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Abstract 

Neurodegenerative diseases are characterized by the progressive loss of neurons and intricate 
interactions between different cell types within the affected regions. Reliable biomarkers that can 
accurately reflect disease activity, diagnose, and monitor the progression of neurodegenerative diseases 
are crucial for the development of effective therapies. However, identifying suitable biomarkers has been 
challenging due to the heterogeneous nature of these diseases, affecting specific subsets of neurons in 
different brain regions. One promising approach for promoting brain regeneration and recovery involves 
the transplantation of mesenchymal stem cells (MSCs). MSCs have demonstrated the ability to modulate 
the immune system, promote neurite outgrowth, stimulate angiogenesis, and repair damaged tissues, 
partially through the release of their extracellular vesicles (EVs). MSC-derived EVs retain some of the 
therapeutic characteristics of their parent MSCs, including their ability to regulate neurite outgrowth, 
promote angiogenesis, and facilitate tissue repair. This review aims to explore the potential of 
MSC-derived EVs as an emerging therapeutic strategy for neurodegenerative diseases, highlighting their 
role in modulating disease progression and promoting neuronal recovery. By elucidating the mechanisms 
by which MSC-derived EVs exert their therapeutic effects, we can advance our understanding and 
leverage their potential for the development of novel treatment approaches in the field of 
neurodegenerative diseases. 
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1. Introduction 
There is an increasing prevalence of neurodege-

nerative diseases among an aging population, which 
motivates biomedical scientists to investigate these 
conditions, such as Alzheimer's disease, Parkinson's 
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disease, multiple sclerosis (MS), amyotrophic lateral 
sclerosis (ALS), and Huntington's disease (HD) [1]. 
Chronic neurodegenerative processes can also be 
exacerbated by acute injuries and can increase the 
levels of systemic neuroinflammatory responses by 
affecting the central nervous system (CNS) [2]. 
According to the World Health Organization (WHO), 
neurological disorders are expected to become the 
second leading cause of death in humans within the 
next 20 years [3]. To overcome the failure of current 
therapeutic options, new therapeutic strategies must 
be developed to combat neurodegenerative diseases 
[4]. There is a lack of suitable carriers for targeted 
drugs, which prevents many advanced compounds 
from being fully developed [5].  

A neurodegenerative disease leads to a gradual 
loss of neurons and a decline in their functionality, 
resulting in cognitive and behavioural impairments 
[6]. Glial cells or neuroglia are the non-neuronal cells 
of the central nervous system. Neuroglia are 
categorized into four types such as astrocytes, 
microglia, oligodendrocytes, and NG2a-glia, all of 
these are involved in the regulation of the brain 
plasticity, protection of neurons, homeostasis [7]. 
Neurons, microglia, astrocytes, and oligodendrocytes 
interact with one another in a way that further 
damages the central nervous system, resulting in 
neuron and myelin death [8]. 

In recent years, inflammation-related activated 
astrocytes have gained increasing attention in relation 
to neurodegenerative diseases [9-11]. In several 
studies, it has been shown that the presence of type 1 
astrocytes (neurotoxic phenotype) that secrete 
proinflammatory cytokines has been associated with 
neurodegenerative diseases [12-14]. Furthermore, an 
increased number of activated microglia cooperated 
with dysfunctional astrocytes to impair the survival of 
neurons in AD mouse models [15]. Dysfunctional 
microglia play a very important role in neurode-
generation, and this is well known [16]. In AD and 
ALS, single cell sequencing analysis revealed that 
there was an increase in the expression level of several 
genes relevant to microglia function as the disease 
progressed [17].  

A central nervous system oligodendrocyte 
produces axon’s myelin sheath. Axons are protected 
by the myelin sheath, which maintains the axon's 
environment and function [18]. During demyelina-
tion, the insulation of nerve fibres is lost, causing the 
conduction of nerve signals to be disrupted, and the 
survival of the axons to be compromised [19]. The 
typical demyelinating diseases include multiple 
sclerosis and neuromyelitis optica, which are both 
related to demyelination [20]. The oligodendrocyte 
precursor cells (OPCs) that generate new myelin 

sheaths require proliferation, migration into lesions, 
and differentiation into oligodendrocytes. When these 
diseases progress, however, remyelination is often 
unsuccessful [21]. There is a pressing need to develop 
a new method that promotes myelin regeneration. 

Neurodegenerative diseases encompass a range 
of conditions where neurons in the brain or peripheral 
nervous system progressively degenerate. Although 
most neurodegenerative diseases like Alzheimer's, 
Parkinson's, and Huntington's lack a cure, there are 
limited treatment options available [22]. Current 
methods include medications, physical and occupa-
tional therapy, speech therapy, assistive devices, and 
lifestyle adjustments, which can aid in symptom 
management and slow disease progression. It's crucial 
to understand that while these treatments improve 
symptoms and enhance quality of life, they do not 
halt or reverse the disease's advancement. Ongoing 
research is dedicated to developing therapies that can 
modify the underlying degenerative processes and 
decelerate the progression of these conditions [23]. 

Physiologically relevant information is 
transported into extracellular spaces by membrane- 
bound vesicles, which are formed by cells or directly 
from their membranes [24]. EVs are primarily 
designed to facilitate communication between cells 
without requiring direct contact [25-27]. They perform 
a variety of physiological and pathological functions 
beyond those released during apoptosis. In addition 
to their therapeutic potential, extracellular vesicles 
(EVs) derived from mesenchymal stem cells (MSCs) 
can also carry products that are specifically related to 
the pathological stage of neurological diseases. This 
characteristic makes them attractive as potential 
diagnostic tools and targets for personalized medicine 
approaches. [28]. Genotyping and phenotyping can be 
altered by the transfer of vesicular proteins, lipids, 
and genetic materials (such as DNA, RNA, and 
miRNA) [29]. EVs interact with target cells by 
recognizing and interacting with their receptor on the 
surface. EVs are released by a variety of neuronal 
subtypes, such as microglia, astrocytes, and Schwann 
cells [30]. Drugs can be administered more efficiently 
with EVs since they cross the blood-brain barrier 
directly, maximizing their efficacy. EVs are being 
tested as potential treatment methods for neurode-
generative diseases [31]. 

2. Neurodegenerative diseases and their 
characteristics 

Neurodegenerative diseases are a group of 
disorders characterized by the progressive loss of 
structure and function of neurons in the brain and, in 
some cases, the peripheral nervous system. While 
each neurodegenerative disease has its own unique 
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features, there are several hallmarks that are 
commonly observed across these disorders which are 
illustrated in Figure 1. It is important to note that the 
specific hallmarks and disease mechanisms can vary 
among different neurodegenerative diseases, and 
ongoing research aims to uncover further insights into 
these complex disorders [32]. 

BBB prevents peripheral immune cells from 
passing through the brain, making it an 
“immunologically privileged” organ [33]. Several glial 
cells, including microglia and astrocytes, interact with 
the immune system within the peripheral nervous 
system [34]. When activated, microglia release ROS, 
NO, and inflammatory cytokines, including IL-1β, 
IL-6, and tumor necrosis factor (TNF), leading to 
neuroinflammation [35]. Activated microglia, 
proinflammatory mediators, and increased oxidative 
and nitrosative stress all contribute to chronic 
inflammation and neurodegenerative diseases [36]. 
Microglia, the resident immune cells of the central 
nervous system, play a complex role in maintaining 
brain homeostasis, responding to injury, and 
regulating the immune response in the brain. While 
microglia can contribute to the death of excitatory 
neurons in certain conditions, it is essential to note 

that microglia's role in neuronal death is context- 
dependent and can vary across different diseases and 
stages of neurodegeneration. Microglia are also 
responsible for the death of excitatory neurons 
resulting in the development of neurodegenerative 
diseases such as AD and ALS [37]. Numerous 
signaling molecules are released by degenerating 
neurons along with nucleotides, cytokines, and 
chemokines [38]. On the other hand, neuroinflam-
matory pathways are also mediated by astrocytes [39]. 
Inflammatory stimuli, however, seem to be largely 
passive for microglia. The activation of microglia 
results in the transformation of astrocytes into 
harmful A1 cells. High levels of A1 astrocytes are 
reported in several neurodegenerative diseases, such 
as AD, PD, ALS, and multiple sclerosis, A1 astrocyte 
levels are high [40]. 

Besides the infiltration of inflammatory cells into 
the CNS, demyelination is another important hall-
mark of neurodegenerative diseases. Demyelination 
of axons occur due the death of oligodendroglia, 
infectious agents, overreactions of the immune 
system, and trauma [41]. Thus, the loss of myelin 
sheath ultimately affects the distribution of ion 
channels including voltage gated sodium channels 

 

 
Figure 1. Hallmarks of neurodegenerative diseases. Neurodegenerative diseases are a group of disorders characterized by the progressive degeneration and dysfunction 
of neurons in the central nervous system. While each neurodegenerative disease has its own unique features, there are several common hallmarks that are often associated with 
these conditions.  
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(Nav channels) subsequent development of axonal 
transport disorders [42]. At the distal end of an 
injured axon, oligodendrocytes degenerate due to lack 
of nutrition. Damaged oligodendrocytes are replaced 
by new oligodendrocytes, and spared axons are 
remyelinated by neural stem cells (NSCs) [43]. The 
spontaneous remyelination of oligodendroglial 
precursor cells (OPCs) and NSCs after axonal injury is 
affected by several factors, including the downregu-
lation of trophic growth factors [44]. Thus, the failure 
to regenerate myelin is primarily a result of: Lack of 
key growth factors involved in oligodendrocyte 
maturation and myelin formation; Inadequate 
removal of myelin fragments [45]. When inflamma-
tory cells infiltrate and activate at the site of the lesion, 
further demyelination, axonal mutation, and neuronal 
dysfunction occur [46].  Nkx2.2, Olig2, and Sox2 are 
upregulated by demyelination injury to stimulate the 
differentiation of OPCs [47]. Growth factors are also 
released from the lesion area, including platelet- 
derived growth factor (PDGF) and fibroblast growth 
factor (FGF) [48]. The differentiation of oligodendro-
cytes produces myelin proteins, including Myelin 
basic protein (MBP), that increase the density of the 
myelin membrane [49]. Overactive macrophages and 
microglia may lead to immunotoxicity, although they 
play an important role in the process. Microglia and 
macrophages may remove myelin fragments from the 
lesion area, inhibiting OPC growth [50]. MBP is a 
myelin protein found in macrophages and microglia. 
As a result, it is imperative to note in short, 
inflammatory cells can infiltrate and demyelinate in 
neurodegenerative diseases [51]. Axons damaged by 
axonal injury do not have the proper structure and 
physiological characteristics to be repaired by 
remyelination achieved by CNS precursor cells [52].  

2.1. Traditional therapies for 
neurodegenerative disease 

Traditional therapies for neurodegenerative 
diseases primarily focus on managing symptoms and 
slowing down disease progression. Here are some 
commonly used traditional therapies for neurodegen-
erative diseases: 

Pharmacological Treatments: Medications are 
often prescribed to manage symptoms associated with 
neurodegenerative diseases. For example, levodopa is 
commonly used in Parkinson's disease to replenish 
dopamine levels and alleviate motor symptoms. 
Cholinesterase inhibitors, such as donepezil, are used 
in Alzheimer's disease to enhance cognitive function. 
There are also medications to manage symptoms like 
muscle stiffness, tremors, and sleep disturbances [53]. 

Physical and Occupational Therapy: Physical 
and occupational therapy are beneficial for improving 

mobility, strength, balance, and coordination in 
neurodegenerative diseases. These therapies may 
involve exercises, stretching, gait training, and 
assistive devices to help maintain functional 
independence and quality of life [54]. 

Speech and Swallowing Therapy: Neurodegen-
erative diseases can affect speech and swallowing 
functions. Speech therapy can help individuals with 
speech difficulties by teaching techniques to improve 
articulation and strengthen vocal muscles. Swallow-
ing therapy, on the other hand, focuses on strategies 
to prevent aspiration and maintain safe and efficient 
swallowing [55]. 

Supportive Care: Supportive care involves 
addressing the non-medical needs of individuals with 
neurodegenerative diseases. It includes assistance 
with daily activities, emotional support, counseling, 
and education for both patients and their caregivers. 
Support groups and community resources can also 
provide a network of support and information [56]. 

