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Neurodegenerative disorders (NDDs) are a group of chronic progressive neurological
diseases based on primary neurodegeneration. The common pathological characteristics
of various NDDs are neuronal degeneration, deletion, glial cell proliferation, and
hypertrophy at specific locations in the nervous system. Proliferation and hypertrophy of
microglia are manifestations of inflammation. MicroRNAs (miRNAs) have emerged as
pivotal regulators of glial cells. MiRNAs are small non-coding molecules that regulate gene
expression. Altered expression of miRNAs has been associated with several NDD
pathological processes, among which regulation of the inflammatory response is key
and a research hotspot at present. At the same time, miRNAs are also biological markers
for diagnosis and potential targets for treating NDDs. MiR-124 is highly conserved and
enriched in the mammalian brain. Emerging studies have suggested that miR-124 is
closely related to the pathogenesis of NDDs and may be an effective treatment strategy to
reduce inflammation associated with NDDs. In this review, we describe a summary of
general miRNA biology, implications in pathophysiology, the potential roles of miR-124
associated with inflammation, and the use of miRNA as a future biomarker and an
application for NDD therapy.
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INTRODUCTION

Neurodegenerative disorders (NDDs) are a group of unexplained chronic progressive neurological
diseases based on neuronal degeneration, including Parkinson’ disease (PD), Alzheimer’s disease
(AD), amyotrophic lateral sclerosis (ALS) and Huntington’s disease (HD) (Gitler et al., 2017). The
neuroinflammatory reactions in the pathogenesis of NDDs have received more and more attention,
and it has become a research hotspot in related fields (Schain and Kreisl, 2017). The role of
neuroinflammation in the progression of different neurological diseases varies according to its role
in the severity and progression of the disease (Chen et al., 2016). Studies have confirmed that the
occurrence and development of many NDDs are closely related to neuroinflammation, among
which activation of microglia is considered to be the key factor contributing to the upsurge (Tang
and Le, 2016). Microglia are the resident macrophages of the central nervous system (CNS),
accounting for about 10% of the total number of adult brain cells. Microglia play the important role
of immune defense guardian and are responsible for protecting the brain from damage and invasion
by pathogens. When neurons are damaged, microglia activate and undergo morphological changes,
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releasing a series of inflammatory cytokines to alleviate neuronal
damage. However, microglia are also a “double-edged sword” (Li
and Barres, 2018). Chronic inflammatory stimuli persist in
NDDs, and activation of microglia results in the release of
inflammatory factors, resulting in further neuronal damage.
NEURODEGENERATIVE DISORDERS
AND INFLAMMATION

Microglia are an important component of the nervous system,
including central and peripheral glial cells. Central glial cells
mainly include astrocytes, oligodendrocytes microglia, and
ependymal cells. Microglia are small in size and the main cells
involved in the nervous system inflammatory response. They
have the function of phagocytosis and clearing of cell debris and
are the “macrophages” of the brain. Microglia are divided into
resting and activated cells. Resting microglia are small and do not
participate in the inflammatory reaction, whereas activated
microglia are larger in volume, have a phagocytic function and
participate in the inflammatory reaction. Under the influence of
various factors, microglia secrete various cytokines, such as
interferon-g (IFN-g), interleukin-b (IL-b), and tumor necrosis
factor-a (TNF-a), which are involved in the inflammatory
response (Colonna and Butovsky, 2017; Salter and Stevens,
2017), Figure 1.

AD has been associated with chronic neuroinflammation and
microglia activation (McKenzie et al., 2017). Under the condition
of AD pathology, dangerous-associated molecular patterns,
amyloid-b peptide (Ab), neurotrophic plaques (NPs),
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neurofibrillary tangles activate pattern recognition receptors
(PRRs) and related complements on microglia and neuron
surfaces cause a chronic inflammatory response, leading to
neuronal damage (Salminen et al., 2009). PRRs include Toll-
like receptors, formyl peptide receptors, NOD-like receptors,
receptors for advanced glycation end products, and the a7-
nicotinic acetylcholine receptor (Jiang et al., 2010). Activated
microglia produce potential neurotoxic inflammatory factors,
and the main AD-related inflammatory factors are TNF-a, IL-1,
and IL-6. TNF-a is an inflammatory signaling factor that triggers
a downstream cascade and regulates synaptic connections
between neurons through corresponding receptors. Elevated
levels of TNF-a in cerebrospinal fluid lead to synaptic
dysfunction in patients with AD. Similarly, TNF-a also leads
to dysfunction of endothelial cells and microvessels, amyloid
production, and amyloid-induced memory impairment in
patients with AD. Ab activates the TNF-a-dependent
intracellular signal transduction pathway, leading to
upregulation and activation of cyclooxygenase-2 (COX-2)
expression, which ultimately leads to neuronal synaptic loss
and cognitive decline (Tobinick, 2009; Medeiros et al., 2010).
IL-6 exists during the early stage of NP formation and increases
significantly in patients with AD. IL-1 and IL-6 co-activate to
upregulate expression of the tau protein phosphokinase cdk5/
p35 complex. IL-1b activates mitogen activated protein kinase
(MAPK)-p38 and induces inducible nitric oxide synthase
(iNOS), leading to neuronal damage and death (Rojo et al.,
2008). Although microglia protect the CNS by phagocytosis of
Ab and synaptic strippers, continuously activated microglia
produce a variety of inflammatory factors and neurotoxins,
FIGURE 1 | Activation of microglia and subsequent inflammatory factors released in neurodegenerative diseases and their animal models.
January 2020 | Volume 10 | Article 1555
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leading to neuronal damage, which has a negative impact on the
occurrence of AD.

PD is a common neurodegenerative disease in the elderly.
Pathological changes include degenerative loss of dopaminergic
neurons in the substantia nigra and formation of eosinophilic
inclusion bodies in neurons. Malu et al. reported numerous
activated microglia and cytokines in the substantia nigra
compacta of PD patients during autopsy, further suggesting
that activation of microglia is related to the degeneration of
dopaminergic (DA) neurons (Tansey and Goldberg, 2010).
Gerhard et al. (2006) reported obvious inflammatory reactions
in the pons, basal ganglia, striatum, and frontotemporal lobe of
patients with PD, suggesting that microglia in specific parts of
the brain of patients with PD are activated during the early stage
of disease. A growing body of research has confirmed that a
variety of pathological changes in patients with PD activate
microglia, including the main component of Lewy bodies (a-
synuclein), thrombin and immunoglobulin activated protease-
activated receptor-1 and Fc receptors; ATP released by injured
neurons binds to the purine receptor; matrix metalloproteinase 3
(MMP-3); neurons in the inflammatory response, CD200 surface
expression is downregulated, and inhibiting CD200 can activate
microglia and induce microglia to release neurotoxic
inflammatory factors (Kim et al., 2007; Lyons et al., 2007; Gu
et al., 2010; Fan et al., 2015). Inflammatory factors are highly
expressed in the substantia nigra striatum of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) induced PD mice and in
autopsy specimens of patients. IL-1b directly induces the death
of DA neurons. Gayle et al. blocked IL-1b and TNF-a with
neutralizing antibodies to show that nearly 50% of the death of
DA neurons induced by lipopolysaccharide (LPS) were caused by
these two factors. Therefore, inflammatory factors secreted by
activated glial cells are involved in the degeneration of DA
neurons. In addition, activated microglia accelerate the
progress of PD by inducing oxidative stress and cytokine
toxicity through inflammatory factors (Zhang et al., 2017). The
microglia reaction plays a much more destructive than beneficial
role in PD. Although the microglia reaction is not necessarily the
initial step causing degeneration of DA neurons in the substantia
nigra parotid, the microglia reaction is likely to involve and
accelerate degeneration of DA neurons. The treatment to inhibit
gliosis and iNOS-induced neurodegeneration represents one of
the most promising therapeutic strategies for delaying and even
preventing PD progression. Therefore, studying the relationship
between microglia activation and PD will help to elucidate the
etiology and pathogenesis of PD.

