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Dapagliflozin attenuates pressure overload-induced
myocardial remodeling in mice via activating SIRT1 and
inhibiting endoplasmic reticulum stress
Fang-fang Ren1, Zuo-yi Xie1, Yi-na Jiang1, Xuan Guan1, Qiao-ying Chen1, Teng-fang Lai2 and Lei Li1

Endoplasmic reticulum stress-mediated apoptosis plays a vital role in the occurrence and development of heart failure.
Dapagliflozin (DAPA), a new type of sodium-glucose cotransporter 2 (SGLT2) inhibitor, is an oral hypoglycemic drug that reduces
glucose reabsorption by the kidneys and increases glucose excretion in the urine. Studies have shown that DAPA may have the
potential to treat heart failure in addition to controlling blood sugar. This study explored the effect of DAPA on endoplasmic
reticulum stress-related apoptosis caused by heart failure. In vitro, we found that DAPA inhibited the expression of cleaved
caspase 3, Bax, C/EBP homologous protein (CHOP), and glucose-regulated protein78 (GRP78) and upregulated the
cardiomyoprotective protein Bcl-2 in angiotensin II (Ang II)-treated cardiomyocytes. In addition, DAPA promoted the expression of
silent information regulator factor 2-related enzyme 1 (SIRT1) and suppressed the expression of activating transcription factor 4
(ATF4) and the ratios p-PERK/PERK and p-eIF2α/eIF2α. Notably, the therapeutic effect of DAPA was weakened by pretreatment with
the SIRT1 inhibitor EX527 (10 μM). Simultaneous administration of DAPA inhibited the Ang II-induced transformation of fibroblasts
into myofibroblasts and inhibited fibroblast migration. In summary, our present findings first indicate that DAPA could inhibit the
PERK-eIF2α-CHOP axis of the ER stress response through the activation of SIRT1 in Ang II-treated cardiomyocytes and ameliorate
heart failure development in vivo.
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INTRODUCTION
Heart failure is considered to be the final stage of heart disease [1].
Although various intervention targets have been explored in
research on heart disease [2, 3], mortality and morbidity are still
high, and this condition has become an increasingly serious public
health problem [4]. The basic mechanism of the development of
heart failure is ventricular remodeling [5]. Ventricular remodeling
occurs through a series of complex molecular and cellular
mechanisms that lead to changes in myocardial structure, function
and phenotype, including pathological myocardial hypertrophy,
excessive fibrosis, increased degradation of the cardiomyocyte
outer base, and cardiomyocyte apoptosis. Studies have shown
that cardiomyocytes are an indispensable component in the
progression of heart failure [6] and that reducing the progression
of heart failure is usually accompanied by apoptosis inhibition [7].
Therefore, inhibiting cardiomyocyte apoptosis is beneficial for the
treatment of heart failure.
The endoplasmic reticulum is an organelle that stores Ca2+ and

in which proteins are synthesized, folded and modified in
eukaryotes. When subjected to stressors, misfolded and unfolded
proteins accumulate in the endoplasmic reticulum lumen, and
Ca2+ imbalance activates the unfolded protein response and
apoptosis signaling pathways, leading to the occurrence of

endoplasmic reticulum stress (ERS). Excessive ERS eventually leads
to apoptosis, which is involved in the occurrence and develop-
ment of cardiovascular diseases and is an important factor
affecting the occurrence and development of heart failure.
Moderate ERS enables cells to adapt to changes in the
environment, restores normal endoplasmic reticulum function,
and prevents heart failure; sustained and severe ERS triggers
endoplasmic reticulum-mediated apoptosis, causing the myocar-
dium to shift from compensation to failure, which is an important
molecular mechanism of heart failure [8].
SIRT1 is mainly distributed throughout the cytoplasm and

