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diabetic complications
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ABSTRACT

Diabetes is a systemic disease, and its progression involves multiple organ dysfunction. However, the exact mechanisms underlying pathological
progression remain unclear. Small extracellular vesicles (sEVs) mediate physiological and pathological signaling communication between organs
and have been shown to have important regulatory roles in diabetes and its complications in recent years. In particular, the majority of studies in
the diabetes-related research field have focused on the noncoding RNAs carried by sEVs. Researchers found that noncoding RNA sorting into sEVs
is not random but selective. Both tissue origin differences and environmental variations affect the cargo of sEVs. In addition, the function of sEVs
differs according to the tissue they derive from; for example, sEVs derived from adipose tissue regulate insulin sensitivity in the periphery, while
sEVs derived from bone marrow promote b-cell regeneration. Therefore, understanding the roles of sEVs from different tissues is important for
elucidating their molecular mechanisms and is necessary for the application of sEVs as therapeutic agents for diabetes treatment in the future. In
this review, we summarized current studies on the mechanisms of noncoding RNA sorting into sEVs, as well as the research progress on the
effects of sEVs from different tissue origins and noncoding RNAs in diabetes and diabetic complications. The knowledge of noncoding RNAs in
sEVs will help us better understand the role of sEVs in the diabetes progression.

� 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Diabetes is a chronic disease that is characterized by high blood
glucose levels, which are due to absolute (type 1 diabetes, T1D) or
relative insulin deficiency (type 2 diabetes, T2D). Compared with
T1D, which is due to genetics and autoimmunity, the incidence of
T2D is rising rapidly because of sedentary lifestyles and the
increasing prevalence of obesity. Moreover, although glucose can be
controlled, the incidence of diabetic complications is still high in
patients [1]. Thus, exploring the pathological mechanism of diabetes
and its complications is important. In recent years, extracellular
vesicles (EVs) have attracted much attention. The ability of EVs to
mediate cellecell communication and crosstalk between organs has
attracted a great interest in exploring the biological function and
therapeutic potential of EVs [2]. Experimental evidence has
demonstrated that EVs secreted by multiple cells and tissues carry
various proteins, nuclei, and lipids to nearby or distant cells/tissues,
promoting or protecting against diabetes and its complications [3e
5]. The majority of studies on EVs in diabetes have focused on the
noncoding RNA cargo. The noncoding RNA contained in small EVs
(sEVs) has been shown to have a regulatory role in diabetic pa-
thology in different ways, such as by regulating b-cell survival,
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insulin secretion, and insulin sensitivity signal-related proteins (such
as PI3K/AKT, PPARa, and PPARg) in target organs and protecting
against diabetes-related complications [6e8]. We reviewed the
pathological functions of noncoding RNAs in EVs in diabetes in 2019
[9]. Since then, the field of noncoding RNAs in diabetes and the
related complications has expanded rapidly.
In this review, we will summarize EV biology and the mechanisms of
noncoding RNA packaging into EVs. In particular, we focus on sEVs
derived from different organs and tissues and discuss the possible role
of noncoding RNAs in sEVs as both mediators and biomarkers of
diabetes and its complications with an emphasis on studies published
from 2019 forward, highlighting the potential use of EVs as therapeutic
candidates for diabetes treatment.

2. EV BIOGENESIS, BIOMARKERS, AND NOMENCLATURE

EVs are small vesicles derived from almost all kinds of cell types.
Based on the size, EVs can be classified as large (200e1000 nm) and
small (50e150 nm). Based on the biogenesis pathway, EVs can be
classified as microvesicles or exosomes. Microvesicles (or micropar-
ticles) are shed directly from the surface of the plasma membrane via
outward budding. The term “exosome” specifically refers to EVs that
, China 2School of Basic Medical Sciences, College of Medicine, Qingdao University,

ge of Medicine, Qingdao University, Qingdao, China. E-mail: changsubmit@126.com

ry 28, 2022 � Available online 2 February 2022

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 1

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:changsubmit@126.com
https://doi.org/10.1016/j.molmet.2022.101453
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molmet.2022.101453&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Review
arise from the endosomal pathway. The exosome biogenesis process
is initiated by an intraluminal vesicle (ILV) formation by the inward
budding of the plasma membrane and subsequent multivesicular body
(MVB) formation by a second invagination. Then, MVBs are either
degraded by fusing with lysosomes or release exosomes by fusing with
the plasma membrane [10]. Endosomal sorting complexes required for
transport (ESCRT)edependent pathways and ESCRT-independent
pathways mediate exosome biogenesis [10,11].
Currently, discriminating EVs by biogenesis pathways is unsatisfactory.
Some protein markers that are widely used, such as CD63 and Hsp90,
are expressed on all types of EVs. CD81 and TSG101, which are widely
used exosome markers, are not exclusively expressed in exosomes but
are also expressed in some microvesicles [12]. Thus, protein marker
detection identifies only the majority of EVs. In addition, both micro-
vesicles and exosomes are <150 nm in size, and some EVs that are
larger than 150 nm originate via the endosome pathway. Given that
current EV purification methods or protein markers are unable to
isolate endosome-derived EVs, according to MVSC 2018 [12], the
nomenclature for EVs is recommended based on the size but not by the
biogenesis pathway. In this case, as almost all studies we examined
did not verify EV biogenesis, we referred to sEVs as <150 nm in the
references but ignored the representation of “exosomes.”

