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ABSTRACT: Empagliflozin and dapagliflozin exert their effects by inhibiting sodium glucose cotransporter 2 (SGLT?2),
which inhibits glucose absorption from renal tubules. This class of drugs has also been demonstrated in studies to be
protective against cardiovascular complications associated with type 2 diabetes mellitus (T2DM). Even in cases without
T2DM, they have clinical utility due to their cardioprotective effects. The effects of empagliflozin and dapagliflozin on
cardiovascular disorders remain incompletely understood. MicroRNAs (miRNAs) represent a class of small, non-coding
RNA molecules that have been implicated in the pathogenesis of cardiovascular damage. miRNA expressions increase or
decrease due to hyperglycemia and oxidative stress that occur in T2DM. This study intended to explore the SGLT2
inhibitor effects on miR-133a expressions in diabetic heart tissue by establishing a streptozotocin (STZ)/nicotinamide
(N'A)-induced diabetic rat model. Also, antioxidant activities were investigated in the heart and aorta tissue. Male-female
Sprague-Dawley rats were injected with NA (100 mg/kg) and STZ (55 mg/kg) intraperitoneally (i.p.) respectively. One
week after induction T2DM, treatments were carried out for four weeks. At the and of the treatment, the heart and
thoracic aortic tissues of rats were removed. In the heart tissue glutathione (GSH), lipid peroxides (LPO), and
myeloperoxidase (MPO) levels, and in the aorta tissue GSH and LPO levels were determined by fluorences method.
miR-133a expression changes were assessed in the heart tissue by RT-PCR analyses. According to our results,
dapagliflozin showed an antioxidant effect by increasing GSH levels in the heart (p<0.01) and aorta tissue more than
empagliflozin. miR-133a expressions increased in the T2DM group and decreased in the EMPA (p<0.05) and DAPA
groups (p<0.01). Studies on miR-133a expressions in different diabetes models are needed.
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1. INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a complex public health problem. It is caused by impaired insulin
secretion from pancreatic beta cells or resistance to insulin (IR) in the body [1]. The International Diabetes
Federation (IDF) estimates that the number of people with DM will reach 643 million by 2045 [2].
Uncontrolled DM can lead to complications that affect various organs and may even cause death [3]. It
mainly impairs endothelial function and raises mortality through cardiovascular complications [4]. Although
control of hyperglycaemia is thought to be successful in preventing macrovascular complications,
cardiovascular complications have recently become quite common even with tight glycaemic control.
Therefore, alternative strategies are needed to prevent complications associated with DM [4, 5].

Hyperglycaemia causes oxidative stress and associated metabolic abnormalities in the diabetic heart
disease. Oxidative stress occurs as a result of an imbalance between reactive oxygen species (ROS), including
hydroxyl radical, NO, O2-, and hydrogen peroxide, and the antioxidant mechanism. Increased oxidative
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stress causes tissue damage by triggering cells to undergo apoptosis [6]. Thus, hyperglycemia causes an
increase in ROS in endothelial cells and myocytes, preventing the cell from suppressing oxidative stress [7].
The formation of free radicals can be reduced with targeted treatments that reduce ROS formation or
increase antioxidants. Thus, vascular damage and cardiac dysfunction are reduced by preventing or
regressing end-organ damage [8].

MicroRNAs (miRNAs) play a role in physiological and metabolic cellular signaling mechanisms
including oxidative stress, which are small non-coding RNA molecules. Changes in the expression of
miRNAs have been implicated in the pathogenesis of diseases including cancer, neurodegenerative diseases,
heart disease, and DM [9, 10]. The crosstalk between miRNAs and oxidative stress is complex. miRNAs
regulate genes related to oxidative stress. On the contrary, increasing amounts of ROS cause changes in
miRNA expressions. The complex event between miRNA and ROS, especially in the heart tissue, has become
very important in conditions such as diabetic cardiomyopathy, heart failure and cardiac hypertrophy [10].

