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MicroRNA-mediated regulation
of reactive astrocytes in central
nervous system diseases
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Astrocytes (AST) are abundant glial cells in the human brain, accounting for
approximately 20-50% percent of mammalian central nervous system (CNS)
cells. They display essential functions necessary to sustain the physiological
processes of the CNS, including maintaining neuronal structure, forming
the blood-brain barrier, coordinating neuronal metabolism, maintaining
the extracellular environment, regulating cerebral blood flow, stabilizing
intercellular communication, participating in neurotransmitter synthesis, and
defending against oxidative stress et al. During the pathological development
of brain tumors, stroke, spinal cord injury (SCI), neurodegenerative diseases,
and other neurological disorders, astrocytes undergo a series of highly
heterogeneous changes, which are called reactive astrocytes, and mediate the
corresponding pathophysiological process. However, the pathophysiological
mechanisms of reactive astrocytes and their therapeutic relevance remain
unclear. The microRNAs (miRNAs) are essential for cell differentiation,
proliferation, and survival, which play a crucial role in the pathophysiological
development of CNS diseases. In this review, we summarize the regulatory
mechanism of miRNAs on reactive astrocytes in CNS diseases, which might
provide a theoretical basis for the diagnosis and treatment of CNS diseases.

KEYWORDS

central nervous system, microRNAs, ischemic stroke, spinal cord injury,
neurodegenerative disease, reactive astrocytes

1. Introduction

Astrocytes are one of the most significant cellular components and represent the largest
number of cells in the CNS, accounting for 20-50% of all CNS cells, which play an
important role in maintaining endocytosis of extracellular fluid, ions, and transmitters
(Verkhratsky and Nedergaard, 2018), feeding neurons (Magistretti and Allaman, 2018),
regulating local blood flow (Mac Vicar and Newman, 2015), helping regulate interstitial
fluid drainage (Plog and Nedergaard, 2018) as well as synaptic development and plasticity
(Allen and Eroglu, 2017). There are two types of astrocytes, fibrous and protoplasmic
astrocytes, based on the content of glial filaments and the shape of cytoplasmic protrusions.
Fibrous astrocytes are primarily distributed in the cerebral cortex, with elongated
protrusions and fewer branches. Protoplasmic astrocytes are mainly in gray matter, with
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thick and short protrusions and many branches. However, this
traditional classification ignores the heterogeneity of astrocytes,
which exhibit transcriptomic and functional heterogeneity in
different brain regions and cortical layers (Yeh et al., 2009; Zeisel
et al,, 2015; Lanjakornsiripan et al., 2018).

Reactive astrocytes, induced by brain injuries and disease,
undergo a series of molecular, morphological, and functional
alterations such as inflammatory factor release (Hasel et al., 2021),
glial scar formation (Sofroniew and Vinters, 2010), downregulation
of glutamate transporter-1 (GLT-1) expression (Tanaka et al,
1997), and upregulation of water channel protein aquaporin 4
(AQP4; Kitchen et al., 2020). These reactive astrocytes are crucial
in regulating the neuron, microglia, and CNS microenvironment
after SCI, stroke, neurodegeneration, and others (Liddelow and
Barres, 2017). Studies have found that miRNAs play a profound
role in mediating the activities and functions of reactive astrocytes
in recent years. miRNAs are a class of endogenous small
non-coding RNA molecules (20-25 nucleotides). Mature miRNAs
under the action of RISC complex, namely RNA-induced silencing
complex, work with the 3’UTR specific base of target gene mRNA
sequence to cause the degradation of target gene mRNA or to
inhibit the translation of target gene mRNA, thereby regulating the
post-transcriptional expression of genes. In addition, miRNAs may
interact with the target gene mRNA 5-UTR coding sequences and
the target promoter region. Researchers initially considered
miRNAs critical players in CNS development (Worringer et al.,
2014). Nonetheless, as research progress, studies have identified
miRNASs as essential in CNS diseases. miRNAs in these diseases are
often altered by genomic events such as gene mutations, deletion
amplification, or transcriptional changes, or by mutations or
downregulation of enzymes that regulate miRNA biogenesis,
resulting in biogenetic defects (Bartel, 2004; Lin and Gregory, 2015;
Rupaimoole et al., 2016). Studies have been on miRNAs as potential
targets to regulate glioma cells’ proliferation, migration, and
invasion. Meanwhile, mounting data suggests that miRNAs could
exert a range of protective effects by regulating the activities and
functions of reactive astrocytes in CNS diseases such as stroke, SCI,
and neurodegeneration (Hong et al,, 2014; Duan et al,, 2021;
LiL. etal, 2021).

This article reviews the research on miRNAs in regulating the
activities and functions of reactive astrocytes and summarizes the
relevant mechanisms of miRNAs regulating reactive astrocytes in
CNS diseases to provide a theoretical basis for diagnosing and
treating CNS diseases.

2. MicroRNAs regulate the
activities and functions of reactive
astrocytes

2.1. Apoptosis and autophagy
Apoptosis is the orderly process of cell death through

intracellular genetic mechanisms that eventually lead to the
degradation and digestion of all cellular components by other
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living cells. Autophagy, a catabolic process, could degrade and
recycle dysfunctional organelles and proteins (Fricker et al., 2018).
During brain ischemia, astrocytes undergo autophagy, which
represents the cell’s attempt to cope with stress and protects the
cell from apoptosis (Mo et al., 2020). Thus, autophagy might
protect astrocytes from apoptosis injured by ischemia. In a study,
circ_0025984 expression is significantly reduced in astrocytes
during cerebral ischemia, and its overexpression strongly inhibits
ischemia-induced astrocyte apoptosis to suppress brain injury.
And it has been shown that the protective effect of circ_0025984
is associated with the inhibition of apoptosis by directly targeting
the miR-134-3p/TET1/ORP150 pathway (Zhou et al, 2021).
Similarly, miR-30d, which targets BECLIN], is essential in the
interplay between astrocyte autophagy and apoptosis following
oxygen-glucose deprivation reperfusion (OGD/R). miR-30d
could be seen as a novel target to attenuate cellular damage under
hypoxic-ischemic conditions (Zhao et al., 2017).

2.2. Pathophysiological functions

Astrocytes have long been identified essential mediators in
maintaining the CNS microenvironments homeostasis under
physiological conditions and performing critical physiological
functions. However, studies over the past few decades have
revealed that astrocytes undergo significant cellular, molecular,
and functional alterations to transform into reactive astrocytes
following pathological injury in the CNS. These changes are used
to regulate the blood-brain barrier, excitability regulation,
oxidative stress, neuroinflammation, and glial scar in response to
the homeostatic dysregulation (Figure 1).

