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Abstract: Traumatic brain injury (TBI) is an intracranial injury caused by accidents, falls, or sports.
The production of endothelins (ETs) is increased in the injured brain. ET receptors are classified into
distinct types, including ETA receptor (ETA-R) and ETB receptor (ETB-R). ETB-R is highly expressed
in reactive astrocytes and upregulated by TBI. Activation of astrocytic ETB-R promotes conversion
to reactive astrocytes and the production of astrocyte-derived bioactive factors, including vascular
permeability regulators and cytokines, which cause blood–brain barrier (BBB) disruption, brain
edema, and neuroinflammation in the acute phase of TBI. ETB-R antagonists alleviate BBB disruption
and brain edema in animal models of TBI. The activation of astrocytic ETB receptors also enhances
the production of various neurotrophic factors. These astrocyte-derived neurotrophic factors promote
the repair of the damaged nervous system in the recovery phase of patients with TBI. Thus, astrocytic
ETB-R is expected to be a promising drug target for TBI in both the acute and recovery phases. This
article reviews recent observations on the role of astrocytic ETB receptors in TBI.

Keywords: astrocyte; traumatic brain injury; endothelin; ETB receptor; blood–brain barrier; neuroin-
flammation

1. Introduction

Traumatic brain injury (TBI) is critical damage to the brain caused by a sudden insult,
such as traffic accidents, falls, collisions, and sporting activities. TBI is a major cause of
death and disability worldwide. Even in surviving patients, TBI causes severe sequelae
in motor, sensory, mental, and cognitive functions, resulting in decreased quality of life
(QOL). Therefore, much effort has been devoted to realizing effective therapies for TBI,
that is, treatments to protect the brain from damage in the acute phase and promote the
recovery of neurological function in TBI patients with sequelae.

Brain damage caused by TBI is classified as primary or secondary [1,2]. Primary
damage includes direct physical injury to the brain parenchyma, such as skull fractures,
intracranial hemorrhage, compression/deformation of nerve tissue, diffuse axonal injury,
and crushing of blood vessels. Biochemical, cellular, and physiological alterations induced
by primary damage propagate from the impact core to the peripheral area and aggravate
brain injury (secondary damage) [1,2]. Pathological events that induce secondary damage
in TBI around the impact core include excitotoxicity, cerebral hypoperfusion, brain edema,
and neuroinflammation. While primary damage is irreversible and difficult to reduce,
secondary damage is partly reversible and remediable. Therefore, therapies for TBI in
the acute phase focus on reducing secondary damage. Current treatments for the acute
phase of TBI include decompressive craniotomy, hyperosmolar treatment, barbiturates,
sedation, and hypothermia therapy. However, these treatments are insufficient and may
have adverse effects in some cases. Several candidate drugs have shown beneficial effects
in preclinical studies using experimental TBI animal models, but clinical trials have failed
to show significant effects in patients with TBI [3–5]. In addition, for TBI patients with
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sequelae, treatments to promote the recovery of neurological functions impaired by TBI
are required, which are currently performed by physical therapy. Although many studies
have shown that physical therapy promotes synaptic regeneration in damaged nervous
systems [6–8], no medication is clinically used to enhance its efficiency. Therefore, research
and development of medicines applied in the acute and recovery phases of TBI have been
extensively conducted.

Many studies have clarified the roles of astrocytes in nerve damage and recovery
processes in several brain disorders, including TBI [9–11]. Based on these studies, the
regulation of astrocytic functions has been proposed as a novel therapeutic strategy for
TBI. Endothelin (ET) is one of the factors regulating the pathophysiological functions of
astrocytes in damaged nerve tissues [12]. ET receptor signaling-mediated pathophysio-
logical reactions include ischemia, neuropathic pain, and disruption of the blood–brain
barrier (BBB) [12]. We previously observed that ETB receptor (ETB-R) but not ETA receptor
(ETA-R) was highly distributed in astrocytes and that an ETB-R antagonist but not an
ETA-R antagonist alleviated pathological conditions, including the proliferation of reactive
astrocytes, BBB disruption, and brain edema in TBI model mice [13]. In this review, the
roles of the ETB receptor (ETB-R) in astrocytic functions in TBI are reviewed. In addition,
the possibility of astrocytic ETB-R as a novel drug target for TBI is discussed.

2. Pathophysiological Responses of Astrocytes to TBI

In response to brain disorders, astrocytes change their phenotype to that of reactive
astrocytes, which are characterized by increased glial fibrillary acidic protein (GFAP)
expression and hypertrophy. Reactive astrocytes are involved in the progression of many
brain pathologies and the regeneration of the injured nervous system. In patients with
TBI, phenotypic conversion to reactive astrocytes is predominantly observed in damaged
areas [14]. Similarly, reactive astrocytes were also increased in experimental TBI model
animals [13–16]. Brain edema occurs during the acute phase of TBI. Increased intracranial
pressure accompanied by brain edema causes impairment of the nervous system and
often results in the death of patients with TBI. In addition, neuroinflammation in the
acute phase exacerbates neuronal damage caused by TBI and causes various neurological
dysfunctions in patients affecting motor, sensory, and cognitive activities. Disruption of
the BBB underlies the development of brain edema and neuroinflammation caused by TBI.
That is, the hyperpermeability of brain microvascular endothelial cells, which constitute the
BBB, can allow the infiltration of inflammatory cells and serum proteins into the cerebral
parenchyma damaged by TBI. Astrocytes support the integrity of the BBB, and their end feet
surround a large part of the basolateral side of brain microvessels. The permeability of brain
microvascular endothelial cells responsible for the BBB is regulated by their interaction with
astrocytes. Functional alterations in astrocytes in TBI lead to excessive hyperpermeability
of the BBB, which allows the entry of inflammatory cells and serum proteins (Figure 1).

