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Potential effects of mesenchymal stem cell derived 
extracellular vesicles and exosomal miRNAs in 
neurological disorders

Masako Nakano*, Mineko Fujimiya

Abstract  
Mesenchymal stem cells are multipotent cells that possess anti-inflammatory, anti-
apoptotic and immunomodulatory properties. The effects of existing drugs for 
neurodegenerative disorders such as Alzheimer’s disease are limited, thus mesenchymal 
stem cell therapy has been anticipated as a means of ameliorating neuronal dysfunction. 
Since mesenchymal stem cells are known to scarcely differentiate into neuronal cells in 
damaged brain after transplantation, paracrine factors secreted from mesenchymal stem 
cells have been suggested to exert therapeutic effects. Extracellular vesicles and exosomes 
are small vesicles released from mesenchymal stem cells that contain various molecules, 
including proteins, mRNAs and microRNAs. In recent years, administration of exosomes/
extracellular vesicles in models of neurological disorders has been shown to improve 
neuronal dysfunctions, via exosomal transfer into damaged cells. In addition, various 
microRNAs derived from mesenchymal stem cells that regulate various genes and reduce 
neuropathological changes in various neurological disorders have been identified. This 
review summarizes the effects of exosomes/extracellular vesicles and exosomal microRNAs 
derived from mesenchymal stem cells on models of stroke, subarachnoid and intracerebral 
hemorrhage, traumatic brain injury, and cognitive impairments, including Alzheimer’s 
disease.
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neurological disorders

https://doi.org/10.4103/1673-5374.313026

Date of submission: September 5, 2020 

Date of decision: November 23, 2020

Date of acceptance: January 18, 2021 

Date of web publication: April 23, 2021 

Introduction 
Mesenchymal stem cells (MSCs) are multipotent progenitor 
cells that can be isolated from several tissues, including 
bone marrow (BM), adipose tissue, umbilical cord (UC) and 
placenta (Heo et al., 2016). Since these cells exert anti-
inflammatory, anti-apoptotic and immunomodulatory effects, 
MSCs have been used in clinical trials for a wide range of 
diseases, including neurodegenerative diseases (Saeedi et 
al., 2019). The initial hypothesis was that MSCs would readily 
differentiate into neurons or other cells in the damaged brain 
after transplantation. However, only limited numbers of MSCs 
have been shown to undergo such differentiation, and the 
paracrine factors secreted from MSCs are now suggested to 
exert therapeutic effects, rather than the actual differentiation 
of MSCs (Nooshabadi et al., 2018). All type of MSCs including 
BM-MSCs, adipose-derived (AD)-MSCs and UC-MSCs show 
the common surface makers, such as CD29, CD44, CD73 and 
CD90 (Heo et al., 2016). However BM-MSCs are known to 
exert immunosuppressive activity because they secrete higher 
level of cytokines like interleukin-10 (IL-10) and transforming 
growth factor beta 1 more than other types of MSCs (Heo et 
al., 2016).

Extracellular vesicles (EVs) are vesicles secreted from various 
cell types, including MSCs. EVs contain molecules such as 
DNA, mRNA, microRNA (miRNA) and proteins (Lai et al., 2014). 
EVs are classified into three types: exosomes (40–100 nm), 

microvesicles (100–1000 nm) and apoptotic bodies (50–4000 
nm) (Lai et al., 2014). EVs transfer their cargo of molecules 
into recipient cells, thus acting as a means of intercellular 
communication. Thus, in contrast to cellular miRNAs that 
localize within cells, EV containing miRNAs can be transferred 
into other cells and affect the function of recipient cells (Lai et 
al., 2014). As noncoding RNA of 19–24 nucleotides, miRNAs 
regulate the expression of up to 30% of protein-coding genes 
(Bhaskaran and Mohan, 2014). Since miRNAs suppress the 
expression of various target genes, therapeutic effects of 
MSCs might be largely exerted through the transfer of miRNAs 
via EVs. 

This review focuses on the effects of MSC-derived exosomes/
EVs on various models of neurological disorder. We also 
summarize the main miRNAs derived from exosomes that 
ameliorate the pathological changes seen in each brain 
disease. Recently, a number of miRNAs derived from MSCs 
have been identified as effective against various neurological 
disorders (Figure 1). A PubMed search was conducted 
using the keywords “mesenchymal stem cells”, “exosomes”, 
“extracellular vesicles”, “miRNA” and “brain” for the period 
from 2010 to 2020. In this paper, we review the effects of 
exosomes/EVs and exosomal miRNAs derived from MSCs 
on models of stroke, subarachnoid hemorrhage (SAH), 
intracerebral hemorrhage, traumatic brain injury (TBI), 
cognitive impairments and other neurological disorders.
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Effects of Exosomes/Extracellular Vesicles 
and Exosomal MicroRNAs Derived from 
Mesenchymal Stem Cells on Stroke Models
Exosomes/EVs secreted from several kinds of MSCs, such as 
BM-MSCs, AD-MSCs, and UC-MSCs, are known to improve 
neuronal functions in stroke models (Table 1). More studies 
have used BM-MSCs than AD-MSCs or UC-MSCs. 

