
Summary. Traumatic brain injury (TBI) is one of the
most common causes of death and disability worldwide.
Astrocytes are the largest cell types in the central
nervous system (CNS) with numerous functions both
physiologically and pathologically. In response to TBI,
astrocytes go through a series of alterations referred to as
reactive astrogliosis. It is now generally recognized that
reactive astrocytes play a dual role in TBI development
and tissue repair. Many molecules and signaling
pathways have been demonstrated to be involved in the
activation of astrocytes, including vital life-supporting
substances (such as ATP), regulating hormones (such as
gonadal steroids), injury-induced cytokines and
chemokines. In this review, we focus on the role of
certain specific molecules and related signaling
pathways in regulating the activation of astrocytes in
TBI. We also discuss the dual role of reactive astrocytes
after TBI, which will be critical in the discovery of more
appropriate strategies for brain injury treatment.
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Introduction

Traumatic brain injury (TBI) consists of a wide
range of injuries caused by different stimuli and shows
varying degrees of severity. It is estimated that TBI
affects more than 50 million people worldwide each year
(Maas et al., 2017), primarily in young adults, leading to
critical public health problems. Therefore, a large
amount of research has been devoted to finding suitable
therapeutic targets for TBI. 

As the largest cell group in the central nervous
system (CNS), astrocytes have a stellate appearance with
radial projections of repeatedly branching variable
diameter processes exhibiting terminal footplates, which

can support and maintain the blood-brain barrier (BBB)
structure (Cheng et al., 2019). Morphologically,
astrocytes can be divided into two subtypes: the fibrous
type, characterized by thin, large and poorly ramified
prolongations distributed in the white matter; and the
protoplasmic type, with numerous short processes
present throughout the grey matter (Acaz-Fonseca et al.,
2016).

Over the last few decades, our understanding of the
role of astrocytes has been revolutionarily changed from
a simple structural “glue” to a crucial communication
element in the brain (Volterra and Meldolesi, 2005). In
the normal brain, together with vascular endothelial cells
and pericytes, astrocytes function in maintaining the
integrity of the BBB through footplate terminals termed
“endfeet”. Furthermore, astrocytes provide support and
guidance for axonal growth during development and
participate in synaptic transmission through the
formation of “tripartite synapses” with presynaptic
neuronal terminals and postsynaptic membranes (Perea
et al., 2009; Di Castro et al., 2011). Astrocytes also
supply neurons with growth factors and energy
substrates, maintain the balance of extracellular fluid and
ions, scavenge free radicals, and provide extracellular
glutamate. 

In response to TBI and other CNS insults, astrocytes
go through a series of alterations referred to as reactive
astrogliosis, which is defined as a heterogenous and
graded continuum of multiple astrocyte alterations,
ranging from changes in gene expression and cell
hypertrophy to permanent scar formation (Sofroniew and
Vinters, 2010). Over the years, the mechanism of
astrocyte activation and the role of reactive astrocytes in
CNS disorders has been extensively studied, and it is
now generally recognized that reactive astrocytes play a
dual role in TBI development and tissue repair according
to the severity of the lesion, the stage of injury, and the
type of reactive astrocytes Therefore, a better
understanding of the mechanism of action of both the
protective and harmful effects will be crucial in
discovering more appropriate and effective TBI
treatment strategies. 
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Morphological and functional characteristics of
reactive astrocytes after TBI

Astrocytes undergo a series of morphological and
functional alterations after various CNS insults,
including CNS infection, ischemic stroke, intracerebral
hemorrhage (ICH), TBI, and chronic neurodegeneration,
after which they will transform into a reactive form.

Morphologically, the changes of reactive astrocytes
vary according to the mechanical properties of the
injury, the severity of CNS insults, and the anatomical
site of the injury. Sofroniew et al have demonstrated that
astrocytes present a continuum of different
morphological changes parallel to the aggravation of
injury severity (Sofroniew and Vinters, 2010). Mild to
moderate injury level induces hypertrophy of astrocytic
soma and processes, as well as up-regulation of glial
fibrillary acidic protein (GFAP) expression. Severe
reactive astrogliosis is characterized by more
pronounced cellular hypertrophy and GFAP expression.
Moreover, in these severe injury conditions, the
individual astrocyte extends over its previous domain
and overlaps with the adjacent part, which leads to
persistent tissue re-organization and eventually the
formation of dense, narrow and compact glial scars. The
morphological alterations of reactive astrocytes are
accompanied by an increase in the expression of various
molecules which can serve as biomarkers for reactive
astrocytes, such as GFAP, vimentin, S100 calcium-
binding protein β (S100β), aldehyde dehydrogenase 1
family member L1 (Aldh1L1), and brain lipid-binding
protein (BLBP) (Acaz-Fonseca et al., 2016).