Increased production of various cytokines and chemokines in the acute phase of
TBI has been reported [17,18]. The production of astrocytic cytokines and chemokines is
stimulated by several signaling molecules released from damaged cells [19–21]. In TBI,
astrocytic IL-33 is increased in the human and mouse brain and promotes the accumulation
of microglia/macrophages at the site of injury [22]. Xue et al. [23] showed that astrocytes
produce C-C Motif Chemokine Ligand 7 (CCL7), which promotes microglia-mediated
inflammation in a TBI rat model. Other astrocytic vascular permeability regulators, such as
matrix metalloproteinase 9 (MMP9) and vascular endothelial growth factor-A (VEGF-A),
are also upregulated by TBI and cause disruption of the BBB [13,24–27]. These results
indicate that astrocytes have a detrimental effect on BBB function during the acute phase of
TBI. However, some reports suggest that astrocytes have supporting roles in BBB function,
by which brain edema and neuroinflammation in TBI are reduced. Hu et al. [28] showed
that the ablation of astrocytes exacerbated the infiltration of monocytes into the cerebral
parenchyma and neuronal loss in mice with brain stab injuries. Gao et al. [29] found that
programmed cell death 1 (PD-L1) signaling in reactive astrocytes prevented excessive
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neuroimmune and neuronal damage in a controlled cortical impact-induced TBI mouse
model. Astrocyte-derived exosomes also protect hippocampal neurons by suppressing
mitochondrial oxidative stress and apoptosis in rats with TBI [30]. We also found that
astrocyte-derived vascular protective factors, such as angiopoietin-1 (ANG-1) and sonic
hedgehog (SHH), were increased in TBI model mice [31,32]. These findings suggest that
astrocytes suppress TBI-induced neuroinflammation and BBB disruption and exert pro-
tective actions against neuronal damage in TBI. Additionally, expression levels of MMP-9
and VEGF-A increased at 6 h to 5 days after TBI, whereas expression levels of ANG-1 and
SHH increased at 3 to 10 days after TBI [13,31,32]. This finding shows a possibility that
conversion to reactive astrocytes enhances both detrimental and supportive actions on BBB
function depending on the phase of TBI.
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Figure 1. Involvement of astrocytes in BBB disruption in the acute phase of traumatic brain injury
(TBI). In the acute phase of TBI, activation of astrocytes occurs around the damaged brain area. The
astrocytic activation is accompanied by increased expressions of astrocyte-derived vascular perme-
ability factors, such as vascular endothelial growth factor-A (VEGF-A), matrix metalloproteinase 9
(MMP9), and chemokines. This impairs the barrier function of the blood–brain barrier (BBB) and
allows entry of inflammatory cells and serum proteins into the brain parenchyma, which leads to
neuroinflammation and brain edema.

During the recovery phase of TBI, new synapses are formed in damaged areas, which
are supported by neurogenesis from neural progenitors and axonal elongation [33]. This
remodeling of the damaged nervous system is the mechanism that underlies the recovery
of brain functions impaired by TBI. Some astrocyte-derived factors have been shown to
promote the remodeling of the nervous system damaged by TBI. Astrocyte-produced
apolipoprotein E [34] and S100b [35] promote neurogenesis and recovery of cognitive
function impairments in TBI. Thrombospondins (TSPs) are astrocyte-secreted proteins
that promote synaptogenesis [36,37]. Cheng et al. reported that TSP-1 was increased
in TBI and that TSP-1 knockout mice exhibited significantly worse neurological deficits
in motor and cognitive functions [38]. Production of neurotrophin family neurotrophic
factors is upregulated by TBI and promotes neuroprotection in the acute phase, as well as
regeneration in the recovery phase [39]. Astrocytes are the major source of nerve growth
factor (NGF), which is also upregulated by TBI [40]. Administration of NGF to the rat
brain reversed the decrease in cholinergic nerves induced by TBI and enhanced cognitive
function [41]. Treatment to increase the production of brain-derived neurotrophic factor
(BDNF) in astrocytes restored neuronal function impaired by TBI [42,43]. Hao et al. showed
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that exogenous neurotrophin-3 (NT-3) administration to TBI model rats promoted neural
stem cell proliferation and synaptogenesis [44]. These findings indicate that the ability of
astrocytes to produce neurotrophic factors is beneficial in promoting nerve regeneration
during the recovery phase of TBI.

3. Endothelin in TBI
3.1. Endothelin Receptor Signal Pathways and Pathophysiological Reactions

The ET ligand family, ET-1, ET-2, and ET-3, was initially discovered as vasoconstrictor
peptides produced by vascular endothelial cells. ET-1 is present in the brain and is one
of the factors involved in pathophysiological responses of damaged nerve tissues [45,46].
ET-2 is largely limited to the gastrointestinal tract, sex organs, and pituitary gland, and
ET-3 is abundantly expressed in the intestine, pituitary gland, and brain [12]. Receptors
for ETs, which are seven-transmembrane G-protein-coupled receptors, are classified into
two distinct types: ETA-R and ETB-R, which are encoded by the EDNRA and EDNRB
genes, respectively (Figure 2). ETA-R shows higher affinities for ET-1 and ET-2 than for
ET-3, whereas ETB-R has an equal affinity for all three ET ligands. Both ETA-R and ETB-R
are linked to the Gq protein and increase intracellular Ca2+ by activating phospholipase C
(PLC). However, ETA-R and ETB-R have different regulatory mechanisms for adenylate
cyclase-mediated signals. ETA-R is Gs-linked to increase cAMP, whereas ETB-R is linked
to Gi and suppresses the signal (Figure 2). Both ETA-R and ETB-R are also linked to the
G12/13 protein (Figure 2). The G12/13 protein-mediated signal activates the Rho protein, a
low molecular weight G-protein, and stimulates Rho-associated protein kinase (ROCK),
which regulates cellular proliferation, Ca2+, and cytoskeletal actin reorganization [12].
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Figure 2. Classification of endothelin receptors. Endothelins (ETs) exert their physiological actions
through two G-protein-coupled receptor subtypes, ETA (ETA-R) and ETB receptors (ETB-R). ETA

receptor signal pathways mediate Gq, Gs, and G12/13 resulting in activation of Ca2+/phospholipase
C (PLC), cAMP, and G12/13/Rho/Rock signal pathways. ETB-R signal pathways mediate Gq, Gi, and
G12/13 resulting in activation of Ca2+/PLC and Rho/Rock signal pathways and suppression of cAMP
signaling pathways [12].

Several studies imply that ET-R-mediated calcium-dependent signaling contributes
to neuroinflammation. ET-1 increases intracellular Ca2+ by the influx of calcium and
release of intracellular calcium stores. ETA-R-mediated calcium-dependent responses in-
clude activation and degranulation of neutrophils by calcium influx [47]. ETB-R-mediated
calcium-dependent responses include the chemotactic migration of neutrophils by the
release of intracellular calcium [47]. In addition, astrocytic dysregulation of Ca2+ home-
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ostasis promotes the release of inflammatory factors, which cause neuroinflammation
in Alzheimer’s disease [48]. Because ETB-R is highly expressed in astrocytes and ETB-R
signaling promotes the production of astrocytic bioactive factors [12,13], ETB-R signaling
may be involved in neuroinflammation by astrocytic dysregulation of Ca2+ homeostasis.
These observations suggest that activation of ET-Rs and neuroinflammation are correlated
to calcium homeostasis dysregulation.

The pathophysiological roles of ETs in the cardiovascular system, such as arterial
hypertension, myocardial infarction, preeclampsia, and coronary atherosclerosis, have
been well investigated. In the clinical state, several ET-R antagonists, including bosentan
(non-selective), ambrisentan (ETA-R selective), and macitentan (non-selective), have been
applied as therapeutic drugs for pulmonary arterial hypertension. ET antagonists are
also expected to be therapeutic drugs for cardiovascular and other disorders [49]. In
patients with several neurodegenerative disorders, cerebral ischemia, and subarachnoid
hemorrhage, expression levels of ETs are increased [50–53]. Some studies showed that in
addition to vascular endothelial cells, astrocytes are also a primary source of ET-1. The
expression level of astrocytic ET-1 is increased by several factors, including cytokines,
hypoxia, and ET-1 itself [54–56].

