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Simple Summary: Newborns are more susceptible to lifelong neurological disorders due to the
immature of the brains. Neonatal brain injury often results in severe consequences and a huge socio-
economic burden. However, specific and effective treatments are still lacking. Advances in
molecular medicine have provided new directions in the therapy. In this review, we focus on non-
coding RNAs, a class of RNA molecules transcribed from the genome but do not code for proteins.
We summarize and analyze the regulatory role of non-coding RNAs in astrocyte - a type of cell that
plays essential roles in the brain including protection, support, and nutrition. With this work we
hope to complement novel therapeutic strategies for neonatal brain injury.

Abstract: Perinatal brain injury is a major public health problem burdened with high morbidity,
mortality and severe neurological sequelae. Despite advances in neonatal life-saving technologies,
neonatal encephalopathy lacks specific and effective treatment. Therefore, mechanisms of central
nervous system changes associated with perinatal brain injury have been a hot topic of neonatology
research. In recent years, researchers have shifted more focus from neurons themselves to
perineuronal cells and intercellular interactions. As a member of the nervous system network,
astrocytes are one of the dominant glial cells that regulate ion homeostasis, blood flow, and
antioxidant function in the brain. Their changes in molecular mechanisms (e.g., alterations in RNA
regulatory networks) during brain injury storms deserve further attention. Non-coding RNAs
participate in and promote reactive pathophysiologic changes in astrocytes. The review summarizes
and discusses the role of non-coding RNAs in astrocytes in recent years in studies of neonatal brain
injury. It focuses on the most studied disease-related ncRNAs: miRNAs, IncRNAs and circRNAs,
and hopes to provide possible directions for pathophysiological studies and therapeutic approaches
of neonatal brain injury.

Keywords: astrocyte; non-coding RNAs; miRNAs; IncRNAs; circRNAs; neonatal brain injury;
hypoxic-ischemic; neuroinflammation

1. Introduction

Of the 530 million deaths among children younger than 5 years in 2000-19, the majority (46%
43.5-48.7%)) were neonates, and the leading causes of death among those children was preterm birth
complications (17:7% [16.1-19.5])[1]. During the perinatal period, the immature brain undergoes
several critical periods of neurodevelopment, and brain damage from internal and external insults
impairs those crucial phases, followed by long-term consequences for neurological and mental
health[2]. Hypoxia-ischemia (HI) and neuroinflammation, in particular, are the most prominent
causes of neuronal loss, leading to diffuse white matter injury (dWMI) and gray matter injury in
neonates[3]. Oxidative stress leads to apoptosis, necrosis, and autophagy pathway activation,
determining the final infarct size. The rapid production of reactive oxygen species (ROS) after stroke
further aggravates brain damage[4]. The inflammatory response has a bilateral contribution to the
mechanism of ischemic brain injury[5]. Inflammatory mediators are upregulated from resident brain
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cells and infiltrating immune cells[6], which in turn propagate microvascular dysfunction, edema
expansion, and ultimately worsen the clinical outcome[7].

Astrocytes are abundant glial cells in the central nervous system (CNS)[8]. In the neonatal brain,
astrocytes collaborate with pericytes to form the neurovascular unit (NVU) that performs basic
functions necessary for physiological processes in the CNS[9], including supporting neuronal
structure, regulating blood flow, ion homeostasis, and stabilizing the extracellular environment[10].
The majority of synapse genesis and maturation, as well as lifelong functional regulation, are active
in the astrocyte cradle[11]. In the context of brain injury induced by inflammation or neonatal
hypoxia-ischemia, astrocytes activate and undergo morphological changes (cell foot swelling)[12],
secrete cytokines that actively promote neuroinflammatory cascades[13]. Changes in astrocyte
function or density lead to altered neurologic outcomes.

In about 95% of genes transcribed, coding-protein-RNAs account for only 1.5-2%[14]. Non-
coding RNAs other than mRNAs, including microRNAs (miRNAs), long non-coding RNAs
(IncRNAs), circular RNAs (circRNAs), and other extracellular RNAs, have been further elucidated in
recent years with the development of high-throughput profiling and comprehensive computational
analysis techniques, which have been used to elaborate further the key mechanisms involved in
disease regulation[15]. In the central nervous system, although ncRNAs do not encode proteins, they
coordinate and control various developmental stages of neural stem cells, neurons, and glial cells at
the post-transcriptional level[16], which makes them a novel and challenging class of potential drug
targets.

In this review, we summarize and discuss the role of non-coding RNAs in astrocytes in recent
years in studies of neonatal brain injury. We focus on the most studied disease-related ncRNAs:
miRNAs, IncRNAs and circRNAs. Potential directions are provided for biomarkers and therapeutic
targets of neonatal brain injury by drawing on the altered and therapeutic roles of relevant ncRNAs
in astrocytes in adult neurological disorders.

