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SUMMARY:  Diabetes mellitus (DM) is a chronic metabolic disorder characterized by persistent hyperglycemia, leading to
progressive damage to multiple organs. Among the serious complications, diabetic cardiomyopathy (DCM) is increasingly recognized as
a major contributor to diabetes-related cardiovascular mortality. Sodium-glucose co-transporter-2 (SGLT2) inhibitors, such as empagliflozin
(EMP), are well established as glucose-lowering agents; however, their direct protective mechanisms on cardiac tissue remain incompletely
understood. This study aimed to explore the cardioprotective and molecular modulatory roles of EMP in a rat model of DCM. Forty male
albino rats (180–200 g) were divided into four groups (n=10): control, vehicle, diabetic, and diabetic treated with EMP (10 mg/kg/day)
for eight weeks. Cardiac tissues were analyzed histologically and immunohistochemically for aquaporin and a-smooth muscle actin (a-
SMA) expression. Molecular changes were further assessed by quantifying Prkn gene expression, a key regulator of mitophagy.
Empagliflozin treatment markedly improved cardiac histoarchitecture and reduced oxidative stress biomarkers compared to untreated
diabetic rats. Immunohistochemical analysis revealed significant downregulation of aquaporin and a-SMA expression. Additionally,
EMP treatment upregulated Prkn mRNA expression, indicating enhanced mitophagy activity within cardiomyocytes. Empagliflozin
exerts a distinct cardioprotective effect in diabetic rats by modulating aquaporin channels, cytoskeletal remodeling, and Prkn-mediated
mitophagy. These findings provide new mechanistic insights into the direct cardiac benefits of SGLT2 inhibition, supporting EMP as a
promising therapeutic target for diabetic cardiomyopathy.
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INTRODUCTION

Diabetes mellitus (DM) comprises a group of
metabolic disorders characterized by persistent hyperglycemia
resulting from impaired insulin secretion, insulin action, or
both (Loscalzo et al., 2022). Chronic elevation of blood
glucose levels induces widespread vascular and tissue injury,
contributing to serious complications affecting the

cardiovascular system, kidneys, eyes, and peripheral nerves.
According to the World Health Organization (WHO), diabetes
affects more than 422 million individuals globally and directly
accounts for approximately 1.5 million deaths each year
(Sanjari et al., 2025). Among its systemic manifestations, the
cardiovascular complications collectively termed diabetic
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cardiomyopathy (DCM) represent a major cause of morbidity
and mortality. DCM is characterized by myocardial fibrosis,
cardiomyocyte hypertrophy, ventricular dysfunction, and
structural heart remodeling, all of which contribute to
progressive deterioration of cardiac performance
(Balakrishnan et al., 2025).

Glucose transport in mammalian cells occurs via two
main systems: facilitative glucose transporters (GLUTs) and
sodium–glucose cotransporters (SGLTs). While GLUTs
mediate passive glucose diffusion along concentration
gradients, SGLTs actively transport glucose against this
gradient through sodium coupling. Among the six known
human SGLT isoforms, SGLT1 and SGLT2 are the most
physiologically and pharmacologically relevant, playing key
roles in glucose homeostasis and serving as major therapeutic
targets in diabetes and metabolic disorders (Hirayama et al.,
1991; Mueckler, 1994; Wright, 2001; Joost & Thorens, 2001;
Wood & Trayhurn, 2003; Scheepers et al., 2004).

Current therapeutic strategies often address diabetic
cardiomyopathy as a secondary complication of diabetes.
Glucose-lowering agents, including glucagon-like peptide-
1 (GLP-1) receptor agonists and sodium-glucose co-
transporter 2 (SGLT2) inhibitors, remain the mainstay of
treatment. SGLT2 inhibitors—such as canagliflozin,
dapagliflozin, empagliflozin, and ertugliflozin—lower blood
glucose by blocking renal glucose and sodium reabsorption
in the proximal tubules, promoting urinary excretion. This
insulin-independent mechanism not only improves glycemic
control but also confers notable cardiovascular and renal
protection, establishing SGLT2 inhibitors as key components
of modern diabetes management (Wiviott et al., 2019).

Although the benefits of empagliflozin, including
weight reduction and cardioprotection, are well established,
most studies have evaluated its efficacy as a second-line
therapy in combination with metformin and primarily in
patients with uncontrolled diabetes or heart failure. Emerging
evidence highlights its influence on energy metabolism,
cardiac fibrosis, and electrolyte homeostasis (Bertero et al.,
2018). Historically, phlorizin—first isolated from apple tree
bark—was the earliest natural SGLT inhibitor with potent
and selective activity against both SGLT1 and SGLT2.
Initially used to treat infectious diseases, it was later observed
to induce glycosuria, paving the way for the development
of modern SGLT2 inhibitors (Ghezzi et al., 2018).

