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Objective: To evaluate the therapeutic benefits of dapaglifiozin and liraglutide as treatments for type 2 diabetes mellitus and their
combined effects on T2DM-related complications, specifically cardio-renal injury.

Methods: Thirty rats were randomly allocated into two groups, with the first group serving as the control group, which had 6 rats. The
second group was the experimental group, which had 24 rats administered a high-fat diet for four weeks, followed by a single dose of
streptozotocin (STZ) to induce diabetes mellitus (DM). This, combined with a high-fat diet, a low dose of STZ was used to cause sub-lethal
damage to beta cells. HFD/STZ is an easy method to successfully create a rat model resembling human T2DM, causing insulin resistance,
but it does not fully capture the complexity of human T2DM. The experimental group was randomly divided into a positive control group, a
liraglutide (0.4 mg/kg, s.c) group, a dapagliflozin (1 mg/kg, orally) group, and a combination of Dapa and lira group, which were
administered daily for four weeks. Blood samples were analyzed for glucose, insulin, and cardiac and kidney function markers. Cardiac
and kidney tissue were examined to assess redox balance, glutathione (GSH), catalase (CAT), and malondialdehyde (MDA).

Results: Dapa and/or lira administration improved the body weight, lipid profile, cardiac and kidney function markers. Furthermore, all
treating groups exhibited restoration of the balance between oxidants and antioxidants. Histological studies also revealed a reduction in
cardiorenal tissue injury caused by diabetes. Interestingly, the combined management of Dapa and Lira showed a more beneficial
protective effect than individual treatments. This study uniquely explores the simultaneous impact on cardiac and renal systems in a
diabetic model, offering novel insights into cardiorenal interaction and the combined therapeutic potential of Dapa and Lira.
Conclusion: These findings suggest that the combination of dapagliflozin and liraglutide provides superior protection against
diabetes-induced cardiorenal injury compared to either treatment alone, highlighting their potential as adjunctive therapies in reducing
type 2 diabetes mellitus complications.
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Background
Diabetes mellitus is a major global public health issue, affecting approximately 537 million individuals in 2021 and
projected to impact 643 million by 2030 and 783 million by 2045."

Diabetes mellitus (DM) is a systemic metabolic disorder characterized by chronic hyperglycemia resulting from
defects in insulin secretion, action, or both.>” The disease is a leading cause of cardiovascular events and diabetic
nephropathy, which are the primary contributors to morbidity and mortality in diabetic populations.*

T2DM induces persistent hyperglycemia, triggering oxidative stress, chronic inflammation, and endothelial dysfunc-
tion, contributing to progressive cardiac and renal tissue injury.'®'" This pathophysiological overlap underscores the
importance of therapeutic interventions targeting metabolic control and cardio-renal protection.
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Dapagliflozin, a sodium-glucose co-transporter 2 (SGLT2) inhibitor, acts by decreasing renal glucose reabsorption,
reducing glomerular hyperfiltration, and modulating hemodynamic and oxidative stress parameters, ultimately offering
cardioprotective and nephroprotective benefits. The proposed mechanisms of action are illustrated in Figure 1, demon-
strating how SGLT2 inhibition influences key renal and cardiovascular pathways.'?'” Liraglutide, a glucagon-like
peptide-1 (GLP-1) receptor agonist, enhances glucose-dependent insulin secretion while exhibiting anti-inflammatory
and antioxidative properties. It shows beneficial effects on cardiac and renal systems, as shown in Figure 2, which
outlines the multifaceted mechanisms contributing to its cardio-renal protection.'®

The rationale for combining these agents stems from their mechanistically complementary effects: dapagliflozin
primarily improves renal hemodynamics, metabolic parameters, and cardio protection, improving hemodynamic load,
reducing inflammation and oxidative stress, while liraglutide acts on inflammatory and oxidative pathways in both
cardiac and renal tissues.”**> Their combination is hypothesized to produce additive or synergistic benefits in attenuating
diabetes-induced organ damage.

Therefore, the present study aims to investigate the protective effects of dapagliflozin and liraglutide, alone and in
combination, on heart and kidney tissues in a rat model of T2DM induced by a high-fat diet and streptozotocin, focusing
on redox biomarkers and histopathological changes.

