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Neurological disorders are mainly characterized by progressive neuron loss and
neurological deterioration, which cause human disability and death. However, many
types of neurological disorders have similar pathological mechanisms, including the
neuroinflammatory response. Various microRNAs (miRs), such as miR-21, miR-124,
miR-146a, and miR-132 were recently shown to affect a broad spectrum of biological
functions in the central nervous system (CNS). Microglia are innate immune cells with
important roles in the physiological and pathological activities of the CNS. Recently,
abnormal expression of miR-124 was shown to be associated with the occurrence and
development of various diseases in CNS via regulating microglia function. In addition,
miR-124 is a promising biomarker and therapeutic target. Studies on the role of miR-
124 in regulating microglia function involved in pathogenesis of neurological disorders
at different stages will provide new ideas for the use of miR-124 as a therapeutic target
for different CNS diseases.
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INTRODUCTION

Progressive loss of neurons and deterioration of neurological symptoms are the pathological
basis and main features of neurological disorders. Neurological disorders have diverse etiologies
and progress rapidly, which can be disabling and fatal (Ayaz et al., 2019). The main causes
of neurological disorders include cerebrovascular diseases (CVDs), neurodegenerative diseases
(NDDs), Alzheimer’s disease (AD), Parkinson’s disease (PD), motor neuron disease, Huntington’s
disease (HD), epileptic diseases, neurological tumors, traumatic diseases, and neuro autoimmune
diseases (Santalucia, 2008; Song and Suk, 2017). Although the complex mechanisms of various
neurological disorders have been widely studied, their precise etiologies remain largely unknown.
However, most neurological disorders share common pathophysiological mechanisms and disease
characteristics, particularly activated microglia (MG)-mediated neuroinflammatory responses.

MicroRNA (miR) is a multifunctional endogenous non-coding small molecule RNA, consisting
of 18–25 nucleotide sequences and an incomplete 3′-untranslated region of the target mRNA
molecule complementary combination. The miRs regulate gene expression and protein synthesis
at the post-transcriptional level and participate in cell proliferation, differentiation, apoptosis, and
other life activities (Yao et al., 2020). Emerging studies have shown that various miRs, such as miR-
21, miR-124, miR-146a, and miR-132, play key roles in neurological disorders and may be feasible
therapeutic targets (Gascon et al., 2014; Devaux et al., 2016). The miR-124 is among the most
abundant miRs in the mammalian nervous system, showing a much higher level in the central
nervous system (CNS) than in other organs and accounting for 5–48% of the total miRNA content
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in the cerebral cortex (Landgraf et al., 2007; Treiber et al., 2012).
miR-124 has three immature precursor sequences, miR-124-1,
miR-124-2, and miR-124-3, which are on chromosomes 8p23.1,
8q12.3, and 20q13.33, respectively (Lagos-Quintana et al., 2002).
miR-124 expression first occurs during neural differentiation and
reaches a peak in mature neurons (Sonntag et al., 2012). During
CNS development and mature nerve formation, miR-124 can
inhibit cell proliferation and promote cell differentiation, thereby
regulating nerve differentiation (Makeyev et al., 2007).

Microglia are innate immune cells of the CNS and
play important roles as “executors” in neuroinflammation,
functioning in immune monitoring and defense (Aguzzi et al.,
2013). Previous studies suggested that miR-124 can regulate the
polarization state of MG and that up-regulating the expression
level of miR-124 can promote the transformation of MG from the
pro-inflammatory M1 type to the anti-inflammatory M2 type (Yu
et al., 2017; Periyasamy et al., 2018). miR-124 expression in MG
has also been shown to reduce inflammation by downregulating
tumor necrosis factor α (TNF-α) and major histocompatibility
complex II, as well as by reducing reactive oxygen species (Louw
et al., 2016). In addition, miR-124 acts as a key regulator of MG
quiescence in the CNS and as a previously unknown modulator of
monocyte and macrophage activation (Ponomarev et al., 2011).
Herein, we review the role of miR-124 in regulating MG function
in the pathogenesis of different neurological disorders, its target
genes, changes in expression levels, and the pathogenic pathways
that may be involved. We also describe the potential of miR-124
as a biomarker and therapeutic target (Table 1) for the diagnosis
and prognosis of neurological disorders.

MicroRNA-124 ROLES IN
NEUROLOGICAL DISORDERS

Although recent studies have revealed initial information on
miR-124-related signaling pathway mechanisms, many potential
mechanisms remain to be identified. Dysregulated miR-124
expression may be involved in the occurrence and development
of various neurological disorders by regulating MG function
(Figure 1). For example, decreased miR-124 expression in the
nervous system is often an important link in neurodegenerative
and glioma diseases (Kanagaraj et al., 2014; Wu et al., 2018;
Serpe et al., 2021). A recent review on the role of miR-
124 in the pathogenesis of neurological disorders described
the pathophysiological processes of neurological disorders and
novel therapeutic strategies for treating neurological disorders
(Han et al., 2019).