HD is an autosomal dominant inheritance disease affecting
the striatum and cerebral cortex with a complete penetration rate
of 50% in the offspring of affected individuals. HD is caused by
Huntingtin mutation on chromosome 4 short arm 4p16.3. The
gene product is CAG trinucleotide repeat amplification to
produce Huntingtin protein. There are 11 to 34 CAG repeats
in normal people, and HD is more than 40 (Ross and Tabrizi,
2011). HD is no exception, as there is increasing evidence that
activated microglia can be detected in the brains of HD carriers
and the post-mortem HD patients. In particular, elevated
Frontiers in Pharmacology | www.frontiersin.org 3
inflammatory cytokines are detected in the CNS and plasma of
HD patients (Politis et al., 2015; Yang et al., 2017). Neuronal
expression of mutant HTT and intrinsic mutant protein may be
responsible for activating microglia. Activated microglia are
present in a continuum of two functional states of polarization
(M1 and M2 phenotypes) in which they extend damage to
neighboring cells and then release different inflammatory
factors (Yang et al., 2017). These inflammatory factors include
pro-inflammatory cytokines (TNF-a and IL-1 b), chemokines
(CCL2), MMP-9, IL-10, TGF-b, vascular endothelial growth
factor, and insulin-like growth factor-1, which further activate
the microglia activation signaling pathway in HD (Chhor et al.,
2013; Cianciulli et al., 2015; Franco and Fernandez-Suarez, 2015;
Orihuela et al., 2016).

ALS is a chronic and lethal NDD involving mainly motor
neurons in the cerebral cortex, brainstem, and spinal cord.
Neuroinflammation is observed in superoxide dismutase 1
(SOD-1)-transgenic mice and in patients with sporadic and
familial ALS. Activation of microglia occurs before the loss of
motor neurons (Golko-Perez et al., 2016). David et al.
demonstrated that microglia accumulate in the spinal cord and
peripheral nerves during the early stage of ALS and reported that
activation of microglia is earlier than the clinical manifestation of
ALS, indicating that microglia activate during the early stage of
ALS leading to progression of the disease (Graber et al., 2010).
SOD-1 activates microglia directly. In addition, T cells activate
microglia by directly contacting or releasing proinflammatory
factors (IFN-g). The chemokine monocyte chemoattractant
protein-1 (MCP-1) in cerebrospinal fluid chemotactically
aggregates a large number of microglia into motor neurons
(Boillee et al., 2006; Frank-Cannon et al., 2009). Activated
microglia lead to neuronal death through the following
pathways: the TNF-a-mediated apoptotic mechanism and Fas
ligand or the nitric oxide-induced apoptotic pathway (Sargsyan
et al., 2005). In addition, p38MAPK activation further increases
the synthesis of inflammatory factors and promotes the
inflammatory response; NF-kB activation leads to increased
transcription of a series of inflammatory-related genes,
including IL-2, IL-6, IL-8, IL-12p4, COX-2, iNOS, MMP-9,
and MCP-1. Increased expression of the fractalkine receptor
(CX3CR1) produces neurotoxic effects (Sargsyan et al., 2005;
D’Ambrosi et al., 2009; Keizman et al., 2009). Inflammatory and
cytotoxic factors released by activated microglia can induce or
enhance progressive and selective motor neuron degeneration.
However, the ALS inflammatory response involving microglia is
complex. Although the specific mechanisms are still unclear, the
interventions designed for microglia have a very attractive
prospect, which may provide an effective treatment strategy
for ALS.
MiR FUNCTION

MiRs are small single-stranded RNAs of about 21–23 bases. They
are produced by Dicer enzyme processing of about 70–90 single-
stranded RNA precursors with a hairpin structure (Khandelwal
January 2020 | Volume 10 | Article 1555
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et al., 2019). The first confirmed miRs were lin-4 and let-7 found
in nematodes. Subsequently, several research groups began work
on humans, fruit flies, and plants, and hundreds of miRs have
been identified from a variety of species (He and Wang, 2012).
MiRs are involved in a series of biological processes such as cell
proliferation and apoptosis, growth and development, metabolic
activation, and DNA repair in vivo, which are closely related to
the occurrence and development of various diseases, especially
tumors. MiRs regulate the target gene mRNA mainly by cutting
off the target gene’s RNA molecule, inhibiting target gene
translation, and inhibiting combining (Aalaei-Andabili and
Rezaei, 2016). Specific expression or enrichment of miRs in
mammalian brain tissues have been detected, such as miR-9,
miR-124, and miR-132 (Lagos-Quintana et al., 2002; Lopez-
Ramirez and Nicoli, 2014). MiR-124, for example, accounts for
25–48% of total mRNA in the adult brain and is highly expressed
in all brain regions except the pituitary. MiR-124 is also
considered to be a neuron-specific miR because it is mainly
expressed in neuronal cells (Lagos-Quintana et al., 2002;
Mishima et al., 2007). MiR-124 is temporarily upregulated
during neurodevelopment and adult neurogenesis (Smirnova
et al., 2005; Cheng et al., 2009). This miR also plays a key role
regulating synaptic plasticity and memory signaling molecules
(Fischbach and Carew, 2009). MiR-124 is also highly expressed
in microglia, where it takes part in the regulation of microglia
quiescence (Ponomarev et al., 2011; Saraiva et al., 2017).
MiR-124 IN NEURODEGENERATIVE
DISORDERS

MiR-124 is one of the most abundant and best studied miRNAs
that functions within the nervous and immune systems (Soreq
and Wolf, 2011). MiR-124 has well-established functions during
neuronal development and neurodegeneration. The level of miR-
124 remains high in post-mitotic neurons, suggesting that it
Frontiers in Pharmacology | www.frontiersin.org 4
takes part in maintenance of the differentiated state of neurons
(Ponomarev et al., 2011; Soreq and Wolf, 2011). MiR-124 also
contributes to pathological conditions, while influencing
microglia to adopt a surveillance state or anti-inflammatory
phenotype (Coolen et al., 2013; Akerblom and Jakobsson,
2014) (Table 1). Previous studies have claimed that CNS
inflammation is more prominent during the early stage of AD
and microglia become less responsive to stimulation with age
(Wojtera et al., 2012; Njie et al., 2012; Caldeira et al., 2014)
provided the inflammation-miRNA aging characteristics of
primary cultured microglia and confirmed the low expression
of miR-124 in age-related neurodegenerative diseases at the
cellular level through in vitro microglial studies at different
time points. The mechanism of miR-124 involvement in AD is
mainly to interfere with clearance of the amyloid precursor
protein (APP). Fang et al. (2012) used PC 12 cellular AD
models and suggested that miR-124 dysregulation is related to
AD pathology by targeting BACE1 (?-site APP cleaving enzyme
1), which is a key cleaver of the APP that plays a pivotal role in
?-amyloid production. Those researchers demonstrated that
there was a negative regulatory relationship between miR-124
and BACE1 expression, and that miR-124 could be a promising
therapeutic target in patients with AD. In brain samples of
patients with AD and mouse model, Smith et al. (2011) found
that the expression of miR-124 was downregulated and
concluded that miR-124 participates in post-transcriptional
regulation of APP expression. As abnormal neuronal splicing
of APP affects the production of ?-amyloid peptide, their results
contribute to understanding the significance of miRNAs in the
pathogenesis of AD. Synaptic pathological changes usually occur
during the early period of AD. Other mechanisms by which miR-
124 is involved in the pathogenesis of AD have also been
reported. Wang et al. (2018) revealed in in vitro cell studies of
AD patients and Tg2576 mice (a recognized AD mouse model)
that tyrosine-protein phosphatase non-receptor type 1 (PTPN1)
is a direct target of miR-124, and that dysregulation of miR-124
January 2020 | Volume 10 | Article 1555
TABLE 1 | Overview of the miRNA-124 expression in the models of neurodegenerative disorders.