3.2. Relationships of Endothelin and TBI

Brain ET-1 production was found to be increased by TBI, whereas productions of ET-2
and ET-3 have not been investigated. Studies in patients with TBI and experimental animal
models indicate that increases in brain ET-1 are closely related to the pathological conditions
of TBI. Maier et al. [57] showed that ET-1 is increased in the plasma and cerebrospinal fluid
of patients with TBI. Chen et al. [58] also found that ET-1 levels were significantly higher in
the severe TBI group than in the mild/moderate TBI and control groups. Additionally, ET-1
is also increased in the cerebrospinal fluid and is associated with unfavorable outcomes
in children after severe TBI [59]. In experimental TBI models, ET-1 levels are increased in
the brain [14,27,56,60,61]. Histological observations have shown that reactive astrocytes
produce ET-1 in TBI [56]. An examination using cultured cells showed that a direct physical
effect on astrocytes is partially involved in TBI-induced astrocytic ET-1 production [31].
TBI causes cerebral circulation dysfunction, such as vasospasm and hyperpermeability of
brain microvessels, which aggravates secondary damage [62]. Experimental animal models
of cerebral ischemia and subarachnoid hemorrhage have shown that increases in brain
ET-1 cause vasospasm through ETA-R [63,64]. ETA-R mediates vasospasm through protein
kinase C, whereas ETB-R mediates vasodilation through nitric oxide synthesis [64]. These
experimental results suggest that antagonism of ETA-R may also alleviate vasospasm in
the brain damaged by TBI.

ETB-Rs are expressed in astrocytes and brain vascular endothelial cells [56,65–68],
whereas ETA-Rs are highly expressed in brain blood vessels but not in astrocytes [13].
Expression of astrocytic ETB-Rs is also upregulated in response to brain disorders, as
well as astrocytic ET-1 [67–69]. We found that ETB-R expression in reactive astrocytes
was significantly increased in the injured cerebrum of TBI mice [56]. The concomitant
increases in both astrocytic ET ligands and receptors suggest an autocrine/paracrine
mechanism mediated by ET-1/ETB-R signaling, which becomes more prominent in
the regulation of astrocytic pathophysiological actions in TBI (Figure 3). Therefore,
the role of ETB-R-mediated signaling in astrocytic pathophysiological responses has
been investigated.
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Figure 3. Promotion of astrocytic activation through ET-1/ETB-R signaling. In TBI, ET-1 induces
reactive astrocytes through the following mechanisms: (1) TBI promotes the conversion of resting
astrocytes to reactive ones. (2) ET-1 is produced and released from reactive astrocytes. The physical
impact of TBI directly stimulates ET-1 production, although the mechanism is unclear [27,31]. (3) As
well as ET-1, expression of astrocytic ETB-R is upregulated, accompanied by astrocytic activation.
(4) Astrocyte-derived ET-1 stimulates ETB-R through an autocrine/paracrine mechanism. (5) ETB-R
stimulation further promotes conversion to reactive astrocytes and enhances their functions.

4. Regulation of Astrocytic Functions by ETB-R
4.1. ETB-R-Mediated Conversion to Reactive Astrocytes

Conversion of resting astrocytes to reactive phenotypes in response to brain injury
is characterized by increased GFAP expression and hypertrophy. Hyperplasia of reactive
astrocytes causes glial scar formation in injured areas, which prevents axonal elongation
during the recovery of damaged nerve tissues. ET-1 is one of the factors that induce conver-
sion to reactive astrocytes in injured nerve tissues. Intracerebroventricular administration
of Ala1,3,11,15-ET-1, a selective ETB-R agonist, promotes the reactive conversion of astrocytes
in the rat brain [65]. In experimental brain injury models, inhibition of ETB-R decreases
the number of reactive astrocytes [69–72]. We also found that BQ788, a selective ETB-R
antagonist, reduced the induction of reactive astrocytes in TBI model mice [13].

4.2. ETB-R-Mediated Proliferation Signal Pathways in Astrocytes

The proliferation of reactive astrocytes is regulated by multiple intracellular signaling
pathways. Several studies have suggested that signal transducer and activator of transcrip-
tion 3 (STAT3) is a key transcription factor for astrocytic proliferation in brain injury [73–75].
Selective nuclear localization of phosphorylated STAT3 in reactive astrocytes was observed
in the cerebrum of TBI model rats [76]. We also found that phosphorylated STAT3 increased
in the cerebrum of mice with TBI [77]. In cultured astrocytes, ET-1 promotes STAT3 activa-
tion through ETB-R, and inhibition of STAT3 reduces cell proliferation [77], suggesting that
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STAT3 is involved in ET-induced astrocytic proliferation. Transcriptional target molecules
of STAT3 include cyclin D1 and S-phase kinase-associated protein 2 (Skp-2), cell cycle
regulators that stimulate the G1/S transition [77,78]. Histological observations in brain
injury models have shown that cyclin D1 is expressed in reactive astrocytes [79]. The in-
crease in cyclin D1 expression mediates astrocytic proliferation triggered by ETB-R/STAT3
signaling [77]. Other transcription factors than STAT3 are also involved in astrocytic cyclin
D1 expression. We found that ET-1-activated specificity protein-1 (SP-1) promotes the
expression of cyclin D1 and the proliferation of cultured astrocytes through ETB-R [80].
ET-1-induced SP-1 activation and cyclin D1 expression were suppressed by inhibitors of
mitogen-activated protein kinases (MAPKs) [80]. Gadea et al. [71] also showed that ETB-R-
mediated astrocyte proliferation and activation occur through the activation of ERK- and
JNK-dependent pathways. ET-induced astrocytic proliferation is coordinately regulated
by both cell adhesion-dependent and independent pathways under ETB-R activation [81].
The expression of cyclin D1 through the ERK and JNK pathways is in a cell adhesion-
independent pathway, whereas astrocytic cyclin D3, another G1/S cyclin, is increased by
the stimulation of ETB-R in a cell adhesion-dependent manner. In the adhesion-dependent
mechanism, a small G-protein (Rho) and focal adhesion kinase (FAK) mediate the cell
proliferation signal from ETB-R to cyclin D3 [82]. This diversity of proliferation pathways
characterizes the ETB-R signal in hyperplasia of reactive astrocytes, leading to glial scar
formation (Figure 4).
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Figure 4. Proliferation signal pathways triggered by astrocytic ETB-R. ETB-R-mediated intracellular
signals for astrocytic proliferation include cell adhesion-dependent and -independent pathways. In
the cell adhesion-dependent pathway, stimulation of ETB-R causes cytoskeletal actin reorganization
through a small G-protein, rho. The formation of focal adhesions accompanied by cytoskeletal
reorganization activates FAK and increases cyclinD3 expression. In the cell adhesion-independent
signal pathway, stimulation of ETB-R increases the activities of STAT3 and SP-1 through ERK and JNK.
These transcription factors increase the expressions of cyclinD1 and S-phase kinase-associated protein
2 (Skp-2). The upregulation of these cell cycle regulatory proteins by ET-1 induces the proliferation of
reactive astrocytes in brain disorders, including TBI.

