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Abstract
Background  Glucagon-like peptide-1 receptor agonist (GLP-1RAs) is a potent therapy for type 2 diabetes mellitus 
(T2DM) and obesity, especially in patients who are resistant to long-term insulin therapy. Although microRNAs have 
been linked to GLP-1 signaling, their role in GLP-1RA monotherapy and combination therapy remains unclear. This 
review synthesizes current evidence of GLP-1RA-induced exosomal and non-exosomal miRNA changes in human and 
animal models of T2DM.

Methods  Scopus, PubMed/Medline, Web of Science, and Google Scholar searches returned 83 studies, of which 11 
met the study eligibility criteria (PROSPERO No: CRD42024586000).

Results  Human studies showed GLP-1RA combined with metformin modulated non-exosomal miR-27b, miR-130a, 
and miR-210a, which were linked to cardiovascular health. In T2DM patients on metformin, higher baseline miR-
378-3p or miR-126-3p correlated with greater HbA1c improvement after one year of GLP-1RA therapy. Notably, > 5% 
weight loss correlated with higher baseline levels of miR-15a-5p. Preclinical findings suggested GLP-1RA monotherapy 
increased cardiovascular action via non-exosomal miR-29b-3p, miR-34a-5p, miR-26a-5p, miR-181a-5p, and miR-93-5p. 
Silencing non-exosomal miR-204, miR-375, or miR-139-5p augmented exendin-4/liraglutide monotherapy-induced 
glucose-stimulated insulin secretion. Interestingly, GLP-1RA monotherapy reduced hepatic lipid accumulation in 
T2DM models with comorbid NAFLD via ABHD6 mRNA modulation by non-exosomal miR-5120. No clinical studies 
reported exosomal miRNAs, but a preclinical study linked GLP-1RA-induced exosomal let-7c-2-3p/miR-322-3p to bone 
protection in estrogen-deficient T2DM models.
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Introduction
Type 2 diabetes mellitus (T2DM) is a growing global 
health crisis, projected to afflict 783 million by 2045 [1, 
2]. Obesity is a significant risk factor for T2DM, and is 
caused by complex interactions between genetic predis-
position and environmental exposures, such as physical 
inactivity and a diet rich in fat [3–6]. These external fac-
tors can induce epigenetic alterations, such as microRNA 
(miRNA) expression alterations, that are necessary for 
posttranscriptional gene regulation. These modulations 
affect key metabolic pathways and lead to T2DM compli-
cations such as atherogenic dyslipidemia, hypertension, 
and cardiovascular disease [3–5].

Although some of the metabolic dysfunctions are less-
ened with weight loss, individuals who lose considerable 
amounts of weight continue to be at very high risk for the 
development of the disease [7–9]. In addition to weight 
management, the percentage of glycated hemoglobin 
(HbA1c), a marker for glycemic control, is a strong pre-
dictor of disease progression. It has been demonstrated 
that overt diabetes will develop in no more than 50% 
of those with impaired glucose tolerance [7–9]. Most 
importantly, perhaps, high HbA1c levels (> 8%) were 
linked with a higher risk of death when compared with 
< 6.5%, indicating how vital it is to maintain good glyce-
mic control [10].

Successful management of T2DM requires a combina-
tion of weight management, lifestyle modification, and 
individualized drug therapies. Metformin is the first-line 
treatment of choice among the available oral antidia-
betic medications (OADs) due to its favorable impact on 
weight loss and glycemic control [11]. Other treatments 
include sulfonylureas, dipeptidyl peptidase-4 inhibitors 
(DPP-4Is), thiazolidinediones (TZDs), sodium-glucose 
cotransporter 2 inhibitors (SGLT-2Is), and glucagon-like 
peptide-1 receptor agonists (GLP-1RAs) [12, 13]. Nota-
bly, some drugs, such as GLP-1RAs and SGLT-2Is, lead 
to weight loss, whereas others, such as TZDs and insu-
lin secretagogues, result in weight gain [14]. Considering 
these distinctions, the American Diabetes Association 
(ADA) advises that in individualized treatment regimens 
for the patient, the weight effect of antihyperglycemic 
therapy should be taken into account [11].

The introduction of GLP-1RAs has revolutionized the 
treatment of T2DM since they not only enhance glucose-
stimulated insulin release but also reduce the risk of 
hypoglycemia and obesity [15–18]. Furthermore, therapy 

with GLP-1RA has resulted in a mean loss of 2.9  kg of 
body weight among T2DM patients compared to the 
placebo group [19, 20]. In response to food ingestion, 
glucagon-like peptide-1 (GLP-1) is secreted by intesti-
nal L-cells in a biphasic pattern of initial rapid secretion 
that stimulates insulin secretion in a glucose-dependent 
manner [21]. However, in T2DM, impaired incretin func-
tion necessitates pharmacological GLP-1 intervention to 
restore insulin secretion [21, 22]. For this purpose, GLP-
1RAs have demonstrated significant efficacy in lowering 
HbA1c levels, promoting weight loss, and improving lipid 
profiles, ultimately reducing the risk of T2DM comor-
bidities such as cardiovascular complications and hepatic 
steatosis [15–18]. These agents also improve β-cell sur-
vival by promoting proliferation and suppressing apop-
tosis [23, 24]. As incretin mimetics that are resistant to 
DPP-4, GLP-1RAs possess improved metabolic stabil-
ity and longer duration of action [15–18]. In addition to 
glucose lowering, GLP-1RAs also lower total cholesterol 
(TC), low-density lipoprotein-cholesterol (LDL-C), and 
triglycerides, which could be beneficial in comorbid con-
ditions such as obesity, non-alcoholic fatty liver disease 
(NAFLD), and non-alcoholic steatohepatitis (NASH) [15, 
25].

Despite their efficacy, GLP-1RAs also exhibit high 
interindividual variation in clinical response, which is 
likely to be moderated by genetic factors [26–28]. Dis-
tinct miRNA signatures have already been shown to 
predict the response of patients to antidiabetic agents 
such as metformin, sitagliptin, and TZDs [29–31]. In 
addition to being drug response predictors, new evi-
dence also suggests that miRNA mimics or anti-miRs 
can impact glucose and lipid metabolism and even trig-
ger β-cell regeneration, highlighting their potential as 
drug targets in T2DM [32]. The revolution of precision 
medicine has shed light on the potential of miRNAs as 
novel biomarkers of outcomes of diabetes treatment as 
well [33–35]. These small non-coding RNAs serve here to 
modulate gene expression by binding to the 3′ untrans-
lated region (UTR) of target mRNAs and promoting 
mRNA degradation or inhibition of translation [36, 37]. 
The guide miRNA directs the RNA-induced silencing 
complex (RISC) to mRNAs with a regulatory impact on 
GLP-1R signaling, glucose homeostasis, and β-cell func-
tion [36–40].

Despite being rich in potential, the diagnostic and ther-
apeutic capabilities of miRNA markers are compromised 
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by the ambiguity of their origin and lack of control dur-
ing their travel, something that can be addressed by using 
their exosomal forms [41]. Exosomes are part of the 
family of small extracellular vesicles (sEVs), with a size 
range of approximately 40–160 nm, and are derived from 
almost all types of human cells [41, 42]. Exosomes are 
present in great abundance in all types of human body 
fluids such as saliva, ascites, breast milk, cerebrospinal 
fluid, urine, and semen [42]. These vesicles can transport 
RNAs, DNAs, lipids, proteins, and metabolites because 
they have a vital function in the transfer of information 
from one cell to another [43]. The potential of exosomes 
in precision medicine is supported by their ubiquity in 
the body and accessibility for procurement [44]. Interest-
ingly, exosomal miRNAs have some advantages over their 
non-exosomal counterparts, including enhanced stability 
in biological fluids since they are being packaged in lipid 
bilayers, resistance to enzymatic degradation, and their 
ability to serve as highly reliable biomarkers for disease 
monitoring and response to treatment [45].

Earlier review articles have evaluated the interaction 
between incretins, GLP-1, and miRNAs, explaining their 
role in insulin secretion, cardiovascular protection, and 
lipid metabolism [37, 40]. To the best of our knowledge, 
however, no study has evaluated the impact of mono-
therapy and combination therapy with GLP-1RAs on 
exosomal and non-exosomal miRNA profiles in T2DM. 
Therefore, the purpose of this systematic review was to 
summarize existing knowledge about miRNA signatures 
and GLP-1RA therapeutic approaches. Although this 
finding is currently relevant to second-line treatment, it 
may have implications for first-line treatment regimens 
in the future, especially in individuals with higher cardio-
metabolic risk, class III obesity, non-alcoholic fatty liver 
disease, and postmenopausal osteoporosis in women. 
Determining miRNA signatures to identify a good meta-
bolic response can aid patient categorization, drug selec-
tion, and developing a more personalized treatment 
regimen for type 2 diabetes.

Methods
Eligibility criteria
This systematic review contrasted studies with GLP-
1RA-treated animal models and human T2DM patients, 
with or without obesity. Both exosomal and non-exo-
somal miRNA studies in the treatment of T2DM with 
GLP-1RAs were included if they met the following PICO 
criteria (Note: All inclusion criteria must be met for study 
inclusion):

 	• Populations: Human T2DM subjects, with or 
without obesity OR in vivo animal models of T2DM, 
with or without obesity (in all species and both 
sexes);

 	• Interventions: All GLP-1RAs approved for use in 
preclinical/clinical studies, listed as Liraglutide 
(Victoza), Dulaglutide (Trulicity™), Short-acting 
Exenatide (Byetta; BID), Long-acting Exenatide 
(LA-exenatide), Semaglutide, Albiglutide, and 
Lixisenatide.

 	– Comparison:

 	• In both clinical and animal studies: GLP-1RA 
treated diabetic groups vs. untreated diabetic 
groups.

 	• In animal models, studies with healthy 
controls, streptozotocin (STZ)-treated or 
vehicle-treated animal models were also 
preferable.

 	– Outcomes:

 	• Primary outcome: Changes in miRNA 
expression profiles in GLP-1RA treated 
diabetic groups vs. untreated diabetic groups.

 	• Secondary outcomes: The impact of GLP-1RA 
treatment on T2DM-related conditions, such 
as hyperglycemia, lipid profiles, loss of beta-
cell mass, body weight, liver fibrosis, and heart 
tissue.

Exclusion Criteria were as follows:

 	• Commentaries, editorials, review articles, meta-
analyses, case series, and letters;

 	• Poorly controlled studies;
 	• Studies lacking well-defined control groups.
 	• In vitro experiments.
 	• Non-experimental methods of miRNA expression 

analysis such as ex vivo experiments, computational 
analysis, and in silico models;

 	• Studies focusing on long noncoding RNAs 
(lncRNAs) instead of miRNAs.

 	• Studies examining comorbidities related to either 
obesity or T2DM without properly defined control 
groups;

 	• Existence of clinically significant, striking 
comorbidities that have no relation with T2DM or 
obesity (e.g., cancer, autoimmune disease, etc.).

Notably, GLP-1RAs are often prescribed as second-line 
therapy for T2DM; therefore, in clinical trials, their effect 
is typically assessed in patients already receiving first-line 
therapies, e.g., metformin. As a result, studies comparing 
GLP-1RA treatment with background metformin therapy 
are common in the literature, such as in earlier research 
by Nikolic et al. (2017), Gaborit et al. (2019), Giglio et al. 
(2020), and Formichi et al. (2021). In view of such routine 
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clinical practice, exclusion of these types of studies would 
have significantly limited data to analyze. For purposes of 
guaranteeing scientific rigor as well as appropriate rep-
resentation of relevant findings, we considered includ-
ing those studies involving administration of GLP-1RAs 
with other antidiabetic drugs given on a regular basis. 
However, in animal models, monotherapy only was used 
so as to allow direct isolation of GLP-1RAs’ effect from 
confounding interference of other antidiabetic agents. 
This approach allows us to compare results of monother-
apy and combination therapy in a greater picture of the 
clinical relevance of GLP-1RAs. The employed protocol 
is listed on the International prospective register of sys-
tematic reviews (​h​t​t​p​​s​:​/​​/​w​w​w​​.​c​​r​d​.​​y​o​r​​k​.​a​c​​.​u​​k​/​p​r​o​s​p​e​r​o​/; 
PROSPERO No. CRD42024586000).

Search strategy
A PRISMA-style systematic review was performed for 
this study [46]. The authors have systematically searched 
Scopus, PubMed/Medline, Web of Science, and Google 
Scholar for articles on microRNAs, Type 2 diabetes mel-
litus, and Glucagon-Like Peptide-1 Receptor Agonists 
up to September 1, 2024. A customized search strategy 
has been described in Table 1. We included only original 
research published in the English language. A search of 
all relevant references was carried out to identify further 
papers that met the criteria. Titles, abstracts, and/or full 
texts were examined for eligibility.

Data extraction
We tried to extract data from tables, text, figures, or 
graphs. In an effort to enhance the robustness of our sys-
tematic review, we employed the use of structured data 
extraction forms in order to ensure consistency across 
studies by type.

For clinical trials, the following data were abstracted: (i) 
study characteristics (authors, year, and type of study); (ii) 
demographic information (age, gender, inclusion/exclu-
sion criteria, and duration of diabetes); (iii) intervention 
information (type of GLP-1RA, dose, route of admin-
istration, and duration of treatment); and (iv) outcomes 
(metabolic parameter changes such as glucose, lipid pro-
file, and β-cell function, and miRNA expression changes).

For animal studies, information retrieved was: (i) study 
features (authors, year, animal model, grouping, and 
method of diabetes induction and diagnosis); (ii) inter-
vention information (type of GLP-1RA, dose, and treat-
ment duration); and (iii) outcomes (effect on metabolic 
parameters, β-cell function, and alterations in miRNA 
expression).

The below information were drawn for studies that 
examine exosomal miRNAs that act against GLP-1RAs 
in type 2 diabetes: (i) study description (e.g., study type 
and type of exosome); (ii) intervention-related informa-
tion (e.g., type of GLP-1RA, dose, and duration); and (iii) 
results (influence on exosomal miRNA expression and 
involved T2DM-associated pathways.

For precision, data extraction was conducted by two 
separate reviewers (R.A. and M.D.), with discrepancies 
resolved by a third reviewer (X.M.). In cases of unclear 
reported data, we contacted the corresponding authors 
(with up to two follow-ups). These methodological 
advancements enhance the transparency and stability of 
our systematic review.

Study risk of Bias assessment
To address potential bias, the results from studies involv-
ing humans, animals, and laboratory models were pre-
sented independently. Two authors, R.A. and M.D., 
independently reviewed the records; after the selection 
process, the third author (X.M.) resolved any potentially 
conflicting instances. The risk of bias assessment was 
performed using SYRCLE’s Risk of Bias tool for animal 
studies, ROBINS-I for non-randomized observational 
clinical studies, and Cochrane’s Risk of Bias 2 (RoB 2) for 
randomized controlled trials.

Results
Outcomes of the study selection process
The PRISMA flow diagram illustrates the study selec-
tion process (Fig.  1) [46]. Across the electronic data-
base searches, 83 articles were found: PubMed/Medline 
(n = 6), Google Scholar (n = 14), Scopus (n = 48), and 

Table 1  Search strategy
Databases +Search strategy Results
PubMed (((((((((Glucagon-Like Peptide-1 Receptor 

Agonists[MeSH Term) OR (Glucagon-
Like Peptide-1 Receptor Agonists[Title/
Abstract])) OR (GLP-1 analogs[Title/
Abstract])) OR (GLP-1DAs[Title/Ab-
stract])) OR (incretin mimetics[Title/
Abstract])) OR (GLP-1RAs[Title/
Abstract]))) AND (((((((((((Diabetes 
Mellitus, Type 2[MeSH Terms]) OR 
(Diabetes mellitus type 2[Title/Ab-
stract])) OR (adult-onset diabetes[Title/
Abstract])) OR (noninsulin-dependent 
diabetes mellitus[Title/Abstract])) OR 
(NIDDM[Title/Abstract])) OR (Type 2 
diabetes mellitus[Title/Abstract])) OR 
(Type 2 diabetes[Title/Abstract])) OR 
(T2DM[Title/Abstract])) OR (T2D[Title/
Abstract])) OR (Late-onset diabetes[Title/
Abstract])))) AND (((((((MicroRNAs[MeSH 
Terms]) OR (miRNA[Title/Abstract])) 
OR (MicroRNAs[Title/Abstract])) 
OR (miR[Title/Abstract])) OR 
(MicroRNA[Title/Abstract]) ) AND 
(MicroRNAs))))

6
Web of Sciences 15
Scopus 48
Google Scholar 14

+ The PubMed search strategy was tailored to each specific database

https://www.crd.york.ac.uk/prospero/
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Fig. 1  This PRISMA flow diagram illustrates the rigorous methodology employed in the systematic screening of miRNA research pertaining to the thera-
peutic management of T2DM using GLP-1 RAs
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Web of Science (n = 15). Duplicate records (n = 22) were 
excluded, and 61 articles were screened at the title and 
abstract level using pre-specified inclusion and exclusion 
criteria.

Of these, 25 studies were deemed to meet the inclusion 
criteria and were used in the final full-text analysis. Clini-
cal and animal model studies were our primary interest; 
thus, only in vivo and human studies were included. Ten 
studies of metabolic comorbidities in T2DM were iden-
tified that did not include well-defined diabetic controls 
and thus may have problematic direct comparisons. 
However, properly designed comparator trials such as Li 
et al. (2017), Li et al. (2022), and Fang et al. (2023) were 
identified as being eligible. At first, we considered includ-
ing all in vitro studies to attempt to identify the limited 
data available on both exosomal and non-exosomal miR-
NAs in GLP-1RA-treated T2DM patients and models. 
Nevertheless, the large number of eligible in vitro studies 
made a systematic review impracticable and less specific. 
An additional attempt to restrict the inclusion to only 
exosomal in vitro research was also deemed unsuitable 
because it undermined the inclusion criteria of the study. 
Because of this, three in vitro exosomal studies were 
excluded at this stage. One study that was lncRNA-based 
rather than miRNA-based was also excluded in order to 
maintain the scope of the review. After applying the eligi-
bility criteria, 11 studies were included in the final review.

Clinical trials on human subjects studying the effects 
of GLP-1RA treatment in T2DM individuals were con-
ducted by Nikolic et al. (2017) [47], Gaborit et al., (2019) 
[48], Giglio et al., (2020) [49], and Formichi et al. (2021) 
[35]. Major findings related to patients treated with 
GLP-1RA, including treatment forms, standard doses, 
and treatment periods, are included in Table  2. Among 
the studied GLP-1RAs, liraglutide [35, 48, 49], dulaglu-
tide [35], and LA-exenatide [47] were assessed for their 
impact on miRNA signatures in T2DM patients.

In addition, in vivo studies were conducted by Song 
et al., (2017) [50], Li et al., (2017) [51], Jo et al., (2018) 
[52], Zhang et al., (2019) [53], Li et al., (2022) [54], Fang 
et al., and (2023) [55]. Various animal models were uti-
lized in the studies, including C57BL/6J mice, Balb/c 
mice, 204 knockout (204KO) mice, and Sprague-Dawley 
rats (see Table 3 for further details). Up to now, in vivo 
experiments have investigated the effect of exendin-4, 
liraglutide, semaglutide, and LA-exenatide-loaded micro-
spheres on miRNA profiles in T2DM animal models 
[50–55]. When analyzing miRNA expression profiles of 
T2DM patients following GLP-1RA treatment, an in vivo 
study enlightened us on the bone-protective effect of lira-
glutide, focusing particularly on BM-derived exosomal 
miRNAs in animal models simulating postmenopausal 
women with T2DM (Data are presented in Table 4) [56].

Outcomes of risk of bias assessment
The overall assessment is presented in Fig. 2. Most animal 
studies had a low risk of bias in several domains. Random 
sequence generation (D1) and reporting bias (D9) had 
always been assigned a low risk rating in all the studies. 
However, other domains, including allocation conceal-
ment (D3), random housing (D4), and blinding of inves-
tigators (D5), were consistently reported as unclear. Total 
risk of bias was mostly unclear due to these concerns.

The assessment of non-randomized observational clini-
cal trials revealed various degrees of bias. For instance, 
Giglio et al. (2020) showed low risk of bias in all domains, 
while Formichi et al. (2021) revealed moderate risk in 
most domains, namely in participant selection (D2) and 
missing data bias (D5). Nikolic et al. (2017), which was 
only available as an abstract, had a serious risk of bias 
due to confounding (D1) and an overall serious risk rat-
ing. The bias assessment for this study is based on only 
one abstract provided, and our results could have been 
affected by this limitation. Finally, the randomized open-
label trial by Gaborit et al. (2019) carried a high risk of 
bias in deviations from the intended intervention (D2) 
and selection of the reported result (D5). The remain-
ing domains had some problems, contributing to a total 
high-risk score.

The results indicate that while some studies had a low 
risk of bias, others exhibited methodological concerns 
that may affect the validity of their findings.

Clinical and preclinical evaluation of GLP-1RA therapy
This section presents clinical and preclinical findings of 
the influence of GLP-1RAs on metabolic and miRNA 
outcomes in T2DM. Importantly, all clinical findings 
focus on the combination therapy of GLP-1RAs with 
other anti-diabetic medications, particularly metformin. 
Conversely, animal models primarily study the impact of 
GLP-1RA monotherapy and explain mechanistic func-
tions of miRNA regulation and the potential significance 
for diabetes treatment.

Effects of combination therapy with GLP-1RAs as A Second-
Line treatment
Role of MiRNAs in cardiovascular health  A number 
of studies have established the cardiovascular protective 
effects of GLP-1RAs, which are attributed to miRNAs’ 
impacts on endothelial function. For instance, in a pro-
spective study of an eight-month duration, the effect of 
LA-exenatide on T2DM patients on metformin with no 
prior incretin-based therapy was evaluated. Through 
comparison of the pre-treatment and post-treatment 
blood parameters, they observed that anthropometric 
indices, FBS, HbA1c, TC, LDL-C, and carotid intima-
media thickness test (CIMT) were decreased significantly. 
LA-exenatide also increased HDL-C and brachial artery 
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Reviewed articles Demographic data GLP-1RAs Finding
Au-
thors 
(year)

Study Type Age 
(years)

Gender Inclusion 
Criteria

Exclusion 
Criteria

Dura-
tion of 
Dia-
betes 
(years)

Dosages and 
Administra-
tion Routes

Treatment 
Durations

Changes 
in Other 
Parameters 
(Tests vs. 
controls)

Changes in 
miRNAs

Nikolic 
et al., 
(2017) 
[47]

8-month 
prospective 
study (n = 60; 
NCT02380521)

60 ± 10 F: M: 19:41 T2DM, 
age ≥ 18, on 
metformin, no 
prior incretin-
based therapy

Severe 
liver/renal 
disorders, 
major car-
diovascular 
diseases

- Exenatide 
(2 mg/kg; sub-
cutaneously);
Metformin 
(from 1500 to 
3000 mg/day)

Once 
weekly for 8 
months

↓FBS, HbA1c, 
TC, LDL-C, 
and CIMT;
↑HDL-C and 
FMD

↑miR-27b 
(corre-
lated with 
adipokines: 
adiponec-
tin, leptin, 
L-selectin)

Gaborit 
et al., 
(2019) 
[48]

Random-
ized trial 
(Test: n = 28; 
Control: n = 21; 
NCT02686177)

≥ 18 - T2DM (ADA cri-
teria), age ≥ 18, 
BMI ≥ 25, 
HbA1c > 6.5%, 
on standard 
treatment, 
effective 
contraception 
(women)

Recent 
incretin 
therapy, 
T1DM, ke-
toacidosis, 
pregnancy/
lactation, 
acute/
infectious 
diseases, 
pancreati-
tis, chronic 
renal failure 
(eGFR ≤ 50), 
recent car-
diovascular 
events, 
cancer, 
hepatic in-
sufficiency, 
gastropa-
resis, IBD, 
no social 
security 
affiliation

Tests: 3;
Con-
trols: 9

Liraglutide 
(1.2 mg/day 
SC) + standard 
treatment

4 weeks ↓Glucose, 
↓triglyc-
erides; No 
significant 
changes 
in hemo-
dynamic, 
liver, and 
angiogenic 
parameters

No effect 
on 43 
circulating 
angio-miR-
NAs [57]

Table 2  Comprehensive overview of combination therapy of GLP1-RAs with other Anti-Diabetic agents in clinical studies
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flow-mediated dilation (FMD), which is indicative of bet-
ter endothelial function. More significantly, GLP-1RA 
treatment increased miR-27b, a pro-angiogenic endothe-
lial cell marker, suggesting an epigenetic regulatory mech-
anism for T2DM [47]. Similarly, liraglutide therapy for 
metformin-treated T2DM patients could also decrease 
FBS, HbA1c, TC, triglycerides, and LDL-C within four 
months of therapy but didn’t have a significant impact on 
anthropometric measures and HDL-C. The treatment also 
significantly enhanced the expression of miR-27b, miR-
130a, and miR-210a, which play key roles as endothelial 
cell homeostatic regulators, independently of metabolic 
regulation. These findings suggest that GLP-1RAs offer 
endothelial protective effects by direct epigenetic modifi-
cation [49]. In contrast, a randomized open-label trial was 
also published in obese T2DM patients on standard anti-
diabetic therapy (metformin and/or sulfonylurea) with or 
without GLP-1RAs. The liraglutide therapy had positive 
effects on glycemic control and reduced triglycerides but 
failed to alter hemodynamic, hepatic, or angiogenic mark-
ers significantly. Besides, there was no significant effect 
on the levels of circulating angio-miRNAs in diabetic reti-

nopathy (DR) [48, 57]. These angio-miRNAs were 43 pro-
angiogenic circulating miRNAs [57].

Predictive role of MiRNAs in GLP-1RA treatment 
response  An observational pilot study was performed 
to investigate the predictive value of certain circulating 
miRNAs for response to GLP-1RA therapy in patients 
with T2DM who had not attained glycemic targets on 
metformin monotherapy. The cohort within this study 
was classified into low-expressing and high-expressing 
categories based on eight miRNAs at baseline concentra-
tions: miR-24-3p, miR-126-3p, miR-21-5p, miR-15a-5p, 
miR-223-3p, miR-378-3p, miR-375-3p, and miR-146-5p. 
The study further compared therapeutic efficacies 
between dulaglutide and liraglutide, which ultimately 
concluded the two agents were not statistically differ-
ent. Treatment using these GLP-1RA drugs cut the body 
weight, BMI, and HbA1c content significantly in favor 
of those having received these interventions for either 6 
months or 12 months compared with the baseline value. 
Despite there being no significant differences in baseline 

Reviewed articles Demographic data GLP-1RAs Finding
Giglio 
et al., 
(2020) 
[49];

Observational 
trial (n = 25)

64.6 ± 8.4 - T2DM, 
age ≥ 18, on 
metformin, 
no prior 
incretin-based 
or obesity 
treatments

Renal, liver, 
cardio-
vascular 
failure, 
hepatitis C, 
cancer

9.6 ± 7.1 Liraglutide 
(0.6 mg/day 
→ 1.2 mg/day 
SC) + Metfor-
min (1500 mg/
day)

4 months ↓FBS, HbA1c, 
TC, triglycer-
ides, LDL-C;
No signifi-
cant effect 
on anthro-
pometric 
parameters 
and HDL-C

↑miR-27b, 
miR-130a, 
miR-210a 
(Serum 
Levels)

For-
michi 
et al., 
(2021) 
[35];

Observational 
pilot study 
(n = 26)

35–79 Females 
(n = 9) 
and males 
(n = 17)

T2DM, prior 
metformin use 
but failed gly-
cemic control 
(HbA1c ~ 7.7%), 
eligible for 
GLP-1RA 
therapy

Not 
specified

10.2 Liraglutide (0.6 
→ 1.8 mg/day) 
or Dulaglutide 
(1.5 mg/week)

6 & 12 
months

↓Weight, 
BMI, HbA1c 
for both 
drugs; No 
difference in 
outcomes 
between 
Dulaglutide 
& Liraglutide

↑miR-21-5p, 
miR-24-3p, 
miR-223-3p, 
miR-375-5p 
at baseline 
(linked 
to better 
glycemic 
response); 
miR-375-5p 
predicted 
HbA1c 
levels; miR-
378-3p & 
miR-126-3p 
linked to 
HbA1c/FPG 
reduction; 
miR-15a-5p 
predicted 
weight loss

ADA, American diabetes association; BMI, body mass index; CIMT, carotid intima-media thickness; DR, diabetic retinopathy; FBS, fasting blood sugar; FMD, flow-
mediated dilation; FPG, fasting plasma glucose; GLP1-RA, glucagon-like peptide-1 receptor agonist; HbA1c, hemoglobin A1c; HDL-C, high-density lipoprotein 
cholesterol; LDL-C, low-density lipoprotein cholesterol; MDRO eGFR, modification of diet in renal disease estimated glomerular filtration rate; miR/miRNAs, micro 
ribonucleic acid; NYHA, New York heart association functional classification; TC, total cholesterol; T2DM, type 2 diabetes mellitus; VEGF, vascular endothelial growth 
factor

Table 2  (continued) 
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Au-
thors 
(year)

Animal testing GLP-1RA Findings Regarding GLP-1RA 
Therapy vs. T2DM

Animal 
Model

Grouping DM Induction & 
Diagnosis

Type & Dose Duration Other 
parameters

miRNAs

Song 
et al., 
(2017) 
[50]

Balb/c mice 
(9–11-week-
old; male)

STZ-treated groups, PPAG-treat-
ed, Exendin-4-treated

200 mg/kg STZ 
(IP); glucose moni-
toring via tail vein/
cardiac puncture

Exendin-4, 10 µg/
kg/day (IP)

2 days STZ-treated 
groups showed 
a biphasic rise in 
blood glucose (4 
and 24–30 h post-
injection) with 
~ 60% beta-cell 
mass loss. PPAG 
and Exendin-4 
reduced hyper-
glycemia and 
preserved beta-
cell mass.

miR-375 levels 
remained stable 
initially but 
increased 
between 6–30 h 
post-STZ;
Both PPAG 
and Exendin-4 
prevented this 
increase

Li et 
al., 
(2017) 
[51]

Sprague 
Dawley rats 
(51 weeks, 
male)

DM, DM + Liraglutide HFD from 2 weeks 
old, 30 mg/kg STZ 
(IP) at 10 weeks; 
diagnosis at > 16.7 
mmol/L glucose

Liraglutide, 
200 µg/kg/day

~ 10 weeks ↓ pancreatic beta-
cell death

Downregulation 
of miR-139-5p; 
Upregulation of 
IRS1 (target of 
miR-139-5p)

Jo et 
al., 
(2018) 
[52]

miR-204 KO 
mice

WT, 204KO, TXNIP KO, DM, 
DM + Exendin-4

Diabetes Induc-
tion: Multiple low-
dose STZ (40 mg/
kg/day, IP)
Inhibition of 
GLP1R Signaling: 
GLP1R antagonist 
exendin(9–39) 
(0.6 mg/kg.day; 
intraperitoneally)

Exendin-4, 10 
nmol/kg

16 h 
fasting, 
injected 
30 min 
before 
glucose 
challenge

- miR-204 
deletion en-
hanced GLP1R 
expression & 
responsiveness

Zhang 
et al., 
(2019) 
[53];

Sprague 
Dawley rats 
(5 weeks, 
male)

Control, DM + Saline, DM + LL, 
DM + HL

4-week HFD, 
30 mg/kg STZ (IP); 
diagnosis at > 11.1 
mmol/L glucose

Liraglutide, 
0.2–0.4 mg/kg/
day (SC)

12 weeks -Both dosages:
↓body weight, 
FBS, AUC level 
in oral glucose 
tolerance test, 
fasting serum 
insulin, HOMA-IR 
value, and Pten 
gene and protein 
expressions;
-Ameliorative 
impact on the im-
paired endothe-
lium-dependent 
vasodilation 
caused by T2DM;
↑ CREB-1, Bcl-2, 
and Sirt1 gene 
expression in 
aorta;
↑ protein expres-
sion of Bcl-2 in 
aorta

HL vs. DM: 
33 differen-
tially expressed 
miRNAs (20 
upregulated, 13 
downregulated);
miRNAs linked 
to endothe-
lial function: 
miR-26a-5p, 
miR-34a-5p, 
miR-93-5p, and 
miR-181a-5p

Table 3  Comprehensive overview of monotherapy with GLP-1RAs in animal models of T2DM
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metabolic or anthropometric characteristics between the 
low-expression and high-expression groups, the latter 
demonstrated superior response with greater attainment 
of glycemic targets at 12 months following initiation. Sur-

prisingly, patients with higher baseline circulating levels 
of miR-21-5p, miR-24-3p, miR-223-3p, and miR-375-5p 
were significantly more likely to attain glycemic control 
at 12 months. MiR-375-5p was a predictor of reduction 

Au-
thors 
(year)

Animal testing GLP-1RA Findings Regarding GLP-1RA 
Therapy vs. T2DM

Animal 
Model

Grouping DM Induction & 
Diagnosis

Type & Dose Duration Other 
parameters

miRNAs

Li et 
al., 
(2022) 
[54];

C57BL/6J 
mice (8 
weeks, male)

Control, T2DM + NAFLD, 
T2DM + NAFLD + Semaglutide

4-week HFD, 
100 mg/kg STZ 
(IP); diagnosis at 
> 11.1 mmol/L 
glucose

Semaglutide, 
0.42 mg/kg/week 
(SC)

12 weeks ↓ blood tests 
(glucose, body 
weight, serum TG, 
TC, FFA, LDL-C, 
AST, ALT);
↓ hepatic param-
eters (steatosis, 
TG and FFA, and 
pathological 
changes);
-No significant 
difference in 
serum HDL-C and 
hepatic TC
-Improved glu-
cose tolerance
-ameliorative 
impact on liver 
fibrosis induced 
by T2DM;

Upregulation 
of miR-5120; 
Downregula-
tion of ABHD6 
expression

Fang 
et al., 
(2023) 
[55]

C57BL/6J 
mice (8 
weeks, male)

Control, DCM, DCM + GLP-1RA 4-week HFD, 
100 mg/kg STZ 
(IP); diagnosis at 
> 11.1 mmol/L 
glucose

LA-exenatide 
(microsphere), 
10 mg/kg/week 
(IP)

6 weeks ↓ blood glucose, 
body weight, 
cardiomyocyte 
abnormalities, 
lipid accumula-
tion in heart 
tissues, myocar-
dial expression of 
SLMAP, and serum 
BNP level;
-No significance 
difference in heart 
weight, IVSD, 
LVPWD, EF, FS, 
and serum CK-MB 
level;
-The inhibition 
of myocardial 
fibrosis induced 
by DM;
-↑ LVEDd, LVESd, 
LVEDv and LVESv;
-Reversed DM-
induced E/A value 
reduction

- Upregulation 
of miR-29b-3p 
in ventricular 
myocardium;
- GLP-1RA 
regulated the 
expression 
of SLMAP via 
miR-29b-3p;

ABHD61: alpha/beta-hydrolase domain-6; ALT: alanine aminotransferase; AST: aspartate aminotransferase; AUC: area under the curve; Bcl-2: B-cell lymphoma 2; 
BNP: brain natriuretic peptide; CK-MB: creatine kinase-MB; Creb1: cAMP response element-binding protein 1; DCM: diabetic cardiomyopathy; DM: diabetes mellitus; 
EF: ejection fraction; FBS: fasting blood sugar; FFAs: free fatty acids; GLP-1RA: glucagon-like peptide-1 receptor agonist; GLP1R: glucagon-like peptide-1 receptor; 
HL: high liraglutide dose; HFD: high-fat diet; HDL-C: high-density lipoprotein cholesterol; HOMA-IR: homeostatic model assessment for insulin resistance; IRS1: 
insulin receptor substrate-1; IVSD: interventricular septal thickness; LL: low liraglutide dose; LDL-C: low-density lipoprotein cholesterol; LVEDd: left ventricular end-
diastolic diameter; LVEDv: left ventricular end-diastolic volume; LVPWD: left ventricular posterior wall thickness; LVESd: left ventricular end-systolic diameter; LVESv: 
left ventricular end-systolic volume; NaCl: sodium chloride; NAFLD: non-alcoholic fatty liver disease; PPAG: peroxisome proliferator-activated receptor-γ (PPARγ) 
agonist; Pten: phosphatase and tensin homolog; Sirt1: sirtuin 1; SLMAP: sarcolemmal membrane-associated protein; STZ: streptozotocin; TG: triglycerides; TC: total 
cholesterol; TXNIP: thioredoxin-interacting protein; T2DM: type 2 diabetes mellitus; miR/miRNAs: micro ribonucleic acid; WT: wild-type

Table 3  (continued) 
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in HbA1c by receiver operating characteristic (ROC) 
curve analysis. Additionally, during the course of one year 
of GLP-1RA therapy, higher baseline expression of miR-
378-3p and miR-126-3p predicted more significant reduc-
tions in HbA1c and FBS. Notably, baseline miR-15a-5p 
concentrations were elevated in individuals who lost more 
than 5% of their body weight, implying that it could serve 
as a predictive biomarker for weight loss after GLP-1RA 
therapy [35].

Effects of monotherapy with GLP-1RAs as A primary 
treatment
Role of MiRNAs in cardiovascular health  Cardio-
protective action of LA-exenatide microspheres was 
explored in GLP-1RA-treated diabetic cardiomyopathy 
(DCM) C57BL/6J mice compared to healthy and DCM 
groups. Treatment reduced blood glucose, serum brain 
natriuretic peptide (BNP), body weight, heart lipid com-
position, myocardial sarcolemmal membrane-associated 
protein (SLMAP) expression, while it increased cardio-
myocyte integrity and reduced myocardial fibrosis. How-
ever, there were no differences in interventricular septal 
thickness (IVSD), left ventricular posterior wall thickness 
(LVPWD), ejection fraction (EF), fractional shortening 
(FS), and serum creatine kinase-MB level. Notably, LA-
exenatide improved diabetes-impaired diastolic function 
by increasing the E/A ratio, an important indicator of left 
ventricular filling capacity. Ventricular myocardial miR-
29b-3p upregulation suggested as a possible mechanism 

of action of GLP-1RA therapy, which could potentially 
control cardiac SLMAP expression [55, 58].

Zhang et al. (2019) examined the effect of low-dose and 
high-dose liraglutide on endothelial function in diabetic 
Sprague Dawley rats. Both treatments had significant 
reductions in body weight, FBS, oral glucose tolerance 
test’s area under the curve (AUC), fasting serum insulin, 
and homeostatic model assessment for insulin resistance 
(HOMA-IR). Besides, liraglutide treatment downregu-
lated phosphatase and tensin homolog (PTEN) gene and 
protein expression, contributing to an increase in endo-
thelium-dependent vasodilation. Of special note, various 
miRNAs in the high-dose liraglutide treatment were dif-
ferentially expressed, including miR-297, miR-592, miR-
671, miR-214-3p, miR-1843-3p, miR-6334, miR-103-1-5p, 
miR-466b-5p, miR-96-5p, miR-190a-5p, let-7c-5p, miR-
22, miR-190a, miR-568, miR-3586-3p, miR-675-3p, miR-
214, miR-134-5p, miR-26a-5p, miR-488-3p, and miR-188. 
On the other hand, downregulated miRNAs were miR-
93-5p, miR-34a-5p, miR-544-3p, miR-349, miR-547-5p, 
miR-3571, let-7b-5p, miR-344b-1, miR-541-3p, miR-
879-5p, miR-181a-5p, and miR-126a-5p. Of these, miR-
NAs specifically related to endothelial function were 
miR-26a-5p, miR-34a-5p, miR-93-5p, and miR-181a-5p, 
suggesting that liraglutide might exert its vascular pro-
tective effects through epigenetic regulation of endothe-
lial-related miRNA expression [53].

Role of MiRNAs in Beta-Cell function and insulin reg-
ulation  According to an in vivo study, miR-375 is a bio-
marker that can be used to determine the cytoprotective 

Table 4  Comprehensive overview of Exosomal MiRNAs generated by animal models of T2DM following GLP-1RA therapy
Study Exo-

somal 
Source

Procedure GLP-1RA Findings Regarding GLP-1RA Therapy
T2DM Model Protocol Type Dose Treatment 

Duration
Other 
T2DM-
Related 
Pathway

miRNA Signature

Li et 
al., 
(2017) 
[56]

BM Sprague-Dawley rats 
(n = 27; 6-month-old 
females; Groups: OVX 
control; OVX + T2DM; 
OVX + T2DM + Liraglutide)

Induction of 
T2DM:
2-month 
HFD, 35 mg/
kg STZ (IP);
A second 
STZ injection 
was also 
administered 
if blood 
glucose 
remained 
below 16.7 
mmol/L.

Liraglutide 2 mg/
kg 
twice 
a day; 
i.h.

2 months ↓ blood 
glucose

BM-Derived Exosomal miRNA 
Expression:
T2DM Group: ↑ miR-1-3p, let-7i-5p, 
let-7f-5p, miR-148a-3p, let-7 g-5p, 
miR-3571, miR-1b, miR-126a-3p, 
miR-206-3p, and miR-143-3p;
Liraglutide Group: Similar miRNA 
profile as T2DM but with additional 
upregulation of miR-21-5p.
OVX vs. Liraglutide: OVX group 
showed higher expression of 
let-7c-2-3p and miR-322-3p (Wnt 
signaling pathway).
Liraglutide vs. DM: Liraglutide 
treatment led to upregulating miR-
322-3p (Wnt signaling).

BM: bone marrow; EVs: extracellular vesicles; HK-2: human renal tubular epithelial cell line; HFD: high-fat diet; miR/miRNAs: micro ribonucleic acid; OVX: 
ovariectomized; STZ: streptozotocin; T2DM: type 2 diabetes mellitus
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Fig. 2 (See legend on next page.)
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effect of antidiabetic agents such as exendin-4 and phen-
ylpropenoic acid glucoside (PPAG). The study used a two-
stage model experiment: diabetic Balb/c mice were used 
to evaluate the effect of streptozotocin (STZ)-induced 
beta-cell injury from 4 to 30  h, and the effect of PPAG 
and exendin-4 treatment was compared with controls. 
The results depicted biphasic increase in blood glucose 
levels in STZ-treated mice at 4 h and again at 24–30-hour 
post-injection along with a ∼60% reduction in beta-cell 
mass at 30  h. Monotherapy with PPAG or exendin-4, 
however, abrogated STZ-induced hyperglycemia along 
with maintaining beta-cell mass. Notably, miR-375 levels 
were maintained at baseline in untreated and 4-hour post-
treatment STZ, while it increased threefold at 6 and 30 h 
following STZ. Notably, PPAG and exendin-4 prevented 
this rise in plasma levels of miR-375, which would suggest 
a possible protective mechanism of preventing the release 
of miR-375 into circulation [50].

In addition, Jo et al. (2018) investigated the role of 
miR-204 in GLP-1 receptor (GLP-1R) expression via 
a comparison of wild-type (WT) and miR-204 knock-
out (204KO) mice. According to their results, miR-204 
suppresses GLP-1R expression. Interestingly, genetic 
knockdown of miR-204 or its upstream regulator, thio-
redoxin-interacting protein (TXNIP), was dramatically 
overexpressed GLP-1R on islets, which promoted glu-
cose-stimulated insulin release and glucose tolerance 
after GLP-1RAs [52].

Lastly, liraglutide-induced pancreatic protection 
was also linked to the downregulation of miR-139-5p, 
which further upregulated insulin receptor substrate-1 
(IRS1) expression. This implicated a mechanistic role for 
miRNA regulation in pancreatic beta-cell survival, addi-
tionally highlighting the therapeutic value of GLP-1RAs 
in sustaining insulin signaling pathways [51].

Role of MiRNAs in NAFLD and hepatic func-
tion  NAFLD is present in 70–90% of T2DM patients, 
mainly due to insulin resistance, elevated liver enzymes, 
and vascular endothelial inflammation. As miRNAs 
have been increasingly implicated in these pathologies, 
Li et al. (2022) analyzed the influence of semaglutide on 
T2DM models with comorbid NAFLD. The GLP-1RA 
therapy lowered various metabolic markers including 
body weight, blood glucose, serum lipids, TC, FFA, LDL-
C, aspartate aminotransferase (AST), and alanine trans-
aminase (ALT) to significant extents. However, the levels 

of HDL-C, as well as hepatic TC, were not affected by 
treatment. Hepatic TC content, as a reflection of the liv-
er’s content of cholesterol, is typically quantified by liver 
biopsy or approximated with imaging techniques such as 
computed tomography (CT) for the volumetric liver fat 
fraction (VLFF). In addition to metabolic effects, sema-
glutide had the ability to enhance glucose tolerance and 
minimize T2DM-induced liver fibrosis. Therapy was also 
associated with upregulation of circulating and hepatic 
miR-5120 expression. α/β hydrolase domain-6 (ABHD6), 
a 32  kDa membrane protein with a metabolic disorder 
association, was markedly downregulated in mRNA and 
protein expression by miR-5120. According to the find-
ings, semaglutide may possess hepatoprotective activity 
through the modulation of miR-5120 and ABHD [54].

Bone-Protective effects of bone marrow-derived 
exosomal MiRNAs  An in vivo investigation was con-
ducted to explore the mechanism behind the bone-pro-
tective effect of liraglutide, with a particular focus on 
BM-derived exosomal miRNAs in animal models mim-
icking postmenopausal women with T2DM. The study 
borrowed its hypothesis from the fact that an estrogen 
deficiency and hyperglycemia synergistically contribute 
to bone destruction, enhancing the osteoporosis risk in 
postmenopausal women with T2DM. To determine miR-
NAs with new functions, a comprehensive miRNA pro-
filing analysis detected 460, 431, and 459 exosomal miR-
NAs in the ovariectomized (OVX), T2DM + OVX, and 
liraglutide-treated T2DM + OVX groups, respectively. Of 
these, 39 exosomal miRNAs showed differential expres-
sion between the T2DM and liraglutide-treated groups. 
The most upregulated miRNAs in the T2DM group were 
miR-1-3p, let-7i-5p, let-7f-5p, miR-148a-3p, let-7  g-5p, 
miR-3571, miR-1b, miR-126a-3p, miR-206-3p, and miR-
143-3p. However, 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 were upregulated in the liraglu-
tide treatment group. Let-7c-2-3p and miR-322-3p were 
significantly up-regulated when OVX and liraglutide 
groups were compared. Furthermore, the comparison of 
the T2DM group and the liraglutide group revealed that 
the T2DM group had greater expression of miR-322-3p 
against the Wnt pathway. The results demonstrate the 
promising role of BM-derived exosomal miRNAs in medi-
ating liraglutide’s protective effects on the bone via modu-

(See figure on previous page.)
Fig. 2  Risk of Bias Assessment for Included Studies. (A) SYRCLE’s Risk of Bias Tool for animal studies. The studies were assessed in ten domains (D1–D10), 
and their assessment is depicted as low risk (green), unclear risk (yellow), or high risk (red). (B) ROBINS-I assessment for non-randomized observational 
clinical studies, in which bias was evaluated in seven domains (D1–D7) using the same color coding. Nikolic et al. (2017) arrived in the form of an abstract, 
and bias assessment was limited to partial data, which might have affected grading. (C) Cochrane Risk of Bias 2 (RoB 2) assessment of a randomized 
open-label trial, demonstrating high risk (red) for key domains. The results demonstrate that although some studies had low bias, there were others with 
methodological issues that might influence study outcomes
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lation of the bone remodeling-related pathways and the 
glucose metabolism-related pathways [56].

Discussion
The effects of GLP-1RA medicine either as a monother-
apy or in combination with other treatment modalities 
on miRNA profiles of T2DM patients and animal mod-
els were comprehensively evaluated in this systematic 
review. Besides blood glucose normalization and weight 
loss, our observation reveals the regulating function of 
GLP-1RAs towards modulating the expression of both 
exosomal and non-exosomal miRNAs. The review is of 
special significance in respect to the effects of GLP-1RAs, 
i.e., semaglutide, liraglutide, dulaglutide, and LA-exena-
tide, on miRNA expression and thus how this could affect 
their potential use in the treatment of type 2 diabetes. 
Although there have been some fascinating preclinical 
and clinical study parallels, our results also speak to some 
significant differences, illustrating the complexities of 
GLP-1RA-mediated miRNA regulation.

The crosstalk of incretin hormones, such as GLP-1, 
and miRNA regulatory network is of utmost importance 
in understanding GLP-1RAs’ therapeutic actions. Many 
previous studies, e.g., those conducted by Radbakhsh et 
al. (2020), have suggested that many miRNAs have criti-
cal roles in modulating incretin hormone regulation. 
While miR-155-5p and miR-33 promote higher GLP-1 
expression, miR-192, miR-6763, etc., suppress incretin 
expression and thereby disrupt insulin secretion path-
ways. Besides, miRNAs such as miR-204 and miR-665 
control the expression of GLP-1R, which in turn affects 
insulin signaling. GLP-1 also regulates miRNAs, includ-
ing miR-132 and miR-212, which amplify insulin secre-
tion by pancreatic β-cells [37]. Certain of these miRNAs 
have also been found to contribute significantly towards 
the regulation of GLP-1R signaling by AL-Noshokaty 
et al. (2025). These comprise significant regulators of 
GLP-1R signaling, e.g., miR-7, miR-132, miR-204, and 
miR-212, which regulate insulin secretion, β-cell differ-
entiation, and metabolic homeostasis [40]. Our review 
builds upon this knowledge by discussing the activity of 
GLP-1RAs on exosomal and non-exosomal miRNAs, yet 
another indication of their potential to control T2DM. 
While clinical studies have failed to identify exosomal 
miRNAs, preclinical data demonstrate that GLP-1RAs 
can modify both exosomal and non-exosomal miRNA 
profiles, revealing mechanistic evidence for their broader 
physiological actions.

Human experiments demonstrated that combina-
tion therapy with GLP-1RAs, such as LA-exenatide and 
Liraglutide, regulates non-exosomal miR-27b, miR-130a, 
and miR-210 associated with cardiovascular disease and 
endothelial function [47–49, 57]. Furthermore, elevated 
levels of miR-27b are detected in circulating exosomes 

of patients with atherosclerotic coronary artery ste-
nosis (ACAS) [59]. These heightened circulatory miR-
27b levels serve as predictors of ACAS occurrence and 
are linked to subsequent cardiovascular events [60]. 
Essentially, miRNA-27b serves as a key regulator in the 
transcriptional network controlling beige and brown adi-
pogenesis [61], which are crucial in metabolic disorders 
influencing obesity’s nature and its cardiovascular risk 
implications [62]. Similarly, inhibition of miR-130a in 
hyperglycemia has been linked to endothelial dysfunc-
tion, hence hypothesizing to act as a biomarker for car-
diovascular disease in T2DM patients [63]. Furthermore, 
miR-210 is accountable for regulating oxidative stress 
responses through the hypoxia-inducible factor (HIF) 
pathway, indicating that it is a vasculoprotector [64].

Preclinical studies also emphasize the cardioprotec-
tive effects of GLP-1RAs through the modulation of 
miR-29b-3p, miR-34a-5p, miR-26a-5p, miR-181a-5p, 
and miR-93-5p [53, 55, 58]. It is noteworthy that miR-
29 has been found to be implicated in the regulation of 
fibrosis by modulating collagen expression. Indeed, its 
overexpression has been attributed to antifibrotic activity 
[65]. However, according to a study by Shi et al. (2019), 
miR-29a promoted cardiac hypertrophy and pathologi-
cal heart remodeling through the targeting of the PTEN/
AKT/ mammalian target of rapamycin (mTOR) pathway, 
Wnt signaling, and suppression of autophagy [66, 67]. 
In vivo genetic deficiency of miR-29 in mouse models 
decreased cardiac hypertrophy and fibrosis, suggesting 
therapeutic efficacy through the targeting of this pathway 
[66, 67]. In addition, liraglutide monotherapy increased 
the expression of the cAMP response element-binding 
protein (CREB-1), a transcription factor of the cellular 
stress response, by repressing miR-181a-5p. The viabil-
ity and function of endothelial cells were also influenced 
by the modulation of the miR-181a-5p/CREB-1 pathway 
[53]. Finally, by suppressing miR-93-5p, liraglutide could 
increase Sirtuin 1 (SIRT1) protein levels. By deacetylating 
major transcription factors, such as p53 and Forkhead 
Box O3 (FOXO3), Sirt1 suppressed the endothelial cell-
harming effect of hyperglycemia pathway [53].

GLP-1RAs also have a greater hepatoprotective effect 
in animal models with T2DM and NAFLD. The molec-
ular pathway of semaglutide-induced treatment hepa-
toprotective effect in patients with type 2 diabetes and 
NAFLD, particularly with HFD-induced obesity, is illus-
trated in Fig.  3. Briefly, semaglutide stimulates insulin 
release and production through the activation of the 
GLP-1 receptor on pancreatic β-cells with a series of 
signaling pathways. When the GLP-1 receptor is stimu-
lated, the associated G-protein, resulting in the formation 
of cyclic AMP (cAMP). Higher levels of cAMP activate 
protein kinase A (PKA) and calcium/calmodulin-depen-
dent protein kinase IV (CaMKIV), which phosphorylate 
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CREB-1 to enhance insulin gene expression. Semaglutide 
also has the effect of controlling calcium homeostasis to 
augment intracellular Ca²⁺ levels via voltage-gated cal-
cium channels and additionally enhance Ca²⁺-dependent 
exocytosis of insulin [68, 69]. Interestingly, the upregula-
tion of miR-5120 with negative feedback on ABHD6, a 
lipase that is involved in lipid metabolism dysregulation 
in obesity and NAFLD, is one of the pivotal hepatopro-
tective effects of semaglutide [54]. ABHD6 blockade dis-
rupts inappropriate lipid storage through inhibition of 
the release of glycerol and fatty acids, preventing hepa-
tocellular injury resulting from lipotoxicity. Through 
glycerol-lipid/fatty acid cycle and ABHD6 blockade, 
semaglutide inhibits hepatic steatosis and lipid toxicity, 
thus imparting protection against NAFLD development 
in patients with T2DM [68, 69]. The proposed mecha-
nism highlights the multi-faceted mode of action of 

semaglutide in metabolic regulation, especially the favor-
able effect in preventing obesity-related liver disease.

Finally, new evidence suggests that GLP-1RAs influ-
ence bone metabolism, thus elucidating the paradoxically 
increased fracture risk in T2DM patients with normal 
or high bone mineral density (BMD) [70, 71]. New stud-
ies, such as that of Leanza et al. (2024), have elucidated 
the mechanisms. Specifically, the faulty expression of 
key bone formation genes, like SOST and RUNX2, and 
the accumulation of advanced glycation end-products 
(AGEs) are responsible for defective bone matrix integ-
rity and increased fragility. AGEs aggravate the struc-
tural weakening of the bone tissue, thereby explaining the 
high fracture risk in T2DM patients [71]. These findings 
highlight the need for therapeutic interventions against 
the diabetes-induced effects on bone, e.g., the applica-
tion of GLP-1RAs. Specifically, liraglutide promotes bone 

Fig. 3  Proposed Mechanism of Semaglutide-Mediated Hepatocellular Protection against High-Fat Diet-Induced Obesity in T2DM Patients with comorbid 
NAFLD through miR-5120 Overexpression and α/β-Hydrolase Domain-6 (ABHD61) Repression. Semaglutide activates pancreatic β-cell GLP-1 receptor, 
which triggers a cascade signaling mechanism that enhances cyclic AMP (cAMP) synthesis, protein kinase A (PKA) activation, and calcium/calmodulin-
dependent protein kinase IV (CaMKIV) signaling, leading to enhanced insulin synthesis and secretion. The illustration also shows the regulatory role of 
miR-5120 in suppressing ABHD6 expression, thereby suppressing glycerol and free fatty acid (FFA) release, modulating the glycerol-lipid/fatty acid (GL/FA) 
cycle, and suppressing lipid accumulation and hepatocellular damage. Through these effects, semaglutide dampens lipotoxicity and metabolic dysfunc-
tion, a promising therapeutic strategy for NAFLD treatment in T2DM patients (Created in https://BioRender.com; MAG, Monoacylglycerols; Munc13-1, 
Mammalian Uncoordinated-13-1)
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Fig. 4 (See legend on next page.)
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formation by modulating the BM-derived exosomal let-
7c-2-3p and miR-322-3p. These miRNAs induce Wnt sig-
naling by stabilizing and translocating β-catenin, which 
leads to bone gene transcription [56]. In diabetic patients 
with poor bone quality, this pathoprotective mechanism 
turns around the adverse effect of AGEs on bone quality 
and has a unique therapeutic potential for fracture pre-
vention [70, 71]. Figure 4 illustrates the complex molec-
ular mechanisms interconnecting diabetes, estrogen 
deficiency, and osteoporosis and the potential of GLP-
1RAs to restore bone homeostasis. These interactions 
suggest that GLP-1RAs, through their control of miRNAs 
and Wnt signaling, may mitigate the deleterious effects of 
estrogen deficiency on bone in diabetic individuals [56, 
70–72]. Further work is justified in this area because past 
research has indicated that let-7c-2-3p, a miRNA that is 
typically downregulated in older bone, appears to play a 
protective function in bone metabolism [72]. In addition, 
miR-322-3p upregulation strikingly increased the mRNA 
expression of Sp7, a transcription factor needed for 
osteoblast differentiation and bone formation [73]. The 
findings indicate the therapeutic use of exosomal let-7c-
2-3p and miR-322-3p regulation in diabetic bone disease.

The ability of circulating miRNAs to serve as therapeu-
tic response predictive biomarkers of GLP-1RA therapy 
is a fast-rising topic of interest. Observational analysis of 
baseline expression levels of miRNAs such as miR-21-5p, 
miR-24-3p, and miR-375-5p in T2DM patients who were 
metformin monotherapy non-responders found that 
increased baseline expression levels of certain miRNAs 
indicated better therapeutic responses [35]. These find-
ings suggest that miRNAs could be useful biomarkers 
to classify patients at higher risk of responding to GLP-
1RA therapy. At the level of β-cell function, GLP-1RAs 
monotherapy influences miRNAs involved in insulin reg-
ulation. Finally, genetic downregulation of miR-204, miR-
375, or miR-139-5p promoted glucose-stimulated insulin 
secretion in monotherapy with exendin-4 and liraglutide; 
therefore, future studies can be focused more on them 
[50–52].

Methodological limitations and considerations
The importance of GLP-1RA monotherapy and combina-
tion therapy in the modulation of exosomal and non-exo-
somal miRNAs in type 2 diabetes is highlighted in this 
systematic review. Exosomal miRNAs are not referred to 
in any clinical investigations. Indeed, there are technical 

restrictions of sEV biogenesis and origin, miRNA sepa-
ration and quantification heterogeneities, and the types 
of normalization techniques that limit translation their 
applications to the clinic in spite of promise of the ther-
apy. Multi-omics profiling, digital PCR, and standardized 
practices should be employed if clinical utility as well as 
replicability are to be expanded.

Moreover, as GLP-1RA is increasingly utilized in com-
bination with other antidiabetic medications, of inter-
est in future research will be to investigate their additive 
effect on miRNA levels, particularly in patients at high 
cardiometabolic risk, obesity, and NAFLD. Future lon-
gitudinal studies with standardized workflows and 
multi-omics approaches are needed to identify which 
miRNAs are specific to GLP-1RAs and which may also 
be associated with other antidiabetic drugs. Examination 
of miRNA changes in heterogeneous patients and pro-
spective monitoring of their expression in concert with 
clinical markers (e.g., HbA1c, fasting glucose, body mass 
index parameters, and age-related differences) might 
provide insights into long-term treatment response.

Although GLP-1RA therapy is currently a second-line 
standard of diabetes care, its full potential can extend 
much further. As more studies are revealed, these results 
might reshape first-line treatment strategies, particularly 
in those with higher cardiometabolic risk, severe obe-
sity, NAFLD, or postmenopausal osteoporosis. Unlock-
ing miRNA signatures for optimal metabolic responses 
might pave the way for precision medicine.

Lastly, the study did not touch on practical concerns 
(e.g., circulating miRNA variability, sample collec-
tion standardization, inter-individual variability) due to 
fewer available studies. Standardizing miRNA extraction 
methods is a priority that can increase reliability as their 
potential hurdles to clinical translation. Standardized 
methods and well-defined treatment regimens are what 
future studies should emphasize in order to raise repro-
ducibility and offer better conclusions.

Conclusion
In addition to showing promise for the treatment of obe-
sity and type 2 diabetes, especially in those with insulin 
resistance, GLP-1RAs have also shown promise for the 
treatment of osteoporosis, NAFLD, and cardiovascu-
lar disease. Regulation of exosomal and non-exosomal 
miRNAs following GLP-1RA treatment and their con-
tribution to tissue-specific effects, lipid metabolism, and 

(See figure on previous page.)
Fig. 4  Liraglutide Monotherapy Mediates Modulation of Bone Marrow (BM)-Derived Exosomal miRNAs and Wnt Signaling in Diabetic Bone Disease. It 
illustrates the mechanism of action of Liraglutide in increasing bone formation and counteracting the harmful effects of T2DM and estrogen deficiency 
on bone. In T2DM, hyperglycemia-induced high levels of advanced glycation end-products (AGEs) impair Wnt signaling, leading to impaired osteoblast 
function and increased fracture risk. Liraglutide regulates bone metabolism by upregulating BM-derived exosomal let-7c-2-3p and miR-322-3p that facili-
tate β-catenin stabilization and nuclear translocation, thereby inducing osteogenic gene transcriptional activation. Such a mechanism inhibits the nega-
tive effects of AGEs and estrogen deficiency and offers a likely therapeutic strategy towards improving bone stability in diabetic patients, particularly in 
postmenopausal women with T2DM (Created in https://BioRender.com)
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glycemic control have been highlighted in this review. 
However, current evidence is limited, particularly in 
human studies, and exosomal miRNA information in 
the clinic is an enormous gap to be filled. Longitudi-
nal investigations combining cutting-edge multi-omics 
approaches are essential to implicate the precise molecu-
lar mechanisms of GLP-1RAs and compare their miRNA 
signature to that of other antidiabetic therapies.
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