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Abstract
Diabetes is a chronic disorder characterized by dysregulated glycemic conditions. Diabetic complications include micro-
vascular and macrovascular abnormalities and account for high morbidity and mortality rates in patients. Current clinical 
approaches for diabetic complications are limited to symptomatic treatments and tight control of blood sugar levels. Extracel-
lular vesicles (EVs) released by somatic and stem cells have recently emerged as a new class of potent cell-free therapeutic 
delivery packets with a great potential to treat diabetic complications. EVs contain a mixture of bioactive molecules and 
can affect underlying pathological processes in favor of tissue healing. In addition, EVs have low immunogenicity and high 
storage capacity while maintaining nearly the same regenerative and immunomodulatory effects compared to current cell-
based therapies. Therefore, EVs have received increasing attention for diabetes-related complications in recent years. In this 
review, we provide an outlook on diabetic complications and summarizes new knowledge and advances in EV applications. 
Moreover, we highlight recommendations for future EV-related research.
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1 Introduction

Diabetes is recognized as a significant public health prob-
lem worldwide, with its global prevalence estimated to be 
approximately 9.3% (463 million people) in 2019, increasing 

to 10.9% (700 million) by 2045 [1]. Type 2 diabetes (T2D) 
is characterized mainly by high blood sugar due to insulin 
resistance and insufficient insulin production, as well as per-
sistent low-grade inflammation in peripheral tissues [2]. On 
the other hand, type 1 diabetes (T1D) results from loss of 
insulin-producing β cells due to autoimmune destruction [3].

It is believed that almost half of diabetic patients are not 
diagnosed and are thus at higher risk of developing diabetic 
complications [1]. Diabetic vascular complications broadly 
occur among T1D and T2D patients and are mainly divided 
into microvascular and macrovascular. Microvascular com-
plications include peripheral neuropathy, nephropathy, and 
retinopathy. Macrovascular complications comprise cardio-
vascular disease, stroke, and peripheral artery disease (PAD) 
[4]. Diabetic foot ulcers (DFU) have been defined as the 
result of peripheral neuropathy, PAD, and infection, which 
accounts for the leading cause of lower limb amputation 
[5]. Current conventional therapeutic methods for diabetes 
complications are limited to symptomatic treatments and 
tighter control of hyperglycemia, which can slow but not 
halt disease progression and, much less, provide any curative 
effects. Therefore, there is an urgent need for new therapeu-
tic strategies for diabetes complications affecting the under-
lying complications' pathological mechanisms [6].
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Cell therapy, explicitly using stromal and stem cells, 
represent a promising approach to treat diabetic complica-
tions. Stem cells are characterized by their self-renewal and 
differentiation potential [7]. In many regenerative medicine 
applications, their mechanism of action arises not from their 
engraftment potential but rather their ability to migrate to 
an injured site, where they exert a significant part of their 
effects by releasing a broad spectrum of paracrine fac-
tors, either in solution or packaged in extracellular vesi-
cles (EVs), in what has collectively termed the secretome 
[8–10]. Thus, stem cells and specifically mesenchymal stro-
mal cells (MSCs), act as “mobile drug stores” by releasing 
anti-inflammatory, anti-apoptotic, immunomodulatory, and 
proangiogenic factors [9–11]. Cytokines and growth factors 
were initially considered the only active therapeutic factors 
of stem cells. However, recent studies support that the under-
lying therapeutic activity of stem cells is attributed to their 
released EVs, especially exosomes [12–14]. In addition to 
stem cells, distant and neighboring somatic cells have also 
been shown to affect target cells by releasing EVs that can 
lead to phenotypic changes [15]. EVs have thus received 
increased attention as a cell-free therapeutic approach [16]. 
In this review, we discuss current state-of-the-art advances 
in applying EVs as a treatment for diabetes complications.

2  Extracellular vesicles

2.1  Classification, characterization, and mode 
of action

Most cells can release membrane-bound vesicles 
(30–2000 nm) called extracellular vesicles (EVs) contain-
ing various substances, such as lipids, proteins, and nucleic 
acids. EVs act as signal transducers exchanging various 
components between cells. EVs have been classified into 
three main subtypes: apoptotic bodies, microvesicles (MVs), 
and exosomes based on their mechanism of biogenesis [6, 
17]. The overlapping size range and density of EVs make 
their isolation challenging [18]. The apoptotic bodies range 
from 500 to 2000 nm in diameter, derived from apoptotic 
cells and express surface markers from their cell of origin 
[19, 20]. Exosomes range in size from 30 to 180 nm and are 
marked by specific markers, including tetraspanins (CD9, 
CD63, and CD81), HSP70, and TSG101 [17, 21]. MVs 
range from 50 to 1000 nm in diameter; specific MV mark-
ers, though less characterized, include flotillin-2, ARF6, and 
CD40 [22].

Exosomes originate from a multi-step process where the 
plasma membrane internalizes to form an early endosome, 
followed by the inward budding of the endosomal membrane 
to form intra-luminal vesicles (ILVs). At this point, selected 
cargoes are delivered to the ILVs through endosomal sorting 

complexes required for transport (ESCRT)-dependent or 
ESCRT-independent machinery. The endosome is consid-
ered a mature multivesicular body (MVB) that contains sev-
eral ILVs. These MVBs will fuse with the plasma membrane 
and release the ILVs into the extracellular space, called 
exosomes (Fig. 1). Exosomes mainly include ESCRT-related 
proteins (ALIX and TSG101), MHC-I and MHC-II, micro-
RNAs (miRNAs), messenger RNAs (mRNA), long noncod-
ing RNAs (lncRNAs), cytoskeletal proteins, and metabolic 
enzymes (GAPDH and ATPase) [15, 17, 23].

EV-mediated intercellular communication requires bind-
ing to the plasma membrane, followed by activating the 
plasma membrane receptors and downstream intracellular 
signaling or by vesicle internalization (endocytosis, micro-
pinocytosis, and phagocytosis) or direct fusion with target 
cells [15, 24]. Released EVs deliver their contents to recipi-
ent cells to promote functional changes that further affect 
their physiological status.

2.2  Biological effects

EVs have been appreciated for their crucial role in cell-to-
cell communication and their unique potential as delivery 
vehicles for various signal molecules. Recently, numerous 
studies have demonstrated EVs' critical physiological func-
tions, as they have been found in various body fluids such 
as saliva, urine, blood, and others [25]. Examples of EVs’ 
physiological roles include the maintenance of iron homeo-
stasis [26], presenting antigens between immune cells as 
an essential part of the acquired immune system [27], and 
activating the innate immunity of the upper airway against 
pathogens [28]. On the other hand, some EVs have patho-
logical roles in the development/progression of neurological 
diseases, cancer, and diabetes [21, 29].

Importantly, EVs have attracted increasing attention as a 
cell-free alternative approach to current stem cell therapies, 
with more beneficial properties including lower immuno-
genicity, tumorigenicity, and higher storage capacity. EVs 
are derived from various cell types, including stem cells 
[30], progenitor cells [31], endothelial cells [32], stromal 
cells [33], and many others. EVs content promotes the repair 
and regeneration of the injured tissues [16] and are delivered 
into the injury site through various routes of injection based 
on the needs of the target disease; including intravenous 
[34], subcutaneous [35], intradermal [36], subconjunctival 
[37], intracavernous tissue [30], and loaded by a bioscaffold 
[38]. The therapeutic potentials of EVs make them good 
choices for use in different areas of regenerative medi-
cine, as they have been already investigated in lung, liver, 
and kidney, as well as ischemic heart disease, skin burns 
and wounds, and stroke [16]. For instance, MSC-derived 
EVs have a high regenerative potential [39], while EVs 
derived from endothelial progenitor cells (EPCs) have great 
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proangiogenic potential [31]. Moreover, the combination of 
EVs with novel strategies such as engineered bioscaffolds 
may improve their application [40]. Furthermore, engineer-
ing EVs to increase their therapeutic potential and use them 
for drug delivery makes them a new class of biological nano-
therapeutics that can be readily introduced to the precision 
medicine field [41].

3  EVs for diabetes complications

Evidence suggests that diabetes vascular complications are 
mainly caused by chronic inflammation and oxidative stress 
in diabetic patients [42]. Indeed, most diabetes complica-
tions are characterized by low tissue regeneration and repair 
capacity [43, 44]. As EVs demonstrated considerable immu-
nomodulatory and regenerative potential [16, 39], numerous 
studies have investigated EVs as a new regenerative agent 
for treating diabetes complications.

Most of the available studies reviewed here used the term 
"exosomes" while only a few used "EVs". To include all 
studies and be more scientifically correct, we decided to use 
"EVs'' throughout the paper, unless the exosome validation 

was specifically shown and confirmed by the authors. This 
is due to several considerations; initially, many pioneer stud-
ies called all the EVs; exosomes; without proper validation 
and/or being aware of different subclasses of EVs. Also, 
evidence suggests that it is not trivial to purify a specific 
EV subtype (e.g., exosomes) based on a single property-
based method, such as vesicle size, density, or presence of 
a specific marker [45]. Even most of the procedures aiming 
to isolate pure exosomes seem not to be entirely successful 
[46]. Moreover, using "extracellular vesicle" as one of the 
keywords in the searching process, we obtained a more sig-
nificant number of studies to be included.

3.1  Cardiomyopathy

Cardiovascular diseases are the leading cause of death in 
diabetic patients, mainly due to coronary artery disease, 
hypertension, and cardiomyopathy. Diabetic cardiomyopa-
thy is characterized by dilatation and hypertrophy of the left 
ventricle, with diastolic and/or systolic dysfunction. Myocar-
dial fibrosis, myocyte hypertrophy, impaired cellular calcium 
balance, and damaged myocardial contractile proteins are the 
most well-known anatomic and physiological changes in the 

Fig. 1  Extracellular vesicles biogenesis and characteristics; exosomes and microvesicles. ESCRT endosomal sorting complexes required for 
transport, ILV intra-luminal vesicles, MVB multivesicular bodies
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myocardium, resulting in the development of diabetic car-
diomyopathy [47]. Further molecular/cellular mechanisms 
of cardiomyopathy include abnormal insulin signaling, oxi-
dative stress, lipotoxicity, mitochondrial dysfunction, altered 
fatty acid metabolism, chronic inflammation, and increased 
cardiomyocytes' apoptosis [48, 49]. EVs have been investi-
gated for their therapeutic potential to fight abnormalities in 
diabetic cardiomyopathy (Table 1), mainly through reducing 
cardiac remodeling and angiogenesis induction (Fig. 2).

3.1.1  Suppression of myocardial remodeling

Cardiac remodeling, including myocardial fibrosis and myo-
cardial hypertrophy, occurs in the early stage of diabetes-
related cardiomyopathy, which mainly results in left ventric-
ular diastolic dysfunction [50, 51]. Therefore, suppressing 
ventricular remodeling might be promising in improving 
cardiac function.

In the diabetic rat, left ventricular collagen (LVC) is signif-
icantly increased, while myocardial tissue lipid metabolism- 
related enzymes were significantly decreased. Treat-
ment with MSC-exosomes was shown to reduce LVC and  
fibrosis by inhibiting TGF-β1/Smad2 signaling and induc-
tion of lipid metabolism-related enzymes [49]. In addi-
tion, exosome treatment reduced Smad2/3 phosphoryla-
tion, suppressed the hyperglycemia-induced expression of 
alpha-smooth muscle actin, and inhibited differentiation of 
fibroblasts [52]. TGF-β promotes Smad phosphorylation and 
regulates the proliferation and migration of fibroblasts and 
collagen I and III synthesis [53, 54]. Cardiac cell apopto-
sis is among the leading causes of ventricular remodeling 
[55]; thus, improving cardiac cell viability may abolish the 
remodeling process. In this regard, parasympathetic gan-
glionic neuronal exosomes have improved the viability and 
inhibit apoptosis in hyperglycemic H9c2 cardiomyoblast cell 
lines [56].

Cardiac injury after stroke is common, and diabetes 
exacerbates stroke-related cardiac complications [57]. 
These complications include systolic and diastolic dysfunc-
tion resulting from cardiac remodeling, oxidative stress, 
and excessive inflammation [58]. Exosomes derived from 
CD133 + umbilical cord blood cells (UC-CD133 +) have 
improved cardiac systolic and diastolic function after stroke 
in diabetic mice. In addition, cardiomyocyte hypertrophy 
and interstitial fibrosis through TGF-β downregulation were 
also improved upon treatment [59].

3.1.2  Myocardial angiogenesis

Diabetic myocardium shows reduced vascularity due to 
apoptosis of endothelial cells (EC) and interstitial fibro-
sis [51]. Therefore, promoting angiogenesis to increase 

myocardial repair seems to be an avenue for treating diabetic 
cardiomyopathy.

UC-CD133 + exosome treatment resulted in increased 
myocardial angiogenesis, possibly resulting from reduced 
oxidative stress and inflammation in diabetic stroke-related 
heart injury. UC-CD133 + exosomes also increased cardiac 
miR-126 expression in diabetic-stroke mice, followed by 
decreased expression of its target genes, including Spred-
1, VCAM, and MCP-1 [59]. Downregulation of Spred-1 
induces cardiac neovascularization [60], and decreases in 
VCAM and MCP-1 expression reduce M1 macrophage acti-
vation and infiltration of inflammatory cells into the cardiac 
tissue after stroke [58]. Wang et al. suggested that HSP20 
overexpression in cardiomyocytes, whose reduced expres-
sion may contribute to diabetic cardiomyopathy, induces 
exosome secretion by interacting with TSG101. These 
exosomes have promoted EC proliferation under in vitro 
high-glucose conditions and prevent cardiac remodeling 
in diabetic mice. Since diabetes is closely associated with 
apoptosis of myocardial ECs and subsequent reduction in 
capillary density, the authors suggest that HSP20-engineered 
exosomes might reverse cardiomyopathy by reducing myo-
cardial remodeling and promoting neovascularization [34].

3.2  Myocardial infarction

Diabetes is a risk factor for myocardial infarction (MI) [61]. 
Ischemia resulting from coronary artery occlusion induces 
the accumulation of intracellular ions and worsens tissue 
acidosis. Reperfusion following the restoration of coronary 
blood flow leads to rapid alterations in intracellular ion con-
centrations and rapid renormalization of pH, paradoxically 
damaging cardiomyocytes [62]. Exosomes have been sug-
gested to act as a cardioprotective agent against ischemia/
reperfusion injury [63]. Exosomes from non-diabetic rats, 
human plasma, and human umbilical vein endothelial cells 
(HUVECs) have been shown to have a cardioprotective 
effect against hypoxia/reoxygenation injury in diabetic rat 
cardiomyocytes [64].