4.3. ETB-R- Mediated Production of Bioactive Factors in Astrocytes

In the damaged brain, reactive astrocytes produce multiple bioactive factors that
increase the permeability of microvascular endothelial cells. The production of these
factors disrupts the BBB, which leads to brain edema and infiltration of inflammatory cells.
Activation of ETB-R in cultured astrocytes and rat brains stimulated the production of MMP-
9, MMP-2, VEGF-A, and stromelysin-1 [83–87], which increases vascular permeability. At
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brain injury sites, activated astrocytes produce monocyte chemoattractant protein-1 (MCP-
1)/C-C motif chemokine 2 (CCL2) and cytokine-induced neutrophil chemoattractant-1
(CINC-1)/C-X-C motif chemokine ligand 1 (CXCL1) [88–90]. In addition to increasing the
vascular permeability of brain microvessels, these chemokines serve as chemoattractants
that lead to blood inflammatory cells in the brain. The production of astrocytic MCP-
1/CCL2 and CINC-1/CXCL1 is increased by the stimulation of ETB-R [21,90]. In contrast,
stimulation of ETB-R decreased the expression of astrocytic ANG-1 and SHH [31,32], which
are factors that enhance the integrity of brain microvessels and protect the BBB from brain
injury [31,32,86]. These actions of ET-1 on vascular permeability-regulating factors suggest
that the activation of astrocytic ETB-R signaling impairs BBB function, resulting in brain
edema and neuroinflammation.

As described above, astrocytes also play a role in supporting neuroprotection and repair
of damaged nerve systems. Stimulation of ETB-R increases the production of factors promoting
neuroprotection/neuronal regeneration, including glial cell line-derived neurotrophic factor
(GDNF), BDNF, NT-3, NGF, and basic fibroblast growth factor (bFGF) [91–93]. Ephrin is a
membrane-associated protein family that regulates adhesion-dependent cellular functions
by interacting with Eph receptors [94]. Several ephrin subtypes are expressed in astrocytes.
Increased expression of astrocytic ephrins in brain disorders inhibited axon elongation and
synaptogenesis during the regeneration of damaged nerve tissues [95–100]. The expression
of ephrin-A2, -A4, -B2, and -B3 in cultured astrocytes was decreased by stimulation of ETB-
R [101]. Both the increase in neurotrophic factors and the decrease in ephrins suggest that
stimulation of astrocytic ETB receptors plays a role in promoting neuroprotection/neuronal
regeneration of damaged nerve tissues.

5. Roles of Astrocytic ETB-R in the Acute Phase of TBI

Under normal conditions, the function of the BBB is maintained by a balance between
astrocyte-derived factors that increase vascular permeability and enhance the integrity of
brain microvascular endothelial cells. In the acute phase of TBI, the production of astrocytic
factors that enhance vascular permeability causes BBB disruption in the injured areas, which
results in brain edema and neuroinflammation. ET-1 is upregulated in the acute phase of
TBI and regulates the production of these astrocytic factors through ETB-R [13]. Therefore,
we investigated the effects of ETB-R antagonists on BBB disruption in fluid percussion injury
(FPI)-induced TBI model mice [13]. In TBI model mice, BBB permeability was remarkably
increased one to five days after FPI. Furthermore, an increased expression level of ETB-R
and proliferation of reactive astrocytes were also observed [13,56]. Thus, proliferation
signal pathways of astrocytic ETB-R are activated and promote BBB permeability in TBI.
Intracerebroventricular administration of the ETB-R antagonist BQ788 from 2 to 5 days after
FPI significantly reduced TBI-induced BBB disruption and brain edema in the acute phase
(three to five days after FPI), accompanied by a reduction in the number of GFAP-positive
reactive astrocytes [13,31,32]. Thus, an ETB-R antagonist inhibits excessive proliferation
signal pathways of astrocytic ETB-R, resulting in the reduction in BBB disruption and
brain edema. On the other hand, administration of the ETA-R antagonist FR139317 from
2 to 5 days after FPI had no significant effects on BBB disruption and increased reactive
astrocytes [13]. Guo et al. [102] found that BQ788 reduced neutrophils and monocytes and
decreased the expression levels of cytokines and inflammatory mediators in the spinal cord
after contusion injury. Although no selective ETB receptor antagonists, including BQ788,
have been clinically applied, some ET antagonists have been used as therapeutics for
pulmonary arterial hypertension [49]. We also found that the intravenous administration
of bosentan, a non-selective ET antagonist, reduced FPI-induced BBB disruption and brain
edema [56]. These results indicate that antagonism of ETB-R during the acute phase of TBI
is effective in protecting the BBB.

BBB protection by ETB-R antagonists is mediated by the normalization of the expres-
sion of astrocyte-derived vascular permeability regulators. TBI increased the expression
levels of MMP-9 and VEGF-A in reactive astrocytes [13]. Administration of BQ788 and
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bosentan significantly decreased the expression of MMP-9 and VEGF-A in FPI-induced
TBI model mice [13,56]. On the other hand, expression levels of astrocytic ANG-1 and
SHH, which were increased by TBI, were further increased by the administration of BQ788
and bosentan [31,32,56]. Supporting the results in a TBI animal model, we confirmed that
the altered expression of these permeability regulators by ET-1 was inhibited by BQ788 in
cultured astrocytes [31,32,56]. These results imply that antagonism of ETB-R in the acute
phase of TBI can alleviate BBB disruption by controlling the expression of astrocyte-derived
bioactive factors (Figure 5A).
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Figure 5. Astrocytic ETB-R as a therapeutic target of TBI. Astrocytic ETB-R may have different
significance as a therapeutic target for patients with TBI in the acute and recovery phases. (A) In acute
TBI, increased ET-1 increases the expression of MMPs and VEGF-A through the astrocytic ETB-R. It
reduces angiopoietin-1 (ANG-1) and sonic hedgehog (SHH) production. Altered production of these
vascular permeability regulators causes BBB disruption that induces brain edema. Stimulation of ETB-
Rs also attracts inflammatory cells to the site of injury through increased production of chemokines.
Administration of ETB-R antagonists in the acute phase of TBI reduces these astrocytic functions
and may protect the nervous system. (B) In the recovery phase of TBI, the administration of ETB-R
agonists is expected to be effective in recovering neuronal function impaired by TBI. Stimulation of
astrocytic ETB-Rs promotes the production of neurotrophic factors, which promotes synaptogenesis
and neurogenesis. ETB-R agonists also reduce the expression of ephrins. Then, regeneration of the
damaged nervous system is promoted.