Despite the well-established renal and metabolic
actions of sodium-glucose co-transporter-2 (SGLT2)
inhibitors, the direct cardioprotective mechanisms of
empagliflozin on myocardial tissue remain incompletely
understood. To elucidate these mechanisms, the present study

explored histopathological, immunohistochemical, and gene
expression alterations associated with mitochondrial injury
in diabetic cardiomyopathy. Specifically, we examined
oxidative stress–related changes and their impact on the
expression of two key markers: aquaporins (AQPs) and
alpha-smooth muscle actin (a-SMA). AQPs are
transmembrane channels widely expressed in various tissues,
including cardiomyocytes, where they facilitate water
movement along osmotic gradients (Agre, 2004; Egan et
al., 2006; Rutkovskiy et al., 2013; Tie et al., 2017). In
addition to water transport, certain AQPs are involved in
the translocation of glucose across cell membranes (Arie et
al., 2019). Excessive glucose flux through these channels
leads to concomitant water influx, contributing to
intracellular edema and cardiac dysfunction (Koepsell,
2020). Meanwhile, a-SMA, an actin-binding cytoskeletal
protein abundantly expressed in vascular smooth muscle
cells, plays a crucial role in maintaining extracellular matrix
(ECM) structure; its dysregulation has been associated with
maladaptive cardiac remodeling and fibrosis (Yuan & Wu,
2018).

To elucidate the molecular mechanisms underlying
cardiomyocyte differentiation in response to empagliflozin
treatment in a diabetic rat model, we examined the
expression of mitophagy-related genes, with a focus on the
Parkin (Prkn) pathway. This pathway has been implicated
in mitochondrial quality control and cardiomyocyte
homeostasis (Song et al., 2021). Notably, recessive loss-
of-function mutations in Prkn are associated with impaired
mitophagy and mitochondrial dysfunction (Mackey et al.,
2017). Based on this evidence, we hypothesized that
empagliflozin exerts cardioprotective effects in diabetic
cardiomyopathy by modulating oxidative stress and
enhancing Prkn-mediated mitophagy, thereby preserving
mitochondrial integrity and improving cardiac
histoarchitecture.

MATERIAL AND METHOD

Experimental Animals

Forty male albino rats, weighing 220-250 g,
participated in the experiments. All animals were housed in
accordance with the National Research Council's guidelines
for the care and use of laboratory animals. During the study,
the animals were housed in standard plastic cages at 21 ± 2
°C and 55 %-65 % humidity. They were subjected to a 12-
hour light-dark cycle and had free access to standard rat chow
and tap water (Mohamad et al., 2020). All procedures
received approval from the Institutional Animal Care and
Use Committee at Zagazig University, Egypt (approval
number: ZU-IACUC/1/F/185/2025).
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Chemicals

Empagliflozin (Jardiance, 25 mg; Boehringer
Ingelheim) was suspended in 0.5 % hydroxyethyl cellulose
(Sigma-Aldrich, St. Louis, MO, USA) and administered by
oral gavage, while placebo animals received vehicle only
(Bogdanffy et al., 2014). Streptozotocin was obtained from
Sigma-Aldrich (St. Louis, MO, USA). Total RNA was
extracted using TRIzol reagent (Invitrogen, Thermo Fisher
Scientific, USA). Serum insulin levels were measured using
a rat INS-EASIA kit (KAP1251; BioSource Europe S.A.,
Nivelles, Belgium). Cardiac superoxide dismutase (SOD)
activity was assessed with a colorimetric assay kit
(Invitrogen, SOD Colorimetric Activity Kit, Cat. No.
EIASODC, USA). Creatine kinase-MB (CK-MB) levels
were determined using a commercial kit (Pointe Scientific
Inc., Canton, MI, USA). Troponin levels were measured
using a standardized immunoassay kit according to the
manufacturer’s instructions. Fasting serum glucose levels
were quantified by the hexokinase method on a Cobas Integra
400 Plus analyzer, following established protocols (Warade
& Pandey, 2014).

Experimental Groups

A total of 40 adult albino rats were randomly
allocated into four groups (n=10 per group). Group 1
(control) was maintained under standard laboratory
conditions, received a standard chow diet, and was given
oral vehicle (0.5 % hydroxyethyl cellulose) daily for 8
weeks. Group 2 (EMPA) was maintained under the same
conditions and received empagliflozin at 10 mg/kg/day
(Ekici et al., 2022), suspended in 0.5 % hydroxyethyl
cellulose, and administered by oral gavage for 8 weeks,
after which the animals were sacrificed. In Group 3 (STZ),
type 2 diabetes mellitus was induced by a single
intraperitoneal injection of streptozotocin (STZ, 50 mg/kg)
dissolved in citrate buffer (Furman, 2021). After 48 h, rats
with fasting blood glucose levels >250 mg/dL were
considered diabetic and were followed until the end of the
8 weeks, when they were euthanized (Gheibi et al., 2017).
Group 4 (STZ + EMPA) was rendered diabetic using the
same STZ protocol, and rats with fasting blood glucose
>250 mg/dL after 48 h were subsequently treated with
empagliflozin (10 mg/kg/day in 0.5 % hydroxyethyl
cellulose by oral gavage) for 8 weeks before sacrifice.