nucleus in cardiomyocytes. This protein not only has important
biological effects on cardiac development, myocardial growth and
metabolism, apoptosis and aging [9] but also plays an important
role in cardiovascular diseases [10], such as myocardial ischemia/
reperfusion (I/R) injury and heart failure [11, 12]. SIRT1 is believed
to be closely associated with the pathogenesis of heart failure and
the regulation of cardiac electrical activity [13], and it has been
proposed as a prognostic tool for myocardial infarction. Studies
have shown that SIRT1 protects cardiomyocytes from ERS by
interacting with and deacetylating eukaryotic translation initiation
factor 2α (eIF2α) on Lys-141 (K141) and Lys-143 (K143) residues
during stress-mediated injury.
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Dapagliflozin (DAPA), a new type of sodium-glucose cotran-
sporter 2 (SGLT2) inhibitor, is an oral hypoglycemic drug that
reduces glucose reabsorption by the kidneys and increases
glucose excretion in urine [14]. In addition to lowering blood
sugar, DAPA also plays an important role in cardiovascular disease
[15]. It has been indicated to significantly reduce cardiovascular
events and heart failure hospitalization rates of patients with type
2 diabetes mellitus (T2DM) [16]. Studies have shown that SGLT2
can reduce inflammation and the ERS response [17]. In addition,
DAPA improves insulin resistance and increases the expression of
SIRT1 protein induced by a high-fat diet [18]. DAPA can reduce
cardiac remodeling in mouse models of cardiac pressure overload
[19], and acute DAPA administration after cardiac ischemia can
reduce cardiac dysfunction in rats with cardiac I/R injury [20].
However, whether DAPA inhibits ERS by activating the protein
expression of SIRT1 to exert a protective effect on heart failure has
never been studied. Inhibiting apoptosis can improve pressure
overload-induced myocardial remodeling. These findings indicate
that DAPA inhibits ERS-induced apoptosis by activating SIRT1,
thereby improving myocardial remodeling in heart failure
patients.

MATERIALS AND METHODS
Reagents and antibodies
Thapsigargin (TG), EX527, and DAPA were purchased from Glpbio
(Montclair, CA, USA), and human angiotensin II (Ang II) was
purchased from MedChemExpress (Shanghai, China). Antibodies
against PERK (3192), p-PERK (15033), eIF2α (5324), p-eIF2α (3398),
cleaved caspase 3 (9664), GRP78 (3177), CHOP (2895), and tubulin
(2128) were purchased from Cell Signaling Technology. Antibodies
against Bax (ab32503), ATF4 (ab23760) and Bcl-2 (ab59348) were
purchased from Abcam (United Kingdom). Annexin V-FITC/PI was
obtained from Beyotime Institute of Biotechnology. HL-1 cells and
mouse cardiac fibroblasts (MCFs) were obtained from the China
Cell Line Bank (Shanghai, China) and maintained as described
previously.

Animals
Male C57BL/6 mice (6–8 weeks old) were purchased from the
Animal Center of Wenzhou Medical University. All mice were
housed with an alternating day/night cycle of 12/12 h, with a
temperature of 23 ± 3 °C and humidity of 50% ± 5% and free
access to food and water. Animal use and care procedures
complied with the National Institutes of Health’s Guide for the
Care and Use of Laboratory Animals. This study was approved by
the Animal Protection and Ethics Committee of Wenzhou Medical
University (No: wydw2020-0667).

Cell scratch
Three parallel lines were drawn on the bottom of each well of a
six-well plate in advance, and the digested fibroblasts were
seeded evenly in the 6-well plate and incubated for 24 h in a
carbon dioxide incubator. Then, three parallel lines were drawn
perpendicular to the parallel line at the bottom of the six-well
plate with a 200 µL pipette tip, and the cells were cultured in a
carbon dioxide incubator. The six-well plate was photographed
under an inverted microscope at 0 and 12 h. The speed of cell
migration was observed.

Transwell assay
The fibroblasts were digested, counted and prepared at a
concentration of 5 × 105/mL. RPMI-1640 medium supplemented
with 10% FBS was added to the 24-well plate, the chambers were
placed into the wells of the 24-well plate, 200 µL of the cell
suspension was added to the chamber, and the treatments were
added to the compartment. The 24-well plate was cultured in a
carbon dioxide incubator for 12 h, and the chambers were then

removed, fixed with 4% paraformaldehyde for 30 min, and stained
with crystal violet for 15 min. After washing away the excess
crystal violet, the chambers were placed into a 24-well plate and
observed and photographed under an inverted microscope.