6. Roles of Astrocytic ETB-R in the Recovery Phase of TBI

Neuroinflammation and cerebral ischemia in the acute phase of TBI induce neuronal
degradation in injured areas, leading to impairment of motor, cognitive, and emotional
functions in patients with TBI [1,2]. To improve these nerve dysfunctions, it is important
to reduce damage in the acute phase of TBI and promote neurogenesis and synaptic
regeneration in the recovery phase, which is conventionally performed by physical therapy.
The direct application of several neurotrophic factors was initially trialed to recover nerve
dysfunction in patients with brain insults and neurodegenerative diseases. However,
owing to the difficulty of intracerebral delivery and the occurrence of side effects, none of
them has been clinically used [5,103]. Recently, a clinical trial of genetically modified bone
marrow-derived mesenchymal stem cells (SB623) in patients with TBI in the recovery phase
was conducted to examine the effectiveness of recovery of impaired nerve functions [104].
However, no low molecular weight drugs used for peripheral administration have been
clinically applied, and a new therapeutic strategy is desired.
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Reactive astrocytes produce many factors that regulate the regeneration of the nervous
system, including neurotrophic factors and cell adhesion molecules [105,106]. Regulat-
ing the production of astrocyte-derived factors is proposed as an effective approach to
promote the regeneration of the damaged nervous system [107]. Some astrocyte-derived
factors have been shown to play roles in nerve regeneration after TBI [108,109], suggesting
that impaired nerve function can be recovered by regulating astrocytic function. ETB-R
signaling stimulates the production of neurotrophic factors, including NGF, bFGF, BDNF,
NT-3, and VEGF, [83–85,91–93]. In addition, ETB-R signaling decreased the expression
of ephrins, which are negative regulators of neurite outgrowth and neurogenesis in the
repair of damaged nerve systems [101]. The effects of ETB-R signaling on the expression
of trophic factors and ephrins suggest that stimulation of astrocytic ETB-R promotes the
regeneration of the nervous system. In TBI model mice, we found that increased expression
of ETB-R and reactive astrocytes were also observed not only in the acute phase but also in
the recovery phase (seven days after FPI) [13,56]. Thus, the proliferation signal pathway
of astrocytic ETB-R is also activated in the recovery phase and enhances the production
of astrocytic neurotrophic factors. In addition, ET-1 may affect neural progenitor cells to
promote the regeneration of the nervous system through ETB-R. During the development
of the enteric nervous system, the proliferation and migration of neural progenitor cells
are regulated by the ET-3/ETB-R signal [110,111]. Nishikawa et al. observed in an ex
vivo culture system of mouse cortical tissue that an ETB-R agonist, IRL-1620 (sovateltide),
enhanced interkinetic nuclear migration of cerebral neural progenitor cells, whereas BQ788,
an ETB-R antagonist, reduced it [112]. This report also showed that BQ788 decreased the
number of newborn neurons. Although the role of ETB-R in nerve regeneration after TBI
has not been investigated, some studies in animal models have suggested that stimulation
of ETB-R promotes regeneration of the damaged nervous system. Leonard et al. [113,114]
showed that intravenous treatment with IRL-1620 enhanced angiogenesis and neuroge-
nesis and reduced neurological damage in a rat model of permanent cerebral ischemia.
Briyal et al. [115] suggested that IRL-1620 prevents beta-amyloid-induced oxidative stress
and cognitive impairment in rats. These findings raise the possibility that stimulation of
ETB-R during the recovery phase of TBI also has a beneficial effect on the improvement of
impaired nerve function (Figure 5B).

7. Significance of Astrocytic ETB-R as a Therapeutic Target of TBI

In this article, we have discussed the importance of ETB-R signaling in regulating the
pathophysiological functions of astrocytes, which show both detrimental and beneficial
effects on the nervous system in response to brain disorders. Both astrocytic actions
were promoted by stimulation with ETB-R. This indicates that the selective use of ETB-R
antagonists/agonists according to the pathological course of TBI is necessary to obtain
therapeutic benefits. In the acute phase of TBI, the increased production of ET-1 induces
BBB disruption and brain edema through astrocytic ETB-R. Therefore, ETB-R antagonists
may be effective in reducing secondary damage. Some drugs with ETB-R antagonistic
activity, such as bosentan and macitentan, have been clinically applied for pulmonary
hypertension [49]. These ET antagonists are expected to expand their clinical application
to protect against nerve damage during the acute phase of TBI. In contrast, stimulation of
astrocytic ETB-R increases the production of several neurotrophic factors and decreases
the expression of ephrin subtypes. Because these ETB-R-mediated functional alterations of
astrocytes can promote regeneration of the impaired nervous system, the application of
ETB-R agonists may show beneficial effects in patients with TBI during the recovery phase.
In clinical trials of selective ETB agonists, IRL-1620 has been evaluated in patients with
acute cerebral ischemic stroke [116].

Despite societal demands, no effective drug treatments are currently in clinical use
for patients with TBI. In addition, targeting drugs for astrocytes have not been developed
although multiple studies suggest that astrocytes play key roles in the pathogenesis of
TBI. Because astrocytic ETB-R signaling is closely involved in the pathogenesis of TBI and
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regulates astrocyte functions including activation, proliferation, and production of bioactive
factors, targeting drugs for astrocytic ETB-R may resolve two problems at the same time.
Although further preclinical verification is required regarding its efficacy, astrocytic ETB-R
is expected to be a novel target for drugs that aim to protect/improve brain functions
impaired by TBI.

Author Contributions: Writing, review, and editing, Y.K., S.H. and S.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Japan Society for the Promotion of Science (grant numbers:
20K16016 and 21K06609).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jarrahi, A.; Braun, M.; Ahluwalia, M.; Gupta, R.V.; Wilson, M.; Munie, S.; Ahluwalia, P.; Vender, J.R.; Vale, F.L.;

Dhandapani, K.M.; et al. Revisiting traumatic brain injury: From molecular mechanisms to therapeutic interventions.
Biomedicines 2020, 8, 389. [CrossRef]

2. Thapa, K.; Khan, H.; Singh, T.G.; Kaur, A. Traumatic brain injury: Mechanistic insight on pathophysiology and potential
therapeutic targets. J. Mol. Neurosci. 2021, 9, 1725–1742. [CrossRef]

3. Maas, A.I.; Roozenbeek, B.; Manley, G.T. Clinical trials in traumatic brain injury: Past experience and current developments.
Neurotherapeutics 2010, 7, 115–126. [CrossRef] [PubMed]

4. Jha, R.M.; Kochanek, P.M.; Simard, J.M. Pathophysiology and treatment of cerebral edema in traumatic brain injury. Neuropharma-
cology 2019, 145, 230–246. [CrossRef]