The empagliflozin dose was determined by adjusting
for key pharmacokinetic differences and metabolic variations
between rodents and humans, such as the shorter half-life of
1–2 hours in rodents versus 10–12 hours in humans. This
dose has been previously shown to be effective and
equivalent to active human doses (Steven et al., 2017).

Animal euthanasia and sample collection

Rats were euthanized by intraperitoneal injection
of thiopental (12 mg/100 g body weight) following an
overnight fast (Pang & Laferriere, 2020). Blood samples
were obtained via cardiac puncture and collected into two
tubes per animal. Subsequently, the heart was excised and
processed according to the protocol described by Koay et
al. (2025). The cardiac tissue was divided into three
portions: a small segment of the left ventricle (50–100
mg) was immediately immersed in RNAlater solution
(0.5–1 mL), kept at 2–8 °C overnight, and then stored at -
80 °C for subsequent real-time PCR analysis. A second
portion was weighed and rapidly snap-frozen in liquid
nitrogen for biochemical assays. The remaining portion
was fixed in 10 % formalin for histopathological and
immunohistochemical evaluation.

Biochemical Procedure

Blood samples were collected from direct heart
puncture after anesthesia had been administered to assess
serum biochemical parameters. The blood was centrifuged
at 3000 rpm for 5 minutes. The serum was then separated
and divided into three microtubes (each containing 500
mL) and stored at -20 °C until further testing (Elkattawy
et al., 2025).

Assessment of Serum Fasting Glucose, Insulin, and
HOMA-IR

Serum glucose concentration was measured using
an enzymatic colorimetric assay with a commercial
glucose kit, and serum insulin levels were determined
using a rat insulin ELISA kit, both according to the
manufacturers’ instructions (Elkattawy et al., 2023).
Insulin resistance was estimated using the homeostatic
model assessment for insulin resistance (HOMA-IR),
calculated as follows: HOMA-IR = Fasting Blood Glucose
(mg/dl) x Fasting Insulin (IU/ml) / 22.5. Then, the formula
was applied directly, and glucose values were first
converted to mmol/L before calculation using the
Matthews et al., (1985) method.

Assessment of Cardiac Injury Biomarkers

Creatine kinase-MB (CK-MB) and troponin
activity were determined using a kinetic
spectrophotometric method originally described by Oliver
(1955) and subsequently modified by Rosalki et al. (2004).
Troponin levels were measured using a standardized
immunoassay kit according to themanufacturer’s
instructions (Hassan et al., 2023).
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Assessment of Cardiac Tissue Oxidative and
Antioxidant Biomarkers

Cardiac superoxide dismutase (SOD) activity was
measured according to the spectrophotometric method of
Kakkar et al. (1984). Cardiac malondialdehyde (MDA),
an index of lipid peroxidation, was quantified by the
thiobarbituric acid (TBA) assay as described by Ohkawa
et al. (1979), in which MDA reacts with TBA in an acidic
medium at 95 °C for 30 min to form a TBA-reactive pink
chromogen, the absorbance of which was measured at 534
nm using a spectrophotometer.

Molecular Expression Analysis of Cardiac-Related
Genes

Total RNA was extracted from cardiac tissue using
TRIzol reagent (Invitrogen, Thermo Fisher Scientific,
USA). Approximately 30 mg of whole tissue was
homogenized in 1 mL of TRIzol according to the protocol
described by Livak & Schmittgen (2001). RNA purity and
integrity were assessed using a NanoDrop® ND–1000
spectrophotometer (NanoDrop Technologies, Wilmington,
DE, USA), and samples with an A260/A280 ratio of 1.8-
2.0 were considered suitable for further analysis. RNA
concentrations were determined spectrophotometrically at
260 nm. Complementary DNA (cDNA) was synthesized
from 50 ng of total RNA using a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems™, USA)
according to the manufacturer’s instructions. The reverse
transcription reaction was carried out in a total volume of
20 µL containing 5 µL of RNA (50 ng), 4 µL of 5×
miRCURY RT reaction buffer, and 2.5 µL of 10×
miRCURY RT enzyme mix (Qiagen, Germany). The
reaction was incubated at 45?°C for 60?min, followed by

enzyme inactivation at 85?°C for 10?min using a Biometra
96-well thermal cycler (Applied Biosystems). All primers
were diluted in RNase/DNase-free water to the
concentrations recommended by the manufacturer before
use.  Real-time RT-PCR was carried out on a Rotor-Gene
Q 2plex Real-Time PCR System (Qiagen, Germany) using
TOPreal™ qPCR 2X PreMIX (SYBR Green with low
ROX; Cat. No. P725 or P750, Enzynomics, Korea), in
accordance with the manufacturer’s protocol (Table I).

