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Abstract—The antidiabetic drug empaglif lozin is reported to have many cardioprotective effects. However, no
studies have investigated the protective effects of empaglif lozin (EMPA) in isoprenaline (ISO)-induced car-
diac oxidative damage-a model mimicking the harmful effects of excess catecholamines on the heart. There-
fore, in this study, we aimed to reveal the protective effect of EMPA in isoproterenol ISO-induced myocardial
infarction in rats. We induced myocardial infarction by subcutaneously injecting ISO (100 mg/kg). To deter-
mine the protective effects of EMPA on the myocardial damage, we administered two different doses (10 and
20 mg/kg) by gavage for 14 days. Here we have shown that a 20 mg/kg dose of EMPA completely rescues rats
from myocardial infarction by normalizing the following: elevated ST-segment, increased heart rate,
decreased R amplitude, prolongation of the QT interval, and shortened RR interval. In addition, EMPA
(20 mg/kg) ameliorates ISO-induced changes in serum cTnI, CK, ischemia-modified albumin (IMA),
LDH, AST, ALT levels, and heart index. It improves serum lipid profile by decreasing cholesterol, tri-
glycerides, LDL, and VLDL levels, and by increasing HDL levels. Moreover, EMPA (20 mg/kg) alleviates
increased myocardial oxidative stress and inflammation by decreasing MDA, TNF-α, and IL-6 levels and
increasing SOD and GPx levels. Furthermore, 20 mg/kg EMPA leads to reductions in DNA damage and
apoptosis by downregulating of 8-OHdG and caspase-3 expressions. Collectively, EMPA exerts its protective
effects on myocardial damage by improving oxidative stress, apoptosis, lipid profile and oxidative DNA dam-
age in ISO-induced experimental myocardial infarction in rats.
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INTRODUCTION

Myocardial infarction (MI) is a complex phenom-
enon that affects the mechanical, electrical, struc-
tural, and biochemical properties of the heart (Upa-
ganlawar et al., 2010). MI occurs after prolonged isch-
emia, inducing the loss of the cardiac myocytes.
Myocardial ischemia changes the oxidative status by
increasing ROS production leading to structural
deformation in proteins, lipids, and DNA (Manee-
wong et al., 2011). Specifically, to ameliorate the

effects of oxidative stress on DNA, certain enzymes
scavenge 8-hydroxy-2'-deoxyguanosine (8-OHdG),
which is formed as a result of oxidative damage in
DNA. 8-OHdG triggers apoptosis and has been used
as a biomarker of oxidative DNA damage (Norbury
and Zhivotovsky, 2004). Other known enzymes that
can be used as biomarkers in cellular damage due to
MI and stroke are the caspase enzymes (caspase 3 and 9)
(Zhang et al., 2017). Besides the oxidative stress,
inflammation is also a crucial factor in the ischemic
myocardial tissue (Raish, 2017; Woudstra et al., 2017).
S159



S160 MEHMET EKİCİ et al.
MI increases the cytokines and inflammatory cells
infiltration into the myocardial tissue, what can be
lethal for cardiomyocytes (Sharma and Das, 1997).

ECG recording is an important tool and has been
used in the diagnosis of MI. Rats with MI have ele-
vated ST-segments and decreased R wave amplitudes,
and these changes may reflect a myocardial lesion (El-
Gohary and Allam, 2017). On the other hand, creatine
kinase-MB (CK-MB), creatinine kinase (CK), lactate
dehydrogenase (LDH), and cardiac troponin T
(cTnT) or I (cTnI) are conventional sensitive and spe-
cific cardiac markers for the detection of myocardial
necrosis (Chawla et al., 2006; Gaze, 2009). In addi-
tion to ECG, ischemia-modified albumin (IMA),
lipid profile including total cholesterol (TC), tri-
glyceride (TG), and high-density lipoprotein (HDL)
have been linked to the development of MI (Chawla
et al., 2006; Gaze, 2009).

Isoprenaline/Isoproterenol (ISO), a synthetic cat-
echolamine and beta-adrenergic agonist, causes
severe stress in the myocardium, resulting in infarction
such as heart muscle necrosis in the experimental ani-
mal models. ISO-induced MI is a well-standardized
model and pathophysiological changes in cardiac
muscle are similar to the MI in humans (Panda and N,
2009). ISO injection stimulates auto-oxidation and
lipid peroxidation, leading to the generation of free
radicals, which cause destruction and damage in the
myocardial cell membrane (Loh et al., 2007; Raish,
2017). Furthermore, ISO reduces the activities of anti-
oxidant enzymes such as catalase, superoxide dis-
mutase, and glutathione peroxidase (Tang et al.,
2015). ISO-induced oxidative stress leads to an
increase in the production of pro-inflammatory cyto-
kines such as TNF-α and IL-1β (Abdelzaher et al.,
2021). ISO also increases the expressions of myocar-
dial pro-apoptotic (e.g. Bax, caspase 3, caspase 9,
cytochrome C, and p53) and anti-apoptotic (e.g. Bcl-2)
signaling proteins in rats (Radhiga et al., 2012; Oth-
man et al., 2017).