BM-MSC-derived exosomes/EVs are known to promote neural 
plasticity and neurogenesis, as well as angiogenesis (Xin et al., 
2013a; Doeppner et al., 2015; Deng et al., 2017; Dabrowska et 
al., 2019; Han et al., 2020). Most studies that showed effects 
of BM-MSC-derived exosomes/EVs used rat or mouse models 
of stroke. Go et al. (2020) used aged Rhesus monkeys and 
reported that EVs derived from BM-MSCs can improve motor 
function and reduce microglial mediated neuroinflammation 
in monkeys with cortical injury. Thus, exosomes/EVs derived 
from BM-MSCs are expected to exert therapeutic effects on 
aged human with brain damage.

In addition to these reports, exosomes/EVs released from AD-
MSCs are known to reduce brain infarction and restore white 
matter integrity (Chen et al., 2016; Otero-Ortega et al., 2017). 
Although exosomes/EVs derived from cultured AD-MSCs 
using conventional methods are effective against ischemic 
lesions, Lee et al. (2016) demonstrated that microvesicles 
secreted from AD-MSCs cultured with brain extract exhibit 
greater potency for improving neurological functions than 
microvesicles secreted from AD-MSCs cultured without brain 
extract. 

Besides AD-MSCs, exosomes secreted from human umbilical 
cord blood derived MSCs have been shown to exert beneficial 
effects in reducing infarct size by intravenous injection 
(Nalamolu et al., 2019). Exosomes derived from human UC-
MSCs with overexpression of C-C chemokine receptor 2 
are also effective for post-stroke cognitive impairment by 
promoting M2 microglia/macrophage polarization (Yang et 
al., 2020). In addition to UC-MSCs, small EVs secreted from 
human induced pluripotent stem cell (iPSC)-derived MSCs 
have been shown to inhibit abnormal autophagy and promote 
angiogenesis in an ischemic stroke model (Xia et al., 2020).

In the last few years, a large number of exosomal miRNAs that 
improve ischemia-induced brain damage have been identified 
(Table 1). Xin et al. (2013b) demonstrate that administration 
of miR-133b-overexpressing BM-MSCs promotes functional 
recovery via exosomal transfer into neurons and astrocytes. 
They also reported that miR-17-92 cluster-enriched exosomes, 
derived from BM-MSCs, can enhance functional recovery from 
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stroke by promoting oligodendrogenesis, neurogenesis and 
neuronal remodeling (Xin et al., 2017). 

Neurogenesis is known to be induced by miR-124, miR-126 
and miR-184. In a mouse model of photothrombosis, miR-
124-loaded exosomes derived from BM-MSCs is suggested 
to induce cortical neuronal progenitors to differentiate into 
the neuronal lineage (Yang et al., 2017). Exosomal miR-126 
derived from AD stem cells and miR-184 derived from BM-
MSCs can also promote functional recovery by enhancing 
neurogenesis in rat models of stroke (Geng et al., 2019; Moon 
et al., 2019)

Anti-inflammatory and immunomodulatory effects of MSC-
derived exosomes are exerted by miR-30d, miR-126 and miR-
138. Jiang et al. (2018) demonstrated that exosomal miR-
30d derived from AD stem cells can decrease the cerebral 
injury by suppressing autophagy and promoting M2 microglia 
polarization. Exosomal miR-126 derived from AD stem cells 
acts to inhibit microglial activation and inflammatory reactions 
in a rat stroke model (Geng et al., 2019). In addition, exosomal 
miR-138 derived from BM-MSCs is known to ameliorate 
neurological impairments by inhibiting the inflammatory 
responses of astrocytes (Deng et al., 2019).

Angiogenic effects of MSC-derived exosomes are exerted by 
miR-29b, miR-132 and miR-210 in stroke models. Exosomal 
miR-29b derived from BM-MSCs can ameliorate ischemic 
brain injury by enhancing angiogenesis and inhibiting neuronal 
apoptosis (Hou et al., 2020). Exosomal miR-132 derived 
from BM-MSCs can protect brain injury by reducing vascular 
oxidative production and inhibiting blood-brain barrier 
dysfunction (Pan et al., 2020). In addition, Moon et al. (2019) 
demonstrate that miR-210 contained in EVs derived from BM-
MSCs was essential for angiogenesis in a rat stroke model.

Effect of Exosomes/Extracellular Vesicles 
and Exosomal MicroRNAs Derived from 
Mesenchymal Stem Cells on Models of 
Subarachnoid and Intracerebral Hemorrhage
Exosomes/EVs secreted from BM-MSCs and AD-MSCs have 
been shown to have an effect on neuronal recovery in models 
of subarachnoid and intracerebral hemorrhage (Table 2). 
Exosomes derived from AD-MSCs are known to restore the 
integrity of white matter in a rat model of intracerebral 
hemorrhage by intravenous injection (Otero-Ortega et al., 
2018). Zhang et al. (2018) found that miR-21 overexpressing 
BM-MSCs can promote the neurological functions via 
exosomal transfer into neurons in a rat model of intracerebral 
hemorrhage. 