In the context of CNS disorders, the normal function
of astrocytes undergo many significant changes in
response to a series of gene expression changes. For
example, two specific astrocytic glutamate transporters,
glutamate aspartate transporter (GLAST/EAAT1) and
glutamate type 1 transporter (GLT-1/EAAT2), showed a
significant reduction in severe astrogliosis, therefore
impairing the capacity of astrocytes to re-uptake
extracellular glutamate, the accumulation of which may
pose an excitotoxic threat to neuronal survival (Rao et
al., 1998). Moreover, after CNS insults, reactive
astrocytes acquire novel functions, such as releasing pro-
inflammatory cytokines to promote the formation of a
pro-inflammatory microenvironment. However, although
the detrimental roles of reactive astrocytes in brain
injury have been widely recognized, some studies have
shown that reactive astrocytes can also play a protective
role and are essential in the recovery from TBI or
ischemic stroke (Bush et al., 1999). 
Mechanisms and signaling pathways related to
reactive astrocytes after TBI

In the context of reactive astrogliosis and glial scar
formation, reactive astrocytes can secrete a set of
molecules, including (1) polypeptide growth factors and
cytokines; (2) neurotransmitters (e.g. glutamate, ATP,

noradrenalin); (3) reactive oxygen species (e.g. nitric
oxide, NO); (4) products associated with
neurodegeneration (e.g. β-amyloid); (5) regulators of
cell proliferation (e.g. endothelin-1, ET-1), etc (Ridet et
al., 1997; Silver and Miller, 2004; Myer et al., 2006;
Sofroniew and Vinters, 2010). In this section, we will
focus on the role of some of these molecules and related
signaling pathways in regulating the activation of
astrocytes and mediating the dual effect of reactive
astrocytes under the circumstances of TBI (summarized
in Fig. 1). 

ATP is a well-recognized molecule that can induce
reactive astrogliosis. After TBI, purine receptors
including P2X7, P2Y1, P2Y2 and P2Y4 contribute to the
induction and maintenance of reactive astrogliosis and
glial scar formation (Heine et al., 2016). In the context
of TBI, many downstream signaling pathways are
activated via these purine receptors, including ERK1/2,
P38/MAPK, and activator protein AP-1 through P2X7
receptors, as well as MAPK (an indispensable molecule
for triggering and/or maintenance of reactive
astrogliosis), PI3K/Akt and PI/PLC pathways
downstream of P2Y receptor family (Neary et al., 1996;
Abbracchio et al., 2009). Lesion-induced increases in
ATP activates various signaling pathways via purine
receptors that regulate a diversity of astrocyte changes,
therefore leading to the formation of reactive astrocytes
that release cytokines or prostaglandin E2 (PGE2)
(Heine et al., 2016). These changes of astrocytes include
morphological hypertrophy and remodeling, increased
GFAP level and DNA synthesis, and astrocyte
proliferation, etc, which all represent an activated state
of astrocytes (Neary et al., 1996). Moreover, astroglial
P2Y1 receptor activation can also trigger an increase in
intracellular Ca2+ (Butt, 2011), which is another
stimulating signal to reactive astrogliosis.

