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Abstract: With the ongoing trend of population aging worldwide, the incidence of Alzheimer’s disease (AD) is steadily increasing. In 
the absence of effective therapeutic options for atypical forms of AD, reducing its prevalence and improving treatment outcomes have 
become pressing priorities. Mesenchymal stem cell-derived extracellular vesicles (MSC-EVs) have attracted growing attention as 
a new cell-free therapeutic approach for AD due to their high stability, low immunogenicity, and minimal tumorigenic risk. This 
review provides a comprehensive overview of the pathological mechanisms underlying AD, highlights the diagnostic potential of 
MSC-EVs, and elaborates on their therapeutic advantages and mechanisms of action. Furthermore, it addresses the key challenges and 
considerations associated with the clinical translation of MSC-EVs. 
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Introduction
Alzheimer’s disease (AD) is the most common cause of dementia in older adults, accounting for 60% to 80% of all 
dementia cases.1 In 2024, an estimated 6.9 million individuals aged 65 and older in the United States were living 
with AD. Worse still, the prevalence of AD continues to rise, and this number is expected to reach 13.8 million by 2060.2 

AD places a substantial burden on patients and their families, both economically and physically.
The pathogenesis of AD is primarily associated with the abnormal accumulation of β-amyloid (Aβ) plaques3 and the 

aggregation of hyperphosphorylated tau protein in neurofibrillary tangles (NFTs).4 The symptom of AD varies depending 
on the specific brain regions affected. The most common manifestation is an insidious onset of progressively worsening 
dementia, typically characterized by episodic memory impairment, which accounts for the majority of cases. In contrast, 
some patients present with atypical clinical phenotypes, often with an earlier age of onset, and predominantly exhibit 
deficits in visuospatial processing, language, or motor function. These atypical cases are frequently diagnosed at later 
stages, leading to missed opportunities for timely intervention.5,6 At present, the treatment of AD relies primarily on 
pharmacological interventions, and the most commonly prescribed agents are acetylcholinesterase inhibitors. However, 
current therapies are only capable of temporarily slowing disease progression, and their efficacy is limited by the timing 
of intervention.7 As a result, caring for AD patients imposes significant economic and caregiving burdens. Therefore, 
there is an urgent need to develop novel therapeutic strategies that can more effectively modify disease progression and 
improve clinical outcomes.

In recent years, mesenchymal stem cells (MSCs) have attracted significant interest as potential cell-based therapeutic 
agents due to their robust regenerative capacity. MSCs have the ability to home to sites of tissue injury and facilitate 
neural repair and angiogenesis through the secretion of neurotrophic factors and angiogenic modulators.8 MSCs have 
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been widely investigated and applied in various clinical contexts, exhibiting immunomodulatory,9 antifibrotic,10 and 
regenerative properties11 in diseases such as atopic dermatitis, organ transplantation, and diabetic nephropathy.12–14 

Increasing evidence, however, suggests that the therapeutic benefits of MSCs are largely mediated by their paracrine 
release of extracellular vesicles (EVs).15,16

EVs are small lipid bilayer vesicles ranging from 30 to 2000 nanometers in diameter, secreted by a variety of cell 
types, including stem cells, immune cells, and tumor cells.17–19 EVs were first isolated from sheep reticulocytes by Pan20 

and Johnstone,21 who coined the term “exosomes”. However, due to current technical limitations in separating EV 
subtypes originating from distinct biogenetic pathways, most isolation methods are unable to distinguish between them 
reliably. In response, the International Society for Extracellular Vesicles (ISEV) issued updated guidelines in 2023, 
recommending against the routine use of biogenesis-based terms such as exosomes and microvesicles. Instead, ISEV 
advocates for the use of the umbrella term “EVs”, along with operational extensions where appropriate. ISEV further 
encourages the classification of EV subtypes based on physical characteristics (eg, size, density) or cellular origin. 
According to commonly accepted size-based criteria, EVs with a diameter smaller than 200 nm are referred to as small 
extracellular vesicles (sEVs), while those larger than 200 nm are known as large extracellular vesicles (LEVs). Vesicle 
mimetics produced under experimental conditions involving physical cell disruption (eg, extrusion) are termed artificial 
cell-derived vesicles (ACDVs). EV mimetics synthesized de novo from molecular components or engineered as hybrid 
constructs are referred to as synthetic vesicles (SVs).22 In this review, the terms sEVs and LEVs are used according to the 
original studies’ reported vesicle sizes, while ACDVs and SVs are used based on the method of synthesis. The term EVs 
is used in contexts where definitions are being discussed or where the original source did not specify vesicle size or 
origin. EVs are known to play important roles in various diseases by mediating intercellular communication, delivering 
proteins and nucleic acids, and modulating immune and inflammatory responses.23 To date, most EV studies have 
focused on vesicles of small sizes.