In SAH models, exosomal miR-21 and miR-193b derived 
from BM-MSCs are known to ameliorate the neurological 
impairments. Gao et al. (2020) reported that transfer of miR-
21 from BM-MSCs to neurons protected neuronal apoptosis 
and improved cognitive function in a rat model of SAH. In 
addition, miR-193b-loaded exosomes derived from BM-MSCs 
were found to attenuate neuronal inflammation by systemic 
injection in a mouse model of SAH (Lai et al., 2020). In 
addition, miR-193b has an effect to decrease the edema and 
blood-brain barrier injury in damaged brain (Lai et al., 2020).

Effect of Exosomes/Extracellular Vesicles  
and Exosomal MicroRNAs Derived from 
Mesenchymal Stem Cells on Models of 
Traumatic Brain Injury 
Exosomes/EVs secreted from BM-MSCs are known to improve 
the neuronal dysfunction in TBI models (Table 3). Although 
TBI is a major cause of mortality and long-term disability, 

Figure 1 ｜ Schema of mesenchymal stem cell derived exosomes/EVs and 
effective exosomal miRNAs in neurological disorders.
Mesenchymal stem cells secrete exosomes and responsible miRNAs that 
exert beneficial effects are shown. AD: Alzheimer’s disease; EVs: extracellular 
vesicles; SAH: subarachnoid hemorrhage; TBI: traumatic brain injury. 
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exosomes/EVs derived from BM-MSCs have an effect in 
improving sensorimotor function and cognitive impairment 
in TBI models by regulating angiogenesis, neurogenesis and 
neuroinflammation (Zhang et al., 2015; Kim et al., 2016; Ni et 
al., 2019). Rodent models are usually used in experiments on 
TBI. However, Williams et al. found that neurological function 
in a swine model of TBI combined with hemorrhagic shock 
was recovered by administration of exosomes derived from 
BM-MSCs (Williams et al., 2019). In addition, Xu et al. (2020) 
reported that exosomal miR-216a derived from BM-MSCs can 
inhibit TBI-induced neuronal apoptosis.

For the treatment of TBI, the proper dose of BM-MSC-derived 
exosomes and the timing of treatment have been investigated 
by Zhang et al.  (2020). They found that intravenous 

injection of 100 µg of exosomes in TBI rats resulted in better 
neurological function than other groups treated with 50 µg 
or 200 µg of exosomes (Zhang et al., 2020). In addition, they 
found that rats receiving exosome injection at 1 day after TBI 
showed greater functional improvement, compared to other 
groups that received the exosome injection at 4 or 7 days 
after TBI (Zhang et al., 2020). Such results seem to be useful 
for clinical application. They also reported that exosomes 
derived from BM-MSCs cultured under 3-dimensional 
conditions showed greater effectiveness for the damage 
from TBI, compared to those from BM-MSCs cultured under 
2-dimensional conditions (Zhang et al., 2017). Thus, not only 
the dose or timing, but also the culture condition of BM-MSCs 
seems important for therapy using exosomes.

Table 1 ｜ Various application of stem cell-derived exosomes/EVs in models of stroke

Study MSC  (source)
Vesicle type 
(administration)

miRNA  (target 
gene) Function In vivo models

Xin et al. (2013a) BM-MSCs (rat) Exosomes (iv) – Neuroprotection/neurogenesis/
angiogenesis/neurological recovery

Rat model of stroke

Doeppner et al. 
(2015)

BM-MSCs (human) EVs (iv) – Neuroprotection/neurogenesis/ 
immunomodulation/angiogenesis/
neurological recovery

Mouse model of stroke

Chen et al. (2016) AD-MSCs (mini-pig) Exosomes (iv) – Neuroprotection/anti-inflammation/ 
immunomodulation/angiogenesis/
neurological recovery

Rat model of acute ischemic 
stroke

Lee et al. (2016) BE treated AD-MSCs 
(human)

MVs (ia) – Neuroprotection/neurogenesis/anti-
inflammation/angiogenesis/neurological 
recovery

Rat model of stroke

Deng et al. (2017) BM-MSCs (mouse) EVs (icv) – Neuroprotection/anti-inflammation/
neurological recovery

Mouse model of transient 
global ischemia

Otero-Orteg et al. 
(2017)

AD-MSC (rat) EVs (iv) – Neuroprotection/neurological recovery/
restore the white matter integrity

Rat model of subcortical 
stroke

Dabrowska et al. 
(2019)

BM-MSCs (human) EVs (ia) – Neuroprotection/anti-inflammation/ 
immunomodulation

Rat model of focal brain 
injury

Nalamolu et al. 
(2019)

UCB-MSCs (human) Exosomes (iv) – Neuroprotection Rat model of stroke

Go et al. (2020) BM-MSCs (monkey) EVs (iv) – Anti-inflammation/immunomodulation/
neurological recovery

Aged rhesus monkey model 
of cortical injury

Han et al. (2020) BM-MSCs (rat) EVs (iv) – Neuroprotection/anti-inflammation/
neurological recovery

Rat model of cerebral 
ischemia/reperfusion injury

Xia et al. (2020) iPSC-derived MSC 
(human)

small EVs (iv) – Neuroprotection/angiogenesis/ 
inhibiting autophagy/neurological recovery

Rat model of stroke

Yang et al. (2020) CCR2 overexpressing
UC-MSCs (human)