MicroRNA-124 AND
CEREBROVASCULAR DISEASES

Cerebrovascular diseases can lead to death or long-term disability
and is a worldwide health concern. Plasma miR-124-3p levels
were found to be elevated in patients with acute ischemic
stroke (AIS) (Badacz et al., 2021), and the miR-124-3p level was
positively correlated with the poor prognosis of these patients

based on the modified Rankin score (Rainer et al., 2016).
Higher plasma miR-124-3p levels were suggested to be associated
with unfavorable outcomes in patients with AIS undergoing
thrombolysis, and miR-124-3p is closely related with the severity
of stroke (He et al., 2019). miR-124 levels dynamically changed
in patients with AIS (Ji et al., 2016), rapidly decreasing within
24 h and gradually increasing at 48 h after ischemia (Sun et al.,
2019). However, the opposite conclusion was reported in several
other studies. The serum miR-124 level was decreased within
24 h after stroke onset and was negatively correlated with high-
sensitivity C-reactive protein levels and the infarct volume; the
authors hypothesized that serum miR-124 was suppressed in
AIS, thus facilitating neuroinflammation and brain injury (Liu
et al., 2015). Intracerebral hemorrhage (ICH) accounts for 15%
of stroke cases, showing a mortality rate as high as 50% within
the first month of ICH onset, with half of these deaths occurring
within 48 h. Thus, rapid diagnosis and timely treatment are
important for patients with ICH (Broderick, 1993; Burke and
Venketasubramanian, 2006). In a previous study, the average
plasma miR-124 concentrations increased by more than 100-
fold in 24 h, and subsequently decreased on days 2, 7, and 14,
reaching nearly normal levels on day 30 (Wang Z. et al., 2018).
miR-124-3p levels were investigated as diagnostic biomarkers of
acute stroke; plasma miR-124-3p levels were higher in patients
with ICH than in those with AIS within 24 h of symptom onset.
Therefore, the miR-124-3p level was suggested as a diagnostic
biomarker for discriminating ICH from AIS (Leung et al., 2014).
In other studies, miR-124 decreased immediately after carotid
arterial injury but dramatically increased at days 7 and 14 after
injury. Thus, miR-124 was proposed as a novel regulator of
vascular smooth muscle cell proliferation and involved in the
development of neointimal proliferation (Choe et al., 2017).

Additional studies in animal models have been performed
to determine the role of miR-124 in the pathophysiological
mechanism of CVD (Volný et al., 2015). The miR-124
expression level was significantly decreased in cerebral infarction
mice group compared to that in the sham group; miR-
124 exerted neuroprotective and anti-inflammatory effects in
mice with cerebral infarction by shifting the polarization of
MG/macrophages into the beneficial, anti-inflammatory M2
type MG (Hamzei Taj et al., 2016). Early miR-124 injection
significantly increases neuronal survival and the number of
M2-like polarized MG. Furthermore, the stroke lesion core
was significantly reduced over time following early miR-124
injection. These neuroprotective and anti-inflammatory effects
of early miR-124 treatment were pronounced during the first
week with Arg-1 (a marker for M2 phenotype), indicating miR-
124 as a novel therapeutic agent for neuroprotection after stroke
(Hamzei Taj et al., 2016).

Glial scars present a major obstacle to neuronal regeneration
after ischemic stroke. Knockdown of miR-124 in M2 type MG
small extracellular vesicles inhibited glial scar formation and
promoted stroke recovery (Li et al., 2021). MG contributed
to the inflammatory response and exacerbated ICH-induced
secondary injury in mice. miR-124 overexpression decreased
pro-inflammatory cytokine levels, indicating that this miRNA
ameliorates ICH-induced inflammatory injury by modulating
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TABLE 1 | Circulating miR-124 expression as circulating biomarker in neurological disorders.

Neurological disorders Disease
model

Sample miRNA expression change Target genes/related
pathway/function

References

Acute ischemic stroke, AIS Patient Plasma miR-124-3p, increased AIS diagnosis Rainer et al., 2016

Acute ischemic stroke, AIS Patient Plasma miR-124-3p, increased AIS patient severity and
prognosis

He et al., 2019

Acute ischemic stroke, AIS Patient Plasma miR-124, decreased within
24 h

AIS diagnosis Sun et al., 2019

Acute ischemic stroke, AIS Patient Serum miR-124, decreased within
24 h

AIS diagnosis, predicting
infarction volume

Liu et al., 2015

Intracerebral hemorrhage, ICH Patient Plasma miR-124, increased within 24 h ICH diagnosis Wang Z. et al., 2018

Stroke Patient Plasma miR-124-3p, increased ICH and AIS discrimination Leung et al., 2014

Parkinson’s disease, PD Patient Plasma miR-124, decreased PD diagnosis Li et al., 2017

Parkinson’s disease, PD Patient Plasma miR-124-3p, decreased PD diagnosis Ravanidis et al., 2020

Multiple sclerosis, MS Patient Monocytes miR-124, decreased Progressive MS diagnosis Amoruso et al., 2020

Traumatic brain injury, TBI Patient Plasma miR-124-3p, increased TBI diagnosis Vuokila et al., 2020

Traumatic brain injury, TBI Patient Plasma miR-124-3p, increased Evaluating TBI severity Schindler et al., 2020

Traumatic brain injury, TBI Patient Serum miR-124-3p, increased TBI diagnosis O’connell et al., 2020

FIGURE 1 | Schematic representation of current hot topics and emerging mechanisms of miR-124 in regulating microglia in neurological disorders.