Studies have indicated that the activation of
astrocytes can be classified into two types: classical
activation and alternative activation, which results in the
formation of A1- and A2-reactive astrocytes respectively
(Suk, 2016). These two types of reactive astrocytes are
induced by different triggers and molecules through
different signaling pathways. For example, studies have
found that NF-κB is widely activated in the process of
CNS injury, and NF-κB-activated astrocytes may
represent a harmful subtype that promotes
neuroinflammation, which is consistent with the
discovery that A1 reactive astrocytes exhibit NF-κB
activation (Lian et al., 2015). In contrast, the JAK-
STAT3 signaling pathway may mediate the activation of
protective A2 reactive astrocytes through the induction
of ischemia (Liddelow and Barres, 2017). However, this
view has been challenged considering the complex
heterogeneity under both physiological and pathological
circumstances, and it is now recognized that
transcriptomic data is important in characterizing the
potentially extensive and subtle diversity of reactive
astrocytes (Escartin et al., 2021). Many studies have
provided evidence for the functional heterogeneity of

922
Reactive astrocytes in traumatic brain injury



reactive astrocytes after brain injury. A recent study
demonstrated that SOX2-dependent signaling pathways
in astrocytes may be specifically targeted for brain
recovery, these experiments showed that SOX2 binds to
regulatory regions of genes associated with signaling
pathways that control glial cell activation, such as
Nr2e1, Mmd2, Wnt7a, and Akt2, and that astrocyte-
specific deletion of Sox2 in adult mice alleviates
astrogliosis and promotes functional recovery after TBI
(Chen et al., 2019). Another study found that
adenovirus-mediated interferon regulatory transcription
factor 3 (IRF3) transgene expression inhibited the
expression of pro-inflammatory cytokine genes and
changed astrocyte activation from a pro-inflammatory to
an anti-inflammatory phenotype, possibly via
suppression of pro-inflammatory microRNA-155
expression targeting the suppressor of cytokine signaling
1 (SOCS1), which negatively regulated cytokine
signaling (Tarassishin et al., 2011). One of the molecules
studied recently is lipocalin-2 (LCN2), a member of a
broad family of secreted proteins called lipocalins
containing a conserved domain responsible for binding
to diverse hydrophobic macromolecules (Suk, 2016). It
has been demonstrated that LCN2 is a biomarker of
reactive astrocytes and acts as an autocrine mediator of
astrocyte activation. LCN2-induced cell migration is
suggested to be associated with MAPK/ERK and NF-κB

signaling pathways, and it is hypothesized that LCN2
proteins can be released under inflammatory conditions
and induce the production of chemokines (such as
CXCL10) by various CNS cell types. These chemokines
further mediate the migration of glial cells and immune
cells to the injury site, therefore augmenting
neuroinflammation and subsequent tissue damage (Lee
et al., 2011; Suk, 2016). 

One of the characteristics of reactive astrocytes is
cellular hypertrophy, largely caused by the swelling of
astrocytes in response to excess brain water. Under
pathological conditions, extracellular glutamate is re-
uptaken and accumulates in reactive astrocytes, a
process accompanied by the influx of Na+ and water and
the resultant cellular swelling (MacAulay et al., 2001).
Aquaporins (AQPs) are bi-directional water channels
that mediate the passive transport of water across the
cellular membrane owing to osmotic gradients
(Lafrenaye and Simard, 2019). In the CNS, astrocytes in
the grey matter widely express AQP4, and it has been
shown that the activation of astrocytes can increase
AQP4 expression, which is positively correlated with the
increase in astrocyte volume over time. Interestingly, a
recent study found that a cell adhesion receptor,
dystroglycan (DG) acts as a scaffold in mechanical force
injury to activate the ERK pathway, therefore regulating
the expression of AQP4 in astrocytes (Zhang et al.,
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Fig. 1. A schematic summary of mechanisms and signaling pathways related to reactive astrocytes after TBI. In response to TBI, astrocytes go through
a series of alterations referred to as reactive astrogliosis, which involves multiple complex processes. The illustration depicts the major mechanisms
associated with reactive astrocytes, including important molecules, receptors and signaling pathways. Many important molecules have been
demonstrated to participate in the activation of astrocytes, such as ATP, injury-induced cytokines and chemokines, PAMPs and DAMPs, etc. Through
specific receptors, these molecules can further activate the downstream signaling pathways, leading to the transcriptional regulation of specific genes
that control astrocyte activation. Reactive astrocytes can be characterized by cellular hypertrophy, up-regulation of GFAP expression, increased
intracellular Ca2+ level, astrocyte proliferation, migration, and so on. Moreover, the reactive astrocytes can secrete a set of molecules, and affect the
functions of other cells, such as microglia and neurons, therefore playing an important role in TBI pathology and tissue repair.