3. NONCODING RNA SORTING INTO EVS

The functions of EVs are largely determined by their cargoes. Proteins,
lipids, and nucleic acids can all be carried in EVs, and RNAs can be
encapsulated in EVs and transferred to recipient cells while retaining
their function [13,14]. Interestingly, some RNAs are particularly
enriched in EVs compared to their donor cells [15], suggesting that
RNAs are not randomly packaged into EVs. Noncoding RNAs mainly
include microRNAs (miRNAs), long noncoding RNAs (lncRNAs), and
circular RNAs (circRNAs). Despite their inability to encode proteins,
these RNAs regulate multiple biological functions by recruiting
epigenetic modifier proteins, controlling mRNA decay and translation,
and sequestering transcription factors [16]. To date, knowledge about
how each noncoding RNA is sorted into EVs is unclear. However, with
biochemical, biological, and computational approaches, the mecha-
nisms of the intracellular events responsible for the packaging of
noncoding RNAs in EVs include 1) RNA-binding protein (hnRNP family,
YBX1, HuR, and Ago2)-dependent pathways and 2) other protein/lipid
raft-dependent pathways.

3.1. HnRNPA2B1
RNA-binding proteins (RBPs) are proteins that bind RNA through one or
multiple globular RNA-binding domains (RBDs) to regulate the function
of the bound RNA. Hundreds of proteins have been discovered to be
RBPs [17]. Heterogeneous nuclear ribonucleoprotein A2B1
(hnRNPA2B1), which belongs to the hnRNP family, has been proven to
be a key player that regulates the noncoding RNA in EVs. On the one
hand, hnRNPA2B1 regulates the EV cargo by guiding miRNAs by
interacting with the GGAG motif at the 30-end of the miRNA. For
example, hnRNPA2B1 directs the loading of miRNAs (miR-575, miR-
451, miR-125a, miR-198, miR-601, and miR-887) into EVs through
the recognition of 30-GGAG motifs [18]. hnRNPA2B1 selectively binds
to miR-17 and miR-93 by recognizing AGG/UAG motifs and sorts them
into EVs [19]. On the other hand, hnRNPA2B1 also regulates the EV
cargo by inhibiting miRNA sorting. hnRNPA2B1 inhibits miR-503
sorting into sEVs in endothelial cells, whereas interrupting the
hnRNPA2B1-miR503 interaction with epirubicin increases the miR-503
export to sEVs [20]. In addition to miRNA sorting, hnRNPA2B1
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participates in lncRNA sorting into EVs. hnRNPA2B1 interacts with H19,
mediates H19 packaging into EVs, and promotes gefitinib resistance in
non-small cell lung cancer (NSCLC) cell lines [21]. hnRNPA2B1 is
crucial for lncRNA-AFAP-AS1 sorting into EVs and promotes trastu-
zumab resistance in breast cancer cell lines [22]. These two studies
did not verify the exact binding site of hnRNPA2B1 and lncRNA, but a
study about the role of sEV lncRNA-LNMAT2 in lymphatic metastasis in
a VEGF-C-independent pathway in bladder cancer cells showed that
hnRNPA2B1 binds to LNMAT2 by a particular structure, which was
located in the 1930e1960 nt region of LNMAT2 and formed a steme
loop structure [23], suggesting a different way of guiding lncRNA into
sEVs compared with miRNA.

3.2. HnRNPC1/hnRNPQ
Other hnRNP family members, such as hnRNPC1 and hnRNPQ, also
regulate miRNA and lncRNA sorting into EVs. hnRNPC1 binds to miR-
30d and colocalizes with EVs in human endometrial epithelial cells
(hEECs) [24], whereas hnRNPQ binds to miR-3470a, miR-194-2-3p,
miR365-2-5p, miR-6981e5p, and miR-690, driving these RNAs to
EVs in hepatic cells. In this study, the 30-GGCU motif was identified as
the binding motif for hnRNPQ and miRNA. Moreover, hnRNPA2B1 with
a 30-GGAG motif-binding capacity did not overlap with hnRNPQ, indi-
cating sequence-specific EV sorting among these two hnRNPs [25].

3.3. YBX1/HuR/Ago2
Other RBPs have been shown to participate in the noncoding RNA entry
into EVs. YBX1 is an RNA-binding protein that recognizes the Y-box
motif (50-CTGATTGGCCAA), the single-stranded motif GGGG, or the
single/double-stranded motifs CACC and CATC. A study showed that
miR-223 required YBX1 sorting into EVs in HEK293T cells [26]. Then,
the same group found that YBX1 was required for the sorting of various
kinds of miRNAs into sEVs, including tRNAs, Y RNAs, and vault RNAs
[27]. Under hypoxia/reoxygenation conditions, miR-133 is specifically
sorted into EPC-derived exosomes via YBX-1 in human endothelial
progenitor cells (EPCs) [28]. However, under starvation conditions, HuR
(also known as ELVAL1) reversibly binds to miR-122 by ubiquitination
in hepatoma cells [29], and in gastric cancer cells, HuR binds to miR-
1246 by the AUUUU motif and transports it into sEVs [30]. In addition,
miR-150 and miR-142 are selectively exported to EVs by binding to
Ago2 in prostate cancer cells [31].

