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Abstract 

Based on clinical observations, stroke is touted as one of the specific pathological conditions, affecting an individual’s 
life worldwide. So far, no effective treatment has been introduced to deal with stroke post-complications. Production 
and release of several neurotrophic factors by different cells exert positive effects on ischemic areas following stroke. 
As a correlate, basic and clinical studies have focused on the development and discovery of de novo modalities to 
introduce these factors timely and in appropriate doses into the affected areas. Exosomes (Exo) are non-sized vesicles 
released from many cells during pathological and physiological conditions and participate in intercellular communi-
cation. These particles transfer several arrays of signaling molecules, like several neurotrophic factors into the acceptor 
cells and induce specific signaling cascades in the favor of cell bioactivity. This review aimed to highlight the emerg-
ing role of exosomes as a therapeutic approach in the regeneration of ischemic areas.
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Background
Stroke is the second leading cause of human mortality 
death and the third reason of disability worldwide [1]. 
As a common belief, stroke is divided into ischemic and 
hemorrhagic types [2]. Ischemic stroke is more com-
mon assigning 80% of stroke cases [3]. Following a cer-
ebral stroke, several cognitive and motor deficits occur 
depending on the severity and location of the lesion [4]. 
To be specific, relative and/or complete occlusion of the 
blood supply into the brain parenchyma can be occurred 
due to thrombosis or the rupture of cerebral arteries, 
leading to neurological symptoms [5]. Following the 
occurrence of stroke, several mechanisms like excito-
toxicity, inflammation, loss of mitochondrial function, 
free radicals generation, and accumulation of misfolded 
proteins lead to neuronal death [6]. Besides, the untamed 
release of glutamate and over-activation of NMDA and 

AMPA receptors can exacerbate the conditions. A fur-
ther influx of calcium into the cytosol can abrogate the 
cellular hemostasis, resulting in oxidative and nitro-
sative stress [7]. It was suggested that continuous and 
prolonged blood deprivation can lead to irreversible neu-
ronal death located inside the ischemic zone. By contrast, 
neurons in the vicinity of the ischemic zone, known also 
as the penumbra, have a chance to restore their function 
and activity when the blood flow is reestablished [8].

Current ischemic stroke therapies are based on quick 
clot removal in affected vessels using tPA. Unfortunately, 
there are some limitations in cases that received tPA. For 
instance, tPA possesses a narrow therapeutic window and 
can contribute to massive hemorrhage in some patients 
about 4 to 5 h after administration [9]. Along with a ther-
apeutic strategy, endovascular thrombectomy can reduce 
the mortality rate in stroke patients during the first 12 h 
via re-canalizing obstructed cerebral arteries [10]. The 
restoration of cerebral blood flow after a specific period 
may postpone regeneration capacity and impose brain 
repair implausible because of irreversible injuries related 
to reperfusion mechanisms. As commensurate with these 
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descriptions, rapid restoration of tissue perfusion in 
stroke patients can improve outcomes in survivors [11].

In recent years, whole cell-based therapies have been 
introduced as a promising therapeutic approach for 
stroke recovery [12, 13]. Among different cell types, stem 
cells facilitate the improvement of neurological func-
tion in stroke survivors via differentiation capacity, jux-
tacrine and paracrine activities [14–16]. Despite these 
advantages, stem cell therapy has some limitations with 
potential risks. It has been shown that direct cell injec-
tion through a systemic pathway can increase the possi-
bility of an intravascular clot [17]. Meanwhile, there are 
some reports demonstrating tumorigenicity at the site 
of injection using stem cells. Another problem related 
to systemic injection is the low capacity of transplanted 
stem cells to cross the BBB from the blood side to the 
brain parenchyma [18]. Considering these limitations, 
researchers and clinicians are searching for alternative 
approaches [19–21]. Stem cells and other mature cell 
types can shed a large volume of extracellular vesicles 
(EVs) namely Exo into the ECM, participating in parac-
rine cell-to-cell interaction. Due to unique physicochemi-
cal properties and diverse biological activities, such as 
anti-inflammatory and anti-apoptotic effects, Exo can 
recapitulate the regenerative capacity of stem cells and 
other supporting cells. Besides, it seems that Exo can be 
efficiently distributed inside the body because of their 
nano-sized features. Some authorities have claimed that 
Exo can be used as a natural biomarker to predict the 
severity of pathological conditions after injuries such as 
neurological disease [22].

Biogenesis of Exo
In the scientific literature, EVs are classified into three 
type such microvesicles, exosomes, and apoptotic bodies. 
Based on the size, Exo are in the range of 30–150 nm and 
actively secreted from each cell. Among Exo, two differ-
ent populations (small and large nanometer) are detecta-
ble which are 60–80 nm and 90–120 nm, respectively. Of 
note, a group of Exo with dimensions of less than 35 nm 
is called exomeres [23, 24]. From morphological aspects, 
Exo display a round or cup shape structure and harbors 
proteins, lipids, and nucleic acids. Inside the cell, Exo are 
released by the direct fusion of late endosomes/MVB with 
the plasma membrane [25]. As above-mentioned, like 
several tissues, Exo partake in the regulation of nervous 
system homeostasis. Other activities such as regulation 
of immune system response, angiogenesis, neurogen-
esis, myelination, and synaptogenesis [25, 26]. Based on 
molecular investigations, Exo can express specific surface 
markers such as several Tetraspanins, ESCRT proteins, 
HSPs, etc. [27]. Like different stem cell types, Exo are eli-
gible to promote healing procedures inside the nervous 

system after ischemic changes via several mechanism 
transfers of neurotrophic factors, induction of angio-
genesis, and neurogenesis in which the combination of 
whole cell-based transplantation with Exo exhibit signifi-
cant regenerative capacity. Besides these effects, Exo can 
control the production of pro-inflammatory cytokines, 
gliosis, and astrocyte and microglia polarization in the 
injured sites [28, 29]. The existence of specific genetic 
cargo such as miRNAs inside Exo lumen helps these 
nanoparticles to exert efficient therapeutic effects upon 
reaching to the target cells [30, 31]. The composition of 
the exosomal miRNAs is different from the parent cell’s 
miRNAs, meaning that specific miRNAs have evolved to 
pack in exosomes for performing their biological func-
tions in the recipient cells [32]. Engineered Exo using 
genetic modalities can introduce particular miRNAs to 
target sites with specific restorative and protective path-
ways for facilitating post-stroke repair processes [29, 33, 
34]. Despite advantages, it has been shown that there are 
some obstacles related to Exo therapy in in  vivo condi-
tions [35]. The rate of Exo transfer through the BBB is to 
assess after systemic injection. Although Exo can provoke 
immune response in less extent however the possibility 
of allogeneic and xenogeneic response is not unlikely. 
Some authorities have declared the occurrence of clot 
formation (thrombosis) and iatrogenic or insidious infec-
tions [36]. Besides, the possibility of latent viral infections 
should not be neglected during the preparation of Exo for 
therapeutic purposes [37]. Compared to artificial nano-
particles, Exo possess a large number of adhesion mol-
ecules that facilitate the adhesion, tethering, and transfer 
of Exo through the BBB [38]. Another problematic issue 
regarding the application of Exo in in  vivo condition is 
associated with the heterogeneity of exosomal population 
that differs in size and cargo type [39].

Exo are classified as nano-sized EVs with lipid bilayer 
secreted into ECM in response to physiological and 
pathological conditions [40]. From molecular aspects, 
Exo are originated from endosomes and MVBs inside the 
cytosol [41] (Fig. 1). In the latter steps, these endosomes 
can fuse with lysosomes to degrade the exosomal cargo 
and/or fuse directly with the plasma membrane to 
release Exo into the ECM [42]. Molecular investigations 
have revealed that early endosomes can mature into late 
endosomes. Ultrastructural studies have shown that 
the invagination of the membrane in early endosomes 
and MVBs can form ILV which are known as Exo after 
releasing into the ECM [43]. Cell biological studies have 
indicated the participation of several types molecular of 
machinery in the process of Exo production inside each 
cell. For instance, ESCRT consisted of four different types 
of proteins including ESCRT-0, -I, -II, -III, plus the asso-
ciated AAA-ATPase VPS4 complex can promote the 
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formation and production of Exo [25]. Of note, ESCRTs 
-0, -I, and -II form heterogeneous oligomers with the 
ability to detect phospholipid and phosphatidylinositol 
3-phosphate (PtdIns-3) P)-rich ubiquitin’s on the sur-
face of endosomes [44]. The existence of a specific subu-
nit in the structure of ESCRT‐0 namely HRS can act as 
an adapter protein between the ubiquitylated cargo and 
ESCRT‐I [45]. The collaboration of ESCRT-I and ESCRT-
II can drive membrane budding [45]. The assembly of 
ESCRT‐I and ESCRT‐II is located at the bud neck and 
recruits ESCRT-III [45, 46]. It is noteworthy to mention 
that ESCRT-III is not eligible to attach directly to ubiq-
uitin. However, the presence of Bro1/Alix (ALG2-inter-
acting protein X) can facilitate the binding of ESCRT-III 
to ubiquitin. It was suggested that attachment of ESCRT-
III accelerates the invagination of ILVs into the MVBs 
lumen [44]. It seems that there are regulatory mecha-
nisms that confine the activity of the ESCRT complex. 
For example, the addition of ESCRT‐III to ESCRT-I and 
II complex per se activates the AAA‐ATPase VPS4, lead-
ing to the disassembling of the ESCRT complex (Fig. 1) 
[45]. Along with ESCRT complex machinery, a ceramide-
dependent pathway has been discovered in the context of 
Exo biogenesis. The activation of the ceramide-depend-
ent pathway causes the conversion of sphingomyelin into 
ceramide by engaging sphingomyelinase. In line with 
the activity of the ESCRT complex, the recruitment of 
the ceramide-dependent axis help to fuse microdomains 
and promote ILVs formation inside the MVBs [43]. The 

exposure of each cell to several pathological and physi-
ological conditions can affect the affinity and activity of 
exosomal machinery. For instance, continuous exposure 
of the cell to stress such as starvation and hypoxic condi-
tion can affect the number and intensity of MVBs, which 
eventually can lead to enhanced Exo secretion capacity 
[25]. It is thought that an increased Exo production dur-
ing pathological conditions is a compensatory response 
to exclude the injured contents or to promote paracrine 
interaction with other cells. As abovementioned, the 
ESCRT complex actively partakes in the generation of 
ILVs inside the endosomes and MVBs. The intracellular 
trafficking of vesicular bodies is done by the activation of 
tetraspanins and a variety of cellular components, includ-
ing primary MHC-II molecules [47]. The promotion 
of several Tetraspanin subsets in the format of micro-
domains can sort selective cargo into exosomal lumen 
and exchange genetic and protein materials between cells 
[48]. Soon after Exo secretion, these nano-sized particles 
can be adsorbed by acceptor cells via different mecha-
nisms. The existence of several signaling molecules on 
the surface of Exo (ligands) can activate a specific signal-
ing pathway in recipient cells via specific receptors [43]. 
Physiochemical fusion of Exo with plasma membrane 
can also accelerate the discharge of Exo content into the 
cytosol or the fusion of Exo can promote the formation 
of early endosomes inside the recipient cells [49]. Upon 
the entrance of Exo into the acceptor cells and forma-
tion of endosomes, these structures can direct toward 

Fig. 1  Intracellular machinery component of exosome (Exo) (A). biogenesis. Exo are generated inside endosomal vesicles. The maturation of 
early endosomes into multivesicular bodies (MVBs) leads to the formation of numerous intraluminal vesicles (ILVs). In the next steps, MVBs can be 
directed to lysosomal digestion and/or transformed into later endosomes which can fuse with the cell membrane. Upon release of ILVs into ECM, 
they are named Exo. Exo structure and cargo (B). Exo possess a Lipid bilayer with several ligands and receptors. Exo can transfer several signaling 
molecules such as lipids, proteins, and enzymes
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lysosomes and undergo digestion. In an alternative path-
way, endosomes can mature to late endosomes can orient 
toward ECM [49, 50].

