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We aimed to probe the functions and possible mechanisms of empagliflozin in doxorubicin (Dox)-caused cardiotoxicity. First, a
cardiotoxicity rat model was built by continuously injecting Dox intraperitoneally. Then, empagliflozin (30 mg/kg) was gavaged into
the rats. Next, echocardiography was utilized for checking the cardiac function of rats, and H&E staining for observing pathological
alterations of the myocardial tissues. Besides, biochemical assays and Enzyme-linked Immunosorbent Assay were adopted to detect
the creatine kinase isoenzyme (CK-MB), N-terminal pro-brain natriuretic peptide (NT-proBNP), adenosine triphosphate (ATP), adenosine
diphosphate (ADP), and adenosine monophosphate (AMP) levels in rat serum and superoxide dismutase (SOD), malondialdehyde acid
(MDA), and catalase (CAT) in myocardial tissue, respectively. Furthermore, the expression of AMPK/SIRT-1/PGC-1α signaling pathway-
related proteins in the myocardial tissues was tested by Western blot. Continuous intraperitoneal injection of Dox greatly elevated
left ventricular end-systolic diameter (LVESD) and left ventricular end-diastolic diameter (LVEDD), reduced fractional shortening (FS)
and ejection fraction (EF), and notably up-regulated CK-MB and NT-proBNP level in rats’ serum, thus impairing cardiac function.
Empagliflozin treatment could ameliorate myocardial histopathological damage and alleviate cardiac function and tissue damage
by down-regulating LVEDD and LVESD, up-regulating EF and FS, and inhibiting CK-MB and NT-proBNP level in serum. Additionally,
empagliflozin improved Dox-induced excessive oxidative stress and dysregulation of energy metabolism. Furthermore, empagliflozin
activated the AMPK/SIRT-1/PGC-1α signaling pathway in Dox-caused cardiotoxicity rats. In conclusion, in addition to bettering the
cardiac tissue and function injury caused by Dox, empagliflozin also improves excessive oxidative stress and energy metabolism.
Notably, empagliflozin may exert cardioprotective effects through activating the AMPK/SIRT-1/PGC-1α pathway.
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Introduction
Despite the continued decline in cancer-related mortality over the
past 20 years, cancer is still the major reason of death globally.
Thanks to the application of anticancer drugs, patients with
cancer are allowed to improve their survival remarkably now.1

However, it is followed by the adverse reactions caused by many
chemotherapeutic drugs to patients. Thereinto, cardiotoxicity is
one of the most common toxic reactions of anticancer drugs and
seriously endangers the patient’s life.2 Anthracyclines, as one of
chemotherapeutic agents used in pediatric and adult sufferers,
are often applied clinically to treat malignant tumors such as sar-
coma, breast cancer and lymphoma.3 Among them, doxorubicin
(Dox) is the commonest anthracycline applied in clinical practice.
In spite of the satisfactory therapeutic effect of Dox, it has a
limited clinical application due to its dose dependence as well
as Dox-induced cumulative cardiotoxicity to one fourth of suf-
ferers.4 Clinically, Dox-caused cardiotoxicity is characterized by
decreased left ventricular ejection fraction (EF), increased thick-
ness of ventricular wall, arrhythmias, and heart failure (HF); some
patients with severe symptoms may die if they are not treated

promptly.5 Studies have reported that the mechanisms of Dox
inducing cardiotoxicity appear to be multifactorial, mainly includ-
ing oxidative stress, raised lipid peroxidation, autophagy sup-
pression, endoplasmic reticulum-mediated apoptosis, mitochon-
drial damage, and DNA/RNA damage.6 Though the mechanism
that Dox induces cardiotoxicity has been extensively researched,
the molecular pathogenesis of Dox remains incompletely under-
stood.7 Therefore, it is still a significant challenge to excavate new
treatment regimens to reduce Dox-induced cardiotoxicity without
altering its anticancer efficacy.

