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Doxorubicin-induced cardiomyopathy is mitigated
by empagliflozin via the modulation of endoplasmic
reticulum stress pathways
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Abstract. Doxorubicin (Dox) exhibits a high efficacy in
the treatment of numerous types of cancer. However, the
beneficial cytotoxic effects of Dox are often accompanied
by an increase in the risk of cardiotoxicity. Oxidative stress
(OS) plays a key role in Dox-induced cardiomyopathy (DIC).
OS in cardiomyocytes disrupts endoplasmic reticulum (ER)
function, leading to the accumulation of misfolded/unfolded
proteins known as ER stress. ER stress acts as an adaptive
mechanism; however, prolonged ER stress together with OS
may lead to the initiation of cardiomyocyte apoptosis. The
present study aimed to explore the potential of an anti-diabetic
drug, empagliflozin (EMPA), in mitigating Dox-induced ER
stress and cardiomyocyte apoptosis. In the present study,
the effects of 1 h pretreatment of EMPA on Dox-treated
cardiomyocytes isolated from Sprague-Dawley rats were
investigated. After 24 h, EMPA pre-treatment promoted cell
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survival in the EMPA + Dox group compared with the Dox
group. Results of the present study also demonstrated that
EMPA mitigated overall ER stress, as the increased expression
of ER stress markers was reduced in the EMPA + Dox group.
Additionally, OS, inflammation and expression of ER stress
apoptotic proteins were also significantly reduced following
EMPA pre-treatment in the EMPA + Dox group. Thus, EMPA
may exert beneficial effects on Dox-induced ER stress and
may exhibit potential changes that can be utilised to further
evaluate the role of EMPA in mitigating DIC.

Introduction

Doxorubicin (Dox) is a potent anticancer drug that carries
the risk of cardiotoxicity in cancer patients (1,2). The exact
underlying mechanisms of Dox-induced cardiomyopathy
(DIC) remain elusive, making it difficult to predict or prevent
the associated adverse cardiovascular side effects. Numerous
molecular mechanisms are known to be involved in DIC,
including oxidative stress (OS) (2,3). Dox mediated an
increase in reactive oxygen species (ROS) and a decrease in
endogenous antioxidants, resulting in OS and the disruption of
cell homeostasis, ultimately leading to cell death (4). Among
the Dox-induced cellular changes, most remarkable is the dila-
tion of the endoplasmic reticulum (ER) (5,6). Disruption of the
ER structure is associated with changes in protein synthesis,
folding and translocation, as well as calcium cycling and
excitation-contraction coupling in the heart (7,8).

Stress and/or pathological stimuli, such as OS, results in
the accumulation of unfolded and/or misfolded proteins in
the ER, referred to as ER stress. When ER stress is mild and
transient, ER adaptive responses are activated to maintain ER
functioning and homeostasis. ER stress activates the unfolded
protein response (UPR) through three ER transmembrane
sensor proteins: i) Protein kinase-like ER kinase (PERK) (9);
ii) activating transcription factor 6a (ATF6a) (10); and
iii) inositol-requiring kinase la (IRE1) (11). Upon mediation
of adaptive responses, luminal ER chaperone, glucose-regu-
lated protein 78 (GRP78) dissociates from PERK, IREI and
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ATF6aq, allowing the activation of their downstream pathways.
Subsequent activation leads to the upregulation of ER chap-
erones and protein foldases, and induces the expression of
various genes, including X-box binding protein 1 (XBP1). The
unconventional splicing of XBP1 mRNA generates spliced
XBP1 (XBPIs) that subsequently plays an essential role in
further upregulation of chaperones, such as glucose-regulated
protein 94 (GRP94), GRP78 and/or protein disulfide-isom-
erase (PDI) (8,12). However, when ER stress is severe, UPR
fails to restore ER homeostasis. ER stress initiates apoptotic
signaling pathways via CCA AT/enhancer homologous protein
(CHOP), caspase-12 activation, phosphorylation of c-JUN
NH2-terminal kinase (JNK) and pro-apoptotic gene expres-
sion, which play an essential role in the progression of DIC and
cardiomyocytes loss (13,14).