3.3  Cognitive impairment

Diabetes increases the risk of developing cognitive impair-
ment by 2 to threefold [65]. Diabetic cognitive impairment 
(DCI) pathophysiology includes insulin signaling defects, 
neuroinflammation, dysfunctional swollen astrocytes, vas-
cular abnormalities, decreased hippocampal synaptic plas-
ticity, and oxidative stress-related neuronal damage [65, 
66]. Unfortunately, current treatments for DCI are ineffec-
tive and limited to hyperglycemic control [65]. Thus, novel 
approaches like EV treatment with regenerative effects for 
neurons and/or astrocytes are highly desirable (Table 2).
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Exosomes derived from rat bone marrow mesenchymal 
stromal cells (BM-MSCs) have been shown to improve 
learning and memory in DCI mice by affecting damaged 
neurons and astrocytes [65]. Previous studies suggested 

that memory loss correlates with synaptic loss [67]. Dia-
betic mice also show decreased synaptic density and plas-
ticity. Exosome treatment reverted these mainly through 
ameliorating oxidative stress and recovered vacuolation 

Fig. 2  Extracellular vesicle application in diabetic cardiomyopathy; improve diabetic cardiomyopathy by decreasing cardiac fibrosis and inflam-
mation and augmenting cardiac tissue angiogenesis

Table 2  Extracellular vesicle application in diabetic cognitive impairment

aCSF artificial cerebrospinal fluid, BM-MSCs bone marrow mesenchymal stromal cells, STZ streptozotocin, ICV intra-cerebroventricular, BECs 
brain endothelial cells,  PrPc cellular prion protein, UC Ultracentrifugation

REF [65] [71] [68]

OUTCOMES Improved learning and memory, 
decreased mitochondrial damage 
and oxidative stress, increased 
synaptic density and plasticity, 
improved ultrastructural abnor-
malities in CA1 region

Reduced  PrPc accumulation, 
improved short-term memory

Improved Cognitive function

DOWNSTREAM GENES / / /
DOWNSTREAM SIGNALING / / /
FUNCTIONAL CARGO / miR-146a /
ASSAY DURATION (IN VIVO) 13 weeks / /
ADMINISTRATION ROUTE (IN 

VIVO)
ICV ICV ICV

EXPERIMENTAL MODEL In vivo (STZ-C57BL/6 J mice) In vivo (obese diabetic C57BL/ksJ) In vivo (STZ-C57BL/6 J mice)
CONTROL aCSF Scramble loaded BEC-exosomes aCSF
EV ISOLATION METHOD UC, sucrose step gradient UC UC
EV CONCENTRATION In vivo (0.5 µg in 2 µl aCSF) In vivo (2–3 µg per day for 3 days) In vivo (0.5 µg exosomes in 2 µl 

aCSF)
EV SOURCE BM-MSCs (rat) BECs (mouse) BM-MSCs (mouse)
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and fragmentation of microtubules in the pyramidal neu-
rons of the CA1 region of the mouse brain. Exosomes also 
decreased the number of microglia, astrocytic end-foot pro-
cess swelling, and blood vessel abnormalities [65]. Similar 
studies confirmed that intracranial injection of mouse BM-
MSC-exosomes could ameliorate cognitive dysfunction in 
diabetic mice [68].

Endogenous rat BM-MSCs can be stimulated to release 
more exosomes containing higher levels of miR-146a via 
an enriched environment, including active communication,  
stress reduction, and exercise. miR-146a has an anti- 
inflammatory role that can ameliorate cognitive impairment [69].  
Conversely, miR-146a downregulation in diabetic mice has 
been shown to increase cellular prion protein  (PrPc) pro-
duction, which is implicated in cognitive dysfunction and 
dementia [70]. Intraventricular delivery of exosomes derived 
from mouse brain ECs enriched with miR-146a has been 
shown to decrease  PrPc accumulation and improve short-
term memory function in diabetic mice [71].

3.4  Erectile dysfunction

Diabetic men are three times more likely to develop erectile 
dysfunction (ED) than non-diabetic ones. A normal penile 
erection depends on neurovascular mechanisms, including 
corpus cavernosum smooth muscle (CCSM) relaxation and 

increased arterial blood flow. Diabetic ED is associated with 
corporal endothelial dysfunction, decreased vascular regen-
eration, decreased CCSM volume, neural degeneration, and 
fibrosis [72]. Many studies have demonstrated that EVs can 
improve endothelial function, endothelial and smooth mus-
cle cell viability, and angiogenesis (Fig. 3) (Table 3).

3.4.1  Endothelial function improvement

Hyperglycemia, excessive oxidative stress, and advanced 
glycation endproduct (AGE) formation cause cavernosal 
endothelial malfunction. The main feature of impaired 
endothelial function is the inability to produce and/or 
respond to vasodilation mediators, usually caused by the loss 
of eNOS–eNO levels and activity. This reduces endothelial-
induced relaxation of vascular and smooth muscle, leading 
to diabetic ED [72].

EVs derived from urine-derived stem cells (USCs) have 
been shown to enhance EC function within the corpus cav-
ernosum (indicated by an increase in eNOS expression), 
reducing collagen deposition and increasing CCSM cells in 
the penile tissue, and improving the neurogenic-mediated 
erectile response (indicated by an increase in nNOS expres-
sion) in diabetic rats [30]. Exosomes derived from CCSM 
cells (CCSMC-exosomes) also demonstrated antifibrotic 
ability while inducing eNOS and nNOS expression. This 

Fig. 3  Extracellular vesicle application in diabetic erectile dysfunction. EVs improve the erection mainly by enhancing cavernous vasodilation 
and angiogenesis and abolishing tissue fibrosis resulting in increased penile blood flow
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results in upregulation of the NO/cGMP signaling pathway 
downregulated in ED [73]. CCSMC-exosome treatment also 
improved erectile function and was more efficiently taken 
up by corpus cavernosum than exosomes derived from BM-
MSCs and adipose-derived stem cells (ADSCs) [74].

ADSC-exosomes have improved erectile function in 
diabetic rats via delivery of the enzyme Corin [75]. Corin 
activates pro-atrial natriuretic peptide (ANP) and pro-brain 
natriuretic peptide (BNP), known regulators for blood pres-
sure [76]. Moreover, ANP and BNP promote vasodilation 
through the stimulation of cGMP, a known vasodilatory 
factor. Indeed, ADSC-exosomes induced the expression of 
ANP, BNP, nNOS, and cGMP in the CCSM of diabetic rats 
[75, 77] and suppressed pro-inflammatory factors such as 
IL-1β, TNF-α, and IL-6 in the cavernous tissues of diabetic 
rats [75].

3.4.2  Endothelial and smooth muscle cells viability 
improvement

Diabetes and its related oxidative stressors lead to cavernosal 
ECs and CCSMCs apoptosis, further affecting penile hemo-
dynamics and ED [78]. ADSC-derived exosomes have been 
shown to suppress the apoptosis of these cells in diabetic 
rats. This further led to improved erectile function [79].

In another study, MSC-derived exosomes containing miR-
21-5p also ameliorated ED in diabetic rats through PDCD4 
downregulation and consequently reduced CCSMCs apop-
tosis [80]. Thus, PDCD4 regulates vascular smooth muscle 
cell apoptosis [81]; it is upregulated in the cavernous tissue 
of diabetic ED rats and is associated with CCSMCs apop-
tosis [80].

3.4.3  Angiogenesis induction

Diabetes impairs angiogenesis and vasculogenesis through 
decreased VEGF expression, reduced number of circulat-
ing EPCs, chronic inflammation, and reduced levels and 
activity of eNO in the cavernous tissue. As a result, poor 
vascular regeneration exacerbates endothelial dysfunction 
and thereby aggravates ED [72].

ADSC-derived exosomes promoted angiogenesis through 
EC proliferation and fibrosis reduction in the corpus caver-
nosum, which resulted in restored erectile function in dia-
betic rats. These exosomes contained proangiogenic miR-
126, miR-130a, and miR-132, and antifibrotic miR-let7b and 
miR-let7c [82]. ADSC-derived exosomes were also shown 
to increase the nerve content in the cavernous tissues of dia-
betic rats [75]. USC-EVs have also been shown to increase 
EC proliferation in diabetic rats and promote neovasculariza-
tion ascribed to proangiogenic let-7, miR-10, miR-30 fami-
lies, miR-21-5p, and miR-148a-3p expression [30].Ta
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To overcome the EV production shortage, some groups 
have introduced the use of cell-derived EV-mimetic nan-
ovesicles (EMNVs), generated by serial extrusion of cells 
through filters. These EMNVs are similar to natural EVs, 
with significantly higher production rates [83]. Kwon 
et al. showed that EMNVs produced from embryonic stem 
cells improved erectile function in diabetic mice. This was 
through induction of penile neurovascular regeneration 
through activation of cell survival/proliferation signaling 
pathways (Akt/ERK) and subsequent increases in levels of 
hepatocyte growth factor (HGF), angiopoietin-1 (ANG1), 
nerve growth factor, and neurotrophin-3, which are known 
to be proangiogenic and neurotrophic factors [84]. ANG1 
has a vital role in blood vessel regeneration [85], and HGF 
is a potent proangiogenic factor that stimulates the migra-
tion of ECs and pericytes [86]. Furthermore, intracavernous 
injection of these EMNVs increased the CCSMCs, ECs, and 
pericytes in diabetic mice cavernous tissue. EMNVs also 
accelerated microvascular sprouting in the aortic ring and 
neurite sprouting in the central pelvic ganglion under the 
high-glucose condition ex vivo [84].

3.5  Nephropathy

Diabetic nephropathy (DN) is the leading cause of end-stage 
renal disease, causing various changes in the kidney, includ-
ing hemodynamic alterations, increased oxidative stress, 
mesangial cell expansion, podocyte injury, development of 
glomerulosclerosis, and fibrosis [87, 88]. Therefore, protect-
ing podocytes against hyperglycemia-induced injury is ben-
eficial for DN treatment. Since current treatments delay but 
do not prevent DN development, developing new therapies 
is essential [88]. EV applications for DN mainly focus on 
inhibiting podocyte injury under diabetic conditions through  
four main strategies: regulation of VEGF expression, 
epithelial-to-mesenchymal transition (EMT) suppression, 
immunomodulation, and autophagy enhancement (Fig. 4) 
(Table 4).

3.5.1  Regulation of VEGF expression

There have been contradictory findings on the role of VEGF 
in DN pathogenesis. Some of the studies suggested that 

Fig. 4  Extracellular vesicle application in diabetic nephropathy. EVs enhance podocyte survival through different mechanisms. EMT epithelial-
to-mesenchymal transition
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VEGF is responsible for DN development. On the other 
hand, some others have suggested that VEGF can reverse 
DN progression. Overexpression of VEGF promotes DN 
by increasing the vascular ECs' permeability and proan-
giogenic behavior (including proliferation and migration) 
and via induction of matrix-degrading protease. In addition, 
VEGF overexpression leads to the thickening of the glo-
merular basement membrane in DN [89]. Thus, suppression 
of VEGF overexpression could be a potential strategy to 
prevent DN development.

While stem cells are generally reported as proangiogenic, 
their anti-angiogenic behavior may reflect an ability to sense 
pathological angiogenesis and act against it. Duan et al. 
indicated that overexpression of miR‐16‐5p in human USC-
derived exosomes suppresses VEGFA expression and pro-
tects podocytes against hyperglycemia and apoptosis in vitro 
and in vivo. Hyperglycemia has been shown to inhibit miR‐
16‐5p and nephrin expression, and promote the expression of 
VEGFA and TGF‐β1 in nephrocytes of diabetic rats, while 
treatment with exosomes reverted these changes [90]. High 
levels of miR-26a-5p in EVs derived from ADSCs also led 
to the inhibition of glomerular podocyte apoptosis, mainly 
through VEGFA downregulation [91]. DN is characterized 
by miR-26a-5p downregulation [92].

Interestingly, VEGF's low level could be harmful by 
reducing podocyte number and progression of renal dis-
ease [89]. Therefore, increasing VEGF level could serve 
as a strategy to ameliorate DN. In another study, exosomes 
extracted from human USCs ameliorated DN in diabetic 
rats. These exosomes contained VEGFA, BMG-7, TGF, and 
angiogenin and inhibited podocyte apoptosis by suppress-
ing overexpression of caspase-3 and promoted glomerular 
angiogenesis [88]. Considering these contradictory findings, 
further studies are needed to suggest which strategy (sup-
pression or induction) for VEGF regulation is more effective 
for DN treatment.

3.5.2  EMT suppression

Myofibroblasts are key actors in the promotion of renal 
glomerular and interstitial fibrosis [93]. These profibrotic 
myofibroblasts are generated by the EMT of tubular epi-
thelial cells (TECs) and glomerular podocytes [94]. One of 
the crucial factors in EMT induction is TGF-β [95], leading 
to renal fibrosis [96]. Thus, suppression of the EMT pro-
cess seems to be a potentially practical approach to reduce 
fibrosis.

MSC-exosomes were shown to prevent tubular EMT by 
suppressing TGF-β and increasing the tight junction protein 
ZO-1. ZO-1 is expressed in TECs and is involved in the 
renal tubule as a barrier [97]. It has also been shown that 
exosomes derived from MSCs and human liver stem-like 
cells improve renal function by preventing and reversing 

fibrosis in a mouse model via delivering miRNAs and other 
proteins that reduce collagen-1 and SNAI1 (initiators of 
EMT) [98].

Moreover, Jin et al. demonstrated that ADSC-exosomes 
deliver miR-215-5p to podocytes to downregulate ZEB, thus 
protecting against hyperglycemia-evoked EMT progression, 
as well as podocyte migration and apoptosis. ZEBs are DNA 
binding transcription factors with well-documented roles in 
triggering EMT and cell migration [99, 100].

3.5.3  Inflammation suppression

Inflammatory cells, including macrophages, excessively 
infiltrate into the diabetic kidney and interact with TECs and 
further stimulate renal parenchymal cells to produce TNF-α 
and caspase-3, followed by TEC apoptosis [97]. Therefore, 
suppressing inflammatory cell infiltration and proinflamma-
tory cytokine production may protect kidneys against detri-
mental DN development.

Treatment with MSC exosomes has been shown to sup-
press abnormal immune cell infiltration into the diabetic 
kidneys and reduce proinflammatory cytokine production 
by downregulating ICAM-1, an adhesion molecule [97]. 
Conversely, AGE deposition leads to increased ICAM-1 in 
TECs and peritubular capillaries [101], which is involved 
in the inflammatory cells' recruitment into the kidneys [97].

Increased expression of MCP-1 and TNF-α was criti-
cal in developing DN by inducing renal inflammation [89, 
102]. As mentioned previously, exosomes containing miR-
26a-5p lead to the inhibition of podocyte apoptosis mainly 
by downregulating TLR4, which subsequently inactivates 
the NF-κB/VEGFA pathway [91]. TLR4 activation stimu-
lates the expression of several proinflammatory cytokines, 
including TNF-α [103]. In addition, the NF-κB pathway is 
also involved in glomerular epithelial cell apoptosis and 
hyperglycemia-induced chemoattractant protein expression 
(e.g., MCP-1) in mesangial cells [89]. In another study, high 
levels of miR‐16‐5p in human USC-exosomes have been 
shown to suppress MCP‐1 and TNF‐α expression in the 
nephrocytes of diabetic rats [90].

3.5.4  Autophagy induction

Autophagy is a catabolic process for the degradation of 
intracellular components and is responsible for cell homeo-
stasis, whose dysfunction facilitates podocyte injury [104]. 
Several signaling molecules, including mTOR, are involved 
in the autophagy process [105]. Activation of mTOR signal-
ing in DN patients suggests that mTOR might mediate podo-
cyte autophagy dysfunction [106]. Consequently, impaired 
autophagy results in the accumulation of AGEs and collagen 
in the extracellular matrix, podocytes mitochondrial impair-
ment, and increased hypoxia and endoplasmic reticulum 
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(ER) stress in tubular cells [107]. mTOR activation is also 
known to play a vital role in glomerular and tubular cell 
hypertrophy and podocyte injury [107].

ADSC-exosomes containing a high level of miR-486 have 
been shown to inhibit Smad1/mTOR signaling pathway in 
podocytes. mTOR inhibition results in increased autophagy 
flux which protects podocytes against injury in diabetic 
mice [108]. MSC-exosomes have also been shown to inhibit 
mTOR and suppress TGF-β expression, resulting in reduced 
fibrosis in diabetic rat kidneys [101].

3.6  Stroke

Diabetic patients are 3 to 4 times more likely to experience 
a stroke, and approximately one-third of stroke patients 
have diabetes [109]. Diabetic stroke patients have a worse 
prognosis compared to non-diabetic patients [110]. Altered 
metabolism, impaired vasculature, and excessive inflamma-
tion aggravate vascular and white matter (WM) damage after 
stroke in diabetic patients [111]. Spontaneous repair that 
occurs post-stroke can be assisted using neurorestorative 
agents, such as cell therapy and/or EVs [112]. EVs demon-
strated therapeutic potential in diabetic stroke (Table 5) by 
promoting WM remodeling, immunomodulation, and neo-
vascularization (Fig. 5).

