues of rat hearts, in-
dicating that aberrant ER stress-related apoptosis occurred
during the process of B-AR overactivation. Previous
studies also confirmed that sustained B-AR stimulation
could promote ER stress-mediated apoptosis in cardiac
myocytes. Ni et al.?' Reported that 2 weeks of ISO ad-
ministration (5 mg/kg/d) resulted in sustained ER stress and
myocardial apoptosis in rat hearts. Moreover, in isolated
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adult rat ventricular CMs, sustained B-AR activation by
ISO for 1 day significantly upregulated the protein levels of
ER stress markers and cell apoptosis.”* Thus, our results
confirm previous studies and suggest that B-AR
overactivation-induced ER stress and associated apoptosis
is reliable and reproducible.

DAPA restored proper Ca** handling in LVCMs
from rats with sustained S-AR stimulation

Many studies showed that B-AR stimulation by ISO
could induce aberrant intracellular Ca** homeostasis in
CMs.>**** In the current study, we also found that
chronic ISO stimulation impaired Ca®" handling in
LVCMs from rats, as demonstrated by enhanced dia-
stolic [Ca*"]; level, prolonged decay time constant of
CaT, reduced CaT amplitude and [Ca®']sr, whereas
DAPA treatment abrogated there abnormal alterations of
Ca®" handling. Moreover, our present study also dem-
onstrated that f-AR overactivation could reduce the
expression of SERCA2a in rat hearts, whereas DAPA
treatment preserved it. It is well-known that SERCA2a
pump is an important protein responsible for cytosolic
Ca”" reuptake into SR during diastole in CMs.*” It is
suggested that SERCA2a pump dysfunction, resulting
from reduced SERCA2a expression or activity, could
result in an enhanced diastolic [Ca®*]; concentration and
a depleted [Ca”"]sr.?*"*>° In addition, a depleted [Ca*"]
sr can finally lead to a reduction of Ca”" release during
systolic period.>>*® Thus, we speculate that DAPA re-
stored proper intracellular Ca** homeostasis in the
present study partly due to the preservation of SERCA2a
expression.

Furthermore, it is proposed that increased diastolic SR
Ca*" leak due to abnormal activation of RyR2 is associated
with B-AR stimulation-induced aberrant Ca>" homeostasis
in CMs.>”*® Previous studies suggested that upregulated
CaMKII-dependent RyR2 phosphorylation is implicated in
abnormal opening of RyR2 channel during diastole and
hence to increase diastolic SR Ca”* leak.”” ' In isolated
murine and human failing CMs, DAPA has been shown to
decreased diastolic SR Ca®" leak via preventing CaMKII-
dependent RyR2 phosphorylation.*'*? Similarly, in a rat
model of pulmonary arterial hypertension, we demonstrated
that 5-week DAPA treatment reduced diastolic SR Ca*" leak
in right ventricular CMs via preventing the activation of
CaMKII/p-RyR2 pathway.'® In this study, DAPA treatment
downregulated the protein levels of CaMKII, p-CaMKII and
p-RyR2 in chronic ISO-treated hearts, indicating an inhi-
bition of CaMKII/p-RyR2 pathway by DAPA treatment.
Thus, it is suggested that the suppression of CaMKII/
p-RyR2 pathway might be associated with DAPA improved
Ca®" handling in the present study.

DAPA alleviate ER stress-related apoptosis induced
by B-AR overactivation via restoring [Ca”"]i
homeostasis

Our present results showed that DAPA treatment de-
creased the protein expression of ER stress-mediated
apoptosis markers as well as attenuated LVCMs apo-
ptosis in rat hearts with f-AR stimulation, suggesting that
ER stress and the associated apoptosis are diminished by
DAPA in vivo.