Empagliflozin (EMPA) is a sodium-glucose co-transporter
2 (SGLT-2) inhibitor that is used to decrease blood glucose
levels and sodium load in diabetic patients (15). Results of
the EMPA-REG OUTCOME trial demonstrated that EMPA
reduced the risk of hospitalization for heart failure and cardio-
vascular death in the EMPA-REG OUTCOME trial (16).
Additional clinical trials, including the EMPEROR-Reduced
and EMPEROR-Preserved trials, reported cardio-renal
benefits of EMPA in the non-diabetic population (17-19). As
per the Canadian Cardiovascular Society heart failure guide-
lines, SGLT-2 inhibitors have now been included as first-line
therapy in the setting of heart failure with reduced ejection
fraction (20). In addition, results of pre-clinical studies demon-
strated the utility of EMPA and other SGLT-2 inhibitors in
the prevention of DIC (21,22). Dapagliflozin was reported to
attenuate DIC in a murine diabetic model (22) via inhibition
of ER stress. Moreover, Sabatino et al (21) suggested that the
beneficial effects of EMPA on DIC may be independent of its
glycemic control.

Results of a previous study by the authors and other studies
demonstrated that the mitigation of ER stress reduces the
detrimental effects of Dox and cardiomyocyte loss (23-26).
However, the effects of EMPA in mitigating Dox-induced
ER stress as well as the molecular pathways involved are
unknown. The present study aimed to examine the potential
role of EMPA in mitigating Dox-mediated ER stress injury
in the in vitro setting using isolated cardiomyocytes. It was
demonstrated that EMPA reduces overall ER-stress in Dox
treated cardiomyocytes. Additionally, the present novel results
confirmed that these changes were due to increased expression
of an ER transmembrane protein, inositol-requiring kinase
la (IREI), which plays an essential role in maintaining ER
homeostasis and inhibiting inflammation and ER-initiated
apoptosis upon Dox insult.

Materials and methods

Cardiomyocyte isolation and treatment. The guidelines of
the Canadian Council on Animal Care were followed for
all animal procedures, and the present study was approved
[(approval no. 22-012 (AC11739)] by the Animal Protocol
Review Committee at the University of Manitoba (Winnipeg,
Canada). Male Sprague Dawley rats (n=10; ~8 weeks-old;
weight, 200+10 g) were ordered from Charles River labo-
ratories and shipped to our facility in a climate-controlled

vehicle. Rats were housed in a temperature-regulated room
(22-24°C) on a 12/12-h light-dark cycle, and had ad libitum
access to standard chow and water. After 1 week of condi-
tioning, rats were administered the following anesthetic
agents intraperitoneally (ketamine 90 mg/kg and xylazine
10 mg/kg) prior to euthanasia. Subsequently, the hearts were
removed for cardiomyocyte isolation using the standard
Langendorff apparatus, as previously described (23,24). In
total, ~10° cells were plated in 10-cm laminin-coated poly-
styrene tissue culture plates (cat. no. CLS430167; Corning,
Inc.) with 10% fetal bovine serum (FBS; Thermo Fisher
Scientific, Inc.) and streptomycin/penicillin (100 U/ml)
in M199 culture media (Sigma-Aldrich; Merck KGaA) at
37°C in 5% CO, with 95% O,. After 2 h primary incuba-
tion, dead cells were removed by washing with M199
culture media and viable cells were incubated overnight
with 0.5% FBS under the same incubation conditions. The
following morning, culture plates were randomly divided
into four treatment groups as follows: Control (cardiomyo-
cytes cultured in M199 +0.5% FBS); EMPA (500 nM; cat.
no. 22369-1; Cayman Chemical Company); Dox (10 xM;
Pfizer, Inc.); and Dox + EMPA, for 24 h. For the combina-
tion group of Dox + EMPA, cells were treated with EMPA
for 1 h prior to the addition of Dox.

Cell viability. Isolated cardiomyocytes were incubated for
different times (0, 6, 12 and 24 h) to determine time- and
treatment-dependent viability. An MTT [3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay was
performed after each treatment period. Briefly, cardio-
myocytes (~10* cells/well) were plated on 96-well plates for
a specific time, and 5 mg/ml MTT was subsequently added to
each well for 2 h at 37°C. After 2 h incubation, formazan crys-
tals were observed. Once the crystallization was >90%, MTT
was removed, and 150 ul of dimethyl sulfoxide was added to
each well and mixed in the dark. The absorbance of each well
was subsequently recorded at 570 nm using a Cytation 5 Cell
Imaging Multi-Mode Reader (RRID:SCR_019732; BioTek
Instruments, Inc.).

