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Exosomes, vesicular structures originating from cells, participate in the 
conveyance of proteins and nucleic acids. Presently, the centrality of epigenetic 
modifications in neurological disorders is widely acknowledged. Exosomes 
exert influence over various epigenetic phenomena, thereby modulating 
post-transcriptional regulatory processes contingent upon their constituent 
makeup. Consequently, the heightened attention directed toward exosomes 
as instigators of epigenetic alterations has burgeoned in recent years. Notably, 
exosomes serve as vehicles for delivering methyltransferases to recipient 
cells. More significantly, non-coding RNAs, particularly microRNAs (miRNAs), 
represent pivotal contents within exosomes, wielding the capacity to influence 
the expression of diverse factors within the cerebral milieu. The transfer of 
these exosomal contents amidst brain cells, encompassing neuronal cells and 
microglia, assumes a critical role in the genesis and progression of neurological 
disorders, also, this role is not limited to neurological disorders, it may deal with 
any human disease, such as cancer, and cardiovascular diseases. This review 
will concentrate on elucidating the regulation of exosome-induced epigenetic 
events and its subsequent ramifications for neurological diseases. A more 
profound comprehension of the involvement of exosome-mediated epigenetic 
regulation in neurological disorders contributes to a heightened awareness of 
the etiology and advancement of cerebral afflictions.
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1 Introduction

As is commonly acknowledged, the intricate structure of the brain, functioning as the 
“supreme command” in human beings, assumes an indispensable role in the processes of 
growth and development. Consequently, the onset of central nervous system diseases (CNS) 
is invariably accompanied by intricate and varied pathophysiological mechanisms. CNS 
encompasses a spectrum of maladies, spanning neurodegenerative diseases, cerebrovascular 
diseases, brain tumors, traumatic brain injuries, and intracranial infections. Manifestations of 
these disorders may range from mild impairments in motor, speech, sensory, and cognitive 
functions to more severe outcomes such as coma, and in extreme cases, deep coma and brain 
death (Naval et al., 2011). Presently, approximately 1 in 6 individuals worldwide grapple with 
CNS disorders, imposing a substantial burden on individuals, families, and society at large 
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(Zhou et  al., 2021). Despite the advancements in contemporary 
medical science, the diagnosis and treatment of CNS disorders 
confront formidable challenges, with the presence of the blood–brain 
barrier (BBB) standing out as a primary impediment (Piguet et al., 
2021). In physiological states, the BBB offers protective fortification to 
the brain; however, it concurrently impedes the transit of the majority 
of therapeutic agents into the cerebral domain (Piguet et al., 2021). 
The emergence of exosomes has instilled optimism among scholars, 
as they hold promise for traversing the blood–brain barrier and 
gaining access to the brain. Exosomes are nanoscale membrane-
bound vesicles and exhibit natural blood–brain barrier (BBB) 
traversing ability, which enables their application as drug delivery 
vehicles for brain disease treatment (Rehman et al., 2023). Immune 
exosomes loading self-assembled nanomicelles can traverse the 
blood–brain barrier for effective prevention of glioma recurrence (Cui 
et al., 2023). In recent years, artificially engineered exosomes have 
been developed as better alternatives to natural exosomes in terms of 
large-scale production, standardized isolation, drug encapsulation, 
stability and quality assurance. Manufactured exosomes are considered 
as potentially effective carriers for chemical and biological 
therapeutics, as we  can control circulation time and selectivity 
(Abdelsalam et al., 2023).

Exosomes, measuring approximately 40–100 nm in size, constitute 
nanoscale extracellular lipid bilayer vesicles secreted by nearly all cell 
types under both physiological and pathological conditions (Kalluri 
and LeBleu, 2020). The story of the origins of exosome research 
arguably begins with the Chargaff ’s studies of coagulation (Chargaff, 
1945), then, Peter Wolf described a “material in minute particulate 
form, sedimentable by high-speed centrifugation and originating from 
platelets, but distinguishable from intact platelets” which he described 
as ‘platelet dust’ (Wolf, 1967). Subsequently, Nunez et al., described 
the presence of small (1–10 nm) extracellular vesicles in the bat 
thyroid gland during arousal from hibernation. We do believe that this 
paper was one of the first to describe the presence of multivesicular 
bodies (MVBs) close to the apical membrane (Nunez et al., 1974). 
Until 1983, two seminal and complementary papers published by the 
Johnstone and Stahl laboratories made a watertight case for the release 
of intraluminal vesicles from the cell, and defined them as exosomes 
(Harding et al., 1983; Pan and Johnstone, 1983). Initially perceived as 
a mechanism for the disposal of cellular debris, research advancements 
have unveiled the pivotal role of exosomes in facilitating cell-to-cell 
communication and maintaining cellular homeostasis through the 
transfer of nucleic acids, specific proteins, and lipids between cells (Liu 
et al., 2021). This regulatory function is, however, a double-edged 
sword, as exosomes possess the capability to modulate cellular 
properties. Present ubiquitously in the body, exosomes derived from 
distinct cell types exhibit variations in size and content, actively 
participating in diverse physiological and pathological processes such 
as immune response (Noonin and Thongboonkerd, 2021), 
cardiovascular and cerebrovascular diseases (Han et al., 2022), cancer 
initiation and progression (Mashouri et  al., 2019), neuronal 
information transmission, and central nervous system diseases 
(Frühbeis et al., 2020). The inherent capacity of exosomes to regulate 
intricate intracellular pathways enhances their potential for 
therapeutic intervention across a spectrum of diseases, including 
neurodegenerative conditions and cancer.

Epigenetics, the study of regulatory mechanisms governing gene 
expression and gene interactions, addresses the fundamental issue of 

core regulation in the transmission of genetic information from the 
genome to the transcriptome (Jeffries, 2020). Epigenetic modification, 
a complex and reversible heritable process altering gene function, 
emerges as a central theme in basic neuroscience research, 
demonstrating its paramount role in the intricacies of nervous system 
structure and function. Epigenetic factors orchestrate various aspects 
of brain development, neurogenesis, synaptic plasticity, stress response, 
aging, and even the intergenerational inheritance of cognitive and 
behavioral phenotypes (Qureshi and Mehler, 2018). Translational 
research underscores the contribution of dysregulated epigenetic 
mechanisms to the onset of neurological diseases (Surguchov et al., 
2017). Translational research underscores the contribution of 
dysregulated epigenetic mechanisms to the onset of neurological 
diseases. Targeting these processes in disease models holds the 
potential to substantially mitigate pathological changes and alleviate 
symptoms, encompassing the relief of neurodegeneration, promotion 
of nerve regeneration, and restoration of cognitive function (Gräff 
et  al., 2012). The characterization of epigenetic and genome-wide 
epigenomic profiles, along with the regulation of epigenetic factors, 
introduces a novel and potent paradigm for identifying, monitoring, 
preventing, and potentially reversing neurological diseases.

1.1 Biogenesis and secretion of exosomes

The process of exosome generation (Figure 1) is a continuous and 
intricate sequence involving the double invagination of the plasma 
membrane and the formation of intracellular multivesicular bodies 
(MVBs) (Kalluri and LeBleu, 2020). The biogenesis initiates with the 
de novo formation of early sorting endosomes (ESEs). Initially, the 
plasma membrane undergoes invagination, forming a cup-shaped 
structure that encapsulates cell surface proteins and extracellular 
components, including soluble proteins, lipids, metabolites, small 
molecules, and ions (Mathieu et  al., 2019). ESEs, post-formation, 
undergo fusion with the endoplasmic reticulum (ER), the trans-Golgi 
network (TGN), or pre-existing ESEs. Subsequently, ESE matures into 
late sorting endosomes (LSE) (Sahoo et  al., 2021). The second 
invagination within LSE results in the formation of intraluminal 
vesicles (ILVs), facilitating the selective loading of future exosomes 
and permitting the entry of cytoplasmic components into the newly 
formed ILVs. LSE further matures into multivesicular bodies (MVBs), 
which can undergo degradation through fusion with lysosomes or 
autophagosomes, or release ILVs by fusing with the plasma membrane, 
transforming them into exosomes (Colombo et al., 2014).

Cells release exosomes in response to specific stimuli or as part of 
normal physiological processes (Kourembanas, 2015). These released 
exosomes function as carriers of molecular information, transferring 
cargo molecules from parent to recipient cells, thereby regulating cell-
to-cell communication involved in various physiological and 
pathological processes. The quantity and composition of exosomes 
reflect the state of the originating cell. Whether under pathological or 
physiological conditions, the contents of exosomes are meticulously 
regulated by parent cells, transmitting specific information to other 
cells for specialized functions (Kilchert et al., 2016). Conversely, the 
functional status of parent cells can be inferred by analyzing their 
exosome contents, transmitting signals and molecules through the 
intercellular vesicle communication pathway, thereby exerting local or 
systemic effects (Isaac et al., 2021).
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Exosomes, with diverse biological functions spanning multiple 
areas of biology, are the focus of this review specifically concerning 
diseases of the central nervous system. Within the context of the 
central nervous system, exosomes released by neurons, glial cells, and 
other cells form a complex network of interconnected information, 
influencing information transmission, physiology, and pathological 
effects within the system (Li et al., 2023).