Histopathological Analysis

Heart tissues were carefully excised, rinsed in saline
to remove excess blood, and immediately fixed in 10 %
neutral buffered formalin to preserve myocardial
architecture. Following fixation, specimens were processed
through a graded ethanol series for dehydration, cleared in
xylene, and embedded in paraffin wax using standard
histological techniques. Serial sections of 4 mm thickness
were cut on a rotary microtome, mounted on glass slides,
and stained with hematoxylin and eosin (H&E) for general
histopathological evaluation using the method of Bancroft
& Cook (1984).

Immunohistochemical (IHC) Analysis

To characterize the immunohistopathological
alterations associated with diabetic cardiomyopathy and to
assess the cardioprotective effects of empagliflozin,
paraffin-embedded heart sections (4 mm thick) were
subjected to immunohistochemical staining for aquaporin
and a-smooth muscle actin (a-SMA). Sections were
deparaffinized, rehydrated through graded alcohols, and
processed for antigen retrieval, followed by incubation with
specific monoclonal primary antibodies against aquaporin

Gene Primer Sequence (5’–3’) References
IL-8 Forward (5’–3’): CATTAATATTTAACGATGTGGATGCGTTTCA

Reverse (5’–3’): GCCTACCATCTTTAAACTGCACAAT
NM_030845.1

TGF-    ββββ1 Forward (5’–3’): GGAGCCACTGCCCATCGTCTACTAC
Reverse (5’–3’): GGAGCGCACGATCATGTTGGAC

NM_021578.2

TNF-αααα Forward (5’–3’): ACTGAACTTCGGGGTGATCG
Reverse (5’–3’): GCTTGGTGGTTTGCTACGAC

NM_012675.3

NF-kB Forward (5’–3’): CAGGACCAGGAACAGTTCGAA
Reverse (5’–3’): CCAGGTTCTGGAAGCTATGGAT

NM_199267.2

RAGE Forward (5’–3’): TGCCCAGCCTCCCCCTCAAA
Reverse (5’–3’): GGGTGGCCACGCAGCTGTAG

NM_053336.2

PKC  Forward (5’–3’): AGCCGGAGTGGATGGCTGGT
Reverse (5’–3’): CTCGCTTTCTTCCGGCGGCA

NM_19007.1

PRKN Forward (5’–3’): GAACTGTGGCTGTGAGTGGA
Reverse (5’–3’): GGTGTTTCCCATGAGGTCGT NM_020093.1

GAPDH Forward (5’–3’): GGCACAGTCAAGGCTGAGAATG
Reverse (5’–3’): ATGGTGGTGAAGACGCCAGTA NM_017008.4

Table I. primer sequences used for quantitative real-time PCR assay.
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and a-SMA, as described by Samuel et al. (2007).
Immunoreactivity was visualized using a horseradish
peroxidase–conjugated detection system with
diaminobenzidine (DAB) as the chromogen, yielding a
brown cytoplasmic precipitate in positively stained cells,
and nuclei were counterstained with hematoxylin for
optimal tissue contrast.

Morphometric Analysis

Cardiac tissue sections stained with hematoxylin and
eosin (H&E) were analyzed to quantify fibrotic areas using
the measuring field menu. Random microscopic fields were
examined at 100× magnification, with an average of 15
readings per animal and per group, resulting in a total of
90 measurements per group. H&E staining was performed
on every 20th section of the cardiac tissue, with each section
separated by approximately 50–60 µm to avoid repeated
counting of the same region. Indicators of cardiac injury
included interstitial edema, vascular dilation, fibrosis,
hemorrhage, and infiltration of inflammatory cells. Tissue
damage was graded on a semi-quantitative scale from 0 to
4, reflecting severity (0: none, 1: mild, 2: moderate, 3:
severe, 4: very severe). A single blinded observer performed
the scoring, evaluating at least five microscopic areas per
specimen. Key assessment parameters encompassed
histological evaluation of myocardial fibrosis (collagen
deposition), cardiomyocyte hypertrophy, and structural
remodeling characterized by increased interstitial fibrosis.
Immunohistochemical results were quantified by
morphometric analysis in ImageJ, measuring the percentage
area of aquaporin and α-SMA immunoreactivity at high
magnification (×400). Measurements were taken from
randomly selected fields of rat cardiac tissues to reduce
bias. Morphometric analysis of histopathological changes
in H&E-stained sections and immunohistochemical
expression will be performed using a light microscope
(LEICA DM500) with a digital camera (Leica ICC50 W),
Anatomy Department, Faculty of Medicine, Zagazig
University.  and Data were analyzed by "Image J 1.49v/
Java 1.6.0_244" (NIH, USA) Software.