3.4. Other proteins/lipid rafts
In addition to RBPs, other proteins or lipids have been reported to
participate in miRNA sorting. Most recently, EWI-2 was found to be
enriched in EVs and regulate the sorting of multiple miRNAs into EVs
[32]. EWI-2 is a member of the Ig protein subfamily that functions as a
TGFb signal inhibitor and regulates cancer cell proliferation and
metastasis [33]. EWI-2 is localized on both plasma membranes and the
nuclear envelope, and the EWI-2 knockout enforces miR-3934e5p
packaging into sEVs and targets EGFR signaling [32]. Interestingly, the
cytoplasmic tail of EWI-2 actively engages with the cell membrane via
phosphatidylinositol phosphate (PIP) binding and palmitoylation [34],
suggesting that membrane lipids could mediate RNA sorting. Lipidomic
analysis showed that compared to that of the origin cells, sEV lipid
composition is normally enriched in cholesterol, sphingomyelin, and
glycosphingolipids (ceramide, for example) [35,36]. This composition
is similar to that of membrane raft domains. Membrane rafts regulate
protein sorting [37] and the biogenesis [38] of EVs. A recent work
reported direct interactions between lipid rafts and miRNAs, and the
authors identified four raft motifs that appear frequently on EV-
associated miRNAs [39]; later, the same group confirmed that
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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miRNAs containing raft motifs (UUGU, UCCC, CUCC, and CCCU) and
some EXO motifs (CCCU and UCCU) had higher affinities for raft lipo-
somes than aptamers without these motifs, suggesting direct RNA-sEV
interactions [40]. A study reported that inhibiting the activity of
nSMase2, an enzyme that synthesizes ceramide, with the chemical
inhibitor GW4869 resulted in a reduced miRNA content in EVs [41].
However, GW4869 concurrently reduced the EV marker CD63, sug-
gesting that ceramide affects EV biogenesis in addition to selectively
sorting miRNAs. Table 1 summarizes the proteins and mechanisms of
noncoding RNA sorting into EVs.
Studies on the selection mechanisms of the noncoding RNA into sEVs
are mostly conducted under normal conditions in tumor cells and
immune cells, and only a few experiments have investigated hepatic
cells and epithelial cells. Under high glucose conditions, the sEV
packaging of miR-126 and miR-26a into coronary artery endothelial
cells is reduced [42], whereas exercise elevates the level of the miR-
126 expression in sEVs of endothelial progenitor cells [43], indicating
possible mechanistic differences between sorting into sEVs dependent
on cell metabolic status. In addition, epigenetic modifications of
hnRNPA2B1, such as SUMOylation and O-GlcNAcylation, are essential
for hnRNPA2B1 sorting into sEVs [18,19]. Both SUMOylation and O-
GlcNAcylation on various protein substrates have been implicated in
many diseases, including diabetes and its complications. For example,
SUMOylation acts as a brake on glucose-stimulated insulin secretion
(GSIS) [44], and O-GlcNAcylation is necessary for the maintenance of
a-cell mass and regulation of glucagon secretion [45]. Therefore,
SUMOylation and O-GlcNAcylation in diabetic states might contribute to
noncoding RNA sorting into sEVs. In addition, the function of
hnRNPA2B1 in transporting RNA to sEV is dependent on its ability to
interact with cytoskeletal components [18]. Interestingly, insulin
secretion and insulin-regulated GLUT4 transport also depend on their
effects on cytoskeletal remodeling [46,47]. The intermediate function
of the cytoskeletal structure between diabetic conditions and sEV
noncoding RNA sorting is worthy of study.
Table 1 e Proteins and mechanisms related to noncoding RNA sorting into EVs

RNA-binding
Proteins

Relevant miRNA Relevant lncRNA E

HnRNPA2B1 miR-575, miR-451, miR-125a, miR-
198, miR-601, and miR-887

e 30-GGA

HnRNPA2B1 miR-17 and miR-93 e 30-GGA
HnRNPA2B1 miR-503 e NV

HnRNPA2B1 e H19 NV

HnRNPA2B1 e AFAP-AS1 NV

HnRNPA2B1 LNMAT2 1930e

HnRNPC1 miR-30d e NV

hnRNPQ miR-3470a, miR-194-2-3p, miR-
365-2-5p, miR-6981e5p, and miR-
690

e 30-GGC

YBX1 miR-223 e NV
YBX1 miR-133 e NV

Ago2 miR-150 and miR-142e3p e NV
HuR miR-122 e NV
HuR miR-1246 e 30-AUU
EWI-2 miR-3934e5p e NV

