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Abstract

Diabetes poses severe global public health problems and places heavy burdens

on the medical and economic systems of society. Type 2 diabetes (T2D)

accounts for 90% of these cases. Diabetes also often accompanies serious com-

plications that threaten multiple organs such as the brain, eyes, kidneys, and

the cardiovascular system. MicroRNAs (miRNAs) carried by extracellular vesi-

cles (EV-miRNAs) are considered to mediate cross-organ and cross-cellular

communication and have a vital role in the pathophysiology of T2D. They also

offer promising sources of diabetes-related biomarkers and serve as effective

therapeutic targets. Here, we briefly reviewed studies of EV-miRNAs in T2D

and related complications. Specially, we innovatively explore the targeting

nature of miRNA action due to the target specificity of vesicle binding, aiding

mechanism understanding as well as the detection and treatment of diseases.
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Highlights

• This review outlines the history of miRNA discovery and its major advances

in the field of metabolism.

• We explore the roles of miRNAs in diabetes-related cognitive impairment.

• We innovatively propose that miRNAs also act with a certain organ-target-

ing specificity due to the organ-targeting nature of extracellular vesicles,

which may aid disease detection and treatment and help interpret the mech-

anisms beneath.

• This review is highly concise and includes the latest research advances,

allowing readers to gain a basic framework of the role of EV-miRNAs in

T2D and its complications quickly.
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1 | INTRODUCTION

The worldwide statistics of diabetes are alarming.
According to the International Diabetes Federation,
537 million people aged 20–79 years are living with
diabetes in 2021, with a projected increase to 783 mil-
lion by 2045 without effective measures.1 Type 2 diabe-
tes (T2D), which is characterized by defective
peripheral tissue responsiveness to insulin (insulin
resistance, IR) and β cell dysfunction, accounts for
�90% of all diabetes cases. This is highly worrisome
given that diabetes often accompanies various compli-
cations. It harms the vascular systems while endanger-
ing the heart, brain, kidneys, peripheral nerves, eyes,
and feet. Diabetes has placed enormous strains on
medical and economic systems, necessitating the
urgent need for comprehensive understanding, early
diagnosis, and effective treatment.

MicroRNAs (MiRNAs) are highly conserved, ubiqui-
tous, small noncoding RNAs (�22 nt in length) gener-
ated by practically all cell types. They canonically bind
to the 30 untranslated region (UTR) of mRNAs and per-
form post-transcriptional inhibition.2 Once considered
to act inside the cells, miRNAs are now believed to be
encapsulated in extracellular vesicles (EVs) and
released into the extracellular environment, hence facil-
itating intercellular communication and providing
indicative information associated with physiological
and pathological conditions. Accumulating evidence
suggests that EV-miRNAs are intimately associated
with diabetes and its complications. They not only alter
under morbid circumstances, offering a promising
source of diabetes-related biomarkers, but also partici-
pate in disease development, help us understand the
mechanisms beneath, and may serve as effective thera-
peutic targets.

This review discusses the role of miRNAs carried by
EVs in T2D and its complications. First, we outline the
discovery history, biosynthesis, and functions of
miRNAs, as well as their presence in circulating forms.
Then, we illustrate variations of miRNA profiles under
diabetic circumstances and the potential prospects they
provide as biomarkers. We also demonstrate briefly
the respective contributions miRNAs make in the
development of diabetes and related complications.
After reviewing the latest progress in regulatory mecha-
nisms of EV-miRNAs, we highlight their prospects as
therapeutic avenues. In the last part, current barriers
yet to be surmounted for clinical implementation are
presented and we pioneeringly explore the potential
targeting property of miRNAs due to the targeting
nature of vesicles and the contribution this property
could make to clinical care.

2 | miRNAs AND
EXTRACELLULAR VESICLES

2.1 | The history of miRNA discovery

The first hint of miRNA dates back to 1993, when lin-4
was discovered to function in the temporal controlling of
C. elegans development by binding to the 3'UTR of
lin-14.3,4 In 1997, another gene of the heterochronic
pathway, lin-28, was found to bind to and be regulated by
lin-4.5 This provided a clue regarding the adaptability of
this kind of antisense RNA–RNA interaction. It was not
until 2000 that another 21-nucleotide RNA let-7 was
found.6 In the context of the great boom of RNAi
research since 1998,7 the discovery of let-7 identify scien-
tists to take these small RNAs as novel and widespread
mRNA regulators.