1.2 Epigenetic regulation

The transmission of phenotype from one generation to the next is 
a fundamental aspect of life continuity in multicellular organisms, 
primarily achieved through mitosis, involving the replication and 
transmission of the organism’s genomic DNA. However, alongside 
genomic inheritance, the transmission of cell fate from parent to 
offspring also relies on the inheritance of epigenetic information. 
Mitotic inheritance necessitates the survival of epigenetic information 
despite a two-fold dilution of cell contents with each cell division. In 
each generation of organisms, all distinct cell types in the human body 
are re-established, implying that the majority of cell state information 

appears to undergo erasure or reprogramming in the germline of 
multicellular organisms (Takahashi et al., 2023).

Genetic and molecular investigations into mitosis and 
transgenerational epigenetic patterns have unveiled several key 
pathways involved in epigenetic gene regulation: (a) transcription 
factors (Roy et al., 2021), (b) chromatin structure (Stewart-Morgan 
et al., 2020), (c) covalent DNA modifications (Roy et al., 2021), (d) 
small RNAs (Holoch and Moazed, 2015), (e) prions (Viré and Mead, 
2023), and sequence-specific DNA-binding proteins, serving as the 
primary determinants of cell fate in multicellular organisms. The most 
widely recognized forms of epigenetic regulation include DNA 
methylation, histone modifications, and non-coding RNAs (ncRNAs) 
(Li, 2021). Notably, prion-mediated inheritance primarily constitutes 
an epigenetic model for fungi (Viré and Mead, 2023).

Exosomes, comprising various contents, house DNA 
methyltransferases (Shrivastava et al., 2021) and small RNAs (Li et al., 
2022), both capable of influencing epigenetic modifications. However, 
the official identification of these crucial genetic materials in exosomes 
did not occur until 2007 (Valadi et al., 2007). Exosomes derived from 
diverse tissues and cells exhibit varying quantities and sizes of DNA 
methyltransferases and small RNAs, signifying their distinct roles in 

FIGURE 1

The process of exosome generation. Extracellular components can enter the cell through endocytosis and by invagination of the cell membrane. The 
vesicles formed during this process can fuse with selective early endosomes (SEEs), then transform into selective late endosomes (SLEs). The second 
invagination of the SLEs leads to the formation of intraluminal vesicles (ILVs). The ILVs then transform into multivesicular bodies (MVBs), which can fuse 
with lysosomes or autophagosomes for degradation, or fuse with the plasma membrane to release the ILVs as exosomes. A multivesicular body (MVB), 
generated from an endocytic cisterna by the accumulation of vesicles, exhibits small membrane curvatures corresponding to distinct microdomains.
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epigenetic regulation. Wu et al., found that miR-124-3p delivered by 
exosomes from heme oxygenase-1 modified bone marrow 
mesenchymal stem cells inhibits ferroptosis to attenuate ischemia–
reperfusion injury in steatotic grafts (Wu et al., 2022). In addition, 
exosomes released from Bone-Marrow Stem Cells ameliorate 
hippocampal neuronal injury through transferring miR-455-3p (Gan 
and Ouyang, 2022) and miR-31 from adipose stem cell-derived 
extracellular vesicles promotes recovery of neurological function after 
ischemic stroke by inhibiting TRAF6 and IRF5 (Lv et al., 2021).

1.3 Exosomes regulate epigenetic 
modifications

Exosomes play a pivotal role in the effective regulation of various 
epigenetic modification processes, including DNA methylation, 
acetylation, phosphorylation, and the expression of regulatory 
non-coding RNAs, thereby influencing the onset and progression of 
diseases (Zhao et al., 2023). For instance, hUC-mesenchymal stem 
cell-derived exosomes (hUC-MSC-EXO) have been found to enhance 
the expression of miR-4553p in response to IL-6 stimulation. Analysis 
through Western blot and QRT-PCR demonstrated a significant 
reduction in the expression of PIK3r1 at both mRNA and protein 
levels in macrophages in the presence of miR-4553p. PI3K, a key 
factor in inhibiting IL-6-related signaling pathways, is suggested to 
be suppressed by miR-4553p, leading to the inhibition of macrophage 
activation by downregulating the target gene PIK3r1. Importantly, 
hUC-MSC-EXO mitigates the release of IL6 and other inflammatory 
factors by macrophages through the promotion of miR-4553p 
expression. This targeted inhibition of PIK3r1 curtails the 
overactivation of immune cells such as macrophages/monocytes, 
attenuates inflammation, and preserves systemic homeostasis (Shao 
et al., 2020).

Another example involves stem cell-derived exosomes, which 
elevate the expression of two miRNAs, miR-135b-5p and miR-499a-3p, 
promoting angiogenesis in endothelial cells under blue light 
stimulation (Yang et  al., 2019). In the context of bladder cancer 
progression, exosomes from bladder cancer cells contain a long 
non-coding RNA, lymph node metastasis-associated transcript 2 
(LNMAT2), loaded through interaction with heterogeneous 
ribonucleoprotein A2B1 (hnRNPA2B1). Subsequently, internalized 
exosomal LNMAT2 in human lymphoid endothelial cells upregulates 
prospero homology box 4 (PROX1) expression through epigenetic 
mechanisms, ultimately leading to lymphangiogenesis and lymphatic 
metastasis, thereby promoting bladder cancer progression (Tchurikov 
et al., 2015; Chen et al., 2019).

Moreover, an HIV-1 promoter targets zinc finger protein (ZFP-
362) fused to the active domain of DNA methyltransferase 3A, 
inducing long-term stable epigenetic repression of HIV-1. Cells 
engineered to produce exosomes encoding the RNA package of this 
HIV-1 repressor protein exhibit epigenetic inhibition of viral 
replication, delaying or inhibiting disease progression (Shrivastava 
et al., 2021). Additionally, human milk exosomes (MEX) and their 
miRNAs can enter the systemic circulation, potentially affecting 
epigenetic processes in various organs, including the liver, thymus, 
brain, pancreatic islets, beige, brown and white adipose tissue, and 
bones (Melnik et al., 2021). Translational evidence indicates that MEX 
and its miRNAs control the expression of global cellular regulators, 

such as DNA methyltransferase 1, important for upregulating 
developmental genes, and receptor interaction protein 140, essential 
for the regulation of multiple nuclear receptors. MEX-derived 
miRNA-148a and miRNA-30b may stimulate the expression of 
uncoupling protein 1, a key thermogenic inducer converting white 
adipose tissue to beige/brown adipose tissue (Shore et al., 2010).

Furthermore, exosome-delivered long non-coding RNA (lncRNA) 
UFC1 has been implicated in promoting non-small cell lung cancer 
progression through EZH2-mediated epigenetic silencing of PTEN 
expression. Mechanistically, UFC1 binds to EZH2, facilitating its 
accumulation in the PTEN gene promoter region, resulting in 
trimethylation of H3K27 and inhibition of PTEN expression. 
Exosome-borne UFC1, derived from non-small cell lung cancer cells, 
promotes the proliferation, migration, and invasion of these cells 
through UFC1-mediated metastasis (Zang et al., 2020). In summary, 
exosomes exhibit the capacity to either promote or inhibit disease 
progression by upregulating or silencing associated genes through 
intricate epigenetic mechanisms.

2 Epigenetic contents of exosomes for 
central nervous system diseases

2.1 DNA methyltransferases in the central 
nervous system (CNS)

DNA methylation involves the transfer of a methyl group to the 
fifth carbon of a DNA cytosine residue, resulting in the formation of 
a specific methylation structure (5-MC). This process predominantly 
occurs on the CPG island of the gene promoter region, leading to 
transcriptional silencing. The catalysis of this process is facilitated by 
the DNA methyltransferase family (DNMT), where different members 
play distinct roles in DNA methylation (Shrivastava et  al., 2021). 
Aberrant DNA methylation is strongly implicated in various diseases; 
for instance, aberrant hypermethylation is a crucial epigenetic 
modification mechanism in atherosclerosis (Li et  al., 2022). 
Overexpression of DNMT1 and DNMT3A contributes to abnormal 
DNA methylation of tumor suppressor genes (TSGs), consequently 
promoting pituitary adenoma invasion. Therefore, DNA methylation 
is closely linked to the onset and progression of aggressive pituitary 
adenomas (Kilchert et al., 2016). DNA methylation-based biomarkers 
and epigenetic therapies play pivotal roles in the early diagnosis and 
prognosis of various diseases. DNA methylation serves as a diagnostic 
marker for conditions such as vitamin deficiencies, neurodegenerative 
diseases (Martínez-Iglesias et al., 2023), meningioma (Choudhury 
et al., 2022), cerebrovascular diseases (Martínez-Iglesias et al., 2020), 
neuroinflammation (Dai et al., 2021), and psychiatric disorders (Feng 
and Fan, 2009).

2.2 Brain tumors

Currently, there is significant interest among researchers regarding 
the role of DNA methylation in exosomes in neurotumors. Epigenetic 
alterations have become a prominent feature of molecular pathology 
in the primary category of brain diseases (Qureshi and Mehler, 2013). 
Glioma, a complex and heterogeneous tumor, comprises not only 
tumor cells but also various non-tumor cell types, including astrocytes, 
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microglia, endothelial cells, and immune cells, collectively constituting 
a complex glioma microenvironment (Quail and Joyce, 2017). 
Emerging evidence suggests that communication between tumor cells 
and components in the glioma microenvironment can directly 
influence various hallmark features of glioma (Godlewski et al., 2015). 
Elevated levels of extracellular vesicles (EVs) have been observed in 
the circulation of patients with glioblastoma and other cancer types, 
indicating that circulating tumor-derived EVs may serve as valuable 
biomarkers for monitoring treatment response and aiding in tumor 
diagnosis (Osti et al., 2019; Ricklefs et al., 2019).