Assistive Devices: Various assistive devices can 
enhance independence and quality of life for 
individuals with neurodegenerative diseases. Examp-
les include mobility aids like canes, walkers, and 
wheelchairs, as well as devices that assist with 
communication, such as speech-generating devices or 
eye-tracking technology [57]. 

Lifestyle Modifications: Adopting a healthy 
lifestyle can contribute to overall well-being in 
neurodegenerative diseases. This may include regular 
exercise, a balanced diet, stress management 
techniques, and sufficient sleep. Maintaining social 
connections and engaging in mentally stimulating 
activities can also be beneficial. 

It's important to note that while traditional 
therapies can help manage symptoms and improve 
quality of life, they do not offer a cure for 
neurodegenerative diseases. Research is ongoing to 
develop disease-modifying therapies and explore 
innovative approaches, such as stem cell therapies 
and gene therapies, to address the underlying causes 
of these diseases [58]. 

2.2. Defects in traditional treatments for 
neurodegenerative diseases 

Traditional therapies for neurodegenerative 
diseases have limitations and drawbacks. These 
include their limited efficacy in slowing disease 
progression and providing long-term benefits, the 
significant side effects associated with pharmacolo-
gical treatments, their inability to modify the course of 
the disease, the non-personalized approach that 
overlooks individual variations, the incomplete 
management of symptoms, and the lack of curative 
potential. To overcome these limitations, ongoing 
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research focuses on the development of novel 
therapies such as stem cell-based treatments, gene 
therapies, immunotherapies, and targeted therapies. 
These advancements aim to provide more effective 
and disease-modifying approaches for neurodegen-
erative diseases [59-62] 

2.3. Some advanced therapies for 
neurodegenerative diseases 

Neurological research is expected to benefit from 
advances in biomedical research, especially in the 
development of newer and more targeted therapeutic 
approaches. In medicine and therapeutics, modern 
approaches to treating diseases have become 
increasingly popular in recent years [63]. Advanced 
technologies are developing, being applied in 
therapy, undergoing regulatory review, and being 
monitored post-approval, and a variety of concerns 
are emerging with regard to their development, 
application and regulation (Figure 2) [64]. 

2.3.1. Gene therapy 
Gene therapy may be one of the several 

beneficial ways to treat neurodegenerative diseases 
[65]. Through understanding of the underlying 
diseases mechanism through the regulation of gene 
expression at spatial and temporal level is crucial to 
develop effective therapeutic interventions against 
neurodegenerative diseases [66]. However, prevent-
ing leakage into neighboring regions or perivascular 
spaces is one of the challenging aspects of gene 
therapy by transduction. Gene therapy involves 
delivering therapeutic genes to target cells or tissues 
to correct genetic disorders, provide therapeutic 

effects, or modulate cellular functions. Transduction 
refers to the process of introducing the therapeutic 
genes into the target cells [67]. Real-time monitoring 
of vector delivery has become the gold standard for 
gene therapy through MRI-guided convection- 
enhanced delivery (iMRI-CED) [68]. It would be 
possible to translate promising preclinical therapies 
for neurodegenerative disorders into clinical trials if 
this advanced neurosurgical technique is successfully 
applied [69]. 

2.3.2. Steroids 
Amelioration of neuronal function may consti-

tute the one of the preventive strategies to fight 
against neurodegenerative diseases [70]. The 
improvement of neuronal function can be achieved by 
the application of neuroactive steroids and sex 
steroids which promote survival, neurogenesis, and 
memory function by limiting neuronal apoptosis, 
oxidative stress, mitochondrial dysfunction, and 
microglial activation [71]. The beneficial effects of 
these steroids depend on the sex and stage of 
neuropathology of a patient [72]. Besides, the current 
research on the use of steroids for the treatment of 
neurodegenerative diseases is still limited [73]. In fact, 
several factors need to be considered before the use of 
steroids for the treatment of neurodegenerative 
diseases include formulation, dosage, rout of 
administration, bioavailability, etc. [74]. 

2.3.3. Immunotherapies 
Immunotherapy by the application of mono-

clonal antibody and specific antigen may play a role 
in managing the progressive neurodegenerative 

 

 
Figure 2. Currently available therapies for neurodegenerative diseases. While there is no definitive cure for most neurodegenerative diseases, there are various 
therapies and interventions available to help manage symptoms, slow disease progression, and improve the quality of life for individuals affected by these conditions.  
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diseases as most of them associated with accumu-
lation of misfolded and aggregated proteins [75]. 
Growing evidence suggest that harnessing the 
immune system might be a promising solution. 
Neurodegenerative diseases associated with aging 
and non-autoimmune conditions represent a signifi-
cant healthcare challenge, yet they have received 
relatively limited attention in the context of 
immunotherapies. While immunotherapies have 
shown promise in autoimmune disorders, their 
potential in these specific neurodegenerative diseases 
remains largely untapped. The complex nature of 
these diseases, involving multiple pathological 
mechanisms and intricate interactions between aging, 
neuroinflammation, and neuronal dysfunction, 
presents unique challenges for immunotherapy 
development. [76]. Recent advances in immunomo-
dulation in the central nervous system have enabled 
us to gain a deeper understanding of how they work. 
Exploring novel targets for immunotherapy strategies 
is an important avenue of research in the field of 
medicine. While conventional disease biomarkers 
have been valuable for diagnostic and therapeutic 
purposes, identifying and targeting new immune- 
related targets can offer additional opportunities for 
developing innovative immunotherapies. [77]. The 
potential for more effective treatment appears to lie in 
immunotherapy targeting abnormal protein 
aggregates or inflammatory molecules [78]. 

2.3.4. Molecular targeted therapies 
Molecular targeted therapy for neurodegene-

rative diseases has been developed in advanced 
neurobiology [79]. It has been shown that several 
compounds are effective in animal studies, but they 
have not been proven to be effective in human trials. 
In both basic and clinical research, it is important to 
examine the efficacy of potential agents that might 
modify disease progression [80]. To improve the 
credibility of preclinical studies, it is crucial that 
positive results from animal experiments be 
replicated [81]. A clinical outcome measure must be 
developed that withstands variability, subjectivity, 
and placebo effects due to the modest efficacy of 
molecular targeted therapies in humans [82]. A 
growing number of interventions are also being tested 
prior to symptom onset. This type of preventive trial 
can benefit from natural histories of biological and 
neurophysiological markers. Conceptual innovation 
is necessary for both basic and clinical research since 
conventional approaches do not always work for 
molecular targeted therapies [83]. 

2.3.5. Pharmacological Therapy 
The anti-beta-amyloid, nerve growth factor, and 

anti-inflammatory properties of drugs under study or 
awaiting approval for AD treatment are of particular 
interest. By modulating secretase activity and 
enhancing beta-amyloid precursor protein synthesis, 
some drugs inhibit beta-amyloid production in 
addition to inhibiting acetylcholinesterase [84]. In 
addition to immunotherapy, metal ions' interactions 
with beta-amyloid and oxidative reactions can be 
controlled, as well as metabolic and hormonal control. 
It is expected that several dopamine uptake inhibitors 
and glutamate AMPA receptor antagonists will be 
registered for the treatment of PD symptoms [85]. The 
class of drugs that inhibit dopamine uptake includes 
antagonists of the adenosine A(2A) receptor, 
inhibitors of monoamine oxidase B, and ion channel 
modulators. In addition, alpha(2)-adrenergic receptor 
antagonists, 5-HT(1A) agonists, and astrocyte- 
modulating agents are also used for treating 
PD-related dyskinesias or dyskinesias associated with 
l-DOPA [86]. By stabilizing the membrane and 
maintaining mitochondria, LAX-101 demonstrates 
antiapoptotic properties as part of Huntington's 
disease treatment. Drugs with antioxidant, antiapop-
totic, and neuroprotective properties are being used to 
treat neurodegenerative diseases with less common 
symptoms [87]. 

2.3.6. Current symptomatic therapies 
The FDA has approved four cholinesterase 

inhibitors (ChE-Is) and one N-methyl-D-aspartate 
(NMDA) receptor antagonist for treating AD [88]. The 
three ChE-Is that are currently available are done-
pezil, rivastigmine, and galantamine. The NMDA 
receptor is antagonistic by memantine. These drugs 
enhance cognitive performance. Memantine and 
cholinesterase inhibitors have similar effects on 
cognition, global function, and activities of daily 
living [89]. In some cases, neuropsychiatric symptoms 
can be ameliorated and new symptoms can be 
prevented through the administration of symptomatic 
agents [90]. Unlike other neurodegenerative diseases, 
AD results in the loss of presynaptic cholinergic 
neurons in Meynert's nucleus basalis, while post- 
synaptic cholinergic neurons remain. In conjunction 
with cognitive improvements, cholinergic augmenta-
tion can be used to achieve functional post-synaptic 
stimulation [91]. Amygdala and cerebral cortex 
receive their acetylcholine primarily from the nucleus 
basalis. Cortical projections to the nucleus basalis are 
strongly correlated with cholinergic input to limbic 
and paralimbic cortices [92]. In other transmitter 
systems crucial to cognition, pre-/post-synaptic 
disconnection has not been identified, which explains 
why other transmitter systems do not enhance 
cognition. Intact circuits are essential to cognitive 
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function, which includes both cholinergic innervation 
and the involvement of other transmitters. During 
ChE-Is treatment, cortical circuit activity is usually 
increased in fMRI or fluorodeoxyglucose positron 
emission tomography (PET) [93]. In developing more 
effective treatments, new imaging tools may assist in 
improving cognitive function [94]. 

3. Therapies of MSCs in 
neurodegenerative disease 

Mesenchymal stem cell (MSC) therapies have 
shown promise in the field of neurodegenerative 
diseases. MSCs are multipotent stem cells that can 
differentiate into various cell types, including neurons 
and glial cells. They also possess immunomodulatory 
and trophic properties that can aid in tissue repair and 
regeneration. Here are some of the therapies 
involving MSCs that have been explored for 
neurodegenerative diseases: 

Parkinson's Disease (PD): MSCs have been 
investigated as a potential treatment for PD. They can 
be transplanted into the brain to replace lost 
dopaminergic neurons or release neurotrophic factors 
that promote the survival of existing neurons. Clinical 
trials have demonstrated the safety and potential 
efficacy of MSC transplantation in PD patients [95]. 

Alzheimer's Disease (AD): MSCs have been 
studied as a therapeutic option for AD. They can 
secrete neurotrophic factors and anti-inflammatory 
molecules, which may help reduce neuroinflam-
mation and promote neuronal survival. MSC-based 
therapies have shown positive effects in animal 
models of AD, but clinical trials are still in the early 
stages. 

Amyotrophic Lateral Sclerosis (ALS): MSCs 
have been investigated as a potential treatment for 
ALS, a progressive neurodegenerative disease affect-
ing motor neurons. MSCs can be delivered either 
through direct injection into the spinal cord or 
intravenously. They have shown beneficial effects in 
preclinical studies, including improved motor 
function and prolonged survival in animal models of 
ALS. 

Huntington's Disease (HD): MSCs have been 
explored as a potential therapy for HD, an inherited 
neurodegenerative disorder. Studies have shown that 
MSCs can secrete growth factors and promote 
neuroprotection in animal models of HD. However, 
further research is needed to determine the safety and 
efficacy of MSC-based therapies in humans. 

Multiple Sclerosis (MS): MSCs have been 
investigated as a treatment for MS, an autoimmune 
disease characterized by inflammation and 
demyelination of the central nervous system. MSCs 
can modulate the immune response and promote 

tissue repair. Clinical trials have shown that MSC 
transplantation can improve symptoms and reduce 
disease activity in MS patients. 

It is important to note that while MSC-based 
therapies hold promise, more research is needed to 
fully understand their mechanisms of action, optimize 
delivery methods, and ensure their long-term safety 
and efficacy in treating neurodegenerative diseases. 
Clinical trials are ongoing, and regulatory approval is 
required before these therapies become widely 
available [96]. 