2.2.1. Blood-brain barrier

Vascular endothelial cells, astrocytes, and peripheral cells are
participated in the maturation and maintenance of the blood-
brain barrier, which is critical for the homeostasis and function of
the CNS (Weiss et al., 2009; Daneman and Engelhardt, 2017;
Liebner et al.,, 2018). The blood-brain barrier, which covers
approximately 99% of the cerebrovascular surface, regulates
blood-brain barrier integrity and cerebral blood flow (Iadecola
and Nedergaard, 2007; Masamoto et al., 2015), and forms a
secondary barrier that further prevents peripheral immune cells
from non-neural tissue from entering the CNS (Sofroniew and
Vinters, 2010). Gap junction proteins, such as connexin, AQP4,
and Kir4.1 channels, which are specific dynamic sites regulating
ion and water flow, and are essential for blood-brain barrier
function, are abundant in the astrocyte end-food (Alvarez et al.,
2013; Boulay et al., 2016). The perivascular astrocytes polarize in
SCI (Nesic et al., 2006), ischemic stroke (Manley et al., 2000), and
tumors (Verkman et al., 2008) to upregulate the expression of
AQP4 on cell membranes, resulting in end-foot edema and
vascular regression. This causes gap junctions to open and the
blood-brain barrier to be damaged, which induces a series of
secondary brain injuries (Xiang et al., 2016; Haley and Lawrence,
2017). Apolipoprotein E (ApoE) is a multifaceted secreted
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FIGURE 1
Pathophysiological functions of reactive astrocytes. Astrocytes play a key role in the maintenance of CNS homeostasis, including blood—brain
barrier, excitatory regulation, oxidative stress, neuroinflammation, and Glia scar.

molecule synthesized in the CNS by astrocytes and microglia
(Lanfranco et al., 2021). ApoE has been shown to impact the
integrity of the blood-brain barrier (Montagne et al., 2020).
Specific expression of ApoE4 alleles but not APOE2 or APOE3
derived from astrocytes results in disrupting blood-brain barrier
integrity, increasing matrix metallopeptidase 9 (MMP9),
impairing tight junctions, and reducing vascular coverage
(Jackson et al., 2022). Wnt growth factor secreted by astrocytes
maintains the integrity of the blood-brain barrier by promoting
Wnt/B-linked protein activity in endothelial cells (Guérit et al.,
2021). It has recently been shown that astrocytes could repair the
blood-brain barrier with Nhel protein deficiency via the Wnt/f-
catenin signaling pathway (Song et al., 2021). In addition, the
angiotensinogen released by astrocytes could be converted into
angiotensin to regulate the expression of occludin, one of the
2007).
Meanwhile, retinoic acid secreted by astrocytes and radial glial

major tight junction proteins, in vivo (Wosik et al,

cells could also increase the levels of tight junction components
such as ZO-1 (Mizee et al., 2013).

Ischemic stroke is caused by reduced or blocked blood flow to
the CNS due to a distant embolus, in situ thrombus, or
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atherosclerotic plaque formation blocking an artery in the brain.
miRNAs and astrocytes are key players in the progression of
ischemic stroke. Their regulatory roles in ischemia-induced
oxidative stress (Li L. et al., 2021), and apoptosis-related gene
expression (Zhao et al., 2017) have been demonstrated. Growing
evidence suggests that AQP4 plays a vital role in ischemic brain
injury (Zhang et al., 2015). AQP4 exacerbates cerebral ischemia
by increasing brain edema (Zeng et al., 2010; Thrane et al., 2011;
Fukuda and Badaut, 2012). The study has found that miR-130b
promotes neuroprotection by binding to the 3’UTR region of
AQP4 mRNA and downregulating AQP4 levels in astrocytes at the
post-transcriptional stage miR-130b may be a novel target for
treating ischemic stroke (Zheng et al., 2017). Another miRNA that
also targets AQP4 is miR-145. miR-145 is essential in protecting
from  ischemic

astrocytes injury by downregulating

AQP4 expression.

2.2.2. Excitability regulation

Astrocytes are involved in buffering some neurotransmitters
released by neurons, such as glutamate and gamma-aminobutyric
acid (GABA), to eliminate their continued effects on neurons and
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provide precursors for amino acid neurotransmitters (Sofroniew
and Vinters, 2010). Glutamate is the main excitatory transmitter
in the brain and spinal cord. The excessive accumulation of
glutamate in the synaptic gap leads to excitatory damage. There
are five mammalian excitatory amino acid transporters, EAATI,
EAAT2, EAAT3, EAAT4, and EAATS5 (Arriza et al., 1994, 1997;
Fairman et al., 1995). The first 2 isoforms, EAAT1 and EAAT?2, are
known as GLAST (Storck et al., 1992)and GLT-1 (Pines et al.,
1992), respectively, which play critical roles in regulating
glutamate homeostasis. Under physiological conditions, astrocytes
take up glutamate from the synaptic gap via glutamate transporters
and convert it into glutamine to prevent excitatory damage from
the overaccumulation of glutamate in the synaptic gap. Glutamine
could also be a substrate for glutamate resynthesis by neurons
(Hamilton and Attwell, 2010). Following brain injury, the
glutamate system, which relies on astrocytes, changes in several
ways, including epigenetic regulation of the GLT-1 and GLAST
promoters, abnormal histone methylation leading to gene
dysfunction (Chisholm et al., 2015), and S-nitrosylation of GLT-1
leading to reduced activity (Yamada et al., 2006). As brain damage
progresses, ATP levels in astrocytes drop, inducing glutamate
transporter reversal and further exacerbating glutamate
excitotoxicity (Zeevalk et al., 1998). In vitro and in vivo (Weller
etal., 2008) experiments have demonstrated that upregulation of
GLT-1 in astrocytes by ceftriaxone (Ouyang et al., 2007) or
adenoviral vectors (Harvey et al., 2011) could reduce the area of
cerebral infarction, attenuate neurological impairment, and offer
neuroprotective effects against ischemic stroke. Ceftriaxone exerts
the similar influence in epilepsy disease, which could upregulate
GLT-1 expression by reducing glutamate in the hippocampus,
mitigating the onset of seizures and the impairment of learning
and memory in the chronic phase (Ramandi et al., 2021). Vitamin
C acts as a neuroprotective agent by promoting astrocyte GLT-1
expression, reducing glutamate aggregation, and attenuating
excitatory damage in Parkinson’s disease (PD)(Zeng et al., 2022).

GABA is the primary inhibitory neurotransmitter in the
brain, which is mainly transported from the synaptic gap by
specific y-aminobutyric acid transporters (GATs) expressed by
neurons and surrounding astrocytes. Presynaptic neurons
mainly express GAT subtype 1 (GAT1), and astrocytes mainly
express GAT subtype 3 (GAT3; Zhou and Danbolt, 2013).
Previous studies have found that presynaptic nerve endings
express high concentrations of GAT1 (Conti et al., 2004). GABA
is primarily transported from the synaptic gap by GAT1 on
presynaptic neurons and stored in presynaptic neurons for later
release (Schousboe et al., 2013). These imply that neurons play
an imperative role in maintaining synaptic GABA homeostasis.
However, recent studies have demonstrated that in contrast to
neuronal GAT1, selectively inhibition of astrocyte GAT3 reduces
GABA uptake of astrocyte, significantly decreases GABA
metabolism, and inhibits astrocyte glutamine production
(Andersen et al., 2020). The results imply that astrocytes are
involved in GABA metabolism and serve a crucial metabolic
function in maintaining GABA homeostasis. In flinders sensitive
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line (FSL) rat models, reactive astrocytes promote GABA
synthesis and release, which results in increased tonic GABA
inhibition. The increased synthesis and release of GABA could
be blocked by monoamine oxidase B (MAO-B), which reduces
tonic inhibition and has antidepressant effects (Srivastava et al.,
2020). Few studies have reported that miRNAs could regulate
GABA metabolism to exert neuroprotective effects in
neurological disorders, which could be a novel horizon for
the future.