Empagliflozin, as sodium-glucose cotransporter 2 inhibitors, is
a novel kind of antidiabetic agent. On basis of previous clinical
studies, empagliflozin is surprisingly beneficial to patients
with diabetes (type 2) or HF.8 Another study showed that
the improvement of empagliflozin on remodeling and cardiac
function in rats without diabetes but with LV dysfunction upon
myocardial infarction (MI) is related to substantially improved
cardiac ATP generation and cardiac metabolism.9 Furthermore,
the EMPA-REG OUTCOME trial has revealed that empagliflozin
conduces greatly to cardiovascular system via reducing HF
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hospitalization by 35%, cardiovascular mortality by 38%, and
cardiovascular events by 14%.10 Additionally, several clinical trials
demonstrated that empagliflozin was markedly helpful to non-
diabetic patients. Specifically, empagliflozin further inhibited the
worsening of HF and decreased the cardiovascular mortality
in HF patients with declined EF, regardless of suffering or not
suffering type 2 diabetes.11 An in vitro study pointed out that
empagliflozin exerts an antioxidant effect in cardiac myocytes by
decreasing Dox-induced lipid peroxidation in cardiac myocytes.10

Besides, Quagliariello et al. discovered in vivo that empagliflozin
inhibited inflammation, apoptosis, fibrosis, and ferroptosis in
Dox-induced mice via the NLRP3- and MyD88-related pathways,
thereby greatly improving cardiac functions.12 Hence, it could
be concluded from the above that empagliflozin may have the
effect of alleviating Dox-induced cardiotoxicity. Interestingly,
Chintan et al. revealed that empagliflozin protected the heart
from lipopolysaccharide-induced hyperinflammation and energy
expenditure through activating adenosine 5′ monophosphate-
activated protein kinase (AMPK).13 So we hypothesize that there
are additional potential mechanisms by which empagliflozin
may ameliorate Dox-induced cardiotoxicity. In this study, a
model of rats with Dox-induced cardiotoxicity was created in
vivo by continuous intraperitoneal injection of Dox. Then, the
effects of empagliflozin on the rats were assessed by measuring
their oxidative stress response, tissue damage and cardiac
function in each group. Furthermore, the possible mechanisms
of empagliflozin were preliminarily explored, so as to provide
basic research support for empagliflozin combined with Dox for
clinical treatment to alleviate the cardiotoxicity of Dox.

Materials and methods
Establishment and treatment of the rat model
The Ethics Committee of South China University of Technology
(2022039) approved this research. Besides, animals used in the
trial were housed according to the program approved through the
Institutional Animal Care and Use Committee. Specifically, South
China University of Technology provided 24 male rats (adult), and
all rats were grouped randomly as the Dox, Control, Dox + Emp
(empagliflozin), and Dox + Met (metoprolol) groups (each group
for six rats). Dox (2.5 mg/kg) was intraperitoneally injected into
SD rats, twice a week, for 4 weeks (cumulative dose 20 mg/kg), to
establish the rat model of Dox-induced cardiotoxicity.14 The dose
of empagliflozin (30 mg/kg/day) was set based on the previous
studies.15,16 After the completion of rat models, the rats in each
group received following different treatments next day. Briefly
speaking, the Dox group rats were given 3-mL distilled water
intragastrically; the Dox + Emp group rats were administrated
with 30 mg/kg empagliflozin intragastrically; and the Dox + Met
group rats were gavaged with 25 mg/kg metoprolol. The above
treatments were implemented once a day, for a total of 4 weeks.
As for rats in the Control group, normal saline (the same doses
as Dox) was intraperitoneally injected, twice a week, for four
consecutive weeks; after that, rats were gavaged with 3-mL dis-
tilled water once a day, for a total of 4 weeks. Subsequently,
echocardiography was performed in each group on the day after
the last dosage of treatment. Finally, the rats were euthanized for
the collection of the heart and blood samples.