Exosomes (iv) – Neuroprotection/anti-inflammation/ 
immunomodulation/neurological recovery

Rat model of post-stroke 
cognitive impairment

Xin et al. (2013b) miR-133b 
overexpressing 
BM-MSCs (rat) (iv)

Exosomes miR-133b (RhoA) Neuroprotection/neurological recovery Rat model of stroke

Xin et al. (2017) miR-17-92 
overexpressing
BM-MSCs (rat)

Exosomes (iv) miR-17-92  (PTEN) Neuroprotection/neurogenesis/ 
neurological recovery

Rat model of stroke

Yang et al. (2017) BM-MSCs (mouse) miR-124 loading
RVG-exosomes (iv)

miR-124 (Gil3/Stat3) Neurogenesis Mouse model of 
photothrombosis

Jiang et al. (2018) miR-30d 
overexpressing
ADSCs (rat)

Exosomes (iv) miR-30d (Beclin/
Atg5)

Neuroprotection/anti-inflammation/ 
immunomodulation/suppressing 
autophagy/neurological recovery

Rat model of acute ischemic 
stroke

Deng et al. (2019) miR-138 
overexpressing
BM-MSCs (mouse)

Exosomes miR-138 (LCN2) Neuroprotection/anti-inflammation/
inhibit inflammatory responses of 
astrocytes

Mouse model of stroke

Geng et al. (2019) miR-126 
overexpressing
ADSCs (rat)

Exosomes (iv) miR-126 Neuroprotection/neurogenesis/ 
immunomodulation/angiogenesis/
neurological recovery

Rat model of stroke

Moon et al. (2019) BM-MSCs (rat) EVs (iv) miR-184 (Numbl)
miR-210 (EFNA3)

Neuroprotection/neurogenesis/
angiogenesis/neurological recovery

Rat model of stroke

Hou et al. (2020) miR-29b 
overexpressing
BM-MSCs (rat)

Exosomes (icv) miR-29b (PTEN) Neuroprotection/angiogenesis Rat model of stroke

Pan et al. (2020) miR-132 
overexpressing
BM-MSCs (mouse)

Exosomes (iv) miR-132 (RASA1) Inhibiting cerebral vascular ROS/reducing 
BBB dysfunction/neuroprotection

Mouse model of stroke

AD: Adipose derived; ADSCs: adipose-derived stem cells; BBB: blood-brain barrier; BE: brain-extract; BM: bone marrow; CCR2: C-C chemokine receptor type 2; 
EVs: extracellular vesicles; ia: intra-arterial injection; icv: intracerebroventricular injection; iPSC: induced pluripotent stem cell; iv: intravenous injection; MSCs: 
mesenchymal stem cells; MVs: microvesicles; ROS: reactive oxygen species; RVG: rabies virus glycoprotein; UC: umbilical cord; UCB: umbilical cord blood. 
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Effect of Exosomes/Extracellular Vesicles 
and Exosomal MicroRNAs Derived from 
Mesenchymal Stem Cells on Models of Cognitive 
Impairment, Including Alzheimer’s Disease and 
Diabetes
Exosomes/EVs secreted from BM-MSCs are known to 
improve the function of learning and memory in models of 
cognitive impairment (Table 4). Alzheimer’s disease is the 
most common cause of dementia, and neurodegeneration is 
thought to be induced by an accumulation of amyloid-β (Aβ) 
plaques and tau protein aggregates (Querfurth and LaFerla, 
2010). Intracerebral injection of MSC-derived exosomes has 
recently been shown to promote neurogenesis and improve 
cognitive function in an Alzheimer’s disease mouse model 
that received administration of Aβ to the dentate gyrus (Reza-
Zaldivar et al., 2019). In addition, Elia et al. (2019) reported 
that intracerebral injection of BM-MSC-derived EVs can 
reduce the Aβ burden in APP/PS1 mice at 3–5 months of age, 
as a model of early-stage Alzheimer’s disease. They suggested 
that the neprilysin contained in exosomes might degrade Aβ 
plaques (Elia et al., 2019). Cui et al. (2019) demonstrated that 
intravenously injected BM-MSC-derived exosomes, which 
were tagged with central nervous system-specific rabies viral 
glycoprotein peptide, showed therapeutic effects in improving 
cognitive function and reducing cytokine levels, when 
injected into APP/PS1 mice at 7–10 months old. In addition, 
intravenous injection of UC-MSC-derived exosomes improved 
cognitive dysfunctions by reducing Aβ plaques and modulating 
microglial activation, when injected into APP/PS1 mice at 7–8 
months old (Ding et al., 2018). However, modifications such 
as rabies viral glycoprotein peptide tagging seems necessary 

for the effective delivery of exosomes to the central nervous 
system when intravenous injection is considered. 