Role of exosomes in neuro‑inflammation 
post‑stroke
The promotion of neuro-inflammation following 
ischemic changes can exacerbate tissue injury and delay 
healing procedures [7]. Upon the occurrence of stroke, 
microglial cells can acquire an M1 type phenotype 
and release arrays of pro-inflammatory factors includ-
ing IL-1β, -6, and TNF-α leading to the suppression 
of neurogenesis, neuronal apoptosis, and bulk neuro-
logical defects (Figs.  2, 3) [51]. Besides, the activation 
and recruitment of leukocytes and releasing of the pro-
inflammatory factors from the damaged endothelium 
within the BBB leads to the propagation of inflamma-
tion into CNS parenchyma [7]. In such circumstances, 
the immune system cells are active for several days or 
weeks and therefore several inflammatory cascades are 
provoked. For instance, thrombin, a chemotactic fac-
tor, is released by neutrophils and monocytes which 
can stimulate NF-κB and the expression of cell adhesion 
molecules like P- and E-selectins (Figs.  2, 3). Moderate 
to the prominent expression of cell adhesion molecules 
can recruit leukocytes to tightly adhere to the endothelial 
layer and eventually form peri-vascular cuffing. Continu-
ous accumulation of inflammatory cells at the periphery 

of blood vessels can exacerbate inflammatory symptoms 
and increase stroke damage [52–55]. Local increase of 
thrombin activates the complement system and via the 
stimulation of C3 and C5, inhibition of thrombomodulin, 
an anti-inflammatory factor, thereby enhancing neuro-
inflammation. It is noteworthy to mention that throm-
bin can also aberrantly remodel the BBB structure and 
increase vascular permeability [56–59].

Along with these changes, there is evidence that 
peripheral inflammation induces exosomal release from 
the choroid plexus epithelium into the blood-cerebrospi-
nal fluid (CSF). Soon after entry into the CSF, these Exo 
can ignite a neuro-inflammatory response via transport-
ing their pro-inflammatory cargo into the astrocytes and 
microglial cells [60]. As a correlate, this phenomenon 
is the reason for the participation of endogenous Exo 
in inflammation following stroke. Monitoring stroke 
patients’ blood samples in the acute stroke phase shows 
elevation of enriched C-reactive proteins Exo presence. 
These Exo can induce the expression of certain cytokines 
and chemokines in macrophages [61]. It seems that the 
origin and type of cell can pre-determine the pro- and 
anti-inflammatory capacity of Exo. For example, MSC-
derived Exo can attenuate inflammatory response fol-
lowing brain injury by suppressing IL-1β levels [62], 
leading to the inhibition of microgliosis and astrogliosis, 
and immuno-modulation [63, 64]. One reason would 
be that MSC-derived Exo enhance phenotype shifting 

Fig. 2  Neuroinflammation after brain stroke. Under ischemic conditions, glial cells can acquire a pro-inflammatory phenotype and release 
pro-inflammatory factors leading to neurological defects. Also, the activation of leukocytes leads to the release of pro-inflammatory factors, and 
injury of endothelium within the BBB, resulting in the propagation of inflammation into CNS parenchyma. The induction of adhesion molecules like 
P- and E-selectins can recruit and attach tightly leukocytes to the endothelial layer. These features can promote the formation of perivascular cuffing 
that can exacerbate inflammatory symptoms and increase stroke damage
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in microglia from M1 to M2 by regulating the CysLT2R 
(an inflammatory receptor)-ERK1/2 pathway [51, 65]. 
There is a direct association between activation of the 
ERK1/2 pathway and the increase of inflammatory reac-
tions by microglial cells. ERK1/2 pathway is responsible 
for iNOS activation induced by LPS or IFN-γ. Further-
more, inhibition of the ERK1/2 pathway could be attenu-
ated inflammatory response by altering microglial M1/
M2 polarization [66]. Subsequently, the microglial M2 
phenotype improves neurological outcomes by dimin-
ishing inflammation, reducing brain infarct volume by 
releasing anti-inflammatory factors such as IL-4 and 
IL-10, increasing neuronal repair, and enhancing regen-
eration [51]. Interestingly, M2-type microglia Exo can 
prevent neuronal apoptosis (Fig.  2) [67]. These Exo can 
harbor high levels of miRNAs to modulate inflammatory 
responses after ischemia. Microglial derived Exo con-
tain a large amount of miRNA-126-5p, miRNA-21-3p, 
and miR-212 which are involved in M1-to-M2 microglia 
polarization[51]. Cerebral thrombosis activates inflam-
mation through thrombin-activated platelet-derived Exo 
and miRNA-223 followed by NF-κB and MAPK signaling 
pathway activation. Also, the miR-223 expression inside 

Exo in ischemic conditions inhibits phosphorylation of 
p38, JNK, and ERK, and suppresses NF-κB p65 transfer 
to the nucleus leading to down-regulation of adhesion 
molecules including ICAM-1 [68]. Thereby, adhesion 
molecules in clot formation inside blood vessels exac-
erbate inflammatory conditions [52–55]. So, inhibiting 
adhesion molecules generating Exo would have a prom-
ising effect on improving inflammatory damage during 
stroke.

Exo and apoptotic neuronal cell death
The apoptotic cell death is responsible for a major 
ischemic brain injury. As a correlate, the inhibition of 
apoptotic cascade has therapeutic potential for neuro-
protection after stroke [69]. The process of apoptosis 
after stroke is initiated with an increase in free radicals, 
ionized Ca2+ content of cytosol, and subsequent exci-
totoxicity. Depending on the type, age, and anatomi-
cal origin of brain cells, these events can cause different 
cell death types such as necrosis or apoptosis in injured 
neurons. As a common belief, the promotion of apop-
totic signaling can lead to morphological and ultrastruc-
tural changes, cellular blebbing, and expression of death 

Fig. 3  Several therapeutic outcomes after application of Exo in ischemic conditions such as stroke. Exo can promote angiogenesis via the 
regulation of several signaling pathways, leading to improved vascularization into the ischemic areas. Besides the angiogenic potential of Exo, 
these nanoparticles can induce neurogenesis via the proliferation and migration of NSCs. The proliferation of oligodendrocytes and the synthesis 
of myelin can help the injured neurons to overcome the insulting conditions. Due to the immunomodulatory properties, Exo promote M1 to M2 
phenotype switching in microglia and reduce the production of pro-inflammatory cytokines
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receptors which are recognized via phagocytic cells [70]. 
It is believed that MSC Exo can alleviate ischemia-asso-
ciate injury via suppressing apoptosis, enhancing angio-
genesis, and immune response regulation (Fig.  3) [71]. 
MSC Exo loaded with MiR-133b can exert bulk anti-
apoptotic effects in the ICH rat model through ERK1/2, 
CREB, and RhoA modulation [72]. Under these condi-
tions, that increases the survival rate of glomerular epi-
thelial cells [73] and is considered a neuroprotective 
pathway, in ischemia–reperfusion injury [74]. Similarly, 
Xiao and co-workers demonstrated that endothelial cell 
Exo directly protects SH-SY5Y neuroblastoma against I/R 
injury by promoting cell growth, and migration, inhibit-
ing cell apoptosis and promoting cell cycle and prolifera-
tion [75]. In a study, it has been shown that the load of 
miR‐134 on MSC Exo can suppress extrinsic apoptosis 
singling cascade via the regulation of Caspase 8, resulting 
in reduced oligodendrocyte apoptosis after OGD [76]. 
However, miR‐134 inhibitors increase the expression 
of procaspase‐8 and caspase‐8 cleaved product proteins 
induced by OGD [76]. Also, xenogenic adipose-derived 
MSCs Exo, decrease the expression of cleaved caspase 3 
and cleaved PARP, (two indexes for apoptosis), γ-H2AX 
(an index for DNA injury), and cytosolic cytochrome C 
(an index for mitochondrial injury) in the lesion area, 
diminish brain infarct volume and have a neuroprotec-
tive effect after acute ischemic stroke [77].

A critical role of exosomes and autophagy 
after stroke
Autophagy is a catabolic pathway that is performed to 
maintain cellular homeostasis and maintain the func-
tion of cells under normal conditions. Following the 
autophagic response, damaged metabolites and orga-
nelles are subjected to degradation via lysosomal activity 
and released into the ECM [78]. To this end, basal activ-
ity of autophagy is vital to cell function maintenance [78], 
and resistance in response to the pro-inflammatory niche 
[79]. To be specific, nutrient deprivation, hypoxia, ROS 
accumulation, and karyolysis can lead to an autophagic 
response in most cells after a stroke within the brain 
parenchyma [78, 80, 81]. The frustrated autophagic 
response can be raised even after brain ischemia/reperfu-
sion insult and neuronal injury [82–84]. It is believed that 
autophagy is an early-stage player in the pathophysiology 
of stroke and inflammatory diseases via the regulation of 
immune cell homeostasis [80]. The production of some 
inflammatory biomolecules like TNF-α, IL-1α, and β can 
affect the progress of autophagy and vice versa [85]. In 
line with this statement, the inhibition of autophagy nota-
bly diminished the OGD-induced inflammatory response 
in in vitro milieu. Similarly, in vivo studies have demon-
strated a significant decrease in the cerebral injury area 

of infarction via the acceleration autophagic response in 
the target sites [86]. The phenomenon of autophagy can 
be tightly regulated via several genetic materials such 
as miRNAs. For instance, miRNA-30d-5p expression is 
associated with autophagy inhibition. Because Exo can 
carry different miRNAs, it is logical to hypothesize that 
Exo are integral to the regulation of autophagy response. 
In this regard, exosomal miRNA-30d-5p associated with 
adipose-derived stem cells (ADSCs) successfully reversed 
OGD-induced autophagy injury under ischemic con-
ditions by the suppression of Beclin-1 and Atg5, and 
acceleration of microglial polarization from M1 toward 
M2 type [86]. As such, transplantation of astrocyte-
derived Exo increased neuronal survival rate; diminished 
OGD-induced apoptosis, and alleviated OGD-induced 
expressions of Caspase-3, Bax, and other inflammatory 
factors levels in hippocampal neuronal cell line HT-22 
after injection into in C57BL/6 mice models of MCAO. 
Likewise, astrocyte Exo can similarly inhibit the apop-
tosis rate in neurons exposed to OGD stress via regu-
lating autophagy [87]. From a molecular viewpoint, the 
transfer of exosomal miR-190b results in the control of 
the 3′-UTR region of the neurotropic gene autophagy-
related gene 7 (Atg7) and the inhibition of OGD-induced 
autophagy [88]. Application of circRNA microarray 
analysis indicated astrocyte Exo can harbor a high-level 
expression of circRNA transcribed from the SHOC2 
gene, named circSHOC2 (circ_0092670) preconditioned 
by ischemia. Of note, circSHOC2 acts as a sponge for 
miR-7670-3p, and up-regulates the transcription of 
SIRT1, leading to the suppression of gliomas apoptosis, 
modulation of neuronal autophagy, and ischemic brain 
injury [89]. Interestingly, an experiment has demon-
strated that PEDF-loaded Exo derived from ADMSCs 
exerted therapeutic effects on cerebral I/R injury. Physi-
ologically, PEDF is a neuroprotective protein with anti-
inflammatory and antioxidant properties. Decoration of 
ADMSC Exo with this factor ceases apoptosis by sup-
pression of Caspase-9 and -3 in OGD-exposed neurons. 
Increasing PEDF content in the Exo lumen can exert a 
protective effect via autophagic response under OGD 
condition [90]. Commensurate with these effects, exo-
somal modulation of astrocytes can be as an alternative 
modality in the alleviation ischemic changes.