Neurodegenerative dis-
orders

Model MiRNA-124
expression

Molecules regu-
lation

Possible biological function/pathological
process

References

Alzheimer’s disease PC 12 cell lines and SD
rat

Downregulated BACE1 Cleavage of amyloid precursor protein Fang et al., 2012

Human and Neuro2a
cells

Downregulated PTBP1 Amyloid precursor protein alternative splicing
in neurons

Smith et al., 2011

Tg2576 mice Upregulated PTPN1 Synaptic transmission and plasticity Wang et al., 2016
HCN-2 Downregulated CAPN1 Post-transcriptional control Zhou et al., 2018

Parkinson’ disease Mouse brain tissue, BV2
cell

Downregulated MEKK3 and p-
p65

MEKK3/NF-kB signaling pathways Yao et al., 2018

Mouse brain tissue, SH-
SY5Y

Downregulated p62 and p38 Autophagy, microglial activation Yao et al., 2019

PC12 cells and SH-
SY5Y cells

Downregulated ANXA5 ANXA5/ERK pathway Dong et al., 2018

Mice model Downregulated CDK5 Calpain 1/cdk5 pathway Kanagaraj et al., 2014
Huntington’s disease Bioinformatic analysis Downregulated REST Post-transcriptional control Johnson and Buckley,

2009
Amyotrophic lateral
sclerosis

NSC-34 cells Upregulated NF-kB activation NF-kB activation and inflammatory factors
release

Pinto et al., 2017

SOD1-G93A mice Upregulated STAT3 Transcriptional control Marcuzzo et al., 2014
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leads to dysfunctional synaptic transmission and plasticity.
Affecting the miR-124/PTPN1 pathway could restore synaptic
failure and memory deficits. Villela et al. (2016) revealed that
miR-124 is one of the most significantly dysregulated miRs in
temporal cortex samples from patients with AD and predicted
that dysregulation of miR-124 expression in the human brain
may contribute to the pathogenic changes of AD (Villela et al.,
2016). Aberrant activation of cyclin-dependent kinase-5 (CDK5)
is mediated by calpain (CAPN)-induced cleavage of p35 into
p25. Zhou et al. (2019) confirmed that miR-124 is a CAPN1-
targeting miRNA, which functionally inhibits CAPN1 protein
translation of HCN-2 cells. Transfection with miR-124-3p in
vitro reduces levels of the CAPN1 protein, thereby attenuating
CDK5-mediated hyperphosphorylation of APP and the tau
protein. MiR-124 has been suggested to be associated with
microvascular dysfunction and subsequent cognitive
impairment. Downregulated expression of miR-124 results in
Ab deposition, a decline in microvascular density, and reduced
angiogenesis (Li et al., 2019). Regulating miR-124 expression
may prevent the onset and progression of AD through various
pathways, and provide new ideas for treating AD.

A variety of pathogenic factors are involved in the onset and
progression of PD, including inflammation, particularly the
microglia-mediated chronic inflammatory reaction in the
brain, and miR-124 is also involved. Gong et al. reported that
miR-124 was downregulated in MPTP-induced neurons and that
suppressing miR-124 significantly increased cell apoptosis and
autophagy-associated protein expression of DA neurons in
patients with PD (Gong et al., 2016). It has been suggested that
miR-124 is significantly downregulated in the MPTP-induced
PD mouse model and that it inhibits neuroinflammation during
the development of PD (Ridolfi and Abdel-Haq, 2017; Yao et al.,
2018). Yao et al. (2019) reported that miR-124 inhibits
inflammation during the development of PD by targeting p38,
p62, and autophagy, suggesting that miR-124 may be a
promising treatment target for regulating the inflammatory
response in patients with PD. Dong et al. (2018) evaluated the
mechanism and effects of miR-124 on SH-SY5Y cells and 6-
hydroxydopamine (6-OHDA)-induced neurotoxicity in PC12
and reported that the miR-124-3p level was downregulated.
They also revealed that annexinA5 (ANXA5) is a direct target
gene of miR-124-3p, which may attenuate 6-OHDA-induced
neuron injury by regulating the ANXA5/ERK pathway. MiR-124
is also involved in increasing CDK5 expression mediated by
calpain 1/p25 in the MPTP-mouse model of PD. Supplementing
with miR-124 in vitro increases cell viability and attenuates
protein expression of the calpain 1/cdk5 pathway (Kanagaraj
et al., 2014). Yao et al. (2018) also suggested that overexpression
of miR-124 in microglia could attenuate the MEKK3/NF-kB
inflammatory pathway and limit the pathogenesis of PD.
Previous studies have indicated that the mechanism of miR-
124 in the pathogenesis of PD is relatively clear. That is to say,
downregulated miR-124 promotes the pathogenesis of PD
through a variety of mechanisms, and over-expression of miR-
124 may play a therapeutic role in PD by preventing the
inflammatory response.
Frontiers in Pharmacology | www.frontiersin.org 5
There are a few studies on the relationship between miR-124
and HD. It was reported that miR-124 was downregulated in the
cortex and hippocampus of HD transgenic mice (Johnson et al.,
2008; Lee et al., 2017). The role of RE1-silencing transcription
factor (REST) in the pathogenesis of HD has been fully studied.
However, miR-124 is encoded by multiple genes each targeted by
REST (Johnson and Buckley, 2009).

MiR-124 is related to different phenotypes and functions of
microglia, which may be a different cause of neuroinflammation
in patients with ALS (Brites and Vaz, 2014; Cunha et al., 2018).
Significantly upregulated miR-124 was revealed by Pinto et al.
(2017) in NSC-34 cells (a MN-like cell line) expressing
SOD1G93A. Elevated miR-124 levels are thought to have a
calming effect on microglia, as miR-124 is expressed by
stressed neurons associated with neurodegeneration
(Ponomarev et al., 2011). In addition, the elevated levels seem
to be negatively correlated with the STAT3 transcription factor, a
key factor for neural differentiation and cell survival (Marcuzzo
et al., 2014). In a study of neural stem cells from ALS transgenic
mice, Zhou et al. (2018) showed that miR-124 was
downregulated in the brainstem and spinal cord, and that
miR-124 may participate in astrocyte differentiation of ALS
transgenic mice by targeting Sox2 and Sox9. Many studies
have reported that the expression level of miR-124 is
inconsistent in ALS models, which may be related to the
samples selected by different studies, and more studies in the
future may draw more clear conclusions. However, it is certain
that miR-124 is involved in ALS through the inflammatory
reaction. It will be possible to treat ALS with miR-124 as the
target after further study on the pathological mechanism of ALS.
MiR-124-BASED THERAPEUTIC
STRATEGIES AND MIR DELIVERY

Although we are far from understanding the complete NDD
picture, we now know that there is a clear correlation between
the expression of miRNAs and neurodegeneration (Sadlon et al.,
2019). Therapeutic strategies based on miRNAs can be direct,
such as regulating target protein expression by increasing or
decreasing specific levels of miRNAs, or indirect, by activating or
enhancing endogenous repair mechanisms in the brain by
introducing miRNAs. However, as an important potential
target of NDD treatment, miRNAs still have the following
shortcomings: (1) they are highly unstable and easily degraded
by nucleases in the plasma; (2) because of their negative charge,
miRNAs are difficult to pass through the cell membrane formed
by a lipid bimolecular layer and cannot be released in the cell,
resulting in low bioavailability; (3) systemic administration
requires miRNAs to be targeted. Therefore, selecting a safe and
efficient delivery vector is the key to the success of miRNA
molecular NDD gene therapy (Cao et al., 2016; Brown et al.,
2018; Szelenberger et al., 2019; Zetterberg and Burnham, 2019).