Exosomal miR21, miR-29b and miR-146a derived from BM-
MSCs act to improve cognitive function in Alzheimer’s disease 
models (Cui et al., 2018; Jahangard et al., 2020; Nakano et al., 
2020). Cui et al. (2018) reported that exosomal miR-21 derived 
from hypoxia-preconditioned BM-MSCs can ameliorate 
cognitive declines by inhibiting synaptic dysfunction and 
inflammatory responses, when those exosomes were injected 
intravenously to APP/PS1 mice at 7–10 months old. In 
addition, exosomes derived from BM-MSCs transfected with 
miR-29b have been shown to improve Aβ-induced cognitive 
impairment in a rat Alzheimer’s disease model injected with 
Aβ in the CA1 region (Jahangard et al., 2020). In our own 
recent study, intracerebroventricular injection of BM-MSCs 
was found to improve cognitive impairment in APP/PS1 mice 
of 13 months old (Nakano et al., 2020). Since the increased 
expression of miR-146a has been observed in the brain of 
APP/PS1 mice treated with BM-MSCs, exosomal transfer of 
miR-146a is suggested to ameliorate astrocytic inflammation 
in the brain of APP/PS1 mice. We also demonstrated that 
exosomal transfer of miR-146a reduced the inflammatory 
state of cultured astrocytes in vitro (Nakano et al., 2020). 

In addition to Alzheimer’s disease models, our group showed 
that exosomes from BM-MSCs improved the diabetes-
induced cognitive impairment in streptozotocin-injected mice 
by reducing astroglial inflammation (Nakano et al., 2016). 
Exosomal miR-146a derived from BM-MSCs has also been 
suggested to improve diabetes-induced cognitive impairment 
by reducing astroglial inflammation in a streptozotocin-
injected rat model (Kubota et al., 2018). 

Table 2 ｜ Various application of stem cell-derived exosomes/EVs in models of subarachnoid and intracerebral hemorrhage

Study MSC (source)
Vesicle type 
(administration) miRNA  (target gene) Function In vivo models

Otero-Ortega et al. 
(2018)

AD-MSCs (rat) Exosomes (iv) – Restore the white matter integrity/
neuroprotection/neurological 
recovery

Rat model of ICH

Zhang et al. (2018) miR-21 overexpressing 
BM-MSCs (rat) (intracerebral 
injection)

Exosomes miR-21 (TRPM7) Neuroprotection/anti-inflammation/
neurological recovery

Rat model of ICH

Gao et al. (2020) BM-MSCs (rat) EVs (iv) miR-21 (PTEN) Neuroprotection/neurological 
recovery

Rat model of SAH

Lai et al. (2020) BM-MSCs (mouse) miR-193b loading
RVG-exosomes (iv)

miR-193b (HDAC3) Neuroprotection/anti-inflammation/
neurological recovery

Mouse model of SAH

AD: Adipose derived; BM: bone marrow; EVs: extracellular vesicles; ICH: intracerebral hemorrhage; iv: intravenous injection; MSCs: mesenchymal stem cells; 
RVG: rabies virus glycoprotein; SAH: subarachnoid hemorrhage.

Table 3 ｜ Various application of stem cell-derived exosomes/EVs in models of traumatic brain injury

Study MSC (source)
Vesicle type 
(administration)

miRNA  (target 
gene) Function In vivo models

Zhang et al. (2015) BM-MSCs (rat) Exosomes (iv) – Neuroprotection/neurogenesis/
angiogenesis/neurological recovery

Rat model of TBI

Kim et al. (2016) BM-MSCs (human) EVs (iv) – Anti-inflammation/neurological recovery Mouse model of TBI
Zhang et al. (2017) BM-MSCs cultured under

3D conditions (human)
Exosomes (iv) – Neurogenesis/anti-inflammation/

angiogenesis/neurological recovery
Rat model of TBI

Ni et al. (2019) BM-MSCs (rat) Exosomes (retro-
orbital injection)

– Neuroprotection/anti-inflammation/
immunomodulation/neurological 
recovery

Mouse model of TBI

Williams et al. 
(2019)

BM-MSCs (human) Exosomes (iv) – Neurological recovery Swine model of TBI and 
hemorrhagic shock

Zhang et al. (2020) BM-MSCs; (human) Exosomes (iv) – Neurogenesis/anti-inflammation/
angiogenesis/neurological recovery

Rat model of TBI

Xu et al. (2020) BDNF treated BM-MSCs (rat) Exosomes (iv) miR-216a 
(HMGB1)

Neuroprotection/anti-inflammation/
neurogenesis/neurological recovery

Rat model of TBI

BDNF: Brain-derived neurotrophic factor; BM: bone marrow; EVs: extracellular vesicles; iv: intravenous injection; MSCs: mesenchymal stem cells; TBI: traumatic 
brain injury. 
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Effect of Exosomes/Extracellular Vesicles 
Derived from Mesenchymal Stem Cells on Other 
Models of Neurological Disorder
Exosomes/EVs derived from MSCs are known to promote 
neurological functions in other models, including perinatal 
brain injury, multiple sclerosis, Parkinson’s disease (PD), 
amyotrophic lateral sclerosis (ALS), autism spectrum disorders 
(ASD), Machado-Joseph disease (MJD), status epilepticus (SE) 
and infection-induced brain damage (Table 5). 