Materials and Methods

Drugs and Chemicals

The raw material, dapaglifiozin, was purchased from the Modern Pharmaceutical factory (Sana’a, Yemen). Liraglutide
(VICTOZA, Novo Nordisk, Bagsvaerd, Denmark) and streptozotocin (STZ) were acquired from Sigma Aldrich. All
further compounds were acquired from Himedia Company, Sana’a, Yemen.
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468 https: Journal of Experimental Pharmacology 2025:17



Albanna et al

| - GLP-1 |
Myocardial effects GLP-]

GLP-1

GLP-1R Inflammationd Oxidative Stress§
NF-xB NADPH oxidase

Natriuresis® Podocyte Loss
Myocardial arteries NHE3 Mesangial Dysfunction
‘ ANP Endothelial Dysfunction
Vasodilation ‘
GLP-1R EMTS Tubularljury

Inflammatory cells

Myocardium
L v v ] Renal Fibrosis §  Glomerulosclerosis §
Increased Improved
viability energetic
efficiency
Increased glucose
uptake Decreased Inflammation

Renoprotection

Figure 2 Cardio-renal protection mechanisms of GLP-1 receptor agonists.n‘23

Experimental Animals and Diets
Thirty adult male albino Wistar rats (10—12 weeks old, weighing 180 + 20 g) were obtained from Sana’a University’s
Animal House, Department of Biology. One week before the start of the treatment, the rats were acclimatized to the lab
environment, where six male rats were kept per cage, with a 12-hour light/dark cycle. Before the experiment, the rats
were fed a regular diet and water. The rats received precise numbers and marks after being weighed.

In the control group, the rats were fed a regular diet and water, while the other rats in the experimental group were fed a
high-fat diet HFD for 4 weeks; treatment was given for 4 weeks; the high-fat diet’s composition was as in previous

. 26,2
literature.?%’

Methods

Thirty rats were divided randomly into two groups, a control group (n = 6) and an experimental group (n = 24). After
four weeks of feeding a high-fat diet HFD, these rats were overnight fasted and injected with freshly prepared STZ
(40mg/ kg IP) single dose,?® dissolved in 0.1 M citrate buffer (pH 4.5).%° The rats in the normal control group received a
regular diet, normal saline orally, like the experimental group, and the same dosage of citrate buffer via intraperitoneal
injection (1 mL/kg, i.p). The rats in the rest of the groups received drinking water containing 5% sucrose for 48 hours
after being injected with STZ. This was done to prevent premature death that could have been caused by insulin release
from partially damaged pancreatic islets.’® After 72 hours, fasted rats’ Blood was drawn from a vein in the tail, and blood
glucose levels were checked using an Accu-Chek instant glucometer. Rats were determined to have diabetes if their

fasting blood glucose (FBG) level was greater than 250 mg/dl, and they were included in the study.”'

Experimental Design
The rats confirmed as diabetic were randomly divided into four groups of six in each group—an experimental design
according to.>* The following treatment regimen was used on diabetic and non-diabetic rats (Table 1).
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Table | Animal Treatment Protocol

Groups Treatment Regimen

Group | | ND+ Normal rats were injected with the vehicle, and normal saline was administered orally for 4 weeks.
Group 2 | HFD+DM diabetic control group received oral normal saline for 4 weeks.

Group 3 | HFD+DM+ Liraglutide (0.4mg/kg/d Sc),33 received oral normal saline for 4 weeks.

Group 4 | HFD+DM + Dapagliflozin (Img/kg/d PO),>*** dissolved in normal saline, for 4 weeks

Group 5 | HFD+DM + Liraglutide (0.4mg/kg/d Sc) + Dapagliflozin (I mg/kg/d PO) dissolved in normal saline®? for 4 weeks.

Abbreviations: DM, Diabetes Mellitus; ND, Normal Diet; HFD, High-Fat Diet; SC, Subcutaneous; PO, per oral.

Preparation of Citrate Buffer and Streptozotocin (STZ)

A total of 1.5 g of sodium citrate was separately dissolved in 50 mL of distilled water, and 1.05 g of citric acid was dissolved in
another 50 mL of distilled water. An amount of 21.5 mL of sodium citrate solution was mixed with 26.7 mL of citric acid
solution in a separate sterile beaker, and distilled water was added to make a final volume of 100 mL (pH 4.5).>° One
intraperitoneal injection of a single low dose of STZ 40mg/kg, diluted in 0.1 M sodium citrate buffer at pH 4.5 in a volume of 1
mL/kg body weight, was administered to each rat.*’

General Phenotypes Observation
Assessment of Body Weight
The alteration in body weight was measured before, during, and at the end of the animal experiment.

Animals’ Blood, Urine, and Organ Sample Collection

Following the study’s conclusion, the animals were transported after the last treatment to be kept separately in metabolic
cages for a 24-hour urine collection. The animals were euthanized while under anesthesia with chloroform. For the
biological analysis, blood samples were collected, and serum was separated for 15 min at 3000 rpm by centrifugation.
The heart and kidneys were collected, saline-washed, and weighed to determine their relative weight. The histological
examinations, the kidney and heart were suitably fixed in formalin at 10%.