2. Mechanism of ncRNA Action in Astrocytes under HI Conditions

Neonatal hypoxic-ischemia (HI), also known as hypoxic-ischemic encephalopathy (HIE), is a
major public health problem with a high morbidity and mortality rate[17]. In the hours after glucose-
oxygen deprivation, astrocyte gene expression is altered in response to hypoxia, neuronal cell death,
neurotransmitter release, and cytotoxic substance production. Astrocyte activation and transition to
type A2 in a transient middle cerebral artery occlusion stroke (tMACO) model, exerting neurotrophic
or anti-inflammatory effects[18]. A growing number of studies in recent years have demonstrated
that non-coding RNAs play an important role in molecular changes and phenotypic shifts in reactive
astrocytes.

2.1. MiRNAs

Astrocyte swelling is one of the earliest responses to cerebral hypoxia-ischemia, which is
regulated by water channel protein aquaporin 4 (AQP4). AQP4 is highly expressed in astrocytes and
is enriched in astrocyte end-feet and gathered at cell synapses and edges [19]. It mediates water
exchange through the blood-brain barrier (BBB), and controls cell volume, extracellular space
volume, and astrocyte migration[20]. It was found that cellular volume during neonatal HI in
AQP4-/- astrocytes was significantly less than that in AQP4+/+ astrocytes, and demonstrated that
modulation of astrocyte AQP4 at different stages of HIE (HI and reoxygenation) may be beneficial
for the treatment[21]. MiR-320a directly targets AQP4[22]. In a neonatal mouse model of epilepsy
(intraperitoneal injection of lithium chloride-pilocarpine), brain miR-320a expression levels were
decreased and negatively correlated with AQP4 expression[23]. Anti-miR-320a administration
benefits ischemic rats and reduces cerebral infarct volume[22]. In cerebral ischemia/reperfusion
injury (I/RI), miR-130b regulates AQP4 expression at the post-transcriptional level and produces
neuroprotection[24]. Additionally, miR-145 protects astrocytes from post-OGD injury by inhibiting
AQP4 expression[25]. With the established belief that AQP4 inhibitors may be a therapeutic option
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in the absence of cytotoxic edema after HIE, targeting relevant miRNAs provides possible new
directions for drug development.

AQP4 co-localizes extensively with glutamate transporter 1 (GLT-1) and has a regulatory role
for GLT-1 in astrocytes[26]. One of the basic functions of astrocytes is to encapsulate and take up most
synaptically released glutamate, which optimizes neuronal function and prevents glutamate
excitotoxicity[27]. The major transporters that function include the glutamate-aspartate transporter
(GLAST, human homologs EAAT1) and glutamate transporter-1 (GLT-1, human homologs
EAAT2)[28]. Interestingly, glutamate transport from neurons to astrocytes is inefficient in the
neonatal brain, which may be related to the low expression of astrocytic glutamate transporters[29].
It has also demonstrated that GLAST predominates in the neonatal neocortex and hippocampus[30],
which could explain the particular vulnerability to excitotoxicity of the neonatal brain[31].
Upregulation of astrocyte GLT-1 could be a potential therapeutic target for HIE. MiR-124 expression
is significantly downregulated in a neonatal HIE model and an in vitro OGD model. It was found
that overexpression of miR-124 was neuroprotective and anti-apoptotic and ameliorated long-term
neurological deficits [32]. It also regulates GLT-1 expression in astrocytes after OGD/reperfusion via
Akt and mTOR pathways [33]. In addition, of the neurologic disorders that cause brain injury in
adults, miR-218 is abundantly expressed in motor neurons, and in studies of ALS, it was found that
motor neuron-derived miR-218 can be taken up by peripheral astrocytes and is sufficient to down-
regulate EAAT? in astrocytes and affect glutamate uptake[34]. Interestingly, miR-218-5p promotes
endovascular trophoblast differentiation and spiral artery remodeling and is down-regulated in
preeclamptic (PE) placentas[35], which are associated with preterm labor, neonatal asphyxia and
even neonatal death[36]. Targeting the specific mechanisms of miR-218 and its role in the placenta
may increase mechanistic understanding of miR-218 within neonatal encephalopathy.