miRNA expressions may change in pathogenesis as well as treatments and exposure to molecules that
cause miRNAs to be upregulated or downregulated. Studies have shown that sodium-glucose cotransporter
2 (SGLT?2) inhibitors modulate some miRNAs [11]. SGLT2 inhibitors act on the kidneys and ensure glucose
excretion in the urine. Although it was developed as an oral antidiabetic drug, it is used in non-DM heart
failure patients thanks to its cardioprotective effects [12, 13]. Empagliflozin reduces heart failure and
cardiovascular mortality. In an animal model, empagliflozin has been shown to reduce oxidative stress,
fibrosis, and macrophage infiltration in the myocardium [14]. Dapagliflozin reduces cardiovascular death
and cardiac failure in patients with or without T2DM. Despite all this clinical data, the mechanism of the
cardioprotective effects of SGLT2 inhibitors is still unclear [15].

Previous studies have shown that SGLT2 inhibitors have an antioxidant effect on heart tissue.
However, the antioxidant effectiveness of empagliflozin and dapagliflozin, as SGLT2 inhibitors, has not been
compared in studies. The study is the first to examine glutathione (GSH), lipid peroxides (LPO), and
myeloperoxidase (MPO) levels in heart and aorta tissues in streptozotocin (STZ)/nicotinamide(NA)-induced
T2DM rats treated with empagliflozin and dapagliflozin and to compare the effects of the two inhibitors. For
this purpose, oxidative stress has been evaluated in heart and aorta tissues and then oxidative stress-related
miRNA gene expression has been confirmed in heart tissue by RT-PCR analysis.

2. RESULTS
2.1. Results of blood glucose levels

The blood glucose levels of rats, which were monitored weekly during the experiment, are shown in
Figure 1. During this time blood glucose levels in the T2DM rats were consistently higher than in the control
group. At the end of 5 weeks, there was a significant increase in blood glucose levels in the T2DM group
compared to the control group (p<0.0001). Throughout the trial, the rats receiving oral SGLT2 inhibitors had
much lower blood glucose levels than the diabetic rats which had not taken treatment. Rats in the T2DM+D
and T2DM+E groups had much lower blood glucose levels than those in the T2DM group (p<0,0001) at the
end of the trial. Blood glucose levels were lower in the T2DM+D group than in the T2DM+E group (Figure
1).

2.2. Results of GSH, LPO and MPO levels

The GSH, LPO, and MPO levels of heart tissue are given in Figure 2. There are statistically significant
differences between groups. The GSH level was decreased in the T2DM group compared to the control
group (p<0.05). The GSH level was decreased in T2DM+E compared to the control group (p<0.05). GSH
levels are significantly higher in the T2DM+D group compared to the T2DM (p<0.05) and T2DM+E (p<0.01)
groups (Figure 2a). The LPO level was increased in T2DM group at a statistically significant rate compared
to control in heart tissue (p<0.5). LPO levels were lower in the T2DM+E group compared to the T2DM
group, and this difference was statistically significant (p<0.05). The LPO level of the T2DM+D group was
higher compared to the T2DM+E group but did not show statistical difference with any group (Figure 2b).
When MPO levels were examined in heart tissue in all groups, no significant difference was observed
between the groups. However, unlike healthy animals, an increase in MPO levels was observed in all
STZ/NA-induced groups (Figure 2c).
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Figure 1. Blood glucose levels of control, T2DM, T2DM+E, and T2DM+D groups. T2DM: Type 2 diabetes
mellitus; T2DM+E: Empagliflozin (10 mg/kg; p.o.) treatment administration group; T2DM+D: Dapagliflozin (1 mg/kg;
p-0.) treatment administration group.
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Figure 2. Result of a) GSH, b) LPO, and c¢) MPO levels in heart tissue of control, T2DM, T2DM+E, and T2DM+D
groups. T2DM: Type 2 diabetes mellitus; T2DM+E: Empagliflozin (10 mg/kg; p.o.) treatment administration group;
T2DM+D: Dapagliflozin (1 mg/kg; p.o.) treatment administration group.