3.6.1  White matter remodeling

Diabetes impairs WM remodeling and oligodendrogen-
esis after stroke, which delays functional recovery [113]. 
Exosomes extracted from healthy mouse brain ECs (EC-
exosomes) with high levels of miR-126 have been shown 
to improve neurological and cognitive functional outcomes 
in diabetic-stroke mice. EC-exosomes also promoted WM 
remodeling, characterized by increased axon and myelin 
density in the mouse brain. In addition, these exosomes 
increased axonal outgrowth in the primary cortical neurons  
(PCN) under the high glucose condition after oxygen– 
glucose deprivation (OGD) in vitro [32].

MSC-exosomes isolated from diabetic rats, but not 
healthy rats, improved functional outcomes after stroke in 
diabetic rats. Diabetic MSC-exosomes also promoted WM 
remodeling and increased oligodendrogenesis of diabetic 
rats' ischemic brains and increased PCN axonal outgrowth 
in vitro [112]. It has been previously suggested that diabetes 
or pretreatment with high glucose affects MSC secretome 
content in a way that improves their therapeutic potential 
[114]. This may help explain differences in the therapeu-
tic potential of diabetic and healthy donor MSC-exosomes, 
although further studies are required to determine the exact 
effects of diabetes on the exosome profile. Moreover, dia-
betic MSC-exosomes decreased the serum levels of miR-9, 
increasing the expression of its targets ABCA1 and IGFR1 

in the rat’s brain. Diabetes is associated with declined 
activation of the ABCA1 gene [112], which is needed for 
myelination, neuronal growth, and synaptic function [115]. 
Decreased ABCA1 activation in the brain worsens neuro-
logical function, aggravates blood–brain barrier (BBB) leak-
age and demyelination, and increases oligodendrocyte and 
axonal injury after stroke [116, 117].

3.6.2  Immunomodulation

Post-stroke recovery is delayed in diabetic patients because 
of aggravated inflammation, indicated by increased micro-
glial activation/M1 macrophage phenotype [113]. Therefore, 
immunomodulatory approaches seem to be promising for 
diabetic stroke. EC-exosomes decreased the number of M1 
macrophages and increased polarization into the M2 phe-
notype in the diabetic mouse brain after stroke [32]. Moreo-
ver, diabetic MSC-exosomes improved the integrity of BBB 
via augmenting ZO-1 expression, resulting in decreased 
hemorrhage in diabetic-stroke rats [112]. While stroke is 
accompanied by impaired BBB integrity and hemorrhage in 
diabetic patients [111], a leaky BBB facilitates invasion of 
inflammatory cells and factors that aggravate inflammation 
and delays brain repair after stroke [118]. Diabetic MSC-
exosomes decreased inflammation, indicated by declined 
proinflammatory microglial/M1 macrophage phenotype 
and the levels of inflammatory factors such as MMP-9 and 
MCP-1 in the diabetic mouse brain after stroke [112]. It has 
been documented that elevated MMP-9 after stroke impli-
cates BBB leakage, neuronal damage, demyelination, and 
WM injury [119].

3.6.3  Neovascularization

It is now well-known that therapeutic strategies for post-
stroke recovery must include cerebral neovascularization 
that will induce spontaneous recovery mechanisms, includ-
ing WM remodeling [120]. In this regard, EC-exosomes 
have been shown to increase vascular density in the ischemic 
brain of diabetic mice [32].

3.7  Neuropathy

Diabetic peripheral neuropathy (DPN) is characterized by 
axonal loss and demyelination [121] and involves almost 
all types of nerve fibers. DPN treatment is currently aimed 
at relieving symptoms rather than resolving the underlying 
pathologic process [122].

Exosomes derived from healthy Schwann cells (SCs) have 
been demonstrated to ameliorate DPN in diabetic mice by 
reducing peripheral nerve injury. These exosomes improved 
sciatic nerve motor and sensory conduction velocities (MCV 
and SCV, respectively) and increased intraepidermal nerve 
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fiber density, whose reduction is responsible for reduced 
mechanical and thermal sensitivity, the earliest DPN dis-
tal symptoms [121, 123]. Consequently, following exo-
some treatment, thermal and mechanical sensitivity was 
improved, demyelination and sciatic nerve axonal damage 
were reduced, and remyelination improved [121]. In sciatic 
nerve tissues, DPN has been shown to reduce miR-21, miR-
27a, and miR-146a expression [124–126], thereby increas-
ing expression of their direct targets SEMA6A, RhoA, and 
PTEN, respectively, as well as the indirect target NF-kB. 
Increased SEMA6A, RhoA, PTEN, and pNF-kB signaling 
pathways have been shown to damage axons and inhibit 
axonal growth [127–130]. SC-derived exosome treatment 
reverted these effects in diabetic mice by delivering miR-21, 
miR-27a, or miR-146a to the sciatic nerve and promoting 
upregulation of recipient cell microRNAs [121].

MSC-exosomes have been shown to increase microvas-
cular density in the sciatic nerves. These exosomes have 
also been shown to reduce M1 macrophages, downregulate 
TNF-α and IL-1β, and increase arginase-1, IL-10, TGF-β 
expression, and M2 macrophage polarization. In addition, 
these exosomes, by delivering miR-17, miR-23a, and miR-
125b, partially suppressed TLR4/NF-κB and AGE recep-
tor (RAGE) signaling [33], which are known to increase 

inflammation and promote macrophages switching to M1, 
leading to DPN development [131, 132] (Fig. 6) (Table 5).

3.8  Non‑healing wounds

The wound healing process consists of four partially over-
lapping phases: hemostasis, inflammation, proliferation, 
and remodeling. Several biological mechanisms of these 
phases are disrupted in diabetic wound healing, mainly due 
to hyperglycemia, chronic inflammation, arterial dysfunc-
tion, hypoxia, and peripheral neuropathy [133]. Therapeutic 
potentials of EVs for diabetic wounds have been demon-
strated, mainly through promoting proliferation and modu-
lating inflammation in the wound bed (Fig. 7) (Table 6).

3.8.1  Inflammation phase

Diabetic wounds are characterized by a persistent inflam-
matory response after injury, which delays wound closure. 
The inflammatory cells are immediately recruited into the 
wound site following the skin injury. A high ratio of M1 to 
M2 macrophages increases proinflammatory cytokine lev-
els, including IL-1, IL-6, and TNF-α, and elevates MMPs 
levels responsible for rapid degradation of extracellular 

Fig. 5  Extracellular vesicle application in diabetic stroke. EVs treatment modulates inflammation, promotes angiogenesis and neural regenera-
tion after stroke
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Fig. 6  Extracellular vesicle application in diabetic neuropathy. EVs improve DPN by enhancing nerve regeneration (axonal growth and remyeli-
nation), angiogenesis and reducing nerve inflammation. AGE advanced glycation endproducts, RAGE receptor of AGE

Fig. 7  Extracellular vesicle application in diabetic non-healing dermal wounds. EVs improve the wound healing process mainly through regulat-
ing Inflammation and proliferation phases
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matrix components. Excessive inflammation at the wound 
site reduces angiogenesis and re-epithelialization. Therefore, 
inflammation modulation represents a promising therapeutic 
strategy in diabetic wounds [133].

Nrf2 is a transcription factor with a protective role against 
oxidative stress [134]. Exosomes from Nrf2-overexpressing 
ADSCs by suppressing oxidative stress and proinflamma-
tory cytokine expression (including IL-1β, IL-6, and TNF-
α) have been shown to prevent the high glucose-induced 
impairment of EPCs. Moreover, Nrf2-enriched exosome 
treatment promoted wound healing in diabetic rats by reduc-
ing inflammation and oxidative stress, resulting in increased 
angiogenesis and granulation tissue formation in the wound 
bed [135].

It has also been demonstrated that macrophage-derived 
exosomes decrease proinflammatory cytokines (including 
IL-6 and TNF-α) production in ECs. Inhibition of inflam-
matory cytokine production led to reduced inflammation at 
the wound site and further improved neovascularization and 
re-epithelialization of skin wounds in diabetic rats. In addi-
tion, these exosomes also effectively downregulated MMP-9 
expression in the diabetic wound, which is ordinarily upreg-
ulated in response to excessive inflammation [35, 136].

In another study, exosomes extracted from menstrual 
blood‐MSCs (MenSCs) have been shown to ameliorate 
non-healing dermal wounds in diabetic mice by reducing 
inflammation via induction of M2 macrophage polarization 
at the wound site [36].

3.8.2  Proliferation phase

Neovascularization occurs at the wound site, which includes 
angiogenesis and vasculogenesis. Vasculogenesis is the 
EPC-dependent de novo generation of new blood vessels 
[137]. Meanwhile, keratinocytes migrate and initiate re-
epithelialization, which covers the new connective tissue 
(granulation tissue). However, in diabetic wounds, neovascu-
larization is impaired. EPCs are damaged, and their recruit-
ment from the bone marrow to the wound site is abolished 
[138]. Fibroblasts and keratinocytes exhibit decreased dif-
ferentiation, proliferation, and migration ability [139, 140], 
and growth factor levels are low [141]. Therefore, promot-
ing the proliferation and migration of these cells seems to 
be necessary for diabetic wound healing. In this case, EVs, 
specifically stem cell-derived exosomes, have shown promis-
ing pro-proliferative potential [16].

EPC-exosome treatment has been shown to accelerate 
skin wound closure in diabetic rats through improving ECs’ 
angiogenic function, including cell differentiation, prolif-
eration, and migration. Proangiogenic molecules including 
FGF-1, eNOS, IL-8, ANG-1, E-selectin, VEGFA, VEGFR-
2, and CXCL-16 also had increased expression [142]. EPC-
exosomes also accelerated skin wound healing in diabetic 

mice similarly to the rats. Improved angiogenesis has also 
been ascribed to high levels of miRNA-221-3p in exosomes. 
miRNA-221-3p likely antagonizes AGE/RAGE signaling. 
AGEs impair EPC function, thus inhibiting wound neovas-
cularization and healing [143]. miRNA-221-3p was also 
shown to reduce p27 and p57, negative cell cycle regula-
tors, thus promoting the proliferation of vascular cells [144]. 
Also, human umbilical cord blood EPC-exosomes have been 
shown to promote angiogenesis, and maturation of blood 
vessels in diabetic rats. These exosomes are shown to be 
enriched in miR-21 [145], which can induce angiogenesis 
by activating the Erk1/2 pathway [146] and subsequently 
promote angiogenesis [147].

USC-exosomes have also been shown to stimulate angi-
ogenesis and accelerate wound closure in diabetic mice, 
mainly through the proangiogenic protein DMBT1, which 
is highly expressed in USC-exosomes. In addition, USC-
exosomes could also effectively induce the migration and 
proliferation of vascular ECs, keratinocytes, and fibroblasts 
in the diabetic wound bed [148].

Exosomes released from human MenSCs enhanced angi-
ogenesis through VEGFA upregulation, promoted epithe-
lialization by inducing NF‐κB signaling, and reduced scar 
formation by decreasing the collagen I/III ratio and the cell 
count in the granulation tissue [36, 149, 150].

Hypoxia preconditioned MSC-exosomes was shown to 
have higher therapeutic properties than normal exosomes 
[151]. Deferoxamine is a hypoxia mimetic agent [152], 
which can activate hypoxia-related genes and increase 
the proangiogenic ability of MSCs [153]. Deferoxamine-
preconditioned human BM-MSC-exosomes improved EC 
angiogenic function and promoted neovascularization more 
efficiently compared with non-preconditioned exosomes. 
In addition, these exosomes had a higher level of miR-126 
which induces the PI3K/AKT pathway leading to enhanced 
skin wound recovery in diabetic rats [154].

Platelet-rich plasma (PRP), a platelet concentrate 
obtained from whole blood centrifugation, has been widely 
used for chronic non-healing wounds such as diabetic 
wounds [155]. PRP-exosomes accelerated cutaneous wound 
closure in diabetic rats, mainly through activation of rho/
YAP, while inducing angiogenesis through Erk/Akt signal-
ing. In addition, PRP-exosomes encapsulated bFGF, PDGF-
BB, VEGF, and TFG-β [156].

Preconditioning fibrocytes via TGF-β, PDGF-b, and 
FGF2 changes their exosome content profile. These 
exosomes showed better wound healing promotion in a 
dose-dependent manner through enhancing neovasculari-
zation and re-epithelialization of wound beds in diabetic  
mice [157]. HSP-90α and STAT-3, which induce re- 
epithelialization and production of wound healing-related growth  
factors [158], were abundant in these exosomes [157]. Fibrocyte- 
exosomes also contained miRNAs with proangiogenic  
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(miR-126, miR-130a, miR-132), and immunomodulatory 
(miR-124a, miR-125b) functions [157].

3.8.3  Exosome‑loaded wound dressings

Exosomes are currently mainly injected subcutaneously 
around the wound, where they do not directly contact the 
injury site. To provide a more clinically-friendly applica-
tion, exosome-loaded wound dressings seem to be helpful. 
In addition, biodegradable materials like chitosan work well 
as wound dressing, with the drug-delivery ability and anti-
microbial properties [159]. Thus, using exosomes combined 
with such wound dressing agents represents a promising 
future application (Table 7).

Synovium mesenchymal stromal cells (SMSCs) induce 
cell proliferation in connective tissue and angiogenesis by 
upregulation of miR-126-3p [160, 161]. Exosomes derived 
from miR-126-3p overexpressing SMSCs were shown to 
improve the angiogenic function of human ECs by activat-
ing PI3K/AKT and MAPK/ERK pathways. Combined with 
the chitosan solution in a hydrogel form, these exosomes 
promoted the diabetic rats' wound healing by augmenting 
angiogenesis, epithelialization, granulation tissue genera-
tion, and collagen deposition [160].

Gingival mesenchymal stromal cells (GMSCs) exosomes 
loaded on a chitosan/silk porous hydrogel accelerated 
the healing process in diabetic rats' cutaneous wounds. 
Indeed, GMSC-exosomes also stimulated nerve growth and 
increased nerve density in the wound bed [162].

In order to use an ideal multifunctional scaffold, Wang 
et al. utilized a polysaccharide-based FEP hydrogel scaf-
fold for delivering the ADSC-exosomes into mice diabetic  
wounds. This scaffold shows antibacterial activity, hemo-
static ability, anti-ultraviolet performance, and pH-dependent  
exosome release. In comparison with pure exosomes,  
exosome incorporated FEP hydrogel induced higher levels 
of neo-vascularization, granulation tissue generation, col-
lagen deposition, re-epithelialization, prohibition of the 
scar, and skin appendage generation in the mice diabetic 
wounds. These outcomes are proposed due to the long-term 
and continuous release of ADSC-exosomes and the multi-
factorial properties of FEP hydrogels [38]. Wang et al. also 
used FHE hydrogel (composed of PF-127, oxidized hyalu-
ronic acid, and EPL) loaded with AD-MSC-exosomes. FHE 
is a multifunctional and antibacterial polypeptide-based 
dressing. Exosome-loaded FHE was shown to accelerate 
diabetic wound healing [40]. Moreover, PF-127 can fit into 
irregular-edged diabetic wounds. PF-127 itself can retain 
and attain a sustained release of exosomes directly into the 
wound bed [163]. Yang et al. showed that loading umbili-
cal cord-derived MSC (UCMSCs) exosomes on the PF-127 
hydrogel improved exosomes' therapeutic effects, promot-
ing rat diabetic wound healing. These exosomes enhanced 

angiogenesis through VEGF and TGF-β1 upregulation 
[163]. TGF-β1 is a known growth factor that modifies the 
interaction between the mural and ECs [164, 165].

In a recent study, human UCMSC-derived exosomes, 
encapsulated in a nano hydrogel scaffold composed of poly-
vinyl alcohol (PVA)/alginate, sped up the healing rate of rats 
diabetic wounds (higher than exosome injection alone) by 
promoting angiogenesis and the ERK1/2 signaling pathway 
[166].