During cerebral ischemia, astrocytes undergo autophagy, and attempts to cope with stress in
this way may protect astrocytes from apoptosis in response to ischemic injury[37]. Autophagy is a
lysosomal degradation pathway in which the cell's own cytoplasmic proteins or organelles are
phagocytosed and encapsulated into vesicles, which fuse with lysosomes and degrade their
contents[38]. Melatonin administration attenuates brain damage in neonatal HI rats by inhibiting
cellular autophagy and decreasing apoptosis, obtaining a neuroprotective effect[39]. The microRNA-
30 family consists of six different miRNAs, including miR-30a, miR-30b, miR-30c-1, miR-30c-2, miR-
30d, and miR-30e, which are important regulators of tissue and organ development as well as the
pathogenesis of related diseases[40,41]. In related studies, miR-30d inhibited the expression of Beclinl
in rat primary astrocytes[42,43]. Beclinl is closely associated with autophagosome formation and
fusion of autophagosomes, and its interaction with Bcl-2 family proteins mediates cellular autophagy
and apoptosis[44]. Thus miR-30d can promote apoptosis by inhibiting OGD-induced autophagy in
astrocytes[43]. What's more, miR-30d-5p was found to be involved in neuronal apoptosis and
autophagy in neonatal HI rats and may also potentially target brain-derived neurotrophic factor
(BDNF)[45]. Targeted modulation of the miR-30 family in neonatal encephalopathy could serve as a
potential therapeutic strategy. In addition, astrocytes undergo pyroptosis during HIBD. It is found
that miR-148-3p inhibits pyroptosis of rat hippocampal astrocytes by blocking STAT/JMJD3 axis, and
dexmedetomidine (DEX), a potent az-adrenoceptor agonist, attenuates brain injury in neonatal rats
through upregulation of miR-148a-3p[46].

As one of the brain-specific microRNAs, miR-134 promotes the proliferation of neural precursor
cells and embryonic neuronal maturation in neuronal development[47]. miR-134 localizes to the
synaptic-dendritic spacer and regulates excitatory synaptic propagation at postsynaptic sites in rat
hippocampal neurons thereby modulating synaptic development, maturation, and/or plasticity[48].
Overexpression of miR-134 negatively affects and impairs neuronal formation in the postnatal mouse
brain[49]. The study demonstrates that miR-134-5 expression is increased and mediates hypoxic-
ischemic brain injury and neuronal death via the C/EBPa/miR-134-5p/KPNA3 axis in
pheochromocytoma (PC12) cells[50] and inhibition of NLRX1 expression[51] in a neonatal rat model
of HIE. However, overexpression of miR-134 did not affect astrocyte survival but decreased
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extracellular glutamate concentration and promoted astrocyte maturation by increasing GLT-1[52].
This may be involved in the future synergistic treatment of neonatal HIE.

2.2. LncRNAs and circRNAs

Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is a long noncoding RNA
that was initially identified to be associated with non-small cell lung cancer as well as lung cancer
metastasis[53]. Recent studies have revealed that IncRNA MALATI1 is also involved in the regulation
of endothelial cell function and vascular growth[54]. In vivo studies confirmed that IncRNA
MALAT1 is significantly increased under hypoxia and controls phenotypic switch in endothelial
cells. Genetic ablation of IncRNA MALAT1 inhibited endothelial cell proliferation and reduced
neonatal retinal vascularization[55]. Of attention is the fact that IncRNA MALATI also exerts its
regulatory function in astrocytes. It was demonstrated that IncRNA MALATI1 affects AQP4
expression in astrocytes by competitively binding miR-145, increases the number of apoptotic cells
and infarct size, and promotes cerebral ischemia-reperfusion injury[56]. Knockdown or silencing of
IncRNA MALAT1 protects neonatal bronchopulmonary dysplasia (BPD) and ischemic
cardiomyopathy[57,58]. Correspondingly, the role of IncRNA MALAT1 in ischemic stroke provides
a new therapeutic strategy for neonatal ischemic encephalopathy.

LncRNA H19 (H19) was originally identified as a fetal transcript, which is widely expressed in
mouse fetal liver, intestine, cardiac muscle, and skeletal muscle[59]. At present, this transcript has
been recognized as an oncogenic IncRNA, which is involved in human cancer development through
different mechanisms[60]. H19 was upregulated in HIE newborns and rat models. It was proved that
H19 alleviated nerve damage of neonatal HIE rats by upregulating the Akt3/mTOR pathway as a
miR-29b sponge[61]. It is confirmed that H19 is transported from neurons to astrocytes by exosomes
to induce downregulation of insulin-like growth factor-1 (IGF-1) through the H19/let-7a/IGF-1
receptor axis[62]. A further study elucidated that H19 could sponge miR-130a-3p and competitively
regulate the downstream target DAPK1, which in turn worsen brain injury in neonatal HIE[63].
Inhibition of H19 may benefit neonatal brain injury, but further studies are needed regarding the
specific role played by H19 in astrocytes after neonatal HI.