Role of exosomes on neurovascular remodeling 
after stroke
As previously documented, Exo exhibit a fundamen-
tal role in neurovascular remodeling following several 
pathologies [26]. Within the ischemic brain, the admin-
istration of MSC-derived Exo increases the migration of 
DCX+ neuroblasts from the SVZ to the ischemic penum-
bra. Besides, these Exo can enhance axonal density, and 
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angiogenesis and increase the number of progenitor oli-
godendrocytes and mature oligodendrocytes, leading to 
myelination of injured axons [26, 91]. Under these con-
ditions, the expression of vWF (endothelial cell marker), 
promotes local blood perfusion into the ischemic area 
and enhances neurite remodeling, and neurogenesis [29]. 
Some documents point to the fact that MSC Exo can 
directly affect axonal growth in cortical neurons by inhib-
iting Argonaut 2. It is believed that the existence of miR-
17-92 can also result in axonal growth via the activation 
of the PTEN/mTOR signaling pathway [92]. Along with 
these statements, microRNA 133b-overexpressing MSCs 
produce Exo with the ability to improve neural plasticity, 
increased functional recovery and neurite remodeling/
brain plasticity, enhanced neurite branching and elon-
gation of cultured cortical embryonic rat neurons in the 
ischemic boundary area with a contribution from a stim-
ulated secondary release of neurite-promoting exosomes 
from astrocytes [31].

Inadequate blood supply during stroke causes neu-
ronal death and serious brain damage in the lesion area. 
The activation of angiogenesis is a process by which new 
blood vessels are formed as a compensatory mechanism 
to cope with this complication and this process is vital 
for the repair of the ischemic lesion. Therefore, activa-
tion of angiogenesis is an effective therapeutic strategy 
to ameliorate the destructive effects of stroke [93–95]. 
Angiogenesis therapy is used to treat ischemic diseases 
such as ischemic stroke. Therapies used for angiogen-
esis therapy include protein/gene, stem/progenitor cell, 
and exosome/microvesicle therapies [95]. Exo have been 
introduced in recent years as new agents for enhancing 
angiogenesis [96]. These particles transport several pro-
teins and genes with pro-angiogenic properties to areas 
affected by ischemia. Interestingly, it has been shown 
that Exo from different cell sources such as MSCs, car-
diac progenitor cells, endometriotic stromal cells, and 
human-induced pluripotent stem cells (iPSCs) can boost 
angiogenesis [95, 97]. Have been proven that MSCs Exo 
contain growth factors, cytokines, and cell adhesion 
molecules, including IL-8, VEGF, and TGFβ-1 [98]. The 
existence of many types of miRNAs such as miR210, 
miR126, miR132, and miR21 makes Exo eligible to play 
important roles in the promotion of angiogenesis [99]. A 
study on the ischemia mice model has shown that iPSC-
derived MSCs Exo can increase microvascular density 
by stimulating the expression of genes and proteins like 
PGF, HIF-1α, TGFβ1, VEGFA, and B, angiogenin, bFGF, 
KDR, and bFGFR [100]. Human ADMSCs-Exo increase 
the length, number, and branches of microvessels via 
transferring miR-125a and miRNA-181b-5p/TRPM7 axis 
[101]. Overexpression of the TRPM7 reverses the effects 
of miRNA-181b-5p-exosomes on migration and BMECs 

tube formation. Besides, miR-125a suppresses the angi-
ogenic inhibitor delta-like 4 (DLL4) by targeting its 3′ 
untranslated region. The increase of endothelial tip cells 
(CD34+ cells) is another mechanism by which miR-125a 
promotes angiogenesis [102]. Exo loaded with miRNA-
181b-5p can upregulate protein expression of HIF-1α and 
VEGF and can downregulate tissue inhibitor of metal-
loproteinase 3 [101]. Xin et al. injected MSCs Exo via a 
tail vein 24 h after MCAO in a rat model. They found an 
increased vWF positive cells, and neurovascular remod-
eling, leading to functional recovery 28 days after stroke 
[29]. Intravenous administration of MSCs Exo enriched 
with miR-210 led to integrin β3, VEGF, and CD34 expres-
sion [103]. It is thought that miRNA-210 is the main 
hypoxia-induced miRNA through the SOCS1-STAT3-
VEGF-C signaling pathway [104]. Exo are enough eligible 
to transfer and deliver the loaded miRNA-210 through 
the BBB [105]. This strategy is effective in ischemia/rep-
erfusion models to promote angiogenesis after MCAO 
[106].

Exo and neurogenesis after stroke
The process of neurogenesis occurs in both fetus and 
adulthood. Generally, it includes the proliferation of 
NSCs, migration of immature neurons and neuroblasts 
and differentiation into adult neurons, and extension of 
neurites. This process results in the formation and sta-
bilization of synapses [107]. Neurogenesis plays a cru-
cial role in brain repair and post-stroke recovery [108]. 
Cerebral ischemia causes endogenous NSCs in the SVZ 
and SGZ and further migration to the granule cell layer 
of the DG in the hippocampus. After a stroke, newborn 
neurons migrate to the infarct zone, replace dead neu-
rons, and incorporate into synaptic circuits, by releas-
ing neuroprotective cytokines [109–111]. However, the 
physiological potential for neurogenesis after cerebral 
ischemia is insufficient to repair ischemic brain injury. 
Of note, the survival rate of newborn neurons is low 
due to low levels of neurotrophic factors and inflam-
mation caused by ischemia [108, 112, 113]. Therefore, 
finding new approaches with the potential to enhance 
neurogenesis can be an effective therapeutic strategy for 
brain damage improvement and ameliorating functional 
recovery after stroke [114]. As above-mentioned, Exo 
can mediate cellular communication through the deliv-
ery of their components, including proteins and miR-
NAs by transmitting genetic information to recipient 
cells. Among different genetic materials, let-7, miR-124, 
and miR-9 play a key role in neurogenesis and are highly 
conserved throughout evolution. These miRNAs are 
transported to recipient cells via Exo, and trigger the dif-
ferentiation of NSCs into neurons [115–117]. Following 
ischemia, the tissue responds to damage by altering the 
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expression of genes such as miRNAs and proteins [118]. 
miRNAs are proposed as new candidates for gene ther-
apy in neurogenesis. microRNA-124 is widely expressed 
in the CNS. Decreased miRNA-124 expression in NSCs 
of SVZ reduces neurogenesis while its activity leads to 
neural identity acquisition and increased neurogenesis 
[119, 120]. The expression of miR-124 is elevated in the 
penumbra zone after ischemic conditions. The intro-
duction of exogenous miR-124 by using agomir or lipo-
somated mimic can help neurogenesis [121]. In a recent 
study, systemic administration of Exo coated with RVG 
and miR-124 enhanced the differentiation of NSCs into 
neurons [21]. The microfluidics technique is a power-
ful modality that allows the study and observation of the 
behavior of Exo at the level of secretion, migration, and 
uptake by neighboring cells. Tracking of Exo containing 
miR-193a with microfluidics showed that miR-193a facil-
itates neurogenesis by inhibiting proliferation in undiffer-
entiated sensory neurons (F11 cells). The transfer of Exo 
from differentiated to undifferentiated neighboring cells 
leads to stimulation of differentiation in recipient cells. 
Inhibition of Exo transfer via manumycin-A and treat-
ment of anti-miR-193a in differentiated donor cells blunt 
neuronal differentiation of undifferentiated recipient 
cells [117]. Systemic administration of MSCs noticeably 
enhanced the number of newly formed doublecortin and 
vWF cells Exo in the MCAO rat model [29]. In the adult 
brain, neurons in SVZ can communicate with neighbor-
ing cells via blood vessels, and CSF [122]. Exo isolated 
from embryonic CSF of rats and humans contain protein 
and miRNA components of the IGF signaling pathway. 
Incubation of embryonic NSCs with CSF Exo induced the 
IGF/mTORC1 pathway and enhanced the proliferation of 
these cells  [123]. When SVZ-derived NSCs are exposed 
to proinflammatory cytokines, the release of Exo can 
stimulate the IFN-γ signaling pathway. The attachment of 
IFN-γ to IFNGR1 activates the STAT1 pathway in recipi-
ent cells. This pathway can regulate EV-associated IFN-γ/
IFNGR1complexes, which grafted stem cells probably 
uses to communicate with the host immune system [124]. 
Due to the effect of stroke on inducing innate and adap-
tive immune responses [125], NSC-derived Exo probably 
play a role in inducing immune responses after stroke.

Exo and neural plasticity after stroke
Adapting to a changing environment is the mainstay of 
experiential learning, and neuroplasticity is the basis of 
learning [126]. During a stroke, the connection between 
the damaged neurons and the surrounding neurons is 
lost, and neuroplasticity depending on the location and 
severity of the lesion, will be destroyed. After a stroke, 
spontaneous recovery improvement occurs somewhat in 
humans and animals. This relative improvement occurs 

in three stages: 1. cell genesis activation and repair, 2. 
Changing the characteristics of neural pathways and 3. 
Neuroanatomical plasticity causes the formation of new 
neuronal connections. Steps 2 and 3 are useful in improv-
ing learning after stroke-induced CNS injury [127].

Exo secreted by neurons and glial cells actively coor-
dinate axon growth and myelination [128, 129]. Exo 
secreted by cultured cortical neurons contain neuronal-
specific protein L1 cell adhesion molecule (L1CAM) and 
the GluR2/3 subunits [130, 131]. Increasing intracellular 
calcium and depolarization can enhance the release of 
Exo [130–132]. Exo secreted by neurons contain alpha-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 
(AMPA) receptors, and Exo derived from neurites depo-
larized neurons are enriched with microtubule-associ-
ated protein 1b (MAP1b) and miRNAs that are involved 
in the plasticity of neurites [131, 132]. AMPA receptors 
and MAP1b are major modulators for the plasticity of 
synapses and dendrites and enhance axon germination  
[131–133]. Activation of AMPA receptors via Induc-
ing Local Brain-Derived neurotrophic factor signaling 
mediates post-stroke motor recovery [134]. Exo derived 
from cortical neurons increase excitatory amino acid 
transporter GLT-1 expression in astrocytes by transmit-
ting miR-124 to them and GLT-1 receptor activation 
modulates synaptic activity by regulating extracellular 
glutamate [135]. Neurons treated with RARβ2 agonist 
secrete Exo containing the protein PTEN. These Exo, 
by transporting PTEN into astrocytes, inhibit their pro-
liferation[136], and preventing glial scar formation by 
modulation of the PTEN/mTOR pathway, cause axonal 
sprouting, promoted neurite outgrowth and axon regen-
eration in adult CNS after spinal cord injury and stroke 
[137–139].

