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Remyelination relies on the repair of damaged myelin sheaths, involving microglia
cells, oligodendrocyte precursor cells (OPCs), and mature oligodendrocytes. This
process drives the pathophysiology of autoimmune chronic disease of the central
nervous system (CNS), multiple sclerosis (MS), leading to nerve cell damage and
progressive neurodegeneration. Stimulating the reconstruction of damaged
myelin sheaths is one of the goals in terms of delaying the progression of MS
symptoms and preventing neuronal damage. Short, noncoding RNA molecules,
microRNAs (miRNAs), responsible for regulating gene expression, are believed
to play a crucial role in the remyelination process. For example, studies showed
that miR-223 promotes efficient activation and phagocytosis of myelin debris
by microglia, which is necessary for the initiation of remyelination. Meanwhile,
miR-124 promotes the return of activated microglia to the quiescent state, while
miR-204 and miR-219 promote the differentiation of mature oligodendrocytes.
Furthermore, miR-138, miR-145, and miR-338 have been shown to be involved
in the synthesis and assembly of myelin proteins. Various delivery systems,
including extracellular vesicles, hold promise as an efficient and non-invasive
way for providing miRNAs to stimulate remyelination. This article summarizes the
biology of remyelination as well as current challenges and strategies for miRNA
molecules in potential diagnostic and therapeutic applications.

remyelination, miRNA, microRNA, multiple sclerosis, oligodendrocyte, demyelination,
myelin, oligodendrocyte precursor cells

1. Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease that leads to the deterioration of
the myelin sheath in the brain, spinal cord, and optic nerves. It is a relatively common condition,
with an estimated 2.8 million people worldwide living with the disease (“Atlas of MS 2020 -
Epidemiology Report, 2020”). It represents a significant burden on healthcare systems, both in
terms of the cost of treatment and the need for ongoing monitoring and care (Filippi et al., 2018).

There are four main subtypes of MS, each with unique features and patterns of disease
progression. Relapsing-remitting (RR) MS is the most common form of the disease, characterized
by relapses of neurological symptoms, followed by periods of remission, during which signs of
the disease improve or disappear. Secondary-progressive (SP) MS follows the RRMS and is
characterized by a steady progression of disability, with or without relapses and remissions.
Primary-progressive (PP) MS is characterized by a gradual onset of symptoms that worsen over
time, with little to no remission. Progressive-relapsing (PR) MS is a rare subtype, characterized
by a steady progression of disability, with occasional relapses and remissions (Filippi et al., 2018).

Demyelination is a key feature of MS and is believed to play a central role in the pathogenesis
of the disease (Lassmann, 2018). Activation of immune cells, such as T and B lymphocytes, defective
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functioning of regulatory cells, release of pro-inflammatory cytokines,
(IL)-17A, and
neuroinflammation are key steps in the development of autoimmune

including interferon (IFN)-y and interleukin

demyelination in MS (Dendrou et al., 2015). Autoreactive T cells
infiltrate the CNS and secrete cytokines that trigger macrophages,
leading to the creation of demyelinating lesions in the white matter. Asa
result of the activation of T cells and the release of lymphokines, B cells
are induced to transform into plasma cells, which generate autoantibodies
that cause neurodegeneration by degrading the myelin sheath
surrounding nerve fibers (Engelhardt and Ransohoff, 2005). The effect
of immune cells-derived cytokines on glia and neurons causes damage
to myelin membranes and a reduction in their integrity (Schmitz and
Chew, 2008). Another important molecular aspect of demyelination in
MS is the role of antigen-presenting cells (APCs) in the autoimmune
process. APCs present myelin antigens on their surface, leading to the
activation and proliferation of myelin-targeted autoreactive T cells and
subsequent destruction of myelin membranes (van Langelaar et al.,
2020). At first glance, demyelination in various CNS pathologies is quite
similar; however, the stress to which brain cells are subjected during
these pathologies is somewhat different. In contrast to MS, ischemic
stroke (IS) is characterized by reduced cerebral blood flow, which limits
the availability of glucose and oxygen (hypoxia), especially in neurons
leading to immediate cell death (Qin et al., 2022), while trauma injury
(TT) refers to severe sudden CNS damage, which requires instant medical
attention (Ray et al.,, 2002). Contrary to chronic, multifocal demyelination
of the CNS (brain and spinal cord) with clinical and/or radiological
evidence of ‘dissemination in space’ (DIS, demyelination lesions at more
than one place in the nervous system) and ‘dissemination in time’ (DIT,
demyelination lesions have occurred more than once) in MS
(Lopaisankrit and Thammaroj, 2023), major changes after IS and TI
occur mainly in the brain microcirculation. With ongoing hypoxia/
ischemia and circulating cell retention, there is a potential for vascular
edema, preventing rapid recovery of normal blood flow after fluid
resuscitation, which may result in immediate cell death. In both,
disruption of energy leads to mitochondrial dysfunction and oxidative
stress-induced injury, triggered by excessive production of reactive
oxygen species (ROS; Hiebert et al., 2015; Jia et al., 2021). Simultaneously,
energy deficiency contributes to an ionic imbalance that affects Na*, K,
and Ca** levels, causing the brain cell depolarization (mainly disturbances
in macrophages pro-inflammatory and anti-inflammatory phenotype
ratio) and inducing massive glutamate release, which activates N-methyl-
D-aspartate receptors, inducing toxicity, severe injury, and finally CNS
cell death (Ladak et al, 2019; Qin et al,, 2022). According to our
assumption, the key element that differentiates MS from other CNS
pathologies is the possibility of remyelination. The process of
demyelination in MS is mostly gradual, while in the case of IS or TI there
is an immediate death of brain cells, with no chance of starting their
repair mechanisms. Demyelination is a progressive process that causes
permanent nerve damage and neurological loss. However, MS is
characterized by the ability to remyelinate, i.e., repairing the myelin
sheath surrounding the axons, which can be a natural process or the
result of therapy (Chari, 2007).