NV: not verify.
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4. BLOOD- AND URINE-DERIVED SEV NONCODING RNAS IN
DIABETES

4.1. Plasma and urine sEV origins
The sEV function is largely determined by the cargo; normally, the
noncoding RNA profile in EVs is dependent on the cell type they derived
from or conditions to which the cells are exposed. We reviewed recent
experimental studies, and the most studied diabetes-related non-
coding RNAs in EVs are in circulating sEVs/urinary sEVs. Adipose tissue
constitutes a major source of circulating sEV miRNAs because the fat-
specific knockout of the miRNA-processing enzyme Dicer (ADicerKO)
reduces serum sEV miRNA dramatically compared to total miRNA
reduction [48]. A computational method to compare the distinct tissue-
cellular origins from plasma sEVs (including mRNA, circRNA, and
lncRNA) showed that only 0.2% of human plasma sEVs were derived
from tissues, and 99.8% were generated from hemopoietic cells in the
plasma. Furthermore, in this study, the authors found that plasma sEVs
predominantly originated from platelets (approximately 51%), followed
by lymphocytes (approximately 40%) and monocytes (approximately
3.5%). Concerning the distribution of tissue constituents, adipose
tissue predominated (82e91%), followed by muscle, lung, and liver
tissues (8e10%) [49]. The samples used in this study were from the
plasma of patients, healthy individuals, and patients with liver disease.
The researchers also found an increased enrichment in the liver
fraction in samples with liver disease compared with healthy in-
dividuals, suggesting that the heterogeneity of circulating EV origins is
affected by disease status. Moreover, a recent report of genetic source
tracking in human urinary sEVs showed that urinary sEVs mostly ex-
press genes for bladder tissues. After analyzing the differentially
expressed genes in bladder cancer, kidney cancer, and control sam-
ples, the authors showed that a certain number of differentially
expressed genes in urinary sEVs are from immune cells, suggesting
the role of immune activity in a urinary system-related bladder cancer
progression [50]. Therefore, understanding the function of sEV
.

V motifs Sorting control
mechanism

EVs derived Reference

G Bind to miRNA and
promote it sorting into
EVs

Primary T
lymphocytes leukemic
Jurkat T-cell line

18

G Lung epithelial cells 19
Bind to miR-503 and
inhibit it sorting into
EVs

Endothelial cells 20

Bind to miRNA and
promote it sorting into
EVs

Non-small cell lung
cancer (NSCLC) cells

21

Breast cancer cell
lines

22

1960 nt region Form a stemeloop
structure

Bladder cancer cells 23

Bind to miRNA and
promote it sorting into
EVs

Human endometrial
epithelial cells (hEECs)

24

U Hepatic cells 25

HEK293T 26
Human endothelial
progenitor cell

28

HEK293 31
Hepatoma cells 29

U Gastric cancer cells 30
Prostate cancer cells 32
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noncoding RNAs of different origins deepens our insights into the
mechanisms of diabetes.

4.2. Plasma and urine sEV noncoding RNAs as potential
biomarkers for diabetes
In recent years, miRNAs have been investigated as potential bio-
markers for the prediction of diabetes; plasma miR-146, miR-192,
and miR-193b and urine miR-377 and miR-144 were all shown to
be upregulated or downregulated in patients with T2D compared
with healthy controls [51e53]. However, the miRNA expression was
not consistent between studies. For example, higher miR-150 and
miR-30a-5p and lower miR-15a and miR-375 levels were found in
subjects with T2D than in healthy subjects, with an area under the
curve (AUC) of 0.714e0.793 when clinical variables were combined
with the miRNAs [54]. However, another study showed that miR-
375 was 3-fold higher in subjects with prediabetes and 5.9-fold
higher in subjects with T2D than in controls. In this study, miR-
375 discriminated patients with prediabetes from healthy subjects
with an AUC of 0.76 and patients with T2D from healthy subjects
with an AUC of 0.77 [55]. Another example is miR-21, which is
upregulated in peripheral blood mononuclear cells of patients with
T1D compared to healthy controls [56] and is increased in patients
with T2D with an AUC of 0.830 in discriminating diabetic retinopathy
[57]. However, another study showed that circulating miR-21 levels
were significantly decreased in the diabetic cardiomyopathy (DCM)
group compared to the non-DCM group. The AUC was 0.939 when
miR-21 was combined with the duration of diabetes, HbA1c%, and
lipid profiles [58]. Therefore, there is no sufficient evidence from
human studies to establish any miRNA as a new biomarker for T1D
or T2D.
sEV miRNAs and lncRNAs have unique profiles in patients with dia-
betes compared with healthy controls. For example, urinary sEVs
containing miR-424 and miR-218 [59] are increased, and serum sEV
miR-21e5p [6] is increased in children with T1D compared with
healthy controls. In addition, plasma sEV miR-23a and miR-192 are
elevated in patients with T2D compared with controls, with AUCs of
0.828 and 0.717 [60,61]. Furthermore, lncRNA-MALAT1 in serum EVs
from patients with T2D is reduced significantly, and this reduction is
associated with total cholesterol and HDL-c levels, which are risk
factors for T2D [62]. Although multiple sEV noncoding RNAs have been
discovered to be differentially expressed in body fluids, the changes in
sEV miRNAs/lncRNAs as causes or consequences for diabetes are
unclear. Additionally, evidence has shown that sEV miRNAs or lncRNAs
have different expression profiles in patients with diabetic complica-
tions compared with healthy controls or patients with no complications,
making them potential biomarkers for predicting diabetic complica-
tions. For instance, the urinary sEV cargoes miR-133b, miR-342, and
miR-30a were expressed at significantly elevated levels with AUCs of
0.867, 0.910, and 0.897, respectively, to discriminate diabetic ne-
phropathy (DN) patients from healthy controls [63]. sEV miR-4449 was
significantly higher in DN patients than in diabetic patients without
nephropathy [64]. miR-21e5p was upregulated, and miR-30 was
downregulated in DN patients and patients with chronic kidney disease
but no diabetes, with an AUC of 0.813 when combined with age, sex,
and HDL-C [65], indicating the biomarker potential of these two
miRNAs in renal dysfunction. Later, another study showed that 7 uri-
nary sEV miRNAs were elevated in DN patients compared to diabetic
patients without nephropathy, but after correlation with proteinuria
levels, only the expression of miR-4534 and miR-516b-5p showed
promise as biomarkers for the progression of DN, with an AUC of 0.786
for discrimination of T2D and DN patients [66] (Figures 1, 2).
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5. BONE MARROW CELL-DERIVED SEV NONCODING RNAS IN
DIABETES