5. Lerouet, D.; Marchand-Leroux, C.; Besson, V.C. Neuropharmacology in traumatic brain injury: From preclinical to clinical
neuroprotection? Fundam. Clin. Pharmacol. 2021, 35, 524–538. [CrossRef]

6. Maugeri, G.; D’Agata, V.; Trovato, B.; Roggio, F.; Castorina, A.; Vecchio, M.; Di Rosa, M.; Musumeci, G. The role of exercise on
peripheral nerve regeneration: From animal model to clinical application. Heliyon 2021, 7, e08281. [CrossRef] [PubMed]

7. Theisen, C.C.; Sachdeva, R.; Austin, S.; Kulich, D.; Kranz, V.; Houle, J.D. Exercise and peripheral nerve grafts as a strategy to
promote regeneration after acute or chronic spinal cord injury. J. Neurotrauma 2017, 34, 1909–1914. [CrossRef] [PubMed]

8. Sachdeva, R.; Theisen, C.C.; Ninan, V.; Twiss, J.L.; Houlé, J.D. Exercise dependent increase in axon regeneration into peripheral
nerve grafts by propriospinal but not sensory neurons after spinal cord injury is associated with modulation of regeneration-
associated genes. Exp. Neurol. 2016, 276, 72–82. [CrossRef] [PubMed]

9. Lee, H.G.; Wheeler, M.A.; Quintana, F.J. Function and therapeutic value of astrocytes in neurological diseases. Nat. Rev. Drug
Discov. 2022, 21, 339–358. [CrossRef] [PubMed]

10. Gorshkov, K.; Aguisanda, F.; Thorne, N.; Zheng, W. Astrocytes as targets for drug discovery. Drug Discov. Today 2018, 23, 673–680.
[CrossRef]

11. Zhou, Y.; Shao, A.; Yao, Y.; Tu, S.; Deng, Y.; Zhang, J. Dual roles of astrocytes in plasticity and reconstruction after traumatic brain
injury. Cell Commun. Signal. 2020, 18, 62. [CrossRef] [PubMed]

12. Koyama, Y. Endothelin ETB receptor-mediated astrocytic activation: Pathological roles in brain disorders. Int. J. Mol. Sci. 2021,
22, 4333. [CrossRef]

13. Michinaga, S.; Kimura, A.; Hatanaka, S.; Minami, S.; Asano, A.; Ikushima, Y.; Matsui, S.; Toriyama, Y.; Fujii, M.; Koyama, Y.
Delayed administration of BQ788, an ETB antagonist, after experimental traumatic brain injury promotes recovery of blood-brain
barrier function and a reduction of cerebral edema in mice. J. Neurotrauma 2018, 35, 1481–1494. [CrossRef] [PubMed]

14. Castejón, O.J. Morphological astrocytic changes in complicated human brain trauma. A light and electron microscopic study.
Brain Inj. 1998, 12, 409–427. [CrossRef]

15. Dunn, C.; Sturdivant, N.; Venier, S.; Ali, S.; Wolchok, J.; Balachandran, K. Blood-brain barrier breakdown and astrocyte reactivity
evident in the absence of behavioral changes after repeated traumatic brain injury. Neurotrauma Rep. 2021, 2, 399–410. [CrossRef]
[PubMed]

16. Zhai, Y.; Ye, S.Y.; Wang, Q.S.; Xiong, R.P.; Fu, S.Y.; Du, H.; Xu, Y.W.; Peng, Y.; Huang, Z.Z.; Yang, N.; et al. Overexpressed ski
efficiently promotes neurorestoration, increases neuronal regeneration, and reduces astrogliosis after traumatic brain injury. Gene
Ther. 2022. [CrossRef] [PubMed]

17. Prabhakar, N.K.; Khan, H.; Grewal, A.K.; Singh, T.G. Intervention of neuroinflammation in the traumatic brain injury trajectory:
In vivo and clinical approaches. Int. Immunopharmacol. 2022, 108, 108902. [CrossRef]

http://doi.org/10.3390/biomedicines8100389
http://doi.org/10.1007/s12031-021-01841-7
http://doi.org/10.1016/j.nurt.2009.10.022
http://www.ncbi.nlm.nih.gov/pubmed/20129503
http://doi.org/10.1016/j.neuropharm.2018.08.004
http://doi.org/10.1111/fcp.12656
http://doi.org/10.1016/j.heliyon.2021.e08281
http://www.ncbi.nlm.nih.gov/pubmed/34765794
http://doi.org/10.1089/neu.2016.4640
http://www.ncbi.nlm.nih.gov/pubmed/28437223
http://doi.org/10.1016/j.expneurol.2015.09.004
http://www.ncbi.nlm.nih.gov/pubmed/26366525
http://doi.org/10.1038/s41573-022-00390-x
http://www.ncbi.nlm.nih.gov/pubmed/35173313
http://doi.org/10.1016/j.drudis.2018.01.011
http://doi.org/10.1186/s12964-020-00549-2
http://www.ncbi.nlm.nih.gov/pubmed/32293472
http://doi.org/10.3390/ijms22094333
http://doi.org/10.1089/neu.2017.5421
http://www.ncbi.nlm.nih.gov/pubmed/29316834
http://doi.org/10.1080/026990598122539
http://doi.org/10.1089/neur.2021.0017
http://www.ncbi.nlm.nih.gov/pubmed/34901939
http://doi.org/10.1038/s41434-022-00320-x
http://www.ncbi.nlm.nih.gov/pubmed/35132206
http://doi.org/10.1016/j.intimp.2022.108902


Cells 2023, 12, 719 12 of 15

18. Goodman, J.C.; Van, M.; Gopinath, S.P.; Robertson, C.S. Pro-inflammatory and proapoptotic elements of the neuroinflammatory
response are activated in traumatic brain injury. Acta Neurochir. Suppl. 2008, 102, 437–439. [CrossRef]

19. Pedrazzi, M.; Patrone, M.; Passalacqua, M.; Ranzato, E.; Colamassaro, D.; Sparatore, B.; Pontremoli, S.; Melloni, E. Selective
proinflammatory activation of astrocytes by high-mobility group box 1 protein signaling. J. Immunol. 2007, 179, 8525–8532.
[CrossRef]

20. Gorina, R.; Font-Nieves, M.; Márquez-Kisinousky, L.; Santalucia, T.; Planas, A.M. Astrocyte TLR4 activation induces a proinflam-
matory environment through the interplay between MyD88-dependent NFκB signaling, MAPK, and Jak1/Stat1 pathways. Glia
2011, 59, 242–255. [CrossRef]

21. Koyama, Y.; Kotani, M.; Sawamura, T.; Kuribayashi, M.; Konishi, R.; Michinaga, S. Different actions of endothelin-1 on chemokine
production in rat cultured astrocytes: Reduction of CX3CL1/fractalkine and an increase in CCL2/MCP-1 and CXCL1/CINC-1.
J. Neuroinflamm. 2013, 10, 51. [CrossRef] [PubMed]