Exosomes/EVs derived from BM-MSCs and Wharton’s jelly-
derived (WJ)-MSCs have been shown to improve neurological 
inflammation in models of perinatal brain injury (Ophelders 
et al., 2016; Drommelschmidt et al., 2017; Sisa et al., 2019; 
Thomi et al., 2019a, b). BM-MSC-derived EVs can reduce glial 
activation, cell apoptosis and tissue volume loss in rodent 
models of perinatal brain injury induced by hypoxia-ischemia 
or lipopolysaccharide injection (Drommelschmidt et al., 2017; 
Sisa et al., 2019). BM-MSC-derived EVs have been shown 
to reduce seizures in a sheep model of fetal brain injury 
with hypoxia-ischemia insult by preventing hypomyelination 
(Ophelders et al., 2016). Since such a sheep model is similar 
to the clinical condition of human preterm brain with hypoxia-
ischemia injury, exosomal treatment can be expected to prove 
effective in humans. Besides BM-MSCs, WJ-MSC-derived 
exosomes also contribute to functional recovery in rat models 
of prenatal brain injury (Thomi et al., 2019a, b). WJ-MSC-
derived exosomes are known to rescue normal myelination, 
inhibit cell death of oligodendrocytes as well as neurons, and 
reduce microglia-mediated neuroinflammation (Thomi et al., 
2019a, b). 

Exosomes/EVs derived from placenta-derived MSCs, BM-
MSCs and AD-MSCs have been shown to improve motor 
deficits in multiple sclerosis models (Laso-García et al., 2018; 
Clark et al., 2019; Riazifar et al., 2019). Multiple sclerosis is 
the most common autoimmune demyelinating disease of 
the central nervous system (Ransohoff et al., 2015). Clark et 
al. (2019) reported that EVs secreted from placenta-derived 
MSCs improve motor function by reducing DNA damage 
to oligodendrocytes and increasing myelination in the 
spinal cord in experimental autoimmune encephalomyelitis 

mice. Exosomes derived from BM-MSCs stimulated by 
IFN-γ have been shown to reduce demyelination as well as 
neuroinflammation, and to increase the number of regulatory 
T cells in the spinal cord of experimental autoimmune 
encephalomyelitis mice (Riazifar et al., 2019). Furthermore, 
EVs derived from AD-MSCs can improve motor functions 
by decreasing brain atrophy, promoting remyelination and 
regulating inflammatory state in the spinal cord of a mouse 
model of progressive multiple sclerosis (Laso-García et al., 
2018).

Exosomes derived from MSCs are shown to improve 
neurological functions in models of PD and ALS (Bonafede et 
al., 2020; Chen et al., 2020a). PD is a common progressive 
neurodegenerative disease that leads to motor and cognitive 
dysfunctions (Poewe et al., 2017). Chen et al. (2020a) 
reported that exosomes derived from UC-MSCs ameliorated 
apomorphine-induced asymmetric rotation by reducing 
the loss of dopaminergic neurons in the substantia nigra 
and increasing levels of dopamine in the striatum. ALS is a 
neurodegenerative disease involving progressive degeneration 
of motor neurons, but no effective pharmacotherapies 
have so far been identified (Robberecht and Philips, 2013). 
Exosomes derived from AD stem cells have recently been 
shown to improve motor performance by protecting lumbar 
motor neurons and decreasing glial activation in a mouse 
model of ALS (Bonafede et al., 2020). 

In addition to PD and ALS, exosomes derived from MSCs are 
shown to improve neurological behaviors in a model of MJD 
and ASD. MJD is the most common autosomal-dominant 
hereditary ataxia, but effective treatments remain lacking 
(Klockgether et al., 2019). You et al. (2020) reported that 
exosomes isolated from iPSC-derived MSCs can improve 
motor functions in a mouse model of MJD by attenuating 
losses of Purkinje cells and cerebellar myelin. ASD is a 
neurodevelopmental disorder characterized by deficits 
in social interactions, increased repetitive behaviors and 
cognitive inflexibility (Lord et al., 2020). Perets et al. (2018) 
demonstrated that intranasal injection of exosomes derived 
from BM-MSCs can increase social interaction and reduce 
repetitive behavior in a model of ASD. 

Exosomes derived from BM-MSCs and WJ-MSCs are known to 

Table 4 ｜ Various application of stem cell-derived exosomes/EVs in models of cognitive impairment

Study MSC (source)
Vesicle type 
(administration)

miRNA  (target 
gene) Function In vivo models

Nakano et al. 
(2016)

BM-MSCs (rat) Exosomes (icv) – Neuroprotection/anti-inflammation/
immunomodulation/improve cognitive 
function

Mouse model of 
diabetes-induced 
cognitive impairment

Ding et al. (2018) UC-MSCs (human) Exosomes (iv) – Reduce Aβ plaque burden/
immunomodulation/anti-inflammation/
improve cognitive function

Mouse model of AD  
(APP/PS1)

Cui et al. (2019) BM-MSCs (mouse) RVG-modified
Exosomes (iv)

– Reduce Aβ plaque burden/anti-inflammation/
improve cognitive function

Mouse model of AD  
(APP/PS1)

Elia et al. (2019) BM-MSCs (mouse) EVs (into neocortex) – Neuroprotection/reduce Aβ plaque burden Mouse model of AD  
(APP/PS1)

Reza-Zaldivar et al. 
(2019)

MSC Exosomes (into DG) – Neurogenesis/improve cognitive function Mouse model of AD 
(Aβ injected model)