Viral and non-viral vectors have been developed to improve
the delivery efficiency of miRNAs. The delivery system based on a
virus as the carrier is highly efficient and can deliver miRNAs to
January 2020 | Volume 10 | Article 1555
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target cells effectively. For example, Zhou et al. (2019)
administered an intracranial injection of adeno-associated virus
(AAV) expressing microRNA-124-3p into APP/PS1-AD mice,
showing that A? deposition was significantly reduced and AD-
mouse behavior and cognitive function were significantly
improved. A similar approach has been used to treat PD. Yao et
al. (2019) reported that exogenous delivery of miR-124 suppresses
the expression of p38 and p62 and attenuates microglia activation
in the substantia nigra pars compacta of MPTP-treated mice.
However, the disadvantages of viral vectors (such as the
immunogenicity/inflammatory response and low loading
capacity) limit their application in gene delivery and make it
difficult to achieve large-scale manufacturing and quality control
(Itaka and Kataoka, 2009; Ma et al., 2018; Pfister et al., 2018).
Compared with viral vectors, non-viral vector delivery systems
(liposomes, polymer-based systems, and inorganic nanoparticles)
are diverse and relatively safe and can effectively avoid the
problems faced by viral vectors through reasonable design and
appropriate modification. Therefore, non-viral vector delivery
systems are widely used in clinical research (Yin et al., 2014;
Labatut and Mattheolabakis, 2018). Liposomes have advantages of
simple preparation, safety, and non-toxicity. Cationic liposomes or
neutral liposomes have been widely studied as miRNA delivery
carriers (Hobel and Aigner, 2013). Nanoparticles used for in vivo
delivery of liposomes include cationic liposomes, neutral
liposomes, and polyethylene glycol-modified liposomes.
Liposome nanoparticles stabilize nucleic acids, resist enzyme
degradation, promote cell uptake, and prolong the cycle half-life
of miRNA (Hugon and Paquet, 2008; Hsu et al., 2013; Abu Lila
and Ishida, 2017). Negative hydrophilic miRNA interacts with the
positive liposome to form a complex system through a positive
and negative charge interaction, and interact with the negative cell
membrane to deliver miRNA. The efficiency of the combined
miRNA uptake by the cell is also improved (Obeid et al., 2017;
Tapeinos et al., 2017). Sasidharan et al. (2017) developed a novel
liposome-based method for delivering anti-miR-124 efficiently
into live planarians to demonstrate the roles of the miR-124
family of miRs in regulating the regeneration of a functional
brain. Poly lactic-co-glycolic acid (PLGA) is a Food and Drug
Administration approved biocompatible polymer, which can be
hydrolyzed into nontoxic lactic acid and glycolic acid monomers
and metabolized by the human body without any side effects
(Devulapally and Paulmurugan, 2014). PLGA polymer
nanoparticles capture bioactive molecules, escape from cytolysin
to the cytoplasm, induce the sustained release of transported
substances in cells, and prolong efficacy. Furthermore,
introducing cationic polyethyleneimine with a positive charge
into the PLGA system solves the problems of low molecular
weight and low over efficiency of PLGA. At present, the PLGA
carrier has been widely used to deliver various therapeutic genes
(Devulapally and Paulmurugan, 2014; Cai et al., 2017; Malik and
Bahal, 2019). PLGA nanoparticles have been used to efficiently
deliver nicotine to the brain to achieve neuroprotective effects in
PD caused by reactive oxygen species (Fornaguera et al., 2015). Yu
et al. successfully delivered ketoprofen and miR-124 co-loaded
PLGA microspheres to adjuvant-induced arthritic rats and
Frontiers in Pharmacology | www.frontiersin.org 6
demonstrated therapeutic efficiency (Yu et al., 2018). Gold
nanoparticles (AuNPs) are of great interest as non-viral gene
delivery vectors due to their ease of control in size and shape, and
their biocompatibility and low cytotoxicity (Torrisi, 2015; Yoon
et al., 2017). AuNPs maintain high stability in salt solution and
specifically bind to complementary nucleic acids. In addition,
magnetic nanoparticles can be used to deliver genetic material to
a target site by means of an external magnetic field, thereby
overcoming the disadvantage of poor transfection efficiency of
the viral vector. This method reduces side effects, increases
selectivity, and reduces the cost and dosage of non-viral vectors.
Magnetic nanoparticles are primarily used to effectively treat
cancer (Wang et al., 2016; Shabestari Khiabani et al., 2017).
Saraiva et al. (2016) successfully constructed miRNA-124-loaded
polymeric nanoparticles and injected them into a 6-OHDA-
challenged mouse model of PD ventricles. The results showed
that miRNA-124 NPs enhanced the migration of new neurons
into the 6-OHDA lesioned striatum, culminating in improved
motor function. Moreover, an exosome-based delivery method has
also been successfully applied in HD research. Exo-124 (exosomes
exhibit a high level of miR-124 expression) was injected into the
striatum of R6/2 transgenic HD mice, and Lee et al. (2017)
revealed that expression of the REST target gene decreased,
which participates in multiple links in the pathogenesis of HD.
While no miRNA therapeutics have entered clinical trials to treat
NDDs, further advances in delivering miRNA therapeutics to the
desired site of action may contribute to clinical development.
CONCLUSIONS

Many processes are involved in the pathogenesis of NDDs,
including transcriptional dysregulation, mitochondrial
dysfunction, and synaptic dysfunction. Activation of microglia
and inflammation are important pathogenic processes in NDDs.
MiR-124 is closely related to the pathogenesis of NDDs and is
downregulated in response to pro-inflammatory stimuli. Over-
expressing miR-124 may be a viable strategy to reduce the
inflammatory response associated with NDDs. However, more
studies are required to investigate the specific effects of miR-124 in
NDDs. Improved miR delivery methods in clinical trials may lead
to the development of microglia-specific miR therapies for NDDs.
AUTHOR CONTRIBUTIONS

This manuscript was primarily written by XD. Figures were
produced by DH and JN. All authors read and approved the
final manuscript.
FUNDING

This work was supported by Liaoning Provincial Key R&D
Program Guidance Plan (grant no. 2018225091).
January 2020 | Volume 10 | Article 1555

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Dong et al. Therapeutic Promise of MiR-124 in Neurodegenerative Disorders
REFERENCES

Aalaei-Andabili, S. H., and Rezaei, N. (2016). MicroRNAs (MiRs) Precisely
Regulate Immune System Development and Function in Immunosenescence
Process. Int. Rev. Immunol. 35, 57–66. doi: 10.3109/08830185.2015.1077828

Abu Lila, A. S., and Ishida, T. (2017). Liposomal Delivery Systems: Design
Optimization and Current Applications. Biol. Pharm. Bull. 40, 1–10. doi:
10.1248/bpb.b16-00624

Akerblom, M., and Jakobsson, J. (2014). MicroRNAs as Neuronal Fate
Determinants. Neuroscientist 20, 235–242. doi: 10.1177/1073858413497265

Boillee, S., Yamanaka, K., Lobsiger, C. S., Copeland, N. G., Jenkins, N. A., Kassiotis,
G., et al. (2006). Onset and progression in inherited ALS determined by motor
neurons and microglia. Science 312, 1389–1392. doi: 10.1126/science.1123511

Brites, D., and Vaz, A. R. (2014). Microglia centered pathogenesis in ALS: insights
in cell interconnectivity. Front. Cell Neurosci. 8, 117. doi: 10.3389/fncel.2014.
00117

Brown, R.a.M., Richardson, K. L., Kalinowski, F. C., Epis, M. R., Horsham, J. L.,
Kabir, T. D., et al. (2018). Evaluation of MicroRNA Delivery In Vivo.Methods
Mol. Biol. 1699, 155–178. doi: 10.1007/978-1-4939-7435-1_12

Cai, C., Xie, Y., Wu, L., Chen, X., Liu, H., Zhou, Y., et al. (2017). PLGA-based dual
targeted nanoparticles enhance miRNA transfection efficiency in hepatic
carcinoma. Sci. Rep. 7, 46250. doi: 10.1038/srep46250

Caldeira, C., Oliveira, A. F., Cunha, C., Vaz, A. R., Falcao, A. S., Fernandes, A.,
et al. (2014). Microglia change from a reactive to an age-like phenotype with
the time in culture. Front. Cell Neurosci. 8, 152. doi: 10.3389/fncel.2014.00152

Cao, H., Yu, W., Li, X., Wang, J., Gao, S., Holton, N. E., et al. (2016). A new
plasmid-based microRNA inhibitor system that inhibits microRNA families in
transgenic mice and cells: a potential new therapeutic reagent. Gene Ther. 23,
527–542. doi: 10.1038/gt.2016.22

Chen, W. W., Zhang, X., and Huang, W. J. (2016). Role of neuroinflammation in
neurodegenerative diseases (Review). Mol. Med. Rep. 13, 3391–3396. doi:
10.3892/mmr.2016.4948

Cheng, L. C., Pastrana, E., Tavazoie, M., and Doetsch, F. (2009). miR-124 regulates
adult neurogenesis in the subventricular zone stem cell niche. Nat. Neurosci.
12, 399–408. doi: 10.1038/nn.2294

Chhor, V., Le Charpentier, T., Lebon, S., Ore, M. V., Celador, I. L., Josserand, J.,
et al. (2013). Characterization of phenotype markers and neuronotoxic
potential of polarised primary microglia in vitro. Brain Behav. Immun. 32,
70–85. doi: 10.1016/j.bbi.2013.02.005