In October 2001, three research teams published their
findings in the same issue of Science, claiming that lin-4
and let-7 RNAs belong to a vast class of noncoding RNAs.
These were referred to as microRNAs.8–10 MiRNA
research has been in full swing in the years afterward.
Hundreds of miRNAs have been found in numerous spe-
cies including humans, zebrafish, fruit flies and rice.11,12

In 2002, miRbase was established to provide a consistent
set of guidelines for miRNA identification and naming
and a searchable database of published miRNA
sequences.2,13 Its latest release (v22.1) updated in 2019
includes miRNA sequences from 271 organisms and
48 860 mature miRNAs.14 MiRNA research has emerged
as one of the most important areas of study in biological
science (Figure 1).

2.2 | Biogenesis and functions of
miRNAs

MiRNA biogenesis is a multistep and precise process that
undergoes translocation from the cell nucleus to the cyto-
plasm and requires various enzymes and auxiliary pro-
teins. In metazoans, a canonical process begins with
primary miRNA transcripts named pri-miRNA. With a
stem-loop structure inside, it is cut off in the nucleus by
an RNase type III endonuclease Drosha and its cofactor
DGCR8. This forms a hairpin structure of about 65 nt,
called pre-miRNA. With help of Exportin 5, pre-miRNA
is exported to the cytoplasm, where it is cleaved again by
Dicer. The miRNA/miRNA* duplex is generated and
then loaded into the Argonaute protein (AGO), with the
less thermodynamically stable strand retained, and
the other one degraded. In this way, a single-strand
mature miRNA is finally formed. Afterward, AGO facili-
tates the assembly of RNA-induced silencing complex
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(RISC). RISC mediates the recognition of targeted
mRNA, leads to miRNA combination with the 3'UTR of
mRNA, and dominates gene silencing by mRNA transla-
tional inhibition or degradation.15–19

Using loss and gain of function studies, the biologi-
cal functions of individual miRNAs have been explored
widely. It is said that miRNAs involve in the regulation
of almost all cellular processes studied to date and are
related to physiological and pathological processes like
developmental timing, cell differentiation, energy
homeostasis, inflammation, tumorigenesis, and organ-
ogenesis.15,20,21 The first report implicating the involve-
ment of miRNAs in metabolism was done in drosophila
in 2003, showing the suppressive effect miR-14 has on
triacylglycerol and diacylglycerol levels.22 However,
these roles are assumed to be played in their producing
cells.20

2.3 | The history of extracellular vesicles

EVs refer to various types of membranous structures
secreted by cells and contain bioactive substances includ-
ing proteins, lipids, and genetic materials such as
miRNAs.23 EVs are characterized as ectosomes (also
known as microparticles or microvesicles), exosomes,
and apoptotic bodies based on the size, density, or surface
antigen.24–27 However, this classification is imperfect
with possible overlap considering the lack of unambigu-
ous physical properties and unified isolating protocols.28

Research on EVs can be traced back to the mid-1940s.
Once conceived as “garbage bins” of our bodies, EVs are
now believed to be bridges between cell-to-cell interac-
tions, participating in cellular signaling and component
exchanging. In 2011, the International Society for Extra-
cellular Vesicles was established, and the 2013 Nobel
Prize in Physiology or Medicine was awarded to the three
scientists who discovered the mechanism regulating
vesicular transport.

2.4 | MiRNAs mediate intracellular
crosstalk through EVs

Since 2008, miRNAs have been discovered extracellularly
in the circulation and various bodily fluids like saliva,
urine, and breast milk.29,30 There are two major routines
these miRNAs shuttle outside their producing cells. The
majority of miRNAs are carried by EVs (EV-miRNAs),
which were elucidated earlier. Although this topic is too
extensive to review here, the protein-miRNA complex is
another mode of trafficking in which miRNAs attach to
proteins such as high-density lipoprotein and AGO.31

Vesicles and proteins shield extracellular miRNAs from
endogenous RNase activity. These miRNAs will then be
taken up by recipient cells, unveiling their potential as
cell-to-cell crosstalk mediators.

EVs can be internalized by recipient cells through
membrane fusion, receptor-dependent endocytosis,
micropinocytosis, or phagocytosis.32 These mechanisms
dictate that the uptake of EVs is relatively targeted and
specific. After ingestion by adjacent or distal cells
(through circulation), these cargo miRNAs exert para-
crine and endocrine functions respectively and mediate a
broad range of cellular physiological and pathophysiolog-
ical processes, including in the process of T2D.