Kubota et al. (2018) BM-MSCs (rat) (iv) Exosomes miR-146a 
(IRAK1)

Neuroprotection/anti-inflammation/improve 
cognitive function

Mouse model of 
diabetes-induced 
cognitive impairment

Cui et al. (2018) Hypoxia-preconditioned
BM-MSCs (mouse)

Exosomes (iv) miR-21 (STAT3/
NF-κB)

Neuroprotection/anti-inflammation/reduce Aβ 
plaque burden/improve cognitive function

Mouse model of AD  
(APP/PS1)

Jahangard et al. 
(2020)

miR-29b overexpressing 
BM-MSCs (rat)

Exosomes (into CA1) miR-29b (NAV3/
BIM)

Improve cognitive function Rat model of AD (Aβ 
injected model)

Nakano et al. 
(2020)

BM-MSCs (rat) (icv) Exosomes miR-146a 
(TRAF6)

Neuroprotection/anti-inflammation/
immunomodulation/improve cognitive 
function

Mouse model of AD
 (APP/PS1)

AD: Alzheimer’s disease; Aβ: amyloid β; BM: bone marrow; CA1: cornu ammonis 1; DG: dentate gyrus; EVs: extracellular vesicles; icv: intracerebroventricular 
injection; iv: intravenous injection; MSCs: mesenchymal stem cells; RVG: rabies virus glycoprotein; UC: umbilical cord.
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ameliorate the neurological changes accompanying SE (Long 
et al., 2017; Xian et al., 2019). Long et al. (2017) demonstrated 
that BM-MSC-derived A1 exosomes, which exhibit high anti-
inflammatory properties, could improve cognitive impairment 
by ameliorating neuroinflammation and preventing abnormal 
neurogenesis in mice with pilocarpine-induced SE. In addition 
to A1 exosomes, WJ-MSC-derived exosomes are also known 
to improve learning and memory impairments by reducing 
astrocytic inflammation in pilocarpine-induced SE mice (Xian 
et al., 2019)

The brain damage induced by septic syndrome or bacterial 
toxins can be ameliorated by exosomes/EVs derived from 
MSCs (Chang et al., 2019; Chen et al., 2019, 2020b). Chang 
et al. (2019) reported that AD-MSC-derived exosomes can 
down-regulate inflammatory reactions in both the circulation 
and brain, in a model of sepsis induced by cecum ligation and 
puncture. Exosomes/EVs derived from BM-MSCs treated with 
an antagonist of prostaglandin E2 receptor 4 are also known 
to ameliorate the brain damage induced by diphtheria toxin 
A (Chen et al., 2019, 2020b). Chen et al. (2020b) showed 
that exosomes/EVs derived from BM-MSCs treated with E2 
receptor 4 antagonist contain higher levels of 2′,3′-cyclic 
nucleotide 3′-phosphodiesterase, compared to those 
derived from untreated BM-MSCs. Such exosomal 2′,3′-cyclic 
nucleotide 3′-phosphodiesterase contributes to improve 
hippocampal neurogenesis and cognitive impairment in a 
mouse model of brain damage induced by diphtheria toxin A 
insult (Chen et al., 2020b).

Conclusion and Perspectives
Unlike cell therapies, administration of exosomes/EVs derived 
from MSCs seem to carry no risks of adverse effects such 
as tumor formation, cellular rejection and thrombosis. In 
contrast to iPSCs and embryonic stem cells which show 
higher potential to transform into teratomas, MSCs have 
been shown to be less tumorigenic (Neri, 2019). However, it 
is still controversial because some reports have shown that 
MSCs might have a property to enhance tumor growth by 
immunosuppressive effects (Klopp et al., 2011). Many kinds 
of miRNAs that are important to reducing neuroinflammation 
have been identified, and several clinical trials of MSC-derived 
exosome therapy have been started for acute ischemic stroke 
(NCT03384433) and Alzheimer’s disease (NCT04388982). 
Thus, various methods have been defined to isolate EVs from 
conditioned media, including ultracentrifugation, precipitation 
and immunoaffinity (Phan et al., 2018). However, confirming 
complete purification of exosomes/EVs and complete removal 
of non-EV contaminants like lipoprotein complexes remains 
difficult (Phan et al., 2018). Therefore, it seems to be difficult 
to guarantee the reproducibility of these studies using 
exosomes/EVs. Besides exosomal miRNAs, the injection of 
miRNA mimic oligonucleotide is also shown to improve the 
pathology of neurological diseases (Paul et al., 2020). For 
example, intracerebral injection of miR-7 mimic is reported 
to improve motor function and decrease lesion volume in rat 
stroke model (Kim et al., 2018). However the level of miR-7 in 
brain was shown to be decreased at 72 hours after injection. 
Half-lives of miRNAs that are not enclosed in EVs are short, 

Table 5 ｜ Various application of stem cell-derived exosomes/EVs in models of other neurological disorders

Study MSC (source)
Vesicle type 
(administration)

miRNA  
(target gene) Function In vivo models

Ophelders et al. 
(2016)

BM-MSCs (human) EVs (iv) – Reduce white matter injury/
neuroprotection/neurological recovery

Ovine model of fetal brain injury 
induced by HI insult

Drommelschmidt 
et al. (2017)