Sodium-glucose cotransporter-2 (SGLT2) reab-
sorbs approximately 90% of glucose from the blood
into the renal tubules. Blockade of SGLT2 prevents
the absorption of glucose and Na+ from the kidneys
and causes glucose excretion in urine. Recent clinical
studies have shown that SGLT2 inhibitors prevent car-
diovascular disorders, especially heart failure due to
type-2 diabetes (Zinman et al., 2015; Neal et al.,
2017). Empaglif lozin (EMPA) (trade name Jardi-
ance®) is a new generation of selective SGLT2 inhib-
itor, which is used for the treatment of type-2 diabetes,
and it was approved by the FDA in 2014 (Fala, 2015).
Although SGLT2 receptors are not present in cardiac
tissue, EMPA directly inhibits the Na+–H+ converters
in rabbit myocytes, consequently, increasing mito-
chondrial calcium concentration and decreasing
intracytoplasmic calcium concentration. This ulti-
mately protects myocytes against calcium toxicity that
causes heart failure (Baartscheer et al., 2017). The
antioxidant, anti-inflammatory, and vasculoprotec-
tive effects of EMPA have been demonstrated in a
type-1 diabetic rat model (Oelze et al., 2014). Kusaka
et al. (2016) reported that EMPA improves cardiac
remodeling and alleviates cardiac oxidative stress
independently of its effect on blood pressure. How-
ever, the exact mechanism is not fully understood.
Verma et al. (2018) reported that EMPA improves the
energy status of the heart by increasing ATP produc-
tion in myocardial cells in db/db mice. EMPA also
improves myocardial functions, reduces the myocar-
dial infarction area, and alleviates oxidative stress by
reducing lipid peroxidation and iNOS expression in
type-2 diabetic mice that are subjected to isch-
emia/reperfusion (Andreadou et al., 2017). After myo-
cardial infarction, induced by coronary ligation,
10 mg/kg dose of EMPA increases the expressions of
SOD2, catalase, and the use of ketone bodies in the
non-infarct area in rats with type-2 diabetes (Oshima
et al., 2019). In addition, EMPA improves the number
and size of mitochondria after coronary ligation in
diabetic rats (Mizuno et al., 2018).

Although the cardioprotective properties of EMPA
are known, to the best of our knowledge, no study has
experimentally examined its protective efficacy in
ISO-induced myocardial infarction in rats. In this
study, we aimed to investigate the protective effects of
EMPA in the ISO-induced rat myocardial infarction
model with regard to oxidative stress, inflammation,
apoptosis, biochemical heart function markers, and
ECG changes.

MATERIALS AND METHODS

Experimental Design and Animals

The study was approved by Sivas Cumhuriyet Uni-
versity Animal Experiments Local Ethics Committee
(approval no. 65202830-050.04.04-293). The experi-
ments were performed under normal experimental
settings at the Sivas Cumhuriyet University Faculty of
Medicine Experimental Animals Laboratory
(light/dark cycle of 12/12 h with 50% humidity, 22°C
ambient temperature). Rats received standard rat
chow (Bil-Yem, Nükleon®) and tap water ad-libitum.
Two-and-a-half-month-old male Wistar Albino rats,
weighing 200–250 g, were randomly divided into four
equal groups (n = 6) after an adaptation period of one
week.

(1) Control: The rats in the control group were admin-
istered 0.5% DMSO by oral gavage for 14 days, followed by
1 mL saline subcutaneously on days 13 and 14.

(2) ISO: The rats in this group received 0.5%
DMSO by oral gavage for 14 days. In addition to this,
isoproterenol hydrochloride (100 mg/kg) (Sigma
Aldrich, USA) was given subcutaneously on days 13
and 14 (Panda et al., 2017).
BIOLOGY BULLETIN  Vol. 49  Suppl. 1  2022
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(3) ISO + EMPA10: The rats in this group were
administered 10 mg/kg of Empaglif lozin (BLD
pharm, Shanghai, China) dissolved in 0.5% DMSO by
oral gavage for 14 days. Isoproterenol hydrochloride
(100 mg/kg) (Sigma Aldrich, USA) was also adminis-
tered subcutaneously on days 13 and 14.