Ample studies suggest a role for abnormal [Ca®'];
homeostasis in the trigger of the ER stress-mediated
apoptotic pathway. Dong et al.** reported that [Ca®"];
overload and depletion of [Ca®"]sg could result in pro-
longed ER stress and associated apoptosis in neonatal
CMs that had undergone ischemia/reperfusion injury.
Moreover, George et al.** found that ER stress could be
induced by abnormal Ca®" homeostasis in a canine model
of chronic heart failure (CHF). Similarly, Castillero
et al.’®> demonstrated that A23187 (a calcium ionophore)
and thapsigargin (an inhibitor of SERCA2a) decreased
[Ca®"]sr and thereby promoted the ER stress-mediated
apoptosis in a human adult LVCMs-like cell line. In
contrast, the restoration of normal [Ca”*]; homeostasis by
certain drugs or interventions is beneficial for the pre-
vention of ER stress and the associated apoptosis in
human and animal hearts.>*>° In this study, DAPA
treatment abrogated abnormal [Ca®"]; homeostasis caused
by chronic ISO stimulation, which may be the important
action of DAPA to attenuate f-AR overactivation-induced
ER stress and associated apoptosis.

DAPA attenuated S-AR overactivation-induced
cardiac dysfunction via suppressing ER
stress-mediated apoptosis and promoting calcium
handling

As shown in previous studies,”” ** we also observed that

chronic B-AR activation by ISO induced cardiac dysfunction
and myocardial structural remodeling in rat hearts, which
were all attenuated by DAPA treatment. Apoptosis has been
suggested to contribute to the loss of terminally differenti-
ated CMs and thereby promote the progression of cardiac
structural and function remodeling in cardiovascular dis-
cases.*! Since the regenerative capacity of the myocardium
is limited, apoptosis is a promising therapeutic target for the
improvement of cardiac function. ER stress-mediated apo-
ptosis is a main apoptotic signaling pathway in the car-
diovascular system.*' It is proposed that the suppression of
ER stress-associated apoptosis could prevent ISO-induced
cardiac dysfunction in animal hearts.*®** In this study,
DAPA suppressed ISO-induced ER stress and the associated
apoptosis, which may be the important action of DAPA to
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provide a protective effect against ISO-induced cardiac
dysfunction.

Furthermore, intracellular Ca®" mishandling can di-
rectly lead to abnormal cardiac function.* In the present
study, DAPA treatment improved CaT, decreased [Ca”'];
overload, and preserved [Ca®*]sg in CMs from rats that had
undergone chronic ISO stimulation. A similar result was
obtained in a previous study, which demonstrated that the
5-week administration of DAPA normalized calcium
handling to improve cardiac function in a right heart failure
rat model."® Thus, it is suggested that DAPA attenuated
B-AR overactivation-induced cardiac dysfunction via di-
rectly promoting calcium handling.

Clinical implication

Chronic hyperactivation of f-AR due to increased sym-
pathetic nervous system activity has been involved in the
pathophysiological progression of CHFE.** Although
B-AR blockers are the mainstay of CHF management in
clinical practice, side effects of B-AR blockers adversely
affect the quality of life and thereby limit their use in
certain patients.*’ It is necessary to seek more appropriate
drugs for CHF patients who are intolerable to B-AR
blockers. In the present study, we observed that DAPA
administration attenuated ER stress-related apoptosis and
restored proper Ca®" handling in rat hearts with chronic
ISO stimulation, indicating that DAPA might be a po-
tential drug for preventing B-AR overactivation-induced
cardiac dysfunction.

Study limitations

There are several limitations in our study. First, we did not
assess the effect of DAPA treatment on SR Ca®" leak via
recording diastolic Ca®" spark or determining tetracaine-
induced reduction of [Ca®'];. Second, based on previous
studies,***® we determined the dose of DAPA (1 mg/kg/
day) intervention in the present study, which is higher than
clinical dose. We only assessed the effects of DAPA
(1 mg/kg/day) treatment over a 2-week time course,
whereas its effects at various doses and/or other time points
need to be investigated in future studies. Finally, the effect
of DAPA treatment on CMs in vitro has not been inves-
tigated in this study.

Conclusions

Our study demonstrates that DAPA treatment prevented
myocardial remodeling and cardiac dysfunction in rats with
B-AR overactivation, which may be related to restored
calcium handling and suppressed ER stress-related car-
diomyocyte apoptosis.
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