Techniques for EV Isolation
Currently, numerous techniques exist for EV isolation. The initial guidelines issued by ISEV in 2014 emphasized that no 
consensus “gold standard” for EV isolation and purification has been established.24 Commonly used methods include 
differential ultracentrifugation (dUC), density gradient centrifugation, immunoaffinity capture, precipitation, and size- 
exclusion chromatography (SEC). Subsequent guideline updates issued by ISEV continue to assert that no single method 
is universally optimal; each has distinct advantages and limitations, and researchers should select the most appropriate 
approach based on their downstream applications and scientific objectives.22,25 (i) dUC is the most widely used method 
for the isolation and concentration of EVs across diverse research settings. This technique operates by subjecting EV- 
containing fluids to one or more rounds of low-speed centrifugation to remove cells and tissue debris, followed by high- 
speed centrifugation with precisely adjusted speed and duration based on sedimentation coefficients to recover EVs of 
varying diameters. This approach is cost-effective but time-consuming, and the EV populations isolated at different 
centrifugation speeds often exhibit overlapping sizes and content.26 (ii) Density gradient centrifugation is a more 
stringent ultracentrifugation method that employs a gradient formed from media and aqueous buffers with progressively 
decreasing densities from bottom to top. The EV-containing sample is loaded either at the bottom or the top of the 
gradient and then subjected to ultracentrifugation to separate distinct EV subpopulations. This technique yields EVs with 
high specificity and purity; however, it is labor-intensive and typically associated with low recovery efficiency.27 (iii) 
SEC entails applying EV-containing samples to chromatographic columns packed with matrices of defined pore size, 
where larger particles are excluded and elute first, while smaller particles penetrate the matrix and elute later. SEC is 
rapid and highly specific. However, commercial columns are costly, and samples may contain protein contaminants.28 

(iv) Immunoaffinity capture isolates EVs based on surface markers or charge, providing rapid and highly selective 
isolation but at high reagent cost and with potential for non-specific binding. (v) Precipitation methods reduce EV 
solubility using polymers such as polyethylene glycol, inducing vesicle precipitation followed by low-speed centrifuga
tion. However, the latest ISEV guidelines strongly discourage these kits due to chemical contamination and poor sample 
purity.29 Table 1 summarizes the principles, advantages, and limitations of these methods to guide researchers in selecting 
the most suitable EV isolation technique for their studies.
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Pathogenic Mechanisms of AD
Despite being recognized for decades and exhibiting a steadily increasing prevalence, the pathogenic mechanisms of AD 
remain to be fully revealed. The leading hypotheses center around the amyloid cascade hypothesis and the formation of 
NFTs resulting from hyperphosphorylated tau protein. Additional contributing factors include synaptic dysfunction, 
neuroinflammation, mitochondrial impairment, and cholinergic deficits.30,31 In this section, we provide a detailed 
description of these mechanisms and summarize them in Figure 1, aiming to enhance our understanding of AD 
pathogenesis and to inform novel strategies for its diagnosis and treatment.

Amyloid Cascade Hypothesis
Aβ is a peptide composed of 39 to 43 amino acids, predominantly generated from the amyloid precursor protein (APP) 
through sequential proteolytic cleavage by α-secretase (ADAM10), β-secretase (BACE1), and γ-secretase.32 Aβ is a critical 
pathological protein in AD, whose abnormal aggregation forms extracellular amyloid plaques deposited across various brain 
regions. These plaques exacerbate neurotoxicity by activating microglia to release pro-inflammatory cytokines. Aβ exhibits 
neurotoxicity, particularly toward neurons, inducing lipid dysregulation and disruption of calcium homeostasis, ultimately 
leading to neuronal injury and apoptosis.7,33,34 APP undergoes two distinct processing pathways, with Aβ production arising 
exclusively from the abnormal pathway: (a) The normal metabolic pathway is the non-amyloidogenic pathway, where APP is 
sequentially cleaved by α-secretase and γ-secretase, releasing soluble APPα (sAPPα), P3 peptides, and the APP intracellular 
domain (AICD) without generating Aβ; (b) The abnormal metabolic pathway is the amyloidogenic pathway, in which APP is 
sequentially cleaved by β-secretase (BACE1) and γ-secretase, producing soluble APPβ (sAPPβ), AICD, and Aβ peptides 
(typically Aβ40 and Aβ42, and the latter is more prone to aggregation).35 The dysregulation of APP processing via the 
amyloidogenic pathway is a key driver in the pathogenesis of AD. In summary, Aβ derived from APP has several 
pathological effects: (i) oligomeric Aβ aggregates are highly neurotoxic, causing severe synaptic dysfunction;36 (ii) Aβ 
activates microglia to release pro-inflammatory cytokines, such as interleukin-1β (IL-1β) and tumor necrosis factor-alpha 
(TNF-α), thus exacerbating neuronal injury;37 and (iii) Aβ may indirectly promote tau hyperphosphorylation and lead to 
NFTs.38 Currently, therapeutics targeting Aβ are being developed, which brings hope for innovative treatments of AD, with 
several candidates progressing through clinical trials.