Flow cytometry
HL-1 cells were digested with EDTA-free trypsin, centrifuged at
1000 r/min for 5 min, resuspended in PBS, and incubated with 5 μL
of Annexin V-FITC at room temperature for 10 min. Then, 5 μL of PI
was added to 100 µL of (1 × 105) HL-1 cells at room temperature.
Apoptosis was analyzed by flow cytometry.

TUNEL staining
The mouse heart was placed in O.C.T., and the blocks were then
frozen at −80 °C and sliced into 5 μm-thick sections with a frozen
slicer. After placing the sections at room temperature for 20min, the
frozen sections were washed three times with PBS for 5min each
time. The tissue sections were fixed with 4% paraformaldehyde for 30
min and permeabilized with 0.3% PBS-Triton X-100 for 10min. Then,
the sections were stained with TUNEL (Roche, Mannheim) according
to the kit instructions to analyze cardiomyocyte apoptosis. After the
tissue was incubated with DAPI in the dark for 10min, the images
were observed under a microscope.

WGA
The mouse heart was placed in O.C.T., and the blocks were then
frozen at −80 °C and sliced with a frozen slicing instrument. After
the sections were placed at room temperature for 20min, the
frozen sections were washed with PBS three times for 5 min each
time. WGA was added to the frozen heart sections, followed by
incubation for 10 min at room temperature. The sections were
observed with a positive microscope.

Immunofluorescence staining
The cells were fixed with 4% paraformaldehyde, permeabilized
with 0.3% PBS-Triton X-100 for 10min, and sealed with 5% BSA at
37 °C for 1 h. Then, the cells were incubated with CHOP (L63F7)
(1:100, cat# 2895, Cell Signaling Technology) overnight at 4 °C,
after which the cells were incubated with AlexaFluor® 488 goat
anti-mouse secondary (cat# ab150117, Abcam) and phalloidin-
iFluor 594 (1:100, cat# ab176757, Abcam) secondary antibodies at
room temperature for 1 h. Finally, the cells were incubated at
room temperature in the dark. After the cells were incubated with
DAPI in the dark for 10 min, the cells were observed and
photographed with a fluorescence microscope.

Real-time quantitative PCR
Total RNA was extracted from cells and heart tissues with TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). RNA was reverse-
transcribed using a ReverTra Ace Qpcr RT Kit (Toyobo, Shanghai,
China). RT-PCR was performed with IQ SYBR Green Supermix (Bio-
Rad, Hercules, CA, USA). GAPDH was used as the housekeeping
gene. The relative gene expression level of each target gene was
calculated by the 2-ΔΔCT method.

Western blotting
Total proteins were extracted from heart tissue and cells, purified,
and quantified by the BCA method. Cellular proteins (20 μg) and
tissue protein (40 μg) were separated by polyacrylamide gel
electrophoresis and transferred to PVDF membranes (Thermo
Fisher, Waltham, MA, USA). The membranes were sealed with 5%
skim milk for 2 h at room temperature and then incubated
overnight with the corresponding primary antibodies at 4 °C,
including anti-SIRT1 (1:1000, cat# A11267, ABclonal), anti-PERK
(C33E10) (1:1000, cat# 3192, Cell Signaling Technology), anti-p-
PERK (Thr980) (1:1000, cat# MA5-15033, Invitrogen), anti-ATF4
(1:1000, cat# ab23760, Abcam), anti-GRP78 (C50B12) (1:1000, cat#
3177, Cell Signaling Technology), anti-eIF2α (D7D3) (1:1000, cat#
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5324, Cell Signaling Technology), anti-p-eIF2α (Ser51) (D9G8)
(1:1000, cat# 3398, Cell Signaling Technology), anti-CHOP (L63F7)
(1:1000, cat# 2895, Cell Signaling Technology), and anti-cleaved
Caspase 3 (Asp175) (1:1000, cat# 9664, Cell Signaling Technology).
The next day, the membranes were incubated with the
corresponding secondary antibodies (mouse or rabbit antibodies,
1:5000, Cell Signaling Technology) at room temperature for 2 h.
The signal was visualized using a ChemiDoc™ XRS+ system and
Image Lab software (Bio-Rad).