Exo and myelination after stroke
Stroke-induced hypoxia causes inflammation and cell 
death, in oligodendrocytes which are responsible for 
the production of myelin [140]. White matter lesions 
within the brain parenchyma (axons and dendrites) after 
stroke have created a strong incentive to search for effec-
tive therapy  [141]. In recent years, Exo are the commu-
nication transports between neurons and glial cells and 
have an innate ability to produce myelin sheaths with 
a suitable three-dimensional structure. Oligodendro-
cytes secrete Exo in response to neural signals into the 
extracellular space in a calcium-dependent manner [142, 
143]. Exo released from oligodendrocytes are signifi-
cantly rich in myelin proteins, such as PLP, MBP, MOG, 
and CNPase, myelin-specific lipids, and other proteins 
such as 14-3-3 proteins, heat shock proteins, dihydro-
pyrimidinase-related proteins, and peroxiredoxin. These 
compounds are likely to support axonal traffic due to 
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their role in oxidative stress modulation [143–145]. It 
seems neurons control myelin biogenesis by regulating 
the release of oligodendroglial Exo [146]. For example, 
neuronal glutamate can trigger the release of Exo from 
oligodendrocytes during the entry of calcium and by 
acting on the NMDA and AMPA receptors in glial cells. 
The use of microfluidic chambers has shown the uptake 
of oligodendrocyte-derived Exo by neurons through the 
endocytosis, leading to the integrity of axons and soma-
todendrites under different stresses [146]. There is evi-
dence that Schwann cells participate in PNS myelination 
via releasing Exo with different cargo compared to oligo-
dendroglial Exo [147]. This issue can explain the higher 
remyelination efficiency in PNS than in CNS [142]. 
Schwann cell-derived Exo contain proteins involved in 
axon regeneration, including carboxypeptidase E (CPE), 
fatty acid-binding protein (FABP5), fibronectin, flotil-
lin-2, major vault protein (MVP), monocarboxylate 
transporter 1 (MCT1), neuropilin-2 (NRP2), septin-7 
(SEPT7), protein disulfide-isomerase A3 (PDIA3), and 
syntenin-1 [148]. Exo secreted by myelinating cells like 
oligodendrocytes and Schwann cells perform an effective 
role in preserving the myelin and remyelination process 
by the following mechanisms; (I) Storage and the release 
of myelin components mediated by neuronal signals, 
(II) Release of survival factors under physiological and 
pathological conditions to surrounding axons to main-
tain axonal myelin, (III) and preservation of the myelin 
membrane [142]. In many demyelinating diseases and 
activation of healing processes, resident cells can change 
exosomal cargo. Serum and CSF exosomal factors such 
as MBP, MOG, PLP, SMase, and Let-7i can be considered 
diagnostic factors for pathological conditions (Tables  1, 
2) [142]. For example, in SCI, the presence of retinoic 
acid in Exo is an essential diagnostic factor in increasing 
neurite outgrowth and regeneration [149]. Many factor 
such as GDNF, FGF-1, miR-199a-5p, miR-145, miR-134, 
BDNF, IGF-1, and NGF have been found in MSCs Exo 
that have potential therapeutic potential for demyelinat-
ing diseases [142].

Clinical relevance and prospects
According to current data, there is a few studies that 
applied Exo in the treatment of brain stroke. By June 
2022, the public clinical trial database https://​clini​caltr​
ials.​gov presented about three clinical trials in patients 
with stroke. In one study, the reparative properties of 
allogenic MSC-derived Exo are investigated in patients 
with acute ischemic stroke. Another study will focus 
on the diagnostic value of blood Exo cargo in stroke 
patients after rehabilitation. In the last study, the role 
of acupuncture-induced Exo will be investigated in the 
treatment of post-stroke dementia. Along with these 

data, IFN-γ-primed human NSCs produce Exo with the 
ability to promote cell proliferation and decrease apop-
tosis in ischemic rats [150]. In another experiment, 
human urine stem cells Exo accelerated neurogenesis in 
an experimental stroke rat model by the regulation of 
the miR-26a/HDAC6 axis [151]. Furthermore, Exo from 
human cardiosphere-derived cells can improve recov-
ery in the rabbit embolic stroke model after reperfu-
sion [152]. These data suggest that Exo can be used as a 
novel promising strategy for brain ischemia, highlight-
ing their eligibility in the clinical setting.

Conclusion
Numerous emerging studies show the potential of Exo 
in treating a variety of pathologies after ischemic con-
ditions. Naive and engineered Exo can be effective in 
the control of inflammation, apoptosis, autophagy, 
neurovascular remodeling, angiogenesis, neurogen-
esis, synaptic plasticity, and myelination after stroke. 
Along with the regenerative potential of Exo, these 
nano-sized particles can cross the BBB prepared from 
an allogenic source with low immunogenicity, and a 
low risk of developing a tumor and occlusion in the 
arteries raised new hopes for the treatment of stroke 
patients.

Abbreviations
BBB: Blood–brain barrier; CREB: CAMP response element-binding protein; 
CNS: Central nervous system; DG: Dentate gyrus; ESCRT​: Endosomal sorting 
complexes required for transport; Exo: Exosomes; ECM: Extracellular matrix; 
ERK1/2: Extracellular signal-regulated protein kinase 1/2; EVs: Extracellular 
vesicles; HSPs: Heat shock proteins; HRS: Hepatocyte growth factor‐regulated 
tyrosine kinase substrate; MHC-II: Histocompatibility complex class II; iNOS: 
Inducible nitric oxide synthase; IL: Interleukin; ICH: Intracerebral hemorrhage; 
ILV: Intraluminal vesicles; I/R: Ischemia-reperfusion; MSC: Mesenchymal stem 
cell; MCAO: Middle cerebral artery occlusion; MVB: Multivesicular bodies; NSCs: 
Neural stem cells; NMDA: N-Methyl-d-aspartate; NF-κB: Nuclear factor-kappa B; 
OGD: Oxygen‐glucose deprivation; PtdIns (3)-P: Phosphatidylinositol 3-phos-
phate; PEDF: Pigment epithelium-derived factor; RVG: Rabies virus glycopro-
tein; RARβ2: Retinoic acid receptor β2; SIRT1: Sirtuin 1; SGZ: Subgranular zone; 
SVZ: Subventricular zone; tPA: Tissue plasminogen activator; TRPM7: Transient 
receptor potential melastatin 7; TNF-α: Tumor necrosis factor-alpha; VPS4: 
Vacuolar protein‐sorting‐associated protein 4; AMPA: α-Amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid.

Acknowledgements
Authors wish to appreciate the personnel of Neurosciences Research Center 
for their help and guidance.

Author contributions
Fatemeh Aghamiri, Leila Salimi, Dara Ghaznavi, and Emel Sokullu collect data 
and prepared a draft. Reza Rahbarghazi supervised the study and editted the 
manuscript. All the authors read and approved the final manuscript.

Funding
This study was supported by a grant (70163) from Student Research 
Committee,Tabriz University of Medical Sciences.

https://clinicaltrials.gov
https://clinicaltrials.gov


Page 14 of 18Seyedaghamiri et al. Cell Communication and Signaling          (2022) 20:110 

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no conflict of interests.

Author details
1 Student Research Committee, Tabriz University of Medical Sciences, Tabriz, 
Iran. 2 Neurosciences Research Center (NSRC), Tabriz University of Medical 
Sciences, Tabriz, Iran. 3 Department of Neurosciences, Faculty of Advanced 
Medical Sciences, Tabriz University of Medical Sciences, Tabriz, Iran. 4 Stem Cell 
Research Center, Tabriz University of Medical Sciences, Imam Reza St., Gol-
gasht St, Tabriz, Iran. 5 Department of Periodontics, School of Dentistry, Zanjan 
University of Medical Sciences, Zanjan, Iran. 6 Koç University Research Center 
for Translational Medicine (KUTTAM), Rumeli Feneri, 34450 Sariyer, Istanbul, 
Turkey. 7 Department of Applied Cell Sciences, Faculty of Advanced Medical 
Sciences, Tabriz University of Medical Sciences, Tabriz, Iran. 

Received: 1 April 2022   Accepted: 11 June 2022

References
	 1.	 Johnson W, Onuma O, Owolabi M, Sachdev S. Stroke: a global response 

is needed. Bull World Health Organ. 2016;94(9):634.
	 2.	 Yan T, Chopp M, Chen J. Experimental animal models and inflammatory 

cellular changes in cerebral ischemic and hemorrhagic stroke. Neurosci 
Bull. 2015;31(6):717–34.

	 3.	 Xa Z, Liu Z, Shu Q, Yuan S, Xing Z, Song J. LncRNA SNHG6 functions as a 
ceRNA to regulate neuronal cell apoptosis by modulating miR-181c-5p/
BIM signalling in ischaemic stroke. J Cell Mol Med. 2019;23(9):6120–30.

	 4.	 Stoodley CJ, MacMore JP, Makris N, Sherman JC, Schmahmann JD. Loca-
tion of lesion determines motor vs. cognitive consequences in patients 
with cerebellar stroke. NeuroImage Clin. 2016;12:765–75.

	 5.	 Ojaghihaghighi S, Vahdati SS, Mikaeilpour A, Ramouz A. Comparison of 
neurological clinical manifestation in patients with hemorrhagic and 
ischemic stroke. World J Emerg Med. 2017;8(1):34.

	 6.	 George PM, Steinberg GK. Novel stroke therapeutics: unraveling 
stroke pathophysiology and its impact on clinical treatments. Neuron. 
2015;87(2):297–309.

	 7.	 Anrather J, Iadecola C. Inflammation and stroke: an overview. Neuro-
therapeutics. 2016;13(4):661–70.

	 8.	 Uzdensky AB. Apoptosis regulation in the penumbra after ischemic 
stroke: expression of pro-and antiapoptotic proteins. Apoptosis. 
2019;66:1–16.

	 9.	 Miller DJ, Simpson JR, Silver B. Safety of thrombolysis in acute ischemic 
stroke: a review of complications, risk factors, and newer technologies. 
Neurohospitalist. 2011;1(3):138–47. https://​doi.​org/​10.​1177/​19418​
75211​408731.

	 10.	 Casetta I, Fainardi E, Saia V, Pracucci G, Padroni M, Renieri L, Nencini P, 
Inzitari D, Morosetti D, Sallustio F, Vallone S, Bigliardi G, Zini A, Longo 
M, Francalanza I, Bracco S, Vallone IM, Tassi R, Bergui M, Naldi A, Saletti 
A, De Vito A, Gasparotti R, Magoni M, Castellan L, Serrati C, Menozzi R, 
Scoditti U, Causin F, Pieroni A, Puglielli E, Casalena A, Sanna A, Ruggiero 
M, Cordici F, Di Maggio L, Duc E, Cosottini M, Giannini N, Sanfilippo G, 
Zappoli F, Cavallini A, Cavasin N, Critelli A, Ciceri E, Plebani M, Cappellari 
M, Chiumarulo L, Petruzzellis M, Terrana A, Cariddi LP, Burdi N, Tinelli 
A, Auteri W, Silvagni U, Biraschi F, Nicolini E, Padolecchia R, Tassinari T, 
Filauri P, Sacco S, Pavia M, Invernizzi P, Nuzzi NP, Marcheselli S, Amistà P, 
Russo M, Gallesio I, Craparo G, Mannino M, Mangiafico S, Toniullen D. 
Endovascular thrombectomy for acute ischemic stroke beyond 6 hours 

from onset. Stroke. 2020;51(7):2051–7. https://​doi.​org/​10.​1161/​strok​
eaha.​119.​027974.

	 11.	 Zhang ZG, Chopp M. Exosomes in stroke pathogenesis and therapy. J 
Clin Investig. 2016;126(4):1190–7.

	 12.	 Park YJ, Niizuma K, Mokin M, Dezawa M, Borlongan CV. Cell-based 
therapy for stroke: musing with muse cells. Stroke. 2020;51(9):2854–62.