Remyelination is the process by which CNS glial cells rebuild
damaged myelin sheaths. Various cell types are involved in the
remyelination process, including oligodendrocytes, oligodendrocyte
precursor cells (OPCs), microglia, and astrocytes. Oligodendrocytes
are the main myelin-producing cells in the CNS and are responsible
for rebuilding myelin sheaths after damage. OPCs are stem cells that
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can differentiate into oligodendrocytes and play a role in
remyelination. Microglia and astrocytes are crucial in the repair
process, as they are involved in removing damaged cells and
substances from the site of damage, as well as in the production of
growth factors and cytokines (Uyeda and Muramatsu, 2020). A new
myelin sheath can be formed by two different processes: remyelination
or myelinogenesis. Remyelination is an intrinsic process of the repair
of myelin within a partially damaged oligodendrocyte through cellular
repair aided by cellular and non-cellular pro-repair extrinsic factors.
Myelinogenesis relies on a replacement of a completely damaged
oligodendrocyte by a new cell through recruitment and differentiation
of OPCs (Franklin and Ffrench-Constant, 2008; Wlodarczyk et al.,
2017). Here, we focus on the restoration process of the damaged
myelin sheath, which is a typical sign of the pathophysiology of MS.

In the case of MS, remyelination is impaired by the presence of
inflammation around the nerves and is insufficient to compensate for
myelin loss and an unsuccessful differentiation of OPCs. Mechanisms
included in this pathology may be associated with a lack of myelination
stimulators or molecular inhibitory factors, suppressing OPCs
differentiation and myelination (Chari, 2007).

Various molecular factors affect the ability of oligodendrocytes to
remyelinate, among which microRNAs (miRNAs) have been shown to
play an important regulatory role. These short non-coding RNA
molecules act by binding to target mRNAs and inhibiting the process
of translation or promoting their degradation. In the biogenesis process,
miRNA is transcribed from DNA as a longer precursor, which is then
processed by an enzyme complex called Dicer-dependent RNA into a
short, double-stranded miRNA molecule. MiRNA molecules interact
with proteins in the RNA-induced silence complex (RISC) to form the
RISC-miRNA complex, which binds to complementary RNA sequences
in the cell. This process results in inhibition of mRNA translation or
destabilization, leading to a decrease in the level of protein encoded by
mRNA (Gebert and MacRae, 2019). Recent studies have demonstrated
that miRNAs are involved in various biological processes, including
remyelination in the CNS (Duffy and McCoy, 2020). They operate
through the regulation of gene expression related to oligodendrocyte
proliferation, myelin production, the process of removing dead or
damaged cells, and the expression of genes related to the production of
cytokines and chemokines. It appears that inhibition of miRNAs
involved in the processing of mature OPCs interrupts normal CNS
myelination and that OPCs lacking mature miRNAs are not capable of
differentiating properly, as has been shown in vitro and in vivo (Dugas
etal,, 2010). The research results also suggest that the specific miRNA
restricts neuroinflammation while also promoting remyelination and
repair in the CNS after demyelination (Galloway et al., 2019).

In this article, we briefly summarize the biology of remyelination
and the current challenges and strategies to induce this process after
damage. We focus particular attention on miRNA molecules that are
involved in remyelination by regulating gene expression and may
be applied in novel diagnostic and therapeutic strategies.

2. Remyelination

The degree of remyelination observed between MS lesions is
highly variable and depends on the stage of disease progression, the
activity of the lesions, and the variation in the underlying pathogenic
mechanisms (Patrikios et al., 2006; Wiggermann et al., 2023).
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Furthermore, the level of remyelination is directly correlated with
both the number of oligodendrocytes and macrophages in the lesions
(Lucchinetti et al, 1999; Kamma et al., 2022). The process of
remyelination involves the migration, proliferation, and differentiation
of OPCs that come into contact with the axons, ultimately forming
myelin sheaths (Chari, 2007). Moreover, T- and B-cells have also been
found to affect the remyelination process. Tregs were shown to
promote oligodendrocyte differentiation and remyelination, while
Treg-deficient mice have reduced remyelination and differentiation
that can be restored by adoptive transfer of Tregs. These cells directly
promote the differentiation of OPCs and myelination in vitro, and
CCN3 was newly identified as a Treg-derived factor that helps with
oligodendrocyte differentiation and myelination. These results
indicated that Treg cells exhibit a new regenerative role in the CNS
that is different from their immunomodulatory function (Dombrowski
etal., 2017). Furthermore, the recent study examined how the adoptive
transfer of IL-10+ regulatory B cells (Bregs) in female mice with
experimental autoimmune encephalomyelitis (EAE) can reverse the
disease and promote the expansion of peripheral and CNS-infiltrating
IL-10+ T cells. Bregs transfusion resulted in clinical improvement and
spinal cord remyelination in EAE Bregs-treated mice, along with the
normalization of the immune environment of the CNS and activation
of OPCs with subsequent remyelination (Pennati et al., 2020).