3 | EV-miRNAs AND T2D

3.1 | Distinct circulating miRNA profiles
in T2D patients

Several particular miRNAs are reported to express differ-
entially in T2D patients and relate to metabolic parame-
ters. Figure 2 and Table 1 list altered miRNA signatures
under different diabetes-related conditions. Although
there is little consensus on miRNA biomarkers, miRNAs
like miR-126 and miR-34a exhibit consistent trends of
variation in different cohorts of T2D patients, providing

clinical application

FIGURE 1 The timeline of miRNA discovery. miRNA, microRNA.
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TABLE 1 Circulating miRNA alterations under T2D-related conditions.

Year Condition MiRNA(s) Alteration

2010 Diabetic patients, hyperglycemic Lepob mice51 *miR-15a, miR-126, miR-223, *miR-320 #
miR-28-3p "

2011 Newly diagnosed T2D patients93 miR-9, miR-29a, miR-30d, miR-34a,
miR-124a, *miR-146a, *miR-375

"

2012 T2D patients94 miR-150, miR-192, miR-27a, *miR-320a, *miR-375 "
2013 Diabetes patients49 miR-126 #
2014 Prediabetic and newly diagnosed T2D patients95 miR-126 #
2015 T2D patients96 miR-103 "
2015 T2D patients97 miR-101, *miR-375, miR-802 "
2015 Prediabetic patients, glucose-intolerant mice98 miR-192, miR-193b "
2016 Diabetes patients52 miR-26a, miR-126 #
2016 Prediabetes patients99 *miR-146a, miR-126 #

T2D patients99 miR-21, miR-148a, miR-30d, miR-34a "
2016 Prediabetic and newly diagnosed T2D patients100 miR-1249, *miR-320b #

miR-572 "
2017 T2D patients44 *miR-15a "
2017 Obese T2D patients101 let-7d, let-7e, let-7f, let-7c, miR-485-3p #

miR-144, miR-193b, miR-136, miR-34a, miR-32 "
2018 Prediabetic and T2D patients, db/db mice, HFD mice102 miR-27a "
2018 Prediabetic and T2D patients103 *miR-15a, *miR-375 #

miR-150, miR-30a-5p "
2019 IGT and T2D patients104 miR-21 "
2020 IGT and T2D patients57 *miR-15a "
2020 Prediabetic and T2D patients105 miR-10b #

miR-223-3p "
2022 T2D patients106 miR-107 "

Abbreviations: HFD, high-fat diet; IGT, impaired glucose tolerance; T2D, type 2 diabetes.
*Inconsistent results in different clinical cohorts.

Downregulated

Upregulated

FIGURE 2 Circulating miRNA

alterations under T2D-related

conditions. EV, extracellular vesicles;

miRNA, microRNA; T2D, type

2 diabetes.
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significant candidates for mechanistic studies and thera-
peutic options. Meanwhile, levels of miRNAs such as
miR-15a, miR-146a, miR223, and miR-375 display incon-
sistent results, which are probably due to discrepancies in
miRNA isolation methods and warrant further investiga-
tions. Furthermore, detecting these circulating miRNAs
that are differentially expressed in both humans and mice
and finding their sources may help guide the establish-
ment of genetic-manipulating models in mice. To con-
clude, functional analysis of identified miRNAs provides
clues to explore the mechanisms of diabetes and aids
translational research in T2D treatment.

MiRNAs possess characteristics of stability, specific-
ity, and sensitivity and can be retrieved in a relatively
noninvasive manner and thus are probably valuable
biomarkers. Yet, the separation and identification pro-
cess must be standardized. A considerable amount of
data from clinical samples is required to validate their
potential and assist in establishing an appropriate base-
line value.

3.2 | EV-miRNAs and diabetic
pathophysiology

As important intracellular communicating factors, miR-
NAs from various sources are carried in EVs and traf-
ficked to target cells/organs (Figure 3 and Table 2). By
affecting insulin sensitivity and β cell function (including
quantity and function), they play proactive or detrimental
roles in diabetic progression.

3.2.1 | EV-miRNAs from the pancreas

EV-miRNAs derived from diverse pancreatic cells dictate
T2D pathophysiology in an endocrine or paracrine manner,
affecting insulin resistance and deficiency respectively. To
illustrate their IR-related effects, Xu et al reported that β
cell-derived exosomal miR-26a could ameliorate obesity-
associated IR in hepatocytes. However, with miR-26a
expression downregulated in serum exosomes of obese
patients and mice,33 there exists a concomitant decrease in
insulin sensitivity.