4. Clinical applications and characteristics 
of mesenchymal stem cells (MSCs) 

Generally, stem cells are non-committed, 
non-educated, and uncommitted cells. In addition to 
self-renewing, similar, and differentiating cells, these 
cells can also produce different types of cells. A 
variety of tissues can be restored using stem cells due 
to their unique properties. There are three types of 
stem cells: embryonic stem cells (ESCs), induced 
pluripotent stem cells (iPSCs), and adult stem cells. 
Friedenstein described MSCs for the first time in 1974 
[97]. MSCs are considered adult stem cells from the 
viewpoint of stem cells. Research has shown that, 
MSCs possess several characteristics that make them 
unique among stem cells, including the ability to 
self-renew, the ability to differentiate into a multi-
potent state, the ability to act as immunomodulators, 
and the ability to act as non-immunogenic cells. It has 
been described that a stem cell structure resembles a 
fibroblast, according to the International Society for 
Stem Cell Research (ISSCR) [98]. In culture, a variety 
of tissues can be expanded, including bone marrow, 
muscle, adipose tissue, chorionic villi, menstrual 
blood, and dental pulp [99]. In an in vitro culture 
system, MSCs can continue to grow and give rise to 
multiple lines of cells while retaining their ability to 
divide and give rise to multiple lines of cells. There 
are several surface markers that can be used to 
characterize MSCs [100].  

The immunogenicity of MSCs is relatively low, 
and they also possess immunomodulatory properties 
[101]. Consequently, MSCs are a promising thera-
peutic and regenerative medicine candidate for a 
variety of diseases [102]. In addition, MSCs are able to 
restore tissues after injury, aid in tissue regeneration, 
and maintain the equilibrium of tissues. The MSCs 
have also been shown to be capable of altering the 
mechanisms of innate and adaptive immunity by 
interfering with the proliferation and activation of 
immune cells [103]. A significant number of MSCs did 
not proliferate following MSC transplantation in 
clinical trials, raising the question of whether MSCs 
are effective [104]. Cell injury is reduced and tissue 
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repair capacity is improved as a result of the collegial 
action of molecules secreted by MSCs. As soluble 
molecules are transported to their targets, it is not 
necessary for parent cells to be contiguous. The vast 
potential of MSCs is now being explored, despite their 
use during the prephases for local engraftment and 
differentiation into different types of tissue. A variety 
of biologically active factors are produced by these 
mediators in all biological processes [105].  

The current understanding of MSC-based 
therapies has been supplanted by a new type of 
biological directive that makes use of the secreted 
materials of the cells [106]. In order for cells to 
function properly, an individual's environment must 
play a crucial role. Secretomes of cells contain a 
number of molecules that support cell proliferation 
and ensure efficient performance of vital functions 
[107]. As part of their normal physiological functions, 
secretory molecules aid in cell-to-cell interactions in 
growth culture medium. Secretomes are composed of 
proteins, enzymes, organic compounds, growth 
factors, cytokines, metabolites, neurotransmitters, and 
hormones. There is a general belief that these 
substances secreted affect the extracellular matrix and 
its structure and content. Any cell can be examined 
using these components to determine its underlying 
conditions [108]. Compared to direct cell therapies, 
conditioned media and exosomes have substantial 
advantages due to their low maintenance and longer 
shelf lives. Absolutely, the manufacture and quality 
control of EVs must also meet certain statutory 
requirements to ensure their safety and efficacy as 
therapeutic products. Just as with cell-based products, 
the development, production, and evaluation of 
EV-based therapies involve stringent regulatory 
considerations [109]. 

MSCs produce a number of transcription factors 
(TFs) that encourage neural cell growth and survival 
(for example, in cases of spinal cord injuries) [110]. 
Neurological disorders can be treated with MSCs via 
their soluble TFs contained within their secretome. As 
a result of the paracrine hypothesis, the secretome is 
believed to possess regenerative potential. According 
to this hypothesis, stem cells release substances that 
help heal damaged or diseased tissue [111]. The 
secretome of MSCs holds promise as a potential 
alternative to invasive surgical procedures for treating 
various conditions. The secretome refers to the 
complex mixture of bioactive molecules, including 
growth factors, cytokines, chemokines, extracellular 
vesicles, and other signaling molecules, released by 
MSCs. While the use of the MSC secretome holds 
promise, it's important to note that further research 
and clinical studies are needed to fully understand its 
mechanisms of action, optimize delivery methods, 

determine appropriate dosing, and evaluate its safety 
and efficacy across different conditions. Nonetheless, 
the MSC secretome represents an exciting avenue for 
non-invasive therapeutic approaches, potentially 
offering alternatives to conventional invasive surgical 
procedures in certain clinical scenarios [112]. It has 
been demonstrated in several studies that the MSC 
secretome facilitates tissue repair through the 
prevention of apoptosis, the regulation of inflam-
matory responses, and the enhancement of house-
keeping repair mechanisms such as neurogenesis 
[105]. 

5. Extracellular Vesicles (EVs) 
The EV is composed of heterogeneous nanoscale 

vesicles released by a variety of cell types (Figure 3) 
[113]. They are classified as subtypes into exosomes, 
microvesicles, and apoptotic bodies and can transport 
protein, mRNA, miRNA, DNA, and lipids within the 
cell [114]. The size and biogenic pathways of these 
subtypes can help distinguish them. A typical 
exosome is below 100 nm in diameter and is one of the 
smallest vesicles [115]. Exosomes are released after the 
plasma membrane fuses with multivesicular endo-
somes (MVEs), as well as from intraluminal budding 
within endosomes [116]. Extracellularly soluble 
proteins as well as cell surface proteins form a goblet 
structure upon first invasion. When endosomes are 
sorted early in the process, early sorting endosomes 
(ESEs) are formed, which can sometimes merge with 
pre-existing ESEs [117]. ESEs are also formed and 
enriched in trans-Golgi networks and endoplasmic 
reticulum. A multi-vesicular body (MVB) is produced 
when ESEs become late-sorted endosomes (LSEs) 
[118]. When MVBs fuse with lysosomes or 
autophagosomes, they are degraded, or through 
fusion with plasma membranes, they are released as 
exosomes [119]. Microvesicles, on the other hand, 
range in size from 50 nanometers to one micrometer 
which are derived from plasma membranes. 
Apoptotic bodies are heterogeneous vesicles  released 
during apoptosis [120]. The lack of subtype-specific 
markers and overlaps in vesicle sizes have resulted in 
the absence of a standard nomenclature for EVs [121]. 
Thus, different types of vesicles are difficult to 
distinguish. 

EVs can be released in response to stress, 
reactive oxygen species, or hypoxia. Since exosomes 
are derived from MVBs, they contain late endosome 
proteins, such as CD63, LAMP1, and LAMP2 [122]. A 
variety of mechanisms may affect the exocytosis of 
vesicles, including the early endosome proteins Rab4 
and Rab5 [123]. There are a variety of mechanisms 
involved with EV uptake, including protein-protein 
interactions, endocytosis, membrane fusion, and 
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cell-specific mechanisms. Protein-protein interactions 
between EV proteins and membrane receptors on 
target cells have been demonstrated. As well as 
adhesion, motility, activation, and proliferation of 
cells, tetraspanins play a number of other functions 
[124]. On the surface of EVs, they are abundant, 
suggesting they contribute to their adoption. In 
addition to its role as a tetraspanin, Tspan8 is known 
to interact with integrins [125]. Aortic endothelial cells 
absorb EVs containing Tspan8-CD49d complexes 
induced by overexpression of Tspan8 [126]. 
Endosomes are also generally involved in the 
endocytosis of EVs. In only 15 minutes after EVs are 
introduced into the cell, they can be detected 
intracellularly [122, 127]. 

A requirement for the uptake of EVs is 
clathrin-mediated endocytosis (CME). Chlorpro-
mazine inhibits CME, which results in a decreased 
ability of recipient cells to absorb EVs. The uptake of 

macrophages is also accompanied by EV 
colocalization with clathrin [128]. Eukaryotic cells are 
capable of clathrin-independent endocytosis through 
caveolin-dependent endocytosis (CDE) [129]. 
Phagocytosis is another method of internalizing EVs. 
Phosphocytic activity is influenced by PI3Ks, which 
are known to play a key role. There is a 
dose-dependent inhibition of PI3K by LY294002 and 
wortmannin during EV uptake [130]. As a third 
method, EVs are directly fused with the membranes 
of cells. The fusion of EVs with plasma membranes or 
endosomes can also be detected by delivering 
miRNAs and luciferin to recipient cells [131]. In 
exocytosis, endocytosis, and cell-cell adhesion, AnxA2 
is an essential phospholipid-binding protein [132]. It 
has been shown that EVs containing AnxA2 are 
capable of fusing directly with plasma membranes 
[116, 133].  

 

 
Figure 3. MSC-derived EVs for neurodegenerative diseases. MSC-derived EVs have gained significant attention as potential therapeutic agents for neurological diseases. 
It represents some information on their sources, isolation methods, biomarkers, and storage considerations. However, current researches are still evolving, and there may be 
additional developments and refinements in isolation methods, biomarker identification, and storage strategies as further research progresses.  
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The uptake of EVs by cells is another method of 
entry. Endothelial cells and pancreatic cells internalize 
a greater proportion of lymph node stroma-derived 
EVs in Tspan8, while parental lymph node stroma 
cells internalize a lesser percentage [134]. 
Furthermore, peritoneal exudate cells are more 
efficient at internalizing EVs derived from pancreatic 
adenocarcinoma than granulocytes or T cells. Cells 
may perform several functions after EVs have been 
absorbed. Communication between cells is facilitated 
by EVs. Incorporating into the plasma membrane can 
be achieved via direct fusion with the plasma 
membrane or by endocytosis [135]. EVs can also 
transport biomolecules over long distances, making 
them effective biological carriers. There are several 
physiological and pathological processes associated 
with this process. As biological carriers, EVs offer a 
number of advantages. EVs offer unique opportu-
nities for both cell production and the delivery of 
endogenous drugs. Cells can be delivered drugs or 
oligonucleotides by repackaging them into secretory 
vesicles using this method [136]. Drug-loaded vesicles 
can be produced, loaded, and released by cells, 
simplifying and improving the loading process. EVs 
may also be able to serve as biomarkers for different 
diseases due to the changing expression of specific 
proteins within circulating EVs [137]. The transmis-
sion of information is another function of EVs in the 
central nervous system. EVs are responsible for 
regulating synaptic activity, forming myelin sheaths, 
and repairing damaged neurons [138]. Due to 
engineering modifications, EVs are now more 
convenient and perform better for clinical appli-
cations such as, enhanced cargo loading efficiency, 
Targeting capabilities, Stability and protection of 
cargo, Scalable production methods and Safety and 
immunogenicity considerations. It's important to note 
that while engineering modifications have improved 
the convenience and performance of EVs for clinical 
applications, challenges still exist, including stand-
ardization of manufacturing processes, optimization 
of cargo loading, and establishing robust quality 
control measures. It is possible to identify and track 
EVs throughout the body using fluorescent imaging, 
bioluminescence imaging, nuclear imaging, and 
tomography. In particular, EVs are highly promising 
candidates for treating CNS disorders since they have 
the ability to cross the BBB [139]. 

5.1. Isolation of MSC-EVs  
It is not possible to isolate EVs in a standardized 

or unique way. There might be a reason for the 
variability in characteristics and bioactivities between 
laboratories when it comes to EVs. Isolating EVs with 
high yield and purity while preserving their structure 

and activity is the challenge for clinical applications. 
Moreover, the isolation method should demonstrate 
scalability, cost-effectiveness, compatibility with 
high-throughput production, and ideally, be enclosed 
[140].  

5.1.1. Size-based techniques 

5.1.1.1. Size-exclusion chromatography 
A well-established method for the separation of 

macromolecules is size exclusion chromatography 
(SEC), which is based on the size of the molecules or 
their hydrodynamic volumes. In a typical SEC system, 
a porous stationary phase is used for chromato-
graphic separation, coupled either to a pump for 
elution or to the stationary phase for chromatographic 
separation. Cell culture-derived samples, blood- 
derived samples, and other samples containing EVs 
have been isolated using SEC using a large variety of 
sample matrices from both prokaryotes and 
eukaryotes [141]. 