BM-MSCs (human) EVs (ip) – Neuroprotection/anti-inflammation/
immunomodulation/neurological recovery

Rat model of preterm brain injury 
induced by LPS injection

Sisa et al. (2019) BM-MSCs (human) EVs (in) – Neuroprotection/immunomodulation/
neurological recovery

Mouse model of prinatal brain 
injury induced by HI insult

Thomi et al. 
(2019a)

WJ-MSCs (human) Exosomes (in) – Anti-inflammation/immunomodulation Rat model of prinatal brain injury 
induced by HI and LPS insult

Thomi et al. 
(2019b)

WJ-MSCs (human) Exosomes (in) – Prevent gray and white matter alterations/
neuroprotection/neurological recovery

Rat model of prinatal brain injury 
induced by HI and LPS insult

Laso-Garcia et al. 
(2018)

AD-MSCs (human) EVs (iv) – Remyelination/anti-inflammation/
immunomodulation/neurological recovery

Mouse model of progressive MS

Clark et al. (2019) Placenta-derived
MSCs (human)

EVs (iv) – Remyelination/neurological recovery Mouse model of MS

Riazifar et al. (2019) IFN-γ activated
BM-MSCs (human)

Exosomes (iv) – Remyelination/anti-inflammation/
immunomodulation/neurological recovery

Mouse model of MS

Chen et al. (2020a) UC-MSCs (human) Exosomes (iv) – Reduce dopaminergic neuron loss/
neurological recovery

Rat model of PD

Bonafede et al. 
(2020)

ASCs (mouse) Exosomes (iv or in) – Neuroprotection/anti-inflammation/
neurological recovery

Mouse model of ALS

You et al. (2020) iPSC-derived MSCs 
(human)

Exosomes (iv) – Attenuate the loss of Purkinje cells
anti-inflammation/neurological recovery

Mouse model of MJD

Perets et al. (2018) BM-MSCs (human) Exosomes (in) – Reduce autistic-like behaviors Mouse model of ASD
Long et al. (2017) BM-MSCs (human) Exosomes (in) – Anti-inflammation/neurogenesis/

neurological recovery
Mouse model of SE

Xian et al. (2019) WJ-MSCs (human) Exosomes (icv) – Attenuate reactive astrogliosis/
neurological recovery

Mouse model of SE

Chang et al. (2019) AD-MSCs (rat) Exosomes (iv) – Suppress the systemic inflammation/
protect the brain damage

Rat model of sepsis syndrome

Chen et al. (2019) EP4 antagonist treated 
BM-MSCs (human)

EVs (intracardiac 
injection)

– Neuroprotection/anti-inflammation/
immunomodulationneurological recovery

Mouse model of brain damage 
induced by DTA

Chen et al. (2020b) EP4 antagonist treated 
BM-MSCs (human)

EVs (intracardiac 
injection)

– CNP promotes neurogenesis/
neuritogenesis/neurological recovery

Mouse model of brain damage 
induced by DTA

AD: Adipose-derived; ALS: amyotrophic lateral sclerosis; ASCs: adipose-derived stem cells; ASD: autism spectrum disorders; BM: bone marrow; CNP: 
2',3'-cyclic nucleotide 3'phosphodiesterase; DTA: diphtheria toxin A; EP4: prostaglandin E2 receptor 4; EVs: extracellular vesicles; HI: hypoxia-ischemia; icv: 
intracerebroventricular injection; IFN-γ: interferon-γ; in: intranasal injection; ip: intraperitoneal injection; iPSC: induced pluripotent stem cell; iv: intravenous 
injection; LPS: lipopolysaccharide; MJD: Machado-Joseph disease; MS: multiple sclerosis; MSCs: mesenchymal stem cells; PD: Parkinson’s disease; SE: status 
epilepticus; UC: umbilical cord; WJ: Wharton’ jelly. 
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while miRNAs enclosed in EVs are less degraded (Coenen-Stass 
et al., 2019). Furthermore, MSC derived EVs contain not only 
miRNAs but also a lot of anti-inflammatory proteins (Qiu et al., 
2019). Therefore, the injection of only miRNA mimic seems 
not to be suitable for the treatment of neurological diseases 
compared to the injection of MSC or MSC derived EVs.

In contrast to studies using MSC-derived EVs, a large number 
of clinical trials have used MSCs themselves. Over 950 
registered MSC clinical trials are listed by the Food and Drug 
Administration, but only 188 phase 1 or 2 trials have been 
completed and ten studies have reached phase 3 (Pittenger et 
al., 2019). Thus, a large discrepancy seems to exist between 
human and animal studies, because a large number of papers 
have probed the efficacy of MSCs in various rodent models. 

Some studies have suggested that MSC-derived exosomes/
EVs exert more beneficial effects than MSCs themselves 
(Kim et al., 2016; Dabrowska et al., 2019). However, before 
jumping to this new treatment, clarifying why some clinical 
trials using MSCs did not go well might yield important 
insights. Clinical outcomes might be affected by the number 
of injected cells, route of injection, environment of culture or 
stage of disease. Identifying these problems and investigating 
further mechanisms of exosomal treatment will likely lead to 
promising new therapies aimed at overcoming neurological 
disorders.
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