In response to demyelination, microglia are activated and migrate
to the injury site, where they phagocytose myelin debris and release
cytokines and chemokines to attract other cells to the site (Fu et al.,
2014). Once the microglia have cleared the debris, the next step is the
recruitment and proliferation of OPCs. In the next stage, called the
differentiation phase, the OPCs differentiate into pre-myelinating
oligodendrocytes, which then contact the demyelinated axons and
differentiate into mature, myelinating oligodendrocytes that form
functional myelin sheaths (Tepavcevi¢ and Lubetzki, 2022). This step
is regulated by several molecular signaling pathways, including the
Wnt/f-catenin, PI3K/AKT/mTOR, and ERK/MAPK (Gaesser and
Fyffe-Maricich, 2016). During remyelination, axons secrete signaling
factors such as neuronal growth factor (NGF) and glial cell growth
factor (GFAP), which stimulate the migration and differentiation of
OPCs. The final step in the remyelination process is the synthesis and
assembly of myelin proteins, which are essential for the formation of
new myelin sheaths. Myelin proteins are synthesized by mature
oligodendrocytes and are assembled into myelin sheaths around axons
(Franklin and Ffrench-Constant, 2008). Various proteins and
regulatory factors are involved in myelin synthesis, including myelin
basic protein (MBP), myelin proteolipid protein (PLP) and myelin-
associated glycoprotein (MAG). These proteins bind to myelin,
forming insulating layers around axons that prevent the loss of nerve
signals (Meschkat et al., 2022).

OPCs are the primary cells responsible for remyelination in the
CNS (Bottes and Jessberger, 2021). Molecular markers that identify
OPC:s or their progeny are useful to detect and quantify remyelination
(Valério-Gomes et al., 2018). The transcription factor Olig2 is critical
for oligodendrocyte development, but a subset of OPCs in the brain
do not express Olig2 throughout life, and this population appears to
coincide with changes in brain activity (Fang et al., 2023). Another
molecular marker of remyelination is MBP, a component of the myelin
sheath. MBP is expressed by mature oligodendrocytes and is down-
regulated during demyelination. However, in remyelinating lesions,
MBP expression is restored as new myelin sheaths are formed.
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Detection of MBP expression in tissue sections can be used as an
indicator of remyelination (Lindner et al., 2008). In addition to OPCs
and myelin components, other molecular markers of remyelination
have been identified. One such marker is the transcription factor
Sox10, which is expressed in OPCs and their progeny, as well as in
Schwann cells (Stolt et al., 2002). Schwann cells are a type of glial cells
that normally myelinates peripheral nerves but can also contribute to
remyelination in the CNS (Chen et al.,, 2021). Other molecular
markers of remyelination include growth factors and cytokines that
regulate the proliferation and differentiation of OPCs. For example,
insulin-like growth factor-1 (IGF-1; Mason et al., 2000) and platelet-
derived growth factor (PDGF; Woodruff et al., 2004) are important
regulators of OPC proliferation and differentiation. These growth
factors are up-regulated in remyelinating lesions and can be used as
markers of remyelination.

There are several molecular factors that challenge the proper
remyelination process during MS (Gruchot et al., 2019). Along with
aging and disease duration, the remyelination decreases, which may
be due to a decrease in the number of OPCs (Goldschmidt et al., 2009;
Hart et al., 2012; Frischer et al., 2015; Neumann et al., 2017). Overactive
inflammation, unfavorable microenvironment, the presence of
inhibitors and the lack of stimulators can also hinder the process of
remyelination (Wang et al., 1998; Charles et al., 2000; Mi et al., 2005;
Kuhlmann et al.,, 2008; Kremer et al., 2019). Researchers are currently
investigating various approaches to enhance remyelination in MS
(Jolanda Miinzel and Williams, 2013; Kremer et al., 2019). These include
replacement therapies (Huang and Franklin, 2012), the modifications
of stem cells (Uchida et al., 2012), drugs stimulating growth factor
production, and immunomodulatory therapies (Kremer et al., 2015)
that can reduce inflammation and create a more favorable environment
for remyelination. Enhancing endogenous remyelination can
be achieved by targeting specific signaling pathways, such as Wnt (Fancy
etal,, 2009), Neurogenic locus notch homolog (Notch; Aparicio et al.,
2013), and Sonic hedgehog (Shh; Loulier et al., 2006), which are
involved in the regulation of OPCs differentiation and remyelination.
Researchers are also investigating small-molecule therapies that can
promote remyelination by stimulating the differentiation of OPCs,
improving myelin protein synthesis, or hampering inhibitors of
myelination (Medina-Rodriguez et al., 2017). Furthermore, gene
therapy is a promising approach that involves the delivery of genetic
material to cells to promote remyelination (Billinghurst et al., 1998).

It is likely that a combination of the above approaches will
be required to achieve effective remyelination in MS patients.

3. MiRNA in remyelination —
mechanisms and capabilities

MiRNAs play an essential role in the regulation of the
remyelination process at various stages. They act as fine-tuners of gene
expression, and their dysregulation has been implicated in various
demyelinating diseases such as MS (Dolati et al., 2018).

The use of the EAE mouse model allowed to show that miR-223 is
required to efficiently remove myelin debris and promote remyelination
(Galloway et al., 2019). miR-223 was needed to efficiently perform the
activation and phagocytosis of debris M2 myeloid cells. MiR-233-
deficient mice showed impaired CNS remyelination (Galloway et al.,
2019). Furthermore, miR-223 has been reported to be dysregulated in
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myeloid cells from MS patients and to contribute to reparative
activation of myeloid cells and remyelination of the CNS (Galloway
etal., 2019). In turn, in the murine BV, microglia cells, miR-155-3p has
been shown to be up-regulated in response to demyelination and to
promote microglia activation and increase the production of
pro-inflammatory mediators, such as tumor necrosis factor (TNF)-a,
interleukins (IL-1, IL-6) and nitric oxide (NO), through the negative
regulation of the SOCSI signaling pathway (Zheng et al., 2018).
Although microglial activation is a key step in initiating the
remyelination process, its chronic and uncontrolled activation can lead
to neurotoxic effects (Liu et al., 2013). Therefore, miR-155-3p has
appeared to be a good target for restoring dysfunctional microglia and
promoting myelination (Butovsky et al., 2015).