Determination of Relative Organ Weight
All animals were weighed at the end of the experiment, and the weight of the organ, heart, and kidney of each animal was
calculated using the formula below:

Relative weight % = weight of the organ / Rat B.W x 100

Assessment of Body Mass Index (BMI)
The rats’ body lengths (nose-anus), lengths, and weights recorded during and at the end of the experiment were utilized
to compute BMI using the following formula: Body mass index (BMI) = body weight (g)/square length (cm2).*®

Assessment: Fasting Blood Glucose
Measurements of fasting blood glucose were made with Accu-Chek Instant and its test strip (Roche Diagnostics,
Germany), according to.*

Assessment of Insulin Level
ELISA kits (Elecsys Insulin) can be used to measure the levels of serum insulin*® by COBAS e 411 automated analyzers
(Roche Company).

Assessment of Serum Lipid Profiles
Including triglyceride, total cholesterol, low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein
cholesterol (HDL-C) by Cobas ¢ 501.
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Measurement of Serum Levels of Cardiac Biomarkers
Cardiac Troponin I For (Cobas e 411 analyzer) ELISA Kit. Serum creatinine kinase (CK-MB) COBAS INTEGRA 400
plus ELISA kits per the manufacturer’s specifications.

Assessment of Urine Parameters

Urine samples were collected for 24 hours to assess the following parameters: urine volume, creatinine (COBAS INTEGRA
400 plus), proteinuria (Cobas ¢ 702 module), and the creatinine clearance was calculated using the following formula:
Creatinine clearance (Ccr) = Urine creatinine X Urine volume (mL)/ Plasma Creatinine X Time (Min) according to.*'

Assessment of Biochemical Parameters
Blood samples were used to measure clinical biochemical parameters, including creatinine, serum urea, blood urea nitrogen
(BUN) using (COBAS INTEGRA / Cobas ¢ system), and potassium (K), according to the guidelines given by the manufacturer.

Assessment of Oxidative Stress

Cardiac and kidney tissue were homogenized in 10% (w/v) phosphate-buffered saline (PBS) using Omni International’s
Omni-125 handheld homogenizer manufactured in Kennesaw, GA, USA. In a 4°C centrifuge, the homogenates were
centrifuged at 5000g for 15 minutes. For measuring the glutathione (GSH) by using (Rat Glutathione, GSH ELISA;
Biosystems, India), catalase (CAT) by using (Rat Catalase, CAT ELISA; Biosystems, India), and Lipid Peroxide
malondialdehyde (MDA) colorimetric method (BIODIGNOSTIC, Egypt).

Histological Examination

Heart and kidneys, after dissection, saline-washed solution, thin sections transformed to formalin-fixed tissues, were dehydrated
in a graduated sequence of ethanol before being embedded in paraffin. Following that, at 3pum sections were incised using a
microtome (SLEE, Germany) and then stained with hematoxylin-eosin (HE) and Periodic Acid Schiff (PAS); HE and (PAS)
stained sections were examined using a digital microscope (Manual Olympus; BX51, JAPAN) at 400X magnification.*!

Statistical Analysis

The data were entered and analyzed using GraphPad Prism version 8.4 (GraphPad Software, San Diego, CA, USA). Data
were first checked for normality using the Shapiro—Wilk test. Normally distributed data are presented as mean + standard
error of the mean (SEM). One-way ANOVA was used for multiple group comparisons, while two-way ANOVA was
performed to assess the main and interaction effects of liraglutide and dapagliflozin treatments. Sidak’s post hoc test was
applied to subgroup comparisons. A p-value < 0.05 was considered statistically significant.

Result
Effects of liraglutide and/or Dapagliflozin on Body Weight (BW), Body Mass Index,
Heart, and Kidney Relative Weight.

Figure 3a showed that the BW of the diabetic group decreased in comparison to the control group, while showing a
significant reduction with treatment groups by liraglutide and/or dapagliflozin as compared to the group with diabetes (p-
value = 0.048, 0.0022, 0.0024), respectively. Figure 3b shows that the body mass index of the diabetes rats group
exhibited an insignificant increase in body mass index compared to the control group. However, when the liraglutide or
dapagliflozin groups or (liraglutide and dapaglifiozin combination-treated group) were compared with the diabetic group,
there was a significant decrease in the body mass index (p-value = 0.049, 0.0027, and 0.04), respectively. Figure 3c
illustrates that the diabetic group showed a non-significant increase in heart-relative weight compared to the control
group. Treatment with liraglutide (Lira) and/or dapaglifiozin showed a non-significant reduction in heart-to-body weight
in diabetic animals. Figure 3d illustrates that the group with diabetes exhibited a significant rise in kidney-relative weight
in comparison to the control group p-value = 0.001. Treatment with liraglutide showed a significant reduction in kidney-
relative weight in diabetic animals, p-value = 0.039. In comparison, treatment with dapagliflozin or liraglutide combined
with dapaglifiozin showed a non-significant decrease in kidney-relative weight in diabetic animals.
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Figure 3 Effect of liraglutide and/or dapagliflozin on body weight (BW), body mass index, heart, and kidney relative weight. (A) body weight, (B) body mass index, (C) heart
relative weight, (D) kidney relative weight. Each bar is expressed as Mean + SEM. Control vsDM: **P < 0.05; DM vs (DM+ Lira, DM+Dapa, and DM+Lira+Dapa): #P < 0.05;
#p < 0. 01; n =6 rats/group.