Table 1 Isolation Methods for Extracellular Vesicles

Method Mechanism Advantages Disadvantages

Differential 
ultracentrifugation

EV subtypes that are separated according to their sedimentation 
coefficient, proportional to their diameter and density

Low cost and 
high specificity

Low productivity and challenges 
in distinguishing particles of 

comparable size

Density gradients A density gradient is prepared using media of varying densities in 
aqueous buffers, with the sample loaded either atop or beneath the 

gradient prior to ultracentrifugation

High specificity 
and purity

Time-consuming and low 
recovery rate

Size exclusion 
chromatography

The sample is loaded onto the top of a SEC column with defined 
pore sizes, followed by centrifugation to separate EVs by size

Fast processing 
with high 

specificity

Expensive with risks of co- 
isolated protein contaminants

Immuno-capture Capturing EVs based on their surface charge or molecular 
composition

Fast processing 
with high 

specificity

High cost and nonspecific binding

Precipitation Polyethylene glycol reduces the solubility of EVs, inducing their 
precipitation, which is then collected via low-speed centrifugation

High yield Highly impure samples with 
chemical contaminants render 

this approach unsuitable
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Tau Hyperphosphorylation and NFTs
Tau is a microtubule-associated protein primarily localized in neurons, where it functions in stabilizing microtubules, 
preserving cytoskeletal integrity, and facilitating axonal transport.39,40 In the pathogenesis of AD, the hyperphosphoryla
tion of Tau and the subsequent formation of NFTs represent one of the key pathological hallmarks. Under normal 
physiological conditions, the microtubule-binding domains of Tau interact with tubulin to promote microtubule poly
merization, thereby maintaining the stability of the axonal transport system. Importantly, the activity of Tau protein is 
modulated by phosphorylation, and excessive phosphorylation disrupts its normal physiological function.41 In the 
pathogenesis of AD, multiple aberrant kinases, such as glycogen synthase kinase-3β (GSK-3β) and cyclin-dependent 
kinase 5 (CDK5), contribute to Tau hyperphosphorylation, thereby resulting in the loss of its microtubule-stabilizing 
function.42 Hyperphosphorylated Tau tends to self-aggregate, forming NFTs that accumulate in the cytoplasm, ultimately 
contributing to neuronal damage and cell death.43 Furthermore, some studies suggest that Aβ plaques may act as 
upstream triggers of Tau pathology by promoting Tau phosphorylation (resulting in p-Tau) and facilitating its propagation 
across brain regions.44

Synaptic Dysfunction and Neurotransmitter Imbalance
The cholinergic system plays a vital role in cognitive function. Acetylcholine, a key neurotransmitter in the human brain, 
is widely distributed across the cerebral cortex, basal ganglia, and forebrain. It facilitates synaptic transmission by 
enabling communication between neurons. In AD, degeneration of the nucleus basalis results in the loss of cholinergic 
signaling, particularly affecting the cholinergic neurons and axonal projections to the cerebral cortex. Aβ oligomers can 
bind to postsynaptic N-methyl-D-aspartate (NMDA) receptors, triggering calcium influx and oxidative stress, which 

Figure 1 Pathogenic mechanisms of AD. The pathogenesis of Alzheimer’s disease mainly includes synaptic dysfunction, abnormal deposition of Aβ, hyperphosphorylation of 
Tau, neuroinflammation, and mitochondrial dysfunction. (This figure was created with Biorender.com.).
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collectively impair synaptic plasticity.45 Furthermore, hyperphosphorylated Tau accumulates within neurons to form 
NFTs, disrupting the axonal transport of presynaptic vesicles and ultimately impairing neurotransmitter release.46

Neuroinflammation
Neuroinflammation plays a critical role in the pathogenesis of AD. Aβ deposits activate microglia and astrocytes, which 
subsequently trigger inflammatory responses via activation of Toll-like receptors (TLR2, TLR4, and TLR6) and 
inflammasomes belonging to the intracellular nucleotide-binding oligomerization domain (NOD)-like receptor (NLR) 
family.47,48 Microglia recruited in association with Aβ are termed disease-associated microglia (DAM), exhibiting a dual 
role in AD progression.49 Under physiological conditions, microglia contribute to homeostasis by phagocytosing Aβ and 
clearing cellular debris.50 However, chronically activated DAM releases pro-inflammatory cytokines, such as TNF-α, IL- 
1β, and interferon-gamma (IFN-γ), which can enhance APP processing, thus leading to increased production of Aβ. 
Importantly, in response to these pro-inflammatory cytokines, microglia upregulate inducible nitric oxide synthase 
(iNOS), resulting in elevated nitric oxide (NO) synthesis. This heightened NO production facilitates peptide aggregation, 
impairs synaptic plasticity, and contributes to synaptic dysfunction.51 Furthermore, studies have shown that the triggering 
receptor expressed on myeloid cells 2 (TREM2), which is expressed on myeloid-lineage cells, is essential for microglia 
to fully develop DAM functions. Loss of the TREM2 compromises microglial clearance of Aβ and has been shown to 
increase the risk of AD in humans.52

Mitochondrial Dysfunction
Mitochondrial dysfunction is not only involved in the pathogenesis of AD but also accelerates its progression. Research 
has demonstrated that glucose metabolism is significantly reduced in the brains of AD patients, resulting in decreased 
mitochondrial ATP synthesis. This deficit leads to an insufficient energy supply for neurons and impairs synaptic 
function.53,54 Moreover, mitochondria serve as the primary source of reactive oxygen species (ROS). Dysfunction of 
the mitochondrial electron transport chain (ECT) in AD leads to excessive ROS accumulation, which damages lipids, 
proteins, and DNA, thereby exacerbating neuronal injury.55 In addition, mitochondria are crucial for intracellular calcium 
homeostasis, and impaired mitochondrial calcium buffering capacity in AD patients causes calcium overload, ultimately 
activating apoptotic signaling pathways.56

The Role of EVs in AD
The Potential of EVs as Biomarkers for AD
EVs are present in various biological fluids, a property that makes them ideal candidates for liquid biopsy in disease 
diagnostics. Currently, the diagnosis of AD primarily relies on amyloid positron emission tomography (PET) scan and 
the cerebrospinal fluid (CSF) concentrations of Aβ and tau proteins.5 EVs isolated from plasma, serum, urine, saliva, and 
CSF have demonstrated diagnostic potential for AD. Among these, plasma- and serum-derived EVs offer the advantages 
of minimal invasiveness, high sensitivity, and specificity, making them particularly suitable as diagnostic biomarkers.57 

Moreover, saliva and urine are more easily accessible and contain fewer high-abundance interfering molecules compared 
to plasma and serum, rendering them more applicable to clinical settings, especially for large-scale preclinical screening 
or routine monitoring of disease progression.58 EVs have also been isolated from CSF and exhibit high disease 
specificity. As carriers of diverse genetic and protein cargoes, including microRNAs and proteins, EVs represent 
a rich source of potential biomarkers. Table 2 summarizes EV-associated miRNAs and proteins that have shown potential 
as diagnostic biomarkers for AD in recent studies.

The Potential of EV-Derived miRNAs as Biomarkers for AD
MicroRNAs (miRNAs) are short (19–25 nucleotides), single-stranded, non-coding RNAs. They are not only emerging as 
therapeutic targets but also hold promise as diagnostic biomarkers.69 Due to their encapsulation within EVs, miRNAs are 
protected from enzymatic degradation, rendering them significantly more stable This property has increasingly attracted 
attention to EVs as a source of diagnostic biomarkers.70 In AD, studies investigating EV-associated miRNAs have 
primarily been cross-sectional and focused on samples from plasma, serum, and CSF. Serpente et al identified four 
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differentially expressed miRNAs in neuron-derived small EVs (NDEVs) from plasma—miR-23a-3p, miR-223-3p, and 
miR-190a-5p were significantly upregulated, while miR-100-3p was downregulated—indicating their potential as AD 
biomarkers.59 Similarly, Kumar et al reported that miR-106b-5p was significantly overexpressed in plasma-derived sEVs 
from AD patients and demonstrated high diagnostic accuracy in distinguishing between AD and mild cognitive 
impairment (MCI).60 In Visconte et al, miR-106a-5p, miR-16-5p, miR-223-3p, miR-25-3p, miR-30b-5p, miR-92a-3p, 
and miR-451a were found to be significantly upregulated in plasma-derived sEVs from individuals with AD. Notably, in 
prodromal AD, miR-16-5p, miR-25-3p, miR-92a-3p, and miR-451a exhibited characteristic upregulation, indicating their 
potential as promising biomarkers for early-stage diagnosis.61 In addition, Reho et al identified five downregulated 
miRNAs, including miR-6780b-5p, miR-27b-3p, miR-15b-5p, miR-3940-5p, and miR-29c-3p, in serum-derived NDEVs, 
which could serve as candidate biomarkers for preclinical AD detection.62 Interestingly, Ryu et al investigated the 
association between salivary EVs and AD and reported a significantly upregulated miR-485-3p in EVs isolated from the 
saliva of AD patients, which positively correlated with Aβ deposition. This method is non-invasive and cost-effective, 
making it highly suitable for early detection of AD and for routine monitoring of treatment response.63 Moreover, EVs 
from other bodily fluids have also demonstrated diagnostic value. For instance, Kumar et al found that miR-455-3p was 
significantly upregulated in CSF-derived sEVs from AD patients compared to healthy controls. The upregulated 
expression of miR-455-3p in the AD brain highlights its strong potential as a clinical diagnostic biomarker.64

The Potential of EV Proteins as Biomarkers for AD
Besides miRNAs, proteins carried by EVs also exhibit significant potential as biomarkers. Muraoka et al found that tau 
phosphorylated at serine 396 (pS396 tau) and Amyloid-β (1–42) peptide (Aβ1-42) were significantly upregulated in sEVs 
isolated from the brain tissue of AD patients compared to controls. Additionally, annexin A5 (ANXA5) was significantly 
increased. Together with pS396 tau and Aβ1-42, ANXA5 may serve as promising biomarker candidates in biofluid 
samples from AD patients.65 Jia et al confirmed a strong correlation between proteins in plasma-derived sEVs and those 
in CSF, demonstrating that growth-associated protein 43 (GAP43), synaptosomal-associated protein 25 (SNAP25), and 
synaptotagmin-1 in plasma sEVs exhibited diagnostic accuracy comparable to CSF biomarkers for distinguishing AD or 
amnestic mild cognitive impairment (aMCI) patients from controls, with slightly improved discrimination between AD 
and MCI cases.66 Moreover, multiple candidate proteins for AD diagnosis have been identified in blood-derived EVs. 
Upregulated proteins include Ig-like domain-containing protein (A0A0G2JRQ6), complement C1q subcomponent sub
unit C (C1QC), complement component C9, platelet glycoprotein Ib beta chain (GP1BB), and Ras suppressor protein 1 
(RSU1), while ADA10 (disintegrin and metalloproteinase domain 10) is among the downregulated proteins.67 Elevated 
C1q in CSF-derived EVs may be linked to early cognitive impairment and could contribute to immune regulation in the 
pathogenesis of AD.68

Table 2 miRNAs and Proteins in EVs as Biomarkers for AD

Study Source Increase Decrease

Serpente et al, 202059 Plasma miR-23a-3p, miR-223-3p, miR-190a-5p miR-100-3p
Kumar et al, 202360 Plasma miR-106b-5p

Visconte et al, 202361 Plasma miR-106a-5p, miR-16-5p, miR-223-3p, miR-25-3p, 

miR-30b-5p, miR-92a-3p, miR-451a
Reho et al, 202562 Serum miR-6780b-5p, miR-27b-3p, miR-15b-5p, 

miR-3940-5p, miR-29c-3p

Ryu et al, 202363 Saliva miRNA-485-3p
Kumar et al, 202164 CSF miR-455-3p

Muraoka et al, 202065 Brain pS396 tau, Aβ1-42, ANAX5
Jia et al, 202166 Blood GAP43, SNAP25, Synaptotagmin 1

Cai et al, 202267 Plasma A0A0G2JRQ6, C1QC, CO9, GP1BB, RSU1 ADA10, Disintegrin

Chatterjee et al, 202368 CSF C1q
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EVs as Drug Delivery Systems
EVs are considered promising drug delivery vehicles for various diseases. They have been investigated in multiple contexts, 
eg, using genetic engineering to encapsulate the photosensitizer Chlorin e6 and the immunoadjuvant R848 into sEVs to 
modulate the tumor microenvironment in prostate cancer.71 In clinical applications, many drugs reach only a small fraction 
of the target lesion to exert therapeutic effects and may cause increased toxicity and adverse side effects.72 As natural 
delivery vehicles, EVs exhibit excellent biocompatibility and the ability for intercellular communication. They are capable 
of delivering diverse therapeutic agents, including DNA, RNA, and proteins, and can cross the blood-brain barrier (BBB), 
thus making them particularly well-suited for AD. Zhu et al demonstrated that sEVs dual-functionalized with Angiopep-2 
and trans-activator of transcription peptides can penetrate the BBB and directly reach glioma lesions within tumors.73 Based 
on these properties, EVs are capable of efficiently crossing BBB, thereby enhancing intracerebral drug concentrations. 
Compared to conventional therapeutic delivery strategies for AD, EV-based delivery can mitigate complications such as 
intracranial infection and drug-induced toxicity. Moreover, the lipid bilayer of EVs enhances target affinity and improves 
delivery efficiency. Most critically, EVs provide protection for therapeutic cargo from enzymatic degradation.74,75 

Corynoxine-B (Cory-B), a natural autophagy inducer, has been shown to reduce Aβ and APP by promoting autophagic 
activity in neuronal cells. However, due to its poor BBB permeability, Cory-B exhibits limited bioavailability. To address 
this limitation, Iyaswamy et al utilized engineered neuron-derived sEVs as carriers. These sEVs demonstrated a robust 
ability to cross the BBB, facilitating targeted delivery of Cory-B into the brain of AD model mice. Consequently, the 
treatment significantly improved cognitive function by specifically acting on neurons overexpressing APP and Aβ.76

EVs Participate in the Clearance of AD Pathogenic Proteins
EVs are involved in the clearance of pathogenic proteins. Aβ and tau are classical pathogenic proteins in AD and are 
considered key contributors to cognitive decline.77 Research has shown that sEVs derived from neural stem cells (NSCs) 
can promote the non-amyloidogenic processing of APP by enhancing the activity of α-secretase while simultaneously 
suppressing that of β- and γ-secretase, thereby significantly reducing Aβ production. In addition, NSC-derived sEVs have 
been found to attenuate neuroinflammation.78 Peng et al used electroporation to load miR-206-3p into EVs derived from 
mesenchymal stem cells (MSCs) in rats. These engineered MSC-EVs were delivered intranasally (a non-invasive 
administration route) to AD-modeled mice, leading to a reduction in Aβ deposition, enhanced neurogenesis, and 
preservation of synaptic plasticity.79 Notably, while EVs can aid in the clearance of pathogenic proteins, they may 
also contribute to the propagation of such proteins within the brain.80

Beyond their primary functions, EVs can also serve as imaging agents to monitor therapeutic progress. By labeling 
EVs with techniques like electroporation or direct incubation, researchers can track their distribution in vivo using 
imaging modalities such as magnetic resonance and nuclear imaging. Thereby, EVs function as effective, non-invasive 
tracking tools that are crucial for optimizing treatments and diagnostics.81,82 This is particularly revealing for central 
nervous system disorders, where this method illustrates how EVs operate as drug carriers—including their uptake, 
clearance, and specific organ targeting.83

Therapeutic Potential of MSCs
MSCs are multipotent stem cells with self-renewal capacity and multilineage differentiation, and they are widely used in 
clinical trials.84 MSCs can be isolated from various tissues, including umbilical cord, bone marrow, adipose tissue, and 
muscle.85 They exhibit numerous therapeutic properties, such as anti-inflammatory effects, immunomodulation, tissue 
regeneration, and antifibrotic activity.86,87 MSCs exert their functions through autocrine, paracrine, and endocrine signaling 
by secreting a broad range of chemokines, cytokines, growth factors, anti-inflammatory mediators, and metabolites, thereby 
contributing to angiogenesis, immune regulation, and cell recruitment.88,89 To date, MSCs have demonstrated important 
therapeutic efficacy across various diseases. Transplantation of MSCs holds significant potential due to their immunomo
dulatory capacity and ability to promote tissue repair. Neuroinflammation frequently occurs during the pathological 
progression of AD, and MSCs can modulate the activity of astrocytes and microglia either directly or indirectly. They 
regulate the balance between pro- and anti-inflammatory cytokines via multiple signaling pathways involving nuclear 
transcription factors (eg, NFs), thus producing significant therapeutic effects in AD.90 For instance, after intrathecal 
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injection of autologous adipose-derived MSCs, most patients exhibit significant improvement in their American Spinal 
Injury Association Impairment Scale (AIS) score without experiencing severe adverse events.91 Beyond neurological 
applications, MSCs have also been employed in the treatment of endocrine and metabolic disorders, cardiac repair, and 
autoimmune diseases.89,92–94 However, challenges such as immune rejection, uncontrolled proliferation after transplanta
tion, and limited differentiation capacity remain in stem cell-based therapies. These limitations have shifted attention 
toward MSC-derived EVs (MSC-EVs), which are more stable and exhibit similar therapeutic functions to MSCs.95

Therapeutic Advantages of MSC-EVs Over MSC-Based Cell Therapy
EVs secreted by MSCs represent a promising alternative to conventional MSC-based cell therapy. MSC-EVs retain the 
therapeutic functions of their parental MSCs and serve as critical mediators of intercellular communication.96 These 
vesicles are enriched with bioactive proteins, miRNAs, and functional lipids that reflect the physiological properties of 
the source cells.97,98 Compared with cell-based therapies, MSC-EVs offer several distinct advantages, which are 
summarized in Table 3:

1) Safety. Although MSCs have low immunogenicity, there is still a risk of immune rejection following transplanta
tion. Additionally, MSC transplantation may lead to abnormal differentiation, potentially resulting in tumorigen
esis or the formation of ectopic tissues.99,100 It is also noteworthy that intravenous administration of MSCs may 
cause pulmonary embolism.101,102 Compared with MSC-based cell therapy, MSC-EVs are cell-free, exhibit lower 
immunogenicity, and avoid the risks of unwanted differentiation associated with the transplantation of live 
cells.103,104

2) Targeting capability and diverse routes of administration. MSC-EVs are substantially smaller than MSCs, allowing 
for more efficient trafficking to target tissues. Most notably, MSC-EVs are capable of crossing the BBB via 
transcytosis and exerting direct effects within the central nervous system, offering therapeutic potential for 
neurodegenerative disorders and diseases involving neuroinflammation.105 Clinically, MSC-EVs allow for precise 
dose control and can be administered through various routes, including intravenous injection, local delivery, or 
aerosol inhalation.106–108 In contrast, MSC-based cell therapies require careful consideration of delivery methods, 
eg, local injection may cause tissue injury, while intravenous administration risks pulmonary entrapment.109 

However, MSCs-EV-based therapies are limited by the half-life of vesicular cargo and their intrinsic targeting 
efficiency, and they cannot fully replicate the functional properties of MSCs, such as differentiation and direct 
cellular replacement of damaged tissues.110

3) Cost and ethical considerations. MSC-EVs offer several advantages, including ease of storage and transportation, 
high stability, scalability for large-scale production, lower manufacturing costs, and the absence of ethical 
controversies.111 In contrast, MSC-based therapies require rigorous cell culture conditions, and donor hetero
geneity may influence therapeutic efficacy.112,113 Moreover, the cultivation of MSCs is expensive, and sourcing 
from embryonic stem cells raises ethical concerns.114 Nevertheless, therapies based on MSC-EVs still face 
challenges, such as complex isolation and purification processes and difficulties in achieving 
standardization.115,116

Table 3 Comparison of MSCs-EVs and MSCs Cell Therapy in Disease Treatment

Feature MSCs-EVs Therapy MSCs Therapy

Safety Non-cellular related risks, low immunogenicity Immune rejection, differentiate into tumor tissue

Route of exposure Cross the blood-brain barrier, intravenous injection, 
local delivery, 

nebulized inhalation

Improper administration routes may significantly elevate tissue 
damage risks

Targeting Targeted delivery of cargo Direct differentiation and paracrine effects
Cost High stability, easy storage, lower cost High cost and donor-dependent efficacy

Ethics Ethically non-controversial Ethical concerns with embryonic stem cell donors
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Therapeutic Applications of MSC-EVs in AD
MSC-EVs exhibit a strong capacity to traverse the blood-brain barrier (BBB), which makes them promising for AD.117 

A growing body of research has demonstrated that MSC-EVs can facilitate Aβ clearance, modulate tau protein 
hyperphosphorylation, regulate neuroinflammatory responses, and ameliorate synaptic and cognitive dysfunction. 
These findings support the potential of MSC-EVs as a therapeutic strategy for AD (see Figure 2).118