Mouse model
The mice were anesthetized with 1.5% isoflurane, fixed on a
constant temperature pad, and connected to a small animal
ventilator through endotracheal intubation. The chest cavity was
opened in front of the sternum, and the aortic arch was exposed
and pierced with a 6-0 nylon suture between the left common
carotid artery and the brachiocephalic trunk. A 27 G coarctation
needle was placed close to the blood vessel and inserted into the
artery, and the coarctation needle was ligated with nylon suture.
Then, the coarctation needle was quickly removed, and the chest
was closed and sutured. The incision was coated with iodophor,
and the ventilator was disconnected after the mice resumed
spontaneous breathing. The 6-0 nylon suture was passed through
the artery in the sham operation group and DAPA group without
ligation, and the rest of the operation was the same as that in the
model group.
The mice were randomly divided into four groups: (1) a sham-

operated group (daily oral gavage with 0.5 mL 0.9% normal saline);
(2) a DAPA group (daily oral gavage with 0.5 mL of DAPA (1 mg/
kg) from the time of the sham operation to 4 weeks after the
operation); (3) a TAC group (daily oral gavage with 0.5 mL of 0.9%
normal saline from the time of the operation to 4 weeks after the
operation); and (4) a TAC+ DAPA-treated group (daily oral gavage
with 0.5 mL of DAPA (1 mg/kg) from the time of the operation to
4 weeks after the operation).

Myocardial histopathology
To evaluate cardiac morphological changes and the degree of
myocardial fibrosis in mice after 4 weeks of pressure overload, the
hearts of mice in each group were removed, washed with normal
saline and fixed in a 4% paraformaldehyde solution overnight. The
fixed hearts were embedded in wax blocks and cut into 5 μm-thick
sections with a paraffin slicer. The paraffin sections were heated for
2 h before being stained and dewaxed, and hematoxylin and eosin
(HE) staining and Masson’s trichromatic staining were then
performed according to the kit instructions, after which the
samples were observed under a fluorescence microscope (Olym-
pus BX51, Tokyo, Japan).

Statistical analysis
SPSS 22 software was used to perform statistical analysis, and all
data are expressed as the means ± SD. Comparisons between
experimental groups were conducted using Student’s t test, and
P < 0.05 was considered statistically significant.

RESULTS
Dapagliflozin can improve the survival rate and heart function and
reduce oxidative stress in mice with pressure overload
Four weeks after transverse aortic constriction (TAC), all mice in the
sham operation and DAPA groups survived, while the survival rates
in the TAC and TAC+DAPA groups were 61% and 74%,
respectively (Fig. 1a), indicating that the survival rates of mice
with heart failure were improved after DAPA treatment. Four weeks
after pressure overload, the effect of DAPA on cardiac function was
examined by echocardiography (Fig. 1b). The results confirmed
that DAPA could improve the heart function of mice at 4 weeks

after TAC; left ventricular ejection fraction (LVEF) and left
ventricular fractional shortening (LVFS) in the TAC group were
significantly lower than those in the sham operation group, while
LVEF and LVFS in the TAC+ DAPA group were significantly higher
than those in the TAC group. Left ventricular internal diameter end
diastole (LVIDd) and left ventricular posterior wall end diastole
(LVPWd) were significantly higher than those in the sham
operation group, while LVIDd and LVPWd were significantly lower
in the TAC+DAPA group than in the TAC group (Fig. 1c, d, e, f).
The heart weight/body weight (HW/BW) and the left ventricular/
body weight (LW/BW) ratios in the TAC group were higher than
those in the sham operation group. The HW/BW and LW/BW
decreased significantly after DAPA treatment (Fig. 1g and h).