MG polarization toward the M2 phenotype (Yu et al., 2017). In
an experimental rat subarachnoid hemorrhage model, Chen et al.
demonstrated that delivery of exosomal miR-124 from neurons
to MG was significantly reduced, accompanied by increased
C/EBPα expression, which was inhibited by CX3CL1/CX3CR1
overexpression; thus, the CX3CL1/CX3CR1 axis may exert
protective roles in subarachnoid hemorrhage by promoting
the delivery of exosomal miR-124 to MG and inhibiting
MG activation as well as the neuroinflammatory response
(Chen et al., 2020).

Based on the above reports, although the circulating miR-
124 expression level was not consistent among different CVD
studies, in patients with AIS, the miR-124 level was elevated in
most studies and associated with the poor prognosis of patients.
miR-124 upregulation improved the prognosis of patients with
CVD and reduced nerve cell injury through various mechanisms,
such as the anti-inflammatory response, thereby playing a role

in repairing the damaged CNS. However, the role of miR-124 as a
protective agent for CVD by regulating miR-124 expression levels
and the most effective method for miR-124 application requires
further exploration.

MicroRNA-124 AND
NEURODEGENERATIVE DISEASES

Alzheimer’s Disease
Alzheimer’s disease is a progressive NDD with an insidious
onset. Clinically, AD is characterized by general dementia
such as memory impairment, aphasia, apraxia, agnosia, visual
space impairment, executive dysfunction, and personality and
behavioral changes (Uddin et al., 2018). miR-124 is involved in
the pathogenesis of AD through various mechanisms including
MG activation and neuroinflammation (Bahlakeh et al., 2021).
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Beta-site amyloid precursor protein cleaving enzyme 1
(BACE1) is a critical enzyme that regulates the production
of amyloid-β (Aβ), which is abnormally upregulated in AD
(Peng et al., 2017). Upregulated MG exosomes miR-124-3p (exo-
miR-124-3p) alleviated neurodegeneration in repetitive scratch-
injured neurons in vitro. Furthermore, miR-124-3p targets
Rela (an inhibitory transcription factor of ApoE), which may
promote Aβ proteolytic breakdown and inhibit Aβ abnormalities
(Ge et al., 2020). miR-124 is the critical regulatory factor in the
hypoxia/Aβ-miR-124-BACE1-Aβ cycle. Additionally, activation
of the EPAC-Rap1 pathway was shown to be involved in
inhibiting miR-124 in the hippocampus under hypoxia or
Aβ insult (Zhang et al., 2017). miR-124 expression was
downregulated with aging and showed a decreased ability to
regulate ApoE-dependent Aβ uptake by targeting regulatory
factor X1 transcripts on BV2 MG.

Tau hyperphosphorylation forms neurofibrillary tangles, a
crucial event in the pathogenesis of AD. miR-124-3p was shown
to inhibit abnormal tau hyperphosphorylation by regulating the
caveolin-1-PI3K/Akt/GSK3β pathway in AD (Kang et al., 2017).
Abnormal activation of cyclin-dependent kinase-5 (CDK5) is
involved in controlling hyperphosphorylation, which is mediated
by calpain-induced cleavage of p35 to p25. miR-124-3p is a
calpain-targeting miR which may inhibit the protein translation
of calpain. An inverse correlation was found between miR-
124-3p and calpain levels in AD specimens. Furthermore,
miR-124-3p overexpression significantly reduced Aβ deposition
and improved AD mouse behavior through posttranscriptional
control of calpain (Zhou et al., 2019).

Synaptic loss is an early pathological event in AD. Although
the underlying molecular mechanism is unclear, miRNAs have
been suggested as important regulators of synaptic function
and memory (Selkoe, 2002). Protein tyrosine phosphatase non-
receptor type 1 (PTPN1) reduction dramatically induces synaptic
impairments and memory decline. Wang et al. demonstrated the
PTPN1 is a direct target of miR-124, and the miR-124/PTPN1
pathway is involved in synaptic dysfunction and memory loss in
AD (Wang X. et al., 2018).

Based on these studies, miR-124 is involved in the
pathogenesis of AD by promoting Aβ production, enhancing tau
phosphorylation, impairing synaptic function, and influencing
the MG activation state. Upregulated miR-124 protects patients
with AD from pathological damage by inhibiting Aβ production
and reducing tau phosphorylation and synaptic loss, providing a
potential strategy for treating AD.