Mesenchymal stem cells (MSCs) are stem cells that can differentiate
into osteoblasts, adipocytes, chondroblasts, and even neuron-like
cells. The high self-renewal potential, multilineage differentiation po-
tential, and immunomodulatory properties [67] make these cells
attractive for disease therapy. Bone marrow is the original source of
MSCs and is still frequently used in research on MSC-derived sEVs.
The majority of studies obtained bone marrow MSCs (BM-MSCs) by
using a colony-forming unit-fibroblast approach, in which raw
unpurified bone marrow is directly seeded into plates or flasks. To
verify the phenotype of MSCs, the positive expression of biomarkers
was detected on their surface, such as CD73, CD90, and CD105, and
negative biomarkers, such as CD34, CD11b, CD14, CD19, CD45, and
CD79a, were also examined [68].
BM-MSCs initiate pancreatic regeneration [69], indicating their
promise in diabetes treatment. However, using MSCs as a therapeutic
tool is associated with poor cell survival and weak biological activity
because of the complex internal environment. In addition, the stem-
ness of MSCs may cause unexpected side effects [70]. Thus, studies
have been looking for strategies to enhance MSC effects but with low
risk. Surprisingly, experimental studies showed that BM-MSC-derived
sEVs had better effects on the gene expression (insulin, Pdx1, Smad2,
Smad3, and TGFb) than treatment with BM-MSCs in T1D rats [71].
BM-MSC-derived sEVs alleviated T2D by reversing peripheral insulin
resistance in a rat model [72]. The noncoding RNAs carried by sEVs
play important roles in the beneficial effects of BM-MSCs. A study
exploring the protective effects of BM-MSC sEVs against diabetic pe-
ripheral neuropathy in diabetic db/db mice showed that MSC-derived
sEVs did not significantly affect blood glucose levels or lipid levels
but suppressed the inflammatory response in nerve tissues [73]. Later,
the same group engineered BM-MSC sEVs that overexpressed miR-
146a, and the results showed that engineered BM-MSC sEVs accel-
erated the improvements in diabetic peripheral neuropathy compared
with BM-MSC-sEV treatment alone [74]. BM-MSC-derived sEV miR-
146a was also proven to protect against high glucose-induced b-
cell dysfunction by reversing b-cell dedifferentiation [72]. In addition,
BM-MSC-derived sEV miR-21 attenuated erectile dysfunction in dia-
betic rats [75], suggesting that the miRNA cargoes in MSCs highly
contribute to their protective effects against diabetes and diabetic
complications. Moreover, lncRNAs carried by BM-MSC-derived sEVs
have a beneficial effect on diabetic complications. The overexpression
of HOTAIR in BM-MSC-produced sEVs enhanced angiogenesis and
wound healing in a diabetic db/db mouse model [76], and BM-MSC-
derived sEV lncRNA SNHG7 inhibited high glucose-induced prolifera-
tion and migration of retinal endothelial cells, which is a critical step in
diabetic retinopathy development [77]. The effects of the MSC-sEV
cargo also depend on cell status and the culture environment. BM-
MSCs from aged mice had increased sEV miR-29b-3p release and
induced insulin resistance by targeting SIRT1. Conversely, BM-MSCs
specifically overexpressing miR-29b-3p in young mice induced insu-
lin resistance [78] (Figures 1, 2).