Cianciulli, A., Dragone, T., Calvello, R., Porro, C., Trotta, T., Lofrumento, D. D.,
et al. (2015). IL-10 plays a pivotal role in anti-inflammatory effects of
resveratrol in activated microglia cells. Int. Immunopharmacol. 24, 369–376.
doi: 10.1016/j.intimp.2014.12.035

Colonna, M., and Butovsky, O. (2017). Microglia Function in the Central
Nervous?System During Health and Neurodegeneration. Annu. Rev.
Immunol. 35, 441–468. doi: 10.1146/annurev-immunol-051116-052358

Coolen, M., Katz, S., and Bally-Cuif, L. (2013). miR-9: a versatile regulator of
neurogenesis. Front. Cell Neurosci. 7, 220. doi: 10.3389/fncel.2013.00220

Cunha, C., Santos, C., Gomes, C., Fernandes, A., Correia, A. M., Sebastiao, A. M.,
et al. (2018). Downregulated Glia Interplay and Increased miRNA-155 as?
Promising Markers to Track ALS at an Early Stage. Mol. Neurobiol. 55, 4207–
4224. doi: 10.1007/s12035-017-0631-2

D’ambrosi, N., Finocchi, P., Apolloni, S., Cozzolino, M., Ferri, A., Padovano, V.,
et al. (2009). The proinflammatory action of microglial P2 receptors is
enhanced in SOD1 models for amyotrophic lateral sclerosis. J. Immunol.
183, 4648–4656. doi: 10.4049/jimmunol.0901212

Devulapally, R., and Paulmurugan, R. (2014). Polymer nanoparticles for drug and
small silencing RNA delivery to treat cancers of different phenotypes. Wiley
Interdiscip. Rev. Nanomed. Nanobiotechnol. 6, 40–60. doi: 10.1002/wnan.1242

Dong, R. F., Zhang, B., Tai, L. W., Liu, H. M., Shi, F. K., and Liu, N. N. (2018). The
neuroprotective role of MiR-124-3p in a 6-hydroxydopamine-induced cell
model of Parkinson’s disease via the regulation of ANAX5. J. Cell Biochem. 119,
269–277. doi: 10.1002/jcb.26170

Fan, Z., Aman, Y., Ahmed, I., Chetelat, G., Landeau, B., Ray Chaudhuri, K., et al.
(2015). Influence of microglial activation on neuronal function in Alzheimer’s
and Parkinson’s disease dementia. Alzheimers Dement. 11, 608–621.e607. doi:
10.1016/j.jalz.2014.06.016
Frontiers in Pharmacology | www.frontiersin.org 7
Fang, M., Wang, J., Zhang, X., Geng, Y., Hu, Z., Rudd, J. A., et al. (2012). The miR-
124 regulates the expression of BACE1/beta-secretase correlated with cell death
in Alzheimer’s disease. Toxicol. Lett. 209, 94–105. doi: 10.1016/j.toxlet.2011.
11.032

Fischbach, S. J., and Carew, T. J. (2009). MicroRNAs in memory processing.
Neuron 63, 714–716.10.1016/j.neuron.2009.09.007

Fornaguera, C., Dols-Perez, A., Caldero, G., Garcia-Celma, M. J., Camarasa, J., and
Solans, C. (2015). PLGA nanoparticles prepared by nano-emulsion templating
using low-energy methods as efficient nanocarriers for drug delivery across the
blood-brain barrier. J. Control Release 211, 134–143. doi: 10.1016/j.jconrel.
2015.06.002

Franco, R., and Fernandez-Suarez, D. (2015). Alternatively activated microglia and
macrophages in the central nervous system. Prog. Neurobiol. 131, 65–86. doi:
10.1016/j.pneurobio.2015.05.003

Frank-Cannon, T. C., Alto, L. T., Mcalpine, F. E., and Tansey, M. G. (2009). Does
neuroinflammation fan the flame in neurodegenerative diseases? Mol.
Neurodegener. 4, 47. doi: 10.1186/1750-1326-4-47

Gerhard, A., Pavese, N., Hotton, G., Turkheimer, F., Es, M., Hammers, A., et al.
(2006). In vivo imaging of microglial activation with [11C](R)-PK11195 PET
in idiopathic Parkinson’s disease. Neurobiol. Dis. 21, 404–412. doi: 10.1016/
j.nbd.2005.08.002

Gitler, A. D., Dhillon, P., and Shorter, J. (2017). Neurodegenerative disease:
models, mechanisms, and a new hope. Dis. Model Mech. 10, 499–502. doi:
10.1242/dmm.030205

Golko-Perez, S., Mandel, S., Amit, T., Kupershmidt, L., Youdim, M. B., and
Weinreb, O. (2016). Additive Neuroprotective Effects of the Multifunctional
Iron Chelator M30 with Enriched Diet in a Mouse Model of Amyotrophic
Lateral Sclerosis. Neurotox. Res. 29, 208–217. doi: 10.1007/s12640-015-9574-4

Gong, X., Wang, H., Ye, Y., Shu, Y., Deng, Y., He, X., et al. (2016). miR-124
regulates cell apoptosis and autophagy in dopaminergic neurons and protects
them by regulating AMPK/mTOR pathway in Parkinson’s disease. Am. J.
Transl. Res. 8, 2127–2137.

Graber, D. J., Hickey, W. F., and Harris, B. T. (2010). Progressive changes in
microglia and macrophages in spinal cord and peripheral nerve in the transgenic
rat model of amyotrophic lateral sclerosis. J. Neuroinflammation 7, 8. doi:
10.1186/1742-2094-7-8

Gu, X. L., Long, C. X., Sun, L., Xie, C., Lin, X., and Cai, H. (2010). Astrocytic
expression of Parkinson’s disease-related A53T alpha-synuclein causes
neurodegeneration in mice. Mol. Brain 3, 12. doi: 10.1186/1756-6606-3-12

He, Y., and Wang, Z. J. (2012). Let-7 microRNAs and Opioid Tolerance. Front.
Genet. 3, 110. doi: 10.3389/fgene.2012.00110

Hobel, S., and Aigner, A. (2013). Polyethylenimines for siRNA and miRNA
delivery in vivo.Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 5, 484–501.
doi: 10.1002/wnan.1228

Hsu, S. H., Yu, B., Wang, X., Lu, Y., Schmidt, C. R., Lee, R. J., et al. (2013). Cationic
lipid nanoparticles for therapeutic delivery of siRNA and miRNA to murine
liver tumor. Nanomedicine 9, 1169–1180. doi: 10.1016/j.nano.2013.05.007

Hugon, J., and Paquet, C. (2008). Targeting miRNAs in Alzheimer’s disease.
Expert Rev. Neurother. 8, 1615–1616. doi: 10.1586/14737175.8.11.1615

Itaka, K., and Kataoka, K. (2009). Recent development of nonviral gene delivery
systems with virus-like structures and mechanisms. Eur. J. Pharm. Biopharm.
71, 475–483. doi: 10.1016/j.ejpb.2008.09.019

Jiang, H., Liu, C. X., Feng, J. B., Wang, P., Zhao, C. P., Xie, Z. H., et al. (2010).
Granulocyte colony-stimulating factor attenuates chronic neuroinflammation in
the brain of amyloid precursor protein transgenic mice: an Alzheimer’s disease
mouse model. J. Int. Med. Res. 38, 1305–1312. doi: 10.1177/147323001003800412

Johnson, R., and Buckley, N. J. (2009). Gene dysregulation in Huntington’s
disease: REST, microRNAs and beyond. Neuromol. Med. 11, 183–199. doi:
10.1007/s12017-009-8063-4

Johnson, R., Teh, C. H., Kunarso, G., Wong, K. Y., Srinivasan, G., Cooper, M. L.,
et al. (2008). REST regulates distinct transcriptional networks in embryonic
and neural stem cells. PloS Biol. 6, e256. doi: 10.1371/journal.pbio.0060256