Echocardiography
Ultrasound imaging and cardiac function measurements in rats
were conducted using a high-frequency ultrasound device (Vevo
770, VisualSonics Inc., Toronto, Canada) carrying an MS-250S

probe (13–24 MHz). M-mode Teicholz based on two-dimension was
used to measure ventricular parameters including EF, fractional
shortening (FS), left ventricular end-systolic diameter (LVESD) and
left ventricular end-diastolic diameter (LVEDD). Before operation,
all rats were weighed, followed by anesthesia via 2–3% isoflurane.
Subsequently, their hair in the abdomen, chest, and neck was
removed with depilatory creams; their body temperature was con-
trolled at 37◦C by fixing them supine on a heating pad. Afterwards,
limb electrodes placement was operated on rats to continuously
monitor their respiratory rate, body temperature, and heart rate
(HR). LVESD, EF, FS, and LVEDD were also recorded. By the way,
all electrocardiographic measurements were the average of three
cardiac cycles.17

HE staining
After fixing with paraformaldehyde (4%) for 12 h, the rat heart
tissues were embedded and sectioned. The sections were washed
with PBS three times for 10 min, followed by mounting. After slide
preparation, staining was performed based on the instructions
of HE (Hematoxylin & Eosin) staining kit (Solarbio, China) and
pathological changes of heart tissues were observed under a
biomicroscope.

Biochemistry tests
The collected blood of rats in each group was allowed to stand in
a centrifuge tube at 4◦C. After 20 min, the blood was centrifuged
at 3,000 r/min for 20 min at 4◦C, and the supernatant (serum)
was collected and divided into aliquots for testing. Later, 50 mg of
myocardial tissue from rats was collected into a homogenization
tube, and homogenization beads were added to the homogenizer
to fully homogenize for 3 min until no tissue block was observed.
Afterwards, the homogenized tissues were centrifuged at 4◦C,
12,000 r/min, and after 10 min, the supernatant was acquired.
The levels of creatine kinase isoenzyme (CK-MB) in serum and
malondialdehyde acid (MDA), catalase (CAT), and superoxide dis-
mutase (SOD) in myocardial tissues were checked in the light
of the corresponding biochemical assay kit (Nanjing Jiancheng
Bioengineering Institute, China) manuals.

Enzyme-linked Immunosorbent Assay
Serum from each group of rats isolated in Section 1.4 was uti-
lized to detect the adenosine monophosphate (AMP), adenosine
diphosphate (ADP), adenosine triphosphate (ATP), and N-terminal
pro-brain natriuretic peptide (NT-proBNP) levels in the serum.
The ATP/ADP ratio was calculated as referring to the correspond-
ing ELISA (Enzyme-linked Immunosorbent Assay) kit (Nanjing
Jiancheng Bioengineering Institute, China) instructions.

Western blot
Myocardial tissues were loaded with RIPA cell lysate (Beyotime,
China) and homogenized in a tissue homogenizer. After 30 min
of lysis on ice, the tissues were centrifuged at 10,000 rpm at 4◦C;
20 min later, the total protein was extracted, and its concentration
was tested with a BCA kit (Beyotime, China). Subsequently, the
total protein (20 μg) was separated via SDS-PAGE then transferred
to polyvinylidene fluoride (PVDF) membranes. The membranes
were washed clean, followed by 1–2 h of blocking with 5% non-
fat dry milk. Next, TBST was adopted to wash the membranes for
three times, and the diluted primary antibodies (CST, USA) were
added for the incubation overnight at 4◦C. Later, after washing
with TBST for three times, the fixtures were supplemented with
the secondary antibodies (CST, USA) for another 1 h of incubation
at ambient temperature. Again, the membranes were washed
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Fig. 1. Empagliflozin (Emp) improved doxorubicin (Dox)-induced impairment of cardiac function in SD rats. (A)–(D): echocardiography to evaluate
LVEDD (A), LVESD (B), EF (C), and percentage of FS (D). ∗∗P < .01 vs. Control group, #P < .05 and ##P < .01 vs. Dox group.

with TBST for three times, and ECL chemiluminescence reagent
(Beyotime, China) was dripped for protein development and image
acquisition using a gel imaging system. Eventually, Image J soft-
ware was employed to analyze the gray level of the protein bands,
and the relative expression of the protein was calculated with β-
actin as an internal control.