6. UMBILICAL CORD-DERIVED SEV NONCODING RNAS IN
DIABETES

The human umbilical cord is another major source of MSCs. Umbilical
cord-MSC (huMSC)-derived sEVs were more prominent in tissue
damage repair than sEVs from other cells [79]. The noncoding RNA
cargo confers protective effects. It has been reported that sEVs derived
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Noncoding RNAs in sEVs derived from different tissues/cells mediate the progression of diabetes and its complications. sEV noncoding RNAs derived from plasma/urinary
tissue have mainly been explored as biomarkers for diabetes and its complications. sEV noncoding RNAs derived from adipose/pancreatic/skeletal muscle/liver/kidney tissue have
been proven to have important roles in insulin secretion and sensitivity regulation, whereas BM-MSCs and umbilical cord-derived sEV noncoding RNAs are promising agents for
diabetic therapy.

Figure 2: An overall summary of the antidiabetic effects of sEVs at the individual tissue level.

MOLECULAR METABOLISM 58 (2022) 101453 � 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

5

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Review
from huMSCs protect b-cells from hypoxia-induced apoptosis, and
transfection of the sEV cargo miR-21 abrogated b-cell apoptosis by
targeting p38 MAPK signaling [13]. Another study confirmed the
protective effects of huMSC-derived sEV miR-21 on vessel proliferation
and angiogenesis in the diabetic foot [80]. In addition, huMSC-derived
sEV miRNAs were proven to protect against diabetic retinopathy by
targeting key regulators, such as sEV miR-17e3p targeting STAT1 [81]
and sEV miR-126 downregulating the HMGB1 signaling pathway [82],
both of which are important proteins that mediate inflammation during
the progression of diabetic retinopathy (Figures 1, 2).

7. ADIPOSE TISSUE-DERIVED SEV NONCODING RNAS IN
DIABETES

Given that obesity is a high-risk factor for T2D incidence, researchers
have been looking for links between adipose tissue and diabetes/
diabetic complications. Adipose tissue consists of white adipose tissue
(WAT), which is a major tissue type that functions as energy storage,
and brown adipose tissue (BAT), which represents 1e2% of fat,
generates heat under cold stress and contains a small fraction of
stromal and immune cells, such as macrophages [83]. Studies using
sEVs derived from adipose tissues are mostly focused on WAT from
visceral fat tissue or subcutaneous fat tissue. Preadipocytes or
adipose-derived stem cells (ADSCs) can be isolated from adipose
tissue with collagenase I digestion and cultured in DMEM with 10e
15% FBS [84,85]. To induce differentiation, adipogenic medium was
used in some experiments to obtain an adipocyte phenotype. For ADSC
identification, some studies verified biomarkers such as CD29, CD44,
and CD105 and used a differentiation medium to verify multilineage
differentiation [86].
Adipose tissue-derived miRNAs are the major circulating sEV miRNAs.
sEV-derived miRNAs in plasma samples from obese and nonobese
women showed miRNA patterns associated with body mass index
(BMI) and homeostatic model assessment of insulin resistance (HOMA-
IR) [87]. DicerKO mice exhibit insulin resistance with markedly
impaired glucose tolerance test (GTT) results. GTT results were
significantly improved in DicerKO mice that received BAT trans-
plantation but not WAT transplantation. Furthermore, sEV miR-99 was
shown to target FGF21 mRNA. Interestingly, only BAT-derived sEVs
reduced hepatic FGF21 levels, indicating that BAT-derived sEVs may
more efficiently target the liver than WAT-derived sEVs [48]. Another
study confirmed that gonadal WAT-derived serum sEV miR-222 pro-
moted insulin resistance in the liver and skeletal muscle of HFD-fed
obese mice by suppressing IRS-1 expression [88]. Studies of sEVs
from ADSCs focus on therapy for diabetic complications. A circRNA
(circ_0000250) that is overexpressed in sEVs derived from ADSCs
enhanced the beneficial effect of promoting wound healing in diabetes
by absorbing miR-128e3p and upregulating SIRT1 [89]. Podocytes are
highly specialized cells in the kidney glomerulus, which provide a
barrier for plasma proteins. Podocyte dysfunction is considered an
important pathology for kidney disease. A study showed that the
ADSC-sEV cargo miR-486 ameliorated DN symptoms by inhibiting the
Smad1/mTOR signaling pathway in podocytes [90]. Additionally,
ADSC-sEVs mediated the shuttling of miR-215e5p to podocytes,
thereby protecting against HG-induced podocyte loss [91].
During the progression of obesity and insulin resistance, the pheno-
typic switch of macrophages from M1 to M2, which is a proin-
flammatory phenotype, is an important factor that promotes insulin
resistance. Preadipocyte-derived sEVs have been proven to be asso-
ciated with insulin resistance development by intercommunicating with
macrophages [92]. sEVs from visceral adipose tissue are taken up by
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blood monocytes and promote the M1 transition to induce insulin
resistance [93]. In addition, sEV miRNAs derived from adipose tissue
macrophages have shown that adipose macrophages secrete miR-
155-containing sEVs, which regulate insulin activity by targeting
PPARg in adipocytes, the liver, and the muscle [94]. After this study,
obesity-induced adipose macrophage-secreted sEVs containing miR-
29a were transferred into adipocytes, myocytes, and hepatocytes
and caused insulin resistance by targeting PPAR-delta [95], which is a
protein that reduces inflammation and obesity. In addition, subcu-
taneous fat tissue-MSCs release sEVs containing lncRNA-H19 and H19
to prevent apoptosis and inflammation in fibroblasts by impairing miR-
152-3p-mediated PTEN inhibition, leading to the stimulation of wound
healing in a diabetic foot ulcer [96] (Figures 1, 2).