Dapagliflozin can reduce pressure overload-induced cardiac
hypertrophy and fibrosis in mice
Compared with that in the sham and DAPA groups, at 4 weeks
after TAC surgery, morphological analysis confirmed that DAPA
could improve hypertrophy in TAC mice. The HE and WGA staining
results showed that the size of cardiomyocytes increased
significantly after TAC surgery (Fig. 2a and b), and there was
overproduction of ANP, BNP and α-MHC (Fig. 2d). DAPA treatment
significantly reduced these pathological changes caused by
pressure overload (Fig. 2a, b, d). Cardiac fibrosis is an integrated
process in the development of pathological cardiac hypertrophy.
In this study, compared with the sham and DAPA groups, the TAC
group exhibited significant interstitial and perivascular fibrosis
(Fig. 2a and c); however, DAPA treatment significantly reduced
cardiac fibrosis compared with TAC and suppressed the expres-
sion of fibrosis-related markers (Fig. 2e). Persistent cardiac
hypertrophy and fibrosis directly led to cardiac insufficiency and
heart failure.

Dapagliflozin reduces Ang II-induced hypertrophy in vitro
To examine whether DAPA has an inhibitory effect on cardio-
myocytes, we treated cardiomyocytes with 100 nM Ang II. DAPA
treatment inhibited Ang II-induced cardiomyocyte hypertrophy,
which was reflected in the reduced cell surface area (Fig. 3a and
b). The mRNA expression of the embryonic genes ANP and BNP
was significantly reduced (Fig. 3c).

Dapagliflozin inhibits fibroblast migration
To confirm whether DAPA inhibits fibrosis, we treated MCFs with
100 nM Ang II. The Transwell and cell scratch results showed that
after Ang II stimulation, DAPA significantly inhibited the conver-
sion of fibroblasts to myofibroblasts (Fig. 4a–d). Fibroblast
migration was weakened, and the mRNA expression of the fibrosis
genes α-SMA, collagen I, and collagen III was significantly
weakened (Fig. 4e, f).

Dapagliflozin can inhibit Ang II-induced cardiomyocyte apoptosis
and endoplasmic reticulum stress
To examine whether DAPA has an antiapoptotic effect on
cardiomyocytes, we treated cardiomyocytes with 100 nM Ang II.
The flow cytometry results showed that the apoptotic rate of
cardiomyocytes was significantly increased after Ang II stimulation,
and this effect was reversed by DAPA treatment (Fig. 5c and d). The
Western blot results showed that DAPA downregulated the levels of
cleaved caspase 3 and Bax and upregulated the expression level of
Bcl-2 compared with those in the Ang II group (Fig. 5a and b). These
results indicate that DAPA may play a protective role against Ang II-
induced cardiomyocyte apoptosis. Furthermore, Ang II stimulation of
cardiomyocytes activated ERS, as indicated by significant increases in
the ERS proteins p-perk, p-eIF2α, CHOP, GRP78 and ATF4, while DAPA
treatment reduced the expression of the ERS proteins CHOP, GRP78
and ATF4 (Fig. 5e–k), indicating that DAPA can inhibit ERS in Ang II-
induced cardiomyocytes.
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Dapagliflozin can inhibit Ang II-induced endoplasmic reticulum
stress to inhibit cardiomyocyte apoptosis
To further explore whether ERS is associated with the protective
effect of DAPA on cardiomyocytes after Ang II stimulation,
TG was used to activate ERS in cardiomyocytes. The Western blot
results showed that compared with those in the DAPA+ Ang
II group, TG treatment significantly increased the levels of p-
perk, p-eIF2α, CHOP, GRP78 and ATF4 (Fig. 6e–k). In addition,
immunofluorescence staining of CHOP showed that TG

promoted ERS activity (Fig. 6c and d). As mentioned previously,
DAPA protected cardiomyocytes against Ang II-induced ERS. To
confirm whether the DAPA-induced inhibition of ERS attenuates
Ang II-induced apoptosis, we used TG to activate ERS and
measured the levels of apoptosis biomarkers, including Bcl-2,
cleaved caspase 3, and Bax (Fig. 6a and b). The results showed
that TG inhibited the antiapoptotic effect of DAPA. Therefore,
DAPA reduces Ang II-induced cardiomyocyte apoptosis by
inhibiting ERS.