3.8.4  Exosome as a drug carrier to the wound site

EVs are supposed to be ideal delivering vehicles for nucleic 
acid-based drugs [167]. The higher production yield of 
EMNVs [83] makes them a potential candidate to deliver 
therapeutic molecules/drugs. EMNVs released from 
H19-overexpressing HEK293 cells have been shown to 
efficiently transport lncRNA-H19 into ECs under hypergly-
cemia and restore angiogenic function and proliferation of 
ECs through Akt activation. Moreover, loading EMNVs into 
sodium alginate hydrogels improved angiogenesis, epitheli-
alization, collagen alignment, and remodeling at the wound 
site, and therefore helped the process of wound healing in 
diabetic rats [168].

3.9  Retinopathy

Diabetic retinopathy (DR) is a major diabetes complication 
[169], involving microvascular impairment and degeneration 
of the retina [170], which, if left untreated, can lead to severe 
visual impairment and even loss of vision [169]. Recently, 
Safwat et al. demonstrated that intraocular or subconjuncti-
val injection of adipose MSC-derived exosomes containing 
miR-222 leads to retinal tissue repair in diabetic rabbits [37]. 
miR-222 can inhibit excessive angiogenesis associated with 
the severity of DR by regulating STAT5A protein expression 
[171]. Furthermore, reduced miR-222 expression in the dia-
betic rabbits' retinal tissues correlates to retinal damage [37].

3.10  Salivary gland hypofunction

Salivary gland dysfunction in diabetes can cause xerosto-
mia, characterized by a reduced amount of saliva secretion 
[172]. Xerostomia itself aggravates oral candidiasis infec-
tion in patients with diabetes. Moreover, the salivary glands 
of diabetic rats show increased fibrosis and degeneration 
[173]. Recently, Abubakr et al. suggested that BM-MSC-
exosomes reduce blood glucose levels in diabetic rats. Nota-
bly, these exosomes also improved the salivary glands func-
tion (indicated by reducing serum amylase and salivary IgA 
levels) and reduced fibrosis, degeneration, and apoptosis in 
the salivary glands through downregulation of the TGF-β/
Smad3 pathway [173]. TGF-β upregulation leads to reduced 
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salivary gland function due to excessive interstitial fibrosis 
[174]; thus, suppressing TGF-β expression seems to be a 
potential therapeutic target in diabetes-related salivary gland 
hypofunction.

4  Concluding remarks

EVs' low immunogenicity, low neoplastic transformation 
probability, low abnormal differentiation, high resilience, 
and ability to act locally and systemically make them poten-
tial cell-free alternative candidates to current cell-based 
therapies. Additionally, the EV lipid bilayer membrane pro-
tects bioactive cargos from degradation and body clearance, 
extending their circulation half-life. Hence, it gives EVs a 
superior advantage for therapeutic interventions.

We have reviewed the advances in EV applications as 
novel therapeutics for diabetes complications. EVs have 
demonstrated acceptable results in diabetes micro- and 
macrovascular complication therapy by affecting the patho-
physiology of the complications (Fig. 8). Expanding the EV 

therapy to other diabetic complications, including diabetes-
related peripheral artery disease and limb ischemia, cata-
racts, and gestational diabetes-related maternal problems, 
seems to be the next step. Gestational diabetes is defined by 
glucose intolerance during the last two semesters of preg-
nancy [175]. Increased risk of preeclampsia and gestational 
hypertension, which occur due to gestational diabetes [176], 
may represent exciting targets for future EV therapies.

However, there are still several challenges to overcome 
for introducing EVs for clinical application, including uni-
formity, stability, long-term efficacy and safety, large-scale 
production, lack of a unified isolation/preparation method, 
identifying efficient administration doses [177, 178], and 
frequency of administration for each specific complication. 
Moreover, EV stability varies based on their source and 
preparation method, and there is no standard procedure 
for evaluating EVs stability [177]. Several strategies have 
been tried to scale up EVs released from cells, including 
increasing intracellular calcium [179], serum deprivation 
[180], hypoxic-condition [181], using nanoparticles [182], 
and creating immortalized cells via introducing oncogenes 

Fig. 8  Extracellular vesicle application in diabetic complications. Systemic or local administration of EVs showed considerable improvement of 
different complications
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to primary cells [177]. Large-scale production of EVs 
through extrusion or filtration of cells (e.g., EMNVs) 
provides another method [84]. Moreover, currently used 
EV isolation methods include ultracentrifugation, ultra-
filtration, density-gradient centrifugation, precipitation, 
immuno-affinity capture, and size exclusion chromatog-
raphy [183, 184] cannot isolate different EV subtypes 
efficiently. Thus, there remains a need for a standardized 
isolation workflow so the process is robust and reproduc-
ible across different laboratories. In addition, the specific 
roles and detailed characterization of the molecular com-
position of various EVs, the potential of other EV sources, 
and preparations for diabetes complications therapy should 
be further investigated. For instance, priming or precon-
ditioning of cells has been demonstrated to improve the 
therapeutic effect of the derived EVs [185, 186]. Thus, 
further investigations are needed to reveal the full potential 
of stem cells priming on their EVs’ therapeutic potential.

Advances in various aspects of EV research and over-
coming the obstacles mentioned above will pave the way 
for translating the EVs application for efficient diagnostic 
and therapeutic purposes and allow for long-term evalua-
tion of EV therapy.

Acknowledgements The authors would like to acknowledge Daniel 
Dan Liu for critical reading and English editing of the manuscript.

Funding The Lundbeck foundation, grant R303-2018–3148 supported 
this work.

Declarations 

Conflict of interest The authors have nothing to disclose.

Ethics approval This review was in accordance with the principles of 
the Declaration of Helsinki.

References

 1. Saeedi P, Petersohn I, Salpea P, Malanda B, Karuranga S, 
Unwin N, et al. Global and regional diabetes prevalence esti-
mates for and projections for 2030 and 2045: Results from the 
International Diabetes Federation Diabetes Atlas, 9(th) edition.  
Diabetes Res Clin Pract. 2019. https:// doi. org/ 10. 1016/j.  
diabr es. 2019. 107843.

 2. DeFronzo RA, Ferrannini E, Groop L, Henry RR, Herman WH, 
Holst JJ, et al. Type 2 diabetes mellitus. Nat Rev Dis Primers. 
2015. https:// doi. org/ 10. 1038/ nrdp. 2015. 19.

 3. Bluestone JA, Herold K, Eisenbarth G. Genetics, pathogenesis 
and clinical interventions in type 1 diabetes. Nature. 2010. 
https:// doi. org/ 10. 1038/ natur e08933.

 4. Krentz AJ, Clough G, Byrne CD. Interactions between micro-
vascular and macrovascular disease in diabetes: pathophysiol-
ogy and therapeutic implications. Diab Obesity Metabol. 2007; 
https:// doi. org/ 10. 1111/j. 1463- 1326. 2007. 00670.x.

 5. Tuttolomondo A, Maida C, Pinto A. Diabetic foot syndrome as 
a possible cardiovascular marker in diabetic patients. J Diabetes 
Res. 2015. https:// doi. org/ 10. 1155/ 2015/ 268390.

 6. Hu W, Song X, Yu H, Sun J, Zhao Y. Therapeutic potentials of 
extracellular vesicles for the treatment of diabetes and diabetic  
complications. Int J Mol Sci. 2020. https:// doi. org/ 10. 3390/  
ijms2 11451 63.

 7. Liew A, O’Brien T. The potential of cell-based therapy for diabe-
tes and diabetes-related vascular complications. Curr DiabRep. 
2014. https:// doi. org/ 10. 1007/ s11892- 013- 0469-6.

 8. Caplan AI, Dennis JE. Mesenchymal stem cells as trophic media-
tors. J Cell Biochem. 2006. https:// doi. org/ 10. 1002/ jcb. 20886.

 9. Ranganath SH, Levy O, Inamdar MS, Karp JM. Harnessing the 
mesenchymal stem cell secretome for the treatment of cardio-
vascular disease. Cell Stem Cell. 2012. https:// doi. org/ 10. 1016/j. 
stem. 2012. 02. 005.

 10. Vizoso FJ, Eiro N, Cid S, Schneider J, Perez-Fernandez R. Mes-
enchymal stem cell secretome: toward cell-free therapeutic strat-
egies in regenerative medicine. Int J Mol Sci. 2017. https:// doi. 
org/ 10. 3390/ ijms1 80918 52.

 11. Shi Y, Hu G, Su J, Li W, Chen Q, Shou P, et al. Mesenchymal 
stem cells: a new strategy for immunosuppression and tissue 
repair. Cell Res. 2010. https:// doi. org/ 10. 1038/ cr. 2010. 44.

 12. Lou G, Chen Z, Zheng M, Liu Y. Mesenchymal stem cell-derived 
exosomes as a new therapeutic strategy for liver diseases. Exp 
Mol Med. 2017. https:// doi. org/ 10. 1038/ emm. 2017. 63.

 13. Lai RC, Arslan F, Lee MM, Sze NS, Choo A, Chen TS, et al. 
Exosome secreted by MSC reduces myocardial ischemia/reper-
fusion injury. Stem cell Res. 2010. https:// doi. org/ 10. 1016/j. scr. 
2009. 12. 003.

 14. Phan J, Kumar P, Hao D, Gao K, Farmer D, Wang A. Engineer-
ing mesenchymal stem cells to improve their exosome efficacy 
and yield for cell-free therapy. J Extracell Vesicles. 2018. https:// 
doi. org/ 10. 1080/ 20013 078. 2018. 15222 36.

 15. van Niel G, D’Angelo G, Raposo G. Shedding light on the cell 
biology of extracellular vesicles. Nat Rev Mol Cell Biol. 2018. 
https:// doi. org/ 10. 1038/ nrm. 2017. 125.

 16. Bjørge IM, Kim SY, Mano JF, Kalionis B, Chrzanowski W. 
Extracellular vesicles, exosomes and shedding vesicles in regen-
erative medicine - a new paradigm for tissue repair. Biomater Sci. 
2017. https:// doi. org/ 10. 1039/ c7bm0 0479f.

 17. Yang Y, Hong Y, Cho E, Kim GB, Kim IS. Extracellular vesi-
cles as a platform for membrane-associated therapeutic protein  
delivery. J Extracell Ves. 2018. https:// doi. org/ 10. 1080/  
20013 078. 2018. 14401 31.

 18. Sódar BW, Kittel Á, Pálóczi K, Vukman KV, Osteikoetxea X, 
Szabó-Taylor K, et al. Low-density lipoprotein mimics blood 
plasma-derived exosomes and microvesicles during isolation 
and detection. Sci Rep. 2016. https:// doi. org/ 10. 1038/ srep2 4316.

 19. Akers JC, Gonda D, Kim R, Carter BS, Chen CC. Biogenesis of 
extracellular vesicles (EV): exosomes, microvesicles, retrovirus-
like vesicles, and apoptotic bodies. J Neurooncol. 2013. https:// 
doi. org/ 10. 1007/ s11060- 013- 1084-8.

 20. Jiang L, Paone S, Caruso S, Atkin-Smith GK, Phan TK, Hulett 
MD, et al. Determining the contents and cell origins of apoptotic 
bodies by flow cytometry. Sci Rep. 2017. https:// doi. org/ 10. 1038/ 
s41598- 017- 14305-z.

 21. Xiao Y, Zheng L, Zou X, Wang J, Zhong J, Zhong T. Extracellu-
lar vesicles in type 2 diabetes mellitus: key roles in pathogenesis, 
complications, and therapy. J Extracellul Vesicl. 2019. https:// 
doi. org/ 10. 1080/ 20013 078. 2019. 16256 77.

 22. Sedgwick AE, D'Souza-Schorey C. The biology of extracellular 
microvesicles. Traffic (Copenhagen, Denmark). 2018; https:// doi. 
org/ 10. 1111/ tra. 12558.

 23. Kowal J, Arras G, Colombo M, Jouve M, Morath JP, Primdal-
Bengtson B, et al. Proteomic comparison defines novel markers 

https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1038/nrdp.2015.19
https://doi.org/10.1038/nature08933
https://doi.org/10.1111/j.1463-1326.2007.00670.x
https://doi.org/10.1155/2015/268390
https://doi.org/10.3390/ijms21145163
https://doi.org/10.3390/ijms21145163
https://doi.org/10.1007/s11892-013-0469-6
https://doi.org/10.1002/jcb.20886
https://doi.org/10.1016/j.stem.2012.02.005
https://doi.org/10.1016/j.stem.2012.02.005
https://doi.org/10.3390/ijms18091852
https://doi.org/10.3390/ijms18091852
https://doi.org/10.1038/cr.2010.44
https://doi.org/10.1038/emm.2017.63
https://doi.org/10.1016/j.scr.2009.12.003
https://doi.org/10.1016/j.scr.2009.12.003
https://doi.org/10.1080/20013078.2018.1522236
https://doi.org/10.1080/20013078.2018.1522236
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1039/c7bm00479f
https://doi.org/10.1080/20013078.2018.1440131
https://doi.org/10.1080/20013078.2018.1440131
https://doi.org/10.1038/srep24316
https://doi.org/10.1007/s11060-013-1084-8
https://doi.org/10.1007/s11060-013-1084-8
https://doi.org/10.1038/s41598-017-14305-z
https://doi.org/10.1038/s41598-017-14305-z
https://doi.org/10.1080/20013078.2019.1625677
https://doi.org/10.1080/20013078.2019.1625677
https://doi.org/10.1111/tra.12558
https://doi.org/10.1111/tra.12558


 Reviews in Endocrine and Metabolic Disorders

1 3

to characterize heterogeneous populations of extracellular vesi-
cle subtypes. Proc Natl Acad Sci USA. 2016. https:// doi. org/ 
10. 1073/ pnas. 15212 30113.

 24. Mulcahy LA, Pink RC, Carter DR. Routes and mechanisms of 
extracellular vesicle uptake. J Extracellul Vesicl. 2014. https:// 
doi. org/ 10. 3402/ jev. v3. 24641.

 25. Yáñez-Mó M, Siljander PR, Andreu Z, Zavec AB, Borràs FE, 
Buzas EI, et al. Biological properties of extracellular vesicles 
and their physiological functions. J Extracellul Vesicl. 2015. 
https:// doi. org/ 10. 3402/ jev. v4. 27066.

 26. Truman-Rosentsvit M, Berenbaum D, Spektor L, Cohen LA, 
Belizowsky-Moshe S, Lifshitz L, et al. Ferritin is secreted via 2 
distinct nonclassical vesicular pathways. Blood. 2018. https:// 
doi. org/ 10. 1182/ blood- 2017- 02- 768580.

 27. Lindenbergh MFS, Stoorvogel W. Antigen Presentation by 
Extracellular Vesicles from Professional Antigen-Presenting 
Cells. Annu Rev Immunol. 2018. https:// doi. org/ 10. 1146/  
annur ev- immun ol- 041015- 055700.

 28. Nocera AL, Mueller SK, Stephan JR, Hing L, Seifert P, Han 
X, et al. Exosome swarms eliminate airway pathogens and pro-
vide passive epithelial immunoprotection through nitric oxide. 
J Allergy Clin Immunol. 2019. https:// doi. org/ 10. 1016/j. jaci. 
2018. 08. 046.

 29. Morad G, Moses MA. Brainwashed by extracellular vesicles: 
the role of extracellular vesicles in primary and metastatic 
brain tumour microenvironment. J Extracellul Vesicl. 2019. 
https:// doi. org/ 10. 1080/ 20013 078. 2019. 16271 64.

 30. Ouyang B, Xie Y, Zhang C, Deng C, Lv L, Yao J, et al. Extra-
cellular vesicles from human urine-derived stem cells amelio-
rate erectile dysfunction in a diabetic rat model by delivering 
proangiogenic microRNA. Sexual Med. 2019. https:// doi. org/ 
10. 1016/j. esxm. 2019. 02. 001.

 31. Li X, Chen C, Wei L, Li Q, Niu X, Xu Y, et al. Exosomes 
derived from endothelial progenitor cells attenuate vascu-
lar repair and accelerate reendothelialization by enhancing 
endothelial function. Cytotherapy. 2016. https:// doi. org/ 10. 
1016/j. jcyt. 2015. 11. 009.