The presence of O-6-methylguanine-DNA methyltransferase 
(MGMT) significantly impacts temozolomide (TMZ) therapy (Oldrini 
et  al., 2020). Epigenetic silencing, achieved through promoter 
methylation of the MGMT gene, hinders the synthesis of this enzyme 
and stands as the sole known biomarker for TMZ response (Jha et al., 
2010). Genomic rearrangements of MGMT help alleviate TMZ 
resistance both in vitro and in vivo, and these rearrangements can 
be  detected in tumor-derived exosomes (Oldrini et  al., 2020). 
Simultaneously, tumor-derived exosomes exhibit the ability to carry 
TMZ and dihydrotanshinone (DHT), contributing to the reversal of 
drug resistance and enhancing lesion-targeted drug delivery (Wang 
et al., 2022) for the targeted therapy of glioma.

2.3 Neurodegenerative diseases

Neurodegenerative diseases, encompassing Parkinson’s disease 
(PD), Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS), 
among others (Hou et al., 2019), pose a significant health challenge. 
Age is the most prominent risk factor for these diseases, and cognitive 
decline is inherently associated with aging. Consequently, chromatin 
alterations occurring during brain aging emerge as crucial targets for 
preventing cognitive deterioration, with DNA methylation playing a 
pivotal role in this context (Younesian et al., 2022). The differential 
CpG-2 methylation status of α-synuclein (SNCA) in leukocytes in the 
blood of PD patients may serve as a novel diagnostic indicator for PD 
(Tan et al., 2014). However, existing research on the role of DNA 
methylation in neurodegenerative diseases primarily focuses on 
diagnostic markers, necessitating additional efforts to delve into 
deeper mechanisms and potential treatments.

2.4 Other neurological disorders

While DNA methylation is prevalent in various neurological 
disorders, limited research has been conducted in this realm. Gulf 
War Illness (GWI), a chronic multisymptomatic disease with central 
nervous system damage as a commonly reported symptom, 
including memory dysfunction and depression, remains challenging 
to diagnose and lacks effective treatments for poorly understood 
reasons. In the context of GWI, alterations in DNA methylation and 
hydroxymethylation levels in exosomes have been observed (Pierce 
et al., 2016), indicating the involvement of epigenetic changes in 
exosomes in GWI and offering new perspectives for future diagnosis 
and treatment. Additionally, in stroke patients, exosomes released 
by curcumin-treated cells have been found to inhibit DNA 
methylation levels, thereby mitigating the harm caused by stroke 
(Liu et al., 2009).

3 Small RNA in the central nervous 
system (CNS)

RNA modifications constitute a crucial aspect of epigenetic 
modifications (Melnik et  al., 2021). Comparable to DNA 
modifications, cellular RNA undergoes various chemical 
modifications, such as N6-methyladenosine (m6A) for mRNA. Among 
these modifications, m6A stands out as the most abundant epigenetic 
modification of RNA, primarily catalyzed by a methyltransferase 
complex comprising METTL3, METTL4, and other protein subunits. 
Aberrant m6A modification can result in transcriptional 
abnormalities, leading to irregular translation procedures that foster 
tumorigenesis and progression. Studies indicate that m6A 
modification also plays a significant role in the onset and progression 
of neurological diseases by regulating immune cells and RNA. The 
YTH domain family 2 (YTHDF2), an m6A-binding protein, has been 
identified, and knockdown of YTHDF2 has been linked to increased 
inflammation. YTHDF2 expression strongly correlates with the 
development of inflammatory bowel disease (IBD) (Shore et al., 2010; 
Hock et al., 2017). The chemical modification of these RNAs is pivotal 
in RNA metabolism. Exosomes deliver molecules through a variety of 
pathways, manipulate the epigenetics of cells, and influence disease 
progression (Table 1).

3.1 Neurodegenerative diseases

The role and mechanisms of small RNAs in neurodegenerative 
diseases have garnered significant attention from researchers. Small 
RNAs serve not only as diagnostic markers for neurodegenerative 
diseases but also play a substantial role in disease occurrence and 
development. Various scientific evidence suggests the existence of 
global and gene-specific epigenetic changes at both peripheral and 
brain levels in patients with neurodegenerative diseases such as 
Alzheimer’s disease (AD) (Coppedè, 2020), Parkinson’s disease (PD) 
(Zhang et  al., 2023), and amyotrophic lateral sclerosis (ALS) 
(Coppedè, 2020).

For instance, in patients with PD and AD, substantial amounts of 
miRNA are present in cerebrospinal fluid and blood exosomes, 
exhibiting differences from normal levels (Gui et  al., 2015). In 
amyotrophic lateral sclerosis (ALS), RNA within extracellular vesicles 
released by muscles can disrupt motor neurons (MNs), denaturing 
and promoting disease progression (Le Gall et al., 2022). Additionally, 
the Drosophila brain can acquire circ_sxc by ingesting adipose tissue 
exosomes that traverse the blood–brain barrier. circ_sxc inhibits the 
expression of miR-87-3p in the brain, regulating the expression of 
neuroreceptor ligand proteins (5-HT1B, GABA-B-R1, Rdl, Rh7, qvr, 
NaCP60E), ensuring the normal function of synaptic signal 
transduction in brain neurons. However, with age, this regulatory 
mechanism is dysregulated due to the downregulation of fat exosomal 
circ_sxc, accelerating “aging” in the brain and potentially hastening 
the development of neurodegenerative diseases (Li et al., 2023).

3.2 Brain tumors

The presence of brain tumors, particularly gliomas, remains a 
significant challenge for neuroscientists due to their rapid growth, 
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high recurrence rate, and malignant nature. In glioblastoma 
multiforme (GBM), the expression levels of one small non-coding 
RNA (RNU6-1) and two microRNAs (miR-320 and miR-574-3p) are 
significantly associated with GBM diagnosis, with RNU6-1 potentially 
serving as an independent predictor for GBM diagnosis (Manterola 
et al., 2014). Low serum levels of miR-485-3p predict reduced survival 
in glioblastoma patients (Wang et al., 2017).

In terms of treatment, blood exosomes (Exos) have been chosen 
as the delivery vehicle, combining cytoplasmic phospholipase A2 
(cPLA2) knockdown and metformin for GBM treatment. This 
approach can effectively traverse the blood–brain barrier, reaching the 
brain and GBM tissues. It inhibits the mitochondrial energy 
metabolism of GBM, thereby suppressing tumor growth and 
extending survival (Zhan et al., 2022). Tumors can also influence the 
tumor microenvironment (TME) by secreting exosomal microRNAs 
(miRNAs). Exosomal miRNAs inhibiting tumors are absorbed by 
immune cells in TME and converted into cancer promoters, thus 
impeding tumor cell proliferation and delaying disease progression 
(Qi et al., 2022). Considering the effective penetration of exosomes 
through the blood–brain barrier and the significant advancements in 
tumor treatment at the genetic level, the prospects for glioma 
treatment through exosome drug delivery and the study of RNA in 
exosomes and their cargo hold promising potential for 
major breakthroughs.

3.3 Cerebrovascular diseases

Cerebrovascular diseases exert a substantial impact on global 
human health, posing a significant threat to physical well-being and 
contributing to a considerable economic burden worldwide. They 
stand as the primary cause of disability (Gutierrez and Esenwa, 2015), 
and research on exosomes for cerebrovascular diseases is gaining 
traction. Notably, exosomal let-7b-5p miRNAs may serve as a 
potential prognostic marker for poor outcomes after stroke. Exosomal 
miR-223-3p derived from mesenchymal stem cells can facilitate the 
transformation of M1 microglia into M2 microglia, mitigating 
cerebral ischemia/reperfusion injury (Zhao et al., 2020). Exosomes 

from M2 phenotypic microglia can target Notch1 to ameliorate 
neuronal death induced by ischemia–reperfusion injury (Zhang et al., 
2021). M2 microglia-derived exosomes attenuate ischemic brain 
injury and promote neuronal survival through exosomal miR-124 
(Song et  al., 2019). In patients with cerebral infarction, miRNA-
modified exosome therapy has demonstrated improvements in infarct 
volume and neurobehavior (Yu et al., 2022). Moreover, in the hypoxic 
state following a stroke, RNA within exosomes secreted by neuronal 
cells can reduce neuronal activity, inhibit axon and dendrite growth, 
and expedite stroke progression (Chiang et al., 2021).

3.4 Mental disorders

Mental disorders encompass a diverse range of conditions, with 
depression emerging as one of the most challenging. Depression is 
characterized by significant and persistent low mood, sluggish 
thinking, and reduced motivation, severely impeding psychosocial 
functioning and diminishing overall quality of life. In 2008, the World 
Health Organization ranked depression as the third leading 
contributor to the global burden of disease, projecting it to ascend to 
the foremost position by 2031 (Malhi and Mann, 2018). While 
comprehensive models or theories for depression research are 
currently lacking, substantial progress has been made recently in 
understanding the interplay between exosomes, their contents, 
and depression.