A study comparing three-month-old and eight-year-old pigs by cerebral cortex transcriptomic
analysis found that circRNA expression in the brain depended on developmental age, while >80% of
mRNAs, miRNAs, and IncRNAs but <20% of circRNAs were expressed at both ages[64].
Interestingly, circRNAs can determine developmental and aging processes by altering the expression
of specific mRNAs[65]. The study identified an altered expression pattern of circRNAs in neonatal
hypoxic-ischemic brain damage (HIBD) rats by high-throughput sequencing analysis and predicted
circRNA/ miRNA interactions[66], further demonstrating that dysregulated circRNAs
mechanistically behave similarly to those in adults during the physiopathological process of HIBD.

Additionally, circRNAs play a role in astrocytes in adult stroke, for example: circRNA HECTD1
(circHectd1) expression level is significantly increased in tMCAQO mice model. Mechanistically,
circHectd1 can function as an endogenous miR-142 sponge to inhibit the activity of miR-142/TIPARP
axis, which in turn inhibits astrocyte activation by promoting cell autophagy[67]. Furthermore,
circ_0025984 acts as a sponge for miR-143-3p to counteract its effects on autophagy and apoptosis in
astrocytes under ischemic conditions to achieve protection of astrocytes[68]. (Table 1)

Table 1. The functions of relevant non-coding RNAs associated with neonatal HIE.

Non-Coding RNAs Function Disease
miR-30a-5p Regulat%on of.reacti\'/e ast.rocyte or Neonatal exposure[69];
microglia proliferation PDI[70];
miR-30 family Neonatal HIE[45];
miR-30d Promotion of autophagy in astrocytes OGD-induced
autophagy|[43]

miR-148a-3p Inhibition of pyroptosis in astrocytes Neonatal HIE[46]
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5
Inhibition of GLT-1 expression in
miR-218 miR-218-5p astrocyte; Promotion of vascular PE[35]; ALS[71];
remodeling
. Inhibit of GLT-1 expression; Perinatal Asphyxia and
miR-124 Biomarkers of cerebral ischemia HIE[72];
Ischemic Stroke[33];
Neonatal HIE[73];
. Inhibit of GLT-1 expression; promotion of Pediatric High-grade
miR-107 . . .
tumor cell proliferation glioma[74];
Ischemic Stroke[75];
Ischemic Injury;
miR-320a Reduction of cellular edema senemie TyHrys
Neonatal Epilepsy[23]
miR-130b Protection against astrocytes and nerve  OGD- induced brain injury;
damage I/RI[76]
miR-145 hsa-miR- Protection against astrocytes damage; Neonatal HIE[77];
145-5p Inhibition of astrocyte proliferation SCI[78]
MiR-424 Inhibition of Feactl've astrocyte RI[79]
proliferation
. . . . Ischemic Injury;
R-134 R-134- p f
miR-13 miR-134-5p romotion of astrocyte maturation Neonatal HIE[52]
N tal BPD[80];
IncRNA MALAT1 Influence of AQP4 expression in astrocytes eo?fR?[ 56] [80;
IncRNA H19 Downregulation of IGF-1 in astrocyte Neonatal HIE[62]
Ischemi 7
circRNA HECTD1 Inhibition of astrocyte activation schemic Stroke[67]
CircRNA 0025984 Inhibition of astrocyte ‘autophagy and Ischemic Stroke[68]
apoptosis

3. Non-Coding RNAs Modulate Astrocytes in Neuroinflammation

Inflammation is usually central to the progression of brain injury disease as a secondary injury
factor[81]. Inflammation is also a trigger for brain injury in neonates, especially preterm infants.
Chorioamnionitis is the most common cause of preterm birth[82]. Fetal inflammatory response
syndrome (FIRS) can be induced when the fetus is directly exposed to intrauterine
infection/inflammation through direct skin contact or intrauterine swallowing and respiration[83],
while the immune system releases pro-inflammatory factors such as IL-6, which is associated with
an increased risk of intraventricular hemorrhage (IVH)[84]. During neonatal neuroinflammation,
astrocytes that are tightly coupled to cerebral vasculature have altered morphology (astrocytic feet
swelling) and decreased vascular coverage in the white matter[85], while actively contributing to the
neuroinflammatory cascade response. Inflammation-induced reactive astrocytes, mostly Al type,
secrete pro- and anti-inflammatory cytokines and matrix metalloproteinases (MMPs)[86], increase
glial fibrillary acidic protein (GFAP) expression, and proliferate to form glial scars after insult[87,88].
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3.1. MiRNAs

The reactive proliferation of astrocytes is an important step in their ability to inhibit the spread
of neuroinflammation[88], but hyperproliferation of astrocytes can lead to scarring and thus long-
term neurodevelopmental effects. MicroRNAs can be potential markers and targeted therapeutic
factors by regulating astrocyte activation and proliferation. For instance, hsa-miR-145-5p expression
is significantly increased in neonates with poor neurodevelopmental outcomes after asphyxia[77].
What's more, it was found to be a negative regulator of astrocyte proliferation, and its down-
regulation promoted smad3 activity, which in turn promoted astrocyte proliferation[89]. In vitro
experiments showed that the potent inflammatory agent lipopolysaccharide (LPS) down-regulated
miR-145 expression in astrocytes isolated from neonatal spinal cord tissues, and it was also suggested
that miR-145 potentially targets GFAP and c-myc to inhibit inflammation-induced astrocyte
proliferation[90]. In combination, miR-145/miR-145-5p may be partially neuroprotective by
inhibiting reactive astrogliosis after HIE.

The transcription factor NF-«xB is a central regulator of inflammation[91]. Proinflammatory
mediators such as reactive oxygen species (ROS), cytokines (TNF-a, IL-1f3, IL-17[92]), LPS, Toll-like
receptors ligand (CD40L), and altered environmental elements activate NF-xB signaling in
astrocytes[93] and may  promote neuroinflammation and  neurodegeneration[94].
Neuroinflammation of neonatal brain structures, including the forebrain cortex, hippocampus, and
cerebellum, can be directly linked to increased levels of NF-kB expression[95]. NF-«xB
downregulation in reactive astrocytes exerts an inhibitory effect on CNS inflammation[96]. MiRNA-
155 can promote hypoxic-ischemic brain injury in neonatal rats by regulating the NOD1/NF-kB
signaling pathway. Its mechanism may be related to the activation of the NOD1 signaling pathway
by miRNA-155, phosphorylation of downstream NF-kB, and promotion of brain inflammation in
neonatal HIE rats[97]. In spinal cord injury (SCI) rat model, miR-136-5p was found to up-regulates p-
NF-«xB by down-regulating the expression of A20 protein, which promotes the production of
inflammatory factors and chemokines by astrocytes, thereby increasing inflammatory cell infiltration
and injury in the spinal cord[98]. Reactive changes in microglia in neonatal brain injury are often the
first step in response to neuroinflammation. MiRNAs such as miR-210 induce microglial M1
activation and increase NF-kB signaling pathway activity in neonatal HIE and promote microglia-
mediated neuroinflammation and brain injury[99]. Activation of Al astrocytes is influenced by
microglia activity. Regulating both phenotypic transitions by targeting ncRNAs may be an effective
therapeutic strategy. For example, In vitro administration of miR-124-3pOE-Exos inhibits activation
of M1 microglia and Al astrocyte through activation of PI3K/AKT and hence inhibit the NF-kB
signaling cascade[100], thereby providing protection against neuroinflammatory injury and offering
a possible therapeutic strategy for neonatal inflammatory encephalopathy.

MicroRNA-124 has two mature forms: miR-124-3p (known as miR-124 or miR-124a) and miR-
124-5p (known as miR-124*)[101]. They are abundantly and specifically expressed in the human and
rodent nervous system. MiR-124 has been reported to regulate neurodevelopment[102], and up-
regulation of miR-124 expression level promotes microglial cells to switch from pro-inflammatory
M1 type to anti-inflammatory M2 type[103,104]. In neonatal HIE rat model, miR-124-3p directly
targets and regulates Bax, one of the pro-apoptotic members of the Bcl-2 family, and subsequently
protects neurons from ischemic and hypoxic damage[105]. As previously described, anti-
inflammatory miR-124 was found in young microglia and might be able to indirectly affect the
proliferation and gliosis of reactive astrocytes, playing a potential therapeutic role in immune-
inflammatory neonatal brain injury.

Notch can be split by y-secretase and release intracellular domains (NICD) into the nucleus to
mediate target gene functioning[106]. The study found that the y-secretase inhibitor DAPT rescued
neonatal rats suffering from severe global hypoperfusion or focal ischemia and protected neurons
from apoptosis by blocking the Notch signaling pathway[107]. The Notchl signaling pathway is
activated in astrocytes after brain injury. It regulates astrocyte proliferation and activation by
inhibiting VEGF or NF-«xB/p65 signaling pathways[108]. miR-146a shows aberrant expression or
function in neuroinflammatory diseases[109] and indirectly down-regulates pro-inflammatory
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factors (e.g., IL-1f3, IL-6, and TNF-t[110]) as well as promotes oligodendrocyte precursor cells (OPCs)
differentiation[111]. In addition, a study transferred miR-146a-5p to astrocyte via extracellular
vesicles (EVs) and revealed its ability to inhibit the Notch signaling pathway[112]. It suggests that
miR-146a may play a critical role in neurons and glial cells in the immature brain.

3.2. LncRNAs and circRNAs

Increasing evidences suggested that IncRNA H19 is upregulated and promotes inflammatory
responses in hypoxic-ischemic brain injury. It is upregulated in the brains of ischemia/reperfusion
(I/R) injury rat model and acts as a ceRNA to competitively regulate the miR-138-5p/p65 axis to
promote inflammatory responses[113]. Abnormal upregulation of IncRNA H19 was found in an in
vitro model of LPS-induced inflammatory response in astrocytes, and H19 knockdown inhibited
astrocyte activation and proliferation while decreasing the secretion of pro-inflammatory factors
CCL2, IL-6, and TNF-a by regulating the H19/miR-1-3p/CCL2 axis[114]. Aberrant expression of H19
is also closely related to embryonic development and fetal growth[115]. Furthermore, H19 mediates
proliferation and autophagy in astrocytes and glioma cells by regulating the mTOR/ULK1 signaling
pathway[116]. LncRNA colorectal neoplasia differentially expressed (IncRNA CRNDE) is one of the
highest expressed IncRNAs during neuronal differentiation. It was found upregulated in an
intrauterine infection-induced neonatal rat brain injury model. Intraperitoneal injection of CRNDE
shRNA inhibited LPS-induced activation of astrocytes and microglia, and an improvement in spatial
learning memory ability was observed in neonatal rats, demonstrating the neuroprotective effect of
IncRNA CRNDE inhibition[117].

CircRNAs perform important roles in regulating central nervous system inflammation. The
study observes many brain-enriched circRNAs associated with neurotransmitter function, neuronal
maturation, and synaptogenesis[65]. Sigma receptors (0R) are unique drug-binding proteins found
in the central nervous system[118], which are located in brain regions involved in motor function,
including dopaminergic projections from the substantia nigra to the striatum[119]. The oR 1 agonist
DTG reverses behavioral and neuromorphological changes induced by ventral hippocampal lesions
in neonatal rats[120]. It was found that circRNA HIPK?2 (circ HIPK?2) acts as a sponge of miR124-2HG
targeting to regulate oR 1 expression and astrocyte activation, which has been shown to attenuate
neuroinflammation through the cooperation of cellular autophagy and ER stress[121]. In addition,
circ HIPK3 can also function as a sponge for miR124-2HG to regulate cell growth[122].

Similar to neonatal brain injury, both disruption of BBB integrity and astrocyte activation
modulating neuroinflammation are major pathologic processes in the secondary response after
traumatic brain injury (TBI)[123]. Upregulation of circRNA chr8_87,859,283-87,904,548 (circRNA-chr-
8) in the cerebral cortex of a mice TBI model promotes neuroinflammation and disrupts neuronal
functional recovery by sponging the miRNA mmu-let-7a-5p to increase the expression of
CXCR2[124]. A study found that circRNA METTL9 directly binds to and increases SND1 expression
in astrocytes, leading to upregulation of chemokines (CCL2, CXCL1, CCL3, CXCL3, CXCL10) and
ultimately enhancing neuroinflammation[125]. (Table 2)

Table 2. Regulatory functions played by non-coding RNA in astrocytes under neuroinflammatory

conditions.
Non-Coding RNA Function Disease

) miR-145- Influence of inflammation-induced astrocyte Neonatal HIE[90];
miR-145 . . .

5p proliferation Ischemic Stroke;
N ti lat f ast te-mediated
miR-146a ega 1ve.regu ators of astrocyte-mediate Epilepsy[126]; ALS[127]
inflammatory responses

) miR-124- ey .

miR-124 Inhibition of astrocyte activation Neonatal HIE[105]; SCI[100]

3p

iR-155- N tal HIE[97];
miR-155 5p Promotion of astrocyte activation eonsacz;[ 128] 571
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8
iR-136-
miR-136 mt 5p Promotion of astrocyte activation SCI[129]
IncRNA H19 Promotion of ast?ocyte.z activation and I/R[113]
proliferation
intrauterine infection-induced
IncRNA CRNDE Inhibition of astrocyte activation injury[117];
HIBD[130]
circRNA HIPK?2 Promotion of astrocyte activation by TBI[131]
autophagy and ER stress
P . ¢ .
circRNA_chr8 romotion of astrocyte activation and TBI[132]

neuroinflammation

So far, we have exemplified and discussed ncRNAs involved in astrocytes activation and their
possible or validated roles in neonates (Figure 1), They assist astrocytes in hypoxia, inflammatory
cascades, cell proliferation, autophagy apoptosis, and differentiation fate. Of interest, some ncRNAs
are highly conserved whereas the action of a subset of ncRNAs is age-dependent. Their unstable
expression becomes a noteworthy difficulty in further research.