2019). After brain injury, the localization of AQP4 also
shifts significantly from normal polarized location at
astrocyte endfeet to widespread distribution throughout
the cellular membrane (Fryclenlund et al., 2006).
Accompanying this localization alteration, AQP4
switches its binding partner from transient receptor
potential vanilloid 4 (TRPV4) to transient receptor
potential melastatin 4 (TRPM4) (Lafrenaye and Simard,
2019). TRPM4 is a Ca2+-sensitive non-selective cation
channel, which, together with its heterodimerizing
partner sulfonylurea receptor 1 (SUR1), interacts with
AQP4 to significantly increase Ca2+-induced astrocyte
swelling (Stokum et al., 2018). At the same time,
however, CNS injuries also induce increased expression
of TRPV4 in astrocytes, possibly via the
phosphorylation of tyrosine-253 (tyr-253), which is also
associated with astrocyte swelling (Shi et al., 2013).
Although AQP4 can exacerbate the severity of cytogenic
edema, studies showed that AQP4 played an otherwise
beneficial role in water clearance in the condition of
vasogenic edema after brain injury (Hsu et al., 2015), the
mechanism of which still needs to be explored. In
addition to the above receptors, a study also revealed the
importance of standardized transient receptor potential
(TRPC) channels, such as TRPC1 and TRPC3, in
reactive astrogliosis and cerebral edema. This study
showed that TRPC3 and TRPC1 were present in cortical
astrocytes and that TRPC3 promoted astrocyte
proliferation and migration in vitro as well as
astrogliosis and cortical edema in vivo in mice brain
injury models, whereas these effects can be mitigated by
TRPC1 (Belkacemi et al., 2017). 

Along with cellular hypertrophy, the most prominent
characteristic of reactive astrocytes is the significant up-
regulation of GFAP expression. Using an in vitro scratch
injury model, researchers found that scratch-induced
Ca2+ wave triggered the activation of JNK, which in turn
activated the phosphorylation of downstream
transcription factor c-Jun, facilitating the binding of AP-
1 to the promoter of GFAP gene to switch on GFAP
upregulation (Gao et al., 2013). In an in vivo stab wound
injury mouse model, researchers also demonstrated a
Ca2+-dependent downregulation of Pum2, which
resulted in attenuation of N-cadherin translational
repression in astrocytes, leading to reactive astrogliosis
and neuroprotective effects (Kanemaru et al., 2013). The
effect of N-cadherin may be due to its capacity of
binding to fibroblast growth factor receptor (FGFR) and
activating the FGFR-dependent signaling cascade, which
can enhance the expression of GFAP in astrocytes. Kang
et al have shown that the blockade of the FGF8-FGFR3
signaling pathway in astrocytes inhibits the induction of
GFAP and hypertrophic responses (Kang et al., 2014).

Severe astrogliosis is also characterized by astrocyte
proliferation and migration towards the injury site. It has
been suggested that the increased number of astrocytes
after CNS insult has at least three derivations: GFAP
positive astrocytes that dedifferentiate then divide, NG2
positive progenitor cells throughout the brain

parenchyma, and progenitors migrating from adult
astrogenesis areas such as the subventricular zone (SVZ)
and subcallosal zone (SCZ) (Buffo et al., 2008), as one
study pointed out that Wnt/β-catenin signaling can
influence the proliferation and differentiation of
progenitors in the hippocampus and SVZ (White et al.,
2010). This study showed that the Wnt signal transduces
β-catenin to stabilize in the cytoplasm and translocate to
the nucleus, which further binds to transcription factors
such as TCF/LEF and converts them to transcription
activators regulating the dedifferentiation or subsequent
differentiation process of reactive astrocytes (White et
al., 2010). Another study revealed that blood-derived
fibrinogen was deposited in the micro-environment of
SVZ stem cells due to increased permeability of SVZ
vasculature after cortical brain injury. Fibrinogen then
activated BMP type I receptor signaling in neural
stem/progenitor cells (NSPCs) through its integrin
interacting αC domain and localized to lipid rafts to
activate BMP signaling, thereby leading to the induction
of Smad phosphorylation and upregulation of
transcriptional regulator Id3, which promoted NSPCs
differentiation into potentially neuroprotective astrocytes
(Pous et al., 2020). Notably, it has also been suggested
that reactive astrocytes in the injured brain acquire
certain stem cell properties and form self-renewing and
multipotent neurospheres in vitro possibly elicited by the
Sonic hedgehog (SHH) signal, which may have external
sources such as from the cerebrospinal fluid (CSF)
(Sirko et al., 2013).