In cerebral ischemia-induced excitotoxicity and neuronal
damage, the upregulation of astrocyte GLT-1 is a potential
therapeutic target. MiR-107 and GLT-1 expression were
discovered to be correlated in a rat model of focal cerebral
ischemia/reperfusion (I/R) damage. miR-107 inhibits GLT-1
expression, which also causes extracellular glutamate to build up
(Yang et al., 2014). Additional research has demonstrated that
magnesium lithospermate B (MLB) could protect the rat brain
from excitatory neurotoxicity by regulating miR-107/GLT-1 and
reducing extracellular glutamate aggregation after I/R (Yang et al.,
2015). Similar report of miR-124 downregulation in a cerebral
ischemia model has been made. GLT-1 expression of astrocytes is
dramatically elevated with OGD/R when miR-124 expression
improves (Huang et al., 2019).

PD is an age-related movement disorder characterized
pathologically by progressive dopaminergic cell death (Olanow
and Tatton, 1999). Different mechanisms of dopaminergic neuron
death in PD include genetic factors (Miklya et al, 2014),
environmental factors (Aguirre-Gamboa et al., 2016; Ter Horst
et al., 2016), neuroinflammation (Hirsch and Hunot, 2009), and
glutamate excitotoxicity (Ambrosi et al., 2014; Gardoni and Di
Luca, 2015). Because the etiology of sporadic PD is unknown,
there is a lack of effective therapeutic measures. Among the several
etiological theories of PD, glutamate excitotoxicity theory has
recently taken center stage (Chang et al, 2020). Glutamate
transporters play a significant role in removing excess glutamate
from the synaptic gap. GLT-1 is the critical factor in the
development of PD, as it is responsible for the uptake of nearly
90% of synaptic glutamate (Storck et al.,, 1992; Zhang et al., 2017).
Therefore, regulating GLT-1 expression in astrocytes during PD
by microRNAs to delay the progression or exacerbation of PD is
a potential research direction. It has been established that
miR-543-3p directly regulated GLT-1 mRNA (SLC1A2 gene), and
the inhibition of miR-543-3p upregulated GLT-1 protein
expression and function, alleviating dyskinesia in PD models (Wu
et al,, 2019). The miR-30 family, which includes the mature
miRNA sequences miR-30a, miR-30b, miR-30c-1, miR-30c-2,
miR-30d, and miR-30, is made up of six distinct miRNAs (Chang
et al., 2008). A study has reported that miR-30a-5p, which was
upregulated in MPTP-treated mice (a mouse model of PD),
decreased GLT-1 expression and function through the ubiquitin-
proteasome degradation pathway, thereby participating in the
pathological process of PD. This study provides strong evidence
for miR-30a-5p as a potential therapeutic target for PD (Meng
etal., 2021).
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Amyotrophic lateral sclerosis (ALS) is a highly progressive
disease characterized by losing motor neurons in the brain and
spinal cord. The occurrence of ALS is driven spontaneously by
motor neuron damage, and astrocytes strongly influence the rate
of disease progression (Al-Chalabi and Hardiman, 2013). miR-218
is abundantly enriched in motor neurons and released
extracellularly into the cerebrospinal fluid in ALS rats. Motor
neuron-carried miR-218 could be taken up by astrocytes and
downregulate EAAT? in astrocytes. In ALS mice, the inhibition of
miR-218 with antisense oligonucleotides attenuates the loss of
EAAT2 and other miR-218-mediated changes, providing
meaningful evidence for microRNA-mediated communication
between neurons and astrocytes in vivo (Hoye et al., 2018). These
findings imply that microRNAs from dead neurons could directly
alter the glial phenotype and lead to astrocyte dysfunction,
exacerbating additional neuronal damage.

2.2.3. Oxidative stress

During neurotransmission, reactive oxygen and nitrogen are
inevitably created. Nerve cells generate endogenous reactive
oxygen species (ROS) via the mitochondrial electron transport
chain and the NADPH oxidation pathway, which are subsequently
catalyzed by nitric oxide synthase (NOS) to produce reactive
nitrogen species (RNS) (Cobley et al., 2018). Ascorbic acid and
glutathione (GSH) are the two main components of the
antioxidant system in brain tissues (Makar et al., 1994). Glutamate
binds to N-methyl-D-aspartate (NMDA) receptors (NMDAR) on
astrocytes to promote ectopic nuclear factor erythroid 2-related
factor 2 (NRF2) to the nucleus, inducing antioxidant gene
expression and GSH synthesis. This promotes intraneuronal GSH
transport. The increasing GSH exerts a neuroprotective impact by
improving the antioxidant capacity of neurons (Jimenez-Blasco
et al,, 2015; Skowronska et al., 2019). In reactive astrocytes, the
expression of NMDAR is usually upregulated. Two astrocyte
NMDAR subunits, GluN2A and GluN2B, showed elevated
expression in the transient ischemia hippocampus from day 3 and
reached a peak at day 28 (Krebs et al., 2003). This upregulation of
NMDAR might represent a neuroprotective response in reactive
astrocytes (Jimenez-Blasco et al., 2015). The NMDAR subunit
GluN3A has been found to increase in astrocytes in the middle
cerebral artery occlusion (MCAO) mouse model (Dzamba et al.,
2015), which could inhibit NMDARSs activity and suppress the
overall antioxidant capacity of astrocytes. However, there are few
studies on regulating NMDAR on astrocytes by microRNAs to
achieve neuroprotective effects. This may be a worthy direction for
future research. Another antioxidant, ascorbic acid, which
similarly shields neurons from oxidative stress, is also stored in
astrocytes. As GSH synthesis declines in neurons, astrocytes
manufacture and release ascorbic acid, which is then carried into
neurons (Allaman et al., 2011). Recent research has shown that
DJ-1, an essential antioxidant factor mainly produced by reactive
astrocytes, exerts neuroprotective functions during ischemic
injury by upregulating NRF2 and GSH expressions (Peng
etal, 2019).
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Mitochondria are central to ischemic cell death, which could
regulate oxidative stress, ATP production, and intracellular
calcium handling (Verdejo et al, 2012). Mitochondrial
dysfunction promotes I/R injury (Stary et al., 2016). The assembly
of the cytochrome C oxidase complex, which regulates ATP
synthesis and mitochondrial biogenesis, relies on cytochrome C
oxidase IV (COX IV) (Li et al., 2006). By targeting COX4I1, a
COX IV isoform that is enriched in the brain, upregulating
miR-338 in cerebral ischemia hinders COX IV protein synthesis
and mitochondrial complex IV activity resulting in mitochondrial
dysfunction and decreasing the ability of astrocytes to handle
oxidative stress, and ultimately exacerbating ischemic brain injury
(Li L. et al,, 2021).