Abbreviations: Dapa, Dapagliflozin; DM, Diabetes Mellitus; Lira, liraglutide.

Effect of Liraglutide and/or Dapagliflozin on FBG and Insulin Levels in Diabetic Rats
Figure 4a shows statistically significant (p value < 0.0001) Elevated blood glucose levels in the group with diabetes
mellitus compared to the control group. In contrast, treatment with liraglutide, dapaglifiozin, and a combination of
liraglutide and dapaglifiozin for 4 weeks significantly reduced blood glucose levels compared to the diabetic group (p
value = 0.0004, < 0.0001, < 0.0001), respectively. Figure 4b indicates that the insulin level was higher in the diabetic
group, but not significantly compared to normal animals. Furthermore, with the administration of dapaglifiozin and/or
liraglutide, there was a decrease in serum insulin.

Effects of Liraglutide and/or Dapagliflozin on Troponin I, Creatine Kinase (CK-MB) in
Diabetic Rats

The effect of liraglutide and/or dapagliflozin treatment on troponin-I. As illustrated in Figure Sa, the diabetic group
showed elevated troponin-I levels compared to the normal control group, with a significant P value < 0.0001. Liraglutide,
dapagliflozin, and a combination of dapagliflozin and liraglutide treatment showed a significant reduction in troponin-I in
diabetic animals P value = 0.038, < 0.0001, and < 0.0001, respectively. As illustrated in Figure 5b, the diabetic group
showed an elevated in Creatine kinase level as compared to the normal control group, with a significant P value = 0.0005.
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Figure 4 Effect of liraglutide and/or dapagliflozin on FBG and insulin. (A) fasting blood glucose, and (B) insulin. Each bar is expressed as Mean + SEM. Control vs DM: ¥**P < 0,0001;
DM vs (DM+ Lira, DM+Dapa, and DM+Lira+Dapa): #*P < 0.0001 and **P < 0.001. n =6 rats/group.
Abbreviations: Lira, liraglutide; DM, Diabetes Mellitus; Dapa, Dapagliflozin.
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Figure 5 Effect of liraglutide (Lira) and/or dapagliflozin (Dapa) on troponin |, Creatine kinase (CK-MB). (A) troponin |, (B) Creatine kinase (CK-MB). Each bar is expressed
as Mean + SEM. Control vs DM: ¥%+P < 0.0001, **P < 0.001; DM vs (DM+ Lira, DM+Dapa, and DM+Lira+Dapa): “*#P < 0.0001, *P < 0.01, *P < 0.05. n =6 rats/group.
Abbreviations: DM, Diabetes Mellitus; Lira, liraglutide; Dapa, Dapagliflozin.

Dapaglifiozin and a combination of dapaglifiozin and liraglutide treatment significantly reduced Creatinine kinase in the
diabetic group, P value = 0.007, 0.0019, respectively.

Effects of Liraglutide and/or Dapagliflozin on Lipid Profile in Diabetic Rats

The effect of liraglutide and/or dapagliflozin treatment on cholesterol, LDL, TG, and HDL illustrated in Figures 6a—d, the
group with diabetes exhibited a rise in cholesterol, LDL, TG, and decreased HD levels a significant P value = 0.004,
0.0045, 0.009, 0.03 respectively. Was observed when compared to the normal control group. In contrast, liraglutide
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Figure 6 Effect of liraglutide and/or dapagliflozin on cholesterol, LDL, TG, and HDL. (A) cholesterol, (B) LDL, (C) TG, (D) HDL Each bar is expressed as Mean + SEM.
Control vs DM: #P < 0.01; *P < 0.05; DM vs (DM+ Lira, DM+Dapa, and DM+Lira+Dapa): P < 0.05. *P < 0.05. n =6 rats/group.
Abbreviations: Dapa, Dapagliflozin; DM, Diabetes Mellitus; Lira, liraglutide.

treatment showed a significant decrease in LDL, TG, and an increase in HDL p value = 0.035, 0.005, 0.01, respectively.
Dapagliflozin treatment showed a significant decrease in cholesterol, and LDL p value = 0.049, 0.038, respectively.
Liraglutide and dapagliflozin combination treatment showed a significant reduction in cholesterol, LDL, TG, and an
increase of HDL in the diabetic animals, P value = 0.01, 005, 0.001, 0.0019, respectively.