Dysregulation of numerous microRNAs (miRNAs), including 
miR-16, miR-451, miR-223, and miR-182, has been suggested to 
be associated with depressive conditions in diverse patients, offering 
potential markers for depression (Gururajan et  al., 2016). Studies 
indicate that neurons release exosomes containing miR-9-5p. Elevated 
serum levels of miR-9-5p in individuals with depression stimulate the 
polarization of M1 microglia, triggering excessive release of 
pro-inflammatory cytokines such as interleukin-1β (IL-1β), 
interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α), thereby 
exacerbating neurological damage (Xian et al., 2022). Furthermore, 
microglia transfer microRNA miR-146a-5p via exosome secretion to 
inhibit neurogenesis in depression. Overexpression of miR-146a-5p 

TABLE 1 The biological functions of exosomal ncRNAs in CNS.

Exosomal 
cargo

Non-coding 
RNA type

Brain 
disorders

Effect Reference

miR-29c miRNA AD Affecting amyloid beta generation Chen et al. (2019)

miR-339-5p miRNA AD Down-regulates protein expression of β-site amyloid precursor protein-cleaving enzyme 1 Long et al. (2014)

miR-4813-3p miRNA PD Mediating inability to repress autophagic program Ma et al. (2023)

miR-34a-5p miRNA PD Regulating aspects of neurogenesis and synaptogenesis Grossi et al. (2020)

circEPS15 circRNA PD Maintain mitochondrial homeostasis Zhou et al. (2023)

miR-149 miRNA PA Suppressive effects on tumor growth and angiogenesis Chang et al. (2023)

miR-760-3p miRNA CI/RI Inhibiting neuron ferroptosis Wang et al. (2023)

circ_0072083 circRNA Glioma Enhances temozolomide resistance in glioma Ding et al. (2021)

miR-146a-5p miRNA Ischemic stroke Reduces microglial-mediated neuroinflammation Zhang et al. (2021)

miR-182-5p miRNA Ischemic stroke Inhibit neuroinflammation after stroke Ding et al. (2023)

miR-17-5p miRNA Ischemic stroke Inhibiting cell senescence, endothelial cell oxidative stress, apoptosis, and dysfunction Pan et al. (2023)

miR-2861 miRNA SCI Promote blood-spinal cord barrier repair and motor function recovery Kong et al. (2023)

AD, Alzheimer’s disease; PD, Parkinson disease; PA, pituitary adenomas; CI/RI, cerebral ischemia–reperfusion injury; SCI, spinal cord injury.
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in the dentate gyrus of the hippocampus suppresses spontaneous 
electrical emission of neurogenesis and excitatory neurons by directly 
targeting Krüppel-like factor 4 (KLF4). Downregulation of 
miR-146a-5p expression ameliorates neurogenesis deficits in the DG 
regions and depressive-like behavior in rats. Simultaneously, circular 
RNA ANKS1B mediates post-transcriptional regulation of KLF4 
expression as a miRNA chelator of miR-146a-5p. Thus, miR-146a-5p 
plays a pivotal role in regulating neurogenesis in the pathological 
processes associated with depression (Fan et al., 2022).

4 Conclusion and future prospects

Neurological diseases have afflicted humanity for numerous years, 
and though some efforts have been made to alleviate suffering, there 
is still a considerable journey ahead in their treatment. The presence 
of exosomes, well-established as cell-to-cell communication mediators 
(Fyfe et al., 2023), has been confirmed for many years. Exosomes can 
function as intercellular communication molecules. These vesicles 
often transport proteins and nucleic acids between cells, potentially 
contributing to the pathogenesis of various neurological diseases. This 
article provides evidence for exosome-mediated epigenetic 
mechanisms that regulate factor transfer, emphasizing the profound 
impact of exosome-transported methyltransferases on gene expression 
in recipient cells. While exosomes transport methyltransferases, they 
may also influence the expression of these enzymes in recipient cells 
indirectly. Moreover, exosomes transfer various non-coding RNAs in 
the brain microenvironment, including miRNAs, lncRNAs, and 
circRNAs, among others. Despite the ongoing emergence of relevant 
information, a complete chain of evidence is still lacking in many 
published reports, particularly regarding the detailed mechanisms of 
up-or downregulation of factors/non-coding RNAs that directly 
interfere with the action of development of central nervous system 
diseases. We  only described two types of epigenetic mechanisms 
related to exosomes in this review, small RNA and DNA 
methyltransferases, this is limited. There are many types of RNA, and 
further research is needed to investigate whether RNA such as tRNA 
and siRNA play a deeper role in central nervous system diseases.

While conclusive knowledge is currently elusive, there is 
substantial evidence supporting the role of exosome-mediated 
regulation of epigenetic mechanisms in neurons and surrounding 
cells, contributing to the onset and progression of diseases. 
Conducting focused studies on these mechanisms will be crucial for 
realizing the clinical potential of exosomes in neurological disease 
research and treatment. The identification or synthesis of novel 
chemicals capable of modulating exosome synthesis or function, along 
with the development of non-toxic approaches for utilizing exosomes 
as therapeutic agents, holds the potential to rapidly advance this field. 
Further research is imperative to comprehensively understand the role 
of exosomes in epigenetic resistance, enabling the identification and 
validation of valuable targets for diagnosis and treatment of central 
nervous system diseases. Despite that there are few studies, we believe 
that epigenetic regulation of exosomes has great potential in the 
treatment of sleep disorders, anxiety and other diseases.

In fact, there have been two main technical hindrances that 
restrict the basic and applied research of exosomes. The first is how to 
simplify the exosome extraction procedure and improve the yield of 

exosomes; the second is how to effectively distinguish exosomes from 
other extracellular vesicles, especially from functional microvesicles 
(Fais et al., 2016). Various exosome separation strategies and devices 
have been suggested to facilitate the investigation of exosomes and 
their related biological functions. Through studying the nature of 
particular samples and specific application settings, we believe careful 
selection of isolation techniques (or a combination of isolation 
techniques) will help investigators address many of the challenges 
faced in current exosome studies (Yang et al., 2020). There are many 
methods available on the market that are currently being used in labs 
worldwide to obtain exosomes. Until now, six classes of exosome 
separation strategies have been reported, including ultra-speed 
centrifugation, ultrafiltration, immunoaffinity capture, charge 
neutralization-based polymer precipitation, size-exclusion 
chromatograph, and microfluidic techniques, with unique sets of 
advantages and disadvantages for each technique from different 
manufacturers (Supplementary Table S1). It is evident that currently 
available technology (as well as that of the future) will allow for the 
improvement of isolation methods and pave the way for novel findings 
in the years to come.

Author contributions

SH: Writing – original draft. LF: Writing – review & editing. ZY: 
Writing – review & editing. XF: Writing – review & editing. HG: 
Writing – review & editing. TY: Writing – review & editing.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnmol.2024.1370449/
full#supplementary-material

https://doi.org/10.3389/fnmol.2024.1370449
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnmol.2024.1370449/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnmol.2024.1370449/full#supplementary-material


Hu et al. 10.3389/fnmol.2024.1370449

Frontiers in Molecular Neuroscience 08 frontiersin.org

References
Abdelsalam, M., Ahmed, M., Osaid, Z., Hamoudi, R., and Harati, R. (2023). Insights 

into exosome transport through the blood-brain barrier and the potential therapeutical 
applications in brain diseases. Pharmaceuticals 16:571. doi: 10.3390/ph16040571

Chang, M., Jiang, S., Guo, X., Gao, J., Liu, P., Bao, X., et al. (2023). Exosomal RNAs in 
the development and treatment of pituitary adenomas. Front. Endocrinol. 14:1142494. 
doi: 10.3389/fendo.2023.1142494

Chargaff, E. (1945). Cell structure and the problem of blood coagulation. J. Biol. Chem. 
160, 351–359. doi: 10.1016/S0021-9258(18)43131-6

Chen, C., Luo, Y., He, W., Zhao, Y., Kong, Y., Liu, H., et al. (2019). Exosomal long 
noncoding RNA LNMAT2 promotes lymphatic metastasis in bladder cancer. J. Clin. 
Invest. 130, 404–421. doi: 10.1172/JCI130892

Chen, J., Yang, G., Yan, Q., Zhao, J., and Li, S. (2019). Exosome-encapsulated 
microRNAs as promising biomarkers for Alzheimer’s disease. Rev. Neurosci. 31, 77–87. 
doi: 10.1515/revneuro-2019-0001

Cheruvanky, A., Zhou, H., Pisitkun, T., Kopp, J. B., Knepper, M. A., Yuen, P. S. T., et al. 
(2007). Rapid isolation of urinary exosomal biomarkers using a nanomembrane 
ultrafiltration concentrator. Am. J. Physiol. Renal. Physiol. 292, F1657–F1661. doi: 
10.1152/ajprenal.00434.2006

Chiang, C.-S., Fu, S.-J., Hsu, C.-L., Jeng, C.-J., Tang, C.-Y., Huang, Y.-S., et al. (2021). 
Neuronal exosomes secreted under oxygen–glucose deprivation/reperfusion presenting 
differentially expressed miRNAs and affecting neuronal survival and neurite outgrowth. 
NeuroMolecular Med. 23, 404–415. doi: 10.1007/s12017-020-08641-z

Choudhury, A., Magill, S. T., Eaton, C. D., Prager, B. C., Chen, W. C., Cady, M. A., et al. 
(2022). Meningioma DNA methylation groups identify biological drivers and 
therapeutic vulnerabilities. Nat. Genet. 54, 649–659. doi: 10.1038/s41588-022-01061-8