Statistical Analysis

All data were collected, managed, and statistically
analyzed using IBM SPSS Statistics for Windows, version
22.0 (IBM Corp., Armonk, NY, USA). Quantitative results
are expressed as mean ± standard deviation (SD).
Morphometric and image-based analyses were performed
using GraphPad Prism software (version 8.4.3). Group
differences were assessed using one-way analysis of
variance (ANOVA), followed, where appropriate, by post
hoc multiple-comparison tests to determine significance
between groups. Data were considered significant when
the p-value was < 0.05.

RESULTS

Effect on Serum Fasting Glucose, Insulin, and
HOMA-IR

STZ administration markedly disrupted glycemic
homeostasis, as evidenced by significant increases in fasting
blood glucose, serum insulin, and HOMA-IR compared
with the control group. The elevated HOMA-IR indicates
the development of pronounced insulin resistance in the
diabetic rats (Elkattawy et al., 2022). EMPA treatment
partially improved these abnormalities, with reductions in
fasting blood glucose, serum insulin, and HOMA-IR
relative to the STZ group, suggesting an ameliorative effect
on glucose metabolism and insulin sensitivity. However,
the values in the STZ+EMPA group remained higher than
in the control group, indicating partial rather than complete
restoration of metabolic status (Table II).

Effect on Cardiac Injury Biomarkers

The results show that empagliflozin alone reduced
serum troponin and CK-MB levels compared with the
control group, whereas STZ markedly increased both
cardiac injury markers. Treatment with EMPA markedly
reduced troponin levels, restoring them to values
comparable to those of the control group. However, CK-

Table II. Effects of administration of empagliflozin on serum fasting insulin, fasting blood
glucose, and HOMA-IR in all groups.

Values are expressed as mean ± SD (10 rats per group). Superscripts indicate statistical significance at P < 0.05: a,
vs. control group; b, vs. empagliflozin group; c, vs. STZ group.

Control EMPA STZ STZ+EMPA

Serum fasting insulin levels (µiu/ml) 20.8±1.76 18.5±1.13 25.9±1.29a,b 22.4±1.76a,b,c

Serum Fasting Blood Glucose (mg/dl) 98.5±5.55 98±5.26 376±48.55a,b 266±34.75a,b,c

HOMA- IR 6.06±0.3 6.1±0.43 19.15±0.99a,b 12.98±1.33a,b,c
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MB levels in the EMPA group showed only partial
recovery toward normal levels (Fig. 1).

Effect on Cardiac Tissue Oxidative /
Antioxidative Markers

The control and EMPA-treated groups
exhibited relatively stable levels of oxidative and
antioxidant biomarkers. In contrast, STZ
administration induced significant oxidative stress
in cardiac tissue, as demonstrated by increased
MDA levels and disrupted SOD activity (p < 0.05).
Treatment with EMPA in the STZ+EMPA group
significantly mitigated these changes, as
evidenced by reduced MDA levels compared to
the STZ group and a restoration of SOD activity
toward normal levels (Fig. 2).

Effects on mRNA Expression of Pro-
Inflammatory and Fibrosis Markers Related
Genes

The control and EMPA groups showed
similar expression levels of IL-8, NF-kB, TNF-a,
TGF-b1, RAGE, PKC, and PRKN, indicating that
EMPA alone did not significantly alter these
markers. In contrast, STZ administration markedly
increased the expression of all measured genes (p
< 0.05), demonstrating activation of inflammatory,
fibrotic, and stress-related pathways in the diabetic
rats. Co-administration of EMPA with STZ reduced
the elevated expression of these genes compared
with the STZ group. However, the expression levels
in the STZ+EMPA group remained higher than
those of the control group, suggesting a partial
protective effect of EMPA against STZ-induced
molecular changes (Tables III and IV).

Values are expressed as mean ± SD (10 rats per group). Superscripts indicate statistical significance at P < 0.05: a, vs. control
group; b, vs. empagliflozin group; c, vs. STZ group. IL-8; interleukin 8, NF-KB; nuclear factor kappa b, TNF-a; tumor
necrosis factor alpha, TGF-b1; transforming growthfactor beta, RAGE; receptor for advanced glycation end products, PKC;
protein kinase C, and PRKN; Parkin RBR E3 Ubiquitin Protein Ligase.

Fig. 1. Effects of co-administration of empagliflozin on serum
troponin and CK-MB in all groups. Values are expressed as mean ±
SD (10 rats per group). Superscripts indicate statistical significance
at P < 0.05: a. vs. control group; b. vs. empagliflozin group; c. vs.
STZ group.

Fig. 2. Effects of co-administration of empagliflozin on cardiac tissue
SOD and MDA levels in all groups. Values are expressed as mean ±
SD (10 rats per group). Superscripts indicate statistical significance
at P < 0.05: a. vs. control group; b. vs. empagliflozin group; c. vs.
STZ group.