Microglia are the first responders to CNS insults.
They aggregate and proliferate in the injured area and
release different kinds of cytokines, including
interleukin-6 (IL-6), interferon γ (IFN-γ), and tumor
necrosis factor-α (TNF-α)., thereby inducing the
activation of astrocytes under pathological conditions.
Meanwhile, these reactive astrocytes, together with
microglia, secrete cytokines including IL-1 and TNF-α,
initiating a feed-forward process, thus initiating and
enlarging the development of the inflammatory process.
Activated microglia can be divided into two categories:
the pro-inflammatory subtype (M1) and the anti-
inflammatory subtype (M2). Interestingly, a recent study
found that reactive astrocyte-derived exomes can
promote the M2 phenotypic transformation of microglia
after TBI (Long et al., 2020). This study discovered that
one of the major components of the astrocyte-derived
exomes was miR-873a-5p, which down-regulated the
downstream phosphorylation of ERK and NF-κB p65,
resulting in a decreased level of microglial M1
transformation and subsequent neuroinflammation (Long
et al., 2020). 

The release of cytokines by astrocytes proves to be a
delicately regulated process, as one study revealed a
temporal sequence in the LPS-induced astrocytic
expression of three pro-inflammatory cytokines: TNF-α,
IL-1β and IL-6 (Rodgers et al., 2020). Whether cytokine
production by reactive astrocytes in mechanical injuries,
such as TBI, is regulated in a similar manner remains to
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be investigated. Apart from classical pro-inflammatory
cytokines, other types of cytokines are also involved in
CNS injury. A recent study using brain slices from
patients with ICH and transgenic mouse models
identified IL-15 as a mediator of the crosstalk between
astrocytes and microglia and demonstrated that
astrocyte-derived IL-15 can increase microglial activity
and exacerbate brain injury following ICH (Shi et al.,
2020). 

With the disruption of BBB integrity caused by brain
injury, other types of peripheral immune cells can
penetrate the brain parenchyma and communicate with
resident cell types, which may contribute to the
activation of astrocytes. One study showed that the
depletion of immunosuppressive regulatory T cells
(Tregs) reduced brain infiltration of other T cell types,
decreased the level of reactive astrogliosis and IFN-γ
expression, and transiently attenuated motor deficits in a
mouse TBI model, which indicated that Tregs play a role
in regulating astrocyte activation (Kramer et al., 2019).

Innate immunity of astrocytes themselves, other than
immune cells of other types, also participates in reactive
astrogliosis. Astrocytes and microglia can sense
pathogen-derived and endogenous ligands released by
damaged cells, and initiate the innate immune response.
This process is mediated by pattern recognition receptors
(PRRs), the best characterized being Toll-like receptors
(TLRs) (Li et al., 2021). TLR2, TLR4 and TLR9 have
been implicated in brain injuries. Activation of these
TLRs further leads to the transcription of inflammatory
cytokines and IFNs (Heiman et al., 2014). In addition,
studies found that blocking TLR9 can attenuate
proliferation and migration of astrocytes, possibly via
the inhibition of the MAPK signaling pathway (Li et al.,
2021). TBI-induced reactive astrocytes are also
associated with the activation of the neurotoxic
complement system, including both the classical and the
alternative pathway (Goetzl et al., 2020). 

TBI-induced reactive astrocytes upregulate the
expression of ET-1, thereby mediating various
detrimental effects including vasoconstriction, inducing
the production of metalloproteinases (MMPs) 2 and 9
and cytokines, reducing astrocytic expression of GLT-
1/EAAT-2, and impairing the function of fast
anterograde axonal transport (Hostenbach et al., 2016).
Moreover, the activation of astrocytic ETB receptors can
result in persistent astrogliosis by promoting astrocyte
proliferation, hypertrophy and cytoskeletal
reorganization, as one study demonstrated that
Notch1–STAT3–ETBR signaling axis can promote
reactive astrogliosis after brain injury (LeComte et al.,
2015). However, this molecule may also play potential
protective roles by increasing astrocytic expression of
neurotrophic factors such as glial cell line-derived
neurotrophic factor (GDNF) and brain-derived
neurotrophic factor (BDNF) via autocrine activation of
ETB receptors (Hostenbach et al., 2016). 