Colombo, M., Raposo, G., and Théry, C. (2014). Biogenesis, secretion, and intercellular 
interactions of exosomes and other extracellular vesicles. Annu. Rev. Cell Dev. Biol. 30, 
255–289. doi: 10.1146/annurev-cellbio-101512-122326

Coppedè, F. (2020). Epigenetics of neuromuscular disorders. Epigenomics 12, 
2125–2139. doi: 10.2217/epi-2020-0282

Cui, J., Wang, X., Li, J., Zhu, A., Du, Y., Zeng, W., et al. (2023). Immune exosomes 
loading self-assembled Nanomicelles traverse the blood–brain barrier for chemo-
immunotherapy against glioblastoma. ACS Nano 17, 1464–1484. doi: 10.1021/
acsnano.2c10219

Dai, Y., Wei, T., Shen, Z., Bei, Y., Lin, H., and Dai, H. (2021). Classical HDACs in the 
regulation of neuroinflammation. Neurochem. Int. 150:105182. doi: 10.1016/j.
neuint.2021.105182

Ding, W., Gu, Q., Liu, M., Zou, J., Sun, J., and Zhu, J. (2023). Astrocytes-derived 
exosomes pre-treated by berberine inhibit neuroinflammation after stroke via 
miR-182-5p/Rac1 pathway. Int. Immunopharmacol. 118:110047. doi: 10.1016/j.
intimp.2023.110047

Ding, C., Yi, X., Chen, X., Wu, Z., You, H., Chen, X., et al. (2021). Warburg effect-
promoted exosomal circ_0072083 releasing up-regulates NANGO expression through 
multiple pathways and enhances temozolomide resistance in glioma. J. Exp. Clin. Cancer 
Res. 40:164. doi: 10.1186/s13046-021-01942-6

Doyle, L., and Wang, M. (2019). Overview of extracellular vesicles, their origin, 
composition, purpose, and methods for exosome isolation and analysis. Cells 8:727. doi: 
10.3390/cells8070727

Fais, S., O’Driscoll, L., Borras, F. E., Buzas, E., Camussi, G., Cappello, F., et al. (2016). 
Evidence-based clinical use of nanoscale extracellular vesicles in nanomedicine. ACS 
Nano 10, 3886–3899. doi: 10.1021/acsnano.5b08015

Fan, C., Li, Y., Lan, T., Wang, W., Long, Y., and Yu, S. Y. (2022). Microglia secrete 
miR-146a-5p-containing exosomes to regulate neurogenesis in depression. Mol. Ther. 
30, 1300–1314. doi: 10.1016/j.ymthe.2021.11.006

Feng, J., and Fan, G. (2009). “The role of DNA methylation in the central nervous 
system and neuropsychiatric disorders” in International review of neurobiology 
(Elsevier), 67–84. doi: 10.1016/S0074-7742(09)89004-1

Frühbeis, C., Kuo-Elsner, W. P., Müller, C., Barth, K., Peris, L., Tenzer, S., et al. (2020). 
Oligodendrocytes support axonal transport and maintenance via exosome secretion. 
PLoS Biol. 18:e3000621. doi: 10.1371/journal.pbio.3000621

Fyfe, J., Casari, I., Manfredi, M., and Falasca, M. (2023). Role of lipid signalling in 
extracellular vesicles-mediated cell-to-cell communication. Cytokine Growth Factor Rev. 
73, 20–26. doi: 10.1016/j.cytogfr.2023.08.006

Gámez-Valero, A., Monguió-Tortajada, M., Carreras-Planella, L., Franquesa, M., 
Beyer, K., and Borràs, F. E. (2016). Size-exclusion chromatography-based isolation 
minimally alters extracellular vesicles’ characteristics compared to precipitating agents. 
Sci. Rep. 6:33641. doi: 10.1038/srep33641

Gan, C., and Ouyang, F. (2022). Exosomes released from bone-marrow stem cells 
ameliorate hippocampal neuronal injury through transferring miR-455-3p. J. Stroke 
Cerebrovasc. Dis. 31:106142. doi: 10.1016/j.jstrokecerebrovasdis.2021.106142

Godlewski, J., Krichevsky, A. M., Johnson, M. D., Chiocca, E. A., and Bronisz, A. 
(2015). Belonging to a network—microRNAs, extracellular vesicles, and the glioblastoma 
microenvironment. Neuro-Oncology 17, 652–662. doi: 10.1093/neuonc/nou292

Gräff, J., Rei, D., Guan, J.-S., Wang, W.-Y., Seo, J., Hennig, K. M., et al. (2012). An 
epigenetic blockade of cognitive functions in the neurodegenerating brain. Nature 483, 
222–226. doi: 10.1038/nature10849

Grossi, I., Radeghieri, A., Paolini, L., Porrini, V., Pilotto, A., Padovani, A., et al. (2020). 
MicroRNA-34a-5p expression in the plasma and in its extracellular vesicle fractions in 
subjects with Parkinson’s disease: an exploratory study. Int. J. Mol. Med. 47, 533–546. 
doi: 10.3892/ijmm.2020.4806

Gui, Y., Liu, H., Zhang, L., Lv, W., and Hu, X. (2015). Altered microRNA profiles in 
cerebrospinal fluid exosome in Parkinson disease and Alzheimer disease. Oncotarget 6, 
37043–37053. doi: 10.18632/oncotarget.6158

Gururajan, A., Naughton, M. E., Scott, K. A., O’Connor, R. M., Moloney, G., 
Clarke, G., et al. (2016). MicroRNAs as biomarkers for major depression: a role for let-7b 
and let-7c. Transl. Psychiatry 6:e862. doi: 10.1038/tp.2016.131

Gutierrez, J., and Esenwa, C. (2015). Secondary stroke prevention: challenges and 
solutions. VHRM 11:437–450. doi: 10.2147/VHRM.S63791

Han, C., Yang, J., Sun, J., and Qin, G. (2022). Extracellular vesicles in cardiovascular 
disease: biological functions and therapeutic implications. Pharmacol. Ther. 233:108025. 
doi: 10.1016/j.pharmthera.2021.108025

Harding, C., Heuser, J., and Stahl, P. (1983). Receptor-mediated endocytosis of 
transferrin and recycling of the transferrin receptor in rat reticulocytes. J. Cell Biol. 97, 
329–339. doi: 10.1083/jcb.97.2.329

Hock, A., Miyake, H., Li, B., Lee, C., Ermini, L., Koike, Y., et al. (2017). Breast milk-
derived exosomes promote intestinal epithelial cell growth. J. Pediatr. Surg. 52, 755–759. 
doi: 10.1016/j.jpedsurg.2017.01.032

Holoch, D., and Moazed, D. (2015). RNA-mediated epigenetic regulation of gene 
expression. Nat. Rev. Genet. 16, 71–84. doi: 10.1038/nrg3863

Hou, Y., Dan, X., Babbar, M., Wei, Y., Hasselbalch, S. G., Croteau, D. L., et al. (2019). 
Ageing as a risk factor for neurodegenerative disease. Nat. Rev. Neurol. 15, 565–581. doi: 
10.1038/s41582-019-0244-7

Isaac, R., Reis, F. C. G., Ying, W., and Olefsky, J. M. (2021). Exosomes as mediators of 
intercellular crosstalk in metabolism. Cell Metab. 33, 1744–1762. doi: 10.1016/j.
cmet.2021.08.006

Jeffries, M. A. (2020). “The development of epigenetics in the study of disease 
pathogenesis” in Epigenetics in allergy and autoimmunity, advances in experimental 
medicine and biology. eds. C. Chang and Q. Lu (Singapore: Springer Singapore), 57–94.

Jeppesen, D. K., Hvam, M. L., Primdahl-Bengtson, B., Boysen, A. T., Whitehead, B., 
Dyrskjøt, L., et al. (2014). Comparative analysis of discrete exosome fractions obtained 
by differential centrifugation. J. Extracellular Vesicle 3:25011. doi: 10.3402/jev.v3.25011

Jha, P., Suri, V., Jain, A., Sharma, M. C., Pathak, P., Jha, P., et al. (2010). O 
6-Methylguanine DNA methyltransferase gene promoter methylation status in gliomas 
and its correlation with other molecular alterations: first Indian report with review of 
challenges for use in customized treatment. Neurosurgery 67, 1681–1691. doi: 10.1227/
NEU.0b013e3181f743f5

Kalluri, R., and LeBleu, V. S. (2020). The biology, function, and biomedical applications 
of exosomes. Science 367:eaau6977. doi: 10.1126/science.aau6977

Kilchert, C., Wittmann, S., and Vasiljeva, L. (2016). The regulation and functions of 
the nuclear RNA exosome complex. Nat. Rev. Mol. Cell Biol. 17, 227–239. doi: 10.1038/
nrm.2015.15

Kong, G., Xiong, W., Li, C., Xiao, C., Wang, S., Li, W., et al. (2023). Treg cells-derived 
exosomes promote blood-spinal cord barrier repair and motor function recovery after 
spinal cord injury by delivering miR-2861. J. Nanobiotechnol. 21:364. doi: 10.1186/
s12951-023-02089-6

Konoshenko, M. Y., Lekchnov, E. A., Vlassov, A. V., and Laktionov, P. P. (2018). 
Isolation of extracellular vesicles: general methodologies and latest trends. Biomed. Res. 
Int. 2018, 1–27. doi: 10.1155/2018/8545347