(4) ISO + EMPA20: The rats in this group were
administered 20 mg/kg of Empaglif lozin by oral
gavage for 14 days. All of the other interventions were
done as described in group 3.

ECG Recording
ECG was recorded with alligator clips in Einthoven

mode using Televet II ECG equipment (Kruuse, Ger-
many) 24 h after the last isoproterenol hydrochloride
administration under Ketamine (60 mg/kg-Alfam-
ine®, Ege Vet, İzmir)/Xylazine (10 mg/kg-Xylazin
Bio 2%, Bioveta, Czech Republic) anesthesia. ECG
traces were recorded for 5 min. Televet 100 (Version®
7.0.0, Kruuse, Heusenstamm, Germany) was used to
evaluate lead II trace the R wave amplitude, ST seg-
ment, QT interval, R-R interval, and heart rate
(Çetin, 2019; Soraya et al., 2012).

Determination of Serum Myocardial Injury Markers
and Lipid Profile

Blood was collected by cardiac puncture under
deep anesthesia after the ECG recording. The blood
samples were centrifuged at 3500 rpm for 10 min at
4°C and serum was then decanted. In the collected
serum samples, cardiac Troponin I (cTnI), lactate
dehydrogenase (LDH), and Serum Ischemia Modi-
fied Albumin (Serum IMA) were measured with com-
mercial ELISA kits (Bioassay Technology Laboratory,
Shanghai, China). Serum levels of alanine amino-
transferase (ALT), aspartate aminotransferase (AST),
creatine kinase (CK), triglyceride, cholesterol, LDL,
HDL, and VLDL were also measured with an autoan-
alyzer (Mindray BS 200). Following blood collection,
the thoracic cavity was opened, and the heart was
removed. Blotting paper was used to remove extra f lu-
ids from the heart samples and washed with physiolog-
ical saline. “Heart weight/Body weight ratio” was cal-
culated with the following formula: Ratio = Heart
weight/Body weight × 100.

Determination of Myocardial MDA, SOD,
and GPx Levels

Half of the heart was transferred to 10% formalde-
hyde for immunohistochemistry analysis after the
whole heart was weighed. The remaining half-heart
samples were weighed and kept at –20°C for further
analyses of malondialdehyde (MDA), superoxide dis-
mutase (SOD), and glutathione peroxidase (GPx).
The collected tissue samples were homogenized using
Bead Blaster™ 24 in chilled phosphate-buffered saline
BIOLOGY BULLETIN  Vol. 49  Suppl. 1  2022
(PBS, pH 7.4) for MDA analysis (9 mL of PBS was
added to 1 g of tissue). Determination of tissue MDA
levels was performed spectrophotometrically as
described by Ohkawa et al. (1979). It is based on the
532 nm spectrophotometric analysis of the pink-col-
ored complex produced by MDA, a subsequent prod-
uct of lipid peroxidation, and TBA following incuba-
tion of tissue homogenate in a boiling water bath for
one hour under aerobic conditions and pH 3.5.

SOD activity was measured using the ELISA kit
(Cayman Chemical Co., Ann Arbor, USA) according
to the manufacturer’s protocol. Myocardial tissues
were homogenized in 20 mM N-2 hydroxyethyl piper-
azine-N'-2-ethane sulfonic acid (HEPES buffer),
1 mM ethylene glycol tetra-acetic acid, 210 mM man-
nitol, and 70 mM sucrose, pH 7.2. The homogenate
was centrifuged at 10000 g for 15 min at 4°C and the
supernatant was collected. SOD activity was deter-
mined at 450 nm, based on the principle of using tetra-
zolium salt to detect hypoxanthine and superoxide
radicals formed by xanthine oxidase.

For GPx measurement, mycocardial tissues were
homogenized in cold buffer at pH 7.5 containing
50 mM Tris-HCl, 5 mM EDTA, and 1 nM dithioth-
reitol. The homogenate was centrifuged at 10000 g for
15 min at 4°C. The supernatant was removed. GPx
activity was determined ELISA kit (Cayman Chemi-
cal Company, USA) according to the manufacturer’s
protocol. Total protein determination was determined
by an autoanalyzer (Mindray BS 200).

Determination of Myocardial TNF-α and IL-6 Levels
Myocardial tissue was homogenized in chilled PBS

(pH 7.4) by Bead Blaster™ 24, centrifuged at 2000–
3000 rpm at 4°C for 20 min, and the supernatant was
obtained. Tumor necrosis factor-alpha (TNF-α) and
interleukin 6 (IL-6) levels were determined from the
obtained supernatants by ELISA kits (Bioassay Tech-
nology Laboratory, Shanghai, China).