Statistical analysis
All results were expressed as mean ± standard deviation (SD) and
statistical analysis was performed with SPSS 26.0. Comparisons
among multiple groups were performed via one-way analysis of
variance. P < .05 indicated significantly different.

Results
Empagliflozin improves doxorubicin-induced
impairment of cardiac function in SD rats
To determine the role of empagliflozin in Dox-induced cardiac
function, SD rats were housed to establish a Dox-induced car-
diotoxicity model then grouped in line with different treatments.
Compared with the Control group, Dox group rats exhibited a
noticeable climb in LVEDD and LVESD while a marked decline in
EF (56.45 ± 1.766% vs. 74.15 ± 2.037%) and FS (24.56 ± 1.439% vs.
47.71 ± 1.418%), indicating the successful construction of a Dox-
induced cardiotoxicity rat model. Furthermore, relative to the Dox
group, the Dox + Emp and Dox + Met group rats showed a remark-
able decrease in LVEDD and LVESD, whereas a great increase in EF
(65.88 ± 1.372% and 67.17 ± 2.826% vs. 56.45 ± 1.766%) and FS
(35.69 ± 2.096% and 36.15 ± 1.87% vs. 24.56 ± 1.439%) (Fig. 1A–D).

All in all, empagliflozin considerably bettered the cardiac function
of rats with Dox-caused cardiotoxicity.

Empagliflozin attenuates doxorubicin-induced
myocardial injury in SD rats
To investigate the functions of empagliflozin on Dox-induced
myocardial injury, the pathological changes of myocardial tissue
in SD rats were assessed by HE staining. Shortly speaking, the
Dox group rats displayed some obvious histological changes, such
as vacuolation, myocardial fiber disarrangement, myocardial cell
degeneration and necrosis, and inflammatory cell infiltration, in
the myocardial tissues. Whereas the myocardial tissues in the
Dox + Emp group and Dox + Met group rats exhibited moderate
vacuolization, irregular arrangement of myocardial fibers, and
reduced inflammatory cell infiltration; the histological changes
in the two groups were improved to a certain extent compared
with those in the Dox group (Fig. 2A). In addition, the serum
levels of NT-proBNP and CK-MB were measured in each group.
The outcomes indicated that the CK-MB and NT-proBNP levels in
the Dox group were remarkably up-regulated relative to those in
the Control group (P < .01) while markedly down-regulated in the
Dox + Emp and Dox + Met groups compared with those in the
Dox group (Fig. 2B/C). Consequently, empagliflozin considerably
alleviated Dox-induced myocardial tissue injury and decreased
level of myocardial damage-associated factors in rats.

Empagliflozin inhibits doxorubicin-induced
oxidative stress in SD rats
For assessing the effect of empagliflozin on Dox-induced oxida-
tive stress, the levels of oxidative stress-related substances (MDA,
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Fig. 2. Empagliflozin (Emp) attenuates doxorubicin (Dox)-induced myocardial injury in SD rats. (A): HE staining to observe the pathological changes of
myocardial tissue in rats of each group; (B): biochemical detection of creatine kinase isoenzyme (CK-MB) levels in the blood of rats of each group; (C):
ELISA to test N-terminal pro-brain natriuretic peptide (NT-proBNP) levels in the blood of rats of each group, ∗∗P < .01 vs. Control group, ##P < .01 vs.
Dox group.

Fig. 3. Empagliflozin (Emp) inhibits doxorubicin (Dox)-induced oxidative stress in myocardial tissues of SD rats. (A)–(C): the levels of oxidative
stress-related substances MDA (malondialdehyde acid, A), SOD (superoxide dismutase, B), and CAT (catalase, C) in myocardial tissue of rats in each
group were detected biochemically. ∗∗P < .01 vs. Control group, #P < .05, and ##P < .01 vs. Dox group.