Protein estimation and western blot analysis. At the end
of the treatment period, cardiomyocytes were washed with
PBS and centrifuged at 12,000 x g for 10 min at room
temperature (RT). The cell pellet was resuspended in ice
cold RIPA buffer (cat. no. 89900; Thermo Fisher Scientific,
Inc.) with Pierce protease and phosphatase inhibitors, (cat.
no. A32959; Pierce; Thermo-Fisher Scientific, Inc.), 1 mM
phenylmethylsulfonyl fluoride, and DTT overnight at -20°C.
After overnight incubation, samples were sonicated using a
water bath sonicator. Sonicated samples were subsequently
centrifuged at 12,000 x g for 15 min at 4°C. The supernatant
was used to determine total protein concentration as per
the Bradford dye-binding method using BSA as a standard
(Bio-Rad Laboratories, Inc.) using a microwell plate reader
(Cytation 5; BioTek Instruments, Inc.). Total protein was
stored at -20°C until further analysis.

A total of 20-40 ug of protein was separated using elec-
trophoresis on 8-12% SDS-polyacrylamide gels at 80 mV.
The separated proteins were subsequently transferred onto a
PVDF membrane for 90 min at constant 200 mA in a cold
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room. Membranes were subsequently blocked in 5% BSA and
washed with Tris-buffered saline plus 0.1% Tween-20 (TBST)
blocking buffer for 1 h at RT. After blocking, membranes were
incubated with the respective antibodies for either 1.5 h at RT
or overnight at 4°C on a rocker. Membranes were subsequently
washed with TBST (3 washes 10 min each) and incubated
with horseradish peroxidase (HRP)-conjugated anti-rabbit
IgG (1:5,000; cat. no. W401B; RRID: AB_430833; Promega
Corporation) or HRP-conjugated anti-mouse IgG secondary
antibodies (1:5,000; cat. no. 170-6516; RRID: AB_11125547,
Bio-Rad Laboratories, Inc.) for 1 h at RT. Protein bands
were visualized using the Pierce ECL Plus Western Blotting
Substrate (PerkinElmer, Inc.) at different exposure times on a
Chem Doc imager (BioRad Laboratories, Inc.). Densitometric
analysis was performed using Image Lab 6.0 (Bio-Rad
Laboratories, Inc.) and GAPDH was used for normalization
for each sample.

Primary antibodies were as follows: Anti-Caspase-12
(1:2,000; cat. no. ab62484; RRID: AB_955729; Abcam);
anti-K-Lysine,D-Aspartic acid, E-Glutamic acid and L-Leucine
sequence (1:1,000; cat. no. ab176333; RRID: AB_2819147,
Abcam) which is used to target GRP94, GRP78 and PDI,
anti-XBP1 (1:500; cat. no. ab37152; RRID: AB_778939;
Abcam); anti-ATF6 (1:5,000; cat. no. 24169-1-AP; RRID:
AB_2876891; ProteinTech Group, Inc.); anti-PERK (1:500;
cat. no. 20582-1-AP; RRID: AB_10695760; ProteinTech
Group, Inc.); anti-IREI1 (1:1,500; cat. no. 20582-1-AP; RRID:
AB_1069#5760; ProteinTech Group, Inc.); anti-JNK1 +
JNK2 +JNK3 (1:1,000; cat.no.ab179461; RRID: AB_2744672,
Abcam); anti-phosphorylated (p-)JNK1 + JNK2 + JNK3
[T183 + T183 + T221 (1:500; cat. no. ab124956; RRID:
AB_10973183; Abcam); anti-sodium-glucose cotransporter-2
(SGLT2; 1:1,000; cat. no. ab37296; RRID: AB_777895;
Abcam) and anti-GAPDH (1:4,000; cat. no. 2118; RRID:
AB_561053; Cell Signaling Technology, Inc.).