Myocardial Immunohistochemistry Analyses
The heart tissue samples were placed in 10% form-

aldehyde and fixed for at least 48 hours. The samples
were then passed through a serial alcohol series and
embedded in paraffin blocks. Streptavidin-biotin-per-
oxidase complex technique was applied to the sections
taken from the tissue blocks. Primary antibodies were
diluted with phosphate-buffered saline (PBS, pH 7.4)
according to the manufacturer’s recommendations
and our preliminary studies. The kit (Zymed, Histo-
stain Plus Kit, California, USA) was used for the
immunohistochemistry (IHC) staining based on
SABK technique. Accordingly, the sections were
placed on slides coated with acetone-3-ethoxypropyl-
amine (Merck, catalog no: 8.21619, 100 mL acetone,
2 mL 3-ethoxypropylamine) and dried in an oven at
58°C for 30 min. The sections were then deparaffin-
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Fig. 1. ECG recordings in the experimental groups. (a) Control, (b) ISO, (c) ISO + EMPA10, (d) ISO + EMPA20.
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(c) (d)

Elevated ST segment

Depressed R wave
ized in xylol and dehydrated in serial alcohols. Antigen
retrieval was done by boiling the sections in a citrate-
buffered solution in a microwave oven at 600 W for
20 min. Sections were kept in 3% H2O2 prepared in
methanol for 10 min to remove endogenous peroxi-
dase activity and kept in protein-blocking serum for
10 min. They were then incubated at 4°C with anti-8-
OHdG (1/100, Santa-Cruz, sc-393871) and anti-
caspase 3 (1/100, Santa-Cruz, sc-7272) primary anti-
bodies for overnight. After the incubation, the sections
were washed and incubated with streptavidin peroxi-
dase enzyme (Histostain-Plus Kits, California, USA)
for 30 min by dripping biotin-labeled secondary anti-
body. After washing twice with PBS for 5 min each, the
sections were stained with 3-amino-9-ethyl carbazole
(AEC) (Zymed AEC RED substrate kit, USA) chro-
mogen for 10 min. Counterstaining was done with
Gill’s hematoxylin. Sections were sealed with water-
based adhesive (Shandon Immu-mount) and exam-
ined under a light microscope (Nikon, YS 100).

Statistical Analysis

Statistical analysis was performed using the Statis-
tical Package for the Social Sciences (SPSS for Win-
dows; version® 26.0) package program. The normal
distribution of the data was tested using the Shapiro–
Wilk tests. The data collected from serum and tissue
samples were evaluated using a one-way ANOVA fol-
lowed by post hoc Tukey HSD test. These data are
shown as mean ± standard error of means (sem). The
data collected from immunohistochemistry staining
were evaluated using Kruskal–Wallis analysis of vari-
ance. Post hoc multiple comparisons were done with
the Bonferroni-corrected Mann–Whitney U test. The
data collected from immunohistochemical analyses
are shown as median and interquartile range (IQR).
P values less than 0.05 were considered statistically
significant.

RESULTS

No mortality was observed in the present study
with the applied protocol.

Empagliflozin Rescues Rats from Defective Effects of ISO 
on ECG Parameters

ECG recordings are shown in Fig. 1. ISO injection
dramatically elevated the ST segment (P < 0.001) and
decreased the R wave amplitude (P < 0.001) which
proves that the MI model was successfully established.
The ISO administration also increased the heart rate
(P < 0.05), QT interval (P < 0.001), and the heart
index (P < 0.001), whereas it significantly decreased
the RR interval (P < 0.001). A dose of 20 mg/kg
EMPA protected rats from ISO-induced disturbances
such as elevated ST segments, increased heart rate,
decreased R amplitude, increased QT interval,
decreased RR interval, and increased heart index (P <
0.05). However, 10 mg/kg dose of EMPA did not
cause significant changes (P > 0.05) (Fig. 2).
BIOLOGY BULLETIN  Vol. 49  Suppl. 1  2022



CARDIOPROTECTIVE EFFECT OF EMPAGLIFLOZIN IN RATS S163

Fig. 2. The effect of empaglif lozin on ECG parameters and heart index. Changes in (a) ST segment elevation, (b) R amplitude,
(c) Heart rate, (d) QT interval, (e) RR interval, (f) Heart index. Data are expressed as mean ± standard error. * P < 0.05, ** P <
0.01, *** P < 0.001; compared to the control group, # P < 0.05, ## P < 0.01, ### P < 0.001; compared to the ISO group is sta-
tistically significant using one-way ANOVA post hoc Tukey HSD test.
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Empagliflozin Protects Heart from Myocardial Injury

ISO significantly increased markers associated
with serum myocardial injury such as cTnI, LDH, CK,
IMA, AST, and ALT (P < 0.05). However, 20 mg/kg
dose of EMPA significantly rescued elevated serum
cTnI, LDH, CK, IMA, AST, and ALT levels (P <
0.05). The effect of 10 mg/kg EMPA administration
was not statistically significant (P > 0.05) (Fig. 3).