8. PANCREATIC TISSUE-DERIVED SEV NONCODING RNAS IN
DIABETES

The loss or failure of pancreatic b-cells is the main pathological
characteristic of T1D. Recently, a report demonstrated that the injec-
tion of engineered sEVs derived from human pancreas-derived MSCs
increased islet numbers and b-cell mass, elevated circulating insulin,
and improved glycemic control in T1D rats [97], suggesting that
pancreatic cell-derived sEVs are promising in regenerative medicine.
Mechanistic studies showed that the activation of the innate or
adaptive immune system leads to the irreversible destruction of islet
cells. sEVs secreted by human T1D pancreatic b-cells carry auto-
antigens, including GAD65, IA-2, and proinsulin, which are taken up by
and activate dendritic cells, thereby initiating autoimmune responses in
T1D [98] and indicating the key role of pancreatic b-cell sEVs in im-
mune responses via autocrine effects. An miRNA array analysis of EVs
(size 100e300 nm) derived from human pancreatic b-cells showed
that approximately 208 miRNAs were found within EVs, and 8 miRNAs
were specifically concentrated in EVs [99]. Another analysis of non-
coding RNAs in sEVs (size 50e100 nm) derived from human islets with
or without proinflammatory cytokine stress showed that a total of 31
lncRNAs, 19 miRNAs, 25 piRNAs, 8 snoRNAs, and 20 tRNAs were
differentially expressed [100]. These sEVs can be taken up by islet
endothelial cells and induce proangiogenic and antiapoptotic pheno-
types. Experimental studies showed that the transfer of sEV miRNAs
from stressed b-cells was responsible for apoptosis in neighboring b-
cells [101]. Additionally, the mouse pancreatic cell line Min6 secreted
sEVs containing miR-127 to promote endothelial cell migration and
tube formation [102]. Furthermore, b-cells can secrete factors that
affect insulin sensitivity. Primary pancreatic islet-derived sEVs con-
taining miR-26a preserve b-cell function through paracrine effects and
can be taken up by liver tissue and adipose tissue but not the heart or
brain, thus enhancing peripheral insulin sensitivity in mice [103].
Another study showed that primary pancreatic islets secrete sEV miR-
29a/b/c in response to high levels of free fatty acids (FFAs), and sEV
miR-29a/b/c targets insulin signaling in the liver and blunts hepatic
insulin sensitivity [104]. Therefore, pancreatic tissue-derived sEVs with
the noncoding RNA cargo are important regulators of b-cell survival
and peripheral insulin sensitivity (Figures 1, 2).

9. HEPATOCYTE-DERIVED SEV NONCODING RNAS IN DIABETES

Liver is the main target organ for insulin resistance and exert important
effects on systemic metabolism. The noncoding RNA regulatory
crosstalk via sEVs between the liver and other organs is not fully
understood. It has been reported that liver-derived sEVs containing
miR-130e3p could be taken up by adipocytes and improve glucose
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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tolerance by suppressing the PHLPP2/AKT/GLUT4 signaling pathway
[105]. In high-fat diet-induced obese mice, hepatocellular sEVs miR-
7218e5p promoted proliferation but not insulin secretion in the b-cell
line MIN6 [106]. sEVs derived from hepatocytes from high-fat mice
delivered miR-1 to promote endothelial inflammation and facilitate
atherogenesis [8]. Interestingly, a recent study showed that in mice
with early onset obesity, hepatocyte-derived sEVs containing miR-
3075 enhanced insulin sensitivity, whereas in mice with chronic
obesity, hepatocyte-derived sEVs promoted insulin resistance by
inducing macrophage inflammation [107], suggesting that the effects
of sEVs secreted by hepatocytes are determined by cell conditions
(Figures 1, 2).