5.1.1.2. Filtration 
For the purification of EVs, filtration is another 

popular size-based separation method. Most studies 
use ultrafiltration membranes with molecular weight 
cut-offs ranging from 10 to 100 kDa. A wide range of 
samples, including urine and cell cultures, can be 
isolated from relatively dilute samples using ultrafil-
tration (UF). In general, UF devices are comprised of a 
membrane inserted within a container. Centrifugal UF 
is often used for filtration, which offers the advantage 
of being relatively simple and easy to use, as well as 
providing faster EV isolation than UC methods [142]. 

5.1.1.3. Flow field-flow fractionation 
There is an emerging size-based fractionation 

technique for EV separation known as flow field-flow 
fractionation (FFF), with asymmetrical flow field-flow 
fractionation (AsFlFFF or AF4) being the most 
commonly used FFF subtechnology. The diffusion 
coefficients of macromolecules are used to separate 
them in AsFlFFF [143]. 

5.1.1.4. Deterministic lateral displacement (DLD) pillar 
arrays 

The DLD technique involves the separation of 
EVs according to their trajectory in a pillar array. The 
size of the particles smaller than the critical diameter 
for DLD will follow a zigzag mode, whereas the size 
of the particles more significant than the required 
diameter will follow a bumping or displacement 
mode, which results in separation based on their size 
differences. It has been demonstrated that DLD pillar 
arrays with 235 nm nanopillar gaps are capable of 
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separating exosomes ranging in size from 20 to 110 
nm [144]. 

5.1.2. Charge-based techniques 

5.1.2.1. Ion-exchange techniques 
In order to separate EVs using ion exchange 

techniques, such as chromatography and metal- 
affinity systems, an anion exchanger with positively 
charged functional groups or cations interacts with 
negatively charged components of EV membranes 
whose charges are determined by the zeta potential. It 
is generally possible to release bound EVs by 
increasing the ionic strength of a buffer by adding 
high salt concentrations to facilitate the desorption of 
EVs from positively charged media. Cell culture EVs 
have been isolated using anion-exchange chromato-
graphy (AIEC) in recent years [145]. 

5.1.2.2. Electrophoresis and dielectrophoresis 
A relatively new method for separating EVs by 

charge is electrophoresis and dielectrophoresis (DEP). 
It is possible to separate EVs and their subpopulations 
based on their electrophoretic mobilities in electro-
phoresis, providing additional information on 
characteristics of charged EVs that cannot be obtained 
with size- and density-based approaches. In addition 
to providing a deeper understanding of both charged 
and non-charged EVs, the DEP has been successfully 
implemented in microfluidic systems [146]. 

5.1.2.3. Ion concentration polarization 
By using ion concentration polarization, 

exosomes can be isolated and preconcentrated 
simultaneously. Exosomes were concentrated by a 
factor of 15 every ten minutes using agarose gel and 
an ion-selective membrane on the chip. As compared 
to conventional methods, the recovery rate was 
60-80%, which is significant [147].  

5.1.2.4. Cyclical electrical field-flow fractionation (cyclical 
ElFFF) 

A cyclic ElFFF technique has recently been used 
to separate exosomes and small and medium-sized 
EVs from plasma and glioblastoma cells purified from 
melanoma [148]. 

5.1.3. Affinity-based techniques 
Affinity-based isolation is among the most 

popular EV isolation techniques, in addition to 
charge-, density-, and size-based isolation techniques. 
An affinity-based approach combines a ligand with a 
protein on an EV membrane, such as a receptor, to 
achieve highly selective and specific interactions. In 
order to isolate EVs, antibodies against EV surface 
proteins are most commonly used as an affinity-based 
technique. A biotinylated antibody is usually 

covalently coupled to magnetic beads. Tetraspanin 
proteins, such as CD9, CD63, and CD81, are 
commonly enriched on exosome and EV surfaces. 
Apart from the ability to selectively isolate EVs in 
general, another major advantage of immunoaffinity 
is the ability to isolate EVs from different types of cells 
[149].  

5.1.4. Other techniques 
Additionally, other techniques have been 

reported for isolating EVs in addition to those 
previously mentioned [150].  

5.1.4.1. Hydrophobic interaction chromatography (HIC) 
By using poly (ethylene terephthalate) (PET) 

capillary-channeled polymer (C-CP), exosomes have 
been isolated from exosome-sprinkled human plasma, 
human urine, and cell line samples. Using PET with 
weakly ionized surfaces, this technique binds with the 
hydrophobic surface of exosomes. Gradient elution 
was used to desorb the exosomes adsorbing on the 
surface. Due to the presence of other hydrophobic 
molecules than EVs in a large amount, this technique 
may not be applicable to all types of samples, 
including biological fluids [151].   

5.1.4.2. Microfluidic platforms  
Due to their small size, automation, and minimal 

sample volume requirements, microfluidic platforms 
are also among the new emerging techniques for the 
isolation of EVs. Microfluidic platforms have 
employed different isolation principles, such as 
immunocapture. There have also been reports of the 
use of acoustic trapping microfluidic devices for the 
isolation of EVs from cell culture media, urine, and 
plasma [152]. 

5.1.4.3. Acoustic trapping technology 
By using ultrasonic wave scattering, the acoustic 

trapping technology captures EVs. Acoustic forces 
trap seeding particles, such as polystyrene beads, with 
EVs, resulting in clusters of EVs and particles, 
depending on the particle size, density, and 
compressibility. Once the ultrasound has been 
deactivated, the clusters are washed and released. EVs 
isolated by this method are comparable to those 
isolated by UC and only require a volume of 12.5 µL 
[153].  

5.1.4.4. Magnetic nanowires 
A magnetic nanowire (Fe/Au) has also been 

used to isolate tumor-derived EVs from cancer cells. 
The nanowires are internalized into EVs located 
within a target cell (e.g., cancer cells), and the 
nanowires are then attracted by a magnetic stand and 
isolated from the target cell. In comparison with UC 
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and a commercial kit, yield and size distribution were 
comparable [154]. 

Due to an increasing interest in EVs research and 
the shortcomings of conventional ultracentrifugation 
and precipitation-based isolation techniques for EVs, 
numerous more advanced methods of EVS isolation 
have been developed. To obtain high-quality EVs for 
further analysis in order to determine their properties, 
functions, cargoes, and potential applications, it is 
imperative to obtain high-quality EVs for further 
analysis. [155].  

A number of techniques are currently used to 
fractionate EV subpopulations, such as exomeres and 
exosomes, including ultracentrifugation, size-exclu-
sion chromatography, ultrafiltration, precipitation, 
and immunoaffinity capture. An emerging technique 
is asymmetric flow field-flow fractionation (AsFlFFF/ 
AF4). The use of microfluidics and multistep 
combined methods is another emerging technique. 
Since EVs are diverse in origin, complex in nature, 
and heterogeneous in composition, a combination of 
methods is often the best option for isolating them. EV 
isolation and separation technologies should be 
scalable, more automated, selective to specific 
subpopulations of EVs, and capable of handling 
complex biological fluids for therapeutic purposes 
[156]. 

5.2. MSC-EVs Markers 
It is recommended that MSC-EVs might be 

characterized by at least three positive markers 
(including one lipid-bound transmembrane protein) 
and one negative marker. EVs are commonly 
identified by markers such as tetraspanin families (for 
example, CD9, CD63, CD81, and CD82), MVB 
membrane transport (Alix and TSG101), and 
heat-shock proteins (Hsp70 and Hsp90). CD29, CD44, 
CD73, CD90, and CD105 are among the markers that 
MSCs-EVs can express in response to their parental 
cells. Additionally, this cell-type fingerprint indicates 
that MSC-EVs have a similar potential to MSCs for 
treating various diseases, as well as providing targets 
for characterization [157].  

5.3. Storage of MSC-EVs  
In order to preserve the biological activity of EV 

during storage, we must be mindful of both the 
importance and the challenges involved. The storage 
and formulation of EVs have been the subject of few 
consistent studies. After 45 days of storage at 80°C or 
6 months, the number and size distribution of 
exosomes as well as their biological activity were not 
affected [158].  

5.3.1. Siliconized vessels  
To prevent EVs from adhering to surfaces and 

from leaking, silicone-lined containers are 
recommended for EV storage [159].  

5.3.2. Phosphate buffered saline  
EVs resuspension is commonly performed with 

phosphate buffered saline. It is recommended to store 
EVs at -80°C, but it may affect their size, number and 
function. Studies have shown that EV concentrations 
remain stable at 4, −20, and −80°C after 1 week of 
storage. Although EVs aggregate at 4°C, proteins and 
miRNAs associated with them dramatically decrease 
at 4°C and −20°C due to storage [159].  

5.3.3. NaCl 
In order to use EVs products in clinical settings, 

they need to be suspended in sterile 0.9% NaCl and 
stored at −80°C. In addition, their morphology and 
function should be preserved by freezing and thawing 
rapidly. A single-use formulation of EVs products is 
recommended since their number decreases after two 
cycles of freezing and thawing, as well as their 
morphology and content [160]. 

5.3.4. Freeze-drying 
Research has been conducted on freezing-drying 

EVs products for long-term storage. It may be 
cost-effective to store EVs by freeze-drying. Freeze- 
drying preserves EVs characteristics and functions. In 
addition, it reduces the cost of transportation [161].  

5.3.5. Lyophilization and high dose γ-irradiation 
Secretomes derived from peripheral blood 

mononuclear cells are stable for up to 6 months after 
lyophilization and high-dose irradiation when stored 
at −25°C. These lyophilized secretomes might have 
preserved the bioactivity of samples due to the 
presence of albumin, cholesterol, and triglycerides 
[162].  

5.3.6. Disaccharide stabilizers 
It would be possible to add disaccharide 

stabilizers to the storage buffer to improve EVs 
preservation. Among other uses, trehalose is used to 
cryo-preserve labile proteins in drugs, vaccines, and 
liposomes. It has been demonstrated that it is safe and 
tolerable after oral, gastric, and parenteral adminis-
tration in mice and humans. EVs samples stained with 
trehalose have been reported to be more stable when 
stored at −80°C and when lyophilized, as trehalose 
prevents EVs aggregation and degradation [163].  

5.3.7. Mannitol 
It is also possible to freeze-dry secretomes for at 

least two months with mannitol as a cryoprotectant. 
Furthermore, EV integrity and function can be 
maintained by adding 5–10% DMSO. A major 
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advantage of lyophilized products is the possibility to 
develop them off-the-shelf, rather than freezing the 
parental product for preservation and having to 
transport it fresh after revitalization and/or 
expansion, or freezing under stringent conditions. 
[164].  

Furthermore, batch stability must be carefully 
examined and monitored during storage, regardless 
of the storage formulation and conditions. In order to 
assess the stability of the product, it is possible to 
quantify the particle number, the quantity of total 
RNA and proteins, as well as the bioactive factor 
associated with the MoA at different times during 
storage. [165]. 

6. Mechanism of MSC-EVs in 
Neurological Diseases 

In light of the growing demand for treatment 
methods for neurodegenerative diseases, stem cells 
can be used in this area to treat a variety of 
neurodegenerative disorders [166]. The current state 
of cell-based therapies for neurological disorders 
must be examined in order to advance the field [167]. 
Since prevailing neurological disorders cannot be 
cured, medical research should invest in stem cell 
research and based therapeutic approaches to induce 
neurological improvements [168]. Transplanting 
functional or healthy cells or products derived from 
them to the diseased may be an alternative to the 
development of a cure. MSC-EVs have been found to 
be highly effective in treating CNS lesions and 
preventing further damage in some cell-based models 
[169]. A number of bioactive molecules that are 
essential to the functioning of cells can be packaged 
inside EVs, thereby protecting them from harsh 
extracellular environments and allowing them to be 
safely delivered to the target cells [170]. MSCs are 
ideal candidates for regenerative medicine due to 
their unique characteristics, such as differentiation, 
homing, and migration. The immunomodulatory 
properties of these compounds make them ideal for 
repairing tissues and organs [171]. MSCs have shown 
clinical potential for the treatment of neurological 
diseases, kidney diseases, and diabetes in several 
studies. Numerous researchers have investigated how 
MSCs benefit the body, but their exact mechanism 
remains unclear. In the initial hypothesis, paracrine 
effects were not thought to be responsible for the 
therapeutic efficacy of MSCs [172]. MSC secreted 
factors may contribute to therapeutic effects both in 
vitro and in vivo, according to numerous studies [173]. 
Since the turn of the century, three databases have 
been developed that provide a comprehensive 
overview of electric vehicles: EVpedia, ExoCarta, and 
Vesiclepedia [174]. Based on the research conducted 

so far, it has been concluded that EVs are primarily 
responsible for transporting cargo between cells via 
direct fusion with cellular membranes, the endocytic 
pathway, and the interaction between lipids and 
receptors. 