A i f {63
miR-30 family __, . ! | miR-30a-5p
miR-30d Beclin, : : miR-153-3p — ERK/STAT3 — TLR4,
1 1
miR-130b  — LDH O') SO | miR320a — VDAC1,
2. K 1
) . A
IncRNA CCAT1 — miR-218 —> NFATS| () (& *J \ [ncRNA Gud 1952 AmiR-406I S TNE a
X J S
! } autophagy Hamenaton 1R —» JNK/p38 —» FOXJ2—» GIrcRNA HECTD1?
GircRNA HECTD1 — miR-142 —> TIPARP actggon ) »
' miR-124-3p — STAT3, MYH9 |

apoptosis
GIrcRNA_0025984 <> miR-143-3p— TET1, ()

O miR-155-5p Ndfip1 — PTEN ,

B ) Q miR-17
miR-30a-5p = PKCa —» GLT-1) -

—
— PTEN —i PI3K/AKUmTOR '
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© INCRNAH19 —> JAK/STAT —» GFAP, c-Myc*
miR-218  —i EAAT2|

miR-124 —> AKUmTOR —> GLT-1TO
ischamia.hyp\uxia s b circRNA chr8  — mmu-let-7a-5p — cxcr2t
4 proliferati

S GircRNA HIPK2 — miR-124-2HG — 0-1R 1
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Figure 1. Non-coding RNAs involved in processes related to apoptosis autophagy (A), hypoxia-
ischemia (B), inflammatory response (C), and cell proliferation (D) interact with other molecules in
astrocytes. (Image Source: By Figdraw.).

4. Regulatory Effect of Non-Coding RNAs in Astrocytes for Treatment Strategy

As mentioned earlier, reactive astrocytes activated under stress conditions have a dual function
that requires a high degree of control: On the one hand, it protects the nervous system after injury in
terms of intercellular communication[133], homeostatic regulation[134], water transport[19],
maintenance of BBB integrity, release of antioxidant substances[135], etc. On the other hand, it
exacerbates its heterogeneous function[136], inhibits axonal regeneration by excessive formation of
glial scarring[137], and promotes an increase in the levels of pro-inflammatory factors[138], which
inevitably leads to neuroinflammatory toxicity. The dual role of astrocytes can bring about different
therapeutic strategies. The question is how to specifically and effectively target and regulate
astrocytes in a treatment-favorable direction, and how to ensure the safety of the approach.
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4.1. Cell Therapy: Potential in Treatment Targeting Astrocyte

As early as the end of the last century, researchers inserted Millipore implants coated with
embryonic astrocytes into neuromas of young acallosal animals and found that the implants
supported the migration of immature astrocytes and, in turn, the de novo growth of commissural
axons between the hemispheres. In addition, implantation after a critical period when the glial
response no longer promotes axonal growth reduces host glial scarring, inhibits massive hemorrhage
and secondary necrosis, and promotes axonal regeneration[139,140]. Transplantation of astrocytes
after in vitro intervention (silencing, gene correction, gene overexpression, etc.) has become a new
therapeutic strategy. In global cerebral ischemic rat model, Cyclin-dependent kinase 5 (CDK5)
microRNA knock-down (CDK5-KD) was employed into astrocytes, and transplantation of CDK5-KD
astrocytes induce neuroprotection and rescue cognitive and motor impairment after
ischemia[141,142]. The combination of the Mokola-G envelope pseudotype, glutamine synthetase
promoter, and two distinct microRNA target sequences also provides a powerful tool for CNS
astrocyte-specific silencing, e.g., efficient astrocyte-specific gene silencing can be performed by the
combined effect of miR9*T-miR124T de-targeting[143].

It is found that transplantation of astrocyte precursors or stem cells to derive astrocytes was able
to maximize neuroprotection and functional recovery by promoting the growth of broken axons
through regeneration, modulating host immune responses, and providing neurotrophic factors[144].
Stem cell transplantation is a novel and long-lasting treatment for newborns. The type of stem cell,
the infusion dose, the mode of administration, and the duration of treatment all require further study.
It was found that the intranasal administration of umbilical cord blood stem cells or amniotic fluid
stem cells during the acute phase of hypoxia, in combination with hypothermia treatment[145,146],
which had a long-lasting neuroprotective effect in HIE mice. Cell therapy still has limitations in
maintaining long-term cellular recovery and regenerative capacity as well as safe use in humans, but
partial successes in adults and models may provide a profile for astrocyte-targeted therapy in
neonatal brain injury.

4.2. The Use of miRNAs in Nanotherapeutics

EVs of various sizes, namely microvesicles (ranging from 100-1000 nm) or exosomes (with sizes
between 30-150 nm) are released by most eukaryotic cells[147]. Evidences suggested that therapeutic
effectiveness of pluripotent stem cell might be a consequence of the paracrine action of EVs[148]. EVs
are proved capable of encapsulating mRNAs, miRNAs, proteins, and liposomes, which regulate gene
expression and cellular function in recipient cells[149]. EVs have a therapeutic advantage over intact
stem cells due to their small size and ability to infiltrate the blood-brain barrier [150].