Sex hormones are another category of molecules that
contribute to neuroprotection and tissue repair after brain

injury (Acaz-Fonseca et al., 2016). Under physiological
conditions, the main function of gonadal steroid
hormones is to regulate neuroendocrine secretions and
reproduction, but they can also provide trophic effects on
neurons (Acaz-Fonseca et al., 2016). After TBI, the
expression of steroid hormones and steroid receptors is
significantly altered, indicating that these hormones and
their receptors may play different roles under
physiological and pathological circumstances (Tokuhara
et al., 2005). In CNS disorders, astrocyte-derived sex
steroids exhibit various protective roles, including
downregulation of gliosis hallmarks and pro-
inflammatory cytokine release, upregulation of
molecules related to tissue repair, and allosteric
regulation of neuronal GABAA receptors to alleviate
excitotoxicity (Acaz-Fonseca et al., 2016). Therefore,
gonadal steroid hormones and other molecules with
similar signaling pathways in the brain, such as selective
estrogen receptor modulators (SERMs) and selective
tissue estrogenic activity regulators (STEARs) may
provide new insight into the therapeutics of CNS insults
(Acaz-Fonseca et al., 2016).

Many organelles also participate in the activation of
astrocytes, of which the most widely studied one is
mitochondria. Apart from mediating the production of
reactive oxygen species (ROS) that pose a significant
threat to cell survival, it has also been shown that the
pro-inflammatory microenvironment induced by the
primary injury can trigger the reorganization of tubular
mitochondria and promote fragmentation and the
generation of smaller mitochondria in astrocytes (Motori
et al., 2013), which can destabilize the delicate balance
of the cellular mitochondria network, leading to more
severe dysfunction of reactive astrocytes. Conversely, in
vitro studies have proved that after brain injury, intact
mitochondria in reactive astrocytes can be transferred
into neurons through the creation of tunneling nanotubes
(TNTs) to repair and replace damaged mitochondria,
therefore providing potential protective effects on
neuronal survival (Bylicky et al., 2018). 

In recent years, many other molecules and signaling
pathways have also been discovered participating in
reactive astrogliosis, involving both positive and
negative effects. For example, one study found that a
small cytoplasmic protein serving as lipophilic molecule
chaperone called fatty acid-binding protein 7 (FABP7),
was up-regulated in reactive astrocytes and may protect
the BBB after brain injury through the Cav-1/MMP
signaling pathway (Rui et al., 2019). Another study
showed that the Ca2+/calmodulin-dependent protein
phosphatase calcineurin (CN) appeared at high levels in
reactive astrocytes after brain injury and that the
activation of the CN/NFAT4 pathway was a key
mechanism for disrupting synaptic remodeling and
homeostasis in the hippocampus, possibly by reducing
the expression of the prosynaptogenic factor hevin or by
inducing neuronal Ca2+ imbalance (Furman et al., 2016).
It is hopeful that more molecules and signaling pathways
related to reactive astrogliosis will be clarified, which
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will shed light on our understanding of TBI pathogenesis
and subsequent tissue repair mechanisms.
Dual roles of reactive astrocytes in the development
of TBI pathology and tissue repair

As discussed in the previous sections, reactive
astrogliosis is a double-edged sword for the development
and recovery of TBI. CNS damage after different kinds
of insults can be divided into primary injuries and
secondary injuries. Although presentations of primary
injuries vary according to different types of damage,
such as infection, ischemia, mechanical injury, etc.,
similar patterns of secondary injuries are observed,
which usually share similar mechanisms mediated by
homologous signaling pathways as introduced in the
previous section. 