 32. Venkat P, Cui C, Chopp M, Zacharek A, Wang F, Landschoot-
Ward J, et al. MiR-126 mediates brain endothelial cell exosome 
treatment-induced neurorestorative effects after stroke in type 
2 diabetes mellitus mice. Stroke. 2019. https:// doi. org/ 10. 1161/ 
strok eaha. 119. 025371.

 33. Fan B, Li C, Szalad A, Wang L, Pan W, Zhang R, et al. Mes-
enchymal stromal cell-derived exosomes ameliorate peripheral 
neuropathy in a mouse model of diabetes. Diabetologia. 2020. 
https:// doi. org/ 10. 1007/ s00125- 019- 05043-0.

 34. Wang X, Gu H, Huang W, Peng J, Li Y, Yang L, et al. Hsp20-
Mediated activation of exosome biogenesis in cardiomyocytes 
improves cardiac function and angiogenesis in diabetic mice. 
Diabetes. 2016. https:// doi. org/ 10. 2337/ db15- 1563.

 35. Li M, Wang T, Tian H, Wei G, Zhao L, Shi Y. Macrophage-
derived exosomes accelerate wound healing through their 
anti-inflammation effects in a diabetic rat model. Artif Cells, 
Nanomed Biotechnol. 2019; https:// doi. org/ 10. 1080/ 21691 401. 
2019. 16696 17.

 36. Dalirfardouei R, Jamialahmadi K, Jafarian AH, Mahdipour E. 
Promising effects of exosomes isolated from menstrual blood-
derived mesenchymal stem cell on wound-healing process in 
diabetic mouse model. J Tissue Eng Regen Med. 2019. https:// 
doi. org/ 10. 1002/ term. 2799.

 37. Safwat A, Sabry D, Ragiae A, Amer E, Mahmoud RH, 
Shamardan RM. Adipose mesenchymal stem cells-derived 
exosomes attenuate retina degeneration of streptozotocin-
induced diabetes in rabbits. J Circulat Biomark. 2018. https:// 
doi. org/ 10. 1177/ 18494 54418 807827.

 38. Wang M, Wang C, Chen M, Xi Y, Cheng W, Mao C, et al. Effi-
cient Angiogenesis-based diabetic wound healing/skin recon-
struction through bioactive antibacterial adhesive ultraviolet 
shielding nanodressing with exosome release. ACS Nano. 2019. 
https:// doi. org/ 10. 1021/ acsna no. 9b036 56.

 39. Zhao T, Sun F, Liu J, Ding T, She J, Mao F, et al. Emerging 
role of mesenchymal stem cell-derived exosomes in regenera-
tive medicine. Curr Stem Cell Res Ther. 2019. https:// doi. org/ 
10. 2174/ 15748 88x14 66619 02281 03230.

 40. Wang C, Wang M, Xu T, Zhang X, Lin C, Gao W, et al. Engi-
neering bioactive self-healing antibacterial exosomes hydrogel 
for promoting chronic diabetic wound healing and complete skin 
regeneration. Theranostics. 2019. https:// doi. org/ 10. 7150/ thno. 
29766.

 41. Ramasubramanian L, Kumar P, Wang A. Engineering extracel-
lular vesicles as nanotherapeutics for regenerative medicine. 
Biomolecules. 2019. https:// doi. org/ 10. 3390/ biom1 00100 48.

 42. Pickering RJ, Rosado CJ, Sharma A, Buksh S, Tate M, de Haan 
JB. Recent novel approaches to limit oxidative stress and inflam-
mation in diabetic complications. Clin Transl Immunol. 2018. 
https:// doi. org/ 10. 1002/ cti2. 1016.

 43. Fadini GP, Spinetti G, Santopaolo M, Madeddu P. Impaired 
regeneration contributes to poor outcomes in diabetic peripheral 
artery disease. Arteriosclerosis Thrombosis Vasc Biol. 2020; 
https:// doi. org/ 10. 1161/ atvba ha. 119. 312863.

 44. Kennedy JM, Zochodne DW. Impaired peripheral nerve regen-
eration in diabetes mellitus. J Peripher Nerv Syst JPNS. 2005. 
https:// doi. org/ 10. 1111/j. 1085- 9489. 2005. 00102 05.x.

 45. Tkach M, Théry C. Communication by extracellular vesicles: 
where we are and where we need to go. Cell. 2016. https:// doi. 
org/ 10. 1016/j. cell. 2016. 01. 043.

 46. Jiang Z, Liu G, Li J. Recent progress on the isolation and detec-
tion methods of exosomes. Chem Asian J. 2020; https:// doi. org/ 
10. 1002/ asia. 20200 0873.

 47. Trachanas K, Sideris S, Aggeli C, Poulidakis E, Gatzoulis K, 
Tousoulis D, et al. Diabetic cardiomyopathy: from pathophysiol-
ogy to treatment. Hellenic journal of cardiology : HJC = Hel-
lenike kardiologike epitheorese. 2014; 55(5):411–21. PubMed 
PMID: 25243440. Epub 2014/09/23. eng.

 48. Tao L, Shi J, Yang X, Yang L, Hua F. The exosome: a new player 
in diabetic cardiomyopathy. J Cardiovasc Transl Res. 2019. 
https:// doi. org/ 10. 1007/ s12265- 018- 9825-x.

 49. Lin Y, Zhang F, Lian XF, Peng WQ, Yin CY. Mesenchymal stem 
cell-derived exosomes improve diabetes mellitus-induced myo-
cardial injury and fibrosis via inhibition of TGF-β1/Smad2 sign-
aling pathway. Cellular and molecular biology (Noisy-le-Grand, 
France). 2019; Sep 30;65(7):123–6. PubMed PMID: 31880529. 
Epub 2019/12/28. eng.

 50. Athithan L, Gulsin GS, McCann GP, Levelt E. Diabetic cardio-
myopathy: pathophysiology, theories and evidence to date. World 
J Diabetes. 2019. https:// doi. org/ 10. 4239/ wjd. v10. i10. 490.

 51. Miki T, Yuda S, Kouzu H, Miura T. Diabetic cardiomyopathy: 
pathophysiology and clinical features. Heart Fail Rev. 2013. 
https:// doi. org/ 10. 1007/ s10741- 012- 9313-3.

 52. Beibei L, Juanjuan W, Lianbo S, Yu Z, Jin Z, Qingyou M, et al. 
Mesenchymal stem cell-derived exosome inhibits high glucose-
induced fibroblasts transdifferentiation Via TGF-β1/Smad2/3 
signaling pathway. Chinese J Cell Biol. 2017;39(7):916–25.

 53. Yoshida K, Murata M, Yamaguchi T, Matsuzaki K. TGF-β/
Smad signaling during hepatic fibro-carcinogenesis (review). 
Int J Oncol. 2014. https:// doi. org/ 10. 3892/ ijo. 2014. 2552.

 54. Liu JC, Zhou L, Wang F, Cheng ZQ, Rong C. Osthole decreases 
collagen I/III contents and their ratio in TGF-β1-overexpressed 
mouse cardiac fibroblasts through regulating the TGF-β/Smad 
signaling pathway. Chin J Nat Med. 2018. https:// doi. org/ 10. 
1016/ s1875- 5364(18) 30063-3.

https://doi.org/10.1073/pnas.1521230113
https://doi.org/10.1073/pnas.1521230113
https://doi.org/10.3402/jev.v3.24641
https://doi.org/10.3402/jev.v3.24641
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.1182/blood-2017-02-768580
https://doi.org/10.1182/blood-2017-02-768580
https://doi.org/10.1146/annurev-immunol-041015-055700
https://doi.org/10.1146/annurev-immunol-041015-055700
https://doi.org/10.1016/j.jaci.2018.08.046
https://doi.org/10.1016/j.jaci.2018.08.046
https://doi.org/10.1080/20013078.2019.1627164
https://doi.org/10.1016/j.esxm.2019.02.001
https://doi.org/10.1016/j.esxm.2019.02.001
https://doi.org/10.1016/j.jcyt.2015.11.009
https://doi.org/10.1016/j.jcyt.2015.11.009
https://doi.org/10.1161/strokeaha.119.025371
https://doi.org/10.1161/strokeaha.119.025371
https://doi.org/10.1007/s00125-019-05043-0
https://doi.org/10.2337/db15-1563
https://doi.org/10.1080/21691401.2019.1669617
https://doi.org/10.1080/21691401.2019.1669617
https://doi.org/10.1002/term.2799
https://doi.org/10.1002/term.2799
https://doi.org/10.1177/1849454418807827
https://doi.org/10.1177/1849454418807827
https://doi.org/10.1021/acsnano.9b03656
https://doi.org/10.2174/1574888x14666190228103230
https://doi.org/10.2174/1574888x14666190228103230
https://doi.org/10.7150/thno.29766
https://doi.org/10.7150/thno.29766
https://doi.org/10.3390/biom10010048
https://doi.org/10.1002/cti2.1016
https://doi.org/10.1161/atvbaha.119.312863
https://doi.org/10.1111/j.1085-9489.2005.0010205.x
https://doi.org/10.1016/j.cell.2016.01.043
https://doi.org/10.1016/j.cell.2016.01.043
https://doi.org/10.1002/asia.202000873
https://doi.org/10.1002/asia.202000873
https://doi.org/10.1007/s12265-018-9825-x
https://doi.org/10.4239/wjd.v10.i10.490
https://doi.org/10.1007/s10741-012-9313-3
https://doi.org/10.3892/ijo.2014.2552
https://doi.org/10.1016/s1875-5364(18)30063-3
https://doi.org/10.1016/s1875-5364(18)30063-3


Reviews in Endocrine and Metabolic Disorders 

1 3

 55. Liao Y, Chen K, Dong X, Li W, Li G, Huang G, et al. Berber-
ine inhibits cardiac remodeling of heart failure after myocardial 
infarction by reducing myocardial cell apoptosis in rats. Exp Ther 
Med. 2018. https:// doi. org/ 10. 3892/ etm. 2018. 6438.

 56. Singla R, Garner KH, Samsam M, Cheng Z, Singla DK. 
Exosomes derived from cardiac parasympathetic gangli-
onic neurons inhibit apoptosis in hyperglycemic cardiomyo-
blasts. Mol Cell Biochem. 2019. https:// doi. org/ 10. 1007/ 
s11010- 019- 03604-w.

 57. Ay H, Koroshetz WJ, Benner T, Vangel MG, Melinosky C, 
Arsava EM, et al. Neuroanatomic correlates of stroke-related 
myocardial injury. Neurology. 2006. https:// doi. org/ 10. 1212/ 01. 
wnl. 00002 06077. 13705. 6d.

 58. Chen J, Cui C, Yang X, Xu J, Venkat P, Zacharek A, et al. 
MiR-126 Affects brain-heart interaction after cerebral ischemic 
stroke. Transl Stroke Res. 2017. https:// doi. org/ 10. 1007/ 
s12975- 017- 0520-z.

 59. Venkat P, Cui C, Chen Z, Chopp M, Zacharek A, Landschoot-
Ward J, et al. CD133+Exosome treatment improves cardiac func-
tion after stroke in Type 2 diabetic mice. Transl Stroke Res. 2021. 
https:// doi. org/ 10. 1007/ s12975- 020- 00807-y.

 60. Potus F, Ruffenach G, Dahou A, Thebault C, Breuils-Bonnet S, 
Tremblay È, et al. Downregulation of MicroRNA-126 contributes 
to the failing right ventricle in pulmonary arterial hypertension. 
Circulation. 2015. https:// doi. org/ 10. 1161/ circu latio naha. 115. 
016382.

 61. Milazzo V, Cosentino N, Genovese S, Campodonico J, Mazza 
M, De Metrio M, et al. Diabetes mellitus and acute myocardial 
infarction: impact on short and long-term mortality. Adv Exp 
Med Biol. 2021. https:// doi. org/ 10. 1007/ 5584_ 2020_ 481.

 62. Turer AT, Hill JA. Pathogenesis of myocardial ischemia- 
reperfusion injury and rationale for therapy. Am J Cardiol. 2010. 
https:// doi. org/ 10. 1016/j. amjca rd. 2010. 03. 032.

 63. Yellon DM, Davidson SM. Exosomes: nanoparticles involved 
in cardioprotection? Circ Res. 2014. https:// doi. org/ 10. 1161/ 
 circr esaha. 113. 300636.

 64. Davidson SM, Riquelme JA, Takov K, Vicencio JM, Boi-Doku 
C, Khoo V, et al. Cardioprotection mediated by exosomes is 
impaired in the setting of type II diabetes but can be rescued by 
the use of non-diabetic exosomes in vitro. J Cell Mol Med. 2018. 
https:// doi. org/ 10. 1111/ jcmm. 13302.

 65. Nakano M, Nagaishi K, Konari N, Saito Y, Chikenji T, Mizue 
Y, et al. Bone marrow-derived mesenchymal stem cells improve 
diabetes-induced cognitive impairment by exosome transfer into 
damaged neurons and astrocytes. Sci Rep. 2016. https:// doi. org/ 
10. 1038/ srep2 4805.

 66. Zilliox LA, Chadrasekaran K, Kwan JY, Russell JW. Diabetes 
and cognitive impairment. Curr DiabRep. 2016. https:// doi. org/ 
10. 1007/ s11892- 016- 0775-x.

 67. Scheff SW, Price DA, Schmitt FA, Mufson EJ. Hippocampal 
synaptic loss in early Alzheimer’s disease and mild cognitive 
impairment. Neurobiol Aging. 2006. https:// doi. org/ 10. 1016/j. 
neuro biola ging. 2005. 09. 012.

 68. Zhao W, Zhang H, Yan J, Ma X. An experimental study on the 
treatment of diabetes-induced cognitive disorder mice model 
with exosomes deriving from mesenchymal stem cells (MSCs). 
Pakistan journal of pharmaceutical sciences. 2019; 32(5):1965–
70. PubMed PMID: 31813859. Epub 2019/12/10. eng.

 69. Kubota K, Nakano M, Kobayashi E, Mizue Y, Chikenji T, Otani 
M, et al. An enriched environment prevents diabetes-induced 
cognitive impairment in rats by enhancing exosomal miR-146a 
secretion from endogenous bone marrow-derived mesenchymal 
stem cells. PLoS ONE. 2018. https:// doi. org/ 10. 1371/ journ al. 
pone. 02042 52.

 70. Gimbel DA, Nygaard HB, Coffey EE, Gunther EC, Laurén J, 
Gimbel ZA, et al. Memory impairment in transgenic Alzheimer 

mice requires cellular prion protein. J Neurosci Offic J Soc Neu-
rosci. 2010. https:// doi. org/ 10. 1523/ jneur osci. 0395- 10. 2010.

 71. Kalani A, Chaturvedi P, Maldonado C, Bauer P, Joshua IG, Tyagi 
SC, et al. Dementia-like pathology in type-2 diabetes: A novel 
microRNA mechanism. Mol Cell Neurosci. 2017. https:// doi. org/ 
10. 1016/j. mcn. 2017. 02. 005.

 72. Castela Â, Costa C. Molecular mechanisms associated with 
diabetic endothelial-erectile dysfunction. Nat Rev Urol. 2016. 
https:// doi. org/ 10. 1038/ nrurol. 2016. 23.

 73. Angulo J, González-Corrochano R, Cuevas P, Fernández A, La 
Fuente JM, Rolo F, et al. Diabetes exacerbates the functional 
deficiency of NO/cGMP pathway associated with erectile dys-
function in human corpus cavernosum and penile arteries. J Sex 
Med. 2010. https:// doi. org/ 10. 1111/j. 1743- 6109. 2009. 01587.x.

 74. Song J, Sun T, Tang Z, Ruan Y, Liu K, Rao K, et al. Exosomes 
derived from smooth muscle cells ameliorate diabetes-induced 
erectile dysfunction by inhibiting fibrosis and modulating the 
NO/cGMP pathway. J Cell Mol Med. 2020. https:// doi. org/ 10. 
1111/ jcmm. 15946.