Kourembanas, S. (2015). Exosomes: vehicles of intercellular signaling, biomarkers, 
and vectors of cell therapy. Annu. Rev. Physiol. 77, 13–27. doi: 10.1146/annurev-
physiol-021014-071641

Le Gall, L., Duddy, W. J., Martinat, C., Mariot, V., Connolly, O., Milla, V., et al. (2022). 
Muscle cells of sporadic amyotrophic lateral sclerosis patients secrete neurotoxic vesicles. 
J. Cachexia. Sarcopenia Muscle 13, 1385–1402. doi: 10.1002/jcsm.12945

Li, Y. (2021). Modern epigenetics methods in biological research. Methods 187, 
104–113. doi: 10.1016/j.ymeth.2020.06.022

Li, Q., Fu, X., Kou, Y., and Han, N. (2023). Engineering strategies and optimized 
delivery of exosomes for theranostic application in nerve tissue. Theranostics 13, 
4266–4286. doi: 10.7150/thno.84971

Li, K., Lin, Y., Luo, Y., Xiong, X., Wang, L., Durante, K., et al. (2022). A signature of 
saliva-derived exosomal small RNAs as predicting biomarker for esophageal carcinoma: 
a multicenter prospective study. Mol. Cancer 21:21. doi: 10.1186/s12943-022-01499-8

Li, Q., Wang, L., Tang, C., Wang, X., Yu, Z., Ping, X., et al. (2023). Adipose tissue 
exosome circ_sxc mediates the modulatory of Adiposomes on brain aging by inhibiting 
brain dme-miR-87-3p. Mol. Neurobiol. 61, 224–238. doi: 10.1007/s12035-023-03516-3

https://doi.org/10.3389/fnmol.2024.1370449
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.3390/ph16040571
https://doi.org/10.3389/fendo.2023.1142494
https://doi.org/10.1016/S0021-9258(18)43131-6
https://doi.org/10.1172/JCI130892
https://doi.org/10.1515/revneuro-2019-0001
https://doi.org/10.1152/ajprenal.00434.2006
https://doi.org/10.1007/s12017-020-08641-z
https://doi.org/10.1038/s41588-022-01061-8
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.2217/epi-2020-0282
https://doi.org/10.1021/acsnano.2c10219
https://doi.org/10.1021/acsnano.2c10219
https://doi.org/10.1016/j.neuint.2021.105182
https://doi.org/10.1016/j.neuint.2021.105182
https://doi.org/10.1016/j.intimp.2023.110047
https://doi.org/10.1016/j.intimp.2023.110047
https://doi.org/10.1186/s13046-021-01942-6
https://doi.org/10.3390/cells8070727
https://doi.org/10.1021/acsnano.5b08015
https://doi.org/10.1016/j.ymthe.2021.11.006
https://doi.org/10.1016/S0074-7742(09)89004-1
https://doi.org/10.1371/journal.pbio.3000621
https://doi.org/10.1016/j.cytogfr.2023.08.006
https://doi.org/10.1038/srep33641
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.106142
https://doi.org/10.1093/neuonc/nou292
https://doi.org/10.1038/nature10849
https://doi.org/10.3892/ijmm.2020.4806
https://doi.org/10.18632/oncotarget.6158
https://doi.org/10.1038/tp.2016.131
https://doi.org/10.2147/VHRM.S63791
https://doi.org/10.1016/j.pharmthera.2021.108025
https://doi.org/10.1083/jcb.97.2.329
https://doi.org/10.1016/j.jpedsurg.2017.01.032
https://doi.org/10.1038/nrg3863
https://doi.org/10.1038/s41582-019-0244-7
https://doi.org/10.1016/j.cmet.2021.08.006
https://doi.org/10.1016/j.cmet.2021.08.006
https://doi.org/10.3402/jev.v3.25011
https://doi.org/10.1227/NEU.0b013e3181f743f5
https://doi.org/10.1227/NEU.0b013e3181f743f5
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1038/nrm.2015.15
https://doi.org/10.1038/nrm.2015.15
https://doi.org/10.1186/s12951-023-02089-6
https://doi.org/10.1186/s12951-023-02089-6
https://doi.org/10.1155/2018/8545347
https://doi.org/10.1146/annurev-physiol-021014-071641
https://doi.org/10.1146/annurev-physiol-021014-071641
https://doi.org/10.1002/jcsm.12945
https://doi.org/10.1016/j.ymeth.2020.06.022
https://doi.org/10.7150/thno.84971
https://doi.org/10.1186/s12943-022-01499-8
https://doi.org/10.1007/s12035-023-03516-3


Hu et al. 10.3389/fnmol.2024.1370449

Frontiers in Molecular Neuroscience 09 frontiersin.org

Liu, J., Ren, L., Li, S., Li, W., Zheng, X., Yang, Y., et al. (2021). The biology, function, 
and applications of exosomes in cancer. Acta Pharm. Sin. B 11, 2783–2797. doi: 10.1016/j.
apsb.2021.01.001

Liu, C., and Su, C. (2019). Design strategies and application progress of therapeutic 
exosomes. Theranostics 9, 1015–1028. doi: 10.7150/thno.30853

Liu, Z., Xie, Z., Jones, W., Pavlovicz, R. E., Liu, S., Yu, J., et al. (2009). Curcumin is a 
potent DNA hypomethylation agent. Bioorg. Med. Chem. Lett. 19, 706–709. doi: 
10.1016/j.bmcl.2008.12.041

Long, J. M., Ray, B., and Lahiri, D. K. (2014). MicroRNA-339-5p Down-regulates 
protein expression of β-site amyloid precursor protein-cleaving enzyme 1 (BACE1) in 
human primary brain cultures and is reduced in brain tissue specimens of Alzheimer 
disease subjects. J. Biol. Chem. 289, 5184–5198. doi: 10.1074/jbc.M113.518241

Lv, H., Li, J., and Che, Y. (2021). miR-31 from adipose stem cell-derived extracellular 
vesicles promotes recovery of neurological function after ischemic stroke by inhibiting 
TRAF6 and IRF5. Exp. Neurol. 342:113611. doi: 10.1016/j.expneurol.2021.113611

Ma, Z., Liang, H., Hu, B., Cai, S., and Yan, D. (2023). Autophagy-regulating miRNAs: 
novel therapeutic targets for Parkinson’s disease (review). Int. J. Mol. Med. 51:50. doi: 
10.3892/ijmm.2023.5253

Malhi, G. S., and Mann, J. J. (2018). Depression. Lancet 392, 2299–2312. doi: 10.1016/
S0140-6736(18)31948-2

Manterola, L., Guruceaga, E., Gállego Pérez-Larraya, J., González-Huarriz, M., 
Jauregui, P., Tejada, S., et al. (2014). A small noncoding RNA signature found in 
exosomes of GBM patient serum as a diagnostic tool. Neuro-Oncology 16, 520–527. doi: 
10.1093/neuonc/not218

Martínez-Iglesias, O., Carrera, I., Carril, J. C., Fernández-Novoa, L., Cacabelos, N., 
and Cacabelos, R. (2020). DNA methylation in neurodegenerative and cerebrovascular 
disorders. IJMS 21:2220. doi: 10.3390/ijms21062220

Martínez-Iglesias, O., Naidoo, V., Corzo, L., Pego, R., Seoane, S., Rodríguez, S., et al. 
(2023). DNA methylation as a biomarker for monitoring disease outcome in patients 
with Hypovitaminosis and neurological disorders. Genes 14:365. doi: 10.3390/
genes14020365

Mashouri, L., Yousefi, H., Aref, A. R., Ahadi, A. M., Molaei, F., and Alahari, S. K. 
(2019). Exosomes: composition, biogenesis, and mechanisms in cancer metastasis and 
drug resistance. Mol. Cancer 18:75. doi: 10.1186/s12943-019-0991-5

Mathieu, M., Martin-Jaular, L., Lavieu, G., and Théry, C. (2019). Specificities of 
secretion and uptake of exosomes and other extracellular vesicles for cell-to-cell 
communication. Nat. Cell Biol. 21, 9–17. doi: 10.1038/s41556-018-0250-9

Melnik, B. C., Stremmel, W., Weiskirchen, R., John, S. M., and Schmitz, G. (2021). 
Exosome-derived MicroRNAs of human Milk and their effects on infant health and 
development. Biomol. Ther. 11:851. doi: 10.3390/biom11060851

Momen-Heravi, F., Balaj, L., Alian, S., Trachtenberg, A. J., Hochberg, F. H., Skog, J., 
et al. (2012). Impact of biofluid viscosity on size and sedimentation efficiency of the 
isolated microvesicles. Front. Physio. 3:162. doi: 10.3389/fphys.2012.00162

Naval, N., Chandolu, S., and Mirski, M. (2011). Organ failure: central nervous system. 
Semin. Respir. Crit. Care Med. 32, 587–597. doi: 10.1055/s-0031-1287867

Noonin, C., and Thongboonkerd, V. (2021). Exosome-inflammasome crosstalk and 
their roles in inflammatory responses. Theranostics 11, 4436–4451. doi: 10.7150/
thno.54004

Nunez, E. A., Wallis, J., and Gershon, M. D. (1974). Secretory processes in follicular 
cells of the bat thyroid. III. The occurrence of extracellular vesicles and colloid droplets 
during arousal from hibernation. Am. J. Anat. 141, 179–201. doi: 10.1002/aja. 
1001410203