2.2.4. Neuroinflammation

While astrocytes typically sustain neuronal function and
survival through multiple mechanisms, these homeostatic
functions are frequently impaired in neurological disorders.
Inflammatory factors released by reactive astrocytes could hasten
neuronal damage (Van Damme et al., 2007; Cassina et al., 2008;
Ferraiuolo et al., 2011; Madji Hounoum et al., 2017).

Alzheimer’s disease (AD) is the most common cause of
dementia worldwide (Wolters and Tkram, 2018), accounting for
50-70% of all cases (Querfurth and LaFerla, 2010). Amyloid f
(AB) deposition into AP plaques and the formation of neurogenic
fiber tangles (NFTs) composed of hyperphosphorylated tau
proteins are the main neuropathological features of AD (Polanco
et al, 2018). Astrocytes play a major role in regulating
neuroinflammation in AD (Kwon and Koh, 2020). Activation of
the NLRP3 inflammasome in astrocytes is involved in the
pathogenesis of AD by triggering an inflammatory response in the
brain (Heneka et al., 2013). Chronic neuroinflammation might
lead to the destruction of neurons and synapses, which
subsequently contribute to the deterioration of cognitive function,
even if a moderate inflammatory response is necessary for the
brain to clear AP. Previous observations showed that anti-
inflammatory therapy effectively halted disease progression in
animal models of AD (Brod, 2022). The inhibition of NLRP3
inflammatory vesicles might be a novel intervention for treating
AD. The Ang-(1-7) analog AVE0991 could block astrocyte
NLRP3 inflammasome-mediated neuroinflammation through the
SNHG14/miR-223-3p/NLRP3 pathway to exert neuroprotective
effects in APP/PS1 mice. These findings reveal that miR-223-3p
plays a key role in regulating astrocyte-mediated inflammation in
AD. More significantly, the study identifies Ang-(1-7)-targeted
SNHG14/miR-223-3p as an inhibitor of neuroinflammation in
AD and reveals the therapeutic potential of its non-peptide analog
AVE0991 (Duan et al., 2021).

In SCI, the primary injury results in the death of local neurons
and glial cells within minutes to hours. A neuroinflammatory
reaction-induced secondary damage follows immediately after
that (Fleming et al., 2006). The occurrence and progression of SCI
are significantly influenced by the inflammatory response.
Following SCI, inflammatory cells (i.e., T cells, macrophages, and
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microglia) are recruited to the site of injury and clear cellular
debris during the acute SCI phase (Ahuja et al., 2017). During the
SCI, reactive astrocytes emit inflammatory factors, such as
interleukin (IL)-17, IL-6, and tumor necrosis factor alpha
(TNF-a), which might be in concert with various inflammatory
mediators and other cytokines to aggravate the spinal cord
damage further. A study has found that the expression of IL-1p,
IL-6, and TNF-« in the serum of rats with SCI transfected with
miR-136-5p was significantly higher than that of the control
group, while the protein expression of A20 was significantly
reduced and the expression of p-NF-kB was elevated. These results
suggest that miR-136-5p could aggravate SCI injury by promoting
the release of inflammatory factors from reactive astrocytes via the
NF-kB/A20 signaling pathway. Silencing miR-136-5p could
effectively diminish inflammatory factors and chemokines and
protect the spinal cord through the NF-«xB /A20 signaling pathway
in vivo and in vitro (He et al., 2017). According to studies, miR-140
targets Brain-derived neurotrophic factor (BDNF) to regulate
astrocyte proliferation through the PI3K/AKT pathway. miR-140
could inhibit the expression of BDNE, IL-6, and Transforming
growth factor-alpha (TGF-a) in a lipopolysaccharide (LPS)-
induced injury model. Therefore, miR-140/BDNF is expected to
be a target for inhibiting the reactive proliferation of astrocytes
and the release of inflammatory factors after SCI (Tu et al., 2017).

2.2.5. Glial scar

Glial scar is widespread in the pathophysiological development
of CNS diseases and consists mainly of proliferating and migrating
reactive astrocytes, microglia, and oligodendrocyte precursor cells
(Adams and Gallo, 2018). The formation of glial scar is
accompanied by changes in the expression of several related
molecules: (1) glycosaminoglycan (GAG) proteoglycans, one of
the main components of chondroitin sulfate proteoglycans
(CSPGs), are the most abundant components of glial scar and the
main inhibitors of axonal regeneration (He et al., 2020); (2) other
extracellular matrix components: high molecular weight
hyaluronic acid and Tenascin-R regulate the formation of glial scar
and inhibit axonal growth (Khaing et al., 2011); (3) myelin-
associated glycoproteins, including Nogo, myelin-associated
glycoprotein (MAG), and oligodendrocyte-myelin glycoprotein
(OMgp; Ohtake and Li, 2015). CSPGs are composed of core
protein and GAG chain attachment sites, including lectin,
phosphoglycan, and NG2 (Dyck and Karimi-Abdolrezaee, 2015).
As they do during development, CSPGs effectively inhibit
regenerating axons (McKeon et al., 1991). Further studies have
demonstrated that the GAG residues of CSPGs interact with
various neuronal developmental inhibitory receptors such as
Nogo receptors 1 and 3, protein tyrosine phosphatase, and
leukocyte common antigen-associated phosphatase receptor,
thereby inhibiting axon regeneration (Shen et al, 2009;
Dickendesher et al., 2012). Chondroitinase ABC greatly lessens
the inhibitory effect of CSPGs on axon growth by eliminating the
GAG chain of CSPGs or by degrading the core proteins of CSPGs
with matrix metalloproteinases (MMPs) after cerebral ischemia in
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rats (Bradbury and Carter, 2011; Cua et al., 2013; Mukherjee et al.,
2020). In addition to its effect on axons, glial scar inhibits
endogenous myelin reformation. Endothelin-1 (ET-1), a negative
regulator of differentiation and functional myelin formation in
NG2 glial cells, raises Jagged1 expression in reactive astrocytes,
activates Notch signaling in neighboring NG2 glial cells, and
hinders their differentiation (Hammond et al., 2014, 2015). After
focal demyelination of the corpus callosum, it has been discovered
that blocking ET-1 signaling by pharmacological or genetic
pathways promotes the differentiation of NG2 glial cells into
oligodendrocytes and supports endogenous myelin formation
(Adams and Gallo, 2018). Bone morphogenetic protein (BMP) in
the glial scar has shown similar effects (Wang et al., 2011). It has
recently been shown that glial scar could benefit in the CNS’s
recovery, while previous studies have indicated that glial scar
development has adverse effects, such as limiting axonal
regeneration (Herndandez et al., 2021). By isolating the damaged
area from the normal brain, glial scars lessen the likelihood that
the inflammatory response will spread across the entire brain.
Reactive astrocytes are neuroprotective by limiting the
inflammatory response in damaged CNS areas (Sofroniew, 2009).
These protective effects include isolation of blood-derived
macrophages and repair of the blood-brain barrier. Reactive
astrocytes also suppress inflammation by secreting BDNF in the
initial stages of glial scar formation (Silver and Miller, 2004; Rolls
et al,, 2009). It has been reported that the presence of glial scar
could be detected a few days after ischemic injury, and mice
deficient for glial fibrillary acidic protein and vimentin (GFAP—/—
Vim—/—) exhibit less organized and dense glial scar after brain
injury, with an infarct area increased, suggesting that glial scar is
important in protecting tissue integrity and avoiding further
exacerbation of inflammation (Li et al., 2008).