 75. Wang J, Mi Y, Wu S, You X, Huang Y, Zhu J, et al. Exosomes from 
adipose-derived stem cells protect against high glucose-induced 
erectile dysfunction by delivery of corin in a streptozotocin- 
induced diabetic rat model. Regenerative therapy. 2020. https:// 
doi. org/ 10. 1016/j. reth. 2020. 03. 002.

 76. Wu Q, Xu-Cai YO, Chen S, Wang W. Corin: new insights into 
the natriuretic peptide system. Kidney Int. 2009. https:// doi. org/ 
10. 1038/ ki. 2008. 418.

 77. Wang J, Mi Y, Yuan F, Wu S, You X, Dai F, et al. The involve-
ment of corin in the progression of diabetic erectile dysfunction 
in a rat model by down-regulating ANP /NO/cGMP signal path-
way. J Cell Biochem. 2017. https:// doi. org/ 10. 1002/ jcb. 25889.

 78. Ryu JK, Kim DJ, Lee T, Kang YS, Yoon SM, Suh JK. The role of 
free radical in the pathogenesis of impotence in streptozotocin-
induced diabetic rats. Yonsei Med J. 2003. https:// doi. org/ 10. 
3349/ ymj. 2003. 44.2. 236.

 79. Chen F, Zhang H, Wang Z, Ding W, Zeng Q, Liu W, et al. Adipose- 
derived stem cell-derived exosomes ameliorate erectile  
dysfunction in a rat model of type 2 diabetes. J Sex Med. 2017. 
https:// doi. org/ 10. 1016/j. jsxm. 2017. 07. 005.

 80. Huo W, Li Y, Zhang Y, Li H. Mesenchymal stem cells-derived 
exosomal microRNA-21-5p downregulates PDCD4 and amelio-
rates erectile dysfunction in a rat model of diabetes mellitus. 
FASEB J Offic Publ Feder Am Soc Exp Biol. 2020. https:// doi. 
org/ 10. 1096/ fj. 20200 0102RR.

 81. Liu X, Cheng Y, Yang J, Krall TJ, Huo Y, Zhang C. An essential 
role of PDCD4 in vascular smooth muscle cell apoptosis and 
proliferation: implications for vascular disease. Am J Physiol 
Cell Physiol. 2010. https:// doi. org/ 10. 1152/ ajpce ll. 00413. 2009.

 82. Zhu LL, Huang X, Yu W, Chen H, Chen Y, Dai YT. Trans-
plantation of adipose tissue-derived stem cell-derived exosomes 
ameliorates erectile function in diabetic rats. Andrologia. 2018. 
https:// doi. org/ 10. 1111/ and. 12871.

 83. Jang SC, Kim OY, Yoon CM, Choi DS, Roh TY, Park J, et al. 
Bioinspired exosome-mimetic nanovesicles for targeted delivery 
of chemotherapeutics to malignant tumors. ACS Nano. 2013. 
https:// doi. org/ 10. 1021/ nn402 232g.

 84. Kwon MH, Song KM, Limanjaya A, Choi MJ, Ghatak K, 
Nguyen NM, et al. Embryonic stem cell-derived extracellular 
vesicle-mimetic nanovesicles rescue erectile function by enhanc-
ing penile neurovascular regeneration in the streptozotocin-
induced diabetic mouse. Sci Rep. 2019. https:// doi. org/ 10. 1038/ 
s41598- 019- 54431-4.

 85. Augustin HG, Koh GY, Thurston G, Alitalo K. Control of vascu-
lar morphogenesis and homeostasis through the angiopoietin-Tie 
system. Nat Rev Mol Cell Biol. 2009. https:// doi. org/ 10. 1038/ 
nrm26 39.

https://doi.org/10.3892/etm.2018.6438
https://doi.org/10.1007/s11010-019-03604-w
https://doi.org/10.1007/s11010-019-03604-w
https://doi.org/10.1212/01.wnl.0000206077.13705.6d
https://doi.org/10.1212/01.wnl.0000206077.13705.6d
https://doi.org/10.1007/s12975-017-0520-z
https://doi.org/10.1007/s12975-017-0520-z
https://doi.org/10.1007/s12975-020-00807-y
https://doi.org/10.1161/circulationaha.115.016382
https://doi.org/10.1161/circulationaha.115.016382
https://doi.org/10.1007/5584_2020_481
https://doi.org/10.1016/j.amjcard.2010.03.032
https://doi.org/10.1161/circresaha.113.300636
https://doi.org/10.1161/circresaha.113.300636
https://doi.org/10.1111/jcmm.13302
https://doi.org/10.1038/srep24805
https://doi.org/10.1038/srep24805
https://doi.org/10.1007/s11892-016-0775-x
https://doi.org/10.1007/s11892-016-0775-x
https://doi.org/10.1016/j.neurobiolaging.2005.09.012
https://doi.org/10.1016/j.neurobiolaging.2005.09.012
https://doi.org/10.1371/journal.pone.0204252
https://doi.org/10.1371/journal.pone.0204252
https://doi.org/10.1523/jneurosci.0395-10.2010
https://doi.org/10.1016/j.mcn.2017.02.005
https://doi.org/10.1016/j.mcn.2017.02.005
https://doi.org/10.1038/nrurol.2016.23
https://doi.org/10.1111/j.1743-6109.2009.01587.x
https://doi.org/10.1111/jcmm.15946
https://doi.org/10.1111/jcmm.15946
https://doi.org/10.1016/j.reth.2020.03.002
https://doi.org/10.1016/j.reth.2020.03.002
https://doi.org/10.1038/ki.2008.418
https://doi.org/10.1038/ki.2008.418
https://doi.org/10.1002/jcb.25889
https://doi.org/10.3349/ymj.2003.44.2.236
https://doi.org/10.3349/ymj.2003.44.2.236
https://doi.org/10.1016/j.jsxm.2017.07.005
https://doi.org/10.1096/fj.202000102RR
https://doi.org/10.1096/fj.202000102RR
https://doi.org/10.1152/ajpcell.00413.2009
https://doi.org/10.1111/and.12871
https://doi.org/10.1021/nn402232g
https://doi.org/10.1038/s41598-019-54431-4
https://doi.org/10.1038/s41598-019-54431-4
https://doi.org/10.1038/nrm2639
https://doi.org/10.1038/nrm2639


 Reviews in Endocrine and Metabolic Disorders

1 3

 86. Das ND, Yin GN, Choi MJ, Song KM, Park JM, Limanjaya 
A, et al. Effectiveness of Intracavernous Delivery of Recombi-
nant Human Hepatocyte Growth Factor on Erectile Function in 
the Streptozotocin-Induced Diabetic Mouse. J Sex Med. 2016. 
https:// doi. org/ 10. 1016/j. jsxm. 2016. 09. 017.

 87. Forbes JM, Coughlan MT, Cooper ME. Oxidative stress as a 
major culprit in kidney disease in diabetes. Diabetes. 2008. 
https:// doi. org/ 10. 2337/ db08- 0057.

 88. Jiang ZZ, Liu YM, Niu X, Yin JY, Hu B, Guo SC, et  al. 
Exosomes secreted by human urine-derived stem cells could 
prevent kidney complications from type I diabetes in rats. Stem 
Cell Res Ther. 2016. https:// doi. org/ 10. 1186/ s13287- 016- 0287-2.

 89. Vinod PB. Pathophysiology of diabetic nephropathy. Clin Quer 
Nephrol. 2012; https:// doi. org/ 10. 1016/ S2211- 9477(12) 70005-5.

 90. Duan YR, Chen BP, Chen F, Yang SX, Zhu CY, Ma YL, et al. 
Exosomal microRNA-16-5p from human urine-derived stem 
cells ameliorates diabetic nephropathy through protection of 
podocyte. J Cell Mol Med. 2019. https:// doi. org/ 10. 1111/ jcmm. 
14558.

 91. Duan Y, Luo Q, Wang Y, Ma Y, Chen F, Zhu X, et al. Adipose 
mesenchymal stem cell-derived extracellular vesicles contain-
ing microRNA-26a-5p target TLR4 and protect against diabetic 
nephropathy. J Biol Chem. 2020. https:// doi. org/ 10. 1074/ jbc. 
RA120. 012522.

 92. Gholaminejad A, Abdul Tehrani H, Gholami FM. Identification 
of candidate microRNA biomarkers in diabetic nephropathy: a 
meta-analysis of profiling studies. J Nephrol. 2018. https:// doi. 
org/ 10. 1007/ s40620- 018- 0511-5.

 93. Essawy M, Soylemezoglu O, Muchaneta-Kubara EC, Shortland J, 
Brown CB, el Nahas AM. Myofibroblasts and the progression of 
diabetic nephropathy. Nephrol Dial Transpl Offic Publ Eur Dial 
Transp Assoc Eur Renal Assoc. 1997; https:// doi. org/ 10. 1093/ 
ndt/ 12.1. 43.

 94. Zeisberg EM, Potenta SE, Sugimoto H, Zeisberg M, Kalluri 
R. Fibroblasts in kidney fibrosis emerge via endothelial-to- 
mesenchymal transition. J Am Soc Nephrol. 2008. https:// doi. 
org/ 10. 1681/ asn. 20080 50513.

 95. Hills CE, Squires PE. The role of TGF-β and epithelial-to mes-
enchymal transition in diabetic nephropathy. Cytokine Growth 
Factor Rev. 2011. https:// doi. org/ 10. 1016/j. cytog fr. 2011. 06. 002.

 96. Simonson MS. Phenotypic transitions and fibrosis in diabetic 
nephropathy. Kidney Int. 2007. https:// doi. org/ 10. 1038/ sj. ki. 
50021 80.

 97. Nagaishi K, Mizue Y, Chikenji T, Otani M, Nakano M, Konari 
N, et al. Mesenchymal stem cell therapy ameliorates diabetic 
nephropathy via the paracrine effect of renal trophic factors 
including exosomes. Sci Rep. 2016. https:// doi. org/ 10. 1038/  
srep3 4842.

 98. Grange C, Tritta S, Tapparo M, Cedrino M, Tetta C, Camussi G, 
et al. Stem cell-derived extracellular vesicles inhibit and revert 
fibrosis progression in a mouse model of diabetic nephropathy. 
Sci Rep. 2019. https:// doi. org/ 10. 1038/ s41598- 019- 41100-9.

 99. Jin J, Wang Y, Zhao L, Zou W, Tan M, He Q. Exosomal miRNA-
215-5p Derived from Adipose-Derived Stem Cells Attenuates 
Epithelial-Mesenchymal Transition of Podocytes by Inhibiting 
ZEB2. Biomed Res Int. 2020. https:// doi. org/ 10. 1155/ 2020/ 
26853 05.

 100. Fardi M, Alivand M, Baradaran B, Farshdousti Hagh M, Solali 
S. The crucial role of ZEB2: From development to epithelial-to-
mesenchymal transition and cancer complexity. J Cell Physiol. 
2019. https:// doi. org/ 10. 1002/ jcp. 28277.

 101. Ebrahim N, Ahmed IA, Hussien NI, Dessouky AA, Farid AS, 
Elshazly AM, et al. Mesenchymal stem cell-derived exosomes 
ameliorated diabetic nephropathy by autophagy induction 
through the mTOR signaling pathway. Cells. 2018. https:// doi. 
org/ 10. 3390/ cells 71202 26.

 102. Balakumar P, Arora MK, Reddy J, Anand-Srivastava MB. 
Pathophysiology of diabetic nephropathy: involvement of mul-
tifaceted signalling mechanism. J Cardiovasc Pharmacol. 2009. 
https:// doi. org/ 10. 1097/ FJC. 0b013 e3181 ad2190.

 103. Garibotto G, Carta A, Picciotto D, Viazzi F, Verzola D. Toll-
like receptor-4 signaling mediates inflammation and tissue 
injury in diabetic nephropathy. J Nephrol. 2017. https:// doi. 
org/ 10. 1007/ s40620- 017- 0432-8.

 104. Fang L, Zhou Y, Cao H, Wen P, Jiang L, He W, et  al. 
Autophagy attenuates diabetic glomerular damage through 
protection of hyperglycemia-induced podocyte injury. PLoS 
ONE. 2013. https:// doi. org/ 10. 1371/ journ al. pone. 00605 46.

 105. Mizushima N, Levine B, Cuervo AM, Klionsky DJ. Autophagy 
fights disease through cellular self-digestion. Nature. 2008. 
https:// doi. org/ 10. 1038/ natur e06639.

 106. Gödel M, Hartleben B, Herbach N, Liu S, Zschiedrich S, Lu 
S, et  al. Role of mTOR in podocyte function and diabetic 
nephropathy in humans and mice. J Clin Investig. 2011. https:// 
doi. org/ 10. 1172/ jci44 774.

 107. Ding Y, Choi ME. Autophagy in diabetic nephropathy. J Endo-
crinol. 2015. https:// doi. org/ 10. 1530/ joe- 14- 0437.

 108. Jin J, Shi Y, Gong J, Zhao L, Li Y, He Q, et  al. Exosome 
secreted from adipose-derived stem cells attenuates diabetic 
nephropathy by promoting autophagy flux and inhibiting apop-
tosis in podocyte. Stem Cell Res Ther. 2019. https:// doi. org/ 10. 
1186/ s13287- 019- 1177-1.

 109. Ergul A, Hafez S, Fouda A, Fagan SC. Impact of comorbidi-
ties on acute injury and recovery in preclinical stroke research: 
focus on hypertension and diabetes. Transl Stroke Res. 2016. 
https:// doi. org/ 10. 1007/ s12975- 016- 0464-8.

 110. Nayak AR, Badar SR, Lande N, Kawle AP, Kabra DP, Chandak 
NH, et al. Prediction of Outcome in Diabetic Acute Ischemic 
Stroke Patients: A Hospital-Based Pilot Study Report. Ann 
Neurosci. 2016. https:// doi. org/ 10. 1159/ 00044 9480.

 111. Chen J, Cui X, Zacharek A, Cui Y, Roberts C, Chopp M. White 
matter damage and the effect of matrix metalloproteinases in 
type 2 diabetic mice after stroke. Stroke. 2011. https:// doi. org/ 
10. 1161/ strok eaha. 110. 596486.

 112. Venkat P, Zacharek A, Landschoot-Ward J, Wang F, Culmone 
L, Chen Z, et al. Exosomes derived from bone marrow mesen-
chymal stem cells harvested from type two diabetes rats pro-
motes neurorestorative effects after stroke in type two diabetes 
rats. Exp Neurol. 2020. https:// doi. org/ 10. 1016/j. expne urol. 
2020. 113456.

 113. Ma S, Wang J, Wang Y, Dai X, Xu F, Gao X, et al. Diabetes 
mellitus impairs white matter repair and long-term functional 
deficits after cerebral ischemia. Stroke. 2018. https:// doi. org/ 10. 
1161/ strok eaha. 118. 021452.

 114. Ribot J, Caliaperoumal G, Paquet J, Boisson-Vidal C, Petite H, 
Anagnostou F. Type 2 diabetes alters mesenchymal stem cell 
secretome composition and angiogenic properties. J Cell Mol 
Med. 2017. https:// doi. org/ 10. 1111/ jcmm. 12969.

 115. Karasinska JM, Rinninger F, Lütjohann D, Ruddle P, Franciosi 
S, Kruit JK, et al. Specific loss of brain ABCA1 increases brain 
cholesterol uptake and influences neuronal structure and func-
tion. J Neurosci Offic J Soc Neurosci. 2009. https:// doi. org/ 10. 
1523/ jneur osci. 4741- 08. 2009.

 116. Cui X, Chopp M, Zacharek A, Karasinska JM, Cui Y, Ning R, 
et al. Deficiency of brain ATP-binding cassette transporter A-1 
exacerbates blood-brain barrier and white matter damage after 
stroke. Stroke. 2015. https:// doi. org/ 10. 1161/ strok eaha. 114. 
007145.