Effects of Liraglutide and/or Dapagliflozin Treatment on Renal Function in Diabetic Rats
Liraglutide and/or dapaglifiozin treatment affects serum creatinine, creatinine clearance, serum urea, and blood urea nitrogen
(BUN). As illustrated in Figures 7a—d. Compared to the normal control animals, the diabetes group had significantly elevated
serum creatinine, serum urea, and blood urea nitrogen levels P value = 0.004, 0.02, 0.0004, respectively. In contrast, liraglutide
treatment showed a significant reduction in serum creatinine and BUN p value = 0.049, 0.015, respectively) compared to the DM
group. Dapagliflozin treatment showed a significant reduction in serum creatinine as compared to the DM group P value = 0.02.
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Figure 7 Effect of liraglutide and/or dapagliflozin on serum creatinine, creatinine clearance, serum urea, and blood urea nitrogen. (A) serum creatinine, (B) creatinine clearance,
(C) serum urea, (D) Blood urea nitrogen. Each bar is expressed as Mean  SEM. Control vs DM: ##P < 0.01; *P < 0.05; DM vs (DM+ Lira, DM+Dapa, and DM+Lira+Dapa): “P < 0.05.
n = 6 rats/group.

Abbreviations: DM, Diabetes Mellitus; Lira, liraglutide; Dapa, Dapagliflozin; Cr Cl, creatinine clearance.

Liraglutide and dapaglifiozin combination treatment showed a significant reduction in serum creatinine and BUN compared to
the DM group, P value = 0.025, 0.01. Creatinine clearance showed a significant increase with the liraglutide and dapaglifiozin
combination treatment group compared to the diabetic group, P value = 0.016.

Effects of Liraglutide and/or Dapagliflozin Treatment on Urine Biomarkers in Diabetic Rats
Figures 8a—c illustrate the effect of liraglutide and/or dapagliflozin treatment on urine volume, creatinine, and protein. The
diabetic group showed a non-significant increase in urine volume compared to the normal control animals. In contrast, a

significant increase in protein in urine p value = 0.002 and a significant decrease in urine creatinine p value = 0.047
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Figure 8 Effect of liraglutide and/or dapagliflozin on urine volume, urine creatinine, and protein in urine. (A) urine volume, (B) urine creatinine, (C) protein in urine. Each
bar is expressed as Mean + SEM. Control vs DM: *P < 0.01; *P < 0.05; DM vs (DM+ Lira, DM+Dapa, and DM+Lira+Dapa): P < 0.05, *P < 0.01. n =6 rats/group.
Abbreviations: Dapa, Dapagliflozin; DM, Diabetes Mellitus; Lira, liraglutide.

compared to the normal control group. In comparison, liraglutide and /or dapaglifiozin treatment showed a non-significant
reduction in urine volume and urine creatinine, while Liraglutide, dapagliflozin, and a combination of dapagliflozin and
liraglutide treatment showed a significant reduction in protein in urine (p value = 0.04, 0.01, 0.004), respectively.

Effects of Liraglutide and/or Dapagliflozin Treatment on Oxidative Stress Markers in
Heart Tissue

Figures 9a—c illustrate the effect of liraglutide and/or dapaglifiozin treatment on oxidative stress markers catalase (CAT),
glutathione (GSH), and malondialdehyde (MDA) in heart tissue. The diabetic group showed a significant reduction in
CAT, GSH, and an increase in MDA (P value = 0.01, 0.0009, and 0.002, respectively, compared to the control group. In
addition, the effect of Liraglutide, dapaglifiozin, and a combination of dapaglifiozin and liraglutide treatment showed a
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Figure 9 Effect of liraglutide (Lira) and/or dapagliflozin (Dapa) on catalase (CAT), glutathione (GSH), and malondialdehyde (MDA) in heart tissue. (A) catalase, (B) glutathione, (C)
malondialdehyde. Each bar is expressed as Mean + SEM. Control vs DM: **P < 0.001: **P < 0.05; DM vs (DM+ Lira, DM+Dapa, and DM+Lira+Dapa): #P < 0.05, 7P < 0.01;n =6
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Abbreviations: DM, Diabetes Mellitus; Lira, liraglutide; Dapa, Dapagliflozin.

significant increase in catalase (CAT) in heart tissue, P value = 0.03, 0.01, 0.001, respectively. Dapagliflozin and a
combination of liraglutide and dapagliflozin treatment showed a significant increase in glutathione (GSH) in heart tissue,
P value = 0.006, 0.001, respectively. While Liraglutide, dapaglifiozin, and a combination of dapagliflozin and liraglutide
treatment showed a significant decrease in MDA in heart tissue (P value = 0.03, 0.01, and 0.001), respectively.

Effects of Liraglutide and/or Dapagliflozin Treatment on Oxidative Stress Markers in
Kidney Tissue

As illustrated in Figures 10a—c, the effect of liraglutide and/or dapaglifiozin treatment on oxidative stress markers
catalase (CAT), glutathione (GSH), and malondialdehyde (MDA) in kidney tissue. The diabetic group showed a
statistically significant reduction in CAT, GSH, and an increase in MDA (P value = 0.02, 0.0005, and < 0.0001),
respectively, compared to the control group. Liraglutide, dapaglifiozin, and a combination of dapagliflozin and liraglutide
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Figure 10 Effect of liraglutide (Lira) and/or dapagliflozin (Dapa) on catalase (CAT), glutathione (GSH), and malondialdehyde (MDA) in kidney tissue. (A) catalase,
(B) glutathione, (C) malondialdehyde. Each bar is expressed as Mean * SEM. Control vs DM: ***P < 0.001; ***P < 0.005; *P < 0.05; DM vs (DM+ Lira, DM+Dapa,
and DM+Lira+Dapa): P < 0.0001, ¥P < 0.01; P < 0.05; (n =6 rats/group).

Abbreviations: DM, Diabetes Mellitus; Lira, liraglutide; Dapa, Dapagliflozin.

treatment showed a significant increase in CAT of kidney tissue, P value = 0.04, 0.04, 0.01, respectively, compared to the
diabetic group. Dapaglifiozin and a combination of liraglutide and dapaglifiozin treatment showed a significant increase
in GSH in kidney tissue, P value = 0.03, 0.004, respectively. Liraglutide, dapagliflozin, and a combination of dapagli-
flozin and liraglutide treatment showed a significant decrease in MDA in kidney tissue levels (p-value = 0.04, 0.009, and
0.0001), respectively, compared to the diabetic group.

Effects of Liraglutide (Lira) and/or Dapagliflozin (Dapa) Treatment on

Histopathological Changes in Heart Tissue
The effect of liraglutide (Lira) and/or dapagliflozin (Dapa) on heart tissue in high-fat diet (HFD) diabetic rats is shown in
Figure 11. (A) The normal control rats exhibited a heart muscle with a normal histological structure. (B & C) The
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Figure 11 Photomicrographs of cardiac tissue sections stained with hematoxylin and eosin (H&E) from different experimental groups: (A) Normal control illustrates a heart
muscle with a normal histological structure, with a regular arrangement of muscle fibers. There is no edema or widening of extracellular spaces [400x]. (B) Diabetic group
shows interstitial edema (blue stars), with ears of lysis and disruption (arrowhead), an irregular arrangement of swollen myocytes that have distorted nuclei (black arrows).
Many myocytes are more eosinophilic with pyknotic nuclei (blue arrows) [400x]. (C) Additional view from diabetic group showing edema and increased extracellular spaces
(blue stars), with ears of lysis and disruption (arrowheads), and pyknotic nuclei (blue arrows) [400x]. (D and E) Treated diabetic groups with Dapagliflozin (DM + Dapa) and
Liraglutide (DM + Lira), respectively, show improved muscle fiber organization, resolution of edema, and minimal nuclear abnormalities. (F) Combination therapy group (DM
+ Dapa + Lira): nearly complete restoration of normal cardiac architecture [200x]. Scale bar = 100 pm.

diabetic group shows irregular arrangements of swollen myocytes that have distorted nuclei; many myocytes are more
eosinophilic with pyknotic nuclei, lysis, disruption, edema, and increased extracellular spaces. There was reduced
structural damage in the (E) DM + dapagliflozin and (D) DM + liraglutide treatment groups. The combination therapy
group (F) (DM + dapagliflozin + liraglutide) demonstrated nearly full recovery of the normal cardiac architecture.

Effects of Liraglutide (Lira) and/or Dapagliflozin (Dapa) Treatment on

Histopathological Changes in Kidney Tissue

The effect of liraglutide (Lira) and/or dapagliflozin (Dapa) on kidney tissue in diabetic rats is shown in Figure 12. That
was stained with Periodic Acid-Schiff (PAS) stain, Figure 10, from different experimental groups. (A) The normal
control group showed a normal renal cortex with a glomerulus, capsular space, distal and proximal tubules, Bowman’s
capsule, and renal corpuscle with an undamaged lining cell brush border. (B and C) Diabetes group (DM) shows small
glomeruli with increased mesangial matrix, obliterated capillaries, and wide Bowman’s space. The treatment groups, (D)
DM + liraglutide, (E) DM + Dapa, and (F) mixed (DM + Dapa + Lira), all revealed an improvement and almost have
similar histology to that of normal.