	 13.	 Brown J, Park YJ, Lee J-Y, Chase TN, Koga M, Borlongan CV. Bone 
marrow-derived NCS-01 cells advance a novel cell-based therapy for 
stroke. Int J Mol Sci. 2020;21(8):2845.

	 14.	 Unsworth D, Mathias J, Dorstyn D, Koblar S. Are patient educational 
resources effective at deterring stroke survivors from considering 
experimental stem cell treatments? A randomized controlled trial. 
Patient Educ Couns. 2020;103(7):1373–81.

	 15.	 Cunningham NA, Abhyankar P, Cowie J, Galinsky J, Methven K. Regen-
erative medicine: stroke survivor and carer views and motivations 
towards a proposed stem cell clinical trial using placebo neurosurgery. 
Health Expect. 2018;21(1):367–78.

	 16.	 Geranmayeh MH, Nourazarian A, Avci ÇB, Rahbarghazi R, Farhoudi M. 
Stem cells as a promising tool for the restoration of brain neurovascular 
unit and angiogenic orientation. Mol Neurobiol. 2017;54(10):7689–705.

	 17.	 George MJ, Prabhakara K, Toledano-Furman NE, Wang Y-W, Gill BS, Wade 
CE, Olson SD, Cox CS Jr. Clinical cellular therapeutics accelerate clot 
formation. Stem Cells Transl Med. 2018;7(10):731–9.

	 18.	 Lukomska B, Stanaszek L, Zuba-Surma E, Legosz P, Sarzynska S. Drela K 
(2019) Challenges and controversies in human mesenchymal stem cell 
therapy. Stem Cells Int. 2019;6:66.

	 19.	 Cai Y, Liu W, Lian L, Xu Y, Bai X, Xu S, Zhang J. Stroke treatment: 
Is exosome therapy superior to stem cell therapy? Biochimie. 
2020;179:190–204.

	 20.	 Venkat P, Chopp M, Chen J. Cell-based and exosome therapy in diabetic 
stroke. Stem Cells Transl Med. 2018;7(6):451–5.

	 21.	 Yang J, Zhang X, Chen X, Wang L, Yang G. Exosome mediated delivery 
of miR-124 promotes neurogenesis after ischemia. Mol Ther Nucleic 
Acids. 2017;7:278–87.

	 22.	 Hong S-B, Yang H, Manaenko A, Lu J, Mei Q, Hu Q. Potential of exosomes 
for the treatment of stroke. Cell Transplant. 2019;28(6):662–70.

	 23.	 Carretero-González A, Otero I, Carril-Ajuria L, de Velasco G, Manso L. 
Exosomes: definition, role in tumor development and clinical implica-
tions. Cancer Microenviron. 2018;11(1):13–21.

	 24.	 Zhang H, Freitas D, Kim HS, Fabijanic K, Li Z, Chen H, Mark MT, Molina H, 
Martin AB, Bojmar L. Identification of distinct nanoparticles and subsets 
of extracellular vesicles by asymmetric flow field-flow fractionation. Nat 
Cell Biol. 2018;20(3):332–43.

	 25.	 Hessvik NP, Llorente A. Current knowledge on exosome biogenesis and 
release. Cell Mol Life Sci. 2018;75(2):193–208.

	 26.	 Venkat P, Chen J, Chopp M. Exosome-mediated amplification of 
endogenous brain repair mechanisms and brain and systemic organ 
interaction in modulating neurological outcome after stroke. J Cereb 
Blood Flow Metab. 2018;38(12):2165–78.

	 27.	 Mincheva-Nilsson L, Baranov V, Nagaeva O, Dehlin E. Isolation and 
characterization of exosomes from cultures of tissue explants and cell 
lines. Curr Protoc Immunol. 2016;115(1):144211–21.

	 28.	 Ahmadvand Koohsari S, Absalan A, Azadi D. Human umbilical cord 
mesenchymal stem cell-derived extracellular vesicles attenuate 
experimental autoimmune encephalomyelitis via regulating pro and 
anti-inflammatory cytokines. Sci Rep. 2021;11(1):11658. https://​doi.​org/​
10.​1038/​s41598-​021-​91291-3.

	 29.	 Xin H, Li Y, Cui Y, Yang JJ, Zhang ZG, Chopp M. Systemic administration 
of exosomes released from mesenchymal stromal cells promote func-
tional recovery and neurovascular plasticity after stroke in rats. J Cereb 
Blood Flow Metab. 2013;33(11):1711–5.

	 30.	 Xin H, Katakowski M, Wang F, Qian J-Y, Liu XS, Ali MM, Buller B, 
Zhang ZG, Chopp M. MicroRNA-17–92 cluster in exosomes enhance 
neuroplasticity and functional recovery after stroke in rats. Stroke. 
2017;48(3):747–53.

	 31.	 Xin H, Wang F, Li Y, Lu Q-e, Cheung WL, Zhang Y, Zhang ZG, Chopp 
M. Secondary release of exosomes from astrocytes contributes to the 
increase in neural plasticity and improvement of functional recovery 
after stroke in rats treated with exosomes harvested from microRNA 

https://doi.org/10.1177/1941875211408731
https://doi.org/10.1177/1941875211408731
https://doi.org/10.1161/strokeaha.119.027974
https://doi.org/10.1161/strokeaha.119.027974
https://doi.org/10.1038/s41598-021-91291-3
https://doi.org/10.1038/s41598-021-91291-3


Page 15 of 18Seyedaghamiri et al. Cell Communication and Signaling          (2022) 20:110 	

133b-overexpressing multipotent mesenchymal stromal cells. Cell 
Transplant. 2017;26(2):243–57.

	 32.	 Alexander M, Hu R, Runtsch MC, Kagele DA, Mosbruger TL, Tolma-
chova T, Seabra MC, Round JL, Ward DM, O’Connell RM. Exosome-
delivered microRNAs modulate the inflammatory response to 
endotoxin. Nat Commun. 2015;6(1):1–16.

	 33.	 Chen H-S, Tong H-S, Zhao Y, Hong C-Y, Bin J-P, Su L. Differential 
expression pattern of exosome long non-coding RNAs (lncRNAs) and 
microRNAs (miRNAs) in vascular endothelial cells under heat stroke. 
Med Sci Monit. 2018;24:7965.

	 34.	 Ghoreishy A, Khosravi A, Ghaemmaghami A. Exosomal microRNA and 
stroke: a review. J Cell Biochem. 2019;120(10):16352–61.

	 35.	 Rezabakhsh A, Sokullu E, Rahbarghazi R. Applications, challenges 
and prospects of mesenchymal stem cell exosomes in regenerative 
medicine. Stem Cell Res Ther. 2021;12(1):521. https://​doi.​org/​10.​1186/​
s13287-​021-​02596-z.

	 36.	 Zarà M, Guidetti GF, Camera M, Canobbio I, Amadio P, Torti M, Tremoli 
E, Barbieri SS. Biology and role of extracellular vesicles (EVs) in the 
pathogenesis of thrombosis. Int J Mol Sci. 2019;20(11):2840.

	 37.	 Todd KV, Tripp RA. Exosome-mediated human norovirus infection. 
PLoS ONE. 2020;15(8): e0237044.

	 38.	 Yuan D, Zhao Y, Banks WA, Bullock KM, Haney M, Batrakova E, 
Kabanov AV. Macrophage exosomes as natural nanocarriers for 
protein delivery to inflamed brain. Biomaterials. 2017;142:1–12.

	 39.	 Ferguson SW, Nguyen J. Exosomes as therapeutics: the implications 
of molecular composition and exosomal heterogeneity. J Control 
Release. 2016;228:179–90.

	 40.	 Heidarzadeh M, Gürsoy-Özdemir Y, Kaya M, Eslami Abriz A, Zarebko-
han A, Rahbarghazi R, Sokullu E. Exosomal delivery of therapeutic 
modulators through the blood–brain barrier; promise and pitfalls. 
Cell Biosci. 2021;11(1):1–28.

	 41.	 Beach A, Zhang H-G, Ratajczak MZ, Kakar SS. Exosomes: an overview 
of biogenesis, composition and role in ovarian cancer. J Ovarian Res. 
2014;7(1):14.

	 42.	 Akers JC, Gonda D, Kim R, Carter BS, Chen CC. Biogenesis of extracel-
lular vesicles (EV): exosomes, microvesicles, retrovirus-like vesicles, 
and apoptotic bodies. J Neurooncol. 2013;113(1):1–11.

	 43.	 Crenshaw BJ, Gu L, Sims B, Matthews QL. Exosome biogenesis and 
biological function in response to viral infections. Open Virol J. 
2018;12:134.

	 44.	 Henne WM, Stenmark H, Emr SD. Molecular mechanisms of the 
membrane sculpting ESCRT pathway. Cold Spring Harb Perspect Biol. 
2013;5(9): a016766.

	 45.	 Caballe A, Martin-Serrano J. ESCRT machinery and cytokinesis: the 
road to daughter cell separation. Traffic. 2011;12(10):1318–26.

	 46.	 Teis D, Saksena S, Emr SD. Ordered assembly of the ESCRT-III complex 
on endosomes is required to sequester cargo during MVB formation. 
Dev Cell. 2008;15(4):578–89.

	 47.	 Nour AM, Modis Y. Endosomal vesicles as vehicles for viral genomes. 
Trends Cell Biol. 2014;24(8):449–54.

	 48.	 Perez-Hernandez D, Gutiérrez-Vázquez C, Jorge I, López-Martín S, 
Ursa A, Sánchez-Madrid F, Vázquez J, Yáñez-Mó M. The intracellular 
interactome of tetraspanin-enriched microdomains reveals their 
function as sorting machineries toward exosomes. J Biol Chem. 
2013;288(17):11649–61.

	 49.	 Mulcahy LA, Pink RC, Carter DRF. Routes and mechanisms of extracel-
lular vesicle uptake. J Extracell Ves. 2014;3(1):24641.

	 50.	 Tian T, Zhu YL, Hu FH, Wang YY, Huang NP, Xiao ZD. Dynam-
ics of exosome internalization and trafficking. J Cell Physiol. 
2013;228(7):1487–95.

	 51.	 Zheng Y, He R, Wang P, Shi Y, Zhao L, Liang J. Exosomes from LPS-
stimulated macrophages induce neuroprotection and functional 
improvement after ischemic stroke by modulating microglial polariza-
tion. Biomater Sci. 2019;7(5):2037–49.

	 52.	 Iadecola C, Anrather J. The immunology of stroke: from mechanisms to 
translation. Nat Med. 2011;17(7):796–808.

	 53.	 De Meyer SF, Denorme F, Langhauser F, Geuss E, Fluri F, Klein-
schnitz C. Thromboinflammation in stroke brain damage. Stroke. 
2016;47(4):1165–72.

	 54.	 Petrovic-Djergovic D, Goonewardena SN, Pinsky DJ. Inflammatory 
disequilibrium in stroke. Circ Res. 2016;119(1):142–58.

	 55.	 Delvaeye M, Conway EM. Coagulation and innate immune responses: 
Can we view them separately? Blood. 2009;114(12):2367–74.

	 56.	 Rezaie AR. Protease-activated receptor signaling by coagulation pro-
teases in endothelial cells. Thromb Haemost. 2014;112(5):876.

	 57.	 Amara U, Rittirsch D, Flierl M, Bruckner U, Klos A, Gebhard F, Lambris JD, 
Huber-Lang M. Interaction between the coagulation and complement 
system. In: Current topics in complement II. Springer; 2008. pp. 68–76.