Moreover, in terms of insulin insufficiency, significant
effects of various pancreatic cell-derived miRNAs were
proved. Guay et al established a well-designed cell experi-
ment, in which untreated MIN6B1 cells were incubated
with exosomes isolated from cytokine-treated MIN6B1 cell
cultures. The untreated recipient cells were induced apopto-
sis, with miR-7, miR-29a, and miR-146a identified as factors
exerting apoptosis-evoking effects in these exosomes.34

In vivo studies are required to further elaborate on this
issue. Also, exosomes released by inflammatory pancreatic
M1-like macrophages of high-fat diet (HFD)-fed mice are
enriched in miR-212-5p. This miRNA suppresses Sirtuin
2 (SIRT2) expression and regulates the Akt pathway in
recipient β cells, resulting in impaired insulin secretion.35

3.2.2 | EV-miRNAs from adipose tissue

Aside from producing adipokines, adipose tissue interacts
with other organs and influences diabetes progression via

FIGURE 3 EV-miRNAs mediate intercellular crosstalk. ATM, adipose tissue macrophage; BMDMs, bone marrow-derived macrophage;

BM-MSCs, bone marrow mesenchymal stem cells; EV, extracellular vesicles. *miRNAs exerting beneficial effects.
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secreting EV-miRNAs. As the primary source of EV-
miRNAs,36 adipose tissue plays a considerable role,
mainly correlating with insulin sensitivity. For instance,
hypertrophic adipocytes secret exosomes containing over-
expressed miR-802-5p, which targets heat shock protein
60 (HSP60) directly and impairs insulin sensitivity of neo-
natal rat ventricular myocytes.37 In addition to its link
with oxidative stress and inflammatory states, HSP60
deficiency causes insulin resistance and lessens the
insulin-sensitizing properties of adiponectin. Adipose tis-
sue macrophages (ATMs) are also miRNA-producing
cells mediating IR, as observed in a classic study by Ying
et al. In their experiment, miR-155-enriched exosomes
from obese mice ATMs were administered to lean
mice, resulting in poor glucose tolerance and IR.38 This
is mainly accomplished by targeting peroxisome
proliferator-activated receptor-γ and suppressor of cyto-
kine signaling 1 (SOCS1).38,39 Importantly, the knock-
down of Drosha (an enzyme essential for miRNA
synthesis) protected against exosome-mediated reduction
in adipocyte glucose uptake, lending credence to the
notion that miRNAs represent a key functional compo-
nent of these exosomes.38

Brown adipose tissue (BAT) represents a significant
organ with metabolic benefits due to its thermogenic
capability.40 Other than increasing energy expenditure,
BAT has also been reported to increase insulin sensitivity
in peripheral tissues by secreting EV-miRNAs. In a pio-
neer study by Thomou et al in 2017, miR-99b produced
in mouse BAT was proved to inhibit the expression of
fibroblast growth factor 21 in hepatocytes via exosomes,
thus improving glucose tolerance.36

3.2.3 | EV-miRNAs from the liver

Hepatocyte-derived miR-130a-3p can be transported to
adipocytes and attenuate glucose intolerance by repres-
sing PH domain and leucine-rich repeat protein phospha-
tase 2 expression in adipocytes and aiding glucose
transporter 4 translocation to the membrane.41

3.2.4 | EV-miRNAs from the muscle

Muscle cells produce EVs with distinct miRNA cargos
under different conditions. For example, lipid-induced
IR muscle cells secrete miR-16 wrapped in exosome-like
vesicles, targeting Patched 1 in MIN6B1 cells and par-
ticipating in the adaptive increase of β cell mass during
the IR process.42 This effect may suggest the role of IR
in the change of β cell function, establishing a link
between the two major pathophysiological changes inT
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T2D. In contrast, exosomes from muscle cells of mice
after exercise possess overexpressed miR-133a/b, which
can improve insulin sensitivity and reduce triglyceride
deposits in hepatocytes.