Control EMPA STZ STZ+EMPA

IL-8 1.09±0.04 1.14±0.12 1.57±0.17a,b 1.29±0.11a,b,c

NF-κκκκB 1.02±0.06 1.04±0.09 1.47±0.13,ca,b 1.24±0.16a,b,c

TNF-αααα 1.03±0.05 1.1±0.07 1.39±0.19 a, b 1.24±0.09a,b,c

TGF-ββββ1 1.01±0.09 1.15±0.1 1.46±0.17a,b 1.32±0.11a,b,c

RAGE 1±0.09 1.69±1.18 5.91±1.18a,b 3.74±0.17a,b,c

PKC 1.01±0.05 1.21±0.12 1.39±0.29a,b 1.22±0.15a,b,c

PRKN 0.23±0.04 0.25±0.05 1.16±0.10a,b 0.74±0.11a,b,c

Table III. Effects of co-administration of empagliflozin on mRNA expression of pro-inflammatory and fibrosis
markers related genes in STZ-induced diabetes in rats.
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Histopathological Results

H&E-stained sections of the control group revealed
bundles of branching and anastomosing cardiomyocytes
separated by narrow spaces. Cardiomyocytes showed a
regular outline, acidophilic sarcoplasm with visible cross-
striations, and a centrally located vesicular nucleus. Inter-
bundle spaces contained normal blood capillaries (Fig. 3A).
The EMPA group showed preserved architecture with
apparently small-sized cardiomyocytes, acidophilic
sarcoplasm, and centrally located nuclei. Slightly wider
interfibrillar spaces were observed compared to the control
group (Fig. 3B).

H&E-stained sections of STZ groups demonstrated
disruption of myocardial architecture with widened spaces
between muscle fibers (M). Observations included
inflammatory exudate, extensive hemorrhage, and severely
congested blood vessels. Many cardiomyocytes exhibited
fiber splitting, pale sarcoplasm with vacuolation, and darkly
stained nuclei with chromatin margination. Deeply
acidophilic cells with loss of striations and boxcar nuclei
were also observed, indicating Zenker’s degeneration (Fig.
4A-D).

H&E-stained sections of the left ventricle of the
STZ+ EMPA group revealed slightly widened spaces and
moderate splitting of the cardiomyocytes, accompanied by
inflammatory cellular infiltrates between irregular, wavy-
directed cardiomyocytes (Fig. 5A-D).

Immunohistochemical Results

Effect of EMPA on Aquaporin

Immunohistochemical staining for aquaporin in the
control group showed minimal reactivity (Fig. 6A). A mild
reaction was observed in the EMPA group (Fig. 6B). In
contrast, the STZ group demonstrated a severe reaction (Fig.
6C). Notably, administration of empagliflozin moderately
improved this reaction, as illustrated in Figure 6D.

Effect of EMPA on ααααα-SMA

In the control group, immunohistochemical staining
for a-SMA exhibited minimal expression (Fig. 7A). The
EMPA group displayed a mild positive reaction (Fig. 7B).
Marked staining intensity was evident in the STZ group
(Fig. 7C). However, treatment with empagliflozin resulted
in a moderate improvement in this reaction, as shown in
Figure 7D.

DISCUSSION

Diabetic cardiomyopathy remains a major contributor
to myocardial injury, in part through sustained intracellular
hyperglycemia that accelerates the formation of advanced
glycation end products and enhances reactive oxygen species
(ROS) generation (Yuan et al., 2019). In this setting, excess
free radicals attack membrane polyunsaturated fatty acids,
triggering lipid peroxidation and amplifying oxidative stress,

Fig. 3. (A) Photomicrograph of the left ventricle from a control adult male rat displaying bundles of branching and anastomosing
cardiomyocytes (M) separated by narrow spaces (*). The cardiomyocytes have a regular outline (blue arrow) and acidophilic sarcoplasm.
(Blue x). The sarcoplasm exhibits visible cross-striations (inverted blue triangle), with a single vesicular nucleus (N). Spaces between
muscle bundles contain normal blood capillaries (C). (H&E, x 400, scale bar 50 µm). (B) Photomicrograph of the left ventricle from an
adult male rat treated with empagliflozin, showing nearly normal bundles of branching and anastomosing cardiomyocytes (M), separated
by narrow spaces (*). The cardiomyocytes have a regular outline (blue arrow), appear smaller, and have more acidophilic sarcoplasm
than normal (Blue x). The sarcoplasm shows visible cross-striations (inverted blue triangle), with small, apparently normal nuclei (N),
and wider intercellular spaces compared to the control group (C). (H&E, x 400, scale bar 50 µm).
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Fig. 4. (A-D) Photomicrographs of the left ventricle of an adult male rat from the STZ group showing disrupted myocardial
architecture with widened spaces (*) between abnormal muscle fibers (MI). Inflammatory exudate (E), extensive hemorrhage
(hg), and severe congestion (Co) are observed, along with focal interstitial mononuclear cell infiltration (I). Blood vessels
(Bv) and capillaries are visible between cardiomyocytes. Many cardiomyocytes show splitting of fibers (MI), vacuolated
pale sarcoplasm (V), and dark-stained nuclei (curved arrows). Some nuclei display margination of chromatin (L-shaped),
and others show a boxcar appearance (Bc). There are apoptotic nuclei indicative of Zucker degeneration (bifid arrow). (A
to C H&E, x 400; scale bar for D is 50 µm, for D with scale bar 200 µm).