	 58.	 Széplaki G, Szegedi R, Hirschberg K, Gombos T, Varga L, Karádi I, Entz L, 
Széplaki Z, Garred P, Prohászka Z. Strong complement activation after 
acute ischemic stroke is associated with unfavorable outcomes. Athero-
sclerosis. 2009;204(1):315–20.

	 59.	 Alawieh A, Elvington A, Tomlinson S. Complement in the homeostatic 
and ischemic brain. Front Immunol. 2015;6:417.

	 60.	 Balusu S, Van Wonterghem E, De Rycke R, Raemdonck K, Stremersch S, 
Gevaert K, Brkic M, Demeestere D, Vanhooren V, Hendrix A. Identifica-
tion of a novel mechanism of blood–brain communication during 
peripheral inflammation via choroid plexus-derived extracellular 
vesicles. EMBO Mol Med. 2016;8(10):1162–83.

	 61.	 Esenwa CC, Elkind MS. Inflammatory risk factors, biomarkers and associ-
ated therapy in ischaemic stroke. Nat Rev Neurol. 2016;12(10):594.

	 62.	 Kim D-k, Nishida H, An SY, Shetty AK, Bartosh TJ, Prockop DJ. Chro-
matographically isolated CD63+ CD81+ extracellular vesicles from 
mesenchymal stromal cells rescue cognitive impairments after TBI. Proc 
Natl Acad Sci. 2016;113(1):170–5.

	 63.	 Drommelschmidt K, Serdar M, Bendix I, Herz J, Bertling F, Prager S, Keller 
M, Ludwig A-K, Duhan V, Radtke S. Mesenchymal stem cell-derived 
extracellular vesicles ameliorate inflammation-induced preterm brain 
injury. Brain Behav Immun. 2017;60:220–32.

	 64.	 Doeppner TR, Herz J, Görgens A, Schlechter J, Ludwig A-K, Radtke S, de 
Miroschedji K, Horn PA, Giebel B, Hermann DM. Extracellular vesicles 
improve post-stroke neuroregeneration and prevent postischemic 
immunosuppression. Stem Cells Transl Med. 2015;4(10):1131–43.

	 65.	 Zhao Y, Gan Y, Xu G, Yin G, Liu D. MSCs-derived exosomes attenuate 
acute brain injury and inhibit microglial inflammation by reversing 
CysLT2R-ERK1/2 mediated microglia M1 polarization. Neurochem Res. 
2020;45(5):1180–90.

	 66.	 Qiu Z, Lu P, Wang K, Zhao X, Li Q, Wen J, Zhang H, Li R, Wei H, Lv Y. 
Dexmedetomidine inhibits neuroinflammation by altering microglial 
M1/M2 polarization through MAPK/ERK pathway. Neurochem Res. 
2020;45(2):345–53.

	 67.	 Sun X, Jung J-H, Arvola O, Santoso MR, Giffard RG, Yang PC, Stary CM. 
Stem cell-derived exosomes protect astrocyte cultures from in vitro 
ischemia and decrease injury as post-stroke intravenous therapy. Front 
Cell Neurosci. 2019;13:394.

	 68.	 Li J, Tan M, Xiang Q, Zhou Z, Yan H. Thrombin-activated platelet-derived 
exosomes regulate endothelial cell expression of ICAM-1 via micro-
RNA-223 during the thrombosis-inflammation response. Thromb Res. 
2017;154:96–105.

	 69.	 Sairanen T, Karjalainen-Lindsberg M-L, Paetau A, Ijäs P, Lindsberg 
PJ. Apoptosis dominant in the periinfarct area of human ischae-
mic stroke—a possible target of antiapoptotic treatments. Brain. 
2006;129(1):189–99.

	 70.	 Radak D, Katsiki N, Resanovic I, Jovanovic A, Sudar-Milovanovic E, 
Zafirovic SA, Mousad SR, Isenovic E. Apoptosis and acute brain ischemia 
in ischemic stroke. Curr Vasc Pharmacol. 2017;15(2):115–22.

	 71.	 Yue Y, Qu Y, Mu D-Z. Research advances in mesenchymal stem cell-
derived exosomes in treatment of brain injury. Zhongguo Dang dai er 
ke za zhi Chin J Contemp Pediatr. 2017;19(12):1285–90.

	 72.	 Shen H, Yao X, Li H, Li X, Zhang T, Sun Q, Ji C, Chen G. Role of exosomes 
derived from miR-133b modified MSCs in an experimental rat model of 
intracerebral hemorrhage. J Mol Neurosci. 2018;64(3):421–30.

	 73.	 Bijian K, Takano T, Papillon J, Le Berre L, Michaud J-L, Kennedy CR, Cybul-
sky AV. Actin cytoskeleton regulates extracellular matrix-dependent 
survival signals in glomerular epithelial cells. Am J Physiol Renal Physiol. 
2005;289(6):F1313–23.

	 74.	 Li Z, Fang F, Wang Y, Wang L. Resveratrol protects CA1 neurons against 
focal cerebral ischemic reperfusion-induced damage via the ERK-CREB 
signaling pathway in rats. Pharmacol Biochem Behav. 2016;146:21–7.

	 75.	 Xiao B, Chai Y, Lv S, Ye M, Wu M, Xie L, Fan Y, Zhu X, Gao Z. Endothelial 
cell-derived exosomes protect SH-SY5Y nerve cells against ischemia/
reperfusion injury. Int J Mol Med. 2017;40(4):1201–9.

https://doi.org/10.1186/s13287-021-02596-z
https://doi.org/10.1186/s13287-021-02596-z


Page 16 of 18Seyedaghamiri et al. Cell Communication and Signaling          (2022) 20:110 

	 76.	 Xiao Y, Geng F, Wang G, Li X, Zhu J, Zhu W. Bone marrow–derived 
mesenchymal stem cells–derived exosomes prevent oligodendrocyte 
apoptosis through exosomal miR-134 by targeting caspase-8. J Cell 
Biochem. 2019;120(2):2109–18.

	 77.	 Chen K-H, Chen C-H, Wallace CG, Yuen C-M, Kao G-S, Chen Y-L, 
Shao P-L, Chen Y-L, Chai H-T, Lin K-C. Intravenous administration of 
xenogenic adipose-derived mesenchymal stem cells (ADMSC) and 
ADMSC-derived exosomes markedly reduced brain infarct volume 
and preserved neurological function in rat after acute ischemic stroke. 
Oncotarget. 2016;7(46):74537.

	 78.	 Wang P, Shao B-Z, Deng Z, Chen S, Yue Z, Miao C-Y. Autophagy in 
ischemic stroke. Prog Neurobiol. 2018;163:98–117.

	 79.	 Deretic V, Levine B. Autophagy balances inflammation in innate immu-
nity. Autophagy. 2018;14(2):243–51.

	 80.	 Qian M, Fang X, Wang X. Autophagy and inflammation. Clin Transl Med. 
2017;6(1):24.

	 81.	 Zhou S, Qiao B, Chu X, Kong Q. Oxymatrine attenuates cognitive deficits 
through SIRT1-mediated autophagy in ischemic stroke. J Neuroimmu-
nol. 2018;323:136–42.

	 82.	 Feng J, Chen X, Lu S, Li W, Yang D, Su W, Wang X, Shen J. Naringin 
attenuates cerebral ischemia-reperfusion injury through inhibit-
ing peroxynitrite-mediated mitophagy activation. Mol Neurobiol. 
2018;55(12):9029–42.

	 83.	 Puyal J, Vaslin A, Mottier V, Clarke PG. Postischemic treatment of 
neonatal cerebral ischemia should target autophagy. Ann Neurol. 
2009;66(3):378–89.

	 84.	 Chen W, Sun Y, Liu K, Sun X. Autophagy: a double-edged sword 
for neuronal survival after cerebral ischemia. Neural Regen Res. 
2014;9(12):1210.

	 85.	 Crişan TO, Plantinga TS, van de Veerdonk FL, Farcaş MF, Stoffels M, 
Kullberg B-J, van der Meer JW, Joosten LA, Netea MG. Inflammasome-
independent modulation of cytokine response by autophagy in human 
cells. PLoS ONE. 2011;6(4): e18666.

	 86.	 Jiang M, Wang H, Jin M, Yang X, Ji H, Jiang Y, Zhang H, Wu F, Wu G, Lai 
X. Exosomes from MiR-30d-5p-ADSCs reverse acute ischemic stroke-
induced, autophagy-mediated brain injury by promoting M2 micro-
glial/macrophage polarization. Cell Physiol Biochem. 2018;47(2):864–78.

	 87.	 Pei X, Li Y, Zhu L, Zhou Z. Astrocyte-derived exosomes suppress 
autophagy and ameliorate neuronal damage in experimental ischemic 
stroke. Exp Cell Res. 2019;382(2): 111474.

	 88.	 Pei X, Li Y, Zhu L, Zhou Z. Astrocyte-derived exosomes transfer miR-
190b to inhibit oxygen and glucose deprivation-induced autophagy 
and neuronal apoptosis. Cell Cycle. 2020;19(8):906–17.

	 89.	 Chen W, Wang H, Zhu Z, Feng J, Chen L. Exosome-shuttled circSHOC2 
from IPASs regulates neuronal autophagy and ameliorates ischemic 
brain injury via the miR-7670-3p/SIRT1 axis. Mol Ther Nucleic Acids. 
2020;22:657–72.

	 90.	 Huang X, Ding J, Li Y, Liu W, Ji J, Wang H, Wang X. Exosomes derived 
from PEDF modified adipose-derived mesenchymal stem cells amelio-
rate cerebral ischemia-reperfusion injury by regulation of autophagy 
and apoptosis. Exp Cell Res. 2018;371(1):269–77.

	 91.	 Otero-Ortega L, Laso-García F, del Carmen Gómez-de Frutos M, 
Rodríguez-Frutos B, Pascual-Guerra J, Fuentes B, Díez-Tejedor E, 
Gutiérrez-Fernández M. White matter repair after extracellular vesicles 
administration in an experimental animal model of subcortical stroke. 
Sci Rep. 2017;7(1):1–11.

	 92.	 Zhang Y, Chopp M, Liu XS, Katakowski M, Wang X, Tian X, Wu D, Zhang 
ZG. Exosomes derived from mesenchymal stromal cells promote axonal 
growth of cortical neurons. Mol Neurobiol. 2017;54(4):2659–73.

	 93.	 Li Y, Zhang X, Cui L, Chen R, Zhang Y, Zhang C, Zhu X, He T, Shen Z, 
Dong L. Salvianolic acids enhance cerebral angiogenesis and neuro-
logical recovery by activating JAK 2/STAT 3 signaling pathway after 
ischemic stroke in mice. J Neurochem. 2017;143(1):87–99.

	 94.	 Oshikawa M, Okada K, Kaneko N, Sawamoto K, Ajioka I. Affinity-immo-
bilization of VEGF on laminin porous sponge enhances angiogenesis in 
the ischemic brain. Adv Healthcare Mater. 2017;6(11):1700183.

	 95.	 Manuel GE, Johnson T, Liu D. Therapeutic angiogenesis of exosomes for 
ischemic stroke. Int J Physiol Pathophysiol Pharmacol. 2017;9(6):188.

	 96.	 Wang J, Sun X, Zhao J, Yang Y, Cai X, Xu J, Cao P. Exosomes: a novel 
strategy for treatment and prevention of diseases. Front Pharmacol. 
2017;8:300.