10. SKELETAL MUSCLE-DERIVED SEV NONCODING RNAS IN
DIABETES

Exercise is known to improve insulin sensitivity and benefit many other
organs, including the liver, pancreas, and adipose tissue, but the exact
mechanisms remain unclear. It has been reported that endurance ex-
ercise increases circulatory sEV secretion [108]. Skeletal muscle tissues
secrete sEVs containing miR-1, miR-133a, miR-133b, and miR-206.
However, these miRNAs are not evenly sorted into sEVs but are
affected by muscle type. In one study, sEVs in the extensor digitorum
longus, soleus muscles, tibialis anterior (TA), gastrocnemius, and
quadriceps muscles were evaluated. The results showed that TA-
derived sEVs contained higher miR-1, miR-133a, and miR-133b per
muscle weight than those from the other four muscles [109]. Further-
more, exercise induced the expression of skeletal muscle-derived sEV
miR-133a and miR-133b, which account for glucose tolerance im-
provements and insulin sensitivity increases by targeting hepatic Foxo1
[110], which is a key transcription factor for gluconeogenesis in the liver.
This finding indicates that the regulatory role of miRNA cargoes in sEVs
derived from skeletal muscle is one of the beneficial mechanisms that
affect hepatic function. Moreover, skeletal muscle capillary rarefaction is
a pathological factor in vasodilatory response dysfunction in diabetes,
which contributes to a diabetic foot ulcer, and exercise supports skeletal
muscle angiogenesis [111]. A study showed that exercise induced an
increase in skeletal muscle-derived sEV miR-130a, which regulated
endothelial cell functions via reactive oxygen species-induced NF-kB
signaling and contributed to angiogenesis [112] (Figures 1, 2).

11. RENAL CELL-DERIVED SEV NONCODING RNAS IN
DIABETES

DN is a chronic loss of kidney function that occurs in patients with
diabetes. Glomerular destruction is the main pathological mechanism
and includes tubular cell changes, podocyte dysfunction, and
mesangial cell expansion. A study showed that tubular cell-derived
sEVs are reduced after high glucose (HG) stimulation, indicating
that sEVs might have a regulatory role in DN [113]. Indeed, HG-
induced glomerular endothelial cell-derived sEVs can be internal-
ized by podocytes and trigger podocyte dysfunction [114]. Moreover,
HG-induced podocyte-derived sEVs induce proximal tubular epithelial
cell (TEC) injury. Noncoding RNAs in sEVs mediate these interactions.
MiR-221 is encapsulated in sEVs derived from high glucose-induced
podocytes and mediates epithelial cell injury through Wnt/b-catenin
signaling [115]. LPS-induced renal TECs release sEVs with increased
miR-19b-3p, and these sEVs are internalized by macrophages,
leading to M1 phenotype polarization by targeting NF-kB/SOCS-1 and
MOLECULAR METABOLISM 58 (2022) 101453 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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resulting in tubulointerstitial inflammation [116]. Another study re-
ported that the loss of noncoding RNAs in sEVs may worsen DN. A
study showed that TEC-sEVs carrying miR-483e5p target MAPK1
and TIMP2 to inhibit renal fibrosis, whereas under HG conditions,
TEC-derived sEVs were eliminated by hnRNPA1-induced sEV release,
resulting in DN development [117]. Similarly, HG increases the
secretion of circRNA-DLGAP4 from sEVs derived from mesangial
cells, circDLGAP4 functions as a miR-143 sponge, and the loss of sEV
circDLGAP4 increases miR-143, thereby promoting diabetic kidney
disease progression by repressing ERBB3/NF-kB/MMP-2 expression
in mesangial cells [118]. In addition, a recent noncoding RNA profile
in sEVs derived from human TECs with or without HG stimulation
demonstrated that a total of 169 lncRNAs, 3 circRNAs, and 152
miRNAs were differentially expressed in sEVs secreted by HG-
challenged TEC cells compared with controls, and these noncoding
RNAs mainly participate in the TNF signaling pathway, NF-kB
signaling pathway, and fatty acid metabolism according to Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
analyses [119] (Figures 1, 2).

12. LIMITATION AND CHALLENGES

To date, MSCs are the most commonly used sEV sources in experi-
mental studies in vivo. Isolated MSC identity was determined by using
CD70, CD90, and CD105 as positive markers and CD34 as a negative
marker [120]. However, none of the three positive markers could be a
specific marker for in vivo MSC detection. CD34 is shown to be positive
in many cell types when freshly isolated but loses expression in the
culture medium in vitro; thus, the origins of MSCs are questionable,
leading to the unreliability and instability of the obtained sEVs. On the
other hand, poor reproducibility and underpowered approaches slow
the development of sEVs or other EVs as reliable biomarkers or ther-
apeutic entities. Additionally, all the results showing that sEV miRNAs/
lncRNAs have therapeutic effects on diabetes and diabetic complica-
tions are conducted in vitro or in rodent models, and whether they have
the same clinical effect is unknown. Broadly, the metabolic and
pathological impacts of sEVs and their cargoes remain an area that
needs further exploration.

13. CONCLUSION

sEVs derived from multiple tissues are being investigated as potential
candidates for diabetes diagnosis and therapy. In addition, noncoding
RNAs within sEVs largely mediate their biological and pathological
effects. However, in addition to obstacles, such as safety, mass pro-
duction, and quality control, discriminating the functions of sEVs from
different tissues is important for future production, which will lead us to
choose the most suitable sEV origin for further investigation. Moreover,
understanding the exact mechanisms of noncoding RNA sorting into
sEVs and their functional role in diabetes could aid sEV-related diabetic
therapeutic agent development.
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