Kanagaraj, N., Beiping, H., Dheen, S. T., and Tay, S. S. (2014). Downregulation of
miR-124 in MPTP-treated mouse model of Parkinson’s disease and MPP
iodide-treated MN9D cells modulates the expression of the calpain/cdk5
pathway proteins. Neuroscience 272, 167–179. doi: 10.1016/j.neuroscience.
2014.04.039
January 2020 | Volume 10 | Article 1555

https://doi.org/10.3109/08830185.2015.1077828
https://doi.org/10.1248/bpb.b16-00624
https://doi.org/10.1177/1073858413497265
https://doi.org/10.1126/science.1123511
https://doi.org/10.3389/fncel.2014.00117
https://doi.org/10.3389/fncel.2014.00117
https://doi.org/10.1007/978-1-4939-7435-1_12
https://doi.org/10.1038/srep46250
https://doi.org/10.3389/fncel.2014.00152
https://doi.org/10.1038/gt.2016.22
https://doi.org/10.3892/mmr.2016.4948
https://doi.org/10.1038/nn.2294
https://doi.org/10.1016/j.bbi.2013.02.005
https://doi.org/10.1016/j.intimp.2014.12.035
https://doi.org/10.1146/annurev-immunol-051116-052358
https://doi.org/10.3389/fncel.2013.00220
https://doi.org/10.1007/s12035-017-0631-2
https://doi.org/10.4049/jimmunol.0901212
https://doi.org/10.1002/wnan.1242
https://doi.org/10.1002/jcb.26170
https://doi.org/10.1016/j.jalz.2014.06.016
https://doi.org/10.1016/j.toxlet.2011.11.032
https://doi.org/10.1016/j.toxlet.2011.11.032
https://doi.org/10.1016/j.neuron.2009.09.007
https://doi.org/10.1016/j.jconrel.2015.06.002
https://doi.org/10.1016/j.jconrel.2015.06.002
https://doi.org/10.1016/j.pneurobio.2015.05.003
https://doi.org/10.1186/1750-1326-4-47
https://doi.org/10.1016/j.nbd.2005.08.002
https://doi.org/10.1016/j.nbd.2005.08.002
https://doi.org/10.1242/dmm.030205
https://doi.org/10.1007/s12640-015-9574-4
https://doi.org/10.1186/1742-2094-7-8
https://doi.org/10.1186/1756-6606-3-12
https://doi.org/10.3389/fgene.2012.00110
https://doi.org/10.1002/wnan.1228
https://doi.org/10.1016/j.nano.2013.05.007
https://doi.org/10.1586/14737175.8.11.1615
https://doi.org/10.1016/j.ejpb.2008.09.019
https://doi.org/10.1177/147323001003800412
https://doi.org/10.1007/s12017-009-8063-4
https://doi.org/10.1371/journal.pbio.0060256
https://doi.org/10.1016/j.neuroscience.2014.04.039
https://doi.org/10.1016/j.neuroscience.2014.04.039
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Dong et al. Therapeutic Promise of MiR-124 in Neurodegenerative Disorders
Keizman, D., Rogowski, O., Berliner, S., Ish-Shalom, M., Maimon, N., Nefussy, B.,
et al. (2009). Low-grade systemic inflammation in patients with amyotrophic
lateral sclerosis. Acta Neurol. Scand. 119, 383–389. doi: 10.1111/j.1600-
0404.2008.01112.x

Khandelwal, N., Dey, S. K., Chakravarty, S., and Kumar, A. (2019). miR-30 Family
miRNAs Mediate the Effect of Chronic Social Defeat Stress on Hippocampal
Neurogenesis in Mouse Depression Model. Front. Mol. Neurosci. 12, 188. doi:
10.3389/fnmol.2019.00188

Kim, Y. S., Choi, D. H., Block, M. L., Lorenzl, S., Yang, L., Kim, Y. J., et al. (2007). A
pivotal role of matrix metalloproteinase-3 activity in dopaminergic neuronal
degeneration via microglial activation. FASEB J. 21, 179–187. doi: 10.1096/
fj.06-5865com

Labatut, A. E., and Mattheolabakis, G. (2018). Non-viral based miR delivery and
recent developments. Eur. J. Pharm. Biopharm. 128, 82–90. doi: 10.1016/
j.ejpb.2018.04.018

Lagos-Quintana, M., Rauhut, R., Yalcin, A., Meyer, J., Lendeckel, W., and Tuschl,
T. (2002). Identification of tissue-specific microRNAs from mouse. Curr. Biol.
12, 735–739. doi: 10.1016/s0960-9822(02)00809-6

Lee, S. T., Im, W., Ban, J. J., Lee, M., Jung, K. H., Lee, S. K., et al. (2017). Exosome-
Based Delivery of miR-124 in a Huntington’s Disease Model. J. Mov. Disord.
10, 45–52. doi: 10.14802/jmd.16054

Li, Q., and Barres, B. A. (2018). Microglia and macrophages in brain homeostasis
and disease. Nat. Rev. Immunol. 18, 225–242. doi: 10.1038/nri.2017.125

Li, A. D., Tong, L., Xu, N., Ye, Y., Nie, P. Y., Wang, Z. Y., et al. (2019). miR-
124 regulates cerebromicrovascular function in APP/PS1 transgenic mice
via C1ql3. Brain Res. Bull. 153, 214–222. doi: 10.1016/j.brainresbull.2019.
09.002

Lopez-Ramirez, M. A., and Nicoli, S. (2014). Role of miRNAs and epigenetics in
neural stem cell fate determination. Epigenetics 9, 90–100. doi: 10.4161/
epi.27536

Lyons, A., Downer, E. J., Crotty, S., Nolan, Y. M., Mills, K. H., and Lynch, M. A.
(2007). CD200 ligand receptor interaction modulates microglial activation in
vivo and in vitro: a role for IL-4. J. Neurosci. 27, 8309–8313. doi: 10.1523/
jneurosci.1781-07.2007

Ma, X. X., Ma, Z., and Pan, Q. (2018). The Challenges of Long-Term
Transcriptional Gene Silencing by RNA Viruses. Trends Biochem. Sci. 43,
649–650. doi: 10.1016/j.tibs.2018.06.010

Malik, S., and Bahal, R. (2019). Investigation of PLGA nanoparticles in
conjunction with nuclear localization sequence for enhanced delivery of
antimiR phosphorothioates in cancer cells in vitro. J. Nanobiotechnol. 17, 57.
doi: 10.1186/s12951-019-0490-2

Marcuzzo, S., Kapetis, D., Mantegazza, R., Baggi, F., Bonanno, S., Barzago, C., et al.
(2014). Altered miRNA expression is associated with neuronal fate in G93A-
SOD1 ependymal stem progenitor cells. Exp. Neurol. 253, 91–101. doi:
10.1016/j.expneurol.2013.12.007

Mckenzie, J. A., Spielman, L. J., Pointer, C. B., Lowry, J. R., Bajwa, E., Lee, C. W.,
et al. (2017). Neuroinflammation as a Common Mechanism Associated with
the Modifiable Risk Factors for Alzheimer’s and Parkinson’s Diseases. Curr.
Aging Sci. 10, 158–176. doi: 10.2174/1874609810666170315113244

Medeiros, R., Figueiredo, C. P., Pandolfo, P., Duarte, F. S., Prediger, R. D.,
Passos, G. F., et al. (2010). The role of TNF-alpha signaling pathway on COX-
2 upregulation and cognitive decline induced by beta-amyloid peptide.
Behav. Brain Res. 209, 165–173. doi: 10.1016/j.bbr.2010.01.040

Mishima, T., Mizuguchi, Y., Kawahigashi, Y., Takizawa, T., and Takizawa, T.
(2007). RT-PCR-based analysis of microRNA (miR-1 and -124) expression in
mouse CNS. Brain Res. 1131, 37–43. doi: 10.1016/j.brainres.2006.11.035

Njie, E. G., Boelen, E., Stassen, F. R., Steinbusch, H. W., Borchelt, D. R., and
Streit, W. J. (2012). Ex vivo cultures of microglia from young and aged rodent
brain reveal age-related changes in microglial function. Neurobiol. Aging 33,
195.e1–12. 10.1016/j.neurobiolaging.2010.05.008

Obeid, M. A., Al Qaraghuli, M. M., Alsaadi, M., Alzahrani, A. R., Niwasabutra, K.,
and Ferro, V. A. (2017). Delivering natural products and biotherapeutics to
improve drug efficacy. Ther. Delivery 8, 947–956. doi: 10.4155/tde-2017-0060