Transformation of OPCs to myelinating oligodendrocytes is a
complex process, greatly influenced by transcription factors,
particularly the Sox protein family (Stolt et al., 2002, 2003, 2006).
Recent research has identified miR-204 as a new target gene of Sox10,
a critical regulator in the development of oligodendroglia (Stolt et al.,
2006). MiR-204 has been found to suppress OPC proliferation and
promote oligodendrocyte differentiation by inhibiting pro-proliferative
Ccnd2 and differentiation-inhibiting Sox4 (Wittstatt et al., 2020). The
study by Wittstatt et al. (2020) shows that Sox10 plays a key role in
driving oligodendroglial cells to exit the cell cycle and initiate
differentiation through miR-204 induction (Wittstatt et al., 2020).

The improper balance of the components of the RISC complex in
oligodendrocytes has been shown to result in decreased levels of
miRNAs that are crucial for oligodendrocyte differentiation, survival,
and myelin synthesis: miR-106b-5p, —15a-5p, —15b-5p, —181a-5p,
—181c-5p, —181d-5p, —20b-5p, —320-3p, —328-3p, —338-3p, —20a,
and —92a-1. Meanwhile, the formation of abnormal RISC in T-cells
that infiltrate the brain contributed to the polarization of miRNA-
dependent proinflammatory helper T (Th)-cells. Based on the research
findings, it is suggested that the dysregulation of miRNA in EAE/MS
might be caused by the defective assembly of RISC, which allows
autoreactive effector T-cells to maintain a highly specific
proinflammatory program (Lewkowicz et al., 2015). MiR-92a has also
been reported to drive autoimmunity in the CNS by maintaining the
imbalance of the regulatory T (Treg)/Thl7 ratio in MS patients
(Fujiwara et al., 2022). Moreover, a new subpopulation of myelin-
specific CD49d + CD154+ lymphocytes present in the peripheral blood
of MS patients during remission were found to have the unique ability
to migrate to maturing OPCs and synthesize proinflammatory
chemokines/cytokines, which interferes with the remyelination process
(Piatek et al., 2020). The presence of myelin-specific CD49d + CD154+
lymphocytes close to maturing OPCs and remyelinating plaques has
been confirmed in mice during disease remission. CD49d + CD154+
cells affected the maturation of OPCs toward immune reactive
oligodendrocytes, which were characterized by uneven production of
MBP and PLP and pro-inflammatory mediators. The examination of
cellular pathways responsible for reprogramming of the
oligodendrocytes revealed that CD49d + CD154+ lymphocytes had an
impact on miRNA production by disrupting polymerase II activity.
CD49d + CD154+ targeted miR-665 and ELL3 and when the high level
of miR-665 was neutralized, miRNA and MBP/PLP synthesis were
restored (Piatek et al., 2019).

Furthermore, miR-219 has been shown to rapidly promote OPCs
differentiation in mature oligodendrocytes by targeting the expression
of platelet-derived growth factor receptor (PDGFR)a, Sox6, Fox]3,
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and zinc finger protein (ZFP) 238, which result in inhibition of OPCs
proliferation and pass to the oligodendrocyte differentiation phase
(Dugas et al, 2010). Inhibition of miR-219 strongly affects the
differentiation of oligodendrocytes, while miR-219 alone can instigate
oligodendrocytes differentiation in OPCs immersed in mitogens and
can also partially rescue the differentiation deficit caused by the loss
of mature miRNA production in oligodendrocytes (Dugas et al.,
2010). Overexpression of miR-219 has been found to promote
precocious oligodendrocyte maturation and regeneration processes in
mice. The study also identified a network for miR-219 targeting of
differentiation inhibitors, including Lingol and Etv5, and inhibition
of these factors partially rescued differentiation defects of miR-219-
deficient oligodendrocyte precursors (Wang H. et al., 2017).

By selectively deleting the miRNA processing enzyme Dicerl in
oligodendrocyte lineage cells, it was found that mice lacking Dicerl
had severe myelinating deficits despite the expansion of the
oligodendrocyte progenitor pool. Further experiments identified
miR-219 and miR-338 as oligodendrocyte-specific miRNAs that
promote oligodendrocyte differentiation by repressing negative
regulators of oligodendrocyte differentiation, including transcription
factors Sox6 and Hes5 (Zhao et al,, 2010). Based on these findings, a
study including cerebrospinal fluid (CSF) miR-219 obtained from MS
patients has been carried out. The lack of detection of CSF miR-219
has been associated with MS in all three cohorts of patients (RRMS,
SPMS, PPMS) compared to controls (Bruinsma et al., 2017).

The effect of miR-125a-3p on oligodendroglial maturation in
cultured OPCs has also been studied. It has been suggested that over-
expression of miR-125a-3p impairs maturation, while inhibiting it
stimulates maturation. The abnormally high levels of miR-125a-3p in
the CSF of MS patients with active demyelinating lesions have been
reported. This miRNA molecule was also upregulated in active lesions
of MS patients and in OPCs isolated from the spinal cord of EAE. The
study identified Slc8a3 and Gas7 as targets of miR-125a-3p, with Gas7
necessary for correct oligodendrocyte terminal maturation (Marangon
et al., 2020). This suggests that the overexpression of miR-125a-3p
may contribute to the development of MS by blocking OPC
differentiation, which impairs the repair of demyelinated lesions
(Lecca et al., 2016).

Another study conducted in rats showed that miR-212 level was
reduced at the spinal cord injury site after injury and that it is
expressed in oligodendrocytes and glial progenitor cells in the adult
CNS. The researchers found that reducing the expression of miR-212
improved the cell process outgrowth of oligodendrocytes and
up-regulated genes associated with their differentiation and
maturation, including OLIG1, SOX10, MBP, and PLP1. On the other
hand, increased expression of miR-212 in glial progenitor cells or
OPCs decreased the expression of these genes. The study also showed
that PLPI is a direct target molecule of miR-212 and that its
overexpression inhibited oligodendrocyte maturation-associated
proteins, including 2, 3’-cyclic nucleotide 3’-phosphodiesterase
(CNPase), MBP, and PLP, and the oligodendrocyte extension process
(Wang C.-Y. et al., 2017).