Fig. 1 The effects of DAPA on the survival rate of mice and heart function associated with cardiac hypertrophy. a The survival rate of mice
in the DAPA-treated group compared with the TAC group. b Representative echocardiographic images of each group. c–f Echocardiographic
parameters, including left ventricular ejection fraction (LVEF), left ventricle fractional shortening (LVFS), left ventricular internal diameter (LVID),
left ventricular posterior wall thickness (LVPW), of each group. g, h Statistical results of heart weight/body weight (HW/BW) and left
ventricular/body weight (LW/BW). n= 6, ∗P < 0.05 versus the sham or DAPA group, #P < 0.05 versus the TAC.
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Fig. 2 Effect of treatment with dapagliflozin (DAPA) on transverse aortic constriction (TAC)-induced cardiac hypertrophy in mice. a
Representative images of the morphological analysis of cardiac hypertrophy as reflected by the whole heart and heart short-axis cross-section
(top), hematoxylin and eosin (H&E) staining (middle), fluorescein isothiocyanate-labeled wheat germ agglutinin (WGA) staining (middle), and
Masson’s trichrome (MASSON) staining (bottom). b Statistical data of the cardiomyocyte cross-sectional areas. c LV collagen ratio in interstitial
fibrosis. d ANP, BNP and β-MHC mRNA levels were assessed by real-time PCR. e α-SMA, collagen I, collagen III and fibronectin mRNA levels
were determined by real-time PCR. n= 6, ∗P < 0.05 versus the sham or DAPA group, #P < 0.05 versus the TAC group.

Dapagliflozin and myocardial remodeling
FF Ren et al.

1725

Acta Pharmacologica Sinica (2022) 43:1721 – 1732



Dapagliflozin inhibits Ang II-induced endoplasmic reticulum stress
by activating SIRT1 and reduces cardiomyocyte apoptosis
To evaluate the role of SIRT1 and ERS activation in Ang II-induced
cardiomyocyte apoptosis, we used the known SIRT1 inhibitor
EX527. The experimental results showed that in the EX527+
DAPA+ Ang II group, cleaved caspase-3 and Bax levels increased,
and the expression level of Bcl-2 decreased (Fig. 7a and b). These
results indicate that SIRT1 inhibition is associated with Ang

II-induced cardiomyocyte apoptosis. However, the relationship
between SIRT1 and the PERK-eIF2α-CHOP pathway remains
unclear. Therefore, we used EX527 to inhibit SIRT1 expression in
cardiomyocytes. In the presence of EX527, the SIRT1 protein level
in Ang II-stimulated cardiomyocytes decreased, and the p-PERK
and p-eIF2α protein levels decreased after DAPA treatment
(Fig. 7e–k). The CHOP immunofluorescence staining results were
consistent with the Western blot results (Fig. 7c and d). Our data

Fig. 3 DAPA attenuated Ang II-induced cardiac hypertrophy in vitro. a The cell surface area of HL-1 cells was assessed by TRITC-conjugated
phalloidin staining. b Calculated cell surface area (>100 cells per group). c ANP, BNP and β-MHC mRNA levels were assessed by real-time PCR.
n= 6, ∗P < 0.05 versus the CON or DAPA group, #P < 005 versus the Ang II.
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indicate that SIRT1 can inhibit ERS in cardiomyocytes by inhibiting
the PERK-eIF2α-CHOP pathway.