Reverse transcription-quantitative (RT-qg) PCR. Aurum™
Total RNA Mini kit (cat. no. 7326820; BioRad Laboratories,
Inc.) was used to isolate total RNA in the cell culture hood
according to the manufacturer's protocols. Extracted RNA
was quantified using nanodrop (Nanodrop Lite; Thermo
Fisher Scientific, Inc.). Total RNA was reverse transcribed
into cDNA (40 ng) using High-Capacity cDNA Reverse
Transcription kit with RNase Inhibitor as per manufacturer's
instructions (cat. no. 4374966; Thermo Fisher Scientific, Inc.)
on the T100 Thermal Cycler (RRID:SCR_021921; BioRad
Laboratories, Inc.). RT-qPCR reactions were prepared using
22.5 ng/ul of cDNA template and 500 nM of forward and
reverse primers to a final volume of 10 yl. RT-PCR ampli-
fication was performed using a QuantStudio 3 Real Time
PCR System (RRID:SCR_020238; Thermo Fisher Scientific,
Inc.) with Luna Universal Master Mix (cat. no. M3003; New
England Biolabs, Inc.). The program was set up to have initial
denaturation at 95°C for 60 sec, followed by 40 cycles of
denaturation at 95°C for 15 sec, and extension at 60°C for
30 sec. A continuous melt curve was subsequently produced
from 60-95°C for ~20 sec. mRNA levels were quantified
using the 2244 method and normalized to the internal refer-
ence gene GAPDH (27). Primer sequences are displayed in
Table I.
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Table I. Rat-specific primer sequences used for reverse
transcription-quantitative PCR.

Gene name Primer sequence (5'2>3')
XBP1 F: ACGAGAGAAAACTCATGG

R: ACAGGGTCCAACTTGTCC
1IL-10 F: AGTGGAGCAGGTGAAGAATGA

R: CAGTAGATGCCGGGTGGTT
TNFa F: ATGGGCTCCCTCTCATCAGT

R: GCTTGGTGGTTTGCTACGAC
TGFp F: GCGGACTACTACGCCAAAGA

R: TGCTTCCCGAATGTCTGACG
STAT-3 F: TCGGAAAGTATTGTCGCCCC

R: GACATCGGCAGGTCAATGGT
GAPDH F: CATCAACGACCCCTTCATTGACCTCA

ACTA
R: TCCACGATGCCAAAGTTGTCATGG

F, forward; R, reverse.

Glucose uptake assay. Glucose Uptake Assay kit (cat.
no. ab136956; Abcam) was used to record glucose uptake,
according to the manufacturer's instructions. Briefly, ~10* cells
were plated in a 96-well flat bottom plate and treated as previ-
ously described. At the end of the treatment period, cells
were washed three times with PBS and Tyrode's solution with
10 mmol/l mannitol was added for 45 min to starve cells of
glucose. Subsequently, 2-deoxyglucose (2-DG), which is
structurally similar to glucose, was added to all cells excluding
the respective negative controls, and incubated for 30 min.
Cells were subsequently washed with PBS to remove exog-
enous 2-DG and lysed using extraction buffer at -80°C. After
repeating freeze/thaw cycles, cell lysates were boiled at 80°C
for 45 min. Cell lysate was cooled on ice for 5 min and then
neutralised using neutralization buffer. Following centrifuga-
tion, the supernatant was collected and mixed with reaction
mix and 2-DG uptake assay buffer and incubated in the dark
for 40 min. Fluorescence of accumulated 2-DG-6-phosphate
(2-DG6P) was recorded with excitation/emission at
535/587 nm using the Cytation 5 Cell Imaging Multi-Mode
Reader (RRID:SCR_019732; BioTek Instruments, Inc.). Final
2-DG uptake was calculated using a 2-DG6P standard curve.