	 97.	 Gray WD, French KM, Ghosh-Choudhary S, Maxwell JT, Brown ME, Platt 
MO, Searles CD, Davis ME. Identification of therapeutic covariant micro-
RNA clusters in hypoxia-treated cardiac progenitor cell exosomes using 
systems biology. Circ Res. 2015;116(2):255–63.

	 98.	 Lai RC, Tan SS, Teh BJ, Sze SK, Arslan F, De Kleijn DP, Choo A, Lim SK. 
Proteolytic potential of the MSC exosome proteome: implications for an 
exosome-mediated delivery of therapeutic proteasome. Int J Proteom. 
2012;6:66.

	 99.	 Hu G-w, Li Q, Niu X, Hu B, Liu J, Zhou S-m, Guo S-c, Lang H-l, Zhang C-q, 
Wang Y. Exosomes secreted by human-induced pluripotent stem cell-
derived mesenchymal stem cells attenuate limb ischemia by promot-
ing angiogenesis in mice. Stem Cell Res Ther. 2015;6(1):1–15.

	100.	 Hu G-w, Li Q, Niu X, Hu B, Liu J, Zhou S-m, Guo S-c, Lang H-l, Zhang C-q, 
Wang Y. Exosomes secreted by human-induced pluripotent stem cell-
derived mesenchymal stem cells attenuate limb ischemia by promot-
ing angiogenesis in mice. Stem Cell Res Ther. 2015;6(1):10.

	101.	 Yang Y, Cai Y, Zhang Y, Liu J, Xu Z. Exosomes secreted by adipose-
derived stem cells contribute to angiogenesis of brain microvascular 
endothelial cells following oxygen–glucose deprivation in vitro 
through microRNA-181b/TRPM7 axis. J Mol Neurosci. 2018;65(1):74–83.

	102.	 Liang X, Zhang L, Wang S, Han Q, Zhao RC. Exosomes secreted by 
mesenchymal stem cells promote endothelial cell angiogenesis by 
transferring miR-125a. J Cell Sci. 2016;129(11):2182–9.

	103.	 Zhang H, Wu J, Wu J, Fan Q, Zhou J, Wu J, Liu S, Zang J, Ye J, Xiao M. Exo-
some-mediated targeted delivery of miR-210 for angiogenic therapy 
after cerebral ischemia in mice. J Nanobiotechnol. 2019;17(1):1–13.

	104.	 Meng ZY, Kang HL, Duan W, Zheng J, Li QN, Zhou ZJ. Micro RNA-210 
promotes accumulation of neural precursor cells around ischemic 
foci after cerebral ischemia by regulating the SOCS1–STAT3–VEGF-C 
pathway. J Am Heart Assoc. 2018;7(5): e005052.

	105.	 Thompson BJ, Ronaldson PT. Drug delivery to the ischemic brain. Adv 
Pharmacol. 2014;71:165–202.

	106.	 Zeng L, Liu J, Wang Y, Wang L, Weng S, Tang Y, Zheng C, Cheng Q, Chen 
S, Yang G-Y. MicroRNA-210 as a novel blood biomarker in acute cerebral 
ischemia. Front Biosci. 2011;3(3):1265–72.

	107.	 Rahman AA, Amruta N, Pinteaux E, Bix GJ. Neurogenesis after stroke: a 
therapeutic perspective. Transl Stroke Res. 2020;66:1–14.

	108.	 Koh S-H, Park H-H. Neurogenesis in stroke recovery. Transl Stroke Res. 
2017;8(1):3–13.

	109.	 Zhang W, Cheng J, Vagnerova K, Ivashkova Y, Young J, Cornea A, 
Grafe MR, Murphy SJ, Hurn PD, Brambrink AM. Effects of androgens 
on early post-ischemic neurogenesis in mice. Transl Stroke Res. 
2014;5(2):301–11.

	110.	 Li Z, Wang J, Zhao C, Ren K, Xia Z, Yu H, Jiang K. Acute blockage of 
notch signaling by DAPT induces neuroprotection and neurogenesis in 
the neonatal rat brain after stroke. Transl Stroke Res. 2016;7(2):132–40.

	111.	 Davis CK, Laud PJ, Bahor Z, Rajanikant G, Majid A. Systematic review and 
stratified meta-analysis of the efficacy of carnosine in animal models of 
ischemic stroke. J Cereb Blood Flow Metab. 2016;36(10):1686–94.

	112.	 Li WL, Cai HH, Wang B, Chen L, Zhou QG, Luo CX, Liu N, Ding XS, Zhu 
DY. Chronic fluoxetine treatment improves ischemia-induced spatial 
cognitive deficits through increasing hippocampal neurogenesis after 
stroke. J Neurosci Res. 2009;87(1):112–22.

	113.	 Bahlakeh G, Rahbarghazi R, Mohammadnejad D, Abedelahi A, Karimi-
pour M. Current knowledge and challenges associated with targeted 
delivery of neurotrophic factors into the central nervous system: focus 
on available approaches. Cell Biosci. 2021;11(1):1–24.

	114.	 Yang L-c, Guo H, Zhou H, Suo D-q, Li W-j, Zhou Y, Zhao Y, Yang W-s, Jin 
X. Chronic oleoylethanolamide treatment improves spatial cognitive 
deficits through enhancing hippocampal neurogenesis after transient 
focal cerebral ischemia. Biochem Pharmacol. 2015;94(4):270–81.

	115.	 Meza-Sosa KF, Pedraza-Alva G, Pérez-Martínez L. microRNAs: key trig-
gers of neuronal cell fate. Front Cell Neurosci. 2014;8:175.

	116.	 Zhao C, Sun G, Ye P, Li S, Shi Y. MicroRNA let-7d regulates the TLX/
microRNA-9 cascade to control neural cell fate and neurogenesis. Sci 
Rep. 2013;3(1):1–7.

	117.	 Oh HJ, Shin Y, Chung S, Lee DS. Convective exosome-tracing microfluid-
ics for analysis of cell-non-autonomous neurogenesis. Biomaterials. 
2017;112:82–94.

	118.	 Liu XS, Chopp M, Zhang RL, Zhang ZG. MicroRNAs in cerebral ischemia-
induced neurogenesis. J Neuropathol Exp Neurol. 2013;72(8):718–22.



Page 17 of 18Seyedaghamiri et al. Cell Communication and Signaling          (2022) 20:110 	

	119.	 Åkerblom M, Sachdeva R, Barde I, Verp S, Gentner B, Trono D, Jakobsson 
J. MicroRNA-124 is a subventricular zone neuronal fate determinant. J 
Neurosci. 2012;32(26):8879–89.

	120.	 Cheng L-C, Pastrana E, Tavazoie M, Doetsch F. miR-124 regulates adult 
neurogenesis in the subventricular zone stem cell niche. Nat Neurosci. 
2009;12(4):399.

	121.	 Sun Y, Gui H, Li Q, Luo ZM, Zheng MJ, Duan JL, Liu X. MicroRNA-124 
protects neurons against apoptosis in cerebral ischemic stroke. CNS 
Neurosci Ther. 2013;19(10):813–9.

	122.	 Ihrie RA, Álvarez-Buylla A. Lake-front property: a unique germinal niche 
by the lateral ventricles of the adult brain. Neuron. 2011;70(4):674–86.

	123.	 Feliciano DM, Zhang S, Nasrallah CM, Lisgo SN, Bordey A. Embryonic 
cerebrospinal fluid nanovesicles carry evolutionarily conserved mol-
ecules and promote neural stem cell amplification. PLoS ONE. 2014;9(2): 
e88810.

	124.	 Cossetti C, Iraci N, Mercer TR, Leonardi T, Alpi E, Drago D, Alfaro-Cervello 
C, Saini HK, Davis MP, Schaeffer J. Extracellular vesicles from neural stem 
cells transfer IFN-γ via Ifngr1 to activate Stat1 signaling in target cells. 
Mol Cell. 2014;56(2):193–204.

	125.	 Famakin BM. The immune response to acute focal cerebral ischemia 
and associated post-stroke immunodepression: a focused review. 
Aging Dis. 2014;5(5):307.

	126.	 Wieloch T, Nikolich K. Mechanisms of neural plasticity following brain 
injury. Curr Opin Neurobiol. 2006;16(3):258–64.

	127.	 Pekna M, Pekny M, Nilsson M. Modulation of neural plasticity as a basis 
for stroke rehabilitation. Stroke. 2012;43(10):2819–28.

	128.	 Kawikova I, Askenase PW. Diagnostic and therapeutic potentials of 
exosomes in CNS diseases. Brain Res. 2015;1617:63–71.

	129.	 Frühbeis C, Fröhlich D, Kuo WP, Krämer-Albers E-M. Extracellular vesicles 
as mediators of neuron-glia communication. Front Cell Neurosci. 
2013;7:182.

	130.	 Fauré J, Lachenal G, Court M, Hirrlinger J, Chatellard-Causse C, Blot B, 
Grange J, Schoehn G, Goldberg Y, Boyer V. Exosomes are released by 
cultured cortical neurones. Mol Cell Neurosci. 2006;31(4):642–8.

	131.	 Lachenal G, Pernet-Gallay K, Chivet M, Hemming FJ, Belly A, Bodon G, 
Blot B, Haase G, Goldberg Y, Sadoul R. Release of exosomes from differ-
entiated neurons and its regulation by synaptic glutamatergic activity. 
Mol Cell Neurosci. 2011;46(2):409–18.

	132.	 Goldie BJ, Dun MD, Lin M, Smith ND, Verrills NM, Dayas CV, Cairns 
MJ. Activity-associated miRNA are packaged in Map1b-enriched 
exosomes released from depolarized neurons. Nucleic Acids Res. 
2014;42(14):9195–208.

	133.	 Dajas-Bailador F, Bonev B, Garcez P, Stanley P, Guillemot F, Papalopulu 
N. microRNA-9 regulates axon extension and branching by targeting 
Map1b in mouse cortical neurons. Nat Neurosci. 2012;15(5):697–9.

	134.	 Clarkson AN, Overman JJ, Zhong S, Mueller R, Lynch G, Carmi-
chael ST. AMPA receptor-induced local brain-derived neurotrophic 
factor signaling mediates motor recovery after stroke. J Neurosci. 
2011;31(10):3766–75.

	135.	 Morel L, Regan M, Higashimori H, Ng SK, Esau C, Vidensky S, Roth-
stein J, Yang Y. Neuronal exosomal miRNA-dependent translational 
regulation of astroglial glutamate transporter GLT1. J Biol Chem. 
2013;288(10):7105–16.

	136.	 Goncalves MB, Malmqvist T, Clarke E, Hubens CJ, Grist J, Hobbs C, 
Trigo D, Risling M, Angeria M, Damberg P. Neuronal RARβ signaling 
modulates PTEN activity directly in neurons and via exosome transfer 
in astrocytes to prevent glial scar formation and induce spinal cord 
regeneration. J Neurosci. 2015;35(47):15731–45.

	137.	 Zhang Y, Chopp M, Liu XS, Kassis H, Wang X, Li C, An G, Zhang ZG. 
MicroRNAs in the axon locally mediate the effects of chondroitin 
sulfate proteoglycans and cGMP on axonal growth. Dev Neurobiol. 
2015;75(12):1402–19.

	138.	 Park KK, Liu K, Hu Y, Smith PD, Wang C, Cai B, Xu B, Connolly L, Kramvis I, 
Sahin M. Promoting axon regeneration in the adult CNS by modulation 
of the PTEN/mTOR pathway. Science. 2008;322(5903):963–6.