Two-way ANOVA revealed significant main effects of dapaglifiozin and/or liraglutide on all measured cardiometa-
bolic and oxidative stress markers, with dapagliflozin consistently accounting for a larger proportion of the variance. A
significant interaction effect was detected only for fasting blood sugar (FBS) (F (1,20) = 7.73, p = 0.0116), suggesting a
potential non-additive or synergistic effect. For all other parameters, interaction effects were not statistically significant
(p > 0.05), indicating that the treatments acted independently.
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Figure 12 Photomicrographs of renal tissues stained with Periodic Acid Schiff (PAS) from different experimental groups of rats. (A) Normal control shows a normal renal cortex
with normal renal corpuscle, glomerulus (G), Bowman’s space (BS), proximal tubules (PT), and distal tubules (DT) with an undamaged brush border [400x]. (B and C) Diabetes
group shows small glomeruli (G) with increased mesangial matrix and obliterated capillaries and wide Bowman'’s space (BS). Most of the tubules are widened and distorted with
detached epithelial cells and loss of brush borders [400x] On the other hand, the treatment groups, (D) DM + Lira, (E) DM + Dapa, and mixed (F) (DM + Dapa + Lira), all revealed
an improvement and almost have similar histology to that of normal. The improvement is more evident in the Lira and mixed groups [400x]. Scale bar = 100 ym.

Sidak’s post hoc analysis showed that both monotherapies significantly improved outcomes compared to the diabetic
control group (p < 0.05). However, combination therapy did not consistently provide additional benefits over mono-
therapy, supporting a plateau rather than a synergistic effect.

Discussion
The present study used an experimental model in rats that combined a high-fat diet with low-dose STZ (streptozotocin)
treatment to induce T2DM rat models, to mimic insulin resistance and partial pancreatic p-cell dysfunction.*” One of the
early physiological indicators assessed was body weight, which significantly decreased in diabetic rats compared to
healthy controls. This finding is consistent with previous studies, where weight loss in T2DM models has been linked to
protein catabolism, muscle wasting, fat breakdown due to insulin deficiency, and osmotic diuresis.***° In this study,
animals treated with dapagliflozin and liraglutide experienced a more significant reduction in weight compared to
diabetic animals. Dapaglifiozin, an SGLT2 inhibitor, works by inhibiting the reabsorption of approximately 90% of
glucose in the proximal convoluted tubule (PCT), leading to a significant loss in fat mass and visceral adipose tissue.***’
Liraglutide GLP-1 analog that promotes weight loss through appetite reduction, despite its effects on insulin secretion.*®
After 8 weeks of treatment, diabetic rats exhibited elevated fasting blood glucose (FBG) levels, increased cardiac enzymes,
dyslipidemia, impaired renal function markers, and oxidative stress. These findings collectively confirmed the successful
establishment of the T2DM model and the associated metabolic and organ dysfunction. Elevated FBG with relative
hyperinsulinemia observed in the diabetic group reflects insulin resistance, as similarly reported in previous studies.*>**~!
The administration of dapaglifiozin led to a greater reduction in blood glucose levels compared to liraglutide
monotherapy.®>*>> However, the combination of Dapa and Lira produced a more significant decrease in blood glucose
compared to either treatment alone. Probably due to improved beta cell function and higher urine glucose excretion.”
The release of cytosolic cardiac enzymes and the potential loss of cardiomyocyte integrity could be due to increased cardiac
enzymes in DM group. Other investigations have shown similar findings.*>>*> Notably, dapagliflozin exhibited a more potent
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cardioprotective effect compared to liraglutide, while both dapaglifiozin and liraglutide produced superior improvements in
cardiac enzymes and myocardial morphology compared to either treatment alone, consistent with previous studies.****

Lipid profile analysis revealed a significant increase in total cholesterol, LDL, and triglycerides, along with a decrease in
HDL in diabetic rats hallmarks of diabetic dyslipidemia.>* These alterations are attributed to chronic hyperglycemia and
insulin resistance disrupting lipid metabolism.>® The results of the current study indicate that dapagliflozin administration
improves lipid profiles, similar to previous studies.’®>* However, administration of liraglutide in diabetic rats reduced
blood triglyceride, total cholesterol levels, and LDL and increased HDL levels, consistent with previous studies.’**