Orihuela, R., Mcpherson, C. A., and Harry, G. J. (2016). Microglial M1/M2
polarization and metabolic states. Br. J. Pharmacol. 173, 649–665. doi: 10.1111/
bph.13139

Pfister, E. L., Dinardo, N., Mondo, E., Borel, F., Conroy, F., Fraser, C., et al. (2018).
Artificial miRNAs Reduce Human Mutant Huntingtin Throughout the
Frontiers in Pharmacology | www.frontiersin.org 8
Striatum in a Transgenic Sheep Model of Huntington’s Disease. Hum. Gene
Ther. 29, 663–673. doi: 10.1089/hum.2017.199

Pinto, S., Cunha, C., Barbosa, M., Vaz, A. R., and Brites, D. (2017). Exosomes from
NSC-34 cells transfected with hSOD1-G93A are enriched in miR-124 and drive
alterations in microglia phenotype. Front. Neurosci. 11, 273. doi: 10.3389/
fnins.2017.00273

Politis, M., Lahiri, N., Niccolini, F., Su, P., Wu, K., Giannetti, P., et al. (2015).
Increased central microglial activation associated with peripheral cytokine
levels in premanifest Huntington’s disease gene carriers. Neurobiol. Dis. 83,
115–121. doi: 10.1016/j.nbd.2015.08.011

Ponomarev, E. D., Veremeyko, T., Barteneva, N., Krichevsky, A. M., and
Weiner, H. L. (2011). MicroRNA-124 promotes microglia quiescence and
suppresses EAE by deactivating macrophages via the C/EBP-alpha-PU.1
pathway. Nat. Med. 17, 64–70. doi: 10.1038/nm.2266

Ridolfi, B., and Abdel-Haq, H. (2017). Neurodegenerative Disorders Treatment:
The MicroRNA Role. Curr. Gene Ther. 17, 327–363. doi: 10.2174/
1566523218666180119120726

Rojo, L. E., Fernandez, J. A., Maccioni, A. A., Jimenez, J. M., and Maccioni, R. B.
(2008). Neuroinflammation: implications for the pathogenesis and molecular
diagnosis of Alzheimer’s disease. Arch. Med. Res. 39, 1–16. doi: 10.1016/
j.arcmed.2007.10.001

Ross, C. A., and Tabrizi, S. J. (2011). Huntington’s disease: from molecular
pathogenesis to clinical treatment. Lancet Neurol. 10, 83–98. doi: 10.1016/
s1474-4422(10)70245-3

Sadlon, A., Takousis, P., Alexopoulos, P., Evangelou, E., Prokopenko, I., and Perneczky,
R. (2019). miRNAs Identify Shared Pathways in Alzheimer’s and Parkinson’s
Diseases. Trends Mol. Med. 25, 662–672. doi: 10.1016/j.molmed.2019.05.006

Salminen, A., Ojala, J., Kauppinen, A., Kaarniranta, K., and Suuronen, T. (2009).
Inflammation in Alzheimer’s disease: amyloid-beta oligomers trigger innate?
immunity defence via pattern recognition receptors. Prog. Neurobiol. 87, 181–
194. doi: 10.1016/j.pneurobio.2009.01.001

Salter, M. W., and Stevens, B. (2017). Microglia emerge as central players in brain
disease. Nat. Med. 23, 1018–1027. doi: 10.1038/nm.4397doi: 10.1038/nm.4397

Saraiva, C., Ferreira, L., and Bernardino, L. (2016). Traceable microRNA-124
loaded nanoparticles as a new promising therapeutic tool for Parkinson’s
disease. Neurogenesis (Austin) 3, e1256855.

Saraiva, C., Esteves, M., and Bernardino, L. (2017). MicroRNA: Basic concepts and
implications for regeneration and repair of neurodegenerative diseases.
Biochem. Pharmacol. 141, 118–131. doi: 10.1016/j.bcp.2017.07.008doi:
10.1016/j.bcp.2017.07.008

Sargsyan, S. A., Monk, P. N., and Shaw, P. J. (2005). Microglia as potential
contributors to motor neuron injury in amyotrophic lateral sclerosis. Glia 51,
241–253. doi: 10.1002/glia.20210

Sasidharan, V., Marepally, S., Elliott, S. A., Baid, S., Lakshmanan, V., Nayyar, N.,
et al. (2017). The miR-124 family of microRNAs is crucial for regeneration of
the brain and visual system in the planarian Schmidtea mediterranea.
Development 144, 3211–3223. doi: 10.1242/dev.144758

Schain, M., and Kreisl, W. C. (2017). Neuroinflammation in Neurodegenerative
Disorders-a Review. Curr. Neurol. Neurosci. Rep. 17, 25. doi: 10.1007/s11910-
017-0733-2

Shabestari Khiabani, S., Farshbaf, M., Akbarzadeh, A., and Davaran, S. (2017).
Magnetic nanoparticles: preparation methods, applications in cancer diagnosis
and cancer therapy. Artif. Cells Nanomed. Biotechnol. 45, 6–17. doi: 10.3109/
21691401.2016.1167704

Smirnova, L., Grafe, A., Seiler, A., Schumacher, S., Nitsch, R., and Wulczyn, F. G.
(2005). Regulation of miRNA expression during neural cell specification. Eur.
J. Neurosci. 21, 1469–1477. doi: 10.1111/j.1460-9568.2005.03978.x

Smith, P., Al Hashimi, A., Girard, J., Delay, C., and Hebert, S. S. (2011). In vivo
regulation of amyloid precursor protein neuronal splicing by microRNAs. J.
Neurochem. 116, 240–247. doi: 10.1111/j.1471-4159.2010.07097.x

Soreq, H., and Wolf, Y. (2011). NeurimmiRs: microRNAs in the neuroimmune
interface. Trends Mol. Med. 17, 548–555. doi: 10.1016/j.molmed.2011.06.009

Szelenberger, R., Kacprzak, M., Saluk-Bijak, J., Zielinska, M., and Bijak, M. (2019).
Plasma MicroRNA as a novel diagnostic. Clin. Chim. Acta 499, 98–107. doi:
10.1016/j.cca.2019.09.005

Tang, Y., and Le, W. (2016). Differential Roles of M1 and M2 Microglia in
Neurodegenerative Diseases. Mol. Neurobiol. 53, 1181–1194. doi: 10.1007/
s12035-014-9070-5
January 2020 | Volume 10 | Article 1555

https://doi.org/10.1111/j.1600-0404.2008.01112.x
https://doi.org/10.1111/j.1600-0404.2008.01112.x
https://doi.org/10.3389/fnmol.2019.00188
https://doi.org/10.1096/fj.06-5865com
https://doi.org/10.1096/fj.06-5865com
https://doi.org/10.1016/j.ejpb.2018.04.018
https://doi.org/10.1016/j.ejpb.2018.04.018
https://doi.org/10.1016/s0960-9822(02)00809-6
https://doi.org/10.14802/jmd.16054
https://doi.org/10.1038/nri.2017.125
https://doi.org/10.1016/j.brainresbull.2019.09.002
https://doi.org/10.1016/j.brainresbull.2019.09.002
https://doi.org/10.4161/epi.27536
https://doi.org/10.4161/epi.27536
https://doi.org/10.1523/jneurosci.1781-07.2007
https://doi.org/10.1523/jneurosci.1781-07.2007
https://doi.org/10.1016/j.tibs.2018.06.010
https://doi.org/10.1186/s12951-019-0490-2
https://doi.org/10.1016/j.expneurol.2013.12.007
https://doi.org/10.2174/1874609810666170315113244
https://doi.org/10.1016/j.bbr.2010.01.040
https://doi.org/10.1016/j.brainres.2006.11.035
https://doi.org/10.4155/tde-2017-0060
https://doi.org/10.1111/bph.13139
https://doi.org/10.1111/bph.13139
https://doi.org/10.1089/hum.2017.199
https://doi.org/10.3389/fnins.2017.00273
https://doi.org/10.3389/fnins.2017.00273
https://doi.org/10.1016/j.nbd.2015.08.011
https://doi.org/10.1038/nm.2266
https://doi.org/10.2174/1566523218666180119120726
https://doi.org/10.2174/1566523218666180119120726
https://doi.org/10.1016/j.arcmed.2007.10.001
https://doi.org/10.1016/j.arcmed.2007.10.001
https://doi.org/10.1016/s1474-4422(10)70245-3
https://doi.org/10.1016/s1474-4422(10)70245-3
https://doi.org/10.1016/j.molmed.2019.05.006
https://doi.org/10.1016/j.pneurobio.2009.01.001
https://doi.org/10.1038/nm.4397
https://doi.org/10.1038/nm.4397
https://doi.org/10.1016/j.bcp.2017.07.008
https://doi.org/10.1016/j.bcp.2017.07.008
https://doi.org/10.1002/glia.20210
https://doi.org/10.1242/dev.144758
https://doi.org/10.1007/s11910-017-0733-2
https://doi.org/10.1007/s11910-017-0733-2
https://doi.org/10.3109/21691401.2016.1167704
https://doi.org/10.3109/21691401.2016.1167704
https://doi.org/10.1111/j.1460-9568.2005.03978.x
https://doi.org/10.1111/j.1471-4159.2010.07097.x
https://doi.org/10.1016/j.molmed.2011.06.009
https://doi.org/10.1016/j.cca.2019.09.005
https://doi.org/10.1007/s12035-014-9070-5
https://doi.org/10.1007/s12035-014-9070-5
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Dong et al. Therapeutic Promise of MiR-124 in Neurodegenerative Disorders
Tansey, M. G., and Goldberg, M. S. (2010). Neuroinflammation in Parkinson’s
disease: its role in neuronal death and implications for therapeutic
intervention. Neurobiol. Dis. 37, 510–518. doi: 10.1016/j.nbd.2009.11.004