Oldrini, B., Vaquero-Siguero, N., Mu, Q., Kroon, P., Zhang, Y., Galán-Ganga, M., et al. 
(2020). MGMT genomic rearrangements contribute to chemotherapy resistance in 
gliomas. Nat. Commun. 11:3883. doi: 10.1038/s41467-020-17717-0

Osti, D., Del Bene, M., Rappa, G., Santos, M., Matafora, V., Richichi, C., et al. (2019). 
Clinical significance of extracellular vesicles in plasma from glioblastoma patients. Clin. 
Cancer Res. 25, 266–276. doi: 10.1158/1078-0432.CCR-18-1941

Pan, B.-T., and Johnstone, R. M. (1983). Fate of the transferrin receptor during 
maturation of sheep reticulocytes in vitro: selective externalization of the receptor. Cell 
33, 967–978. doi: 10.1016/0092-8674(83)90040-5

Pan, Q., Wang, Y., Liu, J., Jin, X., Xiang, Z., Li, S., et al. (2023). MiR-17-5p mediates 
the effects of ACE2-enriched endothelial progenitor cell-derived exosomes on 
ameliorating cerebral ischemic injury in aged mice. Mol. Neurobiol. 60, 3534–3552. doi: 
10.1007/s12035-023-03280-4

Pierce, L. M., Kurata, W. E., Matsumoto, K. W., Clark, M. E., and Farmer, D. M. (2016). 
Long-term epigenetic alterations in a rat model of gulf war illness. Neuro Toxicol. 55, 
20–32. doi: 10.1016/j.neuro.2016.05.007

Piguet, F., De Saint Denis, T., Audouard, E., Beccaria, K., André, A., Wurtz, G., et al. 
(2021). The challenge of gene therapy for neurological diseases: strategies and tools to 
achieve efficient delivery to the central nervous system. Hum. Gene Ther. 32, 349–374. 
doi: 10.1089/hum.2020.105

Qi, Y., Jin, C., Qiu, W., Zhao, R., Wang, S., Li, B., et al. (2022). The dual role of glioma 
exosomal microRNAs: glioma eliminates tumor suppressor miR-1298-5p via exosomes 
to promote immunosuppressive effects of MDSCs. Cell Death Dis. 13:426. doi: 10.1038/
s41419-022-04872-z

Quail, D. F., and Joyce, J. A. (2017). The microenvironmental landscape of brain 
tumors. Cancer Cell 31, 326–341. doi: 10.1016/j.ccell.2017.02.009

Qureshi, I. A., and Mehler, M. F. (2018). Epigenetic mechanisms underlying nervous system 
diseases. Handb Clin Neurol. 147, 43–58. doi: 10.1016/B978-0-444-63233-3.00005-1

Qureshi, I. A., and Mehler, M. F. (2013). Developing epigenetic diagnostics and 
therapeutics for brain disorders. Trends Mol. Med. 19, 732–741. doi: 10.1016/j.
molmed.2013.09.003

Rehman, F. U., Liu, Y., Zheng, M., and Shi, B. (2023). Exosomes based strategies for 
brain drug delivery. Biomaterials 293:121949. doi: 10.1016/j.biomaterials.2022.121949

Ricklefs, F. L., Maire, C. L., Reimer, R., Dührsen, L., Kolbe, K., Holz, M., et al. (2019). 
Imaging flow cytometry facilitates multiparametric characterization of extracellular 
vesicles in malignant brain tumours. J. Extracellular Vesicle 8:1588555. doi: 
10.1080/20013078.2019.1588555

Roy, R., Ramamoorthy, S., Shapiro, B. D., Kaileh, M., Hernandez, D., Sarantopoulou, D., 
et al. (2021). DNA methylation signatures reveal that distinct combinations of 
transcription factors specify human immune cell epigenetic identity. Immunity 54, 
2465–2480.e5. doi: 10.1016/j.immuni.2021.10.001

Sahoo, S., Adamiak, M., Mathiyalagan, P., Kenneweg, F., Kafert-Kasting, S., and 
Thum, T. (2021). Therapeutic and diagnostic translation of extracellular vesicles in 
cardiovascular diseases: roadmap to the clinic. Circulation 143, 1426–1449. doi: 10.1161/
CIRCULATIONAHA.120.049254

Shao, M., Xu, Q., Wu, Z., Chen, Y., Shu, Y., Cao, X., et al. (2020). Exosomes derived 
from human umbilical cord mesenchymal stem cells ameliorate IL-6-induced acute liver 
injury through miR-455-3p. Stem Cell Res Ther 11:37. doi: 10.1186/s13287-020-1550-0

Shore, A., Karamitri, A., Kemp, P., Speakman, J. R., and Lomax, M. A. (2010). Role of 
Ucp1 enhancer methylation and chromatin remodelling in the control of Ucp1 expression 
in murine adipose tissue. Diabetologia 53, 1164–1173. doi: 10.1007/s00125-010-1701-4

Shrivastava, S., Ray, R. M., Holguin, L., Echavarria, L., Grepo, N., Scott, T. A., et al. 
(2021). Exosome-mediated stable epigenetic repression of HIV-1. Nat. Commun. 
12:5541. doi: 10.1038/s41467-021-25839-2

Soares Martins, T., Catita, J., Martins Rosa, I., Da Cruz, A. B., Silva, E., and 
Henriques, A. G. (2018). Exosome isolation from distinct biofluids using precipitation 
and column-based approaches. PLoS One 13:e0198820. doi: 10.1371/journal.
pone.0198820

Song, Y., Li, Z., He, T., Qu, M., Jiang, L., Li, W., et al. (2019). M2 microglia-derived 
exosomes protect the mouse brain from ischemia-reperfusion injury via exosomal 
miR-124. Theranostics 9, 2910–2923. doi: 10.7150/thno.30879

Stewart-Morgan, K. R., Petryk, N., and Groth, A. (2020). Chromatin replication and 
epigenetic cell memory. Nat. Cell Biol. 22, 361–371. doi: 10.1038/s41556-020-0487-y

Surguchov, A., Surgucheva, I., Sharma, M., Sharma, R., and Singh, V. (2017, 3). Pore-
forming proteins as mediators of novel epigenetic mechanism of epilepsy. Front. Neurol. 
8. doi: 10.3389/fneur.2017.00003

Takahashi, Y., Morales Valencia, M., Yu, Y., Ouchi, Y., Takahashi, K., Shokhirev, M. N., 
et al. (2023). Transgenerational inheritance of acquired epigenetic signatures at CpG 
islands in mice. Cell 186, 715–731.e19. doi: 10.1016/j.cell.2022.12.047

Tan, Y., Wu, L., Zhao, Z., Wang, Y., Xiao, Q., Liu, J., et al. (2014). Methylation of 
α-synuclein and leucine-rich repeat kinase 2 in leukocyte DNA of Parkinson’s disease 
patients. Parkinsonism Relat. Disord. 20, 308–313. doi: 10.1016/j.parkreldis.2013.12.002

Tchurikov, N. A., Fedoseeva, D. M., Sosin, D. V., Snezhkina, A. V., Melnikova, N. V., 
Kudryavtseva, A. V., et al. (2015). Hot spots of DNA double-strand breaks and genomic 
contacts of human rDNA units are involved in epigenetic regulation. J. Mol. Cell Biol. 7, 
366–382. doi: 10.1093/jmcb/mju038

Valadi, H., Ekström, K., Bossios, A., Sjöstrand, M., Lee, J. J., and Lötvall, J. O. (2007). 
Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic 
exchange between cells. Nat. Cell Biol. 9, 654–659. doi: 10.1038/ncb1596

Viré, E. A., and Mead, S. (2023). Gene expression and epigenetic markers of prion 
diseases. Cell Tissue Res. 392, 285–294. doi: 10.1007/s00441-022-03603-2

Wang, R., Liang, Q., Zhang, X., Di, Z., Wang, X., and Di, L. (2022). Tumor-derived 
exosomes reversing TMZ resistance by synergistic drug delivery for glioma-targeting 
treatment. Colloids Surf. B 215:112505. doi: 10.1016/j.colsurfb.2022.112505

Wang, Y., Niu, H., Li, L., Han, J., Liu, Z., Chu, M., et al. (2023). Anti-CHAC1 exosomes 
for nose-to-brain delivery of miR-760-3p in cerebral ischemia/reperfusion injury mice 
inhibiting neuron ferroptosis. J. Nanobiotechnol. 21:109. doi: 10.1186/
s12951-023-01862-x

Wang, Z.-Q., Zhang, M.-Y., Deng, M.-L., Weng, N.-Q., Wang, H.-Y., and Wu, S.-X. 
(2017). Low serum level of miR-485-3p predicts poor survival in patients with 
glioblastoma. PLoS One 12:e0184969. doi: 10.1371/journal.pone.0184969

Wolf, P. (1967). The nature and significance of platelet products in human plasma. Br. 
J. Haematol. 13, 269–288. doi: 10.1111/j.1365-2141.1967.tb08741.x

Wu, L., Tian, X., Zuo, H., Zheng, W., Li, X., Yuan, M., et al. (2022). miR-124-3p 
delivered by exosomes from heme oxygenase-1 modified bone marrow mesenchymal 
stem cells inhibits ferroptosis to attenuate ischemia–reperfusion injury in steatotic grafts. 
J. Nanobiotechnol. 20:196. doi: 10.1186/s12951-022-01407-8