 117. Cui X, Chopp M, Zhang Z, Li R, Zacharek A, Landschoot-Ward 
J, et al. ABCA1/ApoE/HDL pathway mediates GW3965-induced 
neurorestoration after stroke. Stroke. 2017. https:// doi. org/ 10. 
1161/ strok eaha. 116. 015592.

https://doi.org/10.1016/j.jsxm.2016.09.017
https://doi.org/10.2337/db08-0057
https://doi.org/10.1186/s13287-016-0287-2
https://doi.org/10.1016/S2211-9477(12)70005-5
https://doi.org/10.1111/jcmm.14558
https://doi.org/10.1111/jcmm.14558
https://doi.org/10.1074/jbc.RA120.012522
https://doi.org/10.1074/jbc.RA120.012522
https://doi.org/10.1007/s40620-018-0511-5
https://doi.org/10.1007/s40620-018-0511-5
https://doi.org/10.1093/ndt/12.1.43
https://doi.org/10.1093/ndt/12.1.43
https://doi.org/10.1681/asn.2008050513
https://doi.org/10.1681/asn.2008050513
https://doi.org/10.1016/j.cytogfr.2011.06.002
https://doi.org/10.1038/sj.ki.5002180
https://doi.org/10.1038/sj.ki.5002180
https://doi.org/10.1038/srep34842
https://doi.org/10.1038/srep34842
https://doi.org/10.1038/s41598-019-41100-9
https://doi.org/10.1155/2020/2685305
https://doi.org/10.1155/2020/2685305
https://doi.org/10.1002/jcp.28277
https://doi.org/10.3390/cells7120226
https://doi.org/10.3390/cells7120226
https://doi.org/10.1097/FJC.0b013e3181ad2190
https://doi.org/10.1007/s40620-017-0432-8
https://doi.org/10.1007/s40620-017-0432-8
https://doi.org/10.1371/journal.pone.0060546
https://doi.org/10.1038/nature06639
https://doi.org/10.1172/jci44774
https://doi.org/10.1172/jci44774
https://doi.org/10.1530/joe-14-0437
https://doi.org/10.1186/s13287-019-1177-1
https://doi.org/10.1186/s13287-019-1177-1
https://doi.org/10.1007/s12975-016-0464-8
https://doi.org/10.1159/000449480
https://doi.org/10.1161/strokeaha.110.596486
https://doi.org/10.1161/strokeaha.110.596486
https://doi.org/10.1016/j.expneurol.2020.113456
https://doi.org/10.1016/j.expneurol.2020.113456
https://doi.org/10.1161/strokeaha.118.021452
https://doi.org/10.1161/strokeaha.118.021452
https://doi.org/10.1111/jcmm.12969
https://doi.org/10.1523/jneurosci.4741-08.2009
https://doi.org/10.1523/jneurosci.4741-08.2009
https://doi.org/10.1161/strokeaha.114.007145
https://doi.org/10.1161/strokeaha.114.007145
https://doi.org/10.1161/strokeaha.116.015592
https://doi.org/10.1161/strokeaha.116.015592


Reviews in Endocrine and Metabolic Disorders 

1 3

 118. Jiang X, Andjelkovic AV, Zhu L, Yang T, Bennett MVL, Chen J, 
et al. Blood-brain barrier dysfunction and recovery after ischemic  
stroke. Prog Neurobiol. 2018. https:// doi. org/ 10. 1016/j. pneur obio.  
2017. 10. 001.

 119. Clark AW, Krekoski CA, Bou SS, Chapman KR, Edwards DR. 
Increased gelatinase A (MMP-2) and gelatinase B (MMP-9) 
activities in human brain after focal ischemia. Neurosci Lett. 
1997. https:// doi. org/ 10. 1016/ s0304- 3940(97) 00859-8.

 120. Ergul A, Alhusban A, Fagan SC. Angiogenesis: a harmonized 
target for recovery after stroke. Stroke. 2012. https:// doi. org/ 10. 
1161/ strok eaha. 111. 642710.

 121. Wang L, Chopp M, Szalad A, Lu X, Zhang Y, Wang X, et al. 
Exosomes derived from schwann cells ameliorate peripheral neu-
ropathy in type 2 diabetic mice. Diabetes. 2020. https:// doi. org/ 
10. 2337/ db19- 0432.

 122. Charnogursky G, Lee H, Lopez N. Diabetic neuropathy. Handb 
Clin Neurol. 2014. https:// doi. org/ 10. 1016/ b978-0- 7020- 4087-0. 
00051-6.

 123. Feldman EL, Nave KA, Jensen TS, Bennett DLH. New Horizons 
in diabetic neuropathy: mechanisms, bioenergetics, and pain. 
Neuron. 2017. https:// doi. org/ 10. 1016/j. neuron. 2017. 02. 005.

 124. Liu XS, Fan B, Szalad A, Jia L, Wang L, Wang X, et  al. 
MicroRNA-146a mimics reduce the peripheral neuropathy in 
type 2 diabetic mice. Diabetes. 2017. https:// doi. org/ 10. 2337/ 
db16- 1182.

 125. Madhyastha R, Madhyastha H, Nakajima Y, Omura S, Maruyama 
M. MicroRNA signature in diabetic wound healing: promotive 
role of miR-21 in fibroblast migration. Int Wound J. 2012. https:// 
doi. org/ 10. 1111/j. 1742- 481X. 2011. 00890.x.

 126. Cheng C, Kobayashi M, Martinez JA, Ng H, Moser JJ, Wang 
X, et al. Evidence for epigenetic regulation of gene expression  
and function in chronic experimental diabetic neuropathy. J 
Neuropathol Exp Neurol. 2015. https:// doi. org/ 10. 1097/ nen.  
00000 00000 000219.

 127. Xu XM, Fisher DA, Zhou L, White FA, Ng S, Snider WD, et al. 
The transmembrane protein semaphorin 6A repels embryonic 
sympathetic axons. J Neurosci Offic J Soc Neurosci. 2000. 
https:// doi. org/ 10. 1523/ jneur osci. 20- 07- 02638. 2000.

 128. Mattson MP, Camandola S. NF-kappaB in neuronal plasticity 
and neurodegenerative disorders. J Clin Investig. 2001. https:// 
doi. org/ 10. 1172/ jci11 916.

 129. Hiraga A, Kuwabara S, Doya H, Kanai K, Fujitani M, Taniguchi 
J, et al. Rho-kinase inhibition enhances axonal regeneration after 
peripheral nerve injury. J Periph Nerv Syst JPNS. 2006. https:// 
doi. org/ 10. 1111/j. 1529- 8027. 2006. 00091.x.

 130. Christie KJ, Webber CA, Martinez JA, Singh B, Zochodne DW. 
PTEN inhibition to facilitate intrinsic regenerative outgrowth of 
adult peripheral axons. J Neurosci Offic J Soc Neurosci. 2010. 
https:// doi. org/ 10. 1523/ jneur osci. 6271- 09. 2010.

 131. Lawrence T, Fong C. The resolution of inflammation: anti-
inflammatory roles for NF-kappaB. Int J Biochem Cell Biol. 
2010. https:// doi. org/ 10. 1016/j. biocel. 2009. 12. 016.

 132. Toth C, Martinez J, Zochodne DW. RAGE, diabetes, and the 
nervous system. Curr Mol Med. 2007. https:// doi. org/ 10. 2174/ 
15665 24077 83220 705.

 133. Baltzis D, Eleftheriadou I, Veves A. Pathogenesis and treatment 
of impaired wound healing in diabetes mellitus: new insights. 
Adv Ther. 2014. https:// doi. org/ 10. 1007/ s12325- 014- 0140-x.

 134. Long M, Rojo de la Vega M, Wen Q, Bharara M, Jiang T, Zhang 
R, et al. An Essential Role of NRF2 in Diabetic Wound Healing. 
Diabetes. 2016; https:// doi. org/ 10. 2337/ db15- 0564.

 135. Li X, Xie X, Lian W, Shi R, Han S, Zhang H, et al. Exosomes 
from adipose-derived stem cells overexpressing Nrf2 acceler-
ate cutaneous wound healing by promoting vascularization in a 
diabetic foot ulcer rat model. Exp Mol Med. 2018. https:// doi. 
org/ 10. 1038/ s12276- 018- 0058-5.

 136. Nguyen TT, Ding D, Wolter WR, Champion MM, Hesek D, 
Lee M, et al. Expression of active matrix metalloproteinase-9 
as a likely contributor to the clinical failure of aclerastide 
in treatment of diabetic foot ulcers. Eur J Pharmacol. 2018. 
https:// doi. org/ 10. 1016/j. ejphar. 2018. 07. 014.

 137. Dinh T, Tecilazich F, Kafanas A, Doupis J, Gnardellis C, Leal 
E, et al. Mechanisms involved in the development and healing 
of diabetic foot ulceration. Diabetes. 2012. https:// doi. org/ 10. 
2337/ db12- 0227.

 138. Kim KA, Shin YJ, Kim JH, Lee H, Noh SY, Jang SH, et al. 
Dysfunction of endothelial progenitor cells under diabetic con-
ditions and its underlying mechanisms. Arch Pharmacal Res. 
2012. https:// doi. org/ 10. 1007/ s12272- 012- 0203-y.

 139. Desta T, Li J, Chino T, Graves DT. Altered fibroblast prolif-
eration and apoptosis in diabetic gingival wounds. J Dent Res. 
2010. https:// doi. org/ 10. 1177/ 00220 34510 362960.

 140. Usui ML, Mansbridge JN, Carter WG, Fujita M, Olerud JE. 
Keratinocyte migration, proliferation, and differentiation in 
chronic ulcers from patients with diabetes and normal wounds. 
J Histochem Cytochem Offic J Histochem Soc. 2008. https:// 
doi. org/ 10. 1369/ jhc. 2008. 951194.

 141. Ochoa O, Torres FM, Shireman PK. Chemokines and diabetic 
wound healing. Vascular. 2007. https:// doi. org/ 10. 2310/ 6670. 
2007. 00056.

 142. Li X, Jiang C, Zhao J. Human endothelial progenitor cells-
derived exosomes accelerate cutaneous wound healing in dia-
betic rats by promoting endothelial function. J Diab Compl. 
2016. https:// doi. org/ 10. 1016/j. jdiac omp. 2016. 05. 009.

 143. Yamagishi S. Role of advanced glycation end products (AGEs) 
and receptor for AGEs (RAGE) in vascular damage in diabetes. 
Exp Gerontol. 2011. https:// doi. org/ 10. 1016/j. exger. 2010. 11. 
007.

 144. Xu J, Bai S, Cao Y, Liu L, Fang Y, Du J, et al. miRNA-221–3p 
in Endothelial progenitor cell-derived exosomes accelerates skin 
wound healing in diabetic mice. Diab Metabol Syndrome Obesity 
Targets Therapy. 2020; https:// doi. org/ 10. 2147/ dmso. s2435 49.

 145. Goodwin AJ, Guo C, Cook JA, Wolf B, Halushka PV, Fan 
H. Plasma levels of microRNA are altered with the develop-
ment of shock in human sepsis: an observational study. Criti-
cal care (London, England). 2015; https:// doi. org/ 10. 1186/ 
s13054- 015- 1162-8.

 146. Liu LZ, Li C, Chen Q, Jing Y, Carpenter R, Jiang Y, et al. MiR-
21 induced angiogenesis through AKT and ERK activation and 
HIF-1α expression. PLoS ONE. 2011. https:// doi. org/ 10. 1371/ 
journ al. pone. 00191 39.

 147. Zhang J, Chen C, Hu B, Niu X, Liu X, Zhang G, et al. Exosomes 
derived from human endothelial progenitor cells accelerate 
cutaneous wound healing by promoting angiogenesis through 
Erk1/2 signaling. Int J Biol Sci. 2016. https:// doi. org/ 10. 7150/ 
ijbs. 15514.

 148. Chen CY, Rao SS, Ren L, Hu XK, Tan YJ, Hu Y, et al. Exosomal 
DMBT1 from human urine-derived stem cells facilitates diabetic 
wound repair by promoting angiogenesis. Theranostics. 2018. 
https:// doi. org/ 10. 7150/ thno. 22958.

 149. Aarabi S, Bhatt KA, Shi Y, Paterno J, Chang EI, Loh SA, et al. 
Mechanical load initiates hypertrophic scar formation through 
decreased cellular apoptosis. FASEB J Offic Publ Feder Am Soc 
Exp Biol. 2007. https:// doi. org/ 10. 1096/ fj. 07- 8218c om.

 150. Larson BJ, Longaker MT, Lorenz HP. Scarless fetal wound heal-
ing: a basic science review. Plast Reconstr Surg. 2010. https:// 
doi. org/ 10. 1097/ PRS. 0b013 e3181 eae781.

 151. Han Y, Ren J, Bai Y, Pei X, Han Y. Corrigendum to "Exosomes 
from hypoxia-treated human adipose-derived mesenchymal stem 
cells enhance angiogenesis through VEGF/VEGF-R" [Int. J. Bio-
chem. Cell Biol. 109 April (2019) 59-68]. Int J Biochem Cell 
Biol. 2020; https:// doi. org/ 10. 1016/j. biocel. 2020. 105805

https://doi.org/10.1016/j.pneurobio.2017.10.001
https://doi.org/10.1016/j.pneurobio.2017.10.001
https://doi.org/10.1016/s0304-3940(97)00859-8
https://doi.org/10.1161/strokeaha.111.642710
https://doi.org/10.1161/strokeaha.111.642710
https://doi.org/10.2337/db19-0432
https://doi.org/10.2337/db19-0432
https://doi.org/10.1016/b978-0-7020-4087-0.00051-6
https://doi.org/10.1016/b978-0-7020-4087-0.00051-6
https://doi.org/10.1016/j.neuron.2017.02.005
https://doi.org/10.2337/db16-1182
https://doi.org/10.2337/db16-1182
https://doi.org/10.1111/j.1742-481X.2011.00890.x
https://doi.org/10.1111/j.1742-481X.2011.00890.x
https://doi.org/10.1097/nen.0000000000000219
https://doi.org/10.1097/nen.0000000000000219
https://doi.org/10.1523/jneurosci.20-07-02638.2000
https://doi.org/10.1172/jci11916
https://doi.org/10.1172/jci11916
https://doi.org/10.1111/j.1529-8027.2006.00091.x
https://doi.org/10.1111/j.1529-8027.2006.00091.x
https://doi.org/10.1523/jneurosci.6271-09.2010
https://doi.org/10.1016/j.biocel.2009.12.016
https://doi.org/10.2174/156652407783220705
https://doi.org/10.2174/156652407783220705
https://doi.org/10.1007/s12325-014-0140-x
https://doi.org/10.2337/db15-0564
https://doi.org/10.1038/s12276-018-0058-5
https://doi.org/10.1038/s12276-018-0058-5
https://doi.org/10.1016/j.ejphar.2018.07.014
https://doi.org/10.2337/db12-0227
https://doi.org/10.2337/db12-0227
https://doi.org/10.1007/s12272-012-0203-y
https://doi.org/10.1177/0022034510362960
https://doi.org/10.1369/jhc.2008.951194
https://doi.org/10.1369/jhc.2008.951194
https://doi.org/10.2310/6670.2007.00056
https://doi.org/10.2310/6670.2007.00056
https://doi.org/10.1016/j.jdiacomp.2016.05.009
https://doi.org/10.1016/j.exger.2010.11.007
https://doi.org/10.1016/j.exger.2010.11.007
https://doi.org/10.2147/dmso.s243549
https://doi.org/10.1186/s13054-015-1162-8
https://doi.org/10.1186/s13054-015-1162-8
https://doi.org/10.1371/journal.pone.0019139
https://doi.org/10.1371/journal.pone.0019139
https://doi.org/10.7150/ijbs.15514
https://doi.org/10.7150/ijbs.15514
https://doi.org/10.7150/thno.22958
https://doi.org/10.1096/fj.07-8218com
https://doi.org/10.1097/PRS.0b013e3181eae781
https://doi.org/10.1097/PRS.0b013e3181eae781
https://doi.org/10.1016/j.biocel.2020.105805


 Reviews in Endocrine and Metabolic Disorders

1 3

 152. Hou Z, Nie C, Si Z, Ma Y. Deferoxamine enhances neovascu-
larization and accelerates wound healing in diabetic rats via the 
accumulation of hypoxia-inducible factor-1α. Diabetes Res Clin 
Pract. 2013. https:// doi. org/ 10. 1016/j. diabr es. 2013. 04. 012.