The GSH and LPO results of aorta tissue are given in Figure 3. GSH levels were decreased in
STZ/NA-induced animals compared to control. However, GSH levels did not show statistical significance
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between the groups. Interestingly, the group with the lowest GSH levels was T2DM+E (Figure 3a). When the
results of LPO levels were examined, no significant difference was shown between the groups in the aortic
tissue. There was an increase in LPO levels in the T2DM group compared to the control and treatment
groups, but this increase was not significant (Figure 3b).
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Figure 3. Result of a) GSH and b) LPO levels in aorta tissue of control, T2DM, T2DM+E, and T2DM+D groups.
T2DM: Type 2 diabetes mellitus; T2DM+E: Empagliflozin (10 mg/kg; p.o.) treatment administration group; T2DM+D:
Dapagliflozin (1 mg/kg; p.o.) treatment administration group.

2.3. Result of miR-133a analyses

The fold change results of miR-133a expression are given in Figure 4. There are statistically significant
differences between groups. The miR-133a expression was decreased in the T2DM group compared to the
control group (p<0.05). miR-133a expression was decreased in T2DM+E (p<0.05) and T2DM+D (0.05)
compared to T2DM. There is no statistical difference between healthy rats and treated rat groups.
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Figure 4. The 2-AACT fold change miR-133a results of control, T2DM, T2DM+E, and T2DM+D groups. T2DM:
Type 2 diabetes mellitus; T2DM+E: Empagliflozin (10 mg/kg; p.o.) treatment administration group; T2DM+D:
Dapagliflozin (1 mg/kg; p.o.) treatment administration group.
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3. DISCUSSION

T2DM is associated with endothelial dysfunction, impaired vasodilation, increased oxidative stress,
chronic inflammation, increased leukocyte adhesion, increased permeability and cellular degeneration [5].
The balance of ROS produced and accumulated due to hyperglycemia is disrupted, and the oxidant-
antioxidant balances in the cells begin to change. For these reasons, scientists have focused on researching
antioxidant substances and revealing the effects of some molecules. Molecules with antioxidant effects are a
great advantage in preventing complications related to DM [16].

In this study, the antioxidant effects of the SGLT2 inhibitors empagliflozin and dapagliflozin were
compared. Additionally, its effects on miR-133a, which is known to play a role in oxidation, were examined
in heart tissue. In order to understand the effect of high glucose levels on oxidative parameters and miR-133a
expression in heart tissue, T2DM was induced with STZ/NA in rats. Blood glucose was measured weekly
and GSH, LPO, and MPO activities were evaluated in heart and aorta tissues. Finally, miR-133a expressions
were confirmed by RT-PCR in heart tissue.

It was shown that the T2DM model was induced in rats 1 week after STZ/NA induction, depending
on blood glucose levels. The blood glucose of all rats except the control group was above the reference
ranges. Empagliflozin and dapagliflozin ensured that blood glucose levels in the treatment groups were
significantly lower than those in the T2DM group throughout the study [17].

Hyperglycemia may increase oxidative stress and inflammation, which can lead to complications such
as cardiomyopathy. Diabetic cardiomyopathy is usually asymptomatic until the disease progresses to
advanced stages [18]. GSH as an antioxidant enzyme has a ubiquitous role. It has been shown that its
deficiency increases structural changes in the vessels and myocardium [19].

Previous studies presented that GSH activity was decreased in T2DM hearts compared to healthy
ones due to an impaired antioxidant defense system [20]. The findings of our study demonstrated that GSH
activity in the heart decreases in the model of T2DM compared to other groups and were consistent with the
literature. Studies have shown that dapagliflozin reduces tumor necrosis factor-a (TNF-a) induced ROS
accumulation in endothelial cells compared to empagliflozin [12]. A more recent study has shown that
empagliflozin protected endothelial permeability [12]. In our study, GSH activity was found to be higher in
the T2DM+D group compared to the T2DM and T2DM+E groups. Although empagliflozin is used as a
cardiac protector, in our results, GSH activity is quite low in the hearts of rats administered empagliflozin
[21].