2" 7'-dichlorodihydrofluorescein diacetate (H,DCFDA) assay.
H,DCFDA dye (cat. no. D399; Invitrogen; Thermo Fisher
Scientific, Inc.) was used to measure overall OS in different
treatment groups. Briefly, ~10* cells were plated in 96-well flat
bottom plates and treated as previously described. At the end
of the treatment period, cells were washed three times with
PBS +0.1% FBS and 5 yuM dye was added in each well. Plates
were incubated in the dark for 45 min to allow diffusion of dye
into the cell. After three washes with PBS +0.1% FBS, fluo-
rescence was recorded with excitation/emission at 485/535 nm
using the Cytation 5 Cell Imaging Multi-Mode Reader
(RRID:SCR_019732; BioTek Instruments, Inc.). Images were
captured at a magnification of x20.
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Figure 1. Expression of SGLT?2 and the effects of EMPA on 2-DG uptake. Cardiomyocytes were treated with either Dox (10 uM), EMPA (500 nM) or Dox +
EMPA for 24 h. (A) SGLT2 protein using SGLT2 antibody (1:500). GAPDH is shown as a loading control. (B) Densitometric analysis of SGLT2/GAPDH
fold change. (C) Quantification of cellular 2-DG absorption in treated cardiomyocytes. Data are presented as the mean + SEM, using three individual biolog-
ical samples repeated in duplicate. “P<0.005, “"P<0.0005 and ““P<0.00005. EMPA, empagliflozin; 2-DG, 2-deoxyglucose; Dox, Doxorubicin; SGLT2,

sodium-glucose co-transporter 2.

Statistical analysis. All experiments were performed in
duplicate for each treatment group for a total of 3-5 individual
biological samples. Data are expressed as the mean + SEM.
Comparisons between treatment groups were carried out using
one-way ANOVA, and Tukey-Kramer's test was performed
to identify differences between groups. Data analysis was
performed using GraphPad Prism (version 8.0; GraphPad
Software, Inc.; Dotmatics). P<0.05 was considered to indicate
a statistically significant difference.

Results

Expression of SGLT2 and effects of EMPA on 2-DG uptake.
As EMPA inhibits SGLT?2 transporters, isolated cardiomyo-
cytes were treated with 10 yM Dox for 24 h with or without
EMPA, and SGLT2 protein expression was investigated
using western blot analysis (Fig. 1A). Although the base-
line expression of SGLT2 was detected (both the 73 kDa
SGLT-2 and its cleavage fragments) (Fig. 1A), the relative
expression of SGLT2 among different treatment groups
was not different from each other (Fig. 1B). As SGLT2 was
expressed in adult rat cardiomyocytes, the primary function
of EMPA was evaluated. Subsequently, a 2-DG uptake assay
was performed because of its structural similarity to glucose.
2-DG is taken up by glucose transporters and metabolized
to 2-DG-6-phosphate (2-DG6P). However, it cannot be
further metabolized, and therefore accumulates within
cells. Using the relative fluorescence of oxidized 2-DGG6P,
2-DGO6P uptake was determined amongst treatment groups.
Results of the present study demonstrated that EMPA-treated
cardiomyocytes exhibited significantly low levels of 2-DG6P
uptake, compared with Dox, and Dox + EMPA groups
(Fig. 1C). Notably, the Dox group exhibited a higher 2-DG
uptake, compared with the control group (Fig. 1C). However,
no significant changes were observed between the Dox +
EMPA and control groups (Fig. 1C).

Dox-induced expression of ER stress markers and their
mitigation by EMPA. ER stress leads to the overexpression
of UPR chaperones which were significantly higher following
Dox treatment. Dox treatment for 24 h increased the protein

expression of GRP94, GRP78 and PDI compared with the
control and EMPA groups (Fig. 2A-D). In Dox + EMPA-treated
cardiomyocytes, increases in protein expression were signifi-
cantly inhibited following EMPA treatment, compared with
the Dox group (Fig. 2A). Notably, GRP94, RP78 and PDI
expression levels were reduced following treatment with
EMPA; however, these changes were not significant.

EMPA-induced changes in UPR signaling proteins. Upon
induction of ER stress, UPR signaling proteins (PERK,
IRE1 and ATF6aq) are activated. Results of the present study
demonstrated that Dox treatment significantly reduced the
expression of PERK and IREI1, compared with the control
group (Fig. 3A-D). Notably, pre-treatment with EMPA
prevented the downregulation of IRE1 by Dox, and the
observed expression levels were not significant compared with
the control group (Fig. 3C and D). However, EMPA exerted
no significant effect on PERK expression (Fig. 3A and B)
in the Dox + EMPA group. Dox activates ATF6a cleavage,
and results of the present study revealed an increase in the
activated cleaved ATF6a fragment (Fig. 3E and F). Increased
expression of active ATF6a was prevented following treat-
ment with EMPA.