Type 2 diabetes with uncontrolled hyperglycemia causes hemodynamic dysregulation and nephron functional
abnormalities, which lead to kidney injury. Consequently, there is an elevation in the permeability of plasma proteins
across the glomerular filtration barrier, resulting in an augmented excretion of proteins in the urine. Persistent elevation
of blood glucose levels generates reactive oxygen species (ROS), and oxidative stress is among the fundamental
mechanisms driving the development of nephrotoxicity and diabetic nephropathy.®' Dapaglifiozin therapy significantly
improved renal function parameters, reducing proteinuria and enhancing creatinine clearance, in accordance with prior
studies.’®®* Similarly, liraglutide showed beneficial effects on renal parameters, decreasing serum creatinine and BUN
while reducing proteinuria.®> ®> The more favorable outcomes in renal markers reported by El-Sherbiny et al compared
to our findings may be attributed to the longer treatment duration (8 weeks) employed in their protocol.®®

Oxidative stress markers were also significantly altered in diabetic rats, with increased malondialdehyde (MDA)
levels and decreased glutathione (GSH) and catalase (CAT) activity in cardiac and renal tissues. These findings reaffirm
carlier observations regarding the role of oxidative damage in T2DM-related complications.®*¢’

In the current study involving the renal tissue of diabetic rats, therapy with dapagliflozin and/or liraglutide resulted in
increased concentrations of GSH and CAT while reducing the concentration of MDA. Previous studies on Dapa treatment
that support the reduction of oxidative renal tissue injury and are effective in lowering blood glucose levels align with our
findings in the current study.** Various experimental models have reported that Lira exhibits antioxidant properties in
diabetic nephropathy.®® The combination of Dapa and Lira treatments had an additive effect in reducing oxidative injury
caused by DM and its associated renal complications. Both drugs effectively decreased MDA (malondialdehyde) levels
and restored glutathione and catalase activity in the affected tissues, with our findings in the current study and this agrees
with a prior study.®

Mechanistically, chronic hyperglycemia contributes to mitochondrial overproduction of reactive oxygen species
(ROS), resulting in oxidative damage to lipids, proteins, and DNA, ultimately impairing insulin signaling pathways
such as IRS-1/PI3K/Akt.®” "> The observed therapeutic benefits of dapaglifiozin and liraglutide may be partially
attributed to their roles in modulating oxidative stress and restoring insulin signaling, thereby reducing inflammation
and preserving tissue function.'®*°

Both Dapa and Lira demonstrate substantial protective effects against cardio-renal injury induced by diabetes mellitus
(DM). Consequently, these drugs hold promise as a prospective therapy strategy for individuals with diabetes to prevent
the development of long-term complications. Notably, the combination of both medications exhibited an additive effect,

further enhancing the cardiovascular protection observed.

Limitations

This study had several limitations. First, regarding the duration, it was conducted for four weeks, as in some previous
studies. Second, the animal diabetic model was used in this study to cause sub-lethal damage to beta cells. HFD/STZ is
an easy method to successfully create a rat model resembling human T2DM, causing insulin resistance, but it does not
fully capture the complexity of human T2DM. Third, the precise mechanistic protective effect of the tested combination
had no clear explanation. Future studies should include extended treatment periods, human clinical trials, and molecular
pathway analyses to validate and expand upon the outcomes of the current study.

Conclusions and Recommendations
Dapagliflozin and liraglutide demonstrated significant therapeutic benefits in treating type 2 diabetes mellitus and
mitigating T2DM-related complications, particularly cardio-renal injuries. Administration of Dapa and/or Lira led to
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notable improvements in cardiac and kidney function markers, indicating their efficacy in managing diabetes-related
organ damage. The treatments restored the balance between oxidants and antioxidants in the body, as evidenced by
changes in redox parameters such as malondialdehyde (MDA), glutathione (GSH), and catalase (CAT).

Histological examinations revealed a reduction in cardiorenal tissue injury caused by diabetes, suggesting that Dapa
and Lira have protective effects on these vital organs.

The combined treatment of Dapa and Lira exhibited an additive and more favorable protective effect compared to
individual treatments, indicating a potential for enhanced therapeutic outcomes with combination therapy. The study’s
unique contribution lies in its integrated cardiorenal assessment, which provides a novel perspective on combination
therapy effects and highlights its translational relevance.

However, it is important to note that this study was conducted in a preclinical animal model with a limited duration.
Further long-term and clinical studies are warranted to evaluate the sustainability and safety.

We recommend conducting long-term studies to evaluate the sustainability of the therapeutic effects of Dapaglifiozin and
Liraglutide over extended periods, to determine the optimal dosage combination, and to monitor safety under clinical conditions.
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