Similarly, in the aorta, GSH levels were found to decrease in diabetic groups, while LPO levels were
found to increase. However, there were no statistically significant differences. The results of oxidant and
antioxidant enzyme activities obtained in both heart and aortic tissue may be due to oxidative stress
associated with hyperglycemia [22].

Uncontrolled overexpression of MPO is associated with adverse cardiovascular outcomes and an
elevated risk of cardiovascular-related mortality [23]. MPO is an enzyme responsible for the oxidation of
low-density lipoprotein (LDL) released by monocytic cells and neutrophils [24, 25]. MPO causes
modifications in the oxidation of LDL and transforms to the atherogenic form. Additionally, it initiates lipid
peroxidation [26]. According to our results MPO and LPO increased in T2DM group compared to control
group in heart tissue. The MPO activity also increased in the treatment groups, which may be related to
enhanced heart damage due to increased inflammation and oxidative stress. Unlike GSH, LPO activity was
high in the dapagliflozin administered group and low in the empagliflozin group. Empagliflozin may have a
protective effect at the stage where MPO induces LPO. The increase in LPO in the DM group is compatible
with the literature [27].

Considering the effects of empagliflozin and dapagliflozin on miR-133a expression, there is a
statistically significant increase in miR-133a expression in the T2DM group compared to all other groups. In
contrast to the findings, previous studies showed that miR-133a expression was downregulated in the heart
in the STZ-induced DM model. miR-133a plays a fundamental role in cardiac functions like fibrosis,
hypertrophy, and cardiogenesis [28, 29]. Additionally, it was showed that an increase in miR-133a
expression prevents fibrosis in the heart [30]. Deletion of the miR-133a gene causes irregular distribution,
apoptosis, and proliferation patterns in cardiac muscles [28]. Unlike our study, mice were used in the heart
injury models created in the literature. miR-133a expression has not yet been investigated in STZ-induced rat
models [30, 31]. The reason for the results conflicting with the literature may be interspecies miRNA
expression differences [32]. According to these results, there is a need to study miRNA expressions in more
different DM models.
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4. CONCLUSION

For the first time, we compared the antioxidant activities of SGLT2 inhibitors in STZ/NA-induced
T2DM rat heart and aorta and examined their effects on miR-133a expression. Based on GSH activity results,
dapagliflozin has more antioxidant effects on the heart and aorta than empagliflozin. However, neither drug
completely could prevent the increase in LPO and MPO activity. Also, the effects of SGLT2 inhibitors on
miR-133a expression should be supported by further studies.

5. MATERIALS AND METHODS

5.1. Experimental Design

Sprague-Dawley rats (250-350 g, n=32) were obtained from Marmara University Experimental
Animals Application and Research Center. Rats were fed standard rat chow and ad libitum in a 12-hour
light-12-hour dark room under constant humidity (50-60%) and temperature (22+2 °C) conditions. All the
experimental protocols were approved by the Marmara University Animal Care and Use Committee
(17.2024mar).

5.2. Induction of T2DM

After the one-week acclimation period is completed, the rats are randomly divided into 4 groups, with
8 rats in each group; control, T2DM, T2DM+E, and T2DM+D groups. The animals were administered
freshly prepared STZ (55 mg/kg; i.p.) and NA (100 mg/kg; i.p.) in citrate buffer to induce T2DM. NA, which
protects pancreatic cells, was administered 15 minutes before STZ. Treatments were started to be given
intragastrically to the animals one-week after STZ administration. Rats with blood glucose above 200 mg/dl
were considered as T2DM and included in the experiment. Only citrate buffer was administered to the
control group. T2DM+E and T2DM+D groups were administered empagliflozin (10 mg/kg) and
dapagliflozin (1 mg/kg), respectively. Citrate buffer, empagliflozin and dapagliflozin treatments were
administered intragastrically for 28 days. The experimental timeline was showed in Figure 5.