EMPA-induced changes in XBPI mRNA and protein expres-
sion levels. XBP1 plays an essential role in mediating UPR
function and is a transcription factor for genes required by
UPR. Dox treatment significantly increased XBP/ mRNA
expression levels, compared with the control and EMPA
groups (Fig. 4C). However, pre-treatment with EMPA exerted
no effect on XBP/ mRNA, and the expression levels remained
high. Results of the present study also demonstrated that
Dox treatment caused a 1.5-fold increase in XBP1s/XBPlu
protein expression, and these levels were significantly reduced
following treatment with EMPA (Fig. 4A and B). However,
XBPlu protein expression levels remained unchanged in all
groups, excluding the Dox group. Results of the present study
demonstrated that the expression of XBP1s/XBP1lu was high
in Dox-treated cardiomyocytes, and expression returned to
levels similar to that of the control following treatment with
EMPA (Fig. 4A and B).
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biological samples repeated in duplicate. "P<0.05, “P<0.005 and ““P<0.0005. Dox, Doxorubicin; EMPA, empagliflozin; PDI, protein disulfide-isomerase; GRP,

glucose-regulated protein.

Effects of EMPA on ER stress-induced apoptosis. When cells
fail to recover from ER stress, ER initiates apoptosis through
the JNK-pathway, leading to the activation of caspases.
Results of the present study demonstrated that ER resident
caspase-12 was activated and the levels of cleaved/total
caspase-12 were significantly higher following Dox treatment.
However, pre-treatment with EMPA reduced the activation
of caspase-12 through preventing cleavage (Fig. SA and B).
Results of the present study also demonstrated a significant
increase in the phosphorylation of JNK (p-JNK) following
treatment with Dox, compared with the control and EMPA
groups (Fig. 5C and D). However, the expression of p-JNK was
significantly reduced in the in Dox + EMPA group, compared
with the Dox group.

Moreover, the viability of cardiomyocytes was measured
at 3, 12,24 and 48 h using an MTT assay (Fig. SE). Results
of the present study demonstrated that Dox significantly
reduced cell viability to 55% at 24 h, and ~40% of cardio-
myocytes survived for 48 h. Pre-treatment with EMPA
rescued cardiomyocytes from Dox-induced cell death, and
>80% of cardiomyocytes were viable at 24 h. After 48 h,

EMPA-treated cardiomyocytes exhibited ~75% viability,
and this was significantly higher than the control group
(Fig. 5E).

EMPA protects against Dox-induced OS and inflammation.
Dox-induced production of ROS and excessive OS lead
to cardiomyopathy. Thus, ROS production was recorded
following Dox treatment with or without EMPA. Results of
the present study demonstrated a >4-fold increase in ROS
production following 24 h Dox treatment (Fig. 6A and B), and
pre-treatment with EMPA significantly reduced OS.
Dox-induced inflammation plays an essential role in
cardiac remodelling and the development of heart failure.
Dox treatment for 24 h significantly increased mRNA
expression levels of the pro-inflammatory cytokine, TNFa,
and pro-fibrosis cytokine, TGFf, and reduced the expres-
sion levels of inflammation-induced cardioprotective signal
transducer and activator of transcription-3 (STAT-3) and
anti-inflammatory cytokine, /L-10. In Dox-treated cardio-
myocytes, pre-treatment with EMPA significantly reduced
the expression of both TNFa and TGFf, compared with the
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EMPA for 24 h. (A) PERK protein expression. (B) Densitometric analysis of PERK using GAPDH as the loading control. (C) IRE1 protein expression.
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Dox, Doxorubicin; EMPA, empagliflozin; PERK, protein kinase-like endoplasmic reticulum kinase; IREI, inositol requiring kinase la; ATF6a, activating
transcription factor 6a.