SOD, and CAT) in the myocardial tissues of rats were further
measured. In brief, relative to the controls, the Dox group pre-
sented greatly climbed MDA levels and evidently decreased levels
of CAT and SOD. Besides, the MDA levels were markedly lowered,
whereas the SOD and CAT levels were obviously elevated in the
Dox + Emp and Dox + Met groups matched with those in the
Dox group (Fig. 3A–C). In conclusion, empagliflozin significantly
inhibited oxidative stress in myocardial tissues of rats with Dox-
induced cardiotoxicity.

Empagliflozin improves doxorubicin-induced
cardiac energy metabolism impairment in SD
rats
The effect of empagliflozin on Dox-induced cardiometabolic
impairment was further evaluated by observing the changes of
ATP, ADP, and AMP in serum and the value of ATP/ADP. Researches
manifested that empagliflozin modulated Dox-induced cardiac
energy metabolism in rats. Specifically, compared with the

Control group, the Dox group exhibited notably higher ADP levels
while much lower ATP levels and ATP/ADP value. Additionally,
in Dox + Emp and Dox + Met groups, the ADP levels in the
serum of rats were significantly lower, whereas the ATP levels
and the ATP/ADP value were obviously higher than those in the
Dox group. Moreover, there was no significant difference in the
changes of AMP levels in the serum of rats (Fig. 4A–D). Thus,
it could be concluded that empagliflozin greatly ameliorated
mitochondrial energy metabolism disturbances in Dox-induced
cardiotoxicity rats.

Empagliflozin activates doxorubicin-induced
AMPK/SIRT-1/PGC-1α signaling pathway in SD
rats
Studies have demonstrated that AMPK/SIRT-1/PGC-1α signaling
pathway is an energy sensing network that significantly regulates
mitochondrial biogenesis, energy metabolism, as well as oxidative
stress.18 To further determine whether empagliflozin exerts some
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Fig. 4. Empagliflozin (Emp) improves doxorubicin (Dox)-induced impairment of cardiac energy metabolism in SD rats. (A)–(D): the levels of ATP
(adenosine triphosphate, A), ADP (adenosine diphosphate, B), and AMP (adenosine monophosphate, C) in serum were measured by ELISA and the
ATP/ADP ratio (D) was calculated. ∗∗P < .01 vs. Control group, #P < .05, and ##P < .01 vs. Dox group.

of the above effects in Dox-induced cardiotoxicity rats through the
same pathway, we detected the expression of AMPK/SIRT-1/PGC-
1α related pathway proteins (AMPK, p-AMPK, PGC-1α, and SIRT-1)
in myocardial tissues of rats. It was shown that the p-AMPK, SIRT-
1, PGC-1α protein levels, and the p-AMPK/AMPK value in myocar-
dial tissues of rats in the Dox group were notably decreased
relative to those in the Control group, whereas the protein lev-
els of p-AMPK, SIRT-1, PGC-1α and the p-AMPK/AMPK value in
myocardial tissues of rats in the Dox + Emp and Dox + Met
groups were considerably raised in comparison with those in the
Dox group (Fig. 5A/B). From the above, empagliflozin was revealed
to activate the AMPK/SIRT-1/PGC-1α signaling pathway in Dox-
induced myocardial tissue from SD rats.

Discussion
Cardiotoxicity caused by exposure to Dox is a result attributed
to multiple mechanisms. Pro-inflammatory cytokine storm, a
rise in iROS and [Ca2+]i, mitochondrial dysfunctions, apoptosis,
and necrosis are all responsible for this cardiotoxicity.12 Current
research shows that empagliflozin might relieve the cardiac
disease, independent of the presence or absence of diabetes and
regardless of the cause; and such benefits to cardiorenal function
have failed to be explained by the function of empagliflozin
in lowering blood glucose because some other antidiabetic
drugs with stronger antihyperglycemic functions have not
presented the similar effects.19 Mustroph et al. also proposed
the cardioprotective properties of empagliflozin on account of its
role as a calmodulin inhibitor.20 Santos-Gallego pointed out that
empagliflozin treatment betters cardiac function and myocardial
energetics by increasing myocardial ATP content [(conversion of
myocardial fuel metabolism away from glucose toward ketone