As an anti-acute brain injury and an 
anti-Alzheimer's and Parkinson's disease treatment, 
MSCs have demonstrated satisfactory safety profiles 
[175]. Using umbilical cord blood and bone marrow 
MSCs has demonstrated significant improvement in 
multiple sclerosis (MS) [176]. Several animal models 
and clinical trials have shown that a MSC-based 
treatment can slow the progression of Parkinson's 
disease as well as overcome its challenges [177]. 
Studies have demonstrated that EV-mediated 
intercellular correspondence contributes to the 
removal of waste neuronal and glial material from the 
nervous system. As well as being able to treat a 
variety of neurological disorders, this mechanism has 
opened up a whole new realm of potential 
applications [178]. EVs provide valuable information 
on CNS functions and disorders since they are crucial 
to cell-to-cell interactions. It has been suggested that 
EVs could also be used as drugs delivery vehicles 
across the BBB, which would treat cells within the 
central nervous system [179]. In spite of the fact that 
MSC-EVs are derived from a variety of sources and 
are manipulated to promote beneficial effects in a 
variety of diseases, they appear to attenuate 
neurological diseases including Alzheimer's disease, 
strokes, amyotrophic lateral sclerosis, and Parkinson's 
disease [180]. The characteristics of MSC-EVs make 
them promising candidates for cell-based therapies. 

7. Recent MSC-derived EVs for 
Neurological Diseases 

Neurological diseases, such as Alzheimer's 
disease, Parkinson's disease, stroke, traumatic brain 
injury, and multiple sclerosis, are characterized by 
various mechanisms of neuronal damage, inflam-
mation, and impaired tissue repair. MSC-EVs have 
shown promise in these conditions due to their ability 
to deliver therapeutic cargo, modulate inflammation, 
promote tissue repair, and support neuronal survival 
and function (Figure 4). Here are some ways in which 
MSC-EVs have been investigated for neurological 
diseases (Table 1); Stroke and hypoxic-ischemic brain 
damage are among the neurological diseases that can 
be modelled in animals and they have been shown to 
benefit from extracellular vesicles derived from 
mesenchymal stem cells (MSCs) [181]. A study 
conducted by Wang et al. (2018) examined whether 
MSC-derived EVs could offer benefits to animals with 
Alzheimer's disease (AD). A two-week period was 
followed by the administration of MSC-derived EVs 
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to APP/PS1 mice and their non-transgenic littermates 
(WT). After that, cognitive behaviours were measured 
using a novel water maze task and an object 
recognition task. To assess plasticity of hippocampal 
synaptic connections, electrophysiological tests were 
conducted. In primary cultured neurons treated or 
prepared from APP/PS1 mice, mRNA and protein 
levels of iNOS were measured by qRT-PCR and 
western blotting. Treatment with MSC-derived EVs 
reduces INOS mRNA and protein expression. Cells 
cultured from APP/PS1 pups were significantly 
reduced in iNOS mRNA and protein levels by 
MSC-derived EVs. The MSC-derived EVs improved 
cognitive behaviour in APP/PS1 mice and rescued 
synaptic transmission impairments. These results 
suggest that MSC-derived EVs may suppress the 
expression of iNOS in a mouse AD model [182]. 

The mechanism of bone marrow MSC-EVs 
(BM-MSC-EVs) were studied in a rat model of AD by 
Sha et al., (2021). Their study was to investigate the 
cognitive function, the accumulation of amyloid-one 

(A1-), the deposition of A1-42, and factors related to 
the decomposition of A1 (NEP and IDE) in rats treated 
with BM-MSC-EVs. This study found that miR-29c-3p 
and BACE1 levels in AD and AD models treated with 
EVs were lower when compared with pre-treatment 
AD models and when compared with control AD 
models. It has been predicted and confirmed that 
miR-29c-3p correlates with BACE1. EV-treated AD 
neurons were also treated with a DKK1 inhibitor. In 
AD rats and neurons, BM-MSC-EVs showed 
therapeutic effects. AD neurons were transported by 
BM-MSC-EVs with MiR-29c-3p. It has been reported 
that miR-29c-3p targeted by BACE1. There has been a 
reduction in the therapeutic efficiency of BM-MSC-EV 
on AD when miR-29c-3p is silenced in BM-MSCs, 
which can be reversed by knocking down BACE1 in 
the BM-MSCs. miR-29c-3p targeted BACE1 and 
activated the Wnt/β-catenin pathway, and the 
Wnt/β-catenin pathway inhibition impaired EV 
therapeutic effects on AD [183]. 

 

  
Figure 4. Emerging therapeutic potential of MSC-derived EVs in neurological diseases. The therapeutic potential of MSC-derived EVs in neurological diseases has 
been a subject of growing interest and research. Emerging evidence suggests that MSC-derived EVs hold promise as a novel therapeutic approach for various neurological 
conditions. 
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Table 1: Some MSC derived EVs as potential therapy for neurodegenerative diseases 

Source of 
MSC-EVs 

Disease / 
Conditions 

In vitro model In vivo model Molecular mechanism  Therapeutic application References 

Bone 
marrow 

AD  APP/PS1 mice and 
their non-transgenic 
littermates 

EVs from MSCs affected iNOS expression 
by lowering Aβ levels 

Enhanced synaptic plasticity and 
cognitive performance in a mouse 
model of AD. 
 

[182] 

bone 
marrow 

AD  AD Rat model BACE1 was targeted by miR-29c-3p, 
which activated the Wnt/β-catenin 
pathway 

Wnt/β-catenin pathway inhibition 
impaired EV therapeutic effects on AD 

[183] 

bone 
marrow 

AD  APPswe/PS1dE9 AD 
mice 

BM-MSC-EVs are effective at reducing 
the Aβ plaque burden and the amount of 
dystrophic neurites in both the cortex and 
hippocampus.  

The presence of Neprilysin on 
BM-MSC-EVs, opens the possibility of 
a direct  β-amyloid degrading action. 

[184] 

bone 
marrow 

AD  C57BL/6 mice NLRP3-activated inflammasomes and 
mitochondrial damage-associated 
apoptosis in neuronal cells were 
significantly reduced by MSC-EVs-SHP2 

EV-engineering can be used to induce 
mitophagy in AD patients, providing 
an effective treatment option 

[186] 

bone 
marrow 

AD Microglial cells Triple-transgenic AD 
mice (3xTg-AD) 

MSC-EVs induced dendritic spine density 
in the brain and dampened microglia 
activation. 

MSC-EVs might be able to be 
administered in a non-invasive way 
and demonstrate anti-inflammatory 
properties, which could enhance their 
translational potential in AD 

[187] 

bone 
marrow 

AD Microglial cells  MSC-EVs prevented proinflammatory 
mediators from gaining influence, such as 
tumor necrosis factor (TNF)-α and nitric 
oxide (NO). 

The use of MSC-EVs as a promising 
therapeutic tool to treat 
neuroinflammatory diseases 

[188] 

Human 
umbilical 
cord 

Ischemic stroke bend.3 cell line C57BL/6 N mice By inhibiting tPA-induced astrocyte 
activation and inflammation, MSC-EVs 
also attenuated disruption of the BBB. 

MSC-EVs were found to be 
non-invasive thrombolytic adjuvants 
following tPA treatment for ischemic 
strokes 

[169] 

Human 
umbilical 
cord 

AD SH-SY5Y cells  hucMSC-EVs were significantly 
dephosphorylated at Thr181 (p181-tau), 
which is elevated in AD. SH-SY5Y cells 
were also reduced in oxidative stress by 
hucMSC-EVs after being treated with OA 

Novel approach for treating AD with 
MSC-EVs with abundant 
mitochondria 

[189] 

bone 
marrow 

ALS Mouse 
SOD1G93A 
astrocytes and 
iAstrocytes 

B6SJL-TgN 
SOD1/G93A1Gur 
mice 

Argocytes' reactive phenotype and 
neurotoxicity are modulated by 
MSC-EVs' anti-inflammatory and 
antioxidant-shuttled miRNAs, which 
represents a therapeutic strategy in ALS 

MSC-EVs may be therapeutically 
effective across different subtypes of 
ALS, beyond SOD1 as a model. 
 

[190] 

hMSCs AD HMC3 cells Male C57BL/6 mice EVs from MSC inhibited microglia and 
astrocyte activation, amyloid deposition, 
demyelination, memory loss, and 
anxiety-like behavior more than 
non-MSC EVs.  

MiRNAs released by MSC enhanced 
immunity regulation when combined 
with activation microglia secretomes 

[191] 

bone 
marrow 

Status epilepticus 
(SE) 

 Male C57BL/6J mice MSC-EVs reached the hippocampus and 
decreased glutamatergic and GABAergic 
neuron loss and inflammation 

MSC-EV administration helps prevent 
SE-induced memory impairment and 
reduces cognitive impairment due to 
SE in the hippocampus, according to 
these results 

[192] 

Human 
ADMSCs 

Multiple sclerosis  Female SJL/J mice A significant reduction in plasma 
cytokine levels is observed in TMEV mice 
treated with EVs, mainly in Th1 and Th17 
phenotypes, confirming EVs' 
immunomodulatory potential 

he effects of EV administration on 
motor deficits were observed as a 
result of reduced brain atrophy and 
promoting remyelination through 
immunomodulatory effects 

[193] 

bone 
marrow 

Neuroinflammation Murine microglial 
cell line N9 

B6SJL-TgN 
SOD1/G93A1Gur 
mice 

In activated N9 microglia cells, as well as 
in primary microglia isolated from 
ALS-prone SOD1G93A mice, miR-467f 
and miR-466q have been shown to 
downregulate TNF and Il1b expression. 

MSC-EVs manipulate 
neuroinflammation by modulating the 
immune response mediated by 
microglia 

[194] 

chorionic 
villus 
tissue 

MS SH-SY5Y 
neuroblastoma 
cell line 

C57BL/6J mice MSC-EVs stimulate the differentiation of 
endogenous oligodendrocyte precursors 
into mature myelinating 
oligodendrocytes to promote myelin 
regeneration 

They have shown potential in animal 
models of MS as an alternative to 
cell-based therapies 

[195] 

bone 
marrow 

hypoxia-ischemia 
(HI) 

 C57BL/6 mice A significant reduction in TNFa 
expression occurs when MSC-EVs are 
used, while an increase in YM-1 and 
TGFb expression occurs when MSC-EVs 
are used. 

Neonatal brain injury may benefit 
from MSC-EV treatment instead of 
risk-associated cell therapies 

[196] 

bone 
marrow 

AD  5XFAD mice and NT 
mice 

hMSC-EVs treated 5XFAD mice 
performed significantly better than those 
treated with saline. Hippocampus plaque 
loads were also reduced in mice treated 
with hMSC-EV 

MSC EVs could have a beneficial effect 
on AD progression 

[197] 

 
 
As they release a highly proactive secretome of 

soluble factors and EVs, BM-MSCs have been 
extensively studied for their potential therapeutic 
role. In addition to direct and indirect amyloid 



Theranostics 2023, Vol. 13, Issue 12 
 

 
https://www.thno.org 

4153 

degradation, immunoregulation, and neurotrophic 
properties, BM-MSC-EVs carry many beneficial 
characteristics of their parental cells. EVs are very 
attractive therapeutic options for treating neurode-
generative diseases such as AD. APPswe/PS1dE9 AD 
mice were injected intracerebrally with BM-MSC-EVs 
at three and five months of age, a period during which 
cognitive behavioral abnormalities are not detectable. 
Cortical and hippocampus dystrophic neurites were 
reduced in both groups of mice treated with 
BM-MSC-EVs. Direct degradation of amyloid can be 
achieved using BM-MSC-EVs that contain Neprilysin. 
A role for BM-MSC-EVs in AD may be apparent in the 
early stages, suggesting intervention as soon as overt 
clinical symptoms appear [184]. 