Tapeinos, C., Battaglini, M., and Ciofani, G. (2017). Advances in the design of
solid lipid nanoparticles and nanostructured lipid carriers for targeting brain
diseases. J. Control Release 264, 306–332. doi: 10.1016/j.jconrel.2017.08.033

Tobinick, E. (2009). Tumour necrosis factor modulation for treatment of
Alzheimer’s disease: rationale and current evidence. CNS Drugs 23, 713–725.
doi: 10.2165/11310810-000000000-00000

Torrisi, L. (2015). Gold nanoparticles enhancing protontherapy efficiency. Recent
Pat. Nanotechnol. 9, 51–60. doi: 10.2174/1872210509999141222224121

Villela, D., Ramalho, R. F., Silva, A. R., Brentani, H., Suemoto, C. K., Pasqualucci, C. A.,
et al. (2016). Differential DNA Methylation of MicroRNA Genes in Temporal
Cortex from Alzheimer’s Disease Individuals. Neural Plast 2016, 2584940. doi:
10.1155/2016/2584940

Wang, J., Wu, X., Wang, C., Rong, Z., Ding, H., Li, H., et al. (2016). Facile
Synthesis of Au-Coated Magnetic Nanoparticles and Their Application in
Bacteria Detection via a SERS Method. ACS Appl. Mater Interfaces 8, 19958–
19967. doi: 10.1021/acsami.6b07528

Wang, X., Liu, D., Huang, H. Z., Wang, Z. H., Hou, T. Y., Yang, X., et al. (2018). A
Novel MicroRNA-124/PTPN1 Signal Pathway Mediates Synaptic and Memory
Deficits in Alzheimer’s Disease. Biol. Psychiatry 83, 395–405. doi: 10.1016/
j.biopsych.2017.07.023

Wojtera, M., Sobow, T., Kloszewska, I., Liberski, P. P., Brown, D. R., and Sikorska, B.
(2012). Expression of immunohistochemical markers on microglia in
Creutzfeldt-Jakob disease and Alzheimer’s disease: morphometric study and
review of the literature. Folia Neuropathol. 50, 74–84.

Yang, H. M., Yang, S., Huang, S. S., Tang, B. S., and Guo, J. F. (2017). Microglial
Activation in the Pathogenesis of Huntington’s Disease. Front. Aging Neurosci.
9, 193. doi: 10.3389/fnagi.2017.00193

Yao, L., Ye, Y., Mao, H., Lu, F., He, X., Lu, G., et al. (2018). MicroRNA-124 regulates
the expression of MEKK3 in the inflammatory pathogenesis of Parkinson’s
disease. J. Neuroinflammation 15, 13. doi: 10.1186/s12974-018-1053-4

Yao, L., Zhu, Z., Wu, J., Zhang, Y., Zhang, H., Sun, X., et al. (2019). MicroRNA-124
regulates the expression of p62/p38 and promotes autophagy in the
Frontiers in Pharmacology | www.frontiersin.org 9
inflammatory pathogenesis of Parkinson’s disease. Faseb j 33, 8648–8665.
doi: 10.1096/fj.201900363R

Yin, H., Kanasty, R. L., Eltoukhy, A. A., Vegas, A. J., Dorkin, J. R., and Anderson,
D. G. (2014). Non-viral vectors for gene-based therapy. Nat. Rev. Genet. 15,
541–555. doi: 10.1038/nrg3763

Yoon, H. Y., Jeon, S., You, D. G., Park, J. H., Kwon, I. C., Koo, H., et al. (2017).
Inorganic Nanoparticles for Image-Guided Therapy. Bioconjug Chem. 28, 124–
134. doi: 10.1021/acs.bioconjchem.6b00512

Yu, C., Zhang, X., Sun, X., Long, C., Sun, F., Liu, J., et al. (2018). Ketoprofen and
MicroRNA-124 Co-loaded poly (lactic-co-glycolic acid) microspheres inhibit
progression of Adjuvant-induced arthritis in rats. Int. J. Pharm. 552, 148–153.
doi: 10.1016/j.ijpharm.2018.09.063

Zetterberg, H., and Burnham, S. C. (2019). Blood-based molecular biomarkers for
Alzheimer’s disease. Mol. Brain 12, 26. doi: 10.1186/s13041-019-0448-1

Zhang, Q. S., Heng, Y., Yuan, Y. H., and Chen, N. H. (2017). Pathological alpha-
synuclein exacerbates the progression of Parkinson’s disease through microglial
activation. Toxicol. Lett. 265, 30–37. doi: 10.1016/j.toxlet.2016.11.002

Zhou, F., Zhang, C., Guan, Y., Chen, Y., Lu, Q., Jie, L., et al. (2018). Screening the
expression characteristics of several miRNAs in G93A-SOD1 transgenic
mouse: altered expression of miRNA-124 is associated with astrocyte
differentiation by targeting Sox2 and Sox9. J. Neurochem. 145, 51–67.

Zhou, Y., Deng, J., Chu, X., Zhao, Y., and Guo, Y. (2019). Role of Post-
Transcriptional Control of Calpain by miR-124-3p in the Development of
Alzheimer’s Disease. J. Alzheimers Dis. 67, 571–581. doi: 10.3233/jad-181053

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

Copyright © 2020 Han, Dong, Zheng and Nao. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use, distri-
bution or reproduction is permitted which does not comply with these terms.
January 2020 | Volume 10 | Article 1555

https://doi.org/10.1016/j.nbd.2009.11.004
https://doi.org/10.1016/j.jconrel.2017.08.033
https://doi.org/10.2165/11310810-000000000-00000
https://doi.org/10.2174/1872210509999141222224121
https://doi.org/10.1155/2016/2584940
https://doi.org/10.1021/acsami.6b07528
https://doi.org/10.1016/j.biopsych.2017.07.023
https://doi.org/10.1016/j.biopsych.2017.07.023
https://doi.org/10.3389/fnagi.2017.00193
https://doi.org/10.1186/s12974-018-1053-4
https://doi.org/10.1096/fj.201900363R 
https://doi.org/10.1038/nrg3763
https://doi.org/10.1021/acs.bioconjchem.6b00512
https://doi.org/10.1016/j.ijpharm.2018.09.063
https://doi.org/10.1186/s13041-019-0448-1
https://doi.org/10.1016/j.toxlet.2016.11.002
https://doi.org/10.3233/jad-181053
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	MiR-124 and the Underlying Therapeutic Promise of Neurodegenerative Disorders
	Introduction
	Neurodegenerative Disorders and�Inflammation
	MiR Function
	MiR-124 in Neurodegenerative Disorders
	MiR-124-Based Therapeutic Strategies and MiR Delivery
	Conclusions
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