bodies (KB)], branched-chain amino acid (BCAA) and free fatty
acid (FFA), the expression of AMPK and PGC-1α.21 Besides, several
studies showed that empagliflozin alleviated cardiotoxicity of
anticancer drugs in cancer patients by inhibiting oxidative stress
and pro-inflammatory heart microenvironment in our and
previous research.12,22,23 Clinically, empagliflozin plays a vital
role in protecting cardiac functions.24 In order to comprehensively
elucidate the effect and possible mechanism of empagliflozin, we
constructed a rat model of Dox-induced cardiotoxicity. In brief,
compared with the Control group, the cardiac indices LVEDD
and LVESD were markedly elevated, whereas EF and FS were
remarkably declined in the Dox group. The HE staining images
showed some obvious histological changes in the myocardial
tissue of Dox-induced rats, such as vacuolation, myocardial
fiber disarrangement, myocardial cell degeneration and necrosis,
inflammatory cell infiltration. These ventricular parameters
and myocardial tissue pathological changes were consistent
with that in Dox-induced rats of Baris et al’s study.25 Thus, it
was suggested that the Dox-induced cardiotoxicity rat model
was successfully constructed. Additionally, after treatment of
empagliflozin, noticeable decreased LVEDD and LVESD while
increased EF and FS were observed in rats with Dox-induced
cardiotoxicity. This result was consistent with the findings of
Baris et al. that empagliflozin improved Dox-induced impairment
of cardiac function.26

Furthermore, researches have manifested that CK-MB is one of
the isoenzymes of CK and the detection of CK-MB level in serum
contributes to determining the myocardial injury degree.27 To be
specific, the increase of CK-MB level in serum indicates that CK-
MB leaks from the damaged myocardial cell membrane into the
circulation, and thus serves as an indicator of cardiotoxicity in
clinical practice.28 The synthesis and secreted of NT-proBNP were
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Fig. 5. Empagliflozin (Emp) activates doxorubicin (Dox)-induced AMPK/SIRT-1/PGC-1α signaling in SD rats. (A)/(B): Western blot to detect the protein
expressions of AMPK/SIRT-1/PGC-1α signaling pathway-related proteins AMPK, p-AMPK, SIRT-1, and PGC-1α in the myocardial tissues of rats in each
group (A) and the relative expression levels of the proteins were calculated by Image J (B), ∗∗P < .01 vs. Control group, ##P < .01 vs. Dox group.

completed via the ventricular myocardium, and the elevated NT-
proBNP level in acute coronary syndrome patients is a reminder
of impaired cardiac function.29 Recently, several articles have
claimed that the NT-proBNP level in the serum of Dox-induced
rats is significantly higher than that of the corresponding normal
rats.30–32 In this study, up-regulated CK-MB and NT-proBNP levels
were observed in the serum of rats with Dox-induced cardiotoxic-
ity. Fortunately, empagliflozin treatment greatly reduced the CK-
MB and NT-proBNP levels in the serum. Moreover, HE staining dis-
played that empagliflozin highly improved Dox-induced myocar-
dial vacuolation, myocardial fiber disarrangement, myocardial
cell degeneration and necrosis, and inflammatory cell infiltration.
From the above, it could be seen that empagliflozin markedly
alleviated Dox-induced cardiac tissue injury and cardiomyocyte
injury.