Empagliflozin Normalizes the Impaired Lipid Profile

ISO administration markedly changed the serum
lipid profile including triglyceride, cholesterol, LDL,
and VLDL levels (P < 0.05). Moreover, ISO reduced
the serum HDL level (P < 0.01). However, 10 mg/kg
dose of EMPA significantly improved serum triglycer-
ide, HDL, and VLDL levels (P < 0.01), but not cho-
lesterol and LDL levels (P > 0.05). Notably, 20 mg/kg
dose of EMPA protected the serum lipid profile
BIOLOGY BULLETIN  Vol. 49  Suppl. 1  2022
changes such as increased serum triglyceride, choles-
terol, LDL, and VLDL levels (P < 0.05), but decreased
HDL levels (P < 0.001) (Fig. 4).

Empagliflozin Protects Myocardium from Lipid 
Peroxidation and Inflammation

Figure 5 shows the effect of EMPA on myocardial
lipid peroxidation and inflammation in ISO-induced
MI. The ISO administration dramatically increased
MDA, TNF-α, and IL-1β levels in myocardial tissue,
and considerably reduced SOD and GPx levels (P <
0.05). However, MDA levels were significantly
improved by 10 mg/kg dose of EMPA (P < 0.05). In
addition, 20 mg/kg dose of EMPA rescued rats from
the decreased levels of SOD, GPx, TNF-α, and IL-1β
(P < 0.05), while 10 mg/kg EMPA did not cause statis-
tically significant changes (P > 0.05).
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Fig. 3. The effect of empaglif lozin on markers of myocardial damage. Changes in (a) cTnI, (b) CK, (c) IMA, (d) LDH, (e) AST,
(f) ALT. Data are expressed as mean ± standard error. * P < 0.05, ** P < 0.01, *** P < 0.001; compared to the control group, # P <
0.05, ## P < 0.01, ### P < 0.001; compared to the ISO group is statistically significant using one-way ANOVA post hoc Tukey
HSD test.
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Empagliflozin Improves DNA Damage and Apoptosis

The control rats showed no 8-OHdG expression
(Fig. 6a), but the rats received ISO had abundant
8-OHdG expression (Fig. 6b). In addition, the inten-
sity of 8-OHdG IHC-staining in rats received
10 mg/kg EMPA was similar to the ISO group
(Fig. 6c). However, the 8-OHdG IHC-staining inten-
sity was significantly reduced in rats that received
20 mg/kg EMPA compared to the rats that received
ISO only (P < 0.05) (Figs. 6c, 6d, Table 1). No caspase
3 expression was observed in the control rats (Fig. 7a)
while intense caspase 3 expression was detected in the
myocardial tissues of ISO-treated rats (Fig. 7b). The
expression of caspase 3 in myocardial tissue of rats that
received 10 mg/kg EMPA was similar to that of the rats
in ISO group (Fig. 7c). However, the 20 mg/kg EMPA
dose significantly reduced caspase 3 expression com-
pared to the rats in ISO group (P < 0.01) (Fig. 7d,
Table 1).
DISCUSSION

In experimental rodent studies, isoproterenol is
frequently used to induce myocardial infarction in
order to investigate different cardioprotective agents.
High doses of isoproterenol cause myocardial necro-
sis, ischemia, hypoxia, and hyperplasia and these
findings are similar to the clinical findings of myocar-
dial infarction seen in humans (Panda and N, 2009).
Empaglif lozin, a new generation selective sodium-
glucose co-transporter 2 (SGLT2) inhibitor, was
found to exhibit preventive effects in a rat myocardial
infarction model induced by isoproterenol. Empagli-
flozin (20 mg/kg) significantly protected myocardial
infarction by reducing oxidative stress, DNA damage,
inflammation, and apoptosis, and improving myocar-
dial markers.