In ischemic stroke, glial scar is a considerable obstacle to
neuronal regeneration. Therefore, it is advantageous in stroke to
employ strategies that promote their degradation and discourage
their formation. miR-124 has been reported to regulate glial scar
formation in ischemic stroke. M2 microglial extracellular vesicles
could restrict glial scar formation and promote post-stroke
et al, 2021).
Consequently, miR-124 might be an essential target for enhancing

recovery by upregulating miR-124 (Li Z.

neuroprotection and recovery in ischemic stroke. Future research
for neuroprotection will likely focus on discovering medicines that
upregulate miR-124 in ischemic stroke.

Following SCI, glial scar formation is a significant self-defense
mechanism (Fitch and Silver, 2008; Sofroniew, 2009; Sofroniew
and Vinters, 2010). During the acute phase of SCI, astrocytes
adjacent to the injury site are characterized by morphological
hypertrophy, increased proliferation, and enhanced expression of
the GFAP, Vim, and nestin. All these pathological processes
eventually lead to the formation of the glial scar, which has
beneficial effects in the acute phase of SCI, especially in repairing
the blood-spinal cord barrier and limiting the spread of injury
(Okada et al., 2006; Herrmann et al., 2008; Wanner et al., 2013).
Certain inhibitory factors secreted by the glial scar in the chronic
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phase, such as CSPGs, inhibit axonal regeneration. Therefore,
coping with glial scar formation at different times of SCI to
promote neuroprotection (acute phase) and axonal regeneration
(subacute phase and chronic phase) is a potential research
direction. It has been discovered that when the Dicer1 gene, which
encodes an enzyme required for mature miRNA generation, was
conditionally deleted, the injury-induced proliferation of
astrocytes was blocked. Synthetic miR-17-5p mimics could rescue
the proliferation defect in Dicer1-null astrocytes, while antisense
inhibitors of miR-17-5p block LPS-induced astrocyte proliferation
(Adams and Gallo, 2018). miR-145 is regarded as a tumor
suppressor RNA in several cancer types, such as hepatocellular
carcinoma (Noh et al., 2013), ovarian cancer (Kim et al., 2015),
and glioma (lorio et al.,, 2005). It has been found that healthy rat
spinal cord neurons and astrocytes are enriched with miR-145,
downregulated in astrocytes lweek and 1month after
SCI. miR-145 overexpression in astrocytes could reduce astrocyte
density at the edge of the damaged spinal cord lesion, inhibit
proliferation and migration of reactive astrocytes, and hinder glial
scar formation. These findings indicate that miR-145 could
prevent spinal cord tissue injury by promoting astrocyte
proliferation and glial scar formation (Wang et al., 2015). Similarly,
miR-145-5p is a negative regulator of astrocyte proliferation, and
its downregulation promotes SMAD3 activity, thereby promoting
astrocyte proliferation and glial scar formation (Ye et al., 2022).
LncRNAH19 as ceRNA could attenuate the inhibitory effect of
miR-1-3p on C-C motif chemokine ligand 2 (CCL2) expression in
SCI. The suppression of miR-1-3p could effectively reverse the
effects of H19 silencing on normal astrocyte proliferation and
activation, suggesting that the H19/miR-1-3p axis regulates
astrocyte proliferation and glial scar formation via CCL2
(Li P. et al.,, 2020).

2.3. Transcriptomic analysis of reactive
astrocytes

Researchers have concluded that differences exist between
astrocytes in physiological states due to differences in
developmental patterns and extracellular signals (Tsai et al., 2012).
The advent of microarray and genome-wide gene expression
investigations in recent years has made it clear to researchers that
there is heterogeneity among astrocytes, with distinct molecular
states in various CNS regions (Itoh et al., 2018) and at different
developmental periods (Boisvert et al., 2018). Similarly, following
dysregulation of microenvironmental homeostasis, these reactive
astrocytes are highly heterogeneous that have both deleterious and
beneficial effects (Zhang and Barres, 2010; Zamanian et al., 2012;
Liddelow et al., 2017). These heterogeneous responses raise the
question of whether there are different subtypes of reactive
astrocytes that elicit different responses. Transcriptome analysis
of resting and reactive astrocytes isolated from healthy and
damaged brains by LPS injection or MCAO identified two distinct
types of reactive astrocytes: Al and A2. Because the different
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transcriptomic changes of reactive astrocytes bring different
pathophysiological changes, more and more studies are now
aimed at the transcriptome regulation of reactive astrocytes.

Al astrocytes, with longer dendrites in vivo and in vitro, lose
the ability to promote neuronal survival, growth, synapse
formation, and phagocytosis (Liddelow et al., 2017). In addition,
A1 astrocytes secrete a saturated lipid (Guttenplan et al., 2021)
that rapidly and selectively kills retinal ganglion cells, cortical
neurons, spinal motor neurons, and human dopaminergic
neurons, but not preganglionic and gamma motor neurons (Sekar
et al,, 2016). Oligodendrocytes form and maintain white matter
myelin sheaths around axons in the CNS (Morrison et al., 2013).
Al astrocytes conditioned medium could rapidly kill mature
differentiated oligodendrocytes and impede the differentiation
and maturation of oligodendrocyte precursor cells but do not
directly kill oligodendrocyte precursor cells (Liddelow et al.,
2017). After LPS injection in neonatal rats, C3aR expression was
increased in NG2 oligodendrocyte progenitor cells in the
periventricular white matter, and C3a/C3aR signaling might
inhibit oligodendrocyte precursor cell differentiation and
maturation via the Wnt/p-catenin signaling pathway. Thus, it is
hypothesized that Al astrocytes might be responsible for
hindering the differentiation of oligodendrocyte precursor cells by
releasing C3a, which would lower the amount of axonal myelin in
mature periventricular white matter injury (Huang et al., 2020).
The complement proteins Clr, Cls, C3, and C4 are upregulated as
a result of the recruitment of the IL-1 receptor’s TLR domain by
Al astrocytes via the myeloid differentiation factor 88, which also
activates NF-kB and MAPK. C3 is now widely acknowledged as a
decisive marker of Al astrocytes. The expression of C3 increases
in A1 astrocytes, cleaved into C3a and C3b to trigger downstream
events by binding to its receptors C3aR and CR3, respectively
(Stephan et al., 2012). Since both C3aR and CR3 are also expressed
on microglia, the C3b/CR3 and C3a/C3aR signaling pathways are
critical pathways through which A1 astrocytes exert their effects
on microglia (Hong et al., 2016; Lian et al., 2016).

In PD models, an increase in Al astrocytes is frequently
accompanied by a decline in dopaminergic neurons (Luna-
Herrera et al., 2020). In AD models, the absence of C3 leads to a
decline in the expressions of numerous pro-inflammatory factors,
including TNF-a, TNF-y, IL-6, and IL-12, as well as the aging-
related loss of synapses and neurons (Shi et al., 2017). Activating
microglia CR3 enhances microglia phagocytosis, resulting in
reducing synapses in a mouse AD model (Hong et al., 2016). In
addition to the C3/CR3 pathway, C3 secreted by A1 astrocytes
interacts with microglia C3aR to regulate microglia phagocytosis,
B-amyloid, and neuroinflammation in AD models, thereby
worsening cognitive function by impairing dendritic cell
morphology and synaptic function (Lian et al., 2016; Litvinchuk
et al., 2018; Liu et al., 2020).

In chronic cerebral ischemia, the upregulation of C3
expression leads to aberrant microglia activation and promotes
microglia redistribution and myelin phagocytosis through
activating microglia C3aR, thereby exacerbating brain white
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matter damage and cognitive dysfunction (Zhang et al., 2020). A1
astrocyte-derived C3 prevents microglia from phagocytosing
myelin debris by activating microglia C3aR, which in turn slows
myelin redistribution in cerebral hemorrhage (Zheng et al., 2021).
The conditioned cultures of Al astrocytes induced by OGD/R
could promote cell apoptosis and reduce the expression of synaptic
proteins of cultured cortical neurons, including the scaffolding
protein postsynaptic density-95, calmodulin-dependent kinase II,
and synaptophysin (Hong et al., 2020). Studies have demonstrated
that the neuroprotective effects of intra-arterial selective cooling
infusion in hypertensive MCAO rats could be related with
phenotype shifting of astrocytes (Wang et al., 2022). Therefore,
studies on the neuroprotective effects of miRNAs-regulated A1/
A2 astrocytes conversion in ischemic stroke deserve our attention.

The discovery of A1 neurotoxic astrocytes in SCI has provided
a new research direction for treating SCI. Neuron-derived
exosome-delivered miR-124-3p could reduce neuroinflammation
by inhibiting the activation of M1 microglia and A1 astrocytes and
promote the recovery of neurological function after SCI (Jiang
etal,, 2020). The study showed that the expression of miR-21a-5p
and the level of A1 marker were up-regulated in spinal cord tissue
3 days after SCI, while the expression of ciliary neurotrophic factor
receptor alpha (CNTFRa) was down-regulated. After ciliary
neurotrophic factor (CNTF) intervention, A1 marker levels were
A2 increased. With the
downregulation of miR-21a-5p expression, the expression of the
Al marker was significantly reduced, while CNTFRa siRNA
intervention had the opposite effects. Therefore, miR-21a-5p

decreased, while levels were

might promote Al astrocyte induction through the downstream
target gene CNTFRa and facilitate the inflammatory process of
SCI (Zhang et al,, 2021). Targeting astrocyte miR-21a-5p is a
potential approach to promote SCI rehabilitation in the future.
A2 astrocytes morphologically exhibit hypertrophy with fewer
dendrites (Zou et al, 2019). A2 astrocytes release several
neurotrophic factors, including arginase-1, NRF2 and platelet-
responsive proteins, which promote neuronal survival and
synaptic repair (Zamanian et al., 2012; Liddelow and Barres,
2017). Transcriptional profiling of ischemia-induced A2-reactive
astrocytes shows upregulation of anti-inflammatory genes such as
corticotrophin like cytokine factor 1, S100 calcium-binding
protein A10, pentapeptide 3, sphingosine kinase 1, IL-6, leukemia
inhibitory factor and transglutaminase 1, as well as the
upregulation of neurotrophic factors. On the other hand, A2
astrocytes could activate regulatory factors, including transcription
3, Ras homologous family member A, hypoxia-inducible factor 1o
subunit and erythropoietin, which are involved in neural anti-
inflammation and neural repair (Liddelow and Barres, 2017;
Renault-Mihara et al., 2017; Zhang et al., 2018). Furthermore,
numerous investigations have demonstrated an interaction
between A2 astrocytes and microglia. The release of TGF-p from
A2 astrocytes attenuates microglia activation (Norden et al.,, 2014).
Pentraxin3 (PTX3) is a specific marker of A2 astrocytes. Under
inflammatory conditions, both microglia and astrocytes secrete
PTX3, which affects the phagocytic activity of microglia (Jeon
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et al.,, 2010). In addition to the release of BDNF and vascular
endothelial growth factor (VEGF) to promote the differentiation
of oligodendrocytes, A2 astrocytes guard against white matter
injury by promoting the conversion of oligodendrocyte precursor
cells into mature oligodendrocytes through mitochondrial
migration. Paradoxically, A2 astrocytes produce prostaglandin E2
through a cyclooxygenase 2-dependent manner, limiting
oligodendrocyte precursor cell maturation and myelin formation
in a neonatal IL-1B-induced white matter injury model (Shiow
et al,, 2017). These results suggest that A2 astrocytes may not
always benefit oligodendrocyte precursor cell differentiation and
development. While in some cases, they may also have
deleterious effects.

3. Clinical applications of
microRNA-targeted regulation of
reactive astrocytes

3.1. Diagnostic and prognostic indicators

Excitotoxic effects caused by glutamate are the leading
contributor of neuronal injury in several neurological diseases.
Glutamate transporters on astrocytes are the primary pathway for
glutamate uptake. Typically, downregulation of glutamate
transporter expression following brain injury leads to a decline in
glutamate, aggravating brain injury. In ischemic stroke, miR-107
and miR-124 could worsen or ameliorate brain injury by
regulating GLT-1 to promote or inhibit glutamate uptake in
astrocytes. miR-107 and miR-124 could be used as new biomarkers
to detect the excitotoxicity of glutamate accumulation in ischemic
stroke (Yang et al., 2014; Huang et al., 2019). When miR-30a-5p
and miR-543-3p bind to SLC1A2 in PD, GLT-1 expression is
downregulated, exacerbating the injury. The novel biomarkers
miR-30a-5p and miR-543-3p may be utilized to track excitotoxicity
in PD (Wu et al,, 2019; Meng et al., 2021). In ALS, miR-218
directly silences GLT-1, making astrocytes less able to absorb
glutamate. miR-218 is a potential indicator for monitoring
glutamate accumulation in ALS (Hoye et al., 2018).