A study by Zhang et al. implicated that doxorubicin acti-
vated the pathways related to DNA response and apoptosis and
markedly altered the transcriptome selectively influencing mito-
chondrial biogenesis and oxidative phosphorylation in cardiomy-
ocytes in the presence of Top2β (an important driving factor of
the cardiotoxicity induced by doxorubicin).33 Cappetta et al. also
considered mitochondrial oxidative stress as one of vital fac-
tors causing Dox-induced cardiotoxicity.34 A low oxidant level is
essential for normal signal transduction processes, and excessive
oxidant level has been shown to be associated with a variety of
pathological conditions.35 The cumulative dose of Dox exceeding
500 mg/m2 will lead to increased oxidative stress,36 and reduced
redox cycling of electron transport chain complex I. As a result,
large amounts of ROS were produced and interruption of ATP syn-
thesis was thus induced, and meanwhile the generated ROS inter-
fered with normal mitochondrial function by reacting with nearby
mitochondrial biomolecules.37 Mitochondrial numbers, the main
subcellular target of Dox in cardiomyocytes, increased by 35–40%
compared with its numbers in other tissues, possibly being one
of the reasons why cardiomyocytes were vulnerable to injury.38

We found that Dox remarkably up-regulated MDA and down-
regulated SOD and CAT levels in rat myocardial tissue, whereas
empagliflozin treatment greatly lowered down MDA and ele-
vated SOD and CAT levels in myocardial tissue. In conclusion,
empagliflozin remarkably declined Dox-induced excessive oxida-
tive stress in cardiac tissue.

Moreover, previous studies have revealed that sirtuins (SIRT) 1
in the heart activates the autophagic process of cardiomyocytes,

inhibits apoptosis, and protects the heart from cardiovascular
injuries like atherosclerosis and ischemia-reperfusion injury.39

However, treatment with Dox downregulates SIRT1 and affects
PGC-1α, thus leading to excessive cell damage, mitochondrial
dysfunction, apoptosis, and oxidative stress.39 Besides, it is
reported that cardiac damage caused by Dox is linked to
AMPK, and AMPK regulates mitochondrial biogenesis, function,
autophagy, and fibrosis.40 At the same time, many researches
have manifested that Dox is responsible for down-regulation
of AMPK activity, which may be the mechanism leading to
down-regulation of SIRT1 expression.41 Dox was also found
to result in decreased activity of the AMPK/SIRT-1/PGC-1α

signaling pathway in this study, and empagliflozin treatment
activated AMPK/SIRT-1/PGC-1α signaling pathway activity in
rats with Dox-induced cardiotoxicity. What is more, a great
many papers state that empagliflozin can activate AMPK. For
instance, Zhou et al. found that empagliflozin trigger AMPK
activation by restoring the AMP-to-ATP value, inhibited the
phosphorylation of Drp1S616, promoted the phosphorylation of
Drp1S637, suppressed mitochondrial fission, thereby relieving
diabetic myocardial microvascular injury.42 Santos-Gallego et al.
also revealed that empagliflozin treatment improved myocardial
energetics and cardiac function in nondiabetic porcine model of
HF by increasing the expression of AMPK and PGC-1α.21 All the
above suggested that empagliflozin may prevent Dox-induced
cardiac damage by activating the AMPK/SIRT-1/PGC-1α signaling
pathway.

As is mentioned above, empagliflozin improved Dox-induced
cardiac tissue, functional impairment, oxidative stress, and
energy metabolism probably via activating the AMPK/SIRT-1/PGC-
1α signaling pathway. Nevertheless, as the molecular mechanisms
underlying its specific effects were not explored in this study, the
specific mode of regulation of empagliflozin is uncertain. Besides,
since this study was only performed in the body of rats, a large
number of clinical trials are required to fully verify the effect of
empagliflozin for further clinical use.

Conclusion
To sum up, empagliflozin prevents Dox-induced cardiotoxicity by
improving Dox-induced cardiac tissue and function impairment,
inhibiting oxidative stress in myocardial tissue, and modulating
mitochondrial energy metabolism. Notably, the protective effect
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of empagliflozin on heart may be correlated with the activa-
tion of the AMPK/SIRT-1/PGC-1α signaling pathway. In a word,
empagliflozin alleviates Dox-induced adverse effects.
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