Dox group (Fig. 7A and B). Moreover, Dox promoted inflam-  the levels of IL-10. Notably, the levels of STAT-3 returned to
mation through the significant downregulation of /IL-10 and  baseline following treatment with EMPA, compared with the
STAT-3; however, treatment with EMPA exerted no effectson ~ Dox group (Fig. 7C and D).
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Discussion

EMPA, an SGLT?2 inhibitor, was first approved in 2014
for the treatment of diabetes. In 2022, the US Food and
Drug Administration expanded the use of EMPA for
guideline-directed medical therapy in individuals with heart
failure and reduced ejection fraction, irrespective of diabetes
status (28). However, the use of EMPA in DIC and identifica-
tion of its potential cardioprotective mechanism(s) is yet to be
explored. The present study aimed to investigate the effects
of EMPA pre-treatment on Dox-treated adult primary cardio-
myocytes, with a focus on ER stress.

Numerous previous studies have demonstrated the absence
of SGLT2 expression in the heart (29,30); however, the results
of some studies have reported low expression of SGLT2 in
the heart, when compared with expression in the kidney and
liver (21,30-34). In the present study, the protein expression of
SGLT?2 was measured, and expression remained unchanged
following Dox treatment in primary cardiomyocytes. To verify
the impact of EMPA on the inhibition of glucose absorp-
tion, a glucose uptake assay was performed. In 24 h, EMPA
had reduced glucose absorption, compared with the Dox
group. However, it was not completely inhibited as cardio-
myocytes possess other glucose transporters (31,32). Notably,
Dox-treated cardiomyocytes exhibited a higher glucose uptake
than the control group, confirming the metabolic derangements

induced by Dox. Dox impairs oxidative phosphorylation in
the heart, and the persistent activation of glycolysis enables
cardiomyocytes to meet the energy demand of a failing
myocardium (35,36). The ability of EMPA to reduce glucose
uptake following Dox treatment may prevent the heart from
metabolic imbalances and the associated complications.

The intermediary role of ER stress in Dox-induced
apoptosis and myocardial dysfunction have previously been
identified (13,24,37). The present study examined the activity
of UPR transmembrane proteins and the EMPA-mediated
management of ER stress. Dox treatment significantly
increased the expression of ER stress markers (GRP94,
GRP78 and PDI), and expression of these stress markers was
reduced following treatment with EMPA. Notably, PERK
and IREI protein expression levels are reduced following
Dox treatment (13,24). Moreover, EMPA treatment restored
IRE1 expression levels. However, EMPA exerted no signifi-
cant effect on PERK expression. Results of a previous study
demonstrated that EMPA inhibited autophagy in myocardial
I/R injury through inhibition of the PERK pathway (38). Thus,
EMPA-induced low expression of PERK in the Dox + EMPA
group, may aid in mitigating Dox-induced autophagy. Results
of the present study also demonstrated the high expression of
IREI (Fig. 3D). The downstream pathway molecule of IREI,
XBPI, was explored to further elucidate its involvement in the
attenuation of overall ER-stress. IRE1 plays an essential role
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in inducing the splicing of XBPI. Splicing of XBPI gener-
ates a highly active XBPIs, and its negative regulator XBPIu.
IRE1-XBP1 is the most essential arm of the unfolded protein
response that is required for efficient protein folding, matura-
tion and degradation of the misfolded proteins (11,39,40).
When translocated to the nucleus, XBPIs aids in the tran-
scription of UPR-associated genes, inflammatory responses,
differentiation, and the structural and functional expansion of
ER (40,41). Results of previous studies suggested that an increase
in XBPI levels and the associated splicing may also occur via the
ATF60. pathway (10,11,24). Results of the present study demon-
strated activation of the ATF6a pathway through cleaved ATF6a
expression, and high expression of XBPI levels in Dox-treated
cardiomyocyte without IRE1 overexpression is indicative of this.
Thus, EMPA regulated the XBP1s/XBPlu protein ratio through
downregulation of cleaved ATF6a and upregulation of IREI.