Table IV. Effects of Empagliflozin on Histological Features of Myocardial Fibrosis, Cardiomyocyte Hypertrophy, and Structural Remodeling
in STZ-Induced Cardiac Injury in Rats Across All Study Groups.

Data are expressed in the form of the second interquartile range (Quartile 3- Quartile 1) for each group. The number of examined fields is 10 for each
group. statistically non-significant (p>0.05).

Histopathological parameters Control EMPA STZ STZ+EMPA P value

Myocardial fibrosis 0(0-0) 0(0-0) 4(3-4) a, b 1(1-2) a, b,c <0.001

Interstitial fibrosis 0(0-0) 0(0-0) 3(3-3) a, b 1(1-1) a, b,c <0.001
Cardiomyocyte hypertrophied, wavy-
directed, and spitted 0(0-0) 1(1-1) a 2(2-2) a, b 2(1-2) a, b <0.001

Widened spaces & Inflammatory exudate 0(0-0) 1(1-1) a 4(3-4) a, b 2(1-2) a, b <0.001
Extensive hemorrhage (hg) and severe
congestion 0(0-0) 0(0-0) 4(3-4) a, b 2(1-2) a, b <0.001

Dark-stained nuclei, nuclei display
margination of chromatin (L-shaped), and
others show a boxcar appearance (Bc)

0(0-0) 1(1-1) a 4(3-4) a, b 2(1-2) a, b <0.001
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which in turn alters indices such as superoxide dismutase
(SOD) activity and malondialdehyde (MDA) levels as the
antioxidant system attempts to compensate. Progressive
disruption of cardiomyocyte membrane integrity and
permeability ultimately favors the development of necrotic
lesions within the myocardium.

Parallel to these biochemical alterations,
endogenous radical-scavenging systems, such as
superoxide dismutase (SOD) and related markers of lipid
peroxidation, are mobilized to limit oxidative damage at
the cellular level (Tawfik et al., 2016). These antioxidant
enzymes are pivotal in modulating oxidative stress during
cardiac injury, and their dysregulation is particularly
evident in diabetes, as experimental diabetic mouse models
exhibit markedly exacerbated oxidative stress (Li et al.,
2019).

The present study demonstrated that oxidative stress
biomarkers were markedly elevated in untreated diabetic
groups, whereas empagliflozin administration substantially
reduced these indices in treated animals. Notably, in Group
2 (empagliflozin alone), wider interfibrillar spaces were
observed relative to controls, suggesting subtle structural
modulation. These findings align with the cardioprotective
profile of empagliflozin described by Yang & Zhang
(2023), who reported that this SGLT2 inhibitor enhances
cardiac function, limits myocardial injury, and improves
cardiovascular prognosis in patients with diabetes.

Empagliflozin acts in the kidney by inhibiting the
sodium–glucose cotransporter 2, thereby reducing
proximal tubular reabsorption of both glucose and sodium
(Wiviott et al., 2019). In the present work, histological and
immunohistochemical assessment demonstrated intense

Fig. 5. (A-D) Photomicrographs of the left ventricle from an adult diabetic male rat treated with empagliflozin, showing slightly widened
spaces (*). Moderate splitting of cardiomyocytes (MI), with inflammatory cellular infiltrates (I) between irregular, wavy-directed
cardiomyocytes (Wc). Nuclei display margination of chromatin (L-shaped), with others stained darkly (curved arrows). (A to CH&E, x
400; scale bar 50 µm, and D with scale bar 200 µm).
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brown labeling for aquaporin and a-SMA in the diabetic
group, contrasting with the weak or absent staining observed
in control and empagliflozin-treated animals. This pattern
is consistent with experimental data indicating that altered
aquaporin expression modulates astrocyte migration and
water homeostasis, contributing to astrogliosis and edema
in inflammatory and ischemic conditions (Mader &
Brimberg, 2019; Sun et al., 2022). Furthermore, models with
aquaporin inhibition have shown suppression of glucose-
induced cell swelling, underscoring the role of these channels
at the interface of water and glucose dynamics (Tirado-
García et al., 2025).

Disruption of a-smooth muscle actin (a-SMA)
organization has been linked to vascular wall pathology,
including smooth muscle cell hyperplasia, disordered
collagen architecture, and fragmentation of elastic fibers,
changes that are accompanied by abnormally intense a-SMA
expression in aortic disease states (Yuan & Wu, 2018; Dye
et al., 2020). In the present work, gene expression profiling
focused on two key axes: mitochondrial quality control via
mitophagy (Prkn) and glucose homeostasis signaling

(MEN1). Prkn expression was significantly altered, with a
global reduction across diabetic groups relative to non-
diabetic controls—consistent with prior observations of
mitophagy impairment in hyperglycemic settings (Song et
al., 2022)—and a notable upregulation in response to
empagliflozin treatment.