Myocardial lesions induced by isoproterenol have
been well-characterized in rats for over 50 years (Rona
et al., 1959; Hasan et al., 2020). The literature has
BIOLOGY BULLETIN  Vol. 49  Suppl. 1  2022
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Fig. 4. Effect of empaglif lozin on serum lipid profile. Changes in (a) Triglyceride, (b) Cholesterol, (c) LDL, (d) HDL, (e) VLDL.
Data are expressed as mean ± standard error. * P < 0.05, ** P < 0.01, *** P < 0.001; compared to the control group, # P < 0.05,
## P < 0.01, ### P < 0.001; compared to the ISO group is statistically significant using one-way ANOVA post hoc Tukey HSD test.
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recently focused on the isoproterenol model recapitu-
lating some salient features of Type 2 MI (T2MI)
(Forte et al., 2021). The harmful effects of excess cat-
echolamines on the heart are caused by impaired dia-
stolic function, tachycardia, and tachyarrhythmia,
resulting in an imbalance between myocardial oxygen
supply and demand and dysregulation of ryanodine
receptor 2 (RyR2) and calcium utilization (Ellison
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Table 1. Effect of empaglif lozin on myocardial caspase-3 and

Data are expressed as median (IQR). * P < 0.05, ** P < 0.01, *** P
### P < 0.001; compared to the ISO group is statistically significant
corrected Mann–Whitney U test.

Control IS

median (IQR) median

Caspase 3 0.00 (0.00) 3.00 (1

8-OHdG 0.00 (0.00) 3.00 (1
et al., 2007). These are all contributing factors to car-
diomyocyte necrosis and acute myocardial injury, and
the resulting degree and pattern of myocardial necro-
sis, inflammatory infiltration, and replacement fibro-
sis are reminiscent of the myocardial injury induced by
T2MI in humans (Forte et al., 2021). Recent clinical
studies have shown that SGLT2 inhibitors prevent car-
diovascular disorders, especially heart failure due to
 8-OHdG expression

 < 0.001; compared to the control group, # P < 0.05, ## P < 0.01,
 using Kruskal–Wallis analysis of variance and post hoc Bonferroni

O ISO + EMPA10 ISO + EMPA20

 (IQR) median (IQR) median (IQR)

.00)** 2.50 (1.00) 1.00 (0.00)##

.00)** 3.00 (1.00) 1.00 (0.25)#
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Fig. 5. Effect of empaglif lozin on oxidative stress and inflammation. Changes in myocardial tissue levels of (a) MDA, (b) SOD,
(c) GPx, (d) TNF-α, and (e) IL-6. Data are expressed as mean ± standard error. * P < 0.05, ** P < 0.01, *** P < 0.001; compared
to the control group, # P < 0.05, ## P < 0.01, ### P < 0.001; compared to the ISO group is statistically significant using one-way
ANOVA post hoc Tukey HSD test.
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Type-2 diabetes (Zinman et al., 2015; Neal et al.,
2017). It is clear that the effect of EMPA on outcomes
used prophylactically in ISO-induced MI in rats is
consistent with its curative effect on T2MI-induced
cardiovascular complications in humans and may
reveal possible mechanisms (Zinman et al., 2015).

It has been shown that cTnI is a powerful biomarker
for the sensitive and specific detection of heart damage
caused by various reasons in laboratory animals
(O’Brien et al., 2006; Frobert et al., 2015). cTnI, which
is specific for the heart muscle, is released into the cir-
culation 6–8 h after myocardial damage, peaks at 12–
24 h, and remains elevated for 7–10 days in humans
(Tucker et al., 1997). High troponin levels and
increase in the activities of CK, LDH, AST, ALT
enzymes indicate the risk of cardiac damage and sub-
sequent infarction (Lobo Filho et al., 2011; Li et al.,
2012) which is consistent with our study as evidenced
by the fact that rats with ISO-induced myocardial
infarction have higher cTnI levels than those of other
groups. Importantly, the administration of 20 mg/kg
EMPA protected rats from increased serum cTnI lev-
els. EMPA (20 mg/kg) also protected other important
markers of myocardial infarction (CK, AST, ALT, and
LDH) from ISO’s negative effects on myocardium.
Overall, the data suggest that EMPA (20 mg/kg) has
important preventive action on myocardial tissue by
restoring cellular integrity in rats with ISO-induced
myocardial infarction.

The IMA test can reliably detect the presence of
ischemia before necrosis develops (Uygun et al., 2011)
as serum IMA levels have been found to increase in
acute ischemia conditions such as myocardial infarc-
tion (Ertekin et al., 2013; Toker et al., 2013), indicating
that IMA might be used as a diagnostic marker.
Indeed, the increase in ISO-induced serum IMA lev-
els confirms this (Fig. 3). Notably, 20 mg/kg dose of
EMPA prevents rats from high IMA levels (Fig. 3),
BIOLOGY BULLETIN  Vol. 49  Suppl. 1  2022
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Fig. 6. The effect of empaglif lozin on myocardial 8-OHdG expressions. (a) 8-OHdG immune negative heart tissue. Control
group. Bar: 50 μm. (b) Intense 8-OHdG expression. ISO group. Bar: 50 μm. (c) Intense 8-OHdG expression. ISO + EMPA10
group. Bar: 50 μm. (d) Mild expression of 8-OHdG. ISO + EMPA20 group.
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50 μm

50 μm
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50 μm
suggesting that EPMA (20 mg/kg) restores the low
binding capacity of cobalt ions to albumin (Gurumur-
thy et al., 2014).