Dapagliflozin reduces pressure overload-induced endoplasmic
reticulum stress and apoptosis in mice
To explore the protective effect of DAPA on pressure-overloaded
mice, a TAC mouse model was established, and the mice were
intragastrically administered DAPA at a dose of 1 mg·kg-1·d-1 for
4 weeks. TUNEL staining showed that compared with that of the
sham operation group, the number of apoptotic cardiomyocytes
in the TAC group was significantly increased (Fig. 8c and d). The
Western blot results showed that DAPA significantly reduced the
levels of cleaved caspase 3 and Bax in mouse hearts (Fig. 8a and b)

and increased the expression of SIRT1 and reduced ERS proteins
(Fig. 8e–k). These results indicate that DAPA can inhibit ERS and
has a significant antiapoptotic effect, which is consistent with the
in vitro results.

DISCUSSION
Cardiomyocyte apoptosis plays an important role in the occur-
rence and development of heart failure. In a failing heart, a small
amount of persistent cardiomyocyte death can be observed [21].
Cardiomyocytes are highly differentiated cells, and cardiomyocyte
death can lead to permanent loss of myocardial contractile
proteins and fatal heart failure [22–24]. Therefore, a small but

Fig. 4 DAPA inhibits the transformation of cardiac fibroblasts into cardiac myofibroblasts by Ang. a, b Transwell chamber experiment was
used to analyze the cell migration ability force. c, d Cell scratch test to analyze cell migration ability. e–h α-SMA, fibronectin, collagen III,
collagen I and fibronectin mRNA levels were detected by real-time PCR. n= 6, ∗P < 0.05 versus the CON or DAPA group, #P < 0.05 versus the
Ang II group.
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sustained amount of cardiomyocyte apoptosis can lead to fatal
heart failure [25]. The inhibition of cardiomyocyte apoptosis
through drugs or nondrug treatments can significantly slow
ventricular remodeling and improve cardiac function [26–29]. We
measured the protein expression levels of Bax and Bcl-2, and the
results showed that DAPA could significantly inhibit TAC-induced
cardiomyocyte apoptosis. The TUNEL staining results were the
same as the Western blot results, which further proved that DAPA
could reduce cardiac apoptosis caused by pressure loading
in mice.

CHOP and GRP78 are typical biomarkers of ERS [30]. Studies have
shown that CHOP-mediated cardiomyocyte apoptosis plays an
important role in aortic coarctation model mice [31]. Our results
showed that DAPA (10 μM) significantly reduced the expression levels
of CHOP and GRP78, indicating that DAPA inhibited ERS caused by
heart failure. In eukaryotic cells, ERS is mediated by three branches of
the unfolded protein response, including PERK, IRE1α, and ATF6 [32].
Studies have shown that ERS is closely associated with heart failure,
and ERS-related cardiomyocyte apoptosis occurs throughout the
occurrence and development of myocardial remodeling [33].

Fig. 5 DAPA inhibited chondrocyte apoptosis in Ang II-stimulated cardiomyocytes. a, b The protein levels of Bcl-2, Bax, and cleaved
caspase 3 in each group were determined. c, d Flow cytometry was used to assess the apoptosis of cardiomyocytes labeled with Annexin V
and PI fluorescence. e–k The protein expression levels and optical density analysis of SIRT1, p-PERK, ATF4, GRP-78, p-eIF2α, and CHOP in the
myocardium. n= 6, ∗P < 0.05 versus the CON or DAPA group, #P < 0.05 versus the Ang II.
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In diabetic nephropathy, DAPA inhibits ERS-mediated apoptosis by
inhibiting the eIF2α-ATF4-CHOP pathway in vitro and in vivo [34]. In
this study, we found for the first time that DAPA could inhibit ERS-
mediated apoptosis in heart failure by inhibiting the eIF2α-ATF4-
CHOP pathway, revealing the relationship between ERS and
cardiomyocyte apoptosis. To examine this relationship, we used the
classic ERS inducer TG. We found that the antiapoptotic effect of
DAPA was reversed by TG treatment. This study demonstrated for the