	139.	 Shen LH, Li Y, Gao Q, Savant-Bhonsale S, Chopp M. Down-regulation of 
neurocan expression in reactive astrocytes promotes axonal regenera-
tion and facilitates the neurorestorative effects of bone marrow stromal 
cells in the ischemic rat brain. Glia. 2008;56(16):1747–54.

	140.	 Zarriello S, Neal EG, Kaneko Y, Borlongan CV. T-regulatory cells confer 
increased myelination and stem cell activity after stroke-induced white 
matter injury. J Clin Med. 2019;8(4):537.

	141.	 Otero-Ortega L, Gómez de Frutos MC, Laso-García F, Rodríguez-Frutos 
B, Medina-Gutiérrez E, Lopez JA, Vázquez J, Díez-Tejedor E, Gutiérrez-
Fernández M. Exosomes promote restoration after an experimental 
animal model of intracerebral hemorrhage. J Cereb Blood Flow Metab. 
2018;38(5):767–79.

	142.	 Domingues HS, Falcão AM, Mendes-Pinto I, Salgado AJ, Teixeira FG. 
Exosome circuitry during (De)(Re) myelination of the central nervous 
system. Front Cell Dev Biol. 2020;8:483.

	143.	 Krämer-Albers EM, Bretz N, Tenzer S, Winterstein C, Möbius W, Berger 
H, Nave KA, Schild H, Trotter J. Oligodendrocytes secrete exosomes 
containing major myelin and stress-protective proteins: trophic support 
for axons? PROTEOMICS Clin Appl. 2007;1(11):1446–61.

	144.	 Bakhti M, Winter C, Simons M. Inhibition of myelin membrane sheath 
formation by oligodendrocyte-derived exosome-like vesicles. J Biol 
Chem. 2011;286(1):787–96.

	145.	 Trajkovic K, Hsu C, Chiantia S, Rajendran L, Wenzel D, Wieland F, Schwille 
P, Brügger B, Simons M. Ceramide triggers budding of exosome vesicles 
into multivesicular endosomes. Science. 2008;319(5867):1244–7.

	146.	 Frühbeis C, Fröhlich D, Kuo WP, Amphornrat J, Thilemann S, Saab 
AS, Kirchhoff F, Möbius W, Goebbels S, Nave K-A. Neurotransmitter-
triggered transfer of exosomes mediates oligodendrocyte–neuron 
communication. PLoS Biol. 2013;11(7): e1001604.

	147.	 Lopez-Verrilli MA, Picou F, Court FA. Schwann cell-derived exosomes 
enhance axonal regeneration in the peripheral nervous system. Glia. 
2013;61(11):1795–806.

	148.	 Wei Z, Fan B, Ding H, Liu Y, Tang H, Pan D, Shi J, Zheng P, Shi H, Wu H. 
Proteomics analysis of Schwann cell-derived exosomes: a novel thera-
peutic strategy for central nervous system injury. Mol Cell Biochem. 
2019;457(1–2):51–9.

	149.	 Goncalves MB, Wu Y, Trigo D, Clarke E, Malmqvist T, Grist J, Hobbs C, 
Carlstedt TP, Corcoran JP. Retinoic acid synthesis by NG2 expressing 
cells promotes a permissive environment for axonal outgrowth. Neuro-
biol Dis. 2018;111:70–9.

	150.	 Chinazzi M, Davis JT, Ajelli M, Gioannini C, Litvinova M, Merler S, Pastore 
y Piontti A, Mu K, Rossi L, Sun K,. The effect of travel restrictions on the 
spread of the 2019 novel coronavirus (COVID-19) outbreak. Science. 
2020;368(6489):395–400.

	151.	 Ling X, Zhang G, Xia Y, Zhu Q, Zhang J, Li Q, Niu X, Hu G, Yang Y, Wang Y. 
Exosomes from human urine-derived stem cells enhanced neurogen-
esis via miR-26a/HDAC6 axis after ischaemic stroke. J Cell Mol Med. 
2020;24(1):640–54.

	152.	 Lapchak PA, Boitano PD, de Couto G, Marbán E. Intravenous xenogeneic 
human cardiosphere-derived cell extracellular vesicles (exosomes) 
improves behavioral function in small-clot embolized rabbits. Exp 
Neurol. 2018;307:109–17.

	153.	 Kim M, Kim G, Hwang DW, Lee M. Delivery of high mobility group box-1 
siRNA using brain-targeting exosomes for ischemic stroke therapy. J 
Biomed Nanotechnol. 2019;15(12):2401–12.

	154.	 Song Y, Li Z, He T, Qu M, Jiang L, Li W, Shi X, Pan J, Zhang L, Wang Y. M2 
microglia-derived exosomes protect the mouse brain from ischemia-
reperfusion injury via exosomal miR-124. Theranostics. 2019;9(10):2910.

	155.	 Wang J, Liu H, Chen S, Zhang W, Chen Y, Yang Y. Moderate exercise has 
beneficial effects on mouse ischemic stroke by enhancing the func-
tions of circulating endothelial progenitor cell-derived exosomes. Exp 
Neurol. 2020;330: 113325.

	156.	 Deng Y, Chen D, Gao F, Lv H, Zhang G, Sun X, Liu L, Mo D, Ma N, Song 
L. Exosomes derived from microRNA-138-5p-overexpressing bone 
marrow-derived mesenchymal stem cells confer neuroprotection to 
astrocytes following ischemic stroke via inhibition of LCN2. J Biol Eng. 
2019;13(1):1–18.

	157.	 Geng W, Tang H, Luo S, Lv Y, Liang D, Kang X, Hong W. Exosomes from 
miRNA-126-modified ADSCs promotes functional recovery after stroke 
in rats by improving neurogenesis and suppressing microglia activa-
tion. Am J Transl Res. 2019;11(2):780.

	158.	 Chen F, Du Y, Esposito E, Liu Y, Guo S, Wang X, Lo EH, Xing C, Ji X. Effects 
of focal cerebral ischemia on exosomal versus serum miR126. Transl 
Stroke Res. 2015;6(6):478–84.



Page 18 of 18Seyedaghamiri et al. Cell Communication and Signaling          (2022) 20:110 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	159.	 Safakheil M, Safakheil H. The effect of exosomes derived from bone 
marrow stem cells in combination with rosuvastatin on functional 
recovery and neuroprotection in rats after ischemic stroke. J Mol Neuro-
sci. 2020;66:1–14.

	160.	 Zhang S, Jin T, Wang L, Liu W, Zhang Y, Zheng Y, Lin Y, Yang M, He X, Lin 
H. Electro-acupuncture promotes the differentiation of endogenous 
neural stem cells via exosomal microRNA 146b after ischemic stroke. 
Front Cell Neurosci. 2020;14:223.

	161.	 Zhang G, Zhu Z, Wang H, Yu Y, Chen W, Waqas A, Wang Y, Chen L. 
Exosomes derived from human neural stem cells stimulated by inter-
feron gamma improve therapeutic ability in ischemic stroke model. J 
Adv Res. 2020;24:435–45.

	162.	 Li D-B, Liu J-L, Wang W, Luo X-M, Zhou X, Li J-P, Cao X-L, Long X-H, Chen 
J-G, Qin C. Plasma exosomal miRNA-122-5p and miR-300-3p as poten-
tial markers for transient ischaemic attack in rats. Front Aging Neurosci. 
2018;10:24.

	163.	 Liu Y, Fu N, Su J, Wang X. Li X (2019) Rapid enkephalin delivery using 
exosomes to promote neurons recovery in ischemic stroke by inhibit-
ing neuronal p53/Caspase-3. BioMed Res Int. 2019;6:66.

	164.	 Nalamolu KR, Venkatesh I, Mohandass A, Klopfenstein JD, Pinson DM, 
Wang DZ, Kunamneni A, Veeravalli KK. Exosomes secreted by the 
cocultures of normal and oxygen–glucose-deprived stem cells improve 
post-stroke outcome. NeuroMol Med. 2019;21(4):529–39.

	165.	 Yang H-C, Zhang M, Wu R, Zheng H-Q, Zhang L-Y, Luo J, Li L-L, Hu X-Q. 
CC chemokine receptor type 2-overexpressing exosomes alleviated 
experimental post-stroke cognitive impairment by enhancing micro-
glia/macrophage M2 polarization. World J Stem Cells. 2020;12(2):152.

	166.	 Hou K, Li G, Zhao J, Xu B, Zhang Y, Yu J, Xu K. Bone mesenchymal stem 
cell-derived exosomal microRNA-29b-3p prevents hypoxic-ischemic 
injury in rat brain by activating the PTEN-mediated Akt signaling path-
way. J Neuroinflamm. 2020;17:66.

	167.	 Wang J, Chen S, Zhang W, Chen Y, Bihl JC. Exosomes from miRNA-
126-modified endothelial progenitor cells alleviate brain injury 
and promote functional recovery after stroke. CNS Neurosci Ther. 
2020;26(12):1255–65.

	168.	 Zhang Y, Qin Y, Chopp M, Li C, Kemper A, Liu X, Wang X, Zhang L, Zhang 
ZG. Ischemic cerebral endothelial cell-derived exosomes promote 
axonal growth. Stroke. 2020;51(12):3701–12.

	169.	 Venkat P, Zacharek A, Landschoot-Ward J, Wang F, Culmone L, Chen Z, 
Chopp M, Chen J. Exosomes derived from bone marrow mesenchymal 
stem cells harvested from type two diabetes rats promotes neu-
rorestorative effects after stroke in type two diabetes rats. Exp Neurol. 
2020;334: 113456.

	170.	 Zhou J, Chen L, Chen B, Huang S, Zeng C, Wu H, Chen C, Long F. 
Increased serum exosomal miR-134 expression in the acute ischemic 
stroke patients. BMC Neurol. 2018;18(1):1–9.

	171.	 Chen Y, Song Y, Huang J, Qu M, Zhang Y, Geng J, Zhang Z, Liu J, Yang 
G-Y. Increased circulating exosomal miRNA-223 is associated with acute 
ischemic stroke. Front Neurol. 2017;8:57.

	172.	 Ji Q, Ji Y, Peng J, Zhou X, Chen X, Zhao H, Xu T, Chen L, Xu Y. Increased 
brain-specific MiR-9 and MiR-124 in the serum exosomes of acute 
ischemic stroke patients. PLoS ONE. 2016;11(9): e0163645.

	173.	 Wang W, Li D-B, Li R-Y, Zhou X, Yu D-J, Lan X-Y, Li J-P, Liu J-L. Diagnosis 
of hyperacute and acute ischaemic stroke: the potential utility of 
exosomal MicroRNA-21-5p and MicroRNA-30a-5p. Cerebrovasc Dis. 
2018;45(5–6):204–12.

	174.	 Li D-B, Liu J-L, Wang W, Li R-Y, Yu D-J, Lan X-Y, Li J-P. Plasma exosomal 
miR-422a and miR-125b-2-3p serve as biomarkers for ischemic stroke. 
Curr Neurovasc Res. 2017;14(4):330–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Exosomes-based therapy of stroke, an emerging approach toward recovery
	Abstract 
	Background
	Biogenesis of Exo
	Role of exosomes in neuro-inflammation post-stroke
	Exo and apoptotic neuronal cell death
	A critical role of exosomes and autophagy after stroke
	Role of exosomes on neurovascular remodeling after stroke
	Exo and neurogenesis after stroke
	Exo and neural plasticity after stroke
	Exo and myelination after stroke
	Clinical relevance and prospects
	Conclusion
	Acknowledgements
	References