Lipid parameters may be useful in determining risk
factors for cardiovascular diseases. Hyperlipidemia
and hypercholesterolemia are risk factors for develop-
ing heart failure (Nagoor Meeran et al., 2012). It has
previously been reported that ISO administration
results in high lipid profile in an experimental model
of ISO-induced myocardial infarction in rats (Farvin
et al., 2006). The mechanism for this is that ISO leads
to an increase in cAMP formation by activating ade-
nylate cyclase. cAMP induces lipolytic activity result-
ing in the hydrolysis of stored triacylglycerol, thus
causing hyperlipidemia (Li et al., 2021). Consistent
with studies mentioned previously, we found that ISO
treatment increased blood levels of cholesterol, tri-
glyceride, LDL, and VLDL, but reduced HDL levels,
suggesting that EMPA (20 mg/kg) protects heart from
the development of myocardial infarction by improv-
ing high lipid profile which further improves the mem-
brane integrity in the myocardial tissue.

The elevation in ST-segment is the best ref lection
of ECG characteristics in the diagnosis of acute myo-
cardial infarction in humans and animals (Çetin,
2019). In addition, the reduced R wave amplitude
BIOLOGY BULLETIN  Vol. 49  Suppl. 1  2022
together with ST-segment elevation may be attribut-
able to ISO-induced myocardial necrosis because the
elevated ST-segment reflects the potential difference
at the border between ischemic and non-ischemic
regions and the consequent loss of cell membrane
function, while the decrease in R wave amplitude
might be related to the onset of myocardial edema
associated with oxidative damage (Patel et al., 2010).
Our data show that pretreatment of 20 mg/kg EMPA
markedly reduces the ST-segment elevation and
increases the R wave amplitude in rats with ISO-
induced myocardial infarction, suggesting that EMPA
exerts cell membrane protective effects by scavenging
free radicals. ISO exerts its activity through both adre-
noceptors 1 and 2 which leads to positive inotropic
and chronotropic effects (Prince, 2011). We found
that the administration of ISO significantly increased
heart rate which is consistent with a previous report
(Patel et al., 2010). The increase in heart rate may be
related to the positive chronotropic effects of ISO and
insufficient blood flow to the heart (Patel et al., 2010;
Prince, 2011). EMPA (20 mg/kg) administration pro-
tected the heart from tachycardia likely via its action
on adrenoreceptors (Prince, 2011).

Oxidative stress and reactive oxygen species (ROS)
play an important role in the pathogenesis and devel-
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Fig. 7. The effect of empaglif lozin on myocardial caspase 3 expressions. (a) Caspase-3-negative heart tissue. Control group.
(b) Intense caspase-3 expression. ISO group. (c) Intense caspase-3 expression. ISO + EMPA10 group. (d) Mild intensity
caspase-3 expression. ISO + EMPA20 group.

20 �m(а) 20 �m(b)

20 �m(c) 20 �m(d)
opment of myocardial infarction (Dhalla et al., 2010).
During the oxidation of catecholamines, oxidant rad-
icals are formed, which produce oxidative stress and
cardiotoxic effects. The overproduction of ROS sig-
nificantly disrupts the balance between the antioxi-
dant defense system and ROS. Superoxide radicals are
produced in the damaged area of the myocardium
causing a reduction in the activity of antioxidant
enzymes and accumulation of superoxide anion,
which further damages myocardial cells (Searle and
Willson, 1980). GPx, one of the antioxidant enzymes
linked to GSH, protects the cell and subcellular mem-
branes from peroxidative damage by eliminating
hydrogen peroxide and lipid peroxides. Inhibition of
this enzyme leads to the accumulation of these oxi-
dants and makes myocardial cell membranes more
susceptible to oxidative damage (Wattanapitayakul
and Bauer, 2001). The activities of SOD and CAT are
decreased by ISO administration. The decrease in the
activities of these enzymes in ISO-induced myocardial
damage may be due to the increased production of
reactive oxygen radicals such as superoxide and hydro-
gen peroxide (Karthikeyan et al., 2007; Li et al., 2012).
ISO also increases the MDA level in the heart tissue
and decreases the levels of antioxidant enzymes (Oktar
et al., 2010). In a previous experimental study, it was
revealed that EMPA improves the increased MDA
levels in damaged kidney tissue and the decreased
SOD and GPx activities (Ashrafi Jigheh et al., 2019).
Consistent with these studies, our data indicate that
EMPA (20 mg/kg) administration increases the levels
of antioxidant enzymes (SOD and GPx) and decreases
MDA levels which suggests EMPA protects heart from
the harmful effects of free radicals in ISO-induced rats.