AD is characterized by mitochondrial dysfunc-
tion. Existing mitophagy inducers, however, are toxic 
and do not enrich the brain sufficiently [185]. 
Nanosized MSC-derived EVs (MSC-EVs-SHP2) 
expressing high levels of tyrosine phosphatase-2 
(SHP2) have been developed by Xu et al., (2022). SHP2 
is efficiently delivered to AD-mice by MSC-EVs-SHP2 
because of its high penetration capacity through the 
blood-brain barrier. Furthermore, NLRP3-activated 
inflammasomes and mitochondrial damage- 
associated apoptosis in neuronal cells were signifi-
cantly reduced by MSC-EVs-SHP2. Mitophagy further 
decreased apoptosis and inflammation in neurons in 
AD mouse models. EV-engineering can be used to 
induce mitophagy in AD patients, providing an 
effective treatment option [186]. 

In order to slow down the progression of AD, 
targeting innate immune cells in the brain could be a 
promising therapeutic approach due to the role 
neuroinflammation plays in favoring and accelerating 
its pathogenesis [187]. Accordingly, different AD 
mouse models have been reported to benefit from 
MSC-EVs when chronically injected intravenously or 
intracerebrally. In their study, Losurdo et al., (2019), 
EVs derived from cytokine-preconditioned MSCs 
were delivered for the first time intranasally using 
triple-transgenic mice (3xTg) which might enhance 
immune modulation and neuroprotection in AD 
patients. MSC-EVs induced dendritic spine density in 
the brain and dampened microglia activation. Trans-
genic mice have been shown to be neuroprotective 
because of the polarization of primary murine 
microglia to an anti-inflammatory phenotype in vitro. 
MSC-EVs might be able to be administered in a 
noninvasive way and demonstrate anti-inflammatory 
properties, which could enhance their translational 
potential in AD [187]. 

The role of MSCs in immune regulation is great, 
and they provide protective paracrine effects, in part 
mediated by EVs [198]. A number of soluble factors 

are found in MSC-EVs which are responsible for 
MSC-EVs being similar to MSCs in terms of their 
anti-inflammatory and regenerative properties. Cell 
contact and secretion are both mechanisms through 
which the MSC modulates microglia activation. 
Neurodegenerative disorders are mainly caused by 
inflammation in CNS, caused by microglia cells [199]. 
In a study conducted by Kaniowska et al., (2022), they 
examined whether MSC-EVs affect how amyloid 
aggregates activate microglia cells. Their study 
showed that MSC-EVs prevented proinflammatory 
mediators from gaining influence, such as tumor 
necrosis factor (TNF)-α and nitric oxide (NO). 
Neurodegenerative diseases such as AD, which 
represent chronic inflammation, upregulate both. 
MSC-EVs may also be useful for treating 
neuroinflammatory diseases in the future according 
to this study [188]. 

In thrombolysis of ischemic strokes, tissue 
plasminogen activator (tPA) prevents disruption of 
the blood-brain barrier (BBB). In conjunction with tPA 
thrombolysis, MSC-EVs may be able to attenuate 
hemorrhagic transformation and BBB disruption after 
ischemic stroke; however, their potential to attenuate 
these effects is uncertain [169]. Qiu et al., (2022) found 
that aggregation-induced emission luminogens 
(AIEgens) provide better tracking ability than the 
commercially available tracer DiR. As a result of 
passing through the BBB, MSC-EVs were able to 
accumulate selectively in brain regions of ischemic 
stroke model mice in real time. In addition, after 
administration of tPA, astrocytes were able to absorb 
MSC-EVs more readily. By inhibiting tPA-induced 
astrocyte activation and inflammation, MSC-EVs also 
attenuated disruption of the BBB. In addition to 
blocking NF-kappa B signaling, miR-125b-5p 
delivered by MSC-EVs also blocks Toll-like receptor 4 
(TLR4). In this study, MSC-EVs were found to be 
noninvasive thrombolytic adjuvants following tPA 
treatment for ischemic strokes [169].  

Cell-free therapy with MSC-EVs for AD is 
promising mainly because of MSC paracrine activity, 
however, the exact mechanism is unknown [189]. 
Several studies suggest mitochondrial dysfunction 
occurs before amyloid plaque formation and 
neurofibrillary tangle formation in AD, and that it 
plays an important role in its onset and progression 
[200]. Zhang et al. (2020) conducted an in vitro study 
using a model of Alzheimer's disease (AD) to 
investigate the potential protective effects of human 
umbilical cord-derived mesenchymal stem cell- 
derived extracellular vesicles (hucMSC-EVs) and 
explore the mechanisms associated with mitochon-
dria. The oxidative stress, mitochondrial function, 
apoptosis, and AD-related genes in SH-SY5Y cells 
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were assessed after treatment with okadaic acid (OA), 
followed by treatment with hucMSC-EVs. It was 
observed that hucMSC-EVs were significantly 
dephosphorylated at Thr181 (p181-tau), which is 
elevated in AD. SH-SY5Y cells were also reduced in 
oxidative stress by hucMSC-EVs after being treated 
with OA. Furthermore, mitochondrial function and 
apoptosis resistance were improved in SH-SY5Y cells 
treated with OA. In a flow cytometric analysis, 
mitochondria from OA-treated SH-SY5Y cells were 
partially transferred to SH-SY5Y cells by 
hucMSC-EVs. Additionally, RNA sequencing has 
shown that hucMSC-EVs are involved in regulating 
multiple AD-related genes, signaling pathways, and 
mitochondrial functions. The results suggest a novel 
approach for treating AD with MSC-EVs with 
abundant mitochondria [189]. 

A neurodegenerative disease without an 
effective cure, Amyotrophic Lateral Sclerosis (ALS) 
affects millions around the world [201]. A toxic 
phenotype of astrocytes is associated with ALS, 
resulting in the death of motoneuron (MN). It is 
possible to modulate the neurotoxic properties of 
astrocytes in order to reduce the death rate of MNs. 
ALS in SOD1G93A mice can be reversed with MSC 
administration, but the mechanism remains unclear. 
According to some studies, MSC-secreted EVs cause 
these effects. An immunohistochemistry study, 
molecular analysis, and in vitro functional analysis 
were performed by Provenzano et al. in 2022 on 
astrocytes isolated from symptomatic spinal cords of 
SOD1G93A mice and their neurotoxicity. ALS patients' 
inducible neural progenitor cells (iNPCs) are 
distinguished from their inducible astrocytes. MNs 
were not neurotoxic to mouse and human ALS 
astrocytes after exposure to EVs in vitro. After 
exposure to EVs, astrocytes from SOD1G93A showed 
significant reductions in pathological phenotypes and 
neuroinflammation. A reduction in reactive oxygen 
species and increased antioxidant activity were 
observed in astrocytes when they were exposed to 
EVs. Nine miRNAs were found to be upregulated in 
MSC-EVs in a previous study. In this study, single 
miRNA mimics were transfected into SOD1G93A 
astrocytes to reduce activation and neuroinflam-
matory responses. Mapk11 expression is also reduced 
by miR-466q and miR-467f mimics, while Nrf2 
nuclear translocation is increased by miR-466m-5p 
and miR-466i-3p mimics. MN neurotoxicity was 
reduced when iAstrocytes were transfected with 
miR-29b-3p mimics. Astrocytes' reactive phenotype 
and neurotoxicity are modulated by MSC-EVs' 
anti-inflammatory and antioxidant-shuttled miRNAs, 
which represents a therapeutic strategy in ALS [190]. 

Diseases associated with aging are often caused 

by inflammation. Microglial activation causes 
neuronal cell death in AD caused by amyloidbeta 
oligomers [202]. Inflammatory diseases can be treated 
using stem cells since they are paracrine and capable 
of responding to an inflammatory environment. 
Neurological recovery promoted by stem cells, 
however, is poorly understood [203]. These mecha-
nisms were revealed by Markoutsa et al., (2021) 
through the combination of MSCs and lipopolysac-
charide or amyloidbeta activated microglia may result 
in the generation of MSC-derived secretomes. After 
that, EVs secreted from MSCs and non-MSCs were 
compared for their immunomodulatory effects. A 
comparison between EVs from MSC and those from 
non-MSC found that EVs from MSC inhibited 
microglia and astrocyte activation, amyloid deposi-
tion, demyelination, memory loss, and anxiety-like 
behavior more than non-MSC EVs. MSC-EVs were 
found to be upregulated by at least 19 microRNAs 
(miRNAs). Based on KEGG pathway analysis, the 
overexpressed miRNAs target genes involved in the 
signaling pathway associated with the toll-like 
receptor-4 (TLR4). MiRNAs released by MSC 
enhanced immunity regulation when combined with 
activation microglia secretomes [191]. 

Age decreases the brain's regeneration capacity. 
The ability to function may be affected by both brain 
damage and neurodegenerative diseases. It is possible 
to isolate MSCs, a type of adult stem cell, from a 
variety of adult tissues. EVs and secretomes derived 
from MSCs have been investigated for their 
therapeutic potential. A study by Chen et al., (2019) 
found that blocking the prostaglandin E2 receptor 4 
pathway in MSCs resulted in higher EV release and 
sorted proteins, including anti-inflammatory cyto-
kines, factors that affect astrocyte function, BBB 
integrity, and microglial migration. This study 
observed significant improvements in cognitive 
function, learning abilities, and memory. These 
improvements were observed when researchers 
induced extracellular vesicles derived from mesen-
chymal stem cells (MSC-EVs) using EP4 antagonists. 
Additionally, the study found that the induced 
MSC-EVs inhibited reactive astrogliosis, reduced 
inflammation, decreased microglial infiltration into 
damaged hippocampal tissues, and strengthened the 
blood-brain barrier [204]. 

The benefits of MSC-EVs have been attributed to 
the isolation of MSCs from a range of human tissues 
for use in therapy. It has become obvious that MSCs 
from every tissue type possess unique properties 
despite the fact that they share a number of cardinal 
stem cell characteristics. It is essential to understand 
the unique characteristics of MSCs and MSC-EVs 
from different tissues in order to develop effective 
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stem cell therapies [205]. Using comprehensive gene 
expression databases and sophisticated analytical 
tools, transcriptomic approaches can be used to 
analyze these properties. A study was conducted by 
Terunuma et al., (2021) examining the transcriptomes 
of dental pulp and adipose tissue MSC-EVs. 
Comparing MSC-EV transcriptomes with those of 
cellular MSCs was also performed. To culture MSCs, 
an adipose tissue specimen and a dental pulp 
specimen were used. Next-generation sequencing was 
used to analyze transcriptomic data from conditioned 
culture media prepared for MSC-EVs. Results shown 
that, transcriptomic analysis of MSC-EVs (dental 
pulp-derived MSCs) demonstrated distinct transcrip-
tomic signatures of neurogenesis and neural retinal 
development. The transcriptional signatures of 
mitochondrial activity and skeletal development were 
distinct in MSC-EVs (adipose tissue-derived MSCs). 
Consequently, dental pulp-derived MSC-EVs may be 
useful therapeutic targets for neurodegenerative 
disorders and retinal diseases. The skin and muscles 
can be rejuvenated with MSC-EVs from adipose 
tissue. Developing new therapeutic targets for 
MSC-EVs may be made easier with a better 
understanding of MSC-EVs from diverse tissue types 
[206]. 

Neurodegeneration, inflammation, altered 
neurogenesis, and cognitive and memory deficits are 
all symptoms of a disordered hippocampus caused by 
status epilepticus (SE). Intranasally (IN) administered 
EVs from bone marrow-derived MSCs were examined 
for their impact on SE-induced adverse effects. 
Pilocarpine-induced SE for 2 hours was followed by 
administration of MSC-EVs IN over the next 24 hours. 
Six hours after administration, MSC-EVs reached the 
hippocampus and decreased glutamatergic and 
GABAergic neuron loss and inflammation. Further, 
MSC-EVs preserved hippocampal neurogenesis and 
cognitive and memory function for long periods by 
being neuroprotective and antiinflammatory, while 
animals receiving vehicles demonstrated diminished 
neurogenesis, persistent inflammation, and functional 
impairment. MSC-EV administration helps prevent 
SE-induced memory impairment and reduces 
cognitive impairment due to SE in the hippocampus, 
according to these results [192]. 