Decapitation

_S_TZH_*IA Start of the and tissue
injection treatment collection
1 week
habituation 28 days treatment
-1. week 0. week 1. week 5. week

Figure 5. Experimental timeline.

5.3. Measuring of Blood Glucose Levels

Blood glucose measurement was made using a glucometer in the blood taken from the tail vein with
an injector on the Oth, 7th, 14th, 21st, and 28th days in all experimental groups.

5.4. Sacrifice of Experimental Animals

At the end of 28 days of treatment, the animals were decapitated and the heart tissue and aorta were
removed. After the left ventricle of the heart was removed, it was cut into small pieces and some of it was
frozen in liquid nitrogen and stored at -80 °C and used for miRNA analysis. A part of the heart and aorta
tissues were stored at -80 C to determine antioxidant activity.
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5.5. Determination of LPO, GSH and MPO activities

Freshly thawed from —-80°C heart (from 0.15 to 0.2 g) and aort (from 0.015 to 0.035 g) tissue samples
were homogenized (Ultra Turrax homogenizer) in 10 volumes of ice-cold 10% trichloroacetic acid and
centrifuged at 3000 rpm for 15 min at 4°C.

The levels MDA, a marker of lipid peroxidation, were measured in the heart and aorta tissues. MDA
reacts with thiobarbituric acid (TBA) to form TBA reactive substances (TBARS), which produce a pink
complex with a maximum absorbance at 532 nm. The supernatant was removed and recentrifuged at 15000
rpm for 15 minutes at 4°C. LPO levels were expressed as nmol MDA /g tissue, which is a measure of MDA
equivalents.

GSH was determined using a spectrophotometric method, which is a modification of Ellman's
method. After centrifugation, NaoHPO4-2H>O solution was added, and the absorbance at 412 nm was
measured immediately after mixing. The results are expressed as mol GSH/ g tissue.

Spectrophotometric testing was used to assess MPO enzyme activity as an indicator of
polymorphonuclear leukocyte accumulation in inflamed tissues. The samples were homogenized in a cold
potassium phosphate buffer (PBS, 20 mM K>HPO,;, pH 7.4) and then centrifuged at 12,000 rpm for 10
minutes at 4°C. The resulting pellet was re-homogenized with a cold KoHPOjs solution containing 0.5% w/v
HETAB. MPO activity was measured by assessing the H>O»>-dependent oxidation of o-dianisidine 2HCI.
Enzyme activity was determined at 460 nm and 37°C and expressed as a change in U/min [8].

5.6. miR-133a analyses

All reactions were carried out on ice. The left ventricles of the heart stored in RNA later were
homogenized for miR-133a analysis. After homogenization, total RNA was extracted and the quality and
purity of the RNA was determined by NanoDrop ND-100 spectrophotometer. Then, the RNA was reverse
transcribed into single-stranded cDNA using miRCURY LNA RT Kit (Cat. No: 339340). U6 gene was used as
the control gene. The sequence was created according to the sequences arriving at 100 ng purity. The
accuracy of miR-133a expression was validated by miRCURY LNA SYBR Green PCR Kit (Cat. No: 339345).
Reaction conditions were applied according to previous methods. The results obtained were measured with
2"AACT [33]. The U6 and miR-133a primer information is below (Table 1).

Table 1. miRNA primer sequence

miRNA Forward sequence Reverse sequence
uUe6 5-CTCGCTTCGGCAGCACA-3 5-AACGCT TCACGAATTTGCGT-3
rno-miR-133a 5-TGCTTTGCTAGAGCTGGTAAAATG-3 5-AGCTACAGCTGGTTGAAGGG-3’

5.7. Statistical analysis

Statistical analyses were performed by Graph-Pad Prism 9.0 software. All of the results were
expressed as mean * standard error of the mean (SEM). One-way or two-way ANOVA was used followed
by Tukey’s test. The significance level adopted for all tests was value of p < 0.05.
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