The study showed that mesenchymal stem cell-derived exosomes (MSC-Exo) could reverse
hippocampal astrocyte oxidation and inflammation phenotypes, and attenuate the inflammation-
induced astrocytic activation by regulating the Nrf2-NF-kB signaling pathway[151]. Transformation
of cellular phenotypes by EVs can act through transported and delivered miRNAs. MiR-21a-5p,
highly expressed in MSCs-EVs[152], was found to improve sensory and motor functions after
cerebral hemorrhage in rats by affecting the expression of the target gene Trpm7[153]. It alleviates HI
brain injury in neonatal mice by targeting STAT3 to induce microglia M2 polarization[154]. In
addition, miR-125b-5p delivered by MSC-EVs plays an indispensable role in suppressing astrocyte
activation and associated inflammation and maintaining BBB integrity by targeting TLR4 and
inhibiting NF-«kB signaling in astrocytes[155]. MiR-124 was shown to be neuroprotective and to
induce astrocyte-to-neuron transition. MiR-124-3p in astrocyte-derived extracellular vesicles
(ADEVs) inhibits aberrant activation of the immune system to rescue neonatal HIBD[156]. This
provides a powerful and reliable strategy for the treatment of neonatal brain injury.

4.3. The Neurogenic Potential of Astrocytes Contributes to Nerve after Brain Injury

There are growing evidences that parenchymal astrocytes have potential neurogenic capacity,
implying that they may be able to be reprogrammed into functional neurons[157,158]. In
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inflammatory conditions or injury, astrocytes isolated from the cortex produce multipotent
neurospheres[159]. Reactive astrocytes regain more neural progenitor cells (NPC)-like immature
properties[160]. This manifestation in neonatal immature astrocytes is early proof of their neurogenic
potential: Astrocytes from embryonic or neonatal brains can form multipotent neurospheres[160],
forced expression of neurogenic transcription factors (i.e., Ngn2, Pax6, Mash1) are able to convert
postnatal astrocytes into functional neurogenic[161,162]. Transformation of astrocytes into functional
induced neurons (iNs) has been well established in vitro[163], microRNAs regulate neurogenic
facilitators post-transcriptionally and can be used to complement or replace transcription factors
(TFs) in neuronal reprogramming[164]. Neurogenic miRNA-124 has potent potency to direct
astrocyte cell fate switches[165]. MiR-124 directly targets ZFP family member Zfp36L1 and unlocks
the endogenous cortical neurogenesis pathway. In vivo, miR-124 induces reprogramming of reactive
astrocytes into immature iNs capable of long-term survival, especially in coordination with ISX9[166].
The ability of miRNAs to trigger the reprogramming of reactive astrocytes also provides a therapeutic
strategy for neural repair after neonatal and adult brain injury —to improve functional maturation of
iNs after injury, inflammation condition, or neurodegeneration

5. Conclusions

Non-coding RNAs and astrocytes no longer serve as “margins” for cellular physiopathological
processes for the past few years. As neurological research advances, It becomes promising for the
development/immature brain to therapeutic use ncRNAs to transform the state of astrocytes. This
review summarizes and discusses the mechanisms and therapeutic role of non-coding RNAs in
reactive astrocytes of nervous system disorders, which may provide further research directions and
new potential therapeutic strategies for neonatal brain injury.

However, due to the “gulf” between the mature or aging brain and the immature brain in
response to injury, whether these molecular mechanisms actually work in neonatal brain injury is
still open to debate and further research. Points are worth noting, 1) The nervous system is an intricate
network of regulatory relationships. As current research indicates, non-coding RNAs are involved in
multiple complex regulatory networks, making it difficult to specifically regulate particular cells or
molecules in the nervous system, which poses a challenge for targeted therapeutic strategies that
utilize these agents. 2) High heterogeneity of astrocytes[167], complexity and spatiotemporal
specificity of ncRNA regulatory networks[168], and uncertainty about the critical period of treatment
of neonatal brain injury constitute formidable obstacles to the targeting astrocytes for participation
in neuroprotective therapies using ncRNAs. 3) The reliance on EVs carrying regulatory factors (e.g.,
MSC-EVs) to enter the nervous system to exert immunomodulatory, neuroprotective, and
regenerative effects is well established in rodent models and holds promise as an emerging
therapeutic tool for neonatal brain injury[169]. How to conjugate ncRNAs with targeted regulatory
effects and translate them into therapeutic products that are safe for newborns deserves further
research and exploration.
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