 153. Najafi R, Sharifi AM. Deferoxamine preconditioning potentiates 
mesenchymal stem cell homing in vitro and in streptozotocin-
diabetic rats. Expert Opin Biol Ther. 2013. https:// doi. org/ 10. 
1517/ 14712 598. 2013. 782390.

 154. Ding J, Wang X, Chen B, Zhang J, Xu J. Exosomes derived 
from human bone marrow mesenchymal stem cells stimulated 
by deferoxamine accelerate cutaneous wound healing by promot-
ing angiogenesis. Biomed Res Int. 2019. https:// doi. org/ 10. 1155/ 
2019/ 97427 65.

 155. He M, Guo X, Li T, Jiang X, Chen Y, Yuan Y, et al. Comparison 
of allogeneic platelet-rich plasma with autologous platelet-rich 
plasma for the treatment of diabetic lower extremity ulcers. Cell 
Transplant. 2020. https:// doi. org/ 10. 1177/ 09636 89720 931428.

 156. Guo SC, Tao SC, Yin WJ, Qi X, Yuan T, Zhang CQ. Exosomes 
derived from platelet-rich plasma promote the re-epithelization 
of chronic cutaneous wounds via activation of YAP in a diabetic 
rat model. Theranostics. 2017. https:// doi. org/ 10. 7150/ thno. 
16803.

 157. Geiger A, Walker A, Nissen E. Human fibrocyte-derived 
exosomes accelerate wound healing in genetically diabetic mice. 
Biochem Biophys Res Commun. 2015. https:// doi. org/ 10. 1016/j. 
bbrc. 2015. 09. 166.

 158. Li W, Sahu D, Tsen F. Secreted heat shock protein-90 (Hsp90) in 
wound healing and cancer. Biochem Biophys Acta. 2012. https:// 
doi. org/ 10. 1016/j. bbamcr. 2011. 09. 009.

 159. Dai T, Tanaka M, Huang YY, Hamblin MR. Chitosan prepara-
tions for wounds and burns: antimicrobial and wound-healing 
effects. Expert Rev Anti Infect Ther. 2011. https:// doi. org/ 10. 
1586/ eri. 11. 59.

 160. Tao SC, Guo SC, Li M, Ke QF, Guo YP, Zhang CQ. Chitosan 
wound dressings incorporating exosomes derived from Micro-
RNA-126-overexpressing synovium mesenchymal stem cells pro-
vide sustained release of exosomes and heal full-thickness skin 
defects in a diabetic rat model. Stem Cells Transl Med. 2017. 
https:// doi. org/ 10. 5966/ sctm. 2016- 0275.

 161. Cao WJ, Rosenblat JD, Roth NC, Kuliszewski MA, Matkar PN,  
Rudenko D, et  al. Therapeutic angiogenesis by ultrasound- 
mediated microRNA-126–3p Delivery. Arteriosclerosis Thrombosis  
Vascul Biol. 2015; https:// doi. org/ 10. 1161/ atvba ha. 115. 306506.

 162. Shi Q, Qian Z, Liu D, Sun J, Wang X, Liu H, et al. GMSC-
Derived Exosomes combined with a Chitosan/Silk hydrogel 
sponge accelerates wound healing in a diabetic rat skin defect 
model. Front Physiol. 2017. https:// doi. org/ 10. 3389/ fphys. 2017. 
00904.

 163. Yang J, Chen Z, Pan D, Li H, Shen J. Umbilical Cord-Derived 
Mesenchymal Stem Cell-Derived Exosomes Combined Pluronic 
F127 Hydrogel Promote Chronic Diabetic Wound Healing and 
Complete Skin Regeneration. Int J Nanomed. 2020. https:// doi. 
org/ 10. 2147/ ijn. s2491 29.

 164. Lichtman MK, Otero-Vinas M, Falanga V. Transforming growth 
factor beta (TGF-β) isoforms in wound healing and fibrosis. 
Wound repair and regeneration : official publication of the 
Wound Healing Society [and] the European Tissue Repair Soci-
ety. 2016; https:// doi. org/ 10. 1111/ wrr. 12398.

 165. Pastar I, Stojadinovic O, Krzyzanowska A, Barrientos S, Stuelten 
C, Zimmerman K, et al. Attenuation of the transforming growth 
factor beta-signaling pathway in chronic venous ulcers. Molecu-
lar medicine (Cambridge, Mass). 2010; https:// doi. org/ 10. 2119/ 
molmed. 2009. 00149.

 166. Zhang Y, Zhang P, Gao X, Chang L, Chen Z, Mei X. Prepara-
tion of exosomes encapsulated nanohydrogel for accelerating 
wound healing of diabetic rats by promoting angiogenesis. 

Mater Sci Eng C, Mater Biol Appl. 2021; https:// doi. org/ 10. 
1016/j. msec. 2020. 111671.

 167. Vader P, Mol EA, Pasterkamp G, Schiffelers RM. Extracellular 
vesicles for drug delivery. Adv Drug Deliv Rev. 2016. https:// 
doi. org/ 10. 1016/j. addr. 2016. 02. 006.

 168. Tao SC, Rui BY, Wang QY, Zhou D, Zhang Y, Guo SC. Extra-
cellular vesicle-mimetic nanovesicles transport LncRNA-H19 
as competing endogenous RNA for the treatment of diabetic 
wounds. Drug Deliv. 2018. https:// doi. org/ 10. 1080/ 10717 544. 
2018. 14257 74.

 169. Stitt AW, Curtis TM, Chen M, Medina RJ, McKay GJ, Jenkins 
A, et al. The progress in understanding and treatment of dia-
betic retinopathy. Prog Retin Eye Res. 2016. https:// doi. org/ 10. 
1016/j. prete yeres. 2015. 08. 001.

 170. Reiter CE, Gardner TW. Functions of insulin and insulin 
receptor signaling in retina: possible implications for diabetic 
retinopathy. Prog Retin Eye Res. 2003. https:// doi. org/ 10. 1016/ 
s1350- 9462(03) 00035-1.

 171. Dentelli P, Rosso A, Orso F, Olgasi C, Taverna D, Brizzi MF. 
microRNA-222 controls neovascularization by regulating sig-
nal transducer and activator of transcription 5A expression. 
Arteriosclerosis Thrombosis Vascul Biol. 2010; https:// doi. org/ 
10. 1161/ atvba ha. 110. 206201.

 172. Navea Aguilera C, Guijarro de Armas MG, Monereo Megías S, 
Merino Viveros M, Torán Ranero C. The relationship between 
xerostomia and diabetes mellitus: a little known complication. 
Endocrinologia y nutricion : organo de la Sociedad Espanola 
de Endocrinologia y Nutricion. 2015; https:// doi. org/ 10. 1016/j. 
endonu. 2014. 09. 004.

 173. AbuBakr N, Haggag T, Sabry D, Salem ZA. Functional and 
histological evaluation of bone marrow stem cell-derived 
exosomes therapy on the submandibular salivary gland of dia-
betic Albino rats through TGFβ/ Smad3 signaling pathway. 
Heliyon. 2020. https:// doi. org/ 10. 1016/j. heliy on. 2020. e03789.

 174. Woods LT, Camden JM, El-Sayed FG, Khalafalla MG, Petris 
MJ, Erb L, et al. Increased expression of TGF-β signaling com-
ponents in a mouse model of fibrosis induced by submandibu-
lar gland duct ligation. PLoS ONE. 2015. https:// doi. org/ 10. 
1371/ journ al. pone. 01236 41.

 175. Zhu Y, Zhang C. Prevalence of gestational diabetes and risk 
of progression to Type 2 diabetes: a global perspective. Curr 
DiabRep. 2016. https:// doi. org/ 10. 1007/ s11892- 015- 0699-x.

 176. Johns EC, Denison FC, Norman JE, Reynolds RM. Gesta-
tional Diabetes Mellitus: Mechanisms, Treatment, and Com-
plications. Trends Endocrinol Metab. 2018. https:// doi. org/ 10. 
1016/j. tem. 2018. 09. 004.

 177. György B, Hung ME, Breakefield XO, Leonard JN. Therapeu-
tic applications of extracellular vesicles: clinical promise and 
open questions. Annu Rev Pharmacol Toxicol. 2015. https:// 
doi. org/ 10. 1146/ annur ev- pharm tox- 010814- 124630.

 178. Panagopoulou MS, Wark AW, Birch DJS, Gregory CD. Pheno-
typic analysis of extracellular vesicles: a review on the appli-
cations of fluorescence. J Extracellul Vesicl. 2020. https:// doi. 
org/ 10. 1080/ 20013 078. 2019. 17100 20.

 179. Constantinescu P, Wang B, Kovacevic K, Jalilian I, Bosman 
GJ, Wiley JS, et al. P2X7 receptor activation induces cell death 
and microparticle release in murine erythroleukemia cells. Bio-
chem Biophys Acta. 2010. https:// doi. org/ 10. 1016/j. bbamem. 
2010. 06. 002.

 180. Aharon A, Tamari T, Brenner B. Monocyte-derived micropar-
ticles and exosomes induce procoagulant and apoptotic effects 
on endothelial cells. Thromb Haemost. 2008. https:// doi. org/ 
10. 1160/ th07- 11- 0691.

 181. Kim M, Yun HW, Park DY, Choi BH, Min BH. Three- 
dimensional spheroid culture increases exosome secretion from  

https://doi.org/10.1016/j.diabres.2013.04.012
https://doi.org/10.1517/14712598.2013.782390
https://doi.org/10.1517/14712598.2013.782390
https://doi.org/10.1155/2019/9742765
https://doi.org/10.1155/2019/9742765
https://doi.org/10.1177/0963689720931428
https://doi.org/10.7150/thno.16803
https://doi.org/10.7150/thno.16803
https://doi.org/10.1016/j.bbrc.2015.09.166
https://doi.org/10.1016/j.bbrc.2015.09.166
https://doi.org/10.1016/j.bbamcr.2011.09.009
https://doi.org/10.1016/j.bbamcr.2011.09.009
https://doi.org/10.1586/eri.11.59
https://doi.org/10.1586/eri.11.59
https://doi.org/10.5966/sctm.2016-0275
https://doi.org/10.1161/atvbaha.115.306506
https://doi.org/10.3389/fphys.2017.00904
https://doi.org/10.3389/fphys.2017.00904
https://doi.org/10.2147/ijn.s249129
https://doi.org/10.2147/ijn.s249129
https://doi.org/10.1111/wrr.12398
https://doi.org/10.2119/molmed.2009.00149
https://doi.org/10.2119/molmed.2009.00149
https://doi.org/10.1016/j.msec.2020.111671
https://doi.org/10.1016/j.msec.2020.111671
https://doi.org/10.1016/j.addr.2016.02.006
https://doi.org/10.1016/j.addr.2016.02.006
https://doi.org/10.1080/10717544.2018.1425774
https://doi.org/10.1080/10717544.2018.1425774
https://doi.org/10.1016/j.preteyeres.2015.08.001
https://doi.org/10.1016/j.preteyeres.2015.08.001
https://doi.org/10.1016/s1350-9462(03)00035-1
https://doi.org/10.1016/s1350-9462(03)00035-1
https://doi.org/10.1161/atvbaha.110.206201
https://doi.org/10.1161/atvbaha.110.206201
https://doi.org/10.1016/j.endonu.2014.09.004
https://doi.org/10.1016/j.endonu.2014.09.004
https://doi.org/10.1016/j.heliyon.2020.e03789
https://doi.org/10.1371/journal.pone.0123641
https://doi.org/10.1371/journal.pone.0123641
https://doi.org/10.1007/s11892-015-0699-x
https://doi.org/10.1016/j.tem.2018.09.004
https://doi.org/10.1016/j.tem.2018.09.004
https://doi.org/10.1146/annurev-pharmtox-010814-124630
https://doi.org/10.1146/annurev-pharmtox-010814-124630
https://doi.org/10.1080/20013078.2019.1710020
https://doi.org/10.1080/20013078.2019.1710020
https://doi.org/10.1016/j.bbamem.2010.06.002
https://doi.org/10.1016/j.bbamem.2010.06.002
https://doi.org/10.1160/th07-11-0691
https://doi.org/10.1160/th07-11-0691


Reviews in Endocrine and Metabolic Disorders 

1 3

mesenchymal stem cells. Tissue Eng Regener Med. 2018. 
https:// doi. org/ 10. 1007/ s13770- 018- 0139-5.

 182. Park DJ, Yun WS, Kim WC, Park JE, Lee SH, Ha S, et  al. 
Improvement of stem cell-derived exosome release efficiency by 
surface-modified nanoparticles. J Nanobiotechnol. 2020. https:// 
doi. org/ 10. 1186/ s12951- 020- 00739-7.

 183. Coumans FAW, Brisson AR, Buzas EI, Dignat-George F, Drees 
EEE, El-Andaloussi S, et al. Methodological Guidelines to Study 
Extracellular Vesicles. Circ Res. 2017. https:// doi. org/ 10. 1161/ 
circr esaha. 117. 309417.

 184. Bister N, Pistono C, Huremagic B, Jolkkonen J, Giugno R, Malm 
T. Hypoxia and extracellular vesicles: A review on methods, 
vesicular cargo and functions. J Extracellul Vesicl. 2020. https:// 
doi. org/ 10. 1002/ jev2. 12002.

 185. Kavanagh DP, Robinson J, Kalia N. Mesenchymal stem cell 
priming: fine-tuning adhesion and function. Stem cell Rev Rep. 
2014. https:// doi. org/ 10. 1007/ s12015- 014- 9510-7.

 186. Fromer MW, Chang S, Hagaman ALR, Koko KR, Nolan RS, 
Zhang P, et al. The endothelial cell secretome as a novel treat-
ment to prime adipose-derived stem cells for improved wound 
healing in diabetes. J Vasc Surg. 2018. https:// doi. org/ 10. 1016/j. 
jvs. 2017. 05. 094.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s13770-018-0139-5
https://doi.org/10.1186/s12951-020-00739-7
https://doi.org/10.1186/s12951-020-00739-7
https://doi.org/10.1161/circresaha.117.309417
https://doi.org/10.1161/circresaha.117.309417
https://doi.org/10.1002/jev2.12002
https://doi.org/10.1002/jev2.12002
https://doi.org/10.1007/s12015-014-9510-7
https://doi.org/10.1016/j.jvs.2017.05.094
https://doi.org/10.1016/j.jvs.2017.05.094

	Diabetes complications and extracellular vesicle therapy
	Abstract
	1 Introduction
	2 Extracellular vesicles
	2.1 Classification, characterization, and mode of action
	2.2 Biological effects

	3 EVs for diabetes complications
	3.1 Cardiomyopathy
	3.1.1 Suppression of myocardial remodeling
	3.1.2 Myocardial angiogenesis

	3.2 Myocardial infarction
	3.3 Cognitive impairment
	3.4 Erectile dysfunction
	3.4.1 Endothelial function improvement
	3.4.2 Endothelial and smooth muscle cells viability improvement
	3.4.3 Angiogenesis induction

	3.5 Nephropathy
	3.5.1 Regulation of VEGF expression
	3.5.2 EMT suppression
	3.5.3 Inflammation suppression
	3.5.4 Autophagy induction

	3.6 Stroke
	3.6.1 White matter remodeling
	3.6.2 Immunomodulation
	3.6.3 Neovascularization

	3.7 Neuropathy
	3.8 Non-healing wounds
	3.8.1 Inflammation phase
	3.8.2 Proliferation phase
	3.8.3 Exosome-loaded wound dressings
	3.8.4 Exosome as a drug carrier to the wound site

	3.9 Retinopathy
	3.10 Salivary gland hypofunction

	4 Concluding remarks
	Acknowledgements 
	References