Parkinson’s Disease
Parkinson’s disease is a common NDD with a prevalence rate
of approximately 1.7% among people over 65 years of age in
China. Most PD cases are sporadic and less than 10% have a
family history. The leading pathological change in PD is the
degeneration of DA neurons in the midbrain, which leads to a
significant reduction in the striatum DA. The exact etiology of
this pathological change remains unclear. The miR-124 level was
found to be decreased in the plasma of patients with PD, with
an area under the receiver operating characteristic curve of miR-
124 of 0.709 (95% CI 0.618–0.633, p < 0.05), indicating that

miR-124 is associated with PD and a potential biomarker for PD
diagnosis (Li et al., 2017). In addition, plasma miR-124-3p levels
were decreased in patients with PD compared to those in healthy
controls (Ravanidis et al., 2020).

miR-124 is involved in the pathogenesis of PD mainly
through neuroinflammation and the regulation of autophagy
(Angelopoulou et al., 2019). In a previous study, miR-124
was significantly downregulated in a 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced mouse model of PD and
suggested to inhibit neuroinflammation during PD development
(Slota and Booth, 2019). The expression of sequestosome-
1 (p62) and phospho-p38 (p-p38) mitogen-activated protein
kinase was significantly increased in lipopolysaccharide-treated
immortalized murine BV2 cells in an MPTP-induced mouse
model of PD. Furthermore, exogenous delivery of miR-124
suppressed p62 and p-p38 expression and attenuated the
activation of MG in MPTP-treated mice, indicating that miR-
124 inhibits neuroinflammation during PD development by
targeting p62, p38, and autophagy (Yao et al., 2019). miR-
124-3p expression was decreased in MPP+-induced SH-SY5Y
cells. miR-124-3p overexpression exerted protective effects by
increasing cell viability and reducing cell apoptosis, caspase-3
activity, inflammatory factors TNF-α, and IL-1β levels as well
as by attenuating MPP+-induced neuronal injury. In addition,
miR-124-3p targets STAT3, mediating the neuroprotective effect
(Geng et al., 2017). Mitogen-activated protein kinase 3 (MEKK3)
expression was increased in an MPTP-induced mouse model
of PD, thus promoting the activation of MG by regulating
nuclear factor (NF)-κB expression. Exogenous delivery of miR-
124 inhibited MEKK3 and p-p65 expression and attenuated the
activation of MG in the substantia nigra pars compacta of MPTP-
treated mice, indicating miR-124 can inhibit neuroinflammation
during the development of PD by regulating the MEKK3/NF-κB
signaling pathways (Yao et al., 2018).

miR-124 may be involved in the pathogenesis of PD through
other mechanisms. miR-124-3p expression was downregulated
in 6-hydroxydopamine (6-OHDA)-treated PC12 and SH-
SY5Y cells. Direct targeting of annexinA5 by miR-124-3p
enhanced the viability of 6-OHDA-treated PC12 or SH-
SY5Y cells, which was associated with stimulation of the
extracellular signal-regulated kinase pathway (Dong et al.,
2018). A calpain-p25-mediated increase in cdk5 expression
leads to dopaminergic neuronal death in human PD and
MPTP-PD models. Additionally, an interaction between miR-
124 with calpain 1 was identified in experiments using
miR-124 target protector sequences; miR-124 overexpression
attenuated the expression of calpain 1/p25/cdk5 proteins and
improved cell survival. Furthermore, miR-124 was suggested
to regulate the expression of calpain 1/p25/cdk5/pathway
proteins in dopaminergic neurons (Kanagaraj et al., 2014).
miR-124 also affected dopamine receptor expression, neuronal
proliferation, and apoptosis in MPTP-induced mouse models
of PD. Endothelin 2 has been identified as a target of
miR-124; miR-124 overexpression promoted dopamine receptor
expression and neuronal proliferation, and suppressed neuronal
apoptosis by downregulating endothelin 2 via activation of the
Hedgehog signaling pathway (Wang et al., 2019). Bim is a
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BH3-only protein shown to be involved in apoptosis of DA
neurons in an MPTP model of PD, in addition to being a direct
target of miR-124. Upregulation of miR-124 significantly reduced
the loss of DA neurons in MPTP-treated mice by regulating Bim
expression (Wang H. et al., 2016).

Furthermore, regulation of miR-124 expression is a promising
strategy for PD treatment. In a previous study, miR-124 loaded
nanoparticles (NPs) enhanced brain repair in PD. Intracerebral
administration of miR-124 NPs increased the number of
migrating neuroblasts and induced the migration of neurons into
the lesioned striatum of 6-OHDA-treated mice. Thus, miR-124
NPs were considered as a potential new therapeutic approach
for promoting endogenous brain repair mechanisms in NDDs
(Saraiva et al., 2016b). In addition, miR-124 NPs were suggested
to target both the MEKK3 and NF-κB pathways, and reduce
inflammatory cytokine levels (Gan et al., 2019).

In general, the expression of miR-124 is down-regulated in
various PD models, miR-124 serves as a protective factor in DA
neurons in PD, and up-regulation of miR-124 can protect DA
neurons in PD from injury via multiple mechanisms, including
by inhibiting MG activation. Therefore, miR-125 may have a
therapeutic role in PD.