One of the leading causes of blindness is loss of 
retinal ganglion cells (RGC) and their axons, in 
addition to traumatic (optic neuropathy) and 
degenerative (glaucoma) eye diseases [207]. It has 
been shown that MSCs can function as both 
neuroprotectors and axogens on RGCs in both 
models. Studies have demonstrated that MSC-EVs 
can deliver proteins, mRNAs, and miRNAs. EVs 
derived from bone marrow-derived MSCs (BMSCs) 

were isolated and tested in a rat model of optic nerve 
crush (ONC). The effects of BMSC-EVs on retinal 
primary cultures were significantly neuroprotective 
and neurogenic. After the ONC injections and weekly 
intravitreal exosome injections, optical coherence 
tomography, electroretinography, and immunohisto-
chemistry were performed. As a result of using 
BMSC-EVs, RGC axons survived and regenerated 
better, while RGC axon losses and dysfunction were 
partially prevented. EVs derived from BMSCs 
carrying cargo did not reach inner retinal layers when 
Argonaute-2, a crucial miRNA effector molecule, was 
knocked down. It seems that BMSC-EVs can be used 
for the treatment of traumatic and degenerative ocular 
diseases without relying on cells [208].  

Multiple sclerosis (MS) and inflammation- 
mediated demyelinating diseases are mediated by 
EVs, which are important mediators of intercellular 
communication. As part of a study conducted by 
Laso-Garca et al. (2018), a human adipose 
tissue-derived MSC-EVs were administered intrave-
nously as a treatment for Multiple Sclerosis in animals 
induced with Theiler's murine encephalomyelitis 
virus (TMEV). As soon as the disease had been 
established, EVs were administered to SJL/J mice. By 
administering EVs intravenously to mice infected 
with TMEV, motor deficits were improved, brain 
atrophy was reduced, subventricular zone 
proliferation increased, and spinal cord inflammation 
was decreased. The treatment with EVs also reduced 
Iba-1 staining and glial fibrillary acidic protein 
expression in the brain. Microglia are also shown to be 
modulated by EVs in addition to their activation state. 
A significant reduction in plasma cytokine levels is 
observed in TMEV mice treated with EVs, mainly in 
Th1 and Th17 phenotypes, confirming EVs' immuno-
modulatory potential. The effects of EV 
administration on motor deficits were observed as a 
result of reduced brain atrophy and promoting 
remyelination through immunomodulatory effects. A 
further investigation of EVs as possible treatment for 
MS's neurodegenerative phase is needed [193]. 

Inflammatory/neurodegenerative diseases, such 
as MS and ALS, benefit from the neuroprotective, 
immunomodulatory, and neuroregenerative proper-
ties of MSCs. By releasing EVs carrying proteins, 
mRNAs, and microRNAs (miRNAs), MSCs exert their 
immunomodulatory effects by targeting cells to alter 
their function. Giunti et al., (2021) identified 9 
miRNAs that were dramatically downregulated in 
IFN-γ-primed MSCs, however, at various levels in 
EVs which are derived from them. In activated N9 
microglia cells, as well as in primary microglia 
isolated from ALS-prone SOD1G93A mice, miR-467f 
and miR-466q have been shown to downregulate TNF 
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and Il1b expression. Microglia are suppressed in their 
pro-inflammatory state by miR-467f and miR-466q, 
which inhibit the p38 MAPK pathway through 
inhibition of the expression of the genes they target, 
Map3k8 and Mk2. Furthermore, this study demons-
trated that mice suffering from experimental 
autoimmune encephalitis (EAE) whose spinal cord is 
administered s-EV showed decreased expression of 
neuroinflammation markers. This study suggests that 
MSC-EVs manipulate neuroinflammation by modula-
ting the immune response mediated by microglia 
[194]. 

Bioactive factors released by MSCs can modulate 
the immune system and promote regeneration. There 
are many characteristics of MS, such as inflammation, 
demyelination, gliosis, and axonal loss. A murine 
model of MS was developed by Clark et al. (2019), in 
which animals were treated with saline, placenta- 
derived MSCs, and PMSC-EVs at low and high doses 
at the onset of the disease. PMSC-EV and high-dose 
PMSC-EV-treated animals showed superior results to 
saline-treated animals. Symptoms of mice treated 
with PMSCs and PMSC-EVs improved as DNA 
damage was reduced in oligodendroglial cells and 
myelination increased. Using PMSC-EVs in vitro, it 
has been demonstrated that they stimulate the 
differentiation of endogenous oligodendrocyte 
precursors into mature myelinating oligodendrocytes 
to promote myelin regeneration. According to these 
findings, PMSCs secrete EVs as part of their 
mechanism of action. EVs from PMSCs have shown 
potential in animal models of MS as an alternative to 
cell-based therapies [195]. 

Neonatal encephalopathy caused by hypoxia- 
ischemia (HI) is a major contributor to childhood 
mortality. The brain's microenvironment and MSCs 
interact unexpectedly during neonatal HI, altering 
therapeutic efficacy. The majority of MSCs' 
therapeutic effects are thought to be mediated by EVs 
in a paracrine manner, suggesting that cell therapy 
might not be the best option [209]. Kaminski et al., 
(2020) examined the impact of MSC-EVs on neonatal 
brain injury associated with hyperoxia. As a result of 
HI-induced damage to the striatum, MSC-EVs 
significantly reduced micro- and astroglial activation. 
A significant reduction in TNFa expression occurs 
when MSC-EVs are used, while an increase in YM-1 
and TGFb expression occurs when MSC-EVs are used. 
In addition to decreasing astrocytic expression of C3, 
MSC-EVs also increased neurotrophic factors (BDNF, 
VEGF, and EGF) in astrocytes. There was an increase 
in neural density and vessel density in the neurogenic 
region adjacent to the striatum, along with 
proliferating cells. In addition to improving oligoden-
drocyte maturation and myelination, MSC-EV- 

mediated neuroprotection improved oligodendrocyte 
function. This study demonstrated that MSC-EVs 
improve key developmental processes in the neonatal 
brain by providing anti-inflammatory effects, 
promoting regenerative responses, and improving 
regenerative responses. HI-induced secondary brain 
damage can be prevented by MSC-EVs through 
different cellular target mechanisms. Neonatal brain 
injury may benefit from MSC-EV treatment instead of 
risk-associated cell therapies [196]. 

A retinal ganglion cell (RGC) degeneration leads 
to blindness due to retinal and/or optic nerve injury. 
In order to suppress this neurodegeneration, 
extensive efforts have been made. There was a signifi-
cant neuroprotective and axogenic effect of MSCs 
derived from somatic tissue on RGCs [210]. 
Alternative sources of MSCs include human 
embryonic stem cells (ES-MSCs), which proliferate 
faster, express lower levels of inflammatory cytokines, 
and modulate the immune system. Human ES-MSC 
EVs have not yet been evaluated for their potential 
therapeutic effects and underlying mechanisms on 
optic nerve injury. Seyedrazizadeh et al., (2020) 
injected human ES-MSC EVs to an optic nerve crush 
(ONC) mouse model. On two months after treatment, 
immunohistofluorescence, reverse and antegrade 
tracings of RGCs, Western blots, tauopathy of RGCs, 
and function assessments were used to assess ONC 
improvement and the underlying mechanisms of 
human ES-MSC EVs. RGC survival and retrograde 
and anterograde tracing of Brn3a+ RGCs were 
significantly improved in the ES-MSC EVs compared 
with the vehicle group. The EVs also significantly 
increased GAP43+ axon counts in the optic nerve and 
improved cognitive visual behaviour. Furthermore, 
cis-p-tau is detected in injured RGCs after ONCs 
show signs of tauopathy in the RGCs at the beginning 
of the disease, which is a key mediator of neurode-
generation. EV treatment significantly reduced cis 
p-tau expression. It has been speculated that human 
ES-MSC EVs could be used as an off-the-shelf and 
cell-free product to treat injured RGCs and 
degenerative eye diseases. In addition, human 
ES-MSC EV may be able to restore RGC function by 
rescuing tauopathy [211]. 

Researchers used differential ultracentrifugation 
to test the therapeutic effects of human bone-marrow 
derived MSCs in three-dimensional (3D) cell cultures 
[212]. Over the course of four months, non-transgenic 
(NT) and 5XFAD mice were given small EVs 
intranasally (IN). Various behavioural tests were 
performed on mice to measure learning and memory 
changes. GFAP and amyloid beta levels were 
analyzed by immunohistochemistry in brain slices. 
There was no significant difference between 
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hMSC-EVs treated 5XFAD mice and NT mice in 
cognitive tests. hMSC-EVs treated 5XFAD mice 
performed significantly better than those treated with 
saline. Hippocampus plaque loads were also reduced 
in mice treated with hMSC-EV. Additionally, mice 
treated with hMSC-EVs showed less colocalization of 
GFAP on plaque surfaces than mice treated with 
saline. As a result of these studies, it appears that IN 
administration of MSC EVs could have a beneficial 
effect on AD progression [197]. 

The robust anti-inflammatory and neuroprotec-
tive properties of EVs derived from hMSCs make 
them particularly promising as biologics for treating 
neurological and neurodegenerative conditions as a 
result of their strong anti-inflammatory properties 
[213]. Intranasal (IN) injections of EVs have also 
gained attention due to their noninvasive nature, their 
capability of repeated administration, and the ability 
to penetrate multiple forebrain regions quickly [213]. 
A lack of injury-induced signals is not believed to 
influence IN-administered EV entry into different 
brain regions. Kodali et al., (2020) examined the 
distribution of IN-administered hMSC EVs in neurons 
and microglia of intact and status epilepticus (SE) 
injured rats. EVs labeled with PKH26 were 
unilaterally injected into the left nostrils of naive rats 
and rats exposed to kainate-induced SE for two hours. 
In multiple forebrain regions, PKH26 + EVs were 
quantified six hours later by performing serial brain 
sections and examining them under confocal 
microscopy. Forebrains that were intact and those that 
were SE-injured showed an incredible presence of 
EVs bilaterally. Nearly all regions of the forebrain 
included EVs in a comparable percentage. EVs, 
however, were more prevalent in hippocampal CA1 
subfields and entorhinal cortex neurons of SE-affected 
animals. On the other hand, microglia were highly 
comparable in their incorporation of EVs throughout 
the forebrain. It is effective to deliver EVs bilaterally 
to neurons and microglia in the injured forebrain 
when the EVs are administered unilaterally through 
IN. Brain injury areas show higher EVs incorporation, 
suggesting that injury-related signals may play a role 
in enabling EVs to target neurons, which may be 
useful as EVs therapy for neurodegenerative diseases 
like traumatic brain injury, stroke, MS, and AD [214]. 

8. Clinical applications of MSC-EVs plays 
in neurodegenerative diseases 

The composition of EVs includes a variety of 
different types of cargos, such as nucleic acids, 
proteins, and metabolites. Native EVs and their cargos 
have been studied initially for their regulatory and 
therapeutic effects. EVs play an important role in 

maintaining and recovering neural function in the 
nervous system as important mediators of intercel-
lular communication [215]. As nanotechnology 
develops rapidly, enhanced therapeutic capabilities 
have been developed for EVs, including targeted drug 
delivery. Clinical approval and marketing authori-
zation have been obtained for some well-established 
synthetic nanoparticles, such as liposomes, the first 
nano-drug delivery systems. The rapid clearance of 
these agents from the blood and the activation of the 
innate immune system limits their therapeutic 
potential. EVs are more complex and biocompatible 
than synthetic drug delivery systems and have lower 
immunogenicity than liposomes [216]. EVs are 
functionally pharmacokinetically related proteins that 
contribute to their large volume of biodistribution and 
higher retention in circulation. EVs' surface molecules 
enable them to cross the blood-brain barrier (BBB), 
deliver their cargos, and evoke responses in recipient 
cells. As a result of these characteristics, EVs have 
considerable therapeutic potential in the treatment of 
disorders of the central nervous system (CNS). [217].  