MSC-EVs Facilitate Aβ Degradation
In the healthy brain, the production and degradation of Aβ are balanced. However, abnormal metabolism disrupts this 
balance. When the clearance capacity of lysosomes or glial cells is overwhelmed, pathogenic proteins are released into 
the extracellular space and propagate across various brain regions. The mechanisms underlying the production of Aβ, 
involving APP and BACE1, have been detailed in the previous section that covers the pathogenesis of AD. Key enzymes 
responsible for Aβ degradation include insulin-degrading enzyme (IDE) and neprilysin (NEP).119 IDE is a protease that 
binds to and degrades substrates in tissue extracts and also degrades Aβ, representing a critical link between diabetes 
and AD.120 Dysregulated expression of these enzymes leads to pathological accumulation of Aβ. NEP, also known as 
neutral endopeptidase, is a membrane-associated zinc metallopeptidase. Genetic deficiency of NEP results in impaired 
degradation of both exogenous and endogenous Aβ, causing abnormal accumulation of the toxic Aβ42 isoform in the 
brain.121 Numerous studies have confirmed that promoting Aβ clearance is a viable therapeutic strategy for AD. The 
pathogenesis of AD involves the PI3K/Akt/mTOR signaling pathway, autophagy dysfunction, and neuroinflammation. 
Ebrahim et al reported upregulated expression of BACE1, presenilin-1 (PS-1), and APP in the brains of AD-modeled 
rats, correlating closely with increased production of Aβ alongside a reduction in IDE expression. Treatment with MSCs- 
sEVs combined with two autophagy inhibitors produced significantly greater reductions in BACE1, PS-1, and APP 
expression, bringing their levels closer to those observed in control animals compared to autophagy inhibition alone. 
Histopathological examination revealed that amyloid plaques were significantly smaller in rats receiving the combined 

Figure 2 Therapeutic applications of MSC-EVs in AD. MSC-EVs can facilitate Aβ clearance, modulate tau protein hyperphosphorylation, regulate neuroinflammatory 
responses, and ameliorate synaptic and cognitive dysfunction. (This figure was created with Biorender.com.).
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treatment.122 In a recent investigation, BACE1-targeting siRNA and berberine (BBR), a potent anti-inflammatory 
alkaloid with notable neuroprotective effects, were loaded into MSCs-sEVs via ultrasound-assisted encapsulation and co- 
incubated with neuronal cells. Sun et al demonstrated that this approach significantly decreased BACE1 expression and 
Aβ accumulation compared with untreated AD models. Furthermore, IL-6 and TNF-α were substantially suppressed, 
resulting in attenuated neuroinflammation. Importantly, the engineered MSCs-sEVs were delivered intranasally, a non- 
invasive and effective route enabling vesicles to bypass the blood-brain barrier and reach brain tissue directly. This 
approach not only reduces Aβ production at the source but also shifts microglial activation from a pro-inflammatory to an 
anti-inflammatory state, thus ultimately ameliorating cognitive deficits in AD-modeled mice.123

MSC-EVs Modulate Tau Protein Hyperphosphorylation
Tau protein hyperphosphorylation, which leads to the formation of NFTs, represents another key pathological hallmark 
of AD. Specifically, miR-132-3p is one of the most abundant miRNAs in brain tissue. In the hippocampus, decreased 
miR-132-3p has been associated with reduced synaptogenesis, increased production of Aβ, and enhanced Tau hyperpho
sphorylation. Ma et al demonstrated that miR-132-3p within MSCs-sEVs can downregulate RAS p21 protein activator 1 
(RASA1) while upregulating Ras expression. This cascade leads to increased phosphorylation of protein kinase B (AKT) 
and GSK-3β, a critical kinase regulating both Aβ production and Tau phosphorylation. Accordingly, treatment with miR- 
132-3p-enriched MSCs-sEVs significantly attenuated Tau hyperphosphorylation in neurons subjected to oxygen-glucose 
deprivation (OGD).124

Anti-Neuroinflammatory Effects of MSC-EVs
Numerous studies have demonstrated that MSC-EVs modulate neuroinflammation by balancing pro-inflammatory and 
anti-inflammatory cytokines. In the brain tissues, a critical event in neuroinflammation is the activation and polarization 
of microglia towards the pro-inflammatory M1 phenotype.125 Losurdo et al administered MSCs-sEVs intranasally to 
microglia and neurons in AD-modelled mice and observed a significant reduction in the expression of CD68, a marker of 
activated microglia, in treated microglia. This suggests that MSC-EVs inhibit microglial polarization towards the M1 
pro-inflammatory phenotype.126 Similarly, curcumin-pretreated MSCs-sEVs have been shown to upregulate CD206, an 
M2 anti-inflammatory microglial marker, while downregulating CD86, an M1 pro-inflammatory marker.74

In addition, miR-146a is an anti-inflammatory miRNA that suppresses NF-κB signaling by targeting interleukin-1 
receptor-associated kinase 1 (IRAK1) and tumor necrosis factor receptor-associated factor 6 (TRAF6). Nakano et al 
demonstrated that sEVs derived from bone marrow mesenchymal stem cells (BM-MSCs) could deliver miR-146a to 
astrocytes, effectively downregulating NF-κB activity and exerting anti-inflammatory effects.127

Neuroprotective Effects of MSC-EVs
The length and density of neuronal synapses are closely linked to the progression of AD. In recent studies, Fang et al 
demonstrated that the administration of MSC-EVs enriched with miR-124 into a rat model of spinal cord injury promoted 
autophagy and mitigated oxidative stress, thereby exerting neuroprotective effects.128 Earlier research by Zhou et al 
showed that MSC-EVs facilitated motor function recovery in aged rhesus monkeys following primary motor cortex (M1) 
injury by promoting homeostatic ramified microglia, reducing injury-associated neuronal hyperexcitability, and enhan
cing synaptic plasticity within the peri-infarct cortex. Activated hypertrophic microglia secrete C1q, and the increased 
expression of C1q-positive hypertrophic microglia in the peri-lesional M1 area correlated with MSC-EVs treatment and 
improved functional outcomes.129

Clinical Trials of MSC-EVs in AD
As summarized in this review, the therapeutic potential of MSC-EVs has been extensively investigated in various 
preclinical studies using animal models and cell cultures. However, clinical studies exploring MSC-EVs for the treatment 
of AD remain limited.

To date, three clinical trials have evaluated MSC-EVs therapy for COVID-19. Among these, two studies employed 
nebulized MSC-EVs treatment (ChiCTR2000030261, IRCT20200217046526N2),130,131 demonstrating that MSC-EVs 
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can effectively attenuate inflammatory responses with minimal adverse events. Another trial indicated that intravenous 
infusion of MSC-EVs may reverse cytokine storm in critically ill patients.132 Beyond COVID-19, MSC-EVs are also 
being investigated in Phase I/II clinical trials for conditions such as anal fistula, knee osteoarthritis, and Sjögren’s 
syndrome.133–135 Xie et al from Shanghai Jiao Tong University conducted a clinical evaluation of allogeneic human 
adipose-derived MSC-sEVs for safety and efficacy in patients with mild to moderate AD (NCT04388982). Nine patients 
received intranasal administration of MSCs-sEVs at different doses diluted in physiological saline (2×108, 4×108, and 
8×108 particles/mL) twice weekly for 12 weeks. The treatment was found to be safe and well-tolerated. For future 
studies, doses of at least 4×108 particles are recommended for randomized Phase II and III clinical trials.136 Despite 
limitations, including small sample size and non-rigorous inclusion/exclusion criteria, this study provides encouraging 
preliminary evidence supporting the clinical potential of MSC-EVs for AD treatment.

Advantages and Challenges of MSC-EVs in AD Treatment
Extensive research indicates that MSC-EVs serve as innate delivery vehicles capable of transporting diverse bioactive 
cargos, including nucleic acids (miRNAs, mRNAs), proteins, and lipids, across BBB. This enables targeted delivery of 
therapeutic molecules to the brain, facilitating modulation of neuroinflammation and enhancement of neuronal survival. 
Compared to MSC therapy, MSC-EVs lack proliferative capacity, thereby reducing the risk of tumorigenesis.137,138 

Additionally, MSC-EVs demonstrate lower immunogenicity and diminished potential for transplant rejection.103,139 

Crucially, MSC-EVs offer versatile administration routes such as intranasal nebulization, intravenous injection, and 
localized delivery.106–108 Moreover, MSC-EVs have a higher potential for bioengineering modifications to enhance drug 
payload delivery and targeting specificity, thus enabling personalized treatment strategies.140 In contrast, MSC-based 
therapies must carefully consider the transplantation route to optimize efficacy and safety. From a translational perspec
tive, MSC-EVs can be produced on a large scale, exhibit good stability, and pose no ethical concerns.

As a promising therapeutic tool, MSC-EVs still face significant challenges, mainly in the following aspects: (1) 
Isolation, purification, and storage of MSC-EVs require ongoing optimization and standardization to improve compar
ability and reproducibility. Heterogeneity arises from EVs derived from MSCs of different sources. Current isolation 
methods, which rely primarily on density, size, and surface charge, may result in low yield or contamination.22 Clinical 
application depends on time-efficient, cost-effective, and convenient methods, so existing isolation techniques need 
further improvement. (2) MSC cell therapies possess differentiation capabilities for tissue repair, which MSC-EVs 
currently lack.110 (3) Some harmful factors secreted by MSCs via paracrine signaling may also be present in MSC-EVs, 
and whether these factors negatively affect disease progression remains unclear. (4) Data on the optimal administration 
routes, dosing regimens, and potential side effects of MSC-EVs in different diseases remain insufficient.141 MSC-EVs 
provide a breakthrough for treating AD. However, before broader clinical application, more experimental work is 
required to overcome technical bottlenecks and accelerate clinical translation.

Conclusion
Considerable efforts have been devoted to treating AD. However, therapeutic outcomes remain unsatisfactory. As an 
emerging cell-free therapeutic agent, MSC-EVs contribute to AD treatment by facilitating the clearance of pathogenic 
proteins, modulating neuroinflammation, and enhancing cognitive and motor functions. Compared to traditional cell 
therapies, MSC-EVs provide distinct advantages and are regarded as a promising novel strategy for treating AD. In 
parallel, EVs serve as highly ideal liquid biopsy tools for AD diagnostics. The ability to track labeled EVs non-invasively 
using imaging techniques further solidifies their role as powerful theranostic agents, bridging diagnostic assessment with 
therapeutic monitoring.
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