The anti-diabetic action of empagliflozin, particularly
its glucose-lowering and organ-protective effects, appears
closely linked to modulation of Prkn-dependent mitophagy
(Zhu et al., 2024). Earlier studies have shown that Prkn plays
a central role in tagging and removing damaged
mitochondria; sustained high-glucose exposure suppresses
Prkn expression and disrupts glycolipid metabolism, thereby
aggravating mitochondrial injury (Li et al., 2020). In diabetic
nephropathy, such mitochondrial dysfunction is typified by
reduced mitochondrial membrane potential and impaired
respiratory chain activity, which together amplify oxidative
stress and tissue damage (Zhao et al., 2020).

The present findings are consistent with earlier work
on metformin, which has been shown to confer

Fig. 6. (A-D). Photomicrographs of the left ventricle from adult male rats in different groups, stained for aquaporin. There is minimal
reaction in the control group, mild in the EMPA group, severe in the STZ group, and moderate in the STZ+EMPA group
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cardioprotection, in part, by preserving mitochondrial
homeostasis in diabetic settings (Zhao et al., 2020). Notably,
our data highlight a distinct pattern of Prkn modulation,
suggesting that the sustained cardioprotective effect of
chronic empagliflozin treatment may be mediated by
stabilization of mitochondrial membrane potential and
maintenance of ATP production (Choi et al., 2023). Together,
these molecular changes align with the observed biochemical
and immunohistochemical improvements and further support
empagliflozin as a potent anti-diabetic agent with clinically
relevant benefits for patients with cardiovascular disease.
Collectively, these data reinforce the idea that targeting
mitochondrial quality control and oxidative–inflammatory
signaling offers tangible structural and functional benefits
in the diabetic heart. By integrating gene expression,
biochemical, and immunohistochemical evidence, this work
positions empagliflozin not only as a glucose-lowering drug
but also as a cardiometabolic modulator with the potential
to slow disease progression in high-risk patients. Further
longitudinal and mechanistic studies, particularly in human
populations, are necessary to determine the optimal timing

for treatment, clarify tissue-specific effects, and identify the
best strategies for incorporating empagliflozin into
comprehensive cardioprotective approaches.
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group.
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RESUMEN: La diabetes mellitus (DM) es un trastorno
metabólico crónico caracterizado por hiperglucemia persistente,
que conduce a un daño progresivo en múltiples órganos. Entre
las complicaciones graves, la miocardiopatía diabética (MCD)
se reconoce cada vez más como un factor importante en la
mortalidad cardiovascular asociada a la diabetes. Los inhibidores
del cotransportador sodio-glucosa tipo 2 (SGLT2), como la
empagliflozina (EMP), están bien establecidos como agentes
hipoglucemiantes; sin embargo, sus mecanismos protectores
directos sobre el tejido cardíaco aún no se comprenden
completamente. Este estudio tuvo como objetivo explorar las
funciones cardio protectoras y de modulación molecular de la
EMP en un modelo de rata con MCD. Cuarenta ratas albinas
macho (180–200 g) se dividieron en cuatro grupos (n=10):
control, vehículo, diabético y diabético tratado con EMP (10
mg/kg/día) durante ocho semanas. Los tejidos cardíacos se
analizaron histológica e inmunohistoquímicamente para
determinar la expresión de acuaporinas y actina alfa de músculo
liso (a-SMA). Los cambios moleculares se evaluaron
adicionalmente cuantificando la expresión del gen Prkn, un
regulador clave de la mitofagia. El tratamiento con
empagliflozina mejoró notablemente la histoarquitectura
cardíaca y redujo los biomarcadores de estrés oxidativo en
comparación con las ratas diabéticas no tratadas. El análisis
inmunohistoquímico reveló una disminución significativa en la
expresión de acuaporinas y α-SMA. Además, el tratamiento con
EMP aumentó la expresión de ARNm de Prkn, lo que indica
una mayor actividad de mitofagia en los cardiomiocitos. La
empagliflozina ejerce un efecto cardioprotector distintivo en
ratas diabéticas mediante la modulación de los canales de
acuaporina, la remodelación del citoesqueleto y la mitofagia
mediada por Prkn. Estos hallazgos aportan nuevos conocimientos
mecanísticos sobre los beneficios cardíacos directos de la
inhibición de SGLT2, respaldando a EMP como una diana
terapéutica prometedora para la miocardiopatía diabética.

PALABRAS CLAVE: Miocardiopatía diabética;
Inhibidor de SGLT2; Empagliflozina; Acuaporina; ααααα-SMA;
Mitofagia; Prkn.
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