Previous studies have reported that inflammatory
responses together with oxidative stress play an
important role in myocardial infarction (Kumar et al.,
2016; Thangaiyan et al., 2020). It has been shown that
excess proinflammatory cytokines such as TNF-α and
IL-6 are responsible for myocardial damage, which is
critically dependent on NF-kB activation. In normal
cells, NF-κB activation is inhibited due to tight con-
trol of the inhibitory kappa B (κB) family. During
pathophysiological conditions, IκB-α is phosphory-
lated and degraded by IjB kinase (IKK) enzymes.
Thus, IκB loses control over NF-κB, which allows for
NF-κB activation and translocation from the cytosol
to the nucleus. NF-κB binds to the promoter region of
target genes and causes the translation of inflamma-
tory cytokines (Karin and Delhase, 2000). In ISO-
induced rat myocardial infarction, TNF-α, IL-6, and
IL-1β levels are increased by ISO (Li et al., 2021)
BIOLOGY BULLETIN  Vol. 49  Suppl. 1  2022
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which is consistent with our results. In this study,
EMPA significantly decreased TNF-α and IL-6 levels
in heart tissue and exerted its protective effects on the
heart in rats with ISO-induced myocardial infarction
which might be due to its anti-inflammatory effect on
the NF-κB pathway (Zhang et al., 2020).

It has been suggested that the increased heart
weight seen in ISO-induced rats may be related to
increased water content, edematous intramuscular
space, and severe necrosis of cardiac muscle fibers,
followed by inflammatory cell invasion of injured tis-
sues (Patel et al., 2010). In our study, ISO significantly
increased the heart index in line with previous studies
(Patel et al. 2010; Li et al., 2012). Apoptosis has been
proposed as the cause of cardiac tissue destruction in
myocardial infarction. Furthermore, oxidative stress
increases myocardial infarction, beginning the apop-
tosis process by activating the mitochondrial apoptosis
pathway via Bax protein and caspase enzyme such as
caspase 3 (Zhang et al., 2017). Caspase 3 expression
was shown to be higher in ISO-induced MI in a previ-
ous study (Zhang et al., 2017). Consistent with these
findings, ISO enhanced myocardial caspase 3 expres-
sion in this study. It has been reported that EMPA
reduces caspase 3 expression in heart tissue in ISO-
induced MI model (Widyaningsih et al., 2017). Similar
to this, we also found that administration of 20 mg/kg
EMPA protects myocardial cells from apoptosis by
decreasing the expression of caspase 3.

8-OHdG is a very specific and sensitive indicator
of the degree of oxidative stress-related DNA damage
(Fiordaliso et al., 2006). Patients with heart failure
have higher levels of 8-OHdG in serum and myocar-
dium biopsy samples (Kono et al., 2006). In addition,
a study (Rani et al., 2015) reported that serum
8-OHdG level increases in the ISO-induced rat MI
model. In rats with ISO-induced MI showed
increased myocardial 8-OHdG expression that indi-
cates high DNA damage in the myocardium. How-
ever, EMPA (20 mg/kg) administration improved
myocardial 8-OHdG expression. This is consistent
with a previous study showing that EMPA alleviates
the increased cerebral 8-OHdG level in obese and
type 2 diabetic mice (Lin et al., 2014).

Study Limitations
There are several limitations in this study. First,

inhibition of SGLT2 was not proved. This is the main
limitation of the study even though previous studies
have shown that inhibition of SGLT2 and the benefi-
cial effects of SGLT2 inhibitors on heart failure in
patient with or without diabetes (Verma et al., 2018;
Savarimuthu and Harky, 2022). Second, echocardiog-
raphy and hemodynamic parameters could have been
considered as other important variables for the heart
function. Third, mitochondrial functions might have
been analyzed to monitor high-energy phosphate pro-
duction and increased ROS production.
BIOLOGY BULLETIN  Vol. 49  Suppl. 1  2022
CONCLUSIONS
EMPA has important protective effects on heart by

improving myocardial cell contractility, lipid profile,
cardiovascular markers, IMA levels, oxidative stress,
inflammation, apoptosis, and DNA damage.
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