first time that the protective effect of DAPA is associated with
inhibition of the PERK-eIF2α-ATF4-CHOP signaling pathway, which
directly inhibits CHOP expression in cardiomyocytes and subsequent
apoptosis activation. However, it is unclear whether the other two ERS
pathways are associated with the protective effect of DAPA on TAC,
and further research is needed.
Several studies have confirmed that SIRT1 can protect the

heart by inhibiting ERS-related apoptosis [35]. A recent study by

Fig. 6 DAPA inhibited ER stress in Ang II-induced cardiomyocytes. a, b The protein levels of Bcl-2, Bax, and cleaved caspase 3 in each group
were detected. c CHOP immunofluorescence staining. Markedly increased green bright puncta indicated the upregulated expression of CHOP.
d Quantification of the number of CHOP-positive chondrocytes in each group based on immunofluorescence staining. e–k The protein
expression levels and optical density analysis of SIRT1, p-PERK, ATF4, GRP-78, p-eIF2α, and CHOP in the myocardium. n= 6, ∗P < 0.05 versus the
Ang II or Ang II+ TG group, #P < 0.05 versus the Ang II+DAPA group.
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Prola A et al. demonstrated that SIRT1 inhibits ERS by inhibiting
the PERK-eIF2α-ATF4 ERS pathway, which ultimately reduces
ERS-induced apoptosis [36]. Our results show for the first time
that Ang II treatment reduces SIRT1 expression and that DAPA
can reverse this effect. In addition, SIRT1 was activated in the

hearts of TAC mice after DAPA treatment and heart function was
improved by DAPA in TAC mice. Furthermore, we found that
DAPA treatment could significantly reduce the expression levels
of ERS and apoptotic proteins in cardiomyocytes stimulated by
Ang II, suggesting that DAPA can reduce ERS and inhibit

Fig. 7 EX527 abrogated the inhibitory effect of DAPA on Ang II-induced ER stress in cardiomyocytes. a, b The protein levels of Bcl-2, Bax,
and cleaved caspase 3 in each group were detected. c CHOP immunofluorescence staining. Markedly increased green bright puncta indicated
the upregulated expression of CHOP. d Quantification of the number of CHOP-positive chondrocytes in each group based on
immunofluorescence staining. e–k The protein expression levels and optical density analysis of SIRT1, p-PERK, ATF4, GRP-78, p-eIF2α, and
CHOP in the myocardium. n= 6, ∗P < 0.05 versus the Ang II or Ang II+ EX527 group, #P < 0.05 versus the Ang II+DAPA group.
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cardiomyocyte apoptosis. After the administration of the SIRT1
inhibitor EX527, the protective effect of DAPA on cardiomyo-
cytes was blocked. These results showed that the important
effect of SIRT1 on Ang II-induced cardiomyocyte apoptosis
was associated with inhibition of the PERK-eIF2α-ATF4-CHOP
pathway. In summary, our study shows for the first time
that DAPA can inhibit PERK-eIF2α-ATF4-CHOP by promoting
SIRT1 expression in Ang II cardiomyocytes to reduce cardio-
myocyte apoptosis. Similarly, it is unclear whether the other

two ERS pathways are associated with SIRT1 expression and
the protective effect of DAPA on TAC, which requires
further study.
In conclusion, the current study proved, for the first time, that

DAPA can improve the progression of heart failure by inhibiting
ERS and reducing cardiomyocyte apoptosis. DAPA inhibits the
PERK-eIF2α-ATF4-CHOP signaling pathway in the endoplasmic
reticulum by promoting SIRT1 expression to protect cardiomyo-
cytes against apoptosis.

Fig. 8 DAPA inhibited cardiomyocyte apoptosis and ER stress in the TAC model. a, b The protein levels of Bcl-2, Bax, and cleaved caspase 3
in each group were determined. c, d TUNEL staining of apoptotic cardiomyocytes and quantification of TUNEL staining in each group. e–k The
protein expression levels and optical density analysis of SIRT1, p-PERK, ATF4, GRP-78, p-eIF2α, and CHOP in the myocardium. n= 6, ∗P < 0.05
versus the sham or DAPA group, #P < 0.05 versus the TAC.
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