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Abstract

Background and aims Type 2 diabetes mellitus (T2DM) is usually complicated by cardiovascular diseases,
hyperglycemia, and obesity, which worsen the outcome for the patient. Since recent evidence underlines the
epigenetic role of glucagon-like peptide-1 receptor agonists (GLP-1RAs) in the management of these comorbidities,
this study compared the effects of these agents, namely liraglutide, semaglutide, dulaglutide, and exenatide, on
miRNA regulation in the management of T2DM.

Results GLP-1RAs modify the expression of miRNAs involved in endothelial function, sugar metabolism, and
adipogenesis, including but not limited to miR-27b, miR-130a, and miR-210. Baseline miR-15a-5p predict weight loss,
while higher miR-378-3p and miR-126-3p levels are related to better glycemic control and lower HbA1c and FPG at
one year post-treatment. miR-375-5p was also reported as a predictor of HbA1c levels. Liraglutide has a protecting
effect against pancreatic 3-cell apoptosis by downregulating miR-139-5p. The highly-expressed miR-375 in pancreatic
islets can be considered as a biomarker for assessing the cytoprotective action of GLP-1RAs on 3-cells. GLP-1RAs

also enhance B-cell responsiveness by promoting GLP-1 receptor expression through the suppression of miR-204.
While semaglutide, semaglutide, and dulaglutide reduce both systolic and diastolic blood pressures, lixisenatide

and exenatide QW did not reveal such an effect. The long-acting exenatide-induced miR-29b-3p is required for the
protection against diabetic cardiomyopathy. Liraglutide modulates critical regulators of endothelial cell function and
atherosclerosis, including miR-93-5p, miR-26a-5p, and miR-181a-5p. Eventually, GLP-1RAs regulation of exosomal
miRNAs, such as miR-192, implicated in the development of fibrosis and inflammation in T2DM micro-cardiovascular
outcomes like DKD and DR.
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Conclusion Additional studies will be needed in the elucidation of the relations between GLP-1RA-induced miRNAs
and clinical-laboratory findings concerning the diverse populations, gender, and presence of other comorbid states in

treated patients with T2DM.

Keywords Diabetes Mellitus, type 2, Glucagon-like peptide-1 receptor agonists, microRNAs, Cardiovascular diseases,

Hyperglycemia, Obesity

Introduction

Type 2 diabetes (T2DM) prevalence is expected to rise
from 537 million people in 2021, to 643 million in 2030,
and to 783 million in 2045 [1, 2]. Since about 90% of
patients with T2DM are overweight, obesity is consid-
ered as one of the most consistent co-morbidities related
to the disease [3]. Epidemiological studies reflect the
powerful relationship between these two conditions.
Indeed, T2DM can develop from combined environ-
mental factors, such as a high-fat diet and a sedentary
lifestyle, amplifying genetic predispositions. These eco-
logical factors induce epigenetic changes, such as
microRNA (miRNA) expression, to trigger some adaptive
post-transcriptional modifications of DNA, which in turn
play an important role in each step of the development
of atherogenic dyslipidemia, hypertension, and T2DM-
related cardiovascular complications [4—6]. Mechanism-
wise, when these environmental factors persist, they
ignite a cascade of metabolic disturbances to trigger
chronic inflammation [7]. The inflammatory condition
slowly overwhelms the capacity of the body to keep blood
glucose within normal limits and thereby causes hyper-
glycemia, insulin resistance (IR), B-cell dysfunction, and
ultimately T2DM ([8].

Interestingly, these changes can often be ameliorated
or even normalized with adequate body weight (BW)
loss [9, 10]. However, even in those patients with major
BW reduction, there is still a 40-50% chance that glu-
cose tolerance impairment will progress to T2DM [11].
Moreover, subjects with diabetes with HbAlc values of
>8% had poorer overall survival compared to individu-
als whose HbAlc levels were <6.5% [12]. Thus, T2DM
management require comprehensive care approaches
along with vigilant BW and blood glucose control for
better patient outcomes and quality of life. The primary
goal of oral antidiabetic drugs (OADs) is to reduce the
levels of glycosylated hemoglobin (HbAlc) and fasting
blood glucose (FBS) [13]. Important categories of OADs
include sulfonylureas (SUs), dipeptidyl peptidase-4 inhib-
itors (DPP-4Is), meglitinides, thiazolidinediones (TZDs),
sodium-glucose cotransporter 2 inhibitors (SGLT-2Is),
alpha-glucosidase inhibitors (aGIs), glucagon-like pep-
tide-1 receptor agonists (GLP-1RAs), metformin, etc [14,
15]. Agents associated with varying degrees of weight loss
include metformin, aGIs, SGLT-2Is, GLP-1Ra, and amy-
lin mimetics. On the other hand, DPP-4Is are considered
weight-neutral. In contrast, insulin secretagogues, TZDs,

and insulin itself are commonly associated with weight
gain [16]. Accordingly, the American Diabetes Associa-
tion (ADA) suggests that the expected long-term weight
effect of antihyperglycemic therapies should be a consid-
eration in the provider’s choice of a particular regimen
for patients with T2DM. Based on NHANES 2015- 2020,
metformin, associated with a modest weight reduc-
tion, represented the most common antihyperglycemic
agent prescribed with a total of 43.8% of prescriptions.
By contrast, the next most prevalent classes with weight
gain adverse effects were insulins and sulfonylureas,
prescribed for 22.0% and 23.2% of patients, respectively.
Fully 5.0% of the total were GLP-1RAs. The percent-
age of GLP-1RA prescriptions among US commercially
insured persons with type 2 diabetes has been increasing
yearly, from 3.2% in 2015 to 10.7% in 2019, with a more
pronounced trend in recent years. Even though there are
specific benefits for Asian, Black, and Hispanic patients,
as well as those with lower incomes and adult patients
with atherosclerotic cardiovascular disease, the use of
GLP-1 RA remains disproportionately low in these pop-
ulations [17]. However, according to the new statement
by the ADA and the European Association for the Study
of Diabetes (EASD), GLP-1RAs are the preferred option
for patients for whom major weight loss or a reduction in
the risk of hypoglycemia is the key factor. In the second-
line setting, GLP-1RAs are curiously effective, especially
when HbA1c levels are near target [18].

In earlier studies, GLP-1RA therapy had helped T2DM
patients lose an average of 2.9 kg of weight compared to
placebo-treated patients [19, 20]. Mainly through its cen-
tral effects on the hypothalamus, the GLP-1RAs enhance
glucose uptake in muscles, reduce hepatic glucose out-
put, and increase feelings of satiety. In addition, GLP-
1RAs have been reported to have a significant reduction
of around 1% in HbAlc levels and reduced all-cause
mortality in T2DM patients compared to controls [21,
22]. Mechanism-wise, the incretin hormone Glucagon-
like peptide-1 (GLP-1) is a thirty amino acid peptide
that plays an important role in maintaining blood glu-
cose homeostasis. It exerts its glucose homeostatic role
by enhancing glucose-dependent insulin secretion, pro-
moting the growth of the insulin-producing pancreatic
[-cells, and suppressing glucagon release [18]. In T2DM,
there is a reduction in incretin function, so treatments
targeting this pathway, such as GLP-1RAs, can be very
useful in managing blood glucose. Therefore, the artificial
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forms of GLP-1 can provide added value in terms of
additional gastric emptying delay, and further glucagon
reduction, and also offer a protective effect on the pan-
creas over time [23-26]. Accordingly, GLP-1RAs are
designed to last longer in the body, supporting HbAlc
reduction and helping weight loss [27].

Notably, genetic differences in individuals with T2DM
may immensely impact their responses to various treat-
ments, including thiazolidinediones, sulfonylureas, met-
formin, and meglitinides [28—30]. In this regard, the ADA
and EASD now focus more on a personalized approach to
diabetes management, taking into consideration genetic
etiology and precision medicine as a means of optimiz-
ing the treatment of each patient [31, 32]. In this regard,
miRNAs as a class of important post-transcriptional
regulators of gene expression gaining attention as genetic
markers [28, 33, 34]. For instance, miRNAs can be used
as predictive biomarkers for how patients might respond
to various treatments like metformin, sitagliptin, TZDs,
and short-term intensive insulin therapy [35-38]. Mech-
anism-wise, miRNAs are small, non-coding RNAs that
regulate gene expression either by inducing mRNA deg-
radation or inhibiting translation through the attachment
to the 3’ UTR of target mRNAs. Here, the guide miRNA
leads the RNA-induced silencing complex (RISC) to the
target mRNA. Thus, through the regulation of several
genes included in insulin signaling, glucose metabolism,

miR-15a-5p

Cardio-
metabolic

miR-27b, miRNA-130a,
miRNA-210a,
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and B-cell activity, miRNAs can modify pathophysiologi-
cal processes pertinent to type 2 diabetes. This forms a
base by which miRNAs might become a therapeutic
avenue for T2DM treatment by modulating these path-
ways, as recently shown in in-vivo and in-vitro studies in
which miRNA mimics or antimiRs were able to modulate
glucose and lipid metabolism, and even promote {3-cell
regeneration [39]. Unfortunately, the exact role that GLP-
1RA-related miRNAs, as epigenetic regulators, may play
in managing the common comorbidities, such as obesity,
hyperglycemia, and cardiovascular problems associated
with T2DM, is still inadequately understood. Hence,
the present narrative investigation has discussed how
GLP-1RA-associated miRNAs may influence such major
T2DM-related outcomes.

What effects can GLP-1RA have on the miRNA
signature of patients with T”2DM?

We have first carried out an extensive study of the com-
plex molecular profile of miRNA altered by GLP-1RA
therapy, as illustrated in Fig. 1 [28, 40—50]. Sprague-Daw-
ley rats and mice, including C57BL/6], Balb/c, and 204
knockout mice (204KO), were the animal models used in
these studies. To date, in vivo studies have assessed the
effects of exendin-4 (2, 4 and 8 pg/kg daily for 8 weeks;
10 pg/kg daily for 2 days; 10 nmol/kg after fasting for 16 h,
being intraperitoneally injected 30 min before injecting
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and miR-375-5p, miR-375-5p, miR-
378-3p and miR-126-3p
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Fig. 1 miRNA signatures associated with GLP-1RAs in the management of T2DM. These miRNAs are found through a comprehensive review in the previ-

ous studies
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glucose (1.5 g/kg) for measuring glucose tolerance), lira-
glutide (0.2 and 0.4 mg/kg/d for 12 weeks; or 200 ug/kg/d
for 10 weeks; subcutaneously), semaglutide (0.42 mg/kg
once a week for 12 weeks; subcutaneously), and exenatide
LAR-loaded microspheres (10 mg/kg weekly for 6 weeks;
intraperitoneally) on the miRNA signatures of type 2 dia-
betes [43—48]. Clinical research indicates that the three
GLP-1RA medications whose functions have been exam-
ined in miRNA signatures in type 2 diabetes to date are
liraglutide [28, 41, 42], dulaglutide [28], and exenatide
long-acting release (LAR) [40]. Liraglutide was injected
subcutaneously as part of the dosage. For four weeks, the
dosage was 1.2 mg per day [41], then 0.6 mg per day for
two weeks, and finally 1.2 mg per day for two more weeks
[42]. In a different dosing plan, the dosage ranged from
0.6 to 1.2 mg in the first week and increased to 1.8 mg
daily in the second week, for a total of 12 months [28].
In terms of the recommended dosing for dulaglutide,
the suggested starting dose was 1.5 mg per week, to be
administered consistently over 12 months [28]. Concern-
ing the dosing of dulaglutide, one should note that the
given dosage starts at 1.5 mg every week and has to be
taken constantly for 12 months. A fixed dose of 2 mg/
kg of exenatide LAR, also known as BYDUREON™ was
injected subcutaneously once a week for 8 months [40].
In the realm of exploring exosomal miRNA patterns in
individuals with T2DM after the administration of GLP-
1RAs, two studies have been conducted thus far. Jia et al.
(2018) conducted an in vitro experiment, while Li et al.
(2017) [50] conducted an in vivo observations [49]. Our
data underline the important role of GLP-1RA-associ-
ated miRNAs in regulating various T2DM complications,
including control of hyperglycemia, insulin secretion,
reduction of weight, and amelioration of cardiovascu-
lar outcomes. The following sections elaborate on the
possible mechanisms through which GLP-1RA-related
miRNAs influence the pathogenesis of cardiovascular
disorders, hyperglycemia, and obesity in T2DM patients,
with summarized findings presented in Table 1; Figs. 1, 2
and 3.

The correlation of GLP-1RA-linked miRNAs with obesity
and lipid profiles

Previous studies have demonstrated that GLP-1 RAs
tend to have a lipid-lowering effect in T2DM patients
by reducing total cholesterol (TC), low-density lipopro-
tein cholesterol (LDL-C), triglyceride (TG), and free fatty
acid (FFA) levels. For example, liraglutide reduces levels
of non-high-density lipoprotein cholesterol (HDL-C)
and TC at both 1 and 3 months, as well as LDL-C lev-
els at 1 month [51]. However, liraglutide seems to act on
subjects whose baseline LDL-C is greater than 100 mg/
dL. Exenatide was further found to lower postpran-
dial TG after high-fat meals [52]. A 6-month treatment
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with semaglutide reduced LDL-C and TC, whereas the
decrease in TG became apparent only after 12 months
[53]. Dulaglutide also resulted in an improved lipid pro-
file, i.e., lower levels of TC and LDL-C, after 9-month
treatment when compared with conventional therapy
[54].

Additionally, studies on GLP-1RAs and their effects
on certain miRNAs generally focus on metabolic param-
eters; however, the connection between these metabolic
changes and alterations in the levels of miRNAs remains
under-investigated. For instance, a study on 60-year-
old patients receiving BYDUREON™ in combination
with metformin showed reductions in anthropometric
measurements, FBS, HbAlc, TC, LDL-C, and carotid
intima-media thickness (CIMT), along with increases in
HDL-C and flow-mediated dilation (FMD). These clini-
cal improvements were associated with an upregulation
of miR-27b, which also correlated directly with adipo-
kines, including adiponectin, leptin, and L-selectin. How-
ever, the direct relation of miR-27b with lipid or glucose
profile was not investigated in this study [40]. Moreover,
65-year-old patients who received Liraglutide combined
with metformin also exhibited decreases in FBS, HbAlc,
TC, triglycerides, and LDL-C but did not show any sig-
nificant differences in anthropometric parameters and
HDL-C levels. In this study, a significant increase in
serum levels of miRNA-27b, miRNA-130a, and miRNA-
210a was also reported in the treated patients [42]. MiR-
15a-5p baseline levels have also been found to predict
weight reduction in response to GLP-1RA therapy [28].
Notably, previous research showed that miR-15a in
blood is significantly higher in subjects with T2DM and
impaired glucose tolerance (IGT) than in people with
normal glucose tolerance (NGT). In addition, traditional
diabetes markers like fasting glucose, HbAlc, insulin lev-
els, and HOMA-IR were inversely related to miR-15a lev-
els, as was body mass index (BMI). Moreover, a relation
between miR-15a expression and early diabetic retinal
changes was demonstrated by the significant reduction
of the ganglion cell complex (GCC) thickness, an early
marker of retinal degeneration, in IGT and T2DM sub-
jects compared to NGT controls [55].

Semaglutide can improve levels of miR-5120 in both
blood and liver tissues while suppressing ABHD6’s
mRNA and protein expressions in a miR-5120-dependent
manner. It has already been shown that ABHD6 is linked
to several metabolic diseases, such as T2DM, obesity,
insulin secretion abnormalities, and non-alcoholic fatty
liver disease (NAFLD). In a prior work, mice fed a high-
fat diet had lower body weights and less liver fat buildup
when the expression of ABHD6 was knocked down in
their peripheral tissues. These results suggest that block-
ing ABHD6 could be a useful therapeutic strategy for
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Fig. 2 It illustrates the association of each miRNA with (A) liraglutide, (B) semaglutide, and (C) exenatide for controlling cardiovascular diseases, hyper-
glycemia, and obesity in individuals with T2DM
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Fig. 3 It depicts the molecular interactions and cellular effects of liraglutide in controlling both hyperglycemia and cardiovascular diseases by protecting
pancreatic B-cells and endothelial cells. GLP-1RAs downregulate miR-139-5p and miR-34a-5p to protect the cells against apoptosis. Additionally, they
counter high glucose-induced Bcl-2 reduction and modulates miR-375 levels, essential for maintaining B-cell function and insulin signaling

the management of type 2 diabetes and other conditions
linked to a high-fat diet [47].

The correlation of GLP-1RA-linked miRNAs with
hypoglycemia, pancreatic beta cells, and insulin secretion
Generally, the most powerful GLP-1 RAs which have a
significant reduction on HbAlc in patients with T2DM
include semaglutide, dulaglutide, and liraglutide [56—58].
Semaglutide was approved for patients not reaching
adequate control on at least one oral glucose-lowering
medication. A 26-week, phase 2 clinical trials showed
both oral semaglutide, 2.5-40 mg per day, and subcuta-
neous semaglutide caused a statistical difference in the
reduction of HbAlc compared to placebo [59]. The phase
3 studies, including the SUSTAIN and PIONEER pro-
grams, confirmed the efficacy of semaglutide in lowering
HbAlc and body weight [60, 61]. In the PIONEER 2-4
trials, oral semaglutide dose-dependently reduced HbAlc
levels. Moreover, this agent was superior to empagliflozin
and sitagliptin in decreasing HbAlc levels, but it showed
a non-inferior response compared to liraglutide at 26
weeks [61]. Dulaglutide also lowered the levels of HbAlc
and body weight more than exenatide BID and insulin
glargine in AWARD-1 and 2, with notable BW reductions
[62-64].

It has also been shown that 35-79-year-old patients
with higher levels of miR-378-3p and miR-126-3p had
better blood sugar control after one year of GLP-1RA
therapy, using treatments like liraglutide and dulaglu-
tide [28]. Higher baseline values of miR-21-5p, miR-
24-3p, miR-223-3p, and miR-375-5p were commonly
seen in those reaching their glycemic targets after 12
months. In particular, miR-375-5p was found to predict
HbAlc levels. Interestingly, higher levels of miR-378-3p
and miR-126-3p were associated with larger reductions
in both HbAlc and fasting plasma glucose during the
year of GLP-1RA treatment [28]. This was in agreement
with studies in diabetic animal models where there was a
marked increase in miR-375 about 6 to 30 h after strep-
tozotocin (STZ) administration. Yet, there was no corre-
sponding increase in the plasma miR-375 levels when the
animals were treated with either PPAG or exendin-4 [43].

Liraglutide reduces pancreatic cell death by decreasing
the levels of miR-139-5p, a marker associated with B-cell
apoptosis, thereby controlling Hyperglycemia. High lev-
els of miR-139-5p promote [-cell apoptosis through the
regulation of caspase-3 activity and Bcl-2 expression,
as illustrated in Fig. 3. Moreover, miR-139-5p acts as a
critical intermediary between GLP-1 signaling and the
inhibition of IRS1 expression, an essential component of
insulin signaling pathways. Thus, it was suggested that
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miR-139-5p exerts its proapoptotic function through
direct targeting of Bcl-2 and the suppression of IRS1
expression affecting B-cell function [44]. Furthermore,
miR-375, highly expressed in pancreatic islets, plays an
important role in the maintenance of B-cell function
and number. Currently, this miRNA is thought to be a
biomarker to test the B-cell cytoprotective efficiency of
different antidiabetic treatments including PPAG and
exendin-4 (Fig. 3) [43]. Accordingly, it has recently been
demonstrated that human pancreatic islets and B-cells
export miR-375-3p to HDL. The export was found to be
inversely regulated by glucose-stimulated insulin secre-
tion. High glucose as well as tolbutamide, an inhibitor
of ATP-sensitive potassium (K,pp) channels that trigger
insulin secretion, suppress the export of miR-375-3p to
HDL [65].

Finally, miR-204, highly expressed in [-cells versus
a-cells, directly targets the GLP-1R. This miRNA inhib-
its GLP-1R expression by binding to its 3’ untranslated
region (UTR) in P-cells. Decreasing the levels of miR-
204 or its upstream regulator such as TXNIP results in
an increase in GLP-1R expression in the islets, improving
responsiveness to GLP-1RAs [45]. Moreover, miR-204 is
importantly involved in atherosclerosis and vascular cal-
cification. In a study aimed at establishing the relation-
ship between levels of circulating miR-204 and a ten-year
cardiovascular disease (CVD) risk in 194 T2DM patients,
the authors utilized the Framingham Risk Score (FRS)
and found that lower levels of miR-204 negatively corre-
lated with the score. Additionally, low levels of miR-204
were identified as independent predictors of a higher
risk of CVD, thus indicating its potential as a specific
biomarker for cardiovascular disease in diabetic patients
[66].

Since the combined effects of estrogen deficiency and
hyperglycemia usually lead to a significant deteriora-
tion in the bone quality of postmenopausal women with
T2DM, we also incorporated this condition into our
review. For instance, in an in vivo study with a focus
on exosomal miRNAs derived from bone marrow, the
bone-protective mechanisms of liraglutide were investi-
gated using animal models that mimic postmenopausal
women with type 2 diabetes. The exosomal miRNA
expressions were evaluated in the ovariectomized (OVX),
T2DM + OVX, and T2DM+OVX treated with liraglu-
tide experimental groups. In total, 39 exosomal miR-
NAs were differentially expressed between the T2DM
and liraglutide groups. In this, the upregulated miRNAs
in the liraglutide-treated group included miR-1-3p, let-
7f-5p, miR-148a-3p, let-7i-5p, miR-3571, miR-126a-3p,
miR-21-5p, let-7 g-5p, miR-206-3p, and miR-1b. In addi-
tion, when compared with the OVX group, let-7c-2-3p
and miR-322-3p, related to the Wnt signaling pathway,
were found upregulated in the OVX group. Moreover,
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comparisons between liraglutide and T2DM resulted
in the upregulation of miR-335 and miR-322-3p in the
T2DM group, targeting insulin secretion and the Wnt
signaling pathway, respectively [50].

The correlation of GLP-1RA-linked miRNAs with
cardiovascular events

In individuals with T2DM, GLP-1 RAs have been dem-
onstrated to lower both systolic blood pressure (SBP)
and diastolic blood pressure (DBP). When compared to
a placebo or insulin glargine, exenatide BID significantly
reduced SBP and DBP, according to a meta-analysis of
16 randomized controlled trials (RCTs) [67]. Liraglutide
similarly reduced SBP and DBP by 1-5 mmHg compared
to glimepiride and placebo [67]. In the AWARD pro-
gram, dulaglutide lowered SBP and pulse pressure, partly
through weight loss, but mainly independently of weight
loss [68]. Similarly, a 6-month post-intervention with
semaglutide has been reported to exert beneficial effects
on both SBP and DBP in subjects with overweight/obe-
sity [69]. These observations, therefore, point toward
GLP-1 RAs, with particular reference to exenatide, lira-
glutide, dulaglutide, and semaglutide, having a statisti-
cally significant and clinically beneficial effect on blood
pressure in patients with T2D. Not only that, but several
available long-acting GLP-1RAs including liraglutide,
dulaglutide, and subcutaneously administered sema-
glutide were shown to lower cardiovascular manifesta-
tions in people with T2DM [8]. Not all GLP-1 RAs did,
however, demonstrate overall cardiovascular benefit. For
example, in the ELIXA and EXSCEL trials, lixisenatide
and exenatide QW did not significantly lower the risk for
cardiovascular outcomes [70, 71]. It is especially advan-
tageous for GLP-1RAs to reduce visceral adipose tissue
(VAT) because its buildup is associated with higher risks
of T2DM, hypertension, hyperlipidemia, heart failure,
and cardiovascular deaths. Another important metric for
assessing the degree of atherosclerosis and cardiovascu-
lar risk is the VAT-to-subcutaneous adipose tissue (SAT)
ratio. Since GLP-1 receptors are more present in VAT,
which may explain the higher VAT reduction, GLP-1RAs
might have different effects on VAT compared with SAT
8, 72].

More specifically, research has highlighted the predic-
tive and diagnostic significance of miR-27b, miRNA-
130a, and miRNA-210 in both acute myocardial
infarction and early atherosclerosis [73-76]. Interest-
ingly, one study has evaluated the impact of liraglutide
on the serum levels of miRNA-27b, miRNA-130a, and
miRNA-210 of patients with T2DM aged=>18 years
receiving metformin medication without any prior use
of incretin-based or obesity treatments. They reported
that, upon comparing the miRNAs’ serum levels at base-
line and after a 4-month therapy with the GLP-1RA,
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there was a significant increase in levels of miRNA-27b,
miRNA-130a, and miRNA-210a, independently of meta-
bolic parameters. Thus, the levels of miRNAs seem to be
altered for the regulation of endothelial cell homeostasis
in T2DM using a direct epigenetic mechanism [40, 42].
Basically, miR-27b is a repressor of beige and brown adi-
pogenesis, which are crucial in metabolic disorders deter-
mining obesity and its associated cardiovascular diseases
[77, 78]. On the other hand, the down-expression of
miRNA-130a contributes to endothelial dysfunction in
T2DM and can be used as a biomarker for cardiovascular
events [79]. Finally, miRNA-210 controls oxidative stress
and acts as a hypoxia-inducible factor (HIF) [80].

In vivo studies have identified several GLP-1RA-asso-
ciated miRNAs implicated in cardiovascular events,
including miR-29b-3p, miR-26a-5p, miR-34a-5p, miR-
93-5p, and miR-181a-5p [46, 48]. For example, long-
acting exenatide increases the expression of miR-29b-3p
in the ventricular myocardium. Mechanistically, long-
acting exenatide regulates the expression of Sarcolemma
Associated Protein (SLMAP) through miR-29b-3p.
Such inhibiting of GLP-1Rs in cardiomyocytes reversed
the effects of GLP-1RAs on the miR-29b/SLMAP axis.
SLMAP has been implicated in the development of dia-
betic cardiomyopathy (DCM) in mice. Thus, the inter-
ventions with GLP-1RAs may provide protective benefits
against DCM and its complications, including heart fail-
ure and microvascular damage [48]. It was further shown
that, in human retinal microvascular endothelial cells
exposed to high glucose and hypoxia (HG-CoCl2), the
levels of miR-29b-3p were significantly upregulated. This
was associated with a higher Bax/Bcl-2 ratio, reflective of
an increased rate of apoptosis. Modulating the levels of
miR-29b-3p showed an inverse effect on the expression
of sirtuin 1 (SIRT1) and the rates of apoptosis. Impor-
tantly, SIRT1 agonists, including SRT1720, were able to
counteract the pro-apoptotic impact of increased miR-
29b-3p levels. These findings emphasize the important
role of the miR-29b-3p/SIRT1 axis in the promotion of
human retinal microvascular endothelial cells (HRMECs)
apoptosis, especially under diabetic retinopathy (DR), as
a micro-cardiovascular complication related to T2DM
[81]. Nevertheless, the role of GLP-1RAs in this path-
way has not been explored yet. Notably, miR-29b-3p
expressed in bone marrow mesenchymal stem cells (BM-
MSCs) has been associated with age-dependent insulin
resistance and may thus serve as a therapeutic target to
ameliorate age-related insulin resistance in T2DM [82].

Eventually, liraglutide has been demonstrated to reduce
miR-93-5p expression in the aortas of diabetic rats, lead-
ing to increased SIRT1 expression [46, 83]. SIRT1 exerts
vascular protective effects by deacetylating targets such
as forkhead box O3 (FOXO3) and p53 [84, 85]. Inhi-
bition of miR-93-5p by liraglutide upregulates SIRT1
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expression, which preserves endothelial cell function and
protects against stress induced by hyperglycemia [46].
One study investigated the role of a long non-coding
RNA (IncRNA), i.e., KCNQI1OT]1, in diabetic nephrop-
athy. Using high glucose-treated human glomerular
mesangial cells (HGMCs) and human renal glomerular
endothelial cells (HRGECs) treated with high glucose (as
cellular models for diabetic nephropathy), it was found
that KCNQ1OT1 was upregulated in these conditions.
Knockdown of KCNQIOT1 inhibited cell proliferation
and fibrosis and induced apoptosis in these models. miR-
93-5p was identified as a direct target of KCNQ1OT1I.
The effects caused by the knockdown of KCNQ1OT1
were reversed by the inhibition of miR-93-5p, which
increased cell proliferation and fibrosis while decreasing
apoptosis. Furthermore, Rho-associated protein kinase 2
(ROCK?2) was identified as a target of miR-93-5p. Nota-
bly, KCNQ1OT1 modulated ROCK2 expression by bind-
ing with miR-93-5p. Therefore, KCNQ1OT1 knockdown
mitigates the progression of diabetic nephropathy by
modulating the miR-93-5p/ROCK2 axis, suggesting its
potential as a therapeutic target [86]. However, the role of
GLP-1RAs in this axis has not yet been evaluated.

Moreover, high-dose liraglutide treatment has been
associated with an upregulation of miR-26a-5p, which is
a critical player in endothelial function, and simultane-
ously downregulated several other miRNAs, including
miR-34a-5p, miR-93-5p, and miR-181a-5p [46]. Indeed,
patients treated with liraglutide showed increased
expression of Bcl-2 compared to nontreated diabetic sub-
jects. This indicated an inverse correlation between miR-
34a-5p and Bcl-2. Notably, while high glucose generally
suppresses the expression of Bcl-2, an anti-apoptotic pro-
tein, in endothelial cells, liraglutide significantly counter-
acted this process, even under high-glucose conditions
(see Fig. 3) [87]. It suggests that liraglutide might confer
protection against endothelial dysfunction through the
activation of the PI3K-AKT pathway, which follows pre-
vious findings that exendin-4 upregulates Bcl-2 protein
expression [88]. Liraglutide upregulating miR-26a-5p,
which targets PTEN (an important regulator of the PI3K-
AKT pathway), would suggest a possible mechanism
for liraglutide to downregulate PTEN expression under
hyperglycemic conditions, affecting downstream targets
such as Bcl-2 [46, 89]. Of interest, two meta-analyses
have reported that the downregulation of miR-26a-5p
was associated with diabetic nephropathy [90]; however,
no GLP-1RA intervention in such a relation has been
investigated.

Moreover, liraglutide therapy has been demonstrated
to downregulate the levels of miR-181a-5p, which nega-
tively relates to the increased expression of cyclic AMP-
responsive element binding protein (CREB) in the
aorta. It indicates that this miRNA may be involved in
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the regulation of the miR-181a-5p/CREB pathway with
subsequent effects on Bcl-2 phosphorylation [91]. Both
miR-181a-5p and miR-181a-3p have been reported to
regulate the genes involved in the etiology of coronary
artery disease (CAD). Recent studies investigating their
role in atherogenesis found that the expressions of these
miRNAs were significantly downregulated in the plasma
and aortic plaques of CAD patients and apoE-/— mice
with hyperlipidemia. The restoration of miR-181a-5p
and miR-181a-3p has been associated with reduced ath-
erosclerotic plaque formation in mice, primarily due to
the downregulation of pro-inflammatory gene expres-
sion and decreased immune cell infiltration rather than
through any direct effects on lipid metabolism. They were
found to suppress the expression of adhesion molecules
and endothelial cell activation through a similar pathway
that involves TGF-B-activated kinase 1-binding protein 2
(TAB2) and the NF-kB essential modulator (NEMO) to
interference with NF-«xB signaling. These data put miR-
181la-5p and miR-181a-3p in an excellent position as
anti-atherogenic agents. Additionally, this data highlights
the significance of the miR-181a-3p restoration as a novel
strategy against atherosclerosis, possibly in combination
with GLP-1RAs [92].

It showed that regarding exosomal miRNAs, exen-
din-4 p53-dependently modulated the expression of miR-
192 in response to high glucose levels. The exendin-4
treated group inhibited the transmission of extracellular
vesicles(EVs)-miR-192 between healthy tubular epithelial
cells and those exposed to high glucose levels, preventing
damage caused by elevated glucose levels. Although GLP-
1R is known to play a role in regulating miR-192-induced
fibrosis, the influence of this miRNA on GLP-1R may be
broader than that of simple direct targeting, with indi-
rect interactions with other proteins such as SLC39A6
and TGF-p [93, 94]. This downregulation of GLP-1R con-
tributes to the development of diabetic kidney disease
(DKD), as a T2DM- associated cardiovascular events.
Notably, mesenchymal stem cell (MSC)-derived EVs con-
taining miR-192 have been shown to alleviate inflamma-
tion and angiogenesis in retinal cells subjected to high
glucose levels by targeting integrin subunit al (ITGA1).
This contributes to the mitigation of diabetic retinopathy
as well [95].

Conclusion

This narrative review underlines the important roles
of miRNAs targeting GLP-1RAs in the management of
comorbidities from T2DM, mainly regarding cardiovas-
cular health, weight control, and hyperglycemia (Fig. 2;
Table 1). The combination of liraglutide or BYDURE-
ONTM, together with metformin, exerts a profound
epigenetic regulatory effect in T2DM through the
upregulation of protective miRNAs such as miR-27b,
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miR-130a, and miR-210, which are linked to improved
lipid profiles, endothelial function and, predictive of
improved cardiovascular outcomes. Among GLP-
1RAs, semaglutide, dulaglutide, and liraglutide are the
most active in the reduction of HbAlc levels in T2DM
patients. Semaglutide causes the most significant effects
with respect to HbAlc reduction and body weight loss.
At the level of miRNA expression, higher levels of miR-
378-3p and miR-126-3p were related to better glyce-
mic control after one year of treatment with liraglutide
and dulaglutide. Importantly, miR-375-5p was charac-
terized as a predictor of HbAlc levels, whereas higher
miR-378-3p and miR-126-3p levels were associated with
significant reductions in both HbAlc and fasting plasma
glucose. Liraglutide exerts a protective effect against pan-
creatic B-cell apoptosis by downregulating miR-139-5p
involved in B-cell death via caspase-3 and Bcl-2.

Besides, miR-139-5p represses IRS1 expression, a
critical component of insulin signaling. In particular,
miR-375, highly expressed in pancreatic islets, has been
considered important for maintaining -cell function and
as a biomarker for evaluating the cytoprotective action
of GLP-1RAs on [-cells. Also, suppression of miR-204
increases the expression of the GLP-1 receptor on [3-cells,
leading to an increase in responsiveness to GLP-1RAs.
Interestingly, lower levels of miR-204 are independently
associated with higher CVD risk in T2DM patients.

Regarding lipid control, all GLP-1RAs, including lira-
glutide, exenatide, semaglutide, and dulaglutide, showed
some lipid-lowering benefits; however, these varied in
terms of both the extent and the duration. For example,
liraglutide significantly reduced TC, LDL-C, and non-
HDL-C, mainly in subjects with high baseline LDL-C
values. Exenatide also decreases postprandial triglyc-
erides, while semaglutide and dulaglutide have longer-
term benefits on the lipid profile. GLP-1RAs also affect
the expression levels of miRNAs such as miR-27b, miR-
130a, and miR-210a, implicated in the regulation of lipid
metabolism, glucose homeostasis, and adipokines, which
further supports their biomarker potential for treatment
response. Apart from its potent effects on weight man-
agement and non-alcoholic fatty liver disease, semaglu-
tide uniquely inhibited ABHD6 expression and modified
miR-5120. Baseline levels of miR-15a-5p have also been
reported to predict weight reduction following GLP-1RA
therapy in T2DM patients with IGT.

GLP-1RA administration has been associated with
reductions in both systolic and diastolic blood pres-
sure. This is more pronounced in some agents such as
exenatide, liraglutide, dulaglutide, and semaglutide,
lending further support to their cardiovascular benefits
beyond effects on weight loss. These effects are not uni-
form among GLP-1RAs, though, and large trials with
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lixisenatide and exenatide QW failed to show substantial
effects on cardiovascular outcomes.

Additionally, a few miRNAs have emerged as impor-
tant mediators of the cardiovascular actions of GLP-
1RAs. For example, miR-29b-3p, induced by long-acting
exenatide, is required for the protection against DCM
and its complications, including heart failure and micro-
vascular damage. The protective effects of GLP-1RAs on
the miR-29b-3p/SLMAP axis are reversed by the inhibi-
tion of GLP-1 receptors in cardiomyocytes, thus point-
ing toward a therapeutic role of GLP-1RAs in mitigating
diabetic cardiac complications. Liraglutide modulates
miRNAs such as miR-93-5p, miR-26a-5p, and miR-
181a-5p, which are critical regulators of endothelial cell
function and atherosclerosis. Liraglutide downregulates
miR-93-5p by targeting SIRT1, which may be an impor-
tant mechanism by which GLP-1 analogs promote vas-
cular health through the preservation of endothelial cell
function in hyperglycemic conditions. Moreover, liraglu-
tide upregulates miR-26a-5p, which might modulate the
PI3K-AKT signaling pathway, increasing the expression
of anti-apoptotic proteins such as Bcl-2. These effects
may thus contribute to the protection against endothe-
lial dysfunction, a key factor in the development of car-
diovascular disease in T2DM. Furthermore, liraglutide’s
downregulation of miR-181a-5p, by modulating the miR-
181a-5p/CREB pathway, reduces the formation of athero-
sclerotic plaques. Evidence of miR-181a-5p participation
in atherogenesis and of its potential as an anti-athero-
genic agent suggests that GLP-1RAs can exert additional
cardiovascular benefits through modulation of miRNA-
regulated pathways.

GLP-1RAs also regulate exosomal miRNAs, such
as miR-192, implicated in the development of fibrosis
and inflammation in micro-cardiovascular outcomes
like DKD and DR. For example, exendin-4 might alter
high glucose-induced miR-192 expression towards less
inflammation, which would reduce the severity of DR.
These data show that miRNAs may also be biomarkers
of efficacy in the use of GLP-1RAs for the treatment of
diabetic microvascular complications. In animal models
mimicking postmenopausal T2DM, liraglutide resulted
in significant changes in exosomal miRNA profiles by
upregulating such miRNAs as miR-1-3p, let-7f-5p, and
miR-148a-3p that contribute to bone quality in hypergly-
cemic and estrogen-depleted states in females. This rep-
resents a wide spectrum of GLP-1RA activities in many
tissues beyond metabolic benefits.

Further research is required to establish the correlation
between miRNAs induced by GLP-1RA and laboratory
outcomes in treated T2DM patients, especially across
different demographics, genders, and comorbidities.
Longitudinal studies that monitor changes in miRNA
and key markers of diabetes management, such as fasting
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glucose and HbAlc, will provide more information on
the longer-term effects of GLP-1RAs. A second avenue
that will be important in fleshing out how these relation-
ships affect miRNA expression and subsequent cardio-
metabolic outcomes is research into the various ways
in which GLP-1RAs interact with other medications for
diabetes, such as metformin, especially as GLP-1RAs are
the second-line treatment of T2DM. Lastly, further stud-
ies considering lifestyle factors of food and exercise will
complete the picture in terms of how these factors inter-
act with the GLP-1RA medication and miRNA expres-
sion. Finally, investigating the effect of the GLP-1RA
treatment in patients having comorbid conditions such
as hypertension and dyslipidemia might reveal wider car-
diovascular benefits, with a more personalized approach
toward treatments. We therefore will be in a better posi-
tion to address the many-sided challenges in managing
T2DM and improve outcomes across various patient
populations.
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