As a defensive response to external insults,
astrogliosis is a homeostatic reaction to alleviate and
repair the initial damage and to maintain the normal
function of the brain. For example, the formation of glial
scars after TBI is demonstrated to have protective effects
on the CNS, including limiting the damage to local areas
by forming a physical barrier, restricting peripheral
immune cells into the brain parenchyma to attenuate
inflammation, and supporting axon regeneration by
releasing growth factors such as BDNF and GDNF, etc
(Cheng et al., 2019). However, glial scars can also play
an otherwise detrimental role to some extent, as they
form an inhibiting barrier for axonal growth. Moreover,
they can also affect the blood supply and secrete certain
axonal growth inhibitors, which are unfavorable for
neurogenesis and tissue repair after brain injury (Cheng
et al., 2019).

As has been discussed, reactive astrocytes can
release various cytokines, chemokines, proteases and
danger-associated molecular patterns (DAMPs), which
may have both protective and harmful effects. For
example, it is widely recognized that cytokines and
chemokines released by reactive astrocytes are essential
in mediating tissue damage after TBI by promoting a
pro-inflammatory microenvironment. However, a
chemokine, CCL21, has been reported to be capable of
inhibiting the stimulation of astrocytes by IL-1β,
therefore alleviating inflammatory response (Cheng et
al., 2019).

Reactive astrocytes also provide protective effects
by defending against glutamate toxicity, reducing redox
stress, alleviating mitochondrial dysfunction in neurons,
attenuating glucose-induced metabolic stress, mitigating
iron toxicity, and maintaining tissue homeostasis under
conditions of DNA damage (Bylicky et al., 2018). 

Whether reactive astrocytes exhibit a protective or
detrimental phenotype after brain injury is strictly
dictated by injury time, injury location, and the
microenvironment of the inflammatory response. For
example, in addition to local astrogliosis, one study
showed that reactive astrogliosis can also be detected in
areas remote to the injury site, which was essential in

tissue repair after brain injury through promoting
synaptic plasticity and supporting network integrity
(Tyzack et al., 2014). The negative effects of reactive
astrocytes may be more related to the late chronic stage
after TBI, as studies have pointed out that at this stage,
reactive astrocytes inhibit axonal regeneration and
neuronal integration, and are less capable of responding
to tissue damage appropriately compared to those of
acute stages and early chronic stages after brain injury
(Alilain et al., 2011).
Conclusion and perspective

In recent years, as the importance of astrocytes in
CNS functions has been elucidated, many studies have
been devoted to unveiling the role of astrocytes under
physiological and pathological conditions. Reactive
astrocytes function as a double-edged sword after TBI,
contributing to both the pro-inflammatory and anti-
inflammatory signals, as well as tissue damage and
tissue repair processes. Better understanding of the
association between different injury conditions and the
different roles reactive astrocytes play is crucial in
developing therapies to harness the potential of
astrocytes for protective purposes.

Many molecules and signaling pathways involved in
astrocyte activation and reactive astrocyte functions have
been demonstrated. These molecules vary from crucial
life-supporting substances such as ATP, regulating
hormones such as gonadal steroids, to injury-induced
cytokines and chemokines. A more detailed
understanding of mechanisms mediated by these
molecules in regulating different aspects of reactive
astrocyte functions will shed light on the research of
novel clinical treatment strategies and drug screening.
As discussed in the previous section, LCN2 acts as an
autocrine mediator and regulates key downstream
signaling pathways closely related to reactive astrocytes
and the formation of a pro-inflammatory micro-
environment, thereby providing multiple approaches for
clinical drug screening including inhibiting LCN2 gene
expression or protein secretion, blocking the action of
extracellular LCN2, antagonizing LCN2 receptor, and
inhibiting LCN2 receptor signaling (Suk, 2016). Another
possible drug candidate is sex steroids, which have been
proved to exhibit a series of beneficial effects after brain
injury. However, as these molecules also have
feminizing and masculinizing effects under
physiological conditions, they may not be appropriate
for the clinical application of TBI. In consideration of
this, many other molecules sharing similar signaling
pathways with sex hormones have become popular
candidates for drug screening, including SERMs, such as
tamoxifen or raloxifene, and STEARs, such as tibolone
(Acaz-Fonseca et al., 2016). Further experiments need to
be carried out on animal models and clinical patients to
study the possibility of therapeutic improvements of the
above-mentioned molecules on brain injury. As more
and more efforts are devoted to elucidating the
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mechanisms of TBI pathology, development and
subsequent tissue repair, we are looking forward to
achieving better strategies to bring positive prognosis for
millions of brain injury patients worldwide.
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