22. Wicher, G.; Wallenquist, U.; Lei, Y.; Enoksson, M.; Li, X.; Fuchs, B.; Abu Hamdeh, S.; Marklund, N.; Hillered, L.; Nilsson, G.; et al.
Interleukin-33 promotes recruitment of microglia/macrophages in response to traumatic brain injury. J. Neurotrauma 2017, 34,
3173–3182. [CrossRef] [PubMed]

23. Xue, J.; Zhang, Y.; Zhang, J.; Zhu, Z.; Lv, Q.; Su, J. Astrocyte-derived CCL7 promotes microglia-mediated inflammation following
traumatic brain injury. Int. Immunopharmacol. 2021, 99, 107975. [CrossRef] [PubMed]

24. Ding, J.Y.; Kreipke, C.W.; Schafer, P.; Schafer, S.; Speirs, S.L.; Rafols, J.A. Synapse loss regulated by matrix metalloproteinases in
traumatic brain injury is associated with hypoxia inducible factor-1alpha expression. Brain Res. 2009, 1268, 125–1234. [CrossRef]
[PubMed]

25. Suehiro, E.; Fujisawa, H.; Akimura, T.; Ishihara, H.; Kajiwara, K.; Kato, S.; Fujii, M.; Yamashita, S.; Maekawa, T.; Suzuki, M.
Increased matrix metalloproteinase-9 in blood in association with activation of interleukin-6 after traumatic brain injury: Influence
of hypothermic therapy. J. Neurotrauma 2004, 21, 1706–1711. [CrossRef] [PubMed]

26. Gao, W.; Zhao, Z.; Yu, G.; Zhou, Z.; Zhou, Y.; Hu, T.; Jiang, R.; Zhang, J. VEGI attenuates the inflammatory injury and disruption
of blood-brain barrier partly by suppressing the TLR4/NF-κB signaling pathway in experimental traumatic brain injury. Brain
Res. 2015, 1622, 230–239. [CrossRef]

27. Michinaga, S.; Onishi, K.; Shimizu, K.; Mizuguchi, H.; Hishinuma, S. Pharmacological inhibition of transient receptor potential
vanilloid 4 reduces vasogenic edema after traumatic brain injury in mice. Biol. Pharm. Bull. 2021, 44, 1759–1766. [CrossRef]

28. Hu, X.; Li, S.; Shi, Z.; Lin, W.J.; Yang, Y.; Li, Y.; Li, H.; Xu, Y.; Zhou, M.; Tang, Y. Partial ablation of astrocytes exacerbates cerebral
infiltration of monocytes and neuronal loss after brain stab injury in mice. Cell Mol. Neurobio. 2022. [CrossRef]

29. Gao, X.; Li, W.; Syed, F.; Yuan, F.; Li, P.; Yu, Q. PD-L1 signaling in reactive astrocytes counteracts neuroinflammation and
ameliorates neuronal damage after traumatic brain injury. J. Neuroinflamm. 2022, 19, 43. [CrossRef]

30. Zhang, W.; Hong, J.; Zhang, H.; Zheng, W.; Yang, Y. Astrocyte-derived exosomes protect hippocampal neurons after traumatic
brain injury by suppressing mitochondrial oxidative stress and apoptosis. Aging (Albany NY) 2021, 13, 21642–21658. [CrossRef]

31. Michinaga, S.; Tanabe, A.; Nakaya, R.; Fukutome, C.; Inoue, A.; Iwane, A.; Minato, Y.; Tujiuchi, Y.; Miyake, D.;
Mizuguchi, H.; et al. Angiopoietin-1/Tie-2 signal after focal traumatic brain injury is potentiated by BQ788, an ETB re-
ceptor antagonist, in the mouse cerebrum: Involvement in recovery of blood-brain barrier function. J. Neurochem. 2020, 154,
330–348. [CrossRef]

32. Michinaga, S.; Inoue, A.; Sonoda, K.; Mizuguchi, H.; Koyama, Y. Down-regulation of astrocytic sonic hedgehog by activation of
endothelin ETB receptors: Involvement in traumatic brain injury-induced disruption of blood brain barrier in a mouse model.
Neurochem. Int. 2021, 146, 105042. [CrossRef]

33. Jamjoom, A.A.B.; Rhodes, J.; Andrews, P.J.D.; Grant, S.G.N. The synapse in traumatic brain injury. Brain 2021, 144, 18–31.
[CrossRef]

34. Yu, T.S.; Tensaouti, Y.; Stephanz, E.P.; Chintamen, S.; Rafikian, E.E.; Yang, M.; Kernie, S.G. Astrocytic ApoE underlies maturation
of hippocampal neurons and cognitive recovery after traumatic brain injury in mice. Commun. Biol. 2021, 4, 1303. [CrossRef]

35. Baecker, J.; Wartchow, K.; Sehm, T.; Ghoochani, A.; Buchfelder, M.; Kleindienst, A. Treatment with the neurotrophic protein S100B
increases synaptogenesis after traumatic brain injury. J. Neurotrauma 2020, 37, 1097–1107. [CrossRef] [PubMed]

36. Christopherson, K.S.; Ullian, E.M.; Stokes, C.C.; Mullowney, C.E.; Hell, J.W.; Agah, A.; Lawler, J.; Mosher, D.F.; Bornstein, P.;
Barres, B.A. Thrombospondins are astrocyte-secreted proteins that promote CNS synaptogenesis. Cell 2005, 120, 421–433.
[CrossRef] [PubMed]

37. Lu, Z.; Kipnis, J. Thrombospondin 1—A key astrocyte-derived neurogenic factor. FASEB J. 2010, 24, 1925–1934. [CrossRef]
[PubMed]

38. Cheng, C.; Yu, Z.; Zhao, S.; Liao, Z.; Xing, C.; Jiang, Y.; Yang, Y.G.; Whalen, M.J.; Lo, E.H.; Sun, X.; et al. Thrombospondin-1 gene
deficiency worsens the neurological outcomes of traumatic brain injury in mice. Int. J. Med. Sci. 2017, 14, 927–936. [CrossRef]