3.2.5 | EV-miRNAs from bone marrow

Series of cells from bone marrow release EV-miRNAs
concerning diabetic pathophysiology. Nanoscale exo-
somes generated by aged mice's bone marrow mesen-
chymal stem cells (BM-MSCs) can be taken up by
adipocytes, myocytes and hepatocytes, resulting in insu-
lin sensitivity impairment both in vivo and in vitro.
MiR-29b-3p is significantly increased in these exosomes
and is the major contributor to IR, with Sirtuin 1 (SIRT1)
being its downstream target.25,43

4 | EV-miRNAs AND DIABETIC
COMPLICATIONS

Diabetes is a chronic disease, and its hazards also come
from multi-organ complications. Long-term hyperglyce-
mia causes damage to the vascular system and results in
microvascular disorders (e.g., retinopathy and nephropa-
thy) and macrovascular disorders44,45 (e.g., cerebrovascu-
lar and cardiovascular diseases, well summarized in
other reviews46,47). T2D also causes cognitive decline
since brain regions are vulnerable to glucose homeosta-
sis.48 Particular miRNA changes seem to predict compli-
cation occurrence and are emerging as pivotal regulators
in the development of T2D complications. Further study
of the nature of extracellular miRNAs for cross-organ
communication may provide insights into the pathophys-
iology of T2D complications.

4.1 | Diabetes-related endothelial cell
dysfunction

Endothelial cell (EC) dysfunction is a major determinant
of vascular pathogenesis. Under diabetic conditions, ECs
release altered miRNA profiles in endothelial microparti-
cles (EMPs, a type of EVs), conveying information related
to vascular damage. For instance, miR-126 is found
highly enriched in EMPs in homeostatic status and can
affect other ECs either via paracrine secretion or
circulation.49–51 MiR-126 augments the C-X-C motif che-
mokine ligand 12 (CXCL12, which counteracts apoptosis)
production and endothelial progenitor cell recruitment,
all of which contribute to vascular protection.20,49 How-
ever, miR-126 expression is significantly down-regulated

in circulating EMPs from diabetic patients and high glu-
cose (HG)-treated ECs,50–52 dampening its protective
effect and facilitating vascular impairment. Additionally,
the anti-inflammatory effect of miR-222 on the vascular
system through inhibition of intercellular adhesion
molecule-1 (ICAM-1) is compromised in a similar
way.53,54 Restoring expressions of these protective miR-
NAs in EVs may widen the horizons for vascular disease
treatment options.

4.2 | Diabetic retinopathy (DR)

DR, caused by abnormal retinal vasculature, is the major
driver of visual impairment and blindness for working-
age individuals.55,56

MiRNAs might be intriguing indicators for DR predic-
tion and stratification. To illustrate, the negative correla-
tion between miR-15a levels in EVs and ganglion cell
complex thickness (an early hallmark of retinal deteriora-
tion) in T2D patients indicates a potential role for miR-
15a in monitoring early retinal damage.57 In terms of DR
stratification, the significantly different serum levels of
miR-210 in PDR patients, non-PDR patients, diabetes
patients without DR and healthy individuals provide a
potential label to stratify retinopathy.58 Also, Qing et al.
reported that labeling proliferative DR (PDR) with the
combined detection of miR-21, miR-181c and miR-1179
was 82.6% accurate.56

Mounting evidence suggests that circulating EV-
miRNAs may help interpret the mechanisms underlying
DR occurrence, notably in retinal cell dysfunction. For
example, in a hyperglycemic environment, exosomes pro-
duced by INS-1 cells induce miR-15a overexpression in
retinal Muller cells, which can harm the retina by target-
ing Akt3 and causing oxidative stress.44 Studies on HFD
and β cell-specific miR-15a�/� mice corroborate the appli-
cability of these findings in vivo. Likewise, the exosomal
expressions of anti-angiogenic miR-20a/b and miR-106a-
5p decrease in early-stage DR mice and HG-induced reti-
nal photoreceptor cells, leading to neovascularization.59

MiR-20b-5p has also been proved to reduce the expression
of tight junction-related proteins in retinal endothelial
cells and increase blood�retina barrier permeability, thus
causing microvascular leakage.60 Both aberrant angiogen-
esis and vascular leakage lead to DR deterioration.

4.3 | Diabetic nephropathy (DN)

DN is another common diabetic complication affecting
�40% of people with diabetes and is the main global con-
tributor to chronic kidney disease.61,62
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Changes in urinary exosomal miRNAs, such as over-
expression of miR-19b, miR-133b and miR-320c, are
especially indicative of renal pathology.63–65 These
miRNA levels change before albuminuria occurrence
and correlate with parameters such as HbA1c, blood
pressure, serum creatinine and estimated glomerular
filtration rate (eGFR).65 Likewise, DN severity can be
assessed by miRNAs as miR-130b and miR-126 levels in
descending order were observed in the serum of T2D
patients with non-, micro- and macro-albuminuria.66,67

To summarize, these miRNAs present as particular bio-
markers in DN, providing a platform for DN prediction
and stratification.

In terms of DN pathophysiology, various animal and
cellular DN models have confirmed the significant roles
of exosomal miRNAs. For instance, urinary EVs from
T2D patients overexpress miR-15b-5p, which causes
mesangial cell apoptosis by targeting B cell lymphoma
2 (BCL-2, associated with apoptotic signal pathway and
renal cell death).68 Moreover, the tubular epithelial cell-
derived exosomal miR-19b-3p (notably increased in DN
patients and mice) is internalized by macrophages, where
it causes M1-like activation of macrophages and initiates
interstitial inflammation in the kidney by directly target-
ing SOCS1.64

4.4 | Diabetes-related cognitive
impairment

Diabetes-related cognitive impairment is a global con-
cern.69 A meta-analysis conducted by Palta et al. indi-
cated that compared to non-diabetics, T2D patients
exhibited poorer visual and verbal memory, processing
speed, attention, executive function and motor func-
tion.70 These cognitive deficits may be relevant to patho-
logical manifestations such as aberrant hippocampal
neuronal activity, reduced synaptic plasticity and hyper-
activated microglia.

Evaluating the alterations of brain miRNAs through-
out diabetic progress is critical due to the brain's central
regulatory role.71 MiRNAs as indications of cognitive
decline in T2D patients are rarely reported. Among T2D
patients, only Salama et al. identified up-regulated miR-
132 as a predictor of mild cognitive impairment (MCI).72

More research is warranted to discover changed miRNAs
in this illness state and to assess their potential as
biomarkers.

Whereas previous studies on diabetes-related cogni-
tive impairment have focused inside the brain, such as
brain endothelial cell-derived miR-126 enhancing neu-
rological performance,73 communication between the
brain and other organs is an attractive new research

hotspot. Our group recently presented compelling evi-
dence that, in diabetic settings, EVs secreted by dys-
functional adipocytes can be transferred to the brain,
causing a massive synaptic loss in the hippocampus and
compromising cognitive function. And miR-9-3p was
considered the main component mediating the effects
above by targeting brain-derived neurotrophic factor
(BDNF).74 These findings established a causal relation-
ship between adipose tissue and cognitive dysfunction.
And for the first time, circulating miRNAs have been
shown to mediate adipose-brain communication in dia-
betic circumstances. Whether these miRNAs are impli-
cated in other diabetes-related brain pathology
demands further exploration.

5 | miRNA-BASED THERAPIES

5.1 | EV-miRNAs can be therapeutic
targets of T2D

As previously mentioned, EVs and their miRNA con-
tents can be involved in regulating key biological path-
ways in the development of diabetes, such as β cell
function and insulin sensitivity. Targeting miRNAs
involved in these pathways might contribute to T2D
treatment. Herein, we list several examples to interpret
EV-miRNA functioning on β cell survival, insulin utili-
zation or both, respectively. For instance, miR-106b-5p
and miR-222-3p, which ameliorate hyperglycemia and
promote β cell proliferation in diabetic mice by targeting
the Cip/Kip family, are produced by bone marrow
(BM) cells following bone marrow transplantation. Nev-
ertheless, further research is needed to clarify issues
including the type(s) of exosome-secretive BM cells and
the selective delivery mechanism of exosomes.25,75 An
example of miRNA functioning as an insulin sensitizer
is miR-690, whose expression is highly up-regulated in
M2-like BM-derived macrophage (BMDM) exosomes.
Ying et al. demonstrated that obese mice treated with
these exosomes for 4 weeks established improved insu-
lin sensitivity, at least partly through miR-690 targeting
of NAD kinase (NADK, inhibits insulin action and pro-
motes inflammatory states).76 Moreover, the delivery of
exosomal miR-26a from β cells to recipient cells (like
hepatocytes) remarkably enhances insulin sensitivity in
distant tissues. And by reducing compensatory β cell
replication and impeding actin remodeling, miR-26a
also mitigates hyperinsulinemia. The dual roles clearly
indicate a prospective position for β cell-derived miR-
26a in T2D treatment.33 All results above lead to the
concept that EV-miRNAs are emerging as attractive
potential therapeutic targets for T2D.
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5.2 | EV-miRNAs can be therapeutic
targets of T2D complications

To develop novel methods of preventing and managing
diabetic complications, EV-miRNAs may hold promise.
For instance, retinal pigment epithelial cell (RPEC)-derived
exosomes are internalized by human umbilical vein endo-
thelial cells (hUVECs) and have a protective effect against
PDR. Their cargo, miR-202-5p, inhibits hUVEC prolifera-
tion, migration and tubular formation via deactivating the
transforming growth factor β (TGFβ) signaling pathway.
Additionally, these miR-202-5p-containing exosomes pre-
vent HG-induced endothelial-to-mesenchymal transition
(EndoMT).77 Moreover, Safwat et al. linked adipose MSC-
derived exosome-induced retinal healing to the up-
regulation of miR-222, whose expression is reduced in dia-
betic rabbits.25 Exosomal miR-222 targets signal transducer
and activator of transcription 5A (STAT-5A) and binds to
the c-Kit receptor, thus regulating retinal angiogenesis.78

Taken together, these EV-miRNAs may offer profitable
therapeutic avenues for PDR patients.

There are currently no strategies to control the progres-
sion of nephropathy in DN therapy, yet EV-miRNAs from
multiple stem cell sources may offer hope. Among them,
EV-miRNAs produced from adipose tissue-derived stem cells
(ADSCs) top the list. MiR-215-5p, for example, can be carried
in exosomes and shuttled to podocytes, where it binds Zinc
finger E-box-binding homeobox 2 (ZEB2). As a result, it sup-
presses HG-induced epithelial-to-mesenchymal transition
(EMT) progression and podocyte migration, hence ameliorat-
ing DN caused by podocyte injury.53,79,80 ADSCs may also
protect against HG-induced mesangial hypertrophy and
renal fibrosis by delivering a variety of miRNAs such as
miR-486, miR-26a-5p, and miR-125a.81–83 Another source of
EV-miRNAs with nephroprotective effects is bone marrow.
Let-7a and miR-222 from BM-MSCs, target ubiquitin-specific
protease 22 (USP22) and STAT5 respectively, consequently
modulating the production of TGF-β. Suppression of the
common downstream target TGF-β protects podocytes of
DN rats and HG-treated mesangial cells, reduces apoptosis
and relieves renal fibrosis.61,84 Aside from the aforemen-
tioned sources, urine-derived stem cells can actually release
miR-16-5p-enriched exosomes that are transported into HG-
treated human podocytes and improve kidney function by
decreasing the expression of vascular endothelial growth fac-
tor A (VEGFA).32,85 Given the evidence above, EV-miRNAs
may be a viable therapy option for DN.

Studies have also confirmed the therapeutic potential
of EV-miRNAs for diabetes-related cognitive impairment.86

For instance, an enriched environment encourages endoge-
nous BMSCs to increase exosomal miR-146a secretion,
which has anti-inflammatory effects on injured astrocytes
and guards against diabetes-related cognitive

impairment.25,69 Brain endothelial cell-derived EVs also
carry miR-146, and can partially restore short-term mem-
ory function when injected into the cerebral ventricles of
T2D mice. Additionally, miR-146 reduces the expression of
PrPc, which accumulates in diabetic brain cells and con-
tributes to cognitive dysfunction.32,87 What's more, accord-
ing to our findings, suppressing miR-9-3p in the
hippocampus or adipose tissue dramatically alleviates
diabetes-related synaptic loss and cognitive impairment,74

establishing the framework for clinical translation.

6 | CURRENT CHALLENGES AND
FUTURE DIRECTIONS

As previously demonstrated, EV-miRNAs serve as crucial
regulators in T2D pathophysiology, with the potential to
be biomarkers and therapeutic targets. Nonetheless,
despite recent advances, techniques concerning EV-
miRNAs remain lacking, and our understanding is still in
its early stages. Unraveling this yet-to-be-discovered uni-
verse is a fascinating endeavor for future studies. Herein,
we summarize the current challenges still facing to uti-
lize miRNAs as therapeutic targets and propose a few
possible directions for future research.

6.1 | Current challenges of EV-miRNAs
being therapeutic targets

Since miRNAs can target various mRNAs to modulate
almost every biological response of the organism,
miRNA-based therapies (miRNA mimics, anti-miRNA
oligonucleotides, miRNA-loaded EVs, miRNA sponges,
and stem cell-derived miRNAs) are highly promising.
Among the above treatments, MSC-derived extracellular
vesicles and their cargo miRNAs are emerging as an
exciting research topic for the treatment of various dis-
eases. Numerous studies have demonstrated that the
therapeutic effects of MSCs are mediated in a paracrine
manner through EVs.88 Therefore, treatment with MSC-
derived EVs is more direct and avoids the range of prob-
lems associated with MSC applications. EVs have a lower
risk of immune rejection, are more stable in nature, and
are easier to modify and preserve, offering good prospects
for application. However, there is still a long path before
its clinical trials and widespread use. Problems such as
what tissue-derived MSCs should be selected (hints may
be provided later), whether MSCs of heterologous origins
can be administered, how to completely avoid the risk of
immune rejection, in what way EVs should be adminis-
tered into the body to be more effective, what is the half-
life of EVs after administration, whether these EVs can
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be transported to the target organ, and how to supervise
are in urgent need to be addressed. Also, the translatabil-
ity of rodent data to humans needs validation.

6.2 | Unspecified sorting mechanisms of
miRNAs

It is largely unknown what determines which miRNAs
are secreted and thus may serve this messenger function,
or remains and concentrates in the cell of origin, where
they could have their action potentiated. Recently, sort-
ing sequences were discovered to determine EV secretion
or cellular retention of miRNAs, and artificial insertion
or deletion of these CELLmotifs or EXOmotifs can alter
the sorting of miRNAs into EVs.89 Further insights into
the miRNA sorting mechanisms help additional modifi-
cations of EVs and their clinical transformation.

6.3 | Effects of pharmacological
treatments on exosomal miRNAs

Various pharmacological treatments have been reported to
improve disease status (such as osteosarcoma, radiation-
induced lung injury, and diabetic nephropathy90–92)
through miRNA regulation. It was demonstrated that both
telmisartan and linagliptin (dipeptidyl peptidase-4 inhibi-
tor, glucose-lowering medication) induce restorative effects
on anti-fibrotic miR-29c expression,92 attenuating disease
progression in diabetic nephropathy. This implies that
whether medication effects are partially dependent on
miRNA changes and may provide directions for future
research. Previous studies of our group compared effects of
9 different glucose-lowering medications on cognitive pro-
tection (our unpublished data), and reported highly vari-
able results. Whether these drugs are correlated with
exosomal miR-9-3p, and influence cognitive function indi-
rectly by affecting its secretion is a fascinating topic to
investigate.

6.4 | A view based on the targeting
specificity of miRNA action

As stated above, the manners in which recipient cells can
internalize EVs define how targeted and particular the
uptake of EVs is. This implies that the action of its cargo
miRNAs is somewhat targeting as well. Similarly, our
group noticed that exosomal miRNAs from adipose tissue
(AT-exo-miRNAs) but not the liver might target the
brain.74 This provokes us to wonder whether the risk of
morbidity and disease status in targeted tissues (like the

brain) could be predicted by isolating vesicles from specific
organ sources (like adipose tissue). A similar conclusion
may be drawn that if only AT-exo-miRNAs can specifically
target the brain, it would suggest that adipose tissue mal-
function is indicative of brain pathology and could partially
explain the pathophysiology of cognitive decline.

The potential of targeting specific organs with miR-
NAs broadens the horizons of our utility of miRNAs for
therapeutic purposes. For example, adipose tissue is the
only organ that can target the brain, offering guidance
for the selection of EV sources to treat cognitive impair-
ment. As adipose tissue is very easily approachable and is
the main source of exosomal miRNAs,36 its genetic modi-
fication to modulate metabolic diseases by altering its
composition of miRNAs and surface markers of EVs, thus
affecting the ratio of miRNAs in the circulation and tar-
get organs seems to be a feasible option. Direct genetic
modification of the target organ would not be necessary.
Even better, the modified adipose tissue can be deleted
whenever adverse effects of the introduced miRNA are
observed.31 However, it is worth noting that the composi-
tion and proportion of miRNAs in EVs do not necessarily
correspond to those in donor cells,20 confirming the exis-
tence of sophisticated sorting mechanisms discussed
before. Therefore, additional research is required to
determine how the modified miRNAs are sorted into
EVs, what specific organ(s) these EVs target, how to
modify EVs so that they only bind to the desired
organ(s)/cell(s), whether these EVs can be uptake, and
whether the multi-targeting nature of miRNAs brings
about a large number of adverse effects. Moreover, AT-
exo-miRNAs have been found to target multiple organs
(such as the brain, liver, and kidneys). Identifying miR-
NAs co-altered in the pathogenesis of diabetic complica-
tions and modifying them in adipose tissue may be able
to prevent or ameliorate several diabetic complications
simultaneously.
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