A number of pharmaceutical companies as well 
as the academic community have expressed interest in 
EV-based therapeutics. The number of clinical trials 
for EV-based therapeutics in humans is rapidly 
increasing, and more are currently being conducted 
[218]. The following clinical trials are currently 
registered in the field of neurological disorders: 
NCT04388982 (Alzheimer's disease), NCT03384433 
(cerebrovascular disorders), and NCT05490173 
(neurodevelopmental disorders). In all three trials, 
MSCs provided EVs, although their tissue sources 
differed. In NCT04388982 (Alzheimer's disease), 
allogenic adipose MSCs were applied, whereas in 
NCT03384433 (cerebrovascular disorder), allogenic 
bone marrow MSCs were applied. It should be noted 
that NCT03384433 (cerebrovascular disorders) used 
allogenic MSCs transfected with miR-124, which may 
provide evidence for the efficacy of EV-based gene 
therapies in humans. Specifically, in NCT05490173 
(neurodevelopmental disorders) and NCT04388982 
(Alzheimer's disease), EVs were administered 
intranasally, while in NCT03384433 (cerebrovascular 
disorders), EVs were administered intravenously. 
There will be exciting results from these 
representative clinical trials for EV-based therapeutics 
in neurodegenerative diseases in humans [215]. 

9. Limitation of MSC-EVs therapeutics  
MSC therapeutics still have additional 

challenges, despite engineered MSC sources being 
able to overcome specific limitations. Immortalized 
live cell therapies may not have the same engraftment 
properties as normal cells, since they may be 
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immunogenic and tumorigenic [219]. It has been 
reported that embryonic stem cells can overcome 
some of the limitations associated with parental cells, 
including safety, reproducibility, and cost-effective-
ness in terms of storage and maintenance. The use of 
engineered EVs for clinical purposes may be a 
promising new therapeutic approach. In addition, to 
overcome current obstacles in the development of 
EVs-based therapeutics, it is necessary to standardize 
and optimize the production of EVs, and further 
research is required to better understand their 
mechanisms [220]. 

There are several advantages to using EVs 
obtained from naive stem cells for patients with brain 
disorders, although the use of EVs obtained from 
naive stem cells for patients with brain diseases does 
have some limitations. [175]. As a result of the use of 
different donors with different tissues, donor 
heterogeneity is one of the main obstacles preventing 
the application of MSCs and EV therapeutics in 
clinical settings. It is important to note that indepen-
dent MSC-EV preparations may differ in therapeutic 
potential based on their donor age, comorbidities 
(obesity and disease condition), artificial niches of 
MSCs (preconditioning or external stimuli), culture 
methods, and culture conditions. A robust quality 
control for each EV production lot should be 
conducted in addition to developing a production 
method that minimizes donor-to-donor and 
batch-to-batch variations [221]. 

Despite the potential of native EVs for treating 
brain diseases, their clinical application is limited by 
their short half-life, limited targeting, rapid clearance 
after application, and inadequate payload. [222]. The 
BBB can be crossed by native EVs under conditions 
similar to stroke-like inflammation, however, whether 
they are able to cross intact BBB remains to be 
determined. Both preclinical and human studies have 
shown that blood levels of EVs decrease rapidly after 
systemic administration of EVs, and EVs accumulate 
in the lung, liver, and spleen until approximately 10 
days following the administration of EVs. 
Furthermore, macrophage/microglial clearance 
shortens the circulation time of EVs [223]. 

9.1. Limitation can be solved by some 
modification methods 

Modification methods offer potential solutions to 
overcome certain disadvantages associated with 
extracellular vesicles derived from mesenchymal stem 
cells (MSCs) in the treatment of neurodegenerative 
diseases. These modifications can help optimize their 
therapeutic properties and improve their efficacy. By 
implementing suitable modification approaches, the 
limitations of MSC-derived extracellular vesicles can 

be mitigated, leading to enhanced therapeutic 
outcomes in the treatment of neurodegenerative 
diseases [224]. 

9.1.1. Limited Stability and Half-Life: 
Extracellular vesicles may have a short half-life and 
limited stability, which can reduce their effectiveness. 
Modification methods such as genetic engineering or 
surface coating with stabilizing agents can enhance 
their stability and prolong their circulation time [225]. 

9.1.2. Targeting Specific Cell Types: 
Extracellular vesicles derived from MSCs may have a 
non-specific uptake by cells, limiting their ability to 
specifically target affected cells in neurodegenerative 
diseases. Modification techniques such as surface 
modification with targeting ligands or engineering 
vesicles to carry specific receptors can improve their 
targeting capability [226]. 

9.1.3. Cargo Loading Efficiency: Efficient 
loading of therapeutic cargo, such as miRNAs or 
proteins, into extracellular vesicles can be challenging. 
Modification approaches such as electroporation, 
sonication, or exogenous loading methods can 
enhance the cargo loading efficiency, ensuring 
effective delivery of therapeutic molecules [227]. 

9.1.4. Immune Response: The immune response 
triggered by extracellular vesicles can limit their 
therapeutic efficacy. Modification methods such as 
membrane engineering or removal of immunogenic 
components can mitigate immune reactions and 
improve the vesicles' immunomodulatory properties 
[228]. 

9.1.5. Low Yield: The yield of extracellular 
vesicles from MSCs may be limited, making it difficult 
to obtain sufficient quantities for therapeutic 
purposes. Modification strategies such as optimizing 
cell culture conditions, genetic modification, or 
exosome isolation techniques can improve the yield of 
extracellular vesicles [229]. By employing modifi-
cation methods tailored to address these challenges, 
the limitations associated with extracellular vesicles 
derived from MSCs in the treatment of 
neurodegenerative diseases can be overcome. These 
modifications can enhance their stability, targeting 
specificity, cargo loading efficiency, immune 
compatibility, and yield, thereby improving their 
therapeutic potential in neurodegenerative disease 
management. 

10. Future perspectives  
Recent advancements in the treatment of 

neurodegenerative diseases involve the utilization of 
extracellular vesicles (EVs) derived from mesen-
chymal stem cells (MSCs). These EVs are small, 
membrane-bound structures released by MSCs that 
contain various bioactive molecules, such as proteins, 
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nucleic acids, and lipids. Researchers have discovered 
that these EVs possess therapeutic properties and can 
exert beneficial effects on the nervous system. One of 
the key advantages of using EVs for 
neurodegenerative disease treatment is their ability to 
cross the blood-brain barrier, which allows them to 
reach the affected areas of the brain. EVs derived from 
MSCs have been shown to enhance neuronal survival, 
promote neurogenesis (the formation of new 
neurons), and modulate neuroinflammation, thereby 
reducing the progression of neurodegenerative 
diseases. Additionally, these EVs can transfer specific 
molecules, such as microRNAs, which play crucial 
roles in regulating gene expression. By delivering 
these microRNAs to target cells in the brain, EVs can 
modulate gene expression patterns and promote 
neuroprotection. Moreover, EVs derived from MSCs 
can also act as carriers for therapeutic drugs or 
molecules, allowing targeted delivery to the affected 
brain regions. This targeted approach minimizes 
potential side effects and enhances the therapeutic 
efficacy of the delivered substances. Researchers are 
actively exploring the potential of EV-based therapies 
for various neurodegenerative diseases, including 
Alzheimer's disease, Parkinson's disease, and 
amyotrophic lateral sclerosis (ALS). Preclinical studies 
have demonstrated promising results, showing 
improvements in disease-related symptoms and 
pathological changes. In summary, the use of EVs 
derived from MSCs represents a novel and promising 
strategy for treating neurodegenerative diseases. 
These EVs possess therapeutic properties, can cross 
the blood-brain barrier, transfer bioactive molecules, 
and act as targeted drug carriers. Further research and 
clinical trials are needed to fully understand and 
harness the potential of this approach in clinical 
settings. 

A potential therapeutic application for these 
vesicles is currently under investigation in the EV 
field. Neurological conditions, such as Parkinson's 
disease, are particularly challenging to treat with this 
approach [230]. Tests have been conducted on 
therapeutic cargo delivered on EVs and on EVs 
released with pathogenic protein forms associated 
with neurodegenerative diseases. The number of EVs 
in neurological diseases may be upregulated or 
downregulated; it would be important to understand 
which neuronal subtypes release EVs associated with 
neurological diseases [105]. In a transgenic mouse 
model of Alzheimer's disease, researchers showed 
that reducing EVs release using a neutral 
sphingomyelinase inhibitor (GW4869) altered the 
animals' neuropathology, suggesting that reducing 
EVs release could be therapeutic [231]. Due to the 
potential side effects associated with reducing EVs 

numbers, specificity may be required to minimize 
them (for example, targeting distinct pathways or 
neurons). 

The use of extracellular vesicles (EVs) derived 
from mesenchymal stem cells (MSCs) has gained 
significant interest in the field of regenerative 
medicine. MSC-EVs are small membrane-bound 
vesicles released by MSCs that contain a variety of 
bioactive molecules, including proteins, nucleic acids, 
and lipids. Here are some future perspectives of 
MSC-EV therapies: 

1. Targeted Delivery: MSC-EVs can be 
engineered to carry specific therapeutic cargo, such as 
small interfering RNA (siRNA), microRNA, or growth 
factors. These cargo-loaded MSC-EVs can be designed 
to target specific cells or tissues affected by neurode-
generative diseases. By encapsulating therapeutic 
molecules within EVs, it may enhance their stability, 
protect them from degradation, and improve their 
delivery to the intended site of action. 

2. Immunomodulation: MSC-EVs possess 
immunomodulatory properties similar to their parent 
cells. They can modulate immune responses, regulate 
inflammation, and promote tissue repair. MSC-EVs 
have the potential to be used as a cell-free alternative 
to MSC transplantation, providing immunomodu-
latory effects without the risks associated with 
cell-based therapies. 

3. Combination Therapies: MSC-EVs can be used 
in combination with other therapies to enhance their 
effectiveness. For example, MSC-EVs can be 
co-administered with other neuroprotective agents or 
used alongside gene therapy approaches. This 
synergistic combination may provide additive or even 
synergistic effects, improving the outcomes of 
treatment. 

4. Biomarkers and Diagnostics: MSC-EVs carry 
specific molecules that reflect the physiological and 
pathological state of their parent cells. Analysis of 
MSC-EVs' cargo can provide valuable insights into the 
underlying disease processes, serving as potential 
biomarkers for diagnosing and monitoring neurode-
generative diseases. This could lead to the 
development of non-invasive diagnostic tools and 
personalized treatment strategies. 

Regulatory Approval and Clinical Translation: 
While MSC-EV therapies hold great promise, there 
are still challenges to overcome before they can be 
widely implemented in clinical settings. Standardi-
zation of isolation methods, characterization 
techniques, and quality control measures for 
MSC-EVs are necessary for regulatory approval. 
Additionally, large-scale production methods need to 
be established to meet the demands of clinical 
applications. 
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Overall, MSC-EV therapies have significant 
potential in the field of regenerative medicine and 
neurodegenerative diseases. Further research and 
development are needed to optimize their therapeutic 
potential, establish safety and efficacy profiles, and 
pave the way for their clinical translation. 

11. Conclusion  
There has been increasing evidence that EVs 

have a role to play within the brain and central 
nervous system (both in healthy and diseased 
conditions), due to the growing evidence that they 
remove unwanted material and provide intercellular 
communication between cells. A common pathogenic 
mechanism is suggested by the possibility that EVs 
propagate misfolded proteins associated with 
neurodegenerative disorders (e.g., prion disease). It 
has not yet been demonstrated in human disease 
through formal experiments, most of which have been 
performed in cell culture and transgenic mouse 
models. Neurological diseases can be diagnosed by 
measuring the amount of protein or genetic material 
present in extracellular vesicles (e.g., miRNA 
expression) found in peripheral tissues or the central 
nervous system. There is still a need to standardize 
methodologies and test across different cohorts to 
fully realize the potential of EVs for neurological 
disease diagnosis. The ability to package active EVs or 
specifically target cargo will also assist in determining 
whether they participate in interneuronal 
communication. Additionally, the BBB facilitates the 
movement of neuronal EVs within and between the 
peripheral nervous system. Studying these factors 
mechanistically will be necessary to determine 
whether EVs are causative or the result of disease 
processes, rather than correlating them with other 
factors. 
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