Xian, X., Cai, L.-L., Li, Y., Wang, R.-C., Xu, Y.-H., Chen, Y.-J., et al. (2022). Neuron 
secrete exosomes containing miR-9-5p to promote polarization of M1 microglia in 
depression. J. Nanobiotechnol. 20:122. doi: 10.1186/s12951-022-01332-w

https://doi.org/10.3389/fnmol.2024.1370449
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.apsb.2021.01.001
https://doi.org/10.1016/j.apsb.2021.01.001
https://doi.org/10.7150/thno.30853
https://doi.org/10.1016/j.bmcl.2008.12.041
https://doi.org/10.1074/jbc.M113.518241
https://doi.org/10.1016/j.expneurol.2021.113611
https://doi.org/10.3892/ijmm.2023.5253
https://doi.org/10.1016/S0140-6736(18)31948-2
https://doi.org/10.1016/S0140-6736(18)31948-2
https://doi.org/10.1093/neuonc/not218
https://doi.org/10.3390/ijms21062220
https://doi.org/10.3390/genes14020365
https://doi.org/10.3390/genes14020365
https://doi.org/10.1186/s12943-019-0991-5
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.3390/biom11060851
https://doi.org/10.3389/fphys.2012.00162
https://doi.org/10.1055/s-0031-1287867
https://doi.org/10.7150/thno.54004
https://doi.org/10.7150/thno.54004
https://doi.org/10.1002/aja.1001410203
https://doi.org/10.1002/aja.1001410203
https://doi.org/10.1038/s41467-020-17717-0
https://doi.org/10.1158/1078-0432.CCR-18-1941
https://doi.org/10.1016/0092-8674(83)90040-5
https://doi.org/10.1007/s12035-023-03280-4
https://doi.org/10.1016/j.neuro.2016.05.007
https://doi.org/10.1089/hum.2020.105
https://doi.org/10.1038/s41419-022-04872-z
https://doi.org/10.1038/s41419-022-04872-z
https://doi.org/10.1016/j.ccell.2017.02.009
https://doi.org/10.1016/B978-0-444-63233-3.00005-1
https://doi.org/10.1016/j.molmed.2013.09.003
https://doi.org/10.1016/j.molmed.2013.09.003
https://doi.org/10.1016/j.biomaterials.2022.121949
https://doi.org/10.1080/20013078.2019.1588555
https://doi.org/10.1016/j.immuni.2021.10.001
https://doi.org/10.1161/CIRCULATIONAHA.120.049254
https://doi.org/10.1161/CIRCULATIONAHA.120.049254
https://doi.org/10.1186/s13287-020-1550-0
https://doi.org/10.1007/s00125-010-1701-4
https://doi.org/10.1038/s41467-021-25839-2
https://doi.org/10.1371/journal.pone.0198820
https://doi.org/10.1371/journal.pone.0198820
https://doi.org/10.7150/thno.30879
https://doi.org/10.1038/s41556-020-0487-y
https://doi.org/10.3389/fneur.2017.00003
https://doi.org/10.1016/j.cell.2022.12.047
https://doi.org/10.1016/j.parkreldis.2013.12.002
https://doi.org/10.1093/jmcb/mju038
https://doi.org/10.1038/ncb1596
https://doi.org/10.1007/s00441-022-03603-2
https://doi.org/10.1016/j.colsurfb.2022.112505
https://doi.org/10.1186/s12951-023-01862-x
https://doi.org/10.1186/s12951-023-01862-x
https://doi.org/10.1371/journal.pone.0184969
https://doi.org/10.1111/j.1365-2141.1967.tb08741.x
https://doi.org/10.1186/s12951-022-01407-8
https://doi.org/10.1186/s12951-022-01332-w


Hu et al. 10.3389/fnmol.2024.1370449

Frontiers in Molecular Neuroscience 10 frontiersin.org

Yang, K., Li, D., Wang, M., Xu, Z., Chen, X., Liu, Q., et al. (2019). Exposure to blue 
light stimulates the proangiogenic capability of exosomes derived from human umbilical 
cord mesenchymal stem cells. Stem Cell Res Ther 10:358. doi: 10.1186/s13287-019-1472-x

Yang, D., Zhang, W., Zhang, H., Zhang, F., Chen, L., Ma, L., et al. (2020). Progress, 
opportunity, and perspective on exosome isolation - efforts for efficient exosome-based 
theranostics. Theranostics 10, 3684–3707. doi: 10.7150/thno.41580

Younesian, S., Yousefi, A.-M., Momeny, M., Ghaffari, S. H., and Bashash, D. (2022). 
The DNA methylation in neurological diseases. Cells 11:3439. doi: 10.3390/cells11213439

Yu, B., Zhang, Y., Tian, Y., and Gong, S. (2022). Effects of miRNA-modified exosomes 
alleviate cerebral ischemic reperfusion injury in preclinical studies: a meta-analysis. 
World Neurosurg. 168, 278–286.e2. doi: 10.1016/j.wneu.2022.09.073

Zang, X., Gu, J., Zhang, J., Shi, H., Hou, S., Xu, X., et al. (2020). Exosome-transmitted 
lncRNA UFC1 promotes non-small-cell lung cancer progression by EZH2-mediated 
epigenetic silencing of PTEN expression. Cell Death Dis. 11:215. doi: 10.1038/
s41419-020-2409-0

Zhan, Q., Yi, K., Cui, X., Li, X., Yang, S., Wang, Q., et al. (2022). Blood exosomes-based 
targeted delivery of cPLA2 siRNA and metformin to modulate glioblastoma energy 
metabolism for tailoring personalized therapy. Neuro-Oncology 24, 1871–1883. doi: 
10.1093/neuonc/noac071

Zhang, D., Cai, G., Liu, K., Zhuang, Z., Jia, K., Pei, S., et al. (2021). Microglia exosomal 
miRNA-137 attenuates ischemic brain injury through targeting Notch1. Aging 13, 
4079–4095. doi: 10.18632/aging.202373

Zhang, D., Zhang, J., Wang, Y., Wang, G., Tang, P., Liu, Y., et al. (2023). Targeting 
epigenetic modifications in Parkinson’s disease therapy. Med. Res. Rev. 43, 1748–1777. 
doi: 10.1002/med.21962

Zhang, Z., Zou, X., Zhang, R., Xie, Y., Feng, Z., Li, F., et al. (2021). Human umbilical 
cord mesenchymal stem cell-derived exosomal miR-146a-5p reduces microglial-
mediated neuroinflammation via suppression of the IRAK1/TRAF6 signaling pathway 
after ischemic stroke. Aging 13, 3060–3079. doi: 10.18632/aging. 
202466

Zhao, Y., Gan, Y., Xu, G., Hua, K., and Liu, D. (2020). Exosomes from MSCs 
overexpressing microRNA-223-3p attenuate cerebral ischemia through inhibiting 
microglial M1 polarization mediated inflammation. Life Sci. 260:118403. doi: 10.1016/j.
lfs.2020.118403

Zhao, Z., Zhang, L., Ocansey, D. K. W., Wang, B., and Mao, F. (2023). The role of 
mesenchymal stem cell-derived exosome in epigenetic modifications in inflammatory 
diseases. Front. Immunol. 14:1166536. doi: 10.3389/fimmu.2023.1166536

Zhou, Y., Liu, Y., Kang, Z., Yao, H., Song, N., Wang, M., et al. (2023). CircEPS15, as a 
sponge of MIR24-3p ameliorates neuronal damage in Parkinson disease through 
boosting PINK1-PRKN-mediated mitophagy. Autophagy 19, 2520–2537. doi: 
10.1080/15548627.2023.2196889

Zhou, X., Smith, Q. R., and Liu, X. (2021). Brain penetrating peptides and peptide–
drug conjugates to overcome the blood–brain barrier and target CNS diseases. WIREs 
Nanomed. Nanobiotechnol. 13:e1695. doi: 10.1002/wnan.1695

https://doi.org/10.3389/fnmol.2024.1370449
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1186/s13287-019-1472-x
https://doi.org/10.7150/thno.41580
https://doi.org/10.3390/cells11213439
https://doi.org/10.1016/j.wneu.2022.09.073
https://doi.org/10.1038/s41419-020-2409-0
https://doi.org/10.1038/s41419-020-2409-0
https://doi.org/10.1093/neuonc/noac071
https://doi.org/10.18632/aging.202373
https://doi.org/10.1002/med.21962
https://doi.org/10.18632/aging.202466
https://doi.org/10.18632/aging.202466
https://doi.org/10.1016/j.lfs.2020.118403
https://doi.org/10.1016/j.lfs.2020.118403
https://doi.org/10.3389/fimmu.2023.1166536
https://doi.org/10.1080/15548627.2023.2196889
https://doi.org/10.1002/wnan.1695

	A recognition of exosomes as regulators of epigenetic mechanisms in central nervous system diseases
	1 Introduction
	1.1 Biogenesis and secretion of exosomes
	1.2 Epigenetic regulation
	1.3 Exosomes regulate epigenetic modifications

	2 Epigenetic contents of exosomes for central nervous system diseases
	2.1 DNA methyltransferases in the central nervous system (CNS)
	2.2 Brain tumors
	2.3 Neurodegenerative diseases
	2.4 Other neurological disorders

	3 Small RNA in the central nervous system (CNS)
	3.1 Neurodegenerative diseases
	3.2 Brain tumors
	3.3 Cerebrovascular diseases
	3.4 Mental disorders

	4 Conclusion and future prospects
	Author contributions

	References