Results of the present study demonstrated an induction of ER
stress in Dox-treated cardiomyocytes. As prolonged ER stress
mediates cardiomyocyte apoptosis (13,24,42), the expression
of ER-initiated apoptotic markers were examined. An over-
expression of ER-resident caspase-12 and cleaved caspase-12
was observed following Dox treatment, and these expression
levels were significantly reduced following pre-treatment with
EMPA. Cleaved caspase-12 acts as a precursor of the activation
of caspase-3-induced apoptosis (14). EMPA exerts an inhibitory
effect on caspase-induced apoptosis and subsequent cell death
in both renal and myocardial I/R injury (38,43). Expression of
the downstream signaling molecule, JNK, and the subsequent
phosphorylation is involved in ER stress-induced apoptosis
and autophagy in fibroblast or in cancer cells via the IRE1-JNK
pathway (42,44). Although the activation of IRE1 was not
observed following Dox treatment, phosphorylation of JNK
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was increased, suggesting ER-independent activation. EMPA
inhibits IL-1B (45), which may play an important role in the
inhibition of inflammation, JNK-induced apoptosis and thus,
the promotion of cellular homeostasis. The effect of EMPA on
apoptosis was evident through the significant increase in the
viability of Dox-treated cardiomyocytes.

DIC is also mediated via increased OS and inflamma-
tion that leads to cardiomyocyte apoptosis. Results of the
EMPA's effects in patients with type 2 diabetes mellitus and
coronary artery disease (EMPA-CARD) trial demonstrated
that 6 months of treatment with EMPA significantly miti-
gated inflammation, OS and platelet activity in patients with
diabetes and coronary artery disease (46). In the present
study, 1 h of pre-treatment with EMPA significantly reduced
OS, compared with the Dox treatment group. Results of the
present study also demonstrated a significant increase in the
levels of TNFa under Dox treatment; however, pre-treatment
with EMPA reduced TNFa levels in the Dox + EMPA group.
Notably, EMPA improved renal ischemia/reperfusion injury
in non-diabetic rats through the TNFa signaling pathway (43).
Dox treatment significantly reduced IL-10 levels, which exert
anti-inflammatory and anti-oxidant effects in the heart (47,48).
Results of the present study also revealed an increase in
TGFf mRNA levels in the Dox group, and expression was
reduced following treatment with EMPA. Inhibition of TGFf
signalling in cardiac endothelial cells exerts cardioprotective
effects and mitigates DIC (49,50). Results of a previous study
demonstrated that inhibition of SGLT2 was beneficial in miti-
gating fibrosis in a model of myocardial ischemia (51). Thus,
EMPA-induced inhibition of TGFf expression may protect the
heart from Dox-induced fibrosis. In addition, STAT-3 plays a
beneficial role in the heart through upregulating anti-oxidants,
anti-apoptotic genes and mediating inflammation (52).
Notably, STAT-3 expression was downregulated following
Dox treatment (53). However, EMPA significantly increased
STAT-3 expression levels, thus maintaining the redox state and
inflammation in Dox-treated cardiomyocytes. Another SGLT2
inhibitor, Dapagliflozin, also reduces DIC via restoring STAT-3
levels (54). The beneficial effects of EMPA on the restoration
of STAT-3 protein expression may promote cardiomyocyte
proliferation, maintain the redox state, and protect the heart
from cardiac inflammation.

In conclusion, ER is associated with cardiac function in
a number of cardiovascular diseases (55,56). In vitro, EMPA
mitigated ER stress in DIC via the IRE1-ATF6a pathway, and
subsequent reduced OS, inflammation and cardiomyocyte
apoptosis. Further investigations are required to evaluate the
cardioprotective role of EMPA and the associated mechanisms
in both the prevention and treatment of DIC.

Notably, the present study exhibits numerous limitations.
For example, SGLT2s are not the only glucose transporters
present in the heart, as the heart primarily relies on GLUT1
and GLUT4 for glucose uptake. Therefore, the inhibition of
GLUTI1 and GLUT4 may provide further insights into the
direct role of SGLT2 in DIC. The present study was focused
on Dox-induced ER stress and ER stress-induced apoptosis
and investigated the potential beneficial effects of EMPA
in inhibiting ER stress. However, DIC is multifaceted, and
further investigations into the cardioprotective role of EMPA
in Dox-induced injury are required. Additionally, in vivo

studies are required to determine the efficacy of EMPA
in protecting heart damage, without interfering with the
anticancer properties of Dox.
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