Huntington’s Disease
Huntington’s disease is an autosomal dominant genetic disease
characterized by degenerative changes to the nervous system.
Clinically, HD mainly manifests as dance-like movement,
progressive cognitive decline, and mental symptoms. Abnormal
amplification of the CAG repeat sequence at codon 17
downstream of the IT15 gene initiation codon is the main cause
of the disease. In this NDD, altered miR-124 expression can
lead to abnormal gene regulation. In HD striatal mutant STHdh
(Q111)/Hdh (Q111) cells, miR-124 expression was shown to be
downregulated. Cyclin A2 (CCNA2) was identified a target gene
of miR-124, and increased miR-124 expression in R6/2 mice
altered CCNA2 expression and the proportion of cells in S phase
in the HD cell model, indicating that downregulation of miR-124
expression increased CCNA2 expression in HD and was involved
in deregulation of the cell cycle in STHdh (Q111)/Hdh (Q111)
cells (Das et al., 2013). In contrast, miR-124 overexpression
exhibited therapeutic effects in an HD model. Exosome-based
delivery of miR-124 to the striatum of R6/2 transgenic HD
mice reduced REST expression. Although the treatment did not
produce significant behavioral improvement, it offered possible
therapeutic strategies from a pathophysiological perspective (Lee
et al., 2017). In summary, based on current limited evidence, miR-
124 appears to play a protective role in the progression of HD.

Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS), the most common type of
motor neuron disease, is a lethal NDD, the pathogenesis of which
is not completely understood. The lesion involves both upper
and lower motor neurons and is characterized by progressive
limb weakness and muscle atrophy with pyramidal tract signs.
Between 5% and 10% of patients with ALS have a family history;
however, the number of discovered genes clearly associated with
ALS remains very limited (Petrov et al., 2017). Protein misfolding

and Cu/Zn superoxide dismutase 1 mutations are associated with
inflammatory and neurotoxic pathways in ALS (Fan et al., 2020).

miR-124 expression was downregulated in the spinal cord
and brainstem and upregulated in differentiated neural stem
cells in G93A-superoxide dismutase 1 mice. Sox2 and Sox9 were
identified as target genes of miR-124 and their protein levels
showed opposite changes with miR-124 expression in vivo and
in vitro. Thus, miR-124 was suggested to play an important
role in astrocytic differentiation by targeting Sox2 and Sox9
in ALS transgenic mice (Zhou et al., 2018). Dysregulation of
certain miRs can contribute to MG hyperactivation, persistent
neuroinflammation, and abnormal macrophage polarization in
the brain (Guo et al., 2019). Increased miR-124 expression caused
persistent activation of NF-κB and matrix metalloproteinases
2 and 9, as well as upregulation of major histocompatibility
complex-II, TNF-α, IL-1β, and inducible nitric oxide synthase
gene expression, indicating induced M1 polarization. The data
indicated that modulation of the inflammatory-associated miR-
124 could determine early and late phenotypic alterations
in the recipient N9-MG, providing a promising therapeutic
approach for inhibiting MG activation and its associated
effects in motor neuron degeneration (Pinto et al., 2017). In
addition, MG-associated inflammatory biomarkers, such as NF-
κB/Nlrp3-inflammasome and pro-inflammatory cytokines, were
increased during the symptomatic stage of ALS, accompanied by
upregulated miR-124 expression. These results highlight the role
of miR-124 in activating MG and provide candidate miRs that
may exert potential neuroprotective strategies in ALS therapy
(Cunha et al., 2018).

MicroRNA-124 AND MULTIPLE
SCLEROSIS

Multiple sclerosis (MS) is an immune-mediated chronic
inflammatory demyelinating disease of the CNS. Abnormal
activation of cellular and humoral immunity eventually leads
to loss of the myelin sheath in the CNS and damage to
oligodendrocytes, some of which may involve axons and neurons
(Musella et al., 2018). miR-124 was significantly increased in
demyelinated hippocampi and cortices from postmortem MS
brains and inversely correlated with memory performance (Dutta
et al., 2013). However, miR-124 was significantly downregulated
in monocytes from patients with progressive MS, indicating
the complete loss of homeostatic monocyte function during the
progressive phase of the disease (Amoruso et al., 2020).

Emerging evidence has indicated that neuroinflammation
is an important contributor to MS and that miR-124 is
involved in the pathogenesis of MS as a neuroinflammation
regulator. Resveratrol shows potential as an effective therapeutic
agent in experimental autoimmune encephalomyelitis, a murine
model of MS. Resveratrol effectively decreased MS severity,
including inflammation and CNS immune cell infiltration.
Further investigations of the therapeutic mechanism showed
that resveratrol could upregulate miR-124 expression and then
suppress sphingosine kinase 1 expression (associated target
gene of miR-124), indicating that upregulation of miR-124 can
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suppress neuroinflammation and halt cell-cycle progression in
activated encephalitogenic T cells (Gandy et al., 2019).

MicroRNA-124 AND PERIPHERAL
NEUROPATHY

Neuropathic pain is caused by somatosensory dysfunction of the
peripheral system and CNS and is associated with spontaneous
pain, such as sensory disorders, paresthesia, hyperalgesia,
and hypersensitivity. Although significant progress has been
made in the pathogenesis and treatment of neuropathic pain,
therapeutic results remain unsatisfactory (Scholz and Woolf,
2007; Van Hecke et al., 2014). Dysregulated expression of
miRs plays key roles in neuropathic pain development. In a
chemotherapy-induced peripheral neuropathic animal model,
circulating miR-124 levels were increased, which correlated with
axonal degeneration in both the dorsal root ganglion and sciatic
nerve. Although these results cannot yet be applied in clinical
practice, they provide positive evidence that circulating miR-124
can be used as a diagnostic biomarker for the early diagnosis
of peripheral neuropathy (Peng et al., 2019). In the chronic
constriction injury model of neuropathic pain in rats, miR-
124 was upregulated; however, modulation of miRs did not
appear to significantly contribute to changes in gene expression
in the spinal cord in this chronic neuropathic pain model
(Brandenburger et al., 2012).

miR-124-3p was dramatically downregulated in rats
after chronic sciatic nerve injury; in contrast, miR-124-3p
overexpression reduced the levels of inflammatory cytokines,
such as interleukin (IL)-1β, IL-6, and TNF-α, and inhibited
mechanical allodynia and heat hyperalgesia. In addition, EZH2
was identified as a target of miR-124-3p. Therefore, miR-124-
3p may promote neuroinflammation and neuropathic pain
by targeting EZH2 as a promising therapeutic strategy for
neuropathic pain (Zhang et al., 2019). Furthermore, miR-124
effectively reversed established hyperalgesia in morphine-
induced persistent sensitization models. The mechanism may
be associated with targeting of Toll-like receptor signals,
highlighting the therapeutic potential of miR-124 in treating
peripheral neuropathy (Grace et al., 2018).

MicroRNA-124 AND EPILEPSY

Epilepsy is a chronic neurological disorder characterized by
recurrent seizures and caused by abnormal and synchronized
firing of neurons in the brain (Alves et al., 2019). miR-124
expression was downregulated in epileptic patients and drug-
induced epileptic rats. In two drug-induced rat epilepsy models,
intra-hippocampal administration of miR-124 reduced the
severity of epilepsy and prolonged the incubation period. cAMP-
response element-binding protein1 (CREB1) was identified as a
target gene of miR-124, and miR-124 overexpression repressed
CREB1 expression, which is a key regulator in epileptogenesis,
indicating miR-124 is involved in the pathogenesis of epilepsy by
regulating CREB1 expression (Wang W. et al., 2016). miR-124

expression is dynamic during the three stages of mesial temporal
lobe epilepsy (MTLE) development. miR-124 was significantly
upregulated in hippocampal tissues in the acute and chronic
stages of MTLE but nearly returned to normal in the latent
stage, indicating that this miRNA can be used as a biomarker for
MTLE diagnosis and therapeutic target for anticonvulsant drugs
(Peng et al., 2013).

miR-124 expression was found to be low in refractory
epilepsy rats, and upregulation of the miR-124 level increased
the seizure interval, improved the cognitive function of rats,
and promoted PI3K and AKT expression. Thus, miR-124 may
play a protective role in temporal lobe epilepsy by promoting
PI3K/Akt signaling pathway (Wang R. et al., 2020). miR-
124 expression was also downregulated in status epilepticus
rats. miR-124 upregulation reduced neuron-restrictive silencer
factor expression and inhibited MG activation and inflammatory
cytokine expression (Brennan et al., 2016).

Most studies support that miR-124 show low expression in
epilepsy models, particularly in the acute phase of epilepsy
or status epilepticus models. Upregulating the expression of
miR-124 can protect against neuronal impairment in epilepsy,
and studies have suggested that the protective effect of miR-
124 can be achieved by inhibiting the inflammatory response
in the CNS.

MicroRNA-124 AND CENTRAL
NERVOUS SYSTEM TRAUMA

Traumatic Brain Injury
Traumatic brain injury (TBI) is defined as traumatic structural
injury and/or brain dysfunction caused by external forces and is
clinically characterized by a loss of consciousness, memory loss,
altered mental state, neurological dysfunction, and intracranial
damage (Ruff et al., 2009). miR-124-3p levels were elevated at
2 days post-TBI in both the blood and plasma of patients; an
elevated plasma miR-124-3p level 2 days post-TBI was positively
correlated with larger lesion area at the chronic time point
in TBI models (Vuokila et al., 2020). Furthermore, miR-124-
3p was detected only in patients with severe TBI (Schindler
et al., 2020). The miR-124-3p level was elevated in the serum of
patients with TBI (O’connell et al., 2020). However, miR-124-3p
was downregulated in post-TBI hippocampal pathologies in
experimental models and in humans (Vuokila et al., 2018).

Neuroinflammation is the characteristic pathological change
occurring during acute nerve injury after TBI. Inhibiting the
excessive inflammatory response is crucial for improving the
prognosis of the nervous system. miR-124-3p was shown
to promote anti-inflamed M2 polarization in MG, and an
increase in the level of miR-124-3p in MG exosomes after
TBI inhibited neuroinflammation and contributed to neurite
outgrowth by facilitating their transfer into neurons. miR-124-3p
exerted these effects by targeting PDE4B, thus inhibiting mTOR
signaling activity (Huang et al., 2018). In addition, exo-miR-124
treatment was suggested to promote M2 polarization of MG
and improve hippocampal neurogenesis and functional recovery
after TBI (Yang et al., 2019). MG exo-miR-124-3p may also
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inhibit neuronal autophagy and protect against nerve injury by
facilitating their transfer into neurons for the treatment of nerve
injury after TBI (Li et al., 2019).

Spinal Cord Injury
Spinal cord injury (SCI) is a highly disabling injury to the CNS
caused by trauma. Destruction of the spinal cord (SC) structure
can lead to an inflammatory response, immune injury, and other
mechanisms in the damaged SC tissue, resulting in spinal cord
dysfunction. miR-124 expression in neurons was shown to be
significantly decreased within 7 days after SCI and may reflect
the severity of SCI (Zhao et al., 2015).

miR-124 was decreased in a rat model of SCI. GTP-
cyclohydrolase 1, a target gene of miR-124, plays an important
role in SCI-induced neuronal apoptosis. miR-124 overexpression
inhibited neuronal apoptosis in SCI by modulating GTP-
cyclohydrolase 1 expression (Yuan et al., 2019). Tal1 is also
a potential target gene of miR-124, and its downregulation
promoted the proliferation of neuronal precursor cells and
inhibited their differentiation, indicating miR-124 can mediate
SCI repair by altering the expression of various mRNAs in rats
(Wang J. et al., 2020). miR-124 was notably downregulated in
SCI rats; miR-124 overexpression improved functional recovery
and decreased the lesion size in SCI rats. BAX, an apoptosis
regulator, is a target of miR-124; thus, miR-124 suppressed
neuronal cell apoptosis in an SCI rat model by inhibiting BAX
expression (Xu et al., 2019). miR-124 was shown to target
pyridoxal kinase to accelerate the differentiation of bone marrow
mesenchymal stem cells into neurocytes and promote SCI repair
(Song et al., 2017). Exosomal miR-124-3p (exo-miR-124-3p)
derived from bone marrow mesenchymal stem cells attenuated
nerve injury induced by SC ischemia-reperfusion injury by
regulating Ern1 and M2 macrophage polarization (Li et al., 2020).
In addition, PI3K/AKT/NF-κB signaling cascades were involved
in modulating MG via exo-miR-124-3p (Jiang et al., 2020).

Despite these different conclusions, the miR-124 expression
level in the peripheral blood of patients with SCI showed
an increasing trend and was positively correlated with the
severity of SCI. In animal models, miR-124 expression was
mainly downregulated, and miR-124 overexpression may play
a protective role by inhibiting inflammation and neuronal
apoptosis and by promoting nerve regeneration.

DISCUSSION AND PERSPECTIVES

Herein, we reviewed the role of miR-124 in neurological disorders
and its mechanism in regulating pathophysiological processes.
miR-124 is involved in the pathogenesis of neurological disorders
through various mechanisms, mainly post-transcriptional
regulation of gene expression, glial cell activation, and
neuroinflammatory response. The feasibility of using miR-124 as
a circulating biomarker and therapeutic target in the diagnosis of
neurological disorders was also reviewed.

miR-124 is highly conserved and is among the most
abundant miRs specifically expressed in the CNS. In addition,
miR-124 is closely associated with nervous system development,

injury, and repair (Han et al., 2019). Changes in miR-124
expression levels may play a key role in the occurrence of
various neurological disorders. A review of previous studies
revealed the extensive roles of miR-124 in the pathology of
these disorders. Notably, miR-124 expression is downregulated
during the acute phase of most neurological disorders, such
as CVD, NDDs, neurological tumors, and TBI. However, this
expression level changes dynamically. For example, the level is
significantly downregulated in the early onset of AIS and, as
the disease develops, it gradually returns to normal. Although
the mechanism of changes in the miR-124 expression level
is unclear, most studies revealed that a normal miR-124 level
has a protective effect on the nervous system. Low miR-124
expression is correlated with the occurrence of neurological
disorders, and miR-124 overexpression can protect neurons or
have a therapeutic effect on diseases. miR-124 is abundantly
expressed in the CNS and involved in the pathogenesis of
various neurological disorders. The main function of miR-124
is regulating gene expression at the post-transcriptional level.
miR-124 directly regulates many key pathogenic genes of the
nervous system, such as the target gene BACE1, a critical enzyme
that controls the production of Aβ. In addition, miR-124 is
involved in activating MG in many neurological disorders. For
example, miR-124 is significantly increased in M2-polarized
MG in CVD and TBI and promotes the activation of MG by
regulating NF-κB expression in PD. Furthermore, miR-124
participates in various neuroinflammation reactions; miR-124
inhibits neuroinflammation during the development of PD by
regulating the MEKK3/NF-κB signaling pathways, suppressing
neuroinflammation, and halting cell-cycle progression in
activated encephalitogenic T cells in MS. Understanding the
involvement of miR-124 in neurological disorders may facilitate
the clinical application of miR-124 as a diagnostic biomarker and
therapeutic target.

Changes in peripheral blood miR-124 levels may become a
biomarker of neurological disorders. The miR-124-3p level was
significantly increased in AIS patients and associated with poor
prognosis. In addition, the miR-124-3p level in patients with
ICH was higher than in patients with AIS, indicating that the
level of this miRNA has diagnostic value for CVDs and can be
used to distinguish between ischemic and hemorrhagic CVDs.
Among NDDs, the miR-124 levels in the plasma of patients
with PD were significantly lower than those in healthy controls.
Furthermore, the miR-124 expression level in the monocytes of
patients with MS was significantly decreased; this decline was also
observed in patients with epilepsy. Although the expression level
differs from that in some animal models, miR-124 expression in
human patients may better reflect the actual clinical situation.
Considering the wide and dynamic changes in miR-124 in
neurological disorders, further clinical data are needed to
determine its usefulness as a biomarker, and the specificity of
miR-124 should be quantified in different neurological disorders.
Furthermore, changes in the miR-124 expression level in the
peripheral circulation differ from those in the brain tissue even
in the same neurological disorders, as expected. The blood-brain
barrier creates very different biochemical conditions between the
brain and blood. Different tissue-specific miR-124 levels may be
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caused by damage to the blood-brain barrier. Changes in miR-124
levels in the brain may be useful for targeted treatment.

The results of mechanistic studies showed that miR-
124 exerted a protective effect on the nervous system via
various mechanisms such as post-transcriptional regulation
of gene expression, regulation of glial cell transformation
to an anti-inflammatory phenotype, and inhibition of the
neuroinflammatory response. However, miR-124 has several
potential side effects. Since miR-124 has multiple target genes,
further research is needed to confirm whether miR-124 interacts
with other genes to produce unpredictable effects while exerting
its therapeutic activities.

Virus-based delivery systems are highly efficient and can
effectively deliver miRNAs to target cells. Intracranial injection
of adeno-associated virus expressing miR-124-3p into AD mice
significantly reduced Aβ deposition and improved the cognitive
function of AD mice (Yao et al., 2019). Non-viral delivery systems
are widely used in clinical studies because of their variety and
relative safety (Yin et al., 2014). miR-124-loaded polymeric NPs
were constructed to treat a 6-OHDA-challenged mouse model of
PD, resulting in improved motor function (Saraiva et al., 2016a).
Exosomes exhibit a high level of miR-124 expression (exosome-
miR-124) which decreased REST target gene expression in R6/2
transgenic HD mice; this gene is involved in multiple links in

the pathogenesis of HD (Lee et al., 2017). Although the in vivo
delivery of miRs by adeno-associated virus, NPs, and exosomes
has been successfully tested in various animal models, further
in vivo experiments are needed before clinical application.

CONCLUSION

miR-124 plays an important role in the occurrence and
development of various neurological disorders and may be useful
as a biomarker for the diagnosis and prognosis of these disorders.
However, additional human studies are needed to verify its
clinical application prospects. Understanding the functional role
of miR-124 in regulating pathological mechanisms and other
regulatory pathways in different nerve injuries, cell types, and
disease stages will facilitate the use of miR-124 as a therapeutic
target for neurological disorders.

AUTHOR CONTRIBUTIONS

JZ and JW performed the literature search. JZ drafted the
manuscript. JW critically revised the manuscript. All authors
contributed to the article and approved the submitted version.

REFERENCES
Aguzzi, A., Barres, B. A., and Bennett, M. L. (2013). Microglia: scapegoat, saboteur,

or something else? Science 339, 156–161. doi: 10.1126/science.1227901
Alves, M., Kenny, A., De Leo, G., Beamer, E. H., and Engel, T. (2019). Tau

Phosphorylation in a Mouse Model of Temporal Lobe Epilepsy. Front Aging
Neurosci 11:308. doi: 10.3389/fnagi.2019.00308

Amoruso, A., Blonda, M., Gironi, M., Grasso, R., Di Francescantonio, V.,
Scaroni, F., et al. (2020). Immune and central nervous system-related miRNAs
expression profiling in monocytes of multiple sclerosis patients. Sci Rep 10,
6125. doi: 10.1038/s41598-020-63282-3

Angelopoulou, E., Paudel, Y. N., and Piperi, C. (2019). miR-124 and Parkinson’s
disease: A biomarker with therapeutic potential. Pharmacol Res 150, 104515.
doi: 10.1016/j.phrs.2019.104515

Ayaz, M., Sadiq, A., Junaid, M., Ullah, F., Ovais, M., Ullah, I., et al. (2019).
Flavonoids as Prospective Neuroprotectants and Their Therapeutic Propensity
in Aging Associated Neurological Disorders. Front Aging Neurosci 11:155. doi:
10.3389/fnagi.2019.00155
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