The astrocyte protein AQP4 is pivotal in ischemic brain damage
(Zhang et al, 2015). By causing more brain edema, AQP4
exacerbates cerebral ischemia in the rat model of ischemic stroke.
The downregulation of AQP4 expression could result from the
upregulation of miR-145 and miR-130b, which would lessen brain
edema and benefit neurological recovery (Zheng et al., 2017; Wang
et al, 2020). According to the above research, miR-145 and
miR-130b could be used as vital indicators to determine the severity
of cerebral edema during the progression of cerebral ischemia.

After brain injury, the development of the glial scar has a dual
impact. In the early stage, Glial scar isolates the spread of
inflammation to prevent further injury aggravation. In contrast,
the glial scar in the latter stages limits neurological recovery by
hindering neural repair and synaptic regeneration. The
downregulation of miR-124 expression promotes reactive
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astrocyte proliferation and glial scar formation in ischemic stroke
(Li Z. et al, 2021). miR-124, miR-145-5p, miR-1-3p, and
miR-17-5p could regulate glial scar formation in SCI (Hong et al.,
2014; Li P. et al., 2020; Li Z. et al., 2021; Ye et al., 2022). miR-124,
miR-145-5p, miR-1-3p, and miR-17-5p could be used as indicators
of the extent of glial scar formation.

Al astrocytes of reactive astrocytes after microenvironmental
dysregulation in the CNS release inflammatory factors that
aggravate brain injury, while A2 astrocytes release neurotrophic
factors that play a protective role. The upregulation of miR-136-5p
and miR-140 contribute to the release of inflammatory factors in
reactive astrocytes in SCI (He et al, 2017; Tu et al, 2017).
miR-124-3p and miR-21a-5p promote the transformation of
astrocytes to Al astrocytes (Jiang et al., 2020; Zhang et al.,, 2021). As

10.3389/fnmol.2022.1061343

a result, the level of inflammatory activity in SCI might be assessed
using miR-136-5p, miR-140, miR-124-3p, and miR-21a-5p.
miR-338 is involved in regulating mitochondrial oxygen
consumption, ATP production, and ROS production in axons in
the CNS (Aschrafi et al,, 2012). After 20min of whole brain
ischemia and 30 min of reperfusion in rats, miR-338 levels are
upregulated more than 2-fold in the hippocampus of rats (Di et al.,
2014), which is considerably raised in the cerebrospinal fluid
(CSF) of patients with subacute ischemic stroke (Peng et al., 2015).
As a highly sensitive biomarker of mitochondrial toxicity, miR-338
has been employed (Baumgart et al., 2016). MiR-338 can promote
the production of COX IV and the mitochondrial ATP synthase
ATP5GI subunit, which significantly affects neuronal ROS levels
and axonal development (Aschrafi et al., 2012; Figure 2; Table 1).
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FIGURE 2
The miRNA-mRNA regulatory network in astrocytes regulated neurological diseases. (A) The microRNAs regulate the pathophysiological functions
of astrocytes in the central nervous system. (B) The microRNAs altered in neurological diseases.
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TABLE 1 Characteristics of miRNA involved in astrocytes in Neurological disorders.

10.3389/fnmol.2022.1061343

microRNA Disorders Up/Downregulation Target genes = Upstream  Influence on astrocytes

miR-17-5p SCI Up LIF Promotion of astrocyte proliferation and glial
scar formation

miR-145 SCI Down GFAP/C-MYC Promotion of astrocyte proliferation and glial
scar formation

miR-145-5p SCI Up SMAD3 Promotion of astrocyte proliferation and glial
scar formation

miR-1-3p SCI Down CCL2 H19 Promotion of astrocyte proliferation and glial
scar formation

miR-124 Ischemic stroke Down STAT3 Promotion of astrocyte proliferation and glial
scar formation

miR-494 SCI Up CDK6 Inhibition of astrocyte proliferation and
synaptic remodeling

miR-107 Ischemic stroke Up MLB Inhibition of GLT-1 expression in astrocytes

miR-124 Ischemic stroke Down AKT/mTOR Inhibition of GLT-1 expression in astrocytes

miR-30a-5p PD Up SLCIA2 Promotion of GLT-1 degradation in astrocytes

miR-543-3p PD Up SLC1A2 Inhibition of GLT-1 expression in astrocytes

miR-218 ALS Up EAAT2 Astrocyte dysfunction

miR-145 Ischemic stroke Down AQP4 Promotion of apoptosis of astrocytes

miR-130b Ischemic stroke Down AQP4 Promotion of apoptosis of astrocytes

miR-30d Ischemic stroke Down BECLIN1 Promotion of autophagy in astrocytes and
inhibition of apoptosis in astrocytes

miR-143-3p Ischemic stroke Up TET1 Circ_0025984 | Promotion of apoptosis and autophagy in
astrocytes

miR-34b Epilepsy Up BCL-2 Promotion of apoptosis in astrocyte

miR-338 Ischemic stroke Up COX4l1 Inhibition of Mitochondrial function

miR-136-5p SCI Up A20 Promotion of astrocyte activation and
inflammatory factor release

miR-223-3p AD Down NLRP3 SNHG14 Promotion of neuroinflammation development

miR-29¢-3p Epilepsy Down NFAT5 XIST Promotion of astrocyte activation and
inflammatory factor release

miR-124-3p SCI Down MYH9 Induction of astrocyte to A1 conversion

miR-21a-5p SCI Up CNTFra Induction of astrocyte to Al conversion

miR-21 SCI Up Transcription-3 Induction of Al to A2 conversion

miR-224-5p SCI Down IL-33 NEAT1 Inhibition of Induction of astrocyte to Al
conversion

SCI, spinal cord injury; PD, Parkinson’s disease; ALS, amyotrophic lateral sclerosis; LIF, leukemia inhibitory factor; GFAP, glial fibrillary acidic protein; C-MYC, MYC proto-oncogene,
bHLH transcription factor; SMAD3, SMAD family member 3; CCL2, C-C motif chemokine ligand 2; H19, H19 imprinted maternally expressed transcript; STAT3, signal transducer and
activator of transcription 3; CDKS, cyclin dependent kinase 6; MLB, magnesium lithospermate B; AKT, AKT serine/threonine kinase 1; mTOR, mechanistic target of rapamycin kinase;
SLC1A2, solute carrier family 1 member 2; EAAT2, excitatory amino acid transporter 2; AQP4, aquaporin 4; TET1, tet methylcytosine dioxygenase 1; BCL2, BCL2 apoptosis regulator;
COX4l1, cytochrome c oxidase subunit 411 pseudogene 1; NLRP3, NLR family pyrin domain containing 3; SNHG14,small nucleolar RNA host gene 14; NFAT5, nuclear factor of
activated T cells 5; XIST, X inactive specific transcript; MYH9, myosin heavy chain 9; CNTFra, ciliary neurotrophic factor receptor o; IL-33, interleukin 33; NEAT1, nuclear paraspeckle

assembly transcript 1.