39. Lin, P.H.; Kuo, L.T.; Luh, H.T. The roles of neurotrophins in traumatic brain injury. Life 2021, 12, 26. [CrossRef]
40. Goss, J.R.; O’Malley, M.E.; Zou, L.; Styren, S.D.; Kochanek, P.M.; DeKosky, S.T. Astrocytes are the major source of nerve growth

factor upregulation following traumatic brain injury in the rat. Exp. Neurol. 1998, 149, 301–309. [CrossRef]
41. Dixon, C.E.; Flinn, P.; Bao, J.; Venya, R.; Hayes, R.L. Nerve growth factor attenuates cholinergic deficits following traumatic brain

injury in rats. Exp. Neurol. 1997, 146, 479–490. [CrossRef]

http://doi.org/10.1007/978-3-211-85578-2_85
http://doi.org/10.4049/jimmunol.179.12.8525
http://doi.org/10.1002/glia.21094
http://doi.org/10.1186/1742-2094-10-51
http://www.ncbi.nlm.nih.gov/pubmed/23627909
http://doi.org/10.1089/neu.2016.4900
http://www.ncbi.nlm.nih.gov/pubmed/28490277
http://doi.org/10.1016/j.intimp.2021.107975
http://www.ncbi.nlm.nih.gov/pubmed/34293712
http://doi.org/10.1016/j.brainres.2009.02.060
http://www.ncbi.nlm.nih.gov/pubmed/19285046
http://doi.org/10.1089/neu.2004.21.1706
http://www.ncbi.nlm.nih.gov/pubmed/15684762
http://doi.org/10.1016/j.brainres.2015.04.035
http://doi.org/10.1248/bpb.b21-00512
http://doi.org/10.1007/s10571-022-01224-5
http://doi.org/10.1186/s12974-022-02398-x
http://doi.org/10.18632/aging.203508
http://doi.org/10.1111/jnc.14957
http://doi.org/10.1016/j.neuint.2021.105042
http://doi.org/10.1093/brain/awaa321
http://doi.org/10.1038/s42003-021-02841-4
http://doi.org/10.1089/neu.2019.6475
http://www.ncbi.nlm.nih.gov/pubmed/31597524
http://doi.org/10.1016/j.cell.2004.12.020
http://www.ncbi.nlm.nih.gov/pubmed/15707899
http://doi.org/10.1096/fj.09-150573
http://www.ncbi.nlm.nih.gov/pubmed/20124433
http://doi.org/10.7150/ijms.18812
http://doi.org/10.3390/life12010026
http://doi.org/10.1006/exnr.1997.6712
http://doi.org/10.1006/exnr.1997.6557


Cells 2023, 12, 719 13 of 15

42. Furtado, A.B.V.; Gonçalves, D.F.; Hartmann, D.D.; Courtes, A.A.; Cassol, G.; Nunez-Figueredo, Y.; Argolo, D.S.; do Nascimento, R.P.;
Costa, S.L.; da Silva, V.D.A.; et al. JM-20 treatment after mild traumatic brain injury reduces glial cell pro-inflammatory signaling
and behavioral and cognitive deficits by increasing neurotrophin expression. Mol. Neurobiol. 2021, 58, 4615–4627. [CrossRef]
[PubMed]

43. Zhao, J.; Qu, D.; Xi, Z.; Huan, Y.; Zhang, K.; Yu, C.; Yang, D.; Kang, J.; Lin, W.; Wu, S.; et al. Mitochondria transplantation protects
traumatic brain injury via promoting neuronal survival and astrocytic BDNF. Transl. Res. 2021, 235, 102–114. [CrossRef]

44. Hao, P.; Duan, H.; Hao, F.; Chen, L.; Sun, M.; Fan, K.S.; Sun, Y.E.; Williams, D.; Yang, Z.; Li, X. Neural repair by NT3-chitosan via
enhancement of endogenous neurogenesis after adult focal aspiration brain injury. Biomaterials 2017, 140, 88–102. [CrossRef]
[PubMed]

45. Schinelli, S. Pharmacology and physiopathology of the brain endothelin system: An overview. Curr. Med. Chem. 2006, 13, 627–638.
[CrossRef] [PubMed]

46. Dashwood, M.R.; Loesch, A. Endothelin-1 as a neuropeptide: Neurotransmitter or neurovascular effects? J. Cell Commun. Signal.
2010, 4, 51–62. [CrossRef] [PubMed]

47. Tykocki, N.R.; Watts, S.W. The interdependence of endothelin-1 and calcium: A review. Clin. Sci. 2010, 119, 361–372. [CrossRef]
48. Di Benedetto, G.; Burgaletto, C.; Bellanca, C.M.; Munafò, A.; Bernardini, R.; Cantarella, G. Role of Microglia and astrocytes in

Alzheimer’s disease: From neuroinflammation to Ca2+ homeostasis dysregulation. Cells 2022, 11, 728. [CrossRef]
49. Enevoldsen, F.C.; Sahana, J.; Wehland, M.; Grimm, D.; Infanger, M.; Krüger, M. Endothelin receptor antagonists: Status quo and

future perspectives for targeted therapy. J. Clin. Med. 2020, 9, 824. [CrossRef]
50. Sapira, V.; Cojocaru, I.M.; Lilios, G.; Grigorian, M.; Cojocaru, M. Study of endothelin-1 in acute ischemic stroke. Rom. J. Intern.

Med. 2010, 48, 329–332.
51. Palmer, J.C.; Barker, R.; Kehoe, P.G.; Love, S. Endothelin-1 is elevated in Alzheimer’s disease and upregulated by amyloid-β. J.

Alzheimers 2012, 29, 853–861. [CrossRef] [PubMed]
52. Yan, Y.; Fu, J. Plasma ApoA-1 and endothelin-1 levels changes in early Parkinson disease and its relationship with cognitive

function and cerebral white matter structure change. Pak. J. Pharm. Sci. 2021, 34, 487–492.
53. Bellapart, J.; Nasrallah, F.; Winearls, J.; Lassig-Smith, M.; Stuart, J.; Boots, R.; Winter, C.; Flaws, D.; Bulmer, A.; Jones, L.; et al.

Diagnostic sensitivity of plasma endothelin-1 for cerebral vasospasm after subarachnoid hemorrhage, a multicentre double-blind
Sstudy. J. Intensive Care Med. 2022, 37, 769–775. [CrossRef] [PubMed]

54. Liu, X.; Deng, F.; Yu, Z.; Xie, Y.; Hu, C.; Chen, L. Inhibition of endothelin A receptor protects brain microvascular endothelial cells
against hypoxia-induced injury. Int. J. Mol. Med. 2014, 34, 313–320. [CrossRef] [PubMed]

55. Hostenbach, S.; D’Haeseleer, M.; Kooijman, R.; De Keyser, J. Modulation of cytokine-induced astrocytic endothelin-1 production
as a possible new approach to the treatment of multiple sclerosis. Front. Pharmacol. 2020, 10, 1491. [CrossRef]

56. Michinaga, S.; Inoue, A.; Yamamoto, H.; Ryu, R.; Inoue, A.; Mizuguchi, H.; Koyama, Y. Endothelin receptor antagonists alleviate
blood-brain barrier disruption and cerebral edema in a mouse model of traumatic brain injury: A comparison between bosentan
and ambrisentan. Neuropharmacology 2020, 175, 108182. [CrossRef] [PubMed]

57. Maier, B.; Lehnert, M.; Laurer, H.L.; Marzi, I. Biphasic elevation in cerebrospinal fluid and plