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Abstract: One of the possible candidates for the treatment of diabetic cardiomyopathy is liraglutide,
a glucagon-like peptide-1 receptor (GLP1R) agonist. In this study, the impacts of liraglutide on
the integrin-linked kinase (ILK)-related PI3K/AKT axis in rats with type 2 diabetes induced via
streptozotocin were examined. Twenty-four Wistar albino rats were distributed in four different
groups, and a high-fat diet and streptozotocin were used to induce type 2 in two groups. Rats in the
untreated control groups were administered 0.9% NaCl solution over a 6-week period, and those in
the treatment groups were administered 0.9% NaCl for 3 weeks, followed by subcutaneous injection
of liraglutide (150 pg/kg) for an additional 3 weeks. In the liraglutide-treated diabetic group, the
heart-to-body weight ratio was significantly reduced, levels of cardiac biomarkers, troponin I and
creatine-kinase-MB, were improved; activities of antioxidant enzymes, glutathione peroxidase and
superoxide dismutase, were increased; and levels of malondialdehyde were decreased. Western
blotting and immunohistochemical studies revealed increased levels of ILK, P-PI3K, P-AKT, and
BCL2, as well as those of caspase 3, BAX, and P-PTEN, indicating mitigation of cardiomyocyte
apoptosis. Our results show that liraglutide, by targeting GLP1Rs, enhances the expression of
proteins in the ILK/PI3K/AKT/PTEN pathway and thereby exerts its cardioprotective effects in rats
with DCM.

Keywords: glucagon-like peptide-1 analog; diabetic cardiomyopathy; streptozotocin-induced type 2
diabetes; integrin-linked kinase; phosphatidylinositol 3-kinase; protein kinase B

1. Introduction

One of the features of diabetes mellitus is that the levels of blood glucose are raised
as a result of a decline in the secretion or activity of insulin, which is a significant global
health concern [1]. Recent World Health Organization reports (2000-2021) place diabetes
among the top 10 causes of death and disability worldwide, with current estimates of
451 million people affected and 693 million people predicted to be affected by 2045 [2,3].
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Type 2 diabetes mellitus (T2DM), which has assumed the proportions of a pandemic, is
associated with a substantially increased risk of cardiovascular diseases. Individuals with
T2DM have twice the risk of cardiovascular complications compared to their nondiabetic
counterparts [4]. The initial manifestation of diabetic cardiomyopathy (DCM) is impaired
diastolic relaxation, which ultimately leads to clinical heart failure, even when coronary
artery disease, hypertension, or dyslipidemia are not present.

Insulin resistance, hyperinsulinemia, and hyperglycemia are closely associated with
the development of DCM and have been identified as independent risk factors [5]. Im-
paired insulin signaling in the heart results in changes in its functioning and structure,
contributing to DCM [5]. Inappropriate activation of the renin-angiotensin—aldosterone
system is postulated to be a key mechanism in cardiac insulin resistance, which promotes
insulin resistance via an increase in the phosphorylation of serine residues in insulin
receptor substrate 1 (IRS1), leading to the impairment of PI3K engagement and AKT stim-
ulation [6]. When the physiological conditions are considered normal, the PI3K/AKT
signaling pathway in cardiomyocytes enables glucose transporter type 4 (GLUT4) to be
recruited to the plasma membrane, mediating the uptake of glucose into the heart [6,7].
GLUT4 plays a critical factor in the process by which insulin resistance develops, as well as
how glucose homeostasis is regulated in general [8]. Furthermore, the PI3K/AKT pathway
contributes significantly to cardiomyocyte survival and functions downstream of insulin
signaling [9]. Extensive evidence supports the role of insulin in promoting cell survival
through PI3K/AKT activation [10]. Additionally, together with selenium, insulin was re-
ported to regulate glycemia and restore the distribution of GLUT4 in the cardiac muscles of
diabetic rats via an IRS1/PI3K-dependent pathway [11]. Consistent with PI3K-dependent
activation, integrin-linked kinase (ILK) signaling is negatively regulated by phosphatase
and the tensin homolog (PTEN). Cardiac-specific knockout of PTEN protected the heart
from cardiac dysfunction, probably through the upregulation of ILK and AKT [11-13].

The serine/threonine protein kinase, ILK, is bound to p-integrins’ cytoplasmic tail,
thus establishing a connection between cell-matrix interactions and signals responsible
for regulating different processes in the cell [14]. Its expression is the highest in the
heart, and alterations in its activity can lead to cardiomyopathy or sudden death [15].
As a result of the upregulation of ILK, compensatory hypertrophy is induced in mouse
models, whereas loss-of-function mutations or absence of expression in humans can lead
to dilated cardiomyopathy syndrome [15]. After myocardial infarction, activation of ILK
promotes cardiac repair, suggesting a potential target for therapeutic interventions [16].
Considering the central role of ILK in cardiac physiology, further studies may unravel its
importance in the maintenance of heart health. ILK activity can be stimulated by growth
factor stimulation and matrix attachment in a PI3K-dependent manner [17], as well as by
PKB/AKT phosphorylation [18]. Targeted ILK deletion in the murine heart has been linked
to dilated cardiomyopathy and spontaneous heart failure [19].

Although current medications aim to improve cardiac complications of diabetes, the
residual risk persists, leading to the progression of heart failure in some patients. Three new
targets for antidiabetic agents, glucagon-like peptide 1 receptor (GLP1R), dipeptidylpep-
tidase 4 (DPP4), and sodium-glucose cotransporter 2 (SGLT2), have gained popularity
because of their crucial role in DCM [20]. However, the mechanisms underlying the attenu-
ation of DCM remain unclear. Among these targets, GLP1Rs are expected to become the
preferred drug targets for diabetes and its associated cardiac complications in the future,
surpassing current options owing to their specificity, lower toxicity, and ability to overcome
drawbacks, such as weight gain and hypoglycemia [21].

GLP1 agonists, including liraglutide, exhibit significant cardiovascular benefits and
have been approved for diabetes treatment [22]. Several animal studies have shown
that liraglutide can attenuate systolic and diastolic dysfunction in rodents with type 2
diabetes [23,24]. Furthermore, liraglutide has been reported to ameliorate left ventricular
dysfunction and reduce the heart rate in diabetic rats [25]. Liraglutide, a human GLP1
analog, has gained attention for its efficacy in the treatment of T2DM without causing



Pharmaceuticals 2024, 17, 374

30f18

major renal damage or increased risk of hypoglycemia [26]. The LEADER trial highlighted
lower rates of cardiovascular death in patients with T2DM on liraglutide [26]. This trial
also unraveled cardiovascular benefits, including a reduction in the risk of sudden cardiac
death, nonfatal myocardial infarction, stroke, and death from any cause, as well as reduced
hospitalization due to congestive heart failure [27]. It was demonstrated that subcutaneous
GLP1 infusion resulted in improvements in survival rates, remodeling, and cardiac function
in rats diagnosed as having chronic heart failure [28]. Liraglutide has also been explored
as a potential cognitive enhancer in the hippocampus of Goto-Kakizaki rats with type 2
diabetes mellitus. In this study, the Morris Water Maze test was utilized to assess the impact
of low and high doses of liraglutide on learning and memory in diabetic rats. The authors
also investigated the molecular mechanism underlying liraglutide’s neuroprotective effect
and reported that it increased the expression of the mammalian target of rapamycin (mTOR)
in hippocampus tissue in diabetic rats via the AMP-activated protein kinase (AMPK) and
PI3K/AKT pathways [29]. An in vitro study using H9c2 cells demonstrated that GLP-1R
agonists protected cardiomyocytes against apoptosis (measured using TUNEL assay), and
the protective effect attenuated by PI3K and/or extracellular signal-regulated kinase 1/2
(ERK1/2) inhibition was confirmed via an immunoblotting assay [30].

Although GLP1R and liraglutide are considered promising DCM treatments owing
to their safety and effectiveness, the exact mechanism by which liraglutide improves
cardiovascular outcomes is not fully understood. Despite the crucial roles played by
the ILK and PI3K/AKT signaling pathways in cardiac survival, growth, function, and
repair, attenuation of DCM by liraglutide via the ILK and PI3K/Akt/PTEN axis has not
been confirmed. We hypothesized that liraglutide attenuates DCM by modulating the
ILK/PI3K/AKT signaling pathway and conducted this study to test our hypothesis in rats
with streptozotocin (STZ)-induced T2DM.

2. Results
2.1. Liraglutide Treatment’s Effects on Body Weight, Blood Glucose, and Heart Weight-to-Body
Weight Ratio in Rats with Diabetic

Subsequent to treating the rats over a period of six weeks, measurements were taken to
determine the levels of blood glucose, the ratio, as well as body weight (Table 1). Compared
with the control group rats, those in the diabetic group had levels of blood glucose that
were significantly higher (p < 0.001). As a result of being treated with liraglutide, rats
with diabetes exhibited a marked decrease in blood glucose levels in comparison with
rats in the control group with no diabetes. Notably, the body weight of diabetic rats
after liraglutide treatment was not significantly lower than that of untreated diabetic rats.
The heart weight-to-body weight ratio, which often indicates a hypertrophied heart, was
significantly increased in the control group of diabetic rats compared with that in the
normal control group (p < 0.001). The heart weight-to-body weight ratio (p < 0.001) in rats
with diabetes was remarkably reduced after treatment with liraglutide compared with
that in untreated diabetic control rats. Conversely, glucose levels, body weight, and heart
weight-to-body weight ratio in the liraglutide-treated healthy (nondiabetic) group were not
significantly reduced (Table STA-C).

2.2. Effect of Liraglutide on Cardiac Marker Enzymes in the Serum

Diabetic rats in the control group had significantly elevated levels of serum troponin I
and creatine kinase-MB (CK-MB) in comparison with control group rats without diabetes
(p < 0.001), suggesting that the heart musculature had potentially been damaged. Con-
versely, the serum levels of troponin I and CK-MB in rats in the group that received
liraglutide treatment were notably lower than in control group rats with diabetes (p < 0.001
and p < 0.01, respectively) (Figure 1) (Table S1D,E).
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Table 1. Effect of liraglutide on body weight, heart weight-to-body weight ratio, and blood glucose
levels in rats.

Parameters
Groups - -
Body Weight (g) HW/BW Ratio (mg/g) Glucose (mg/dL)
Nondiabetic control 389.2 +17.76 2.619 + 0.27 39.37 + 6.22
Diabetic control 252.0 + 13.16 ### 4,751 & 0.49 ### 323.2 + 27.64 ###
Liraglutide-treated nondiabetic rats 340.8 £10.20 2.774 £ 0.1 37.83 £5.82
Liraglutide-treated diabetic rats 220.0 +13.20 2.798 + 0.13 *** 62.38 4 3.83 ***

(A)

Troponin-l (pg/mL)

300

200 -

100

Data are expressed in the form of means + standard error of the mean (SEM; n = 6 samples per group). One-way
analysis of variance (ANOVA) was performed for comparison of data, followed by the Tukey—Kramer post hoc
test. We first compared diabetic control group with the normal (nondiabetic) control group (** p < 0.001) and
applied the same process for liraglutide-treated diabetic and liraglutide-treated nondiabetic groups (*** p < 0.001).
Abbreviations: HW /BW, heart weight-to-body weight.
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Figure 1. Liraglutide treatment effect on serum cardiac biomarkers in rats with diabetes. (A) Troponin
I'levels. (B) Creatine kinase-MB (CK-MB) levels. Data are presented as means =+ standard error of the
mean (SEM) (n = 6 samples per group). One-way analysis of variance (ANOVA) was performed for
comparison of data, followed by the Tukey—Kramer post hoc test. CN, normal control group; CD,
diabetic control group; LN, nondiabetic group treated with liraglutide; LD, diabetic group treated
with liraglutide. Significant differences are denoted as *** p < 0.001 in comparison to the CN group;
*p <0.05,*p <0.01, *** p < 0.001 in comparison to the CD group.

2.3. Effect of Liraglutide on the Heart of Diabetic Rats Evaluated Using H&E-Stained Heart Sections

The results of the evaluation of serum cardiac biomarkers, which are indicative of
cardiac injury caused by STZ, were corroborated through histopathological examination of
sections of heart tissue stained with hematoxylin and eosin (H&E). The cardiac muscle struc-
ture in normal, healthy rats was distinctly affected by liraglutide treatment (Figure 2A,B).
Notably, liraglutide treatment in diabetic rats resulted in reduced myocardial degeneration
compared with that in the diabetic control (Figure 2C,D).

2.4. Liraglutide Treatment Effect on Cardiac Oxidative Stress Biomarkers in Rats with Diabetes

To assess the antioxidative effect of liraglutide in diabetic rats, we performed an
enzyme-linked immunosorbent assay (ELISA) to examine malondialdehyde (MDA) lev-
els and superoxide dismutase (SOD) and glutathione peroxidase (GPx) activities in the
myocardial tissue. Diabetic rats in the control group exhibited notably elevated levels of
MDA (p < 0.01) (Figure 3A), while SOD and GPx activities were detected to be markedly
reduced in comparison with rats in the control group (p < 0.01 and * p < 0.001, respectively)
(Figure 3B,C). The levels of MDA in rats with diabetes induced via STZ that subsequently
received liraglutide treatment were lowered (p < 0.05), whereas SOD (p < 0.01) and GPx
(p < 0.05) activities were elevated (Figure 3). These findings suggest that liraglutide treat-
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ment has the potential to alleviate diabetes-induced oxidative stress in the heart tissue
(Table S1F-H).
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Figure 2. Liraglutide alleviated the effect of streptozotocin on the cardiac structure of the heart
tissue of rats. The hematoxylin and eosin-stained heart tissue sections from (A) rats in the normal
control group and (B) in normal rats that were administered liraglutide showing typical histological
features of myocardial cell cytoplasm and nuclei. (C) Myocardial cells in sections from diabetic rats
showing cytoplasm degeneration and pyknotic nuclei. (D) Sections from diabetic rats that were
administered liraglutide showing lesser degeneration of cytoplasm and nuclei in the myocardial cells.
Scale bar = 50 pm (original magnification, x50).
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Figure 3. Liraglutide treatment effects on cardiac oxidative stress markers in rats with diabetes.
(A) Malondialdehyde (MDA) levels. (B) Superoxide dismutase (SOD) activity. (C) Glutathione
peroxidase (GPx) activity. Data are exhibited in the form of means + SEM (n = 6 samples in each
group). One-way ANOVA was used for inter-group comparisons, then the Tukey—Kramer post hoc
test. CN, normal control group; CD diabetic control group; LN, nondiabetic rats receiving liraglutide
treatment; LD, diabetic rats receiving liraglutide treatment. Differences reaching a level of significance
are indicated as ** p < 0.01 and *** p < 0.001 compared with the normal control group (CN), and
*p <0.05; ** p < 0.01 compared with the control group containing diabetic rats (CD).

2.5. Liraglutide Treatment’s Effects on Cardiomyocyte Apoptosis in Rats with Diabetes

To evaluate the potential antiapoptotic effects of liraglutide in diabetic rats, we deter-
mined the expression of caspase 3, BAX, and BCL2 immunohistochemically (Figure 4A-C).
In the diabetic rat group, the expression of BAX and cleaved caspase 3 was increased
compared with that in the control group (Figure 4A,B). Liraglutide treatment mitigated the
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increase in the expression of BAX and cleaved caspase 3 in the heart tissue of diabetic rats
compared with that in diabetic control rats (Figure 4A,B). Conversely, the expression of the
antiapoptotic marker BCL2 increased in diabetic rats treated with liraglutide compared
with that in rats in the diabetic control group (Figure 4C).
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Figure 4. Liraglutide treatment’s effects on caspase 3, BAX, and Bcl2 expression in the heart tissue
of rats with diabetes. Photomicrographs showing caspase 3 (A) and BAX (B) immunostaining
of the heart sections: (CN) shows normal myocardium cytoplasm and nuclei, (CD) shows strong
immunoreactivity in myocardium cell nuclei and moderate immunoreactivity in the cytoplasm (black
arrow), (LN) exhibits lack of immunopositive cytoplasm and nuclei, and (LD) shows reduced and few
immunopositive nuclei. Bcl2 (C): (CN) shows normal myocardium cytoplasm, (CD) shows strong
immunoreactivity in myocardium cell nuclei and moderate immunoreactivity in the cytoplasm,
(LN) exhibiting the absence of immunopositive cytoplasm, and (LD) shows a significant reduction
in the expression and few immunopositive nuclei. Scale bar = 50 um; magnification, x20. Semi-
quantification results for caspase 3 (D), BAX (E), and Bcl2 (F) immunoreactivity (using Image]
software, version 1.8.0_172). Data are expressed as mean £ SEM (n = 3 different analyses per group).
Statistical analyses were performed using one-way ANOVA; ** p < 0.01, *** p < 0.001 compared to CD.
Abbreviations: CN: normal control rats; CD: diabetic control rats; LN: liraglutide-treated normal rats;
LD: liraglutide-treated diabetic rats.

2.6. Effect of Liraglutide on Cardiac Cell Apoptosis in Diabetic Rats Evaluated Using the
TUNEL Assay

The heart tissue sections from the untreated control group exhibited minimal apoptosis,
characterized by a low percentage and sparse count of terminal deoxyribonucleotide
transferase-mediated dUTP-digoxigenin nick end labeling (TUNEL)-positive cells, resulting
in a low score (Figure 5). In contrast, the heart tissue sections from diabetic rats displayed
extensive apoptosis, characterized by the highest percentage and count of TUNEL-positive
cells among all the groups, correlating with the highest score. Additionally, the heart tissue
sections from healthy animals treated with liraglutide demonstrated a subdued apoptotic
response, with a low percentage and cell count compared with that in the untreated control
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group. Conversely, the heart tissue sections from diabetic animals treated with liraglutide
exhibited a diminished apoptotic response, with a significantly lower percentage (p < 0.001)
and count of TUNEL-positive cells, accompanied by a lower overall score (Table S1L]).
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Figure 5. Liraglutide treatment’s effect on myocardial apoptosis in rats with type 2 diabetes induced
via STZ/high-fat diet (HFD). (A) Photomicrographs showing TUNEL staining of the heart tissue
sections from normal control rats (CN), diabetic control rats (CD), liraglutide-treated normal rats
(LN), and liraglutide-treated diabetic rats (LD). TUNEL-positive cells are indicated by orange arrows
and are displayed in light blue (original magnification, x100). (B) Quantification of TUNEL-positive
cells in the heart tissue sections from diabetic rats, expressed as a percentage of total nuclei detected
using DAPI staining. Data are presented as means &+ SEM (1 = 4 randomly selected fields per slide,
with each slide representing one tissue sample, totaling six samples per group). *** p < 0.001 in
comparison to normal and diabetic controls, respectively.

2.7. Mitigation of Diabetic Cardiomyopathy by Liraglutide through Restoration of the Expression of
PI3K/AKT in the Heart of Diabetic Rats

As shown in Figure 6A-D and Figure S1, the protein levels of phosphorylated PI3K
(p < 0.001) (Table S1K), phosphorylated AKT (p < 0.001) (Table S1L), and ILK (p < 0.05)
(Table S1M) in liraglutide-treated diabetic groups were notably increased in comparison
to the respective levels in diabetic control groups. The significant reduction in the protein
levels of phosphorylated PTEN in the liraglutide-treated diabetic groups compared with
those in the diabetic control groups (p < 0.05) confirmed the role of PTEN in the negative
regulation of PI3K and overexpression of ILK (Figure 6E) (Table SIN).
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Figure 6. Effect of liraglutide on the levels of integrin-linked kinase (ILK), P-PI3K, P-AKT, and
P-PTEN. (A) Representative images of Western blots for P-PI3K, P-AKT, ILK, and P-PTEN using the
heart tissue lysates. Normal control rats (CN); diabetic controlrats (CD); liraglutide-treated normal
rats (LN); and liraglutide-treated diabetic rats (LD). (B-E) Quantification of bands for P-PI3K (B),
P-AKT (C), ILK (D), and P-PTEN (E) using Image] software. Normalization was performed using
total PI3K and AKT for P-PI3K and P-AKT levels, respectively, whereas 3-actin levels were used
for normalization of ILK and P-PTEN levels. Levels of expression are presented in the form of fold
induction relative to normal rats in the control group. Data are exhibited in the form of means + SEM
(n = 4 samples from four rats in each group). One-way ANOVA and then the Tukey-Kramer post
hoc test was used for statistical analyses and inter-group comparisons. Levels of significance are
expressed as ** p < 0.01, *** p < 0.001 compared with the control group containing normal rats, and
*p <0.05, *p <0.01, ** p < 0.001 compared with the control group containing diabetic rats.

3. Discussion

This study was aimed at obtaining conclusive evidence for the potential of liraglutide
in mitigating diabetic cardiomyopathy via the modulation of the ILK/PI3K/Akt/PTEN
signaling pathways. A comprehensive understanding of these pathways and their interplay
with GLP1R is pivotal for identifying novel therapeutic targets and for devising strategies
with potential clinical applications in diverse cardiovascular diseases, particularly DCM.
DCM, an unfavorable condition resulting from type 2 diabetes [31], was modeled in this
study using the STZ/high-fat diet (HFD) model [32]. This model is renowned for inducing
characteristics akin to type 2 diabetes, including insulin resistance, which affects glucose
uptake by cardiac cells and disrupts energy metabolism, thereby leading to cardiac anoma-
lies resembling diabetic cardiomyopathy [33,34]. The early stages of DCM manifest various
pathological changes, including left ventricular hypertrophy, cardiac fibrosis, inflammation,
and oxidative stress [35-37].

Both the heart weight-to-body weight ratio and fasting blood glucose levels were
improved in rats when they were treated with liraglutide, thus mitigating cardiovascular
risk factors [38]. These findings align with our results, corroborating the protective effect of
liraglutide against DCM reported in a previous study [27]. A significant reduction in the
heart weight-to-body weight ratio observed in rats with diabetes that received liraglutide
treatment—a pattern commonly observed in preclinical studies and clinical trials—further
supports the cardioprotective effects of liraglutide [39-41].

Validation of the DCM model involved measurement of the cardiac biomarkers, tro-
ponin I, and CK-MB. The elevation of these biomarkers in STZ-treated and HFD-fed rats
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validates the model, and the mitigation of these cardiac biomarkers by liraglutide un-
derscores its cardioprotective effect, as evidenced in the histopathological examination.
Oxidative stress, a critical aspect in the process by which type 2 diabetes develops [42],
manifests when there is a lack of balance between the generation and elimination of reactive
oxygen species (ROS). This imbalance leads to excessive accumulation of ROS, resulting
in damage to tissues, cells, and biological macromolecules, including nucleic acids and
proteins. Oxidative stress has been implicated in functional injury to islet 3 cells and periph-
eral insulin resistance, contributing to the onset of diabetes and its severe complications,
including cardiovascular diseases [43,44]. In the existing study, liraglutide treatment atten-
uated apoptosis of heart cells in diabetic rats, underscoring the substantial contribution of
antiapoptotic effects to its cardioprotective action against DCM.

Apoptosis, a pivotal factor in DCM and a manifestation of ischemic myocardial in-
jury [45,46], is more pronounced in diabetic rats than in nondiabetic rats during ischemia/
reperfusion-induced apoptotic injuries. Myocardial cell injury due to apoptosis has been
identified as a significant cause of various heart diseases [45,47]. In this study, as a result
of being treated with liraglutide, diabetic rats exhibited significantly reduced levels of
BAX and caspase 3 expression. It has been highlighted that when the PI3K/AKT signaling
pathway is activated, this facilitates a reduction in apoptosis and regulation of the pro-
cesses by which glucose is transported and glycogen is synthesized [48]. Specifically, AKT
exhibits a cytoprotective function through the activation of downstream effector molecules,
including the antiapoptotic BCL2 [46,49]. The improvement in cardiovascular function in
diabetic patients by liraglutide and its protection against DCM is attributed, in part, to its
inhibition of the endoplasmic reticulum (ER) stress pathway, which occurs independent
of its glucose-lowering effect. It is pertinent to mention that ER is a critical factor in the
intrinsic apoptosis pathway [50].

Chronic hyperglycemia is implicated in direct impairment of the PI3K/AKT signaling
pathway, which is a pivotal step in insulin action [51]. The PI3K/AKT signaling path-
way, known for its effects on cardiomyocyte survival and function, is activated by insulin,
thereby promoting cell survival [10,52]. Regarding ILK, hyperglycemia and hyperinsuline-
mia were observed in ILK-depleted mice [53]. Furthermore, low levels of cardiac ILK have
been observed in an animal model of diabetic cardiomyopathy [54]. Consistently, in this
study, the STZ-induced type 2 diabetes model showed a significant decrease in cardiac
ILK expression, indicating that diabetes affects ILK expression in the heart. Interestingly,
cardiac ILK depletion in mice reportedly promotes insulin resistance by increasing the
phosphorylation of insulin receptors and decreasing the phosphorylation of AKT in con-
junction with decreased GLUT4 transcription [53]. This is consistent with our findings,
as we observed that decreased ILK expression in the cardiac tissue of diabetic rats was
accompanied by decreased phosphorylation of PI3K and AKT. Conversely, the present
study revealed a noteworthy increase in the levels of ILK, phosphorylated PI3K, and phos-
phorylated AKT in diabetic rats that were administered the liraglutide treatment compared
with those in the diabetic control group. Additionally, there was a substantial reduction
in the levels of phosphorylated PTEN in diabetic rats that received liraglutide treatment
compared with those in the diabetic control group. This underscores the significance of ILK
not only as a kinase that influences PI3K/AKT but also as a regulator of PTEN, affirming
the role of PTEN as a negative regulator of PI3K and ILK overexpression [12,55]. Thus,
this study suggests that the cardioprotective effect of liraglutide against DCM could be
exerted via modulation of the ILK/PI3K/AKT/PTEN signaling pathway. Previous reports
have indicated that GLP-1 receptors are expressed within cardiomyocytes [56]. Real-time
quantitative polymerase chain reaction and in situ hybridization studies have detected
GLP1R mRNA transcripts and the GLP-1R immunoreactive protein within cardiomyocytes
of human tissue [57]. Further, these findings were validated using available single-cell
RNA sequencing datasets from human and mice tissues [58]. In line with this, the genetic
deletion of GLP-1 in mice (Glp1r~/~) resulted in heart malformation and dysfunction [59].
Additionally, the GLP-1 receptor is expressed in the pancreas. Thus, it may indirectly mod-
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ulate the heart’s functional output via regulating endocrine and physiological functions,
including insulin, fatty acids, glucose, and glucagon metabolism [60].

Accumulating evidence has shown that targeting GLP-1 signaling is an effective ap-
proach to improving cardiovascular outcomes in preclinical models of diabetes [61]. Our
findings of liraglutide’s cardioprotective role through modulation of oxidative stress align
with previous findings [60]. The pharmacological targeting of GLP-1 receptors has been
shown to reduce inflammatory responses via the Akt protein kinase pathway [62]. Further-
more, the pharmacological modulation of phosphoinositide 3-kinase (PI3K) by liraglutide
has been supported previously [60]. Also, the molecular modulation of P13K/Akt/PTEN
signaling in the streptozotocin-induced diabetic model is already established [63]. It was
reported that the pharmacological application of a GLP-1 agonist modulates the ILK in
human HepG2 cells [64]. Physiologically, Integrin-Linked Kinase is linked to the modu-
lation of glucoregulation [65]. Further, a mutant glioblastoma cell line lacking the PTEN
gene was associated with the activation of PI3K-dependent signaling and suppression of
the ILK pathway [12]. This evidence supports the rationale of our central hypothesis and
our findings that liraglutide weakens cardiomyopathy streptozotocin-induced diabetes
through the modulation of the ILK and PI3K/AKT/PTEN pathway.

It is worth noting that the concept of liraglutide attenuating diabetic cardiomyopathy is
well established. Diabetic complications are complex and prominent diseases, and multiple
pathological mechanisms, including oxidative stress [36], apoptosis, inflammation, and mi-
tochondrial dysfunction [66], are linked. Among molecular pathways, the PI3K/Akt/PTEN
signaling stands out, especially in the context of diabetes nephropathy [63]. The modula-
tion of PI3K/Akt/PTEN by liraglutide has been examined previously but in the context
of hepatocellular carcinoma [67]. However, studies directly mapping PI3K/Akt/PTEN
in diabetic cardiomyopathy following liraglutide treatment are sparse. Additionally, ILK
is functionally associated with glucoregulation [65], yet it has not been examined in this
context. As far as we know, no previous report has examined the molecular alterations
of ILK and PI3K/AKT/PTEN pathways in this context. Through this work, we highlight
potential molecular targets in diabetic cardiomyopathy.

In summary, our findings indicate that liraglutide significantly ameliorates hyper-
glycemia, cardiac injury, and oxidative stress biomarkers in rats with STZ-induced type
2 diabetes, confirming its capacity to shield the heart from the deleterious effects of hy-
perglycemia. Liraglutide effectively restored the compromised ILK/PI3K/AKT signal-
ing pathway in the heart of diabetic rats by elevating the levels of ILK, phosphorylated
PI3K, and AKT while concurrently reducing PTEN phosphorylation. Thus, liraglutide
demonstrated a positive effect on diabetic cardiomyopathy in rats, potentially through
the ILK-associated PI3K/AKT/PTEN axis. Despite the limited evidence highlighting the
significance of targeting GLP1R as a potential treatment for DCM, to our knowledge, no
study has yet elucidated the interplay between GLP1R and the ILK/PI3K/AKT/PTEN
signaling pathways in the context of DCM.

Study Limitations

This study had minor limitations that did not drastically affect the study findings.
Most arose because hemodynamic and echocardiographic parameter assessments were
not included in the study. However, excluding these assessments was justified because
this study was intended to be a mechanistic study to investigate molecular targets that
drive liraglutide-attenuated diabetic cardiomyopathy. Nevertheless, in future studies with
a main focus on the clinical presentation of liraglutide effects, the assessment of these
parameters will be crucial. In the present study, we conducted a considerable number of
experiments, including cardiac injury biomarker assessment, heart weight-to-body weight
ratio measurements (as an index of heart hypertrophy), and histological examinations, to
confirm the cardioprotective effect of liraglutide. We recognize that many factors related
to cardiac tissue preparation and cardiac tissue complexity, as well as technical issues
related to image processing software, can decrease the quality of cardiac tissue images.
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Therefore, future studies should include the use of cardiac cell lines or isolated primary
cardiomyocytes and highly sophisticated imaging techniques as alternative options to
optimize the experimental conditions and improve the quality of cardiac images.

4. Materials and Methods
4.1. Drugs, Chemicals, and Antibodies

STZ was sourced from Sigma-Aldrich (St. Louis, MO, USA), and liraglutide (Victoza)
was procured from Merck & Co., Inc. (Whitehouse, NJ, USA). The apoptotic biomarker, cas-
pase 3, was assessed using a specific ELISA kit designed for rats from Abcam Biotechnology
Inc. (Cambridge, UK). The TUNEL assay kit (In Situ Cell Death Detection Kit)-HRP-
diaminobenzidine (DAB) was procured from Abcam Biotechnology Inc.

For quantitation of cardiac biomarkers (troponin I and CK-MB), ELISA kits specifically
designed for rats were obtained from Cloud-Clone Corp. (Houston, TX, USA). Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA) was contacted to acquire caspase 3 monoclonal
antibody. 3-Actin, employed as a housekeeping loading control antibody, in addition to
different primary antibodies with relevance (ILK, BAX, Bcl2, P-PTEN, P-AKT/AKT, and
P-PI3K/PI3K), was bought from Abcam. Secondary anti-goat, anti-mouse, and anti-rabbit
antibodies were purchased from Sigma-Aldrich. All other chemicals and reagents were
suitable for analytical purposes and were sourced from conventional commercial firms.

4.2. Experimental Animals

All rats were male Wistar albino models, with ages ranging from 8 to 10 weeks and
a weight of 200 to 250 g; they were acquired from the Animal Care Center at the College
of Pharmacy, King Saud University, Saudi Arabia. All rats were housed and handled
appropriately and were stored in cages designed for the specific purpose in a controlled
environment with a standard temperature (22-23 °C), relative humidity (60%), and a
12/12 h light/dark cycle. Throughout the experiment, rats were fed rodent maintenance
chow and had ad libitum access to distilled water. A regular diet was given to rats in
the control group, whereas an HFD was given to control group rats used for induction of
insulin resistance and obesity. The HFD consisted of a mixed meal containing 63% calories,
1% (w/w) sucrose, 1% (w/w) cholesterol, elevated protein levels, and 25% extra virgin olive
oil. It was ensured that the study protocol conformed with the guidelines published by the
Experimental Animals Ethics Committee Acts of King Saud University Institutional Animal
Care and Use Committee, and approval was obtained from the Research Ethics Committee
(reference No. KSU-SE-21-40). Preliminary research performed in various laboratories was
used as the basis for the regimen adopted in the study.

4.3. Induction of Diabetes

To induce type 2 diabetes in rats, STZ (30 mg/kg) was injected intraperitoneally once
after 24 h fasting and was aided by feeding an HFD [68,69]. Immediately before being
injected, STZ was dissolved in 0.1 M of citrate buffer (pH 4.5). Seventy-two hours later,
a small sample of blood was taken from the vein in the tail for the purpose of assessing
the levels of blood glucose using an Accu-Chek Advantage II blood glucose monitoring
system (Roche Diagnostics, Indianapolis, IN, USA). Blood glucose levels > 200 mg/dL in
two consecutive assessments indicated diabetes in rats [70]. The rats with diabetes were
chosen for experiments and were assigned to groups 3 and 4, as described in Section 2.4.

4.4. Experimental Design

The experimental design and approach used in this study are illustrated in Figure 7.
Twenty-four rats were divided into 2 groups of 12 nondiabetic and 12 diabetic rats, which
were weighed and subsequently allocated to 4 groups of six rats each (1 = 6). Over the
course of six consecutive weeks, the rats were subjected to the following daily treatments:

e  Group 1: Normal saline (0.9% NaCl; drug vehicle) was administered to nondiabetic
controls via oral gavage for the entire six-week period.
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Group 2: Normal saline (0.9% NaCl) was administered to diabetic untreated rats via
oral gavage for six weeks.

Group 3: Normal saline was administered to nondiabetic rats for the initial 3 weeks be-
fore they were injected with 150 pg/kg liraglutide subcutaneously (SC) twice daily for
the subsequent 3 weeks. The dose was chosen based on previous studies demonstrat-
ing its cardioprotective effects in diabetic rats [71]. Notably, the volume of liraglutide
stock solution (6 mg/mL) injected was dependent on each rat’s weight.

Group 4: Normal saline was administered to diabetic rats for the initial 3 weeks, and
they were subsequently injected with 150 pg/kg liraglutide SC twice daily [71] for the
remaining 3 weeks.
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Figure 7. Schematic of the study design.

Weekly body weight records were maintained until the end of the experiment. Fol-

lowing 12 h overnight fasting, the rats were humanely euthanized by gradually increasing
the carbon dioxide concentration, followed by decapitation. Thereafter, blood samples
were collected, and the serum was separated for subsequent biochemical analyses. The
heart was promptly excised after the sacrifice, rinsed with cold phosphate-buffered saline
(PBS), and weighed. The heart weight-to-body weight ratio (HW/BW) was calculated as an
indicator of cardiac hypertrophy and injury. The heart samples were homogenized in cold
PBS (10% w/v), and the homogenate was used to assess oxidative stress biomarkers via
specific ELISA and commercial kits. Serum caspase 3 levels were determined using ELISA
kits that were specifically designed for rats. Subsequent to dissection, the heart tissue was
preserved in neutral buffered formalin (4%) for subsequent histological analysis, apoptotic
cardiomyocyte staining, and immunohistochemical processing. Samples were also stored

at

—80 °C for further use in molecular studies.



Pharmaceuticals 2024, 17, 374

13 of 18

4.5. Biochemical and Molecular Analyses
4.5.1. Determination of Serum Glucose Levels

A glucose analytical assay was used to determine the serum glucose levels according
to the instructions provided by manufacturer.

4.5.2. Determination of Diabetic Cardiomyopathy Biomarkers

ELISA kits were used on serum samples to determine the serum levels of cardiac
biomarkers, which included troponin I and CK-MB, in line with the manufacturer’s in-
structions. For the troponin I and CK-MB assays, 50 pL of each standard or sample was
incubated in the wells of ELISA plates at 37 °C for 1 h. Subsequently, the wells were
washed to eliminate all unbound substances. Following the addition of 50 uL of the se-
lected primary antibody to all wells, incubation of the plates was performed at 37 °C for
1 h. Subsequently, 50 uL of a designed secondary antibody was introduced to all wells,
followed by incubation of the plates at 37 °C for 1 h. After this had been completed, this
was followed by the addition of 100 pL of the substrate to all wells and then a further
30 min of incubation at 37 °C in a dark environment. The final part of process involved
the addition of 100 uL of the stop solution to every well, and then a microplate reader
(BioTek Instruments, Winooski, VT, USA) was used to measure the absorbance at 450 nm.
The calculation of the sample concentrations was performed with a standard curve created
according to the guidelines provided with the assay kit.

4.5.3. Estimation of Oxidative Stress Biomarkers

Oxidative stress was assessed by measuring the activities of SOD and GPx and MDA
levels. In order to determine GPx activity, the method proposed by Moron et al. was
used [72]. In summary, this involved the mixing of 1 mL of the heart homogenate and 1 mL
of 25% trichloroacetic acid (TCA), followed by the centrifugation of the resulting mixture at
3000 rpm for 10 min at 4 °C. This was followed by the mixing of 0.5 mL of the supernatant
with 4.5 mL of Ellman’s reagent, and then spectrophotometric measurements of the yellow
mixture’s absorbance at 412 nm against a reagent blank were taken.

MDA levels were estimated with a thiobarbituric acid (TBA) assay according to the
description of Ohkawa et al. [73]. This involved the heating of a mixture that contained
1 mL of 0.6% TBA, 2.5 mL of 20% TCA, and 500 puL of the heart homogenate over a
bath of boiling water bath for 30 min, and it was then cooled and centrifuged at 4 °C.
Measurements of the color that was formed were taken at 535 nm against a reagent blank.
The nitro blue tetrazolium technique was used to determine the SOD activity, as described
by Delides et al. [74]. This method determines the extent to which the reduction of nitro
blue tetrazolium is inhibited by measuring the change in absorbance at 430 nm. The
activities of SOD and GPx are denoted as u/mg protein, while MDA content is denoted as
nmol/mg protein.

4.5.4. Western Blot Analysis

Homogenization of samples of frozen heart tissue was performed in an ice-cold lysis
buffer followed by a radioimmunoprecipitation assay buffer, in which identical concen-
trations of protease and phosphatase inhibitor cocktails were supplemented. The Direct
Detect qualification assay method was used to determine the protein concentrations. West-
ern blot analysis was performed using the technique described by Towbin et al. [75]. In
brief, sodium dodecyl sulfate polyacrylamide gel electrophoresis was used to separate
60 pg of homogenized protein samples, followed by transferal of the resolved proteins
into polyvinylidene difluoride membranes (0.2 pm, Immun-Blot®, Bio-Rad, Hercules, CA,
USA). Blocking of the membrane was achieved via a process in which it was incubated
in a 5% non-fat dry milk solution at room temperature for 1 h. Following this, overnight
incubation of the membrane was performed at 4 °C where primary antibodies were diluted
in Tris-buffered saline containing Tween-20 (TBST) buffer at a 1:1000 ratio for caspase
3, BAX, BCL2, ILK, P-PTEN, P-PI3K/total PI3K, and P-AKT/total AKT. A mouse mon-
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oclonal anti-p-actin antibody, diluted at 1:2000, was used to assess the levels of (3-actin
as a loading control. This was followed by washing and incubation of the membrane at
room temperature for 1 h with HRP-conjugated anti-rabbit (1:5000) secondary antibody
diluted in the TBST buffer. An enhanced chemiluminescence detection kit (GE Healthcare,
Amersham, Buckinghamshire, UK) was used to develop the blots for 2 min. A LI-COR
Odyssey imaging system (Lincoln, NE, USA) was used to visualize the immunoreactive
bands. Image]J software was used to densometrically quantify the protein band intensities
(NIH Image, Bethesda, MD, USA), which were then normalized relative to the loading con-
trol intensity ([3-actin) or the intensity of total protein in case of detection of the expression
of phosphorylated proteins. This was followed by the normalization of the relative values
against those for the control, which were allocated an arbitrary value of 1 and denoted as
fold change.

4.5.5. Histological Examination

The rats were anesthetized with carbon dioxide, and their hearts were promptly
removed, washed with ice-cold saline, and meticulously cleaned of connective tissue and
extraneous fat. Preservation of the hearts in 10% neutral formalin for 24 h was performed
immediately. Once this had been completed, it was followed by dehydration of the hearts in
elevated concentrations of ethanol, clearing with xylene, and they were finally embedded in
paraffin. In preparation for morphological examination, sections of the paraffin-embedded
hearts (thickness 4 pm) were stained with H&E. A ScanScope Scanner (Leica Biosystem:s,
Aperio, Vista, CA, USA) was used to obtain high-resolution digital scans of the stained
sections. Expert investigators with experience in the field then analyzed the images.

4.5.6. Immunohistochemistry

Immunohistochemistry was performed using a kit from Advanced Technology &
Industrial Co., Ltd. (Hong Kong, China) to measure ILK expression, following the manufac-
turer’s instructions. Paraffin-embedded heart sections were used to detect the expression of
caspase 3, BAX, BCL2, ILK, PTEN, P-PI3K, and P-AKT. Inmunostaining was performed as
previously described using the Santa Cruz ImmunoCruz ABC staining system. To prevent
the non-specific binding of antibodies, incubation of the protein sections was performed
for 5 min. This was followed by the overnight incubation of the sections with the pri-
mary antibodies at 4 °C and subsequent washing using Tris buffer three times. Then,
incubation of the sections with anti-mouse IgG or biotinylated anti-rabbit (both at a 1:100
dilution) was performed for 30 min. Washing of the sections was then repeated, followed
by staining using a working solution of DAB, then staining using Mayer’s hematoxylin.
Subsequent to staining, preservation of the sections was achieved by mounting them in a
mixture containing xylene and a plasticizer. A bright-field light microscope (DMRBE; Leica,
Bensheim, Germany) that had a video camera installed (ProgRes; Kontron Instruments,
Watford, UK) was used to analyze the samples. Aperio viewing and image analysis tools
were subsequently used to view and analyze the digital images of the sections.

4.5.7. Detection of Apoptotic Cardiomyocytes

Apoptosis of cardiomyocytes was detected using the TUNEL staining assay, following
the manufacturer’s instructions. Proteinase K (20 pg/mL) was used to treat deparaffinized
heart tissue slides for 15 min at room temperature, and they were then quenched in 2%
hydrogen peroxide. Subsequent to being rinsed with PBS (pH 7.4), incubation of the
slides in 1x equilibration buffer was performed for 10-15 s. They were then incubated
with terminal deoxynucleotidyl transferase for 1 h at 37 °C, blocked using a stop/wash
buffer, then incubated with peroxidase-conjugated anti-digoxigenin antibody for 30 min
at room temperature. DAB (Sigma-Aldrich) was used to develop the slides. Finally, the
tissue sections stained with fluorescently tagged dUTP were visualized using a Nikon E100
Binocular Fluorescence Microscope (Nikon Corporation, Tokyo, Japan). Nuclear staining
was performed with 4/,6-diamidino-2-phenylindole (DAPI) as a counterstain. To calculate
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the cardiomyocyte apoptosis index, the number of apoptotic cardiomyocytes was divided
by the overall number of cardiomyocytes. This value was multiplied by 100 [76]. All
analytical procedures were performed in a blinded manner.

4.6. Statistical Analysis

Data are presented in the form of means + SEM. One-way analysis of variations
and then the Tukey—Kramer post hoc test was used for statistical analysis of inter-group
comparisons. All statistical analyses were conducted using GraphPad Prism Windows
software version 9 (GraphPad Software Inc., San Diego, CA, USA). p values < 0.05 indicated
statistical significance.

5. Conclusions

Our findings suggest that liraglutide, through its targeting of GLP1Rs, affects the
expression of ILK-related PI3K/AKT/PTEN, ultimately mitigating diabetic cardiomyopa-
thy by regulating these signaling pathways. Thus, liraglutide is a potential alternative
treatment for treating diabetic cardiomyopathy.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph17030374 /s1, Figure S1: Original unprocessed immunoblots for
all proteins of interest. Table S1: Original data for all biochemical and molecular parameters.

Author Contributions: Conceptualization: N.M.A. (Nouf M. Alrasheed); Data Curation: A.S.A.,
N.M.A. (Nawal M. Alrasheed), TK.A., RR.A.,, L.A.A,, D.H.A,, S.E.A-A.,S.O.A. and R.A.A.; Formal
Analysis: M.A.A., D.M.E. and N.T.A.; Investigation: SM.A., RM.A., M.A.A. and N.T.A.; Method-
ology: SM.A.,, RM.A,, M.A.A,, D.M.E. and N.T.A,; Project Administration: N.M.A. (Nouf M. Al-
rasheed); Software: A.S.A., N.M.A. (Nawal M. Alrasheed), TK.A.,, D.M.E,, RR.A,, L.A.A,, D.HA,,
S.E.A-A., S.O.A. and R.A.A ; Supervision: N.M.A. (Nouf M. Alrasheed); Writing—Original Draft:
S.M.A. and RM.A ; Writing—Review and Editing: A.FB.D., HK.A.,, D.A.A. and N.M.A. (Nouf M.
Alrasheed). All authors have read and agreed to the published version of the manuscript.

Funding: The Deputyship for Research & Innovation, “Ministry of Education in Saudi Arabia”, is
acknowledged for funding this research through project number [IFKSUDR_H150].

Institutional Review Board Statement: The study protocols and experiments were approved and
conducted in accordance with the Experimental Animals Ethics Committee Act of the King Saud Uni-
versity Institutional Research Ethics Committee (Ethics Reference No. KSU-SE-21-40; 27 May 2021).

Informed Consent Statement: Not applicable.
Data Availability Statement: The study data are available upon request from the corresponding author.

Acknowledgments: The authors express their gratitude to the Deputyship for Research & Inno-
vation, Ministry of Education in Saudi Arabia, for funding this research under project number
[IFKSUDR_H150].

Conflicts of Interest: The authors declare no conflicts of interest.

1. Li, S; Wang, J.; Zhang, B.; Li, X;; Liu, Y. Diabetes Mellitus and Cause-Specific Mortality: A Population-Based Study. Diabetes
Metab. ]. 2019, 43, 319-341. [CrossRef]

2. World Health Organization. Global Health Estimates: Leading Causes of Death. 2019. Available online: https://www.who.int/
data/gho/data/themes/mortality-and-global-health-estimates/ghe-leading-causes-of-death (accessed on 9 December 2020).

3. Gulsin, G.S,; Athithan, L.; McCann, G.P. Diabetic cardiomyopathy: Prevalence, determinants and potential treatments. Ther. Adv.
Endocrinol. Metab. 2019, 10, 2042018819834869. [CrossRef] [PubMed]

4.  Saeedi, P; Petersohn, I.; Salpea, P; Malanda, B.; Karuranga, S.; Unwin, N.; Colagiuri, S.; Guariguata, L.; Motala, A.A.; Ogurtsova,
K.; et al. Global and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: Results from the
International Diabetes Federation Diabetes Atlas, 9(th) edition. Diabetes Res. Clin. Pract. 2019, 157, 107843. [CrossRef] [PubMed]

5. Jia, G.; Whaley-Connell, A.; Sowers, J.R. Diabetic cardiomyopathy: A hyperglycaemia- and insulin-resistance-induced heart
disease. Diabetologia 2018, 61, 21-28. [CrossRef]


https://www.mdpi.com/article/10.3390/ph17030374/s1
https://www.mdpi.com/article/10.3390/ph17030374/s1
https://doi.org/10.4093/dmj.2018.0060
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-leading-causes-of-death
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-leading-causes-of-death
https://doi.org/10.1177/2042018819834869
https://www.ncbi.nlm.nih.gov/pubmed/30944723
https://doi.org/10.1016/j.diabres.2019.107843
https://www.ncbi.nlm.nih.gov/pubmed/31518657
https://doi.org/10.1007/s00125-017-4390-4

Pharmaceuticals 2024, 17, 374 16 of 18

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Jia, G.; DeMarco, V.G.; Sowers, ].R. Insulin resistance and hyperinsulinaemia in diabetic cardiomyopathy. Nat. Rev. Endocrinol.
2016, 12, 144-153. [CrossRef]

Ramachandran, V.; Saravanan, R. Glucose uptake through translocation and activation of GLUT4 in PI3K/ Akt signaling pathway
by asiatic acid in diabetic rats. Hum. Exp. Toxicol. 2015, 34, 884-893. [CrossRef]

Hannigan, G.E.; Leung-Hagesteijn, C.; Fitz-Gibbon, L.; Coppolino, M.G.; Radeva, G.; Filmus, J.; Bell, ].C.; Dedhar, S. Regulation
of cell adhesion and anchorage-dependent growth by a new beta 1-integrin-linked protein kinase. Nature 1996, 379, 91-96.
[CrossRef] [PubMed]

Su, Y.-C.; Lee, W.-C.; Wang, C.-C.; Yeh, S.-A.; Chen, W.-H.; Chen, P--]. Targeting PI3K/AKT/mTOR Signaling Pathway as a
Radiosensitization in Head and Neck Squamous Cell Carcinomas. Int. ]. Mol. Sci. 2022, 23, 15749. [CrossRef] [PubMed]
Walkowski, B.; Kleibert, M.; Majka, M.; Wojciechowska, M. Insight into the Role of the PI3K/Akt Pathway in Ischemic Injury and
Post-Infarct Left Ventricular Remodeling in Normal and Diabetic Heart. Cells 2022, 11, 1553. [CrossRef]

Xu, TJ.; Liu, Y,; Yuan, B. Effect of insulin in combination with selenium on Irs/PI3K-mediated GLUT4 expression in cardiac
muscle of diabetic rats. Eur. Rev. Med. Pharmacol. Sci. 2011, 15, 1452-1460.

Obara, S.; Nakata, M.; Takeshima, H.; Katagiri, H.; Asano, T.; Oka, Y.; Maruyama, I.; Kuratsu, J. Integrin-linked kinase (ILK)
regulation of the cell viability in PTEN mutant glioblastoma and in vitro inhibition by the specific COX-2 inhibitor NS-398. Cancer
Lett. 2004, 208, 115-122. [CrossRef]

Kitamura, Y.; Koide, M.; Akakabe, Y.; Matsuo, K.; Shimoda, Y.; Soma, Y.; Ogata, T.; Ueyama, T.; Matoba, S.; Yamada, H.;
et al. Manipulation of cardiac phosphatidylinositol 3-kinase (PI3K)/ Akt signaling by apoptosis regulator through modulating
IAP expression (ARIA) regulates cardiomyocyte death during doxorubicin-induced cardiomyopathy. J. Biol. Chem. 2014, 289,
2788-2800. [CrossRef] [PubMed]

Damilano, F,; Perino, A.; Hirsch, E. PI3K kinase and scaffold functions in heart. Ann. N. Y. Acad. Sci. 2010, 1188, 39-45. [CrossRef]
Hannigan, G.E.; Coles, ].G.; Dedhar, S. Integrin-linked kinase at the heart of cardiac contractility, repair, and disease. Circ. Res.
2007, 100, 1408-1414. [CrossRef]

Bock-Marquette, I.; Saxena, A.; White, M.D.; Dimaio, ].M.; Srivastava, D. Thymosin beta4 activates integrin-linked kinase and
promotes cardiac cell migration, survival and cardiac repair. Nature 2004, 432, 466—472. [CrossRef] [PubMed]

Zheng, C.C.; Hu, H.F; Hong, P.; Zhang, Q.H.; Xu, WW.; He, Q.Y.; Li, B. Significance of integrin-linked kinase (ILK) in
tumorigenesis and its potential implication as a biomarker and therapeutic target for human cancer. Am. . Cancer Res. 2019, 9,
186-197.

Brishti, M.A.; Raghavan, S.; Lamar, K.; Singh, U.P; Collier, D.M.; Leo, M.D. Diabetic Endothelial Cell Glycogen Synthase Kinase
3&beta; Activation Induces VCAM1 Ectodomain Shedding. Int. J. Mol. Sci. 2023, 24, 14105. [PubMed]

White, D.E.; Coutu, P; Shi, Y.F; Tardif, ].C.; Nattel, S.; St Arnaud, R.; Dedhar, S.; Muller, W.J. Targeted ablation of ILK from the
murine heart results in dilated cardiomyopathy and spontaneous heart failure. Genes Dev. 2006, 20, 2355-2360. [CrossRef]
Zelniker, T.A.; Wiviott, S.D.; Raz, I.; Im, K.; Goodrich, E.L.; Furtado, R.H.M.; Bonaca, M.P.; Mosenzon, O.; Kato, E.T.; Cahn, A.;
et al. Comparison of the Effects of Glucagon-Like Peptide Receptor Agonists and Sodium-Glucose Cotransporter 2 Inhibitors for
Prevention of Major Adverse Cardiovascular and Renal Outcomes in Type 2 Diabetes Mellitus. Circulation 2019, 139, 2022-2031.
[CrossRef]

Sharma, D.; Verma, S.; Vaidya, S.; Kalia, K.; Tiwari, V. Recent updates on GLP-1 agonists: Current advancements & challenges.
Biomed. Pharmacother. 2018, 108, 952-962. [CrossRef]

Bernardini, F.,; Nusca, A.; Coletti, F; La Porta, Y.; Piscione, M.; Vespasiano, F; Mangiacapra, F.; Ricottini, E.; Melfi, R.; Cavallari, I;
et al. Incretins-Based Therapies and Their Cardiovascular Effects: New Game-Changers for the Management of Patients with
Diabetes and Cardiovascular Disease. Pharmaceutics 2023, 15, 1858. [CrossRef]

Canu, M.; Carabelli, A.; Debiossat, M.; Broisat, A.; Desvignes, M.; Ghezzi, C.; Barone-Rochette, G.; Riou, L. Effects of liraglutide
on heart function and myocardial perfusion entropy in a type-2 diabetic rat model. Arch. Cardiovasc. Dis. Suppl. 2020, 12, 212.
[CrossRef]

Almutairi, M.; Gopal, K.; Greenwell, A.A.; Young, A.; Gill, R.; Aburasayn, H.; Al Batran, R.; Chahade, ].].; Gandhi, M.; Eaton,
F; et al. The GLP-1 Receptor Agonist Liraglutide Increases Myocardial Glucose Oxidation Rates via Indirect Mechanisms and
Mitigates Experimental Diabetic Cardiomyopathy. Can. J. Cardiol. 2021, 37, 140-150. [CrossRef]

Zhang, Q.; Xiao, X.; Zheng, J.; Li, M.; Yu, M,; Ping, F; Wang, T.; Wang, X. Liraglutide protects cardiac function in diabetic rats
through the PPARw pathway. Biosci. Rep. 2018, 38, BSR20180059. [CrossRef] [PubMed]

Davies, M.].; Bain, S.C.; Atkin, S.L.; Rossing, P.; Scott, D.; Shamkhalova, M.S.; Bosch-Traberg, H.; Syrén, A.; Umpierrez, G.E.
Efficacy and Safety of Liraglutide Versus Placebo as Add-on to Glucose-Lowering Therapy in Patients With Type 2 Diabetes and
Moderate Renal Impairment (LIRA-RENAL): A Randomized Clinical Trial. Diabetes Care 2016, 39, 222-230. [CrossRef] [PubMed]
Marso, S.P,; Daniels, G.H.; Brown-Frandsen, K.; Kristensen, P.; Mann, J.F.; Nauck, M.A.; Nissen, S.E.; Pocock, S.; Poulter, N.R.;
Ravn, L.S;; et al. Liraglutide and Cardiovascular Outcomes in Type 2 Diabetes. N. Engl. . Med. 2016, 375, 311-322. [CrossRef]
[PubMed]

Liu, Q.; Anderson, C.; Broyde, A ; Polizzi, C.; Fernandez, R.; Baron, A.; Parkes, D.G. Glucagon-like peptide-1 and the exenatide
analogue AC3174 improve cardiac function, cardiac remodeling, and survival in rats with chronic heart failure. Cardiovasc.
Diabetol. 2010, 9, 76. [CrossRef] [PubMed]


https://doi.org/10.1038/nrendo.2015.216
https://doi.org/10.1177/0960327114561663
https://doi.org/10.1038/379091a0
https://www.ncbi.nlm.nih.gov/pubmed/8538749
https://doi.org/10.3390/ijms232415749
https://www.ncbi.nlm.nih.gov/pubmed/36555391
https://doi.org/10.3390/cells11091553
https://doi.org/10.1016/j.canlet.2003.11.020
https://doi.org/10.1074/jbc.M113.508143
https://www.ncbi.nlm.nih.gov/pubmed/24338479
https://doi.org/10.1111/j.1749-6632.2009.05081.x
https://doi.org/10.1161/01.RES.0000265233.40455.62
https://doi.org/10.1038/nature03000
https://www.ncbi.nlm.nih.gov/pubmed/15565145
https://www.ncbi.nlm.nih.gov/pubmed/37762417
https://doi.org/10.1101/gad.1458906
https://doi.org/10.1161/CIRCULATIONAHA.118.038868
https://doi.org/10.1016/j.biopha.2018.08.088
https://doi.org/10.3390/pharmaceutics15071858
https://doi.org/10.1016/j.acvdsp.2020.03.034
https://doi.org/10.1016/j.cjca.2020.02.098
https://doi.org/10.1042/BSR20180059
https://www.ncbi.nlm.nih.gov/pubmed/29440457
https://doi.org/10.2337/dc14-2883
https://www.ncbi.nlm.nih.gov/pubmed/26681713
https://doi.org/10.1056/NEJMoa1603827
https://www.ncbi.nlm.nih.gov/pubmed/27295427
https://doi.org/10.1186/1475-2840-9-76
https://www.ncbi.nlm.nih.gov/pubmed/21080957

Pharmaceuticals 2024, 17, 374 17 of 18

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

Yang, Y.; Fang, H.; Xu, G.; Zhen, Y.; Zhang, Y.; Tian, ].; Zhang, D.; Zhang, G.; Xu, ]. Liraglutide improves cognitive impairment via
the AMPK and PI3K/ Akt signaling pathways in type 2 diabetic rats. Mol. Med. Rep. 2018, 18, 2449-2457. [CrossRef]

Wu, X.M,; Ou, Q.Y.; Zhao, W.; Liu, J.; Zhang, H. The GLP-1 analogue liraglutide protects cardiomyocytes from high glucose-
induced apoptosis by activating the Epac-1/Akt pathway. Exp. Clin. Endocrinol. Diabetes 2014, 122, 608—614. [CrossRef]
Nakamura, K.; Miyoshi, T.; Yoshida, M.; Akagi, S.; Saito, Y.; Ejiri, K.; Matsuo, N.; Ichikawa, K.; Iwasaki, K.; Naito, T.; et al.
Pathophysiology and Treatment of Diabetic Cardiomyopathy and Heart Failure in Patients with Diabetes Mellitus. Int. J. Mol. Sci.
2022, 23, 3587. [CrossRef]

Skovsg, S. Modeling type 2 diabetes in rats using high fat diet and streptozotocin. J. Diabetes Investig. 2014, 5, 349-358. [CrossRef]
Andonova, M.; Dzhelebov, P,; Trifonova, K.; Yonkova, P.; Kostadinov, N.; Nancheva, K.; Ivanov, V.; Gospodinova, K.; Nizamov, N.;
Tsachev, I; et al. Metabolic Markers Associated with Progression of Type 2 Diabetes Induced by High-Fat Diet and Single Low
Dose Streptozotocin in Rats. Vet. Sci. 2023, 10, 431. [CrossRef]

Lee, W.S.; Kim, J. Application of Animal Models in Diabetic Cardiomyopathy. Diabetes Metab. J. 2021, 45, 129-145. [CrossRef]
[PubMed]

Grubi¢ Rotkvi¢, P; Planini¢, Z.; Liberati Prio, A.M.; Siki¢, J.; Gali¢, E.; Rotkvi¢, L. The Mystery of Diabetic Cardiomyopathy:
From Early Concepts and Underlying Mechanisms to Novel Therapeutic Possibilities. Int. J. Mol. Sci. 2021, 22, 5973. [CrossRef]
[PubMed]

Liu, Q.; Wang, S.; Cai, L. Diabetic cardiomyopathy and its mechanisms: Role of oxidative stress and damage. J. Diabetes Investig.
2014, 5, 623-634. [CrossRef] [PubMed]

Mohan, M.; Dihoum, A.; Mordi, I.R.; Choy, A.M.; Rena, G.; Lang, C.C. Left Ventricular Hypertrophy in Diabetic Cardiomyopathy:
A Target for Intervention. Front. Cardiovasc. Med. 2021, 8, 746382. [CrossRef] [PubMed]

Larsen, PJ.; Wulff, EIM.; Gotfredsen, C.F; Brand, C.L.; Sturis, J.; Vrang, N.; Knudsen, L.B.; Lykkegaard, K. Combination of the
insulin sensitizer, pioglitazone, and the long-acting GLP-1 human analog, liraglutide, exerts potent synergistic glucose-lowering
efficacy in severely diabetic ZDF rats. Diabetes Obes. Metab. 2008, 10, 301-311. [CrossRef]

Bajic, Z.; Sobot, T.; Uletilovic, S.; Mandic-Kovacevic, N.; Cvjetkovic, T.; Malicevic, U.; Djukanovic, D.; Duran, M.; Vesic, N.; Avram,
S.; et al. Cardioprotective effects of liraglutide pretreatment on isoprenaline-induced myocardial injury in rats. Can. J. Physiol.
Pharmacol. 2023, 101, 258-267. [CrossRef] [PubMed]

Margulies, K.B.; Hernandez, A.F.; Redfield, M.M.; Givertz, M.M.; Oliveira, G.H.; Cole, R.; Mann, D.L.; Whellan, D.J.; Kiernan,
M.S.; Felker, G.M.; et al. Effects of Liraglutide on Clinical Stability Among Patients With Advanced Heart Failure and Reduced
Ejection Fraction: A Randomized Clinical Trial. JAMA 2016, 316, 500-508. [CrossRef]

Zhang, Z.; Wang, X.; Yang, L.; Yang, L.; Ma, H. Liraglutide ameliorates myocardial damage in experimental diabetic rats by
inhibiting pyroptosis via Sirt1/AMPK signaling. Iran. J. Basic Med. Sci. 2021, 24, 1358-1365. [CrossRef]

Wu, H,; Sheng, Z.Q.; Xie, J.; Li, R.; Chen, L.; Li, G.N.; Wang, L.; Xu, B. Reduced HMGB 1-Mediated Pathway and Oxidative Stress
in Resveratrol-Treated Diabetic Mice: A Possible Mechanism of Cardioprotection of Resveratrol in Diabetes Mellitus. Oxid. Med.
Cell. Longev. 2016, 2016, 9836860. [CrossRef]

Suzuki, H.; Kayama, Y.; Sakamoto, M.; Iuchi, H.; Shimizu, I.; Yoshino, T.; Katoh, D.; Nagoshi, T.; Tojo, K.; Minamino, T.; et al.
Arachidonate 12/15-Lipoxygenase-Induced Inflammation and Oxidative Stress Are Involved in the Development of Diabetic
Cardiomyopathy. Diabetes 2014, 64, 618-630. [CrossRef]

Wang, J.; Wang, H. Oxidative Stress in Pancreatic Beta Cell Regeneration. Oxid. Med. Cell. Longev. 2017, 2017, 1930261. [CrossRef]
Zhang, C.; Zhang, L.; Chen, S.; Feng, B.; Lu, X.; Bai, Y; Liang, G.; Tan, Y.; Shao, M.; Skibba, M.; et al. The prevention of diabetic
cardiomyopathy by non-mitogenic acidic fibroblast growth factor is probably mediated by the suppression of oxidative stress
and damage. PLoS ONE 2013, 8, €82287. [CrossRef] [PubMed]

Teringova, E.; Tousek, P. Apoptosis in ischemic heart disease. J. Transl. Med. 2017, 15, 87. [CrossRef] [PubMed]

Yu, W.; Zha, W.; Guo, S.; Cheng, H.; Wu, J.; Liu, C. Flos Puerariae extract prevents myocardial apoptosis via attenuation oxidative
stress in streptozotocin-induced diabetic mice. PLoS ONE 2014, 9, €98044. [CrossRef]

Wu, M.P; Zhang, Y.S.; Zhou, Q.M.; Xiong, J.; Dong, Y.R.; Yan, C. Higenamine protects ischemia/reperfusion induced cardiac
injury and myocyte apoptosis through activation of 32-AR/PI3K/AKT signaling pathway. Pharmacol. Res. 2016, 104, 115-123.
[CrossRef]

Chu, D.; Zhang, Z. Trichosanthis Pericarpium Aqueous Extract Protects H9¢2 Cardiomyocytes from Hypoxia/Reoxygenation
Injury by Regulating PI3K/Akt/NO Pathway. Molecules 2018, 23, 2409. [CrossRef] [PubMed]

Liu, J.; Liu, Y.; Chen, L.; Wang, Y.; Li, ]. Glucagon-Like Peptide-1 Analog Liraglutide Protects against Diabetic Cardiomyopathy by
the Inhibition of the Endoplasmic Reticulum Stress Pathway. |. Diabetes Res. 2013, 2013, 630537. [CrossRef]

Urschel, K.; Tauchi, M.; Achenbach, S.; Dietel, B. Investigation of Wall Shear Stress in Cardiovascular Research and in Clinical
Practice—From Bench to Bedside. Int. J. Mol. Sci. 2021, 22, 5635. [CrossRef]

Godoy-Parejo, C.; Deng, C.; Liu, W.; Chen, G. Insulin Stimulates PI3K/AKT and Cell Adhesion to Promote the Survival of
Individualized Human Embryonic Stem Cells. Stemn Cells 2019, 37, 1030-1041. [CrossRef]

Hatem-Vaquero, M.; Griera, M.; Garcia-Jerez, A.; Luengo, A ; Alvarez, J.; Rubio, J.A.; Calleros, L.; Rodriguez-Puyol, D.; Rodriguez-
Puyol, M.; De Frutos, S. Peripheral insulin resistance in ILK-depleted mice by reduction of GLUT4 expression. J. Endocrinol. 2017,
234,115-128. [CrossRef]


https://doi.org/10.3892/mmr.2018.9180
https://doi.org/10.1055/s-0034-1384584
https://doi.org/10.3390/ijms23073587
https://doi.org/10.1111/jdi.12235
https://doi.org/10.3390/vetsci10070431
https://doi.org/10.4093/dmj.2020.0285
https://www.ncbi.nlm.nih.gov/pubmed/33813812
https://doi.org/10.3390/ijms22115973
https://www.ncbi.nlm.nih.gov/pubmed/34205870
https://doi.org/10.1111/jdi.12250
https://www.ncbi.nlm.nih.gov/pubmed/25422760
https://doi.org/10.3389/fcvm.2021.746382
https://www.ncbi.nlm.nih.gov/pubmed/34660744
https://doi.org/10.1111/j.1463-1326.2008.00865.x
https://doi.org/10.1139/cjpp-2022-0534
https://www.ncbi.nlm.nih.gov/pubmed/36848640
https://doi.org/10.1001/jama.2016.10260
https://doi.org/10.22038/ijbms.2021.56771.12677
https://doi.org/10.1155/2016/9836860
https://doi.org/10.2337/db13-1896
https://doi.org/10.1155/2017/1930261
https://doi.org/10.1371/journal.pone.0082287
https://www.ncbi.nlm.nih.gov/pubmed/24349248
https://doi.org/10.1186/s12967-017-1191-y
https://www.ncbi.nlm.nih.gov/pubmed/28460644
https://doi.org/10.1371/journal.pone.0098044
https://doi.org/10.1016/j.phrs.2015.12.032
https://doi.org/10.3390/molecules23102409
https://www.ncbi.nlm.nih.gov/pubmed/30241309
https://doi.org/10.1155/2013/630537
https://doi.org/10.3390/ijms22115635
https://doi.org/10.1002/stem.3026
https://doi.org/10.1530/JOE-16-0662

Pharmaceuticals 2024, 17, 374 18 of 18

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Bin Dayel, A.F; Alonazi, A.S.; Alrasheed, N.M.; Alamin, M.A; Sarawi, W.S.; Alharbi, A.O.; Alabbad, N.A.; Albuaijan, D.A.; Alas-
siri, D.N.; Aljarbua, A.F; et al. Role of the integrin-linked kinase/TGF-f3 /SMAD pathway in sitagliptin-mediated cardioprotective
effects in a rat model of diabetic cardiomyopathy. J. Pharm. Pharmacol. 2024, 76, 64-73. [CrossRef]

Georgescu, M.M. PTEN Tumor Suppressor Network in PI3K-Akt Pathway Control. Genes Cancer 2010, 1, 1170-1177. [CrossRef]
[PubMed]

Ferhatbegovi¢, L.; Mrsi¢, D.; Maci¢-Dzankovié, A. The benefits of GLP1 receptors in cardiovascular diseases. Front. Clin. Diabetes
Healthc. 2023, 4, 1293926. [CrossRef]

Baggio, L.L.; Yusta, B.; Mulvihill, E.E.; Cao, X.; Streutker, C.J.; Butany, J.; Cappola, T.P.; Margulies, K.B.; Drucker, D.J. GLP-1
Receptor Expression Within the Human Heart. Endocrinology 2018, 159, 1570-1584. [CrossRef] [PubMed]

Miiller, T.D.; Finan, B.; Bloom, S.R.; D’Alessio, D.; Drucker, D.].; Flatt, P.R.; Fritsche, A.; Gribble, F.; Grill, H.].; Habener, J.E,; et al.
Glucagon-like peptide 1 (GLP-1). Mol. Metab. 2019, 30, 72-130. [CrossRef] [PubMed]

McLean, B.A.; Wong, C.K.; Kabir, M.G.; Drucker, D.J. Glucagon-like Peptide-1 receptor Tie2+ cells are essential for the cardio-
protective actions of liraglutide in mice with experimental myocardial infarction. Mol. Metab. 2022, 66, 101641. [CrossRef]
[PubMed]

Trang, N.N.; Chung, C.C.; Lee, TW.; Cheng, W.L.; Kao, YH.; Huang, S.Y.; Lee, T.I; Chen, Y.J. Empagliflozin and Liraglutide
Differentially Modulate Cardiac Metabolism in Diabetic Cardiomyopathy in Rats. Int. J. Mol. Sci. 2021, 22, 1177. [CrossRef]
[PubMed]

Wang, L.; Tang, Y.; He, H.; Wei, W. Liraglutide restores late cardioprotective effects of remote preconditioning in diabetic rats via
activation of hydrogen sulfide and nuclear factor erythroid 2-related factor 2 signaling pathway. Acta Cir. Bras. 2021, 36, e360207.
[CrossRef]

Buldak, L.; Machnik, G.; Buldak, R.J.; Labuzek, K.; Botdys, A.; Belowski, D.; Basiak, M.; Okopieri, B. Exenatide (a GLP-1 agonist)
expresses anti-inflammatory properties in cultured human monocytes/macrophages in a protein kinase A and B/ Akt manner.
Pharmacol. Rep. 2016, 68, 329-337. [CrossRef] [PubMed]

Elekofehinti, O.0.; Oyedokun, V.O.; Iwaloye, O.; Lawal, A.O.; Ejelonu, O.C. Momordica charantia silver nanoparticles modulate
SOCS/JAK/STAT and PI3K/Akt/PTEN signalling pathways in the kidney of streptozotocin-induced diabetic rats. ]. Diabetes
Metab. Disord. 2021, 20, 245-260. [CrossRef] [PubMed]

Madhu, D.; Hammad, M.; Kavalakatt, S.; Khadir, A.; Tiss, A. GLP-1 Analogue, Exendin-4, Modulates MAPKs Activity but not the
Heat Shock Response in Human HepG2 Cells. Proteom. Clin. Appl. 2018, 12, 1600169. [CrossRef] [PubMed]

Trefts, E. Integrin-Linked Kinase Is Critical for Hepatic Cellular Organization, Metabolism, and Glucoregulation. Ph.D. Thesis,
Vanderbilt University, Nashville, TN, USA, 2019.

Cai, C.; Wu, E; He, J.; Zhang, Y,; Shi, N.; Peng, X.; Ou, Q.; Li, Z,; Jiang, X.; Zhong, ].; et al. Mitochondrial quality control in diabetic
cardiomyopathy: From molecular mechanisms to therapeutic strategies. Int. J. Biol. Sci. 2022, 18, 5276-5290. [CrossRef] [PubMed]
Oura, K.; Morishita, A.; Tani, ].; Masaki, T. Antitumor Effects and Mechanisms of Metabolic Syndrome Medications on Hepatocel-
lular Carcinoma. J. Hepatocell. Carcinoma 2022, 9, 1279-1298. [CrossRef] [PubMed]

Wang, H.J.; Jin, Y.X.; Shen, W.; Neng, J.; Wu, T; Li, Y.J.; Fu, Z.W. Low dose streptozotocin (STZ) combined with high energy intake
can effectively induce type 2 diabetes through altering the related gene expression. Asia Pac. J. Clin. Nutr. 2007, 16 (Suppl. S1),
412-417. [PubMed]

Zhang, S.; Xu, H.; Yu, X;; Wu, Y,; Sui, D. Metformin ameliorates diabetic nephropathy in a rat model of low-dose streptozotocin-
induced diabetes. Exp. Ther. Med. 2017, 14, 383-390. [CrossRef]

Farrag, E.A E.; Hammad, M.O.; Safwat, S.M.; Hamed, S.; Hellal, D. Artemisinin attenuates type 2 diabetic cardiomyopathy in rats
through modulation of AGE-RAGE/HMGB-1 signaling pathway. Sci. Rep. 2023, 13, 11043. [CrossRef]

Abdelrazik Soliman, N.G.; Abdel-Hamid, A.A.M.; El-Hawwary, A.A.; Ellakkany, A. Impact of liraglutide on microcirculation in
experimental diabetic cardiomyopathy. Acta Histochem. 2020, 122, 151533. [CrossRef]

Moron, M.S.; Depierre, ].W.; Mannervik, B. Levels of glutathione, glutathione reductase and glutathione S-transferase activities in
rat lung and liver. Biochim. Biophys. Acta 1979, 582, 67-78. [CrossRef]

Ohkawa, H.; Ohishi, N.; Yagi, K. Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction. Anal. Biochem. 1979,
95, 351-358. [CrossRef] [PubMed]

Delides, A.; Spooner, R.J.; Goldberg, D.M.; Neal, FE. An optimized semi-automatic rate method for serum glutathione reductase
activity and its application to patients with malignant disease. J. Clin. Pathol. 1976, 29, 73-77. [CrossRef] [PubMed]

Towbin, H.; Staehelin, T.; Gordon, J. Electrophoretic transfer of proteins from polyacrylamide gels to nitrocellulose sheets:
Procedure and some applications. Proc. Natl. Acad. Sci. USA 1979, 76, 4350—-4354. [CrossRef] [PubMed]

Li, L.; Su, Q.; Wang, Y.; Dai, R.; Lu, Y.; Su, B.; Zhao, Y. Effect of atorvastatin (Lipitor) on myocardial apoptosis and caspase-8
activation following coronary microembolization. Cell Biochem. Biophys. 2011, 61, 399-406. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/jpp/rgad111
https://doi.org/10.1177/1947601911407325
https://www.ncbi.nlm.nih.gov/pubmed/21779440
https://doi.org/10.3389/fcdhc.2023.1293926
https://doi.org/10.1210/en.2018-00004
https://www.ncbi.nlm.nih.gov/pubmed/29444223
https://doi.org/10.1016/j.molmet.2019.09.010
https://www.ncbi.nlm.nih.gov/pubmed/31767182
https://doi.org/10.1016/j.molmet.2022.101641
https://www.ncbi.nlm.nih.gov/pubmed/36396031
https://doi.org/10.3390/ijms22031177
https://www.ncbi.nlm.nih.gov/pubmed/33503985
https://doi.org/10.1590/acb360207
https://doi.org/10.1016/j.pharep.2015.10.008
https://www.ncbi.nlm.nih.gov/pubmed/26922535
https://doi.org/10.1007/s40200-021-00739-w
https://www.ncbi.nlm.nih.gov/pubmed/34178835
https://doi.org/10.1002/prca.201600169
https://www.ncbi.nlm.nih.gov/pubmed/29105359
https://doi.org/10.7150/ijbs.75402
https://www.ncbi.nlm.nih.gov/pubmed/36147470
https://doi.org/10.2147/JHC.S392051
https://www.ncbi.nlm.nih.gov/pubmed/36545268
https://www.ncbi.nlm.nih.gov/pubmed/17392141
https://doi.org/10.3892/etm.2017.4475
https://doi.org/10.1038/s41598-023-37678-w
https://doi.org/10.1016/j.acthis.2020.151533
https://doi.org/10.1016/0304-4165(79)90289-7
https://doi.org/10.1016/0003-2697(79)90738-3
https://www.ncbi.nlm.nih.gov/pubmed/36810
https://doi.org/10.1136/jcp.29.1.73
https://www.ncbi.nlm.nih.gov/pubmed/2624
https://doi.org/10.1073/pnas.76.9.4350
https://www.ncbi.nlm.nih.gov/pubmed/388439
https://doi.org/10.1007/s12013-011-9199-z

	Introduction 
	Results 
	Liraglutide Treatment’s Effects on Body Weight, Blood Glucose, and Heart Weight-to-Body Weight Ratio in Rats with Diabetic 
	Effect of Liraglutide on Cardiac Marker Enzymes in the Serum 
	Effect of Liraglutide on the Heart of Diabetic Rats Evaluated Using H&E-Stained Heart Sections 
	Liraglutide Treatment Effect on Cardiac Oxidative Stress Biomarkers in Rats with Diabetes 
	Liraglutide Treatment’s Effects on Cardiomyocyte Apoptosis in Rats with Diabetes 
	Effect of Liraglutide on Cardiac Cell Apoptosis in Diabetic Rats Evaluated Using the TUNEL Assay 
	Mitigation of Diabetic Cardiomyopathy by Liraglutide through Restoration of the Expression of PI3K/AKT in the Heart of Diabetic Rats 

	Discussion 
	Materials and Methods 
	Drugs, Chemicals, and Antibodies 
	Experimental Animals 
	Induction of Diabetes 
	Experimental Design 
	Biochemical and Molecular Analyses 
	Determination of Serum Glucose Levels 
	Determination of Diabetic Cardiomyopathy Biomarkers 
	Estimation of Oxidative Stress Biomarkers 
	Western Blot Analysis 
	Histological Examination 
	Immunohistochemistry 
	Detection of Apoptotic Cardiomyocytes 

	Statistical Analysis 

	Conclusions 
	References