3.2. Therapeutic targets

How to translate the regulatory effects of miRNAs on
astrocytes in neurological disorders into clinically meaningful
effects is a question that deserves our consideration. miRNA-
based therapies could be divided into two different approaches:
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(1) the use of miRNA antagonists (antisense oligonucleotides,
counterparts, and miRNA sponges) or drugs targeting miRNAs to
inhibit the adverse effects of miRNAs in neurological diseases, and
(2) the use of miRNA mimics, exosome-carried miRNAs or
knockdown of miRNA sponges to upregulate the expression
of miRNAs.
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The upregulation of miR-143-3p could promote astrocyte
apoptosis and autophagy via TET1/ORP150, exacerbating brain
injury in cerebral ischemia. miR-143-3p inhibitor and circ_0025984
(a miR-143-3p sponge) have been found to drastically limit astrocyte
apoptosis and autophagy, mitigating brain injury and neuronal loss
in ischemic stroke (Zhou et al., 2021). Certain studies have reported
that a few drugs target miRNAs to affect the activity and function of
astrocytes to benefit the recovery of neurological functions in
neurological diseases. For instance, MLB plays a neuronal protective
role and promotes functional recovery after stroke by inhibiting the
upregulation of miR-107 on astrocyte GLT-1 (Yang et al., 2015).
Ang-(1-7) is a member of the renin-angiotensin system (RAS) and
is produced by Angiotensin II (Ang II). Ang-(1-7) promotes
functional recovery after stroke by binding to the MAS1 receptor,
which is influential in the pathogenesis of several neurological
disorders such as AD (Xu et al, 2011). Ang-(1-7) exerts a
neuroprotective effect by inhibiting neuroinflammation mediated
by astrocyte NLRP3 inflaimmasome through the SNHG14/
miR-223-3p/NLRP3 pathway in AD (Duan et al., 2021).

The downregulation of miR-130b in astrocytes leads to the
upregulation of water channel protein AQP4 and exacerbates brain
injury in cerebral ischemia. miR-130b mimics could exert
neuroprotective effects by decreasing the expression of AQP4 on
astrocyte membranes and alleviating ischemia-induced damage
(Zheng et al., 2017). Bone marrow mesenchymal stem cells
(BMSCs)-carried miR-146a suppresses the release of inflammatory
factors from reactive astrocytes and improves cognitive impairment
in AD models (Nakano et al.,, 2020). In a study of depression,
miR-207 is downregulated in brain tissue, weakens the inhibitory
effect on TRIL, and facilitates the release of inflammatory factors
in reactive astrocytes. NK cell-derived exosomes could upregulate
miR-207 expression, inhibit the release of inflammatory factors in
reactive astrocytes, and alleviate chronic mild stress symptoms in
mice (Li D. et al, 2020). In a mouse model of tMCAOQO,
circHECTDI, an endogenous miR-142 sponge, could inhibit
miR-142 activity to downregulate TIPARP (TCDD-inducible
poly [ADP-ribose] polymerase) expression, impede astrocyte
autophagy, and ultimately increase infarct size. The upregulation of
miR-142 by knocking down circHECTDI1 drives astrocyte
autophagy and shrinks infarct size (Han et al., 2018). CircHIPK?2,
an endogenous miR-124-2HG sponge, upregulates sigma
non-opioid intracellular receptor 1 (SIGMAR1/OPRSI) expression,
promotes astrocyte autophagy and neuroinflammatory responses,
and finally aggravates brain tissue damage. Inhibiting circHIPK2
expression could upregulate miR-142 expression to suppress
astrocyte autophagy and endoplasmic reticulum stress, preventing
brain tissue damage from neuroinflammatory (Huang et al., 2017).
The upregulation of miR-145 by knocking down LncRNA
MALAT1 could inhibit AQP4 expression to improve brain I/R
injury (Wang et al., 2020). LncRNA MEG exacerbates neuropathic
pain and astrocyte activation through miR-130a-5p/CXCL12/
CXCR4 axis. The pro-inflammatory effect of miR-130a-5p on
reactive astrocytes is attenuated by silencing MEG3 to relieve
neuropathic pain (Dong et al., 2021).
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4. Discussion and conclusion

The CNS microenvironments homeostasis is crucially
maintained by astrocytes. Reactive astrocytes perform imperative
pathophysiological functions in CNS diseases such as stroke, SCI,
and neurodegenerative disease. miRNAs are non-coding RNAs
involved in neuronal cell behavior and nervous system
development. miRNAs play a positive or negative role in astrocyte-
mediated neurological diseases. The regulatory mechanisms of
miRNAs are related to the transcriptomic alterations, morphology,
and function of reactive astrocytes. The current study has found
that regulating the miRNAs-astroglial axis could inhibit the
pathophysiologic progression of CNS diseases.

The current research findings indicate that miRNA-mediated
regulation of reactive astrocytes in CNS diseases is a potential
research direction to promote neurological recovery. However,
significant obstacles must yet be overcome. (1) One is the
specificity of miRNA-based therapeutics. Each miRNA has
dozens of potential targets. MiRNAs have a distinct advantage in
controlling intricate biological processes due to their capacity to
control numerous mRNAs. It could be difficult to target miRNAs
to exert protective effects on specific targets in CNS disorders.
Target site blockers (TSBs) are crucial for preventing miRNAs
from regulating specific mRNAs and identifying specific miRNA-
mRNA interaction networks. However, the design principles of
TSBs are not yet fully understood and remain a challenge. (2) The
second is that astrocytes are highly heterogeneous glial cells
whose transcriptomic changes, morphology, and functions are
highly heterogeneous not only in different brain regions but also
at different time stages after CNS injury. Whether miRNAs have
different effects on other functions of the same astrocytes or on
the functions of astrocytes at different time stages requires further
exploration. (3) Third, How to efficiently transport miRNAs to
the CNS through the blood-brain barrier to exert neuroprotective
effects. miRNA mimics and inhibitors enable miRNAs to exist in
circulation for longer, but most miRNAs accumulate in the liver
and kidney and cannot be efficiently transported to the
CNS. Therefore, it is essential to explore the ways for the targeted
transport of miRNAs to the CNS. Viral and non-viral delivery
systems specific to brain endothelial cells have been found to
deliver nucleotide-based drugs to the brain (Marcos-Contreras
et al,, 2020). But it remains to be verified whether this mode of
drug delivery is toxic and whether immune rejection occurs.
Exosome, an important miRNA carrier discovered in recent
years, is characterized by high stability, easy passage through the
blood-brain barrier, and little graft response. The miRNAs-
exosome targeting astrocytes is a promising treatment for
neurological diseases.

In conclusion, studies based on the miRNAs-astrocyte axis are
currently inadequate in CNS diseases. Focusing on the role and
function of miRNAs in regulating reactive astrocytes,
we summarize the regulatory mechanism of miRNAs on reactive
astrocytes, which might provide a theoretical basis for the
diagnosis and treatment of CNS diseases.
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