A study by Morris et al. (2015) suggested the role of neuronal
miRNA, miR-124, in controlling gene expression in oligodendrocytes.
Loss of miR-124 resulted in a decrease in the number of
oligodendrocyte cells and myelination of axonal projections in the
ventral hindbrain model of zebrafish embryos (Danio rerio) model.
When miR-124 levels were reduced, there was a decrease in the
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number of MBP-positive oligodendrocytes and MBP RNA did not
pass through the oligodendrocyte processes (Morris et al., 2015).

The study by Tripathi et al. (2019) demonstrated that increased
levels of miR-27a were found in OPCs associated with MS lesions and
in animal models of demyelination. Increased levels of miR-27a led to
inhibition of OPCs proliferation and impaired differentiation of
human OPCs by dysregulating the Wnt-p-catenin signaling pathway.
Administration of miR-27a led to suppression of myelinogenic signals,
resulting in loss of endogenous myelination and remyelination. These
findings suggest that a steady-state level of oligodendrocyte-specific
miR-27a is critical in supporting multiple steps in the complex process
of OPCs maturation and remyelination (Tripathi et al., 2019).

Interestingly, miR-297¢c-5p has been found to play a dual role in
remyelination. It acts as a negative regulator of OPCs proliferation and
a positive regulator of oligodendrocyte maturation by targeting cyclin
T2 (CCNT2), the regulatory subunit of positive transcription
elongation factor b, which inhibits oligodendrocyte maturation. When
miR-297¢-5p was overexpressed in mouse embryonic fibroblasts and
rat OPCs, it promoted G1/GO arrest and increased the number of O1+
rat OPCs during differentiation. These findings suggest that
miR-297¢c-5p may be a potential target for promoting oligodendrocytes
maturation and enhancing remyelination in diseases with a
demyelinating component (Kuypers et al., 2016).

The role of miR-23a in enhancing oligodendrogenesis and myelin
synthesis in vivo has been analyzed. Previous research showed that
miR-23 can enhance oligodendrocytes differentiation and that lamin
BI1 negatively regulates oligodendrocytes (Lin and Fu, 2009). The
study used mice in which miR-23a is overexpressed by an
oligodendrocyte-specific promoter to investigate the effects of
miR-23a. It has been found that miR-23a modulates the expression of
phosphatase and tensin homolog on chromosome 10 (PTEN) and a
long noncoding RNA (IncRNA) - 2700046G09Rik, which fine-tunes
activities of the Akt/mTOR and MAPK pathways, promoting myelin
gene expression. The results suggest that myelination requires tightly
regulated multilayer signaling pathways (Lin et al., 2013).

In the attachment and extension of oligodendrocyte processes,
miR-219 has been shown to be involved by promoting the expression
of integrins and adhesion molecules. It has been reported that the
myelination defects observed in vitro and in vivo are directly caused
by the loss of Dicerl function in OPCs and mature oligodendrocytes,
resulting in ineffective action of miRNA (Dugas et al, 2010).
Furthermore, studies on Dicer-floxed mice specific for
oligodendrocytes showed that miR-219 targeting the elongation of the
very long chain fatty acid protein (ELOVL7) plays a role in the
maintenance of lipids and redox homeostasis in mature
oligodendrocytes, required for the formation and integrity of myelin
(Shin et al., 2009).

In the synthesis and assembly of myelin proteins, several miRNAs
have been shown to be involved, including miR-138, miR-145, and
miR-338. These miRNAs promote the expression of myelin genes by
targeting negative regulators of the cAMP signaling pathway and the
epigenetic regulator HDAC2. The overexpression of miR-146a in
primary OPCs increased their expression of myelin proteins, while the
reduction of endogenous miR-146a levels inhibited the generation of
these proteins (Liu et al., 2017). The study also found that miR-146a
inversely regulated the expression of its target gene-IRAK1 in OPCs, and
suppressing the expression of IRAK1 in OPCs significantly increased
myelin proteins and decreased OPC apoptosis (Liu et al., 2017).
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The contribution of selected miRNAs to the particular stages of
remyelination is summarized in the Figure 1.

4. The concept of miRNA as a
biomarker for MS

In addition to the usefulness of miRNAs as candidates for the
development of novel therapeutic strategies for remyelination, they
have also been proposed as biomarkers for the diagnosis and prognosis
of MS (Regev et al., 2016). While miRNA profiling from biological
fluid poses great promise as a biomarker for MS, it must be noted that
often conflicting results, high heterogeneity, and lack of repeatability
are becoming challenging in the field (Piket et al., 2019). However, the
lack of compliance is not unfamiliar to all biomarker projects and
underscores only the logistical difficulties in such kind of research
(Zurawska et al., 2019).

Currently used biomarkers for MS diagnosing are insufficient in
terms of sensitivity and specificity, and prevent recognizing patients who
are in the asymptomatic phase of MS, prior to the onset of clinical
manifestations. In MS, the disease progression and the presence of active
inflammation within the brain are usually monitored by gadolinium
(Gd) enhanced magnetic resonance imaging (MRI) technique.
Munoz-San Martin et al. (2019) showed a positive correlation between
miR-21, miR-146a, and miR-146b upregulation in CSF from MS patients
with Gd+lesions suggesting that analyzed miRNAs are useful
biomarkers in identifying the active lesions (Murioz-San Martin et al.,
2019). Selmaj et al. (2017) isolated exosomes from serum from RRMS
patients (33 with relapse and 30 with remission) and a control group.
Specimens from all patients were sampled before methylprednisolone
administration, and patients in remission did not receive DMT for at
least 6months. Using the qPCR technique demonstrated that
miR-122-5p, miR-196b-5p, and miR-532-5p were significantly
downregulated in relapse patients compared to remission patients.
Furthermore, by ROC analysis, a combination of miR-122-5p and
miR-196b-5p gave AUC of 0.866 for distinguishing RRMS relapse from
RRMS remission. While lower levels of miR-122-5p, miR-196b-5p,
miR-301a-3p, and miR-532-5p were related to disease activity (Selmaj
et al, 2017). Regev et al. (2018) reported 5 miRNAs (miR-484,
miR-140-5p, miR-320a, miR-486-5p, and miR-320c), which
demonstrated an essential difference between MS patients and the
control group, according to data from 4 cohort studies (Regev et al.,
2018). Other study performed on CSF from 53 MS patients and 39
healthy volunteers demonstrated that miR-181c, miR-633, and miR-922
were specifically expressed only in MS patients (Haghikia et al., 2012).
A large-scale study by Vistbakka et al. (2018) showed that miR-191-5p
and miR-24-3p were significantly up-regulated in both RRMS and
PPMS compared to the control group (Vistbakka et al., 2018). Another
large-scale study by Nuzziello et al. (2018) that included whole blood
samples from 58 MS patients (54 RRMS and 4 SPMS), and 20 healthy
controls reported that miR-320a, miR-125a-5p, miR-652-3p,
miR-185-5p, miR-942-5p, and miR-25-3p were significantly upregulated
in MS compared to the control group. The area under the curve (AUC)
values for validated miRNAs ranged from 0.701 to 0.735 and are fair
tests to discriminate MS patients from controls, with miR-320a having
the highest AUC value (0.735) (Nuzziello et al., 2018).

In addition, there are few studies that miRNA profiling is a useful
tool to identify MS subtypes. A cohort study on a large group of MS
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patients (n=1,088) was based on an examination of the relationship
between MRI brain imaging and miRNA profiling. Surprisingly, each
MRI-phenotypes (different in terms of brain atrophy and cerebral
T2-hyperintense lesion volume) was linked with a characteristic
miRNA especially miR-22-3p, miR-361-5p,
miR-345-5p, which were the most valid differentiators of the
MRI-phenotypes in MS patients (Hemond et al., 2019). Ebrahimkhani
etal. (2017) using NGS identified 9 miRNAs dysregulated in RRMS
compared to progressive MS patients (SPMS/PPMS) (6 upregulated:
miR-15b-5p, miR-23a-3p, miR-223-3p, miR-30b-5p, miR-342-3p,
miR-374a-5p, and 3 downregulated: miR-432-5p, miR-433-3p,
miR-485-5p). Furthermore, ROC analysis allowed distinguishing
RRMS from SPMS/PPMS patients with AUC values for miR-433-3p,
miR-432-5p, and miR-485-5p were 0.93, 0.86, and 0.87, respectively
(Ebrahimkhani et al., 2017). The recent study by Edgiinlii et al. (2022)
showed that the expression of miR-181a-5p was downregulated and

signature, and

associated with an increased risk of MS (p=0.012). Furthermore, in
silico analyses showed that circulating miR-181a-5p can participate in
MS pathology by targeting genes involved in inflammation and
neurodegeneration molecular pathways, such as MAP2K1, CREBI,
ATXN1, and ATXN3 (Edgiinlii et al., 2022).

5. MiRNA in novel therapeutic and
diagnostic strategies of remyelination
— facts and expectations

Although there are various treatments available that aim to
decrease the immune response in MS, currently there is no treatment
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that encourages the regeneration of myelin. The disease-modifying
therapies (DMTs) are a key component of MS symptoms management;
however, the effects of these treatments vary depending on the
individual and the type of MS. Moreover, they may not provide
complete symptom management and can lead to significant side
effects. They are also insufficient to prevent the accumulation of
permanent disability caused by neurodegeneration, especially in the
progressive phase of the disease (Goldenberg, 2012). As a result,
alternative approaches are emerging. The identification of miRNAs as
regulators of the remyelination process has led to the development of
novel therapeutic strategies targeting these molecules.

Direct administration of miRNAs to the CNS is currently difficult
and invasive, thus, to overcome this issue, various delivery systems,
including poly (lactic-co-glycolic acid) (PLGA) nanoparticles,
liposomes, and extracellular vesicles (EVs) have been developed.
These delivery systems can protect miRNA from degradation and
facilitate its uptake by oligodendrocytes and other cells in the
CNS. The research results suggest that EVs hold the most promise as
a non-invasive and efficient delivery system for miRNAs, as they were
able to induce remyelination in an animal model. Moreover, it has
been reported that miR-219a-5p encapsulated in EV's stimulate OPCs
differentiation, can cross the blood-brain barrier (BBB) and improve
the clinical transformation of EAE (Osorio-Querejeta et al., 2020).
These findings seem promising in the context of a novel therapeutic
approach for MS patients.

Interestingly, a recent study investigated the effect of exposure of
aging rats to a young systemic environment on the production of
serum exosomes involved in the promotion of remyelination by
increasing the number and differentiation of OPCs. It has been shown
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that the so-called environmental enrichment (social, cognitive, and
physical exposition to the youth environment) of aging animals
stimulates the production of exosomes that mimic the promyelinating
effect (Pusic and Kraig, 2014). Environmental enrichment has
previously been shown to improve memory and myelin production,
alleviate the consequences of neurodegeneration (Fields, 2008),
enhance immune system functioning (Pedersen and Hoffman-Goetz,
2000), and reduce oxidative stress (Arranz et al., 2010). Exosomes
derived from both young and environmental enrichment animals
were enriched in miR-219 molecules. The nasal administration of
exosomes to aging rats improved myelination, which may be useful in
novel remyelination strategies (Pusic and Kraig, 2014). Further studies
support findings regarding the role of miR-219 in the pro-myelinating
effect. Moreover, in this study, exosomal miR-9, miR-17, and miR-181
have been revealed to contribute to oligodendrocyte proliferation and
anti-inflammatory process (Pusic et al., 2016).

The study by Li et al. aimed to investigate the therapeutic effects
of M2 microglia-derived EVs in promoting white matter repair and
functional recovery after cerebral ischemia in mice. The researchers
found that M2-EVs treatment led to increased oligodendrogenesis and
white matter repair, resulting in improved functional recovery. The
therapeutic effect was attributed to the presence of miRNAs, including
miR-23a-5p, miR-221-3p, miR-129-5p, and miR-155-5p, in M2-EVs,
which promoted the survival and differentiation of OPCs. In
particular, miR-23a-5p was identified as a key miRNA that promoted
OPC differentiation by targeting Olig3 directly (Li et al., 2022).

Another study on potential miRNA delivery tools investigated the
utility of using a biodegradable and biocompatible cationic polymer
called PDAPEI to deliver miRNAs for therapeutic purposes. The study
found that PDAPEI was less toxic and more efficient in delivering
miR-221/222 to rat Schwann cells than another polymer called
PEI25kDa. Upregulation of miR-221/222 in Schwann cells promoted
the expression of NGF and MBP. The study also tested the effectiveness
of PDAPEI/miR-221/222 complexes in promoting nerve regeneration
in a mouse sciatic nerve crush injury model. The results showed that
the complexes significantly enhanced remyelination and promoted
nerve regeneration. In general, the study suggests that PDAPEI/
miR-221/222 complexes may provide a safe and effective means of
treating nerve crush injury (Song et al., 2017).

The next proposed platform to promote remyelination in the CNS
was a scaffolding system for sustained nonviral delivery of miRNAs to
promote the differentiation, maturation, and myelination of
oligodendrocytes. The miRNAs were incorporated into a fiber-
hydrogel scaffold. It has been found to promote the differentiation and
myelination of oligodendrocytes in vitro and in vivo after spinal cord
injury in rats. The miR-219/miR-338 treatment increased the number
of oligodendrocytes and the rate and extent of their differentiation,
resulting in more compact myelin sheaths and higher myelination
(Milbreta et al., 2019).

Another study aimed to understand the molecular pathway by
which NGF negatively regulates oligodendrogenesis by investigating
downstream targets, focusing on miRNAs. The study used a mouse
model deprivation of NGF and found that NGF inhibits
oligodendrogenesis by negatively regulating the expression of
miR-219a-5p, which is a positive regulator of oligodendrocyte
differentiation and myelin repair. These findings suggest that NGF can
be targeted to enhance myelination and promote remyelination in
demyelinating diseases such as MS (Brandi et al., 2021).
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As mentioned before, miR-223 expression is essential for the
efficient clearing of myelin debris after demyelination and is upregulated
in active MS lesions, likely due to macrophage infiltration and
proliferation (Galloway et al., 2019). The NLR family pyrin domain
containing 3 (NLRP3) inflammasome and miR-223-3p are up-regulated
immediately after demyelination and returned to near baseline after
remyelination (Galloway et al., 2022). The NLRP3 inflammasome is a
protein complex that is part of the innate immune system, which is
responsible for initiating the body’s inflammatory response to potential
threats, such as pathogens and tissue damage (Swanson et al., 2019). It
has been revealed that the NLRP3 inflammasome was primarily
both in
experimentally induced demyelination and mixed active/inactive MS
lesions. In vitro, the small-molecule NLRP3 inhibitor, MCC950, and
miR-223-3p mimics suppressed the activation of the NLRP3

expressed within activated macrophages/microglia,

inflammasome in macrophages and microglia. When delivering
MCC950 to animals after lysolecithin-induced demyelination, the
axonal injury within the demyelinated lesions was significantly reduced.
The results suggest that the NLRP3 inflammasome plays a role in
demyelinating injury and that NLRP3 inhibitors may serve as an
effective new therapeutic strategy for treating MS (Galloway et al., 2022).

Otero-Ortega et al. (2017) made initial observations from deep
RNA sequencing data of exosomes derived from mesenchymal stem
cells (MSCs) and hypothesized that certain miRNAs, such as
miR-199a-5p and miR-145, could be involved in oligodendrocyte
maturation. In a model of subcortical ischemic stroke, MSC-derived
exosomes were found to facilitate the differentiation of oligodendrocytes
and the remyelination process. Upon intravenous administration, the
authors observed increased levels of myelin protein and a greater
number of myelinated axons (Otero-Ortega et al., 2017). These findings
were consistent with the results of an in vitro model of ischemic stroke,
which demonstrated that miR-134, obtained from bone marrow MSC
exosomes, exerted a positive impact on rat oligodendrocytes by
suppressing apoptosis by targeting caspase-8 (Xiao et al., 2019).

One study investigated the impact of hippocampal demyelination
on neuronal gene expression and memory impairment in MS patients.
Comparative analysis of miRNA profiles from myelinated and
demyelinated hippocampi from the postmortem brain of MS revealed
that demyelination led to increased expression of miR-124, which
targets mRNAs encoding several neuronal proteins, including
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA2)
and AMPA3 receptors. It has been also observed that hippocampal
demyelination in mice increased miR-124, reduced expression of
AMPA receptors, and decreased memory performance in water maze
tests. However, remyelination of the mouse hippocampus reversed
these changes (Dutta et al., 2013).

A recent study investigated the effect of Hydroxychloroquine, an
antimalarial immunomodulatory medication, on microglia and
oligodendrocytes by regulating the expression of miR-219 and
miR-155-3p in the cuprizone-induced demyelination mice model
(Mazloumfard et al., 2020). The influence of Hydroxychloroquine on
the activity of microglia and/or oligodendrocytes has previously been
established (Koch et al., 2015). The study revealed that pharmacological
strategies leading to miR-155-3p down-regulation may enhance
remyelination in MS (Mazloumfard et al., 2020).

Another study on miR-219 and miR-155-3p expression levels has
been carried out in the context of myelination with the use of Apamin
in a cuprizone-induced demyelination mice model. Apamin exhibited
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more impact on the reduction in miR-155-3p expression in the
demyelination phase of the disease than the elevation of miR-219 in
the remyelination phase and has been suggested as a therapeutic
option to reduce plaque formation during the exacerbation phase of
MS by reducing the expression of miR-155-3p (Gholami et al., 2020).

The common effect of the action of miR-219 and miR-338 to
promote OPCs differentiation, maturation, and myelination may serve
as a promising strategy for nerve repair, as has been reported using the
scratch test, which recreated a nerve injury in vitro (Nguyen et al.,, 2019).
A study by Diao et al. aimed to improve oligodendrocyte differentiation
and maturation by developing a nanofiber-mediated miRNA delivery
method to control the differentiation of OPCs through a combination
of fiber topography and gene silencing. The study showed that nanofiber
topography enhanced OPCs differentiation, while miRNA delivery
further improved the results. Furthermore, nanofiber-mediated delivery
of miR-219 and miR-338 promoted the maturation of oligodendrocytes.
The study’s results demonstrate the potential of nanofibers in providing
topographical cues and miRNA delivery to direct OPCs differentiation
and may find useful applications in treating CNS pathological
conditions that require remyelination (Diao et al., 2015).

The use of miRNAs as biomarkers of remyelination in MS provided
several advantages. Firstly, these molecules can be detected in easily
accessible biofluids, such as CSF and blood, making them attractive as
non-invasive biomarkers (McCoy, 2017). Furthermore, miRNAs are
stable and can be reliably detected using common quantitative real-
time PCR (qPCR), microarrays or next-generation sequencing (NGS)
techniques (Moody et al., 2017). Then, differences in the expression of
certain miRNAs seem to be specific to some biological and pathological
processes and therefore can provide more accurate information about
the disease process than other biomarkers (Sheinerman et al., 2017).
Despite this, several challenges hamper their application into clinical
diagnostic practice, such as the variability in miRNA expression across
individuals, the lack of standardization in miRNA detection methods,
and data normalization, which affect the accuracy and reproducibility
of results (Piket et al., 2019).

One study aimed to identify miRNA expression patterns during
the maturation of oligodendrocytes from human embryonic stem
(hES) cells. The miRNA analysis in cells from eight stages of
oligodendrocytes differentiation has been performed. MiRNA
expression patterns have been found to be similar to those in rat and
mouse CNS cells, with four distinct clusters of miRNA expression
corresponding to different stages of oligodendrocyte maturation. The
study also identified potential mRNA targets for these miRNAs,
including factors involved in oligodendrocyte development and
myelination, such as C110rf9, CLDN11, MYTL1, MBOP, MPZL2,
and DDRI. These findings provide insights into the molecular
mechanisms of oligodendrocyte differentiation and may serve as
markers for oligodendrocytes maturation (Letzen et al., 2010).

6. Conclusion

Over the last few years, significant advances have been made in
understanding how miRNAs control gene expression post-
transcriptionally to regulate CNS myelination. Studies indicate that
miRNAs do not act alone, but rather influence multiple signaling and
regulatory pathways, which may affect their effectiveness as therapeutic
targets. Therefore, it is necessary to understand more complex
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regulatory mechanisms before miRNAs can be used to treat
demyelinating diseases. The miRNA molecule miR-219 is highly
expressed in mature myelinating oligodendrocytes and plays a crucial
role in promoting the differentiation of precursor oligodendrocyte cells
into mature oligodendrocytes. Reduced levels of miR-219 have been
observed in MS patients, which can contribute to failed remyelination.
Increasing miR-219 has been shown to enhance the maturation of
oligodendrocyte precursor cells and is a promising target for
remyelination. The use of drugs to stimulate myelin restoration in the
CNS could greatly benefit patients by slowing or even protecting
against neurodegeneration. However, most of the studies are developed
in animal models, which retains several barriers before introducing
remyelination strategies into clinical practice. Various models have
been created to study inflammatory demyelinating diseases in animals,
including immunization, virus-induced, genetic, and toxic models
(Ransohoff, 2012). Nevertheless, none of them perfectly replicates the
specific characteristics of MS lesions, complexity of the disease
pathophysiology, integrating immune and nervous system, contribution
of distinct environmental factors, role of T CD8+ cells, mechanisms of
the disease progression and age-dependency (Lassmann and Bradl,
2017). Observing remyelination in human samples is difficult due to
the limited access to histopathological material and insufficient
reflection of remyelination processes in biomarkers derived from body
fluids. EAE is, so far, the most commonly employed animal model, as
it is able to reflect immune response, inflammation, demyelination,
axonal loss, gliosis, and remyelination. Despite critical comments,
studies often show that the results obtained from EAE and MS are
comparable and are an integral tool in conducting MS research on
aspects of autoimmunity, neuroinflammation, and neuronal loss
(Birmpili et al., 2022). It should be borne in mind, first of all, that any
hypothesis verified on an animal model must be tested on patient
material and in clinical trials, which will be its only final confirmation.

Remyelination is believed to prevent progressive axonal injury
and reduce long-term disability in MS patients. Therefore, there is a
clear need for therapeutic approaches that can enhance the organism’s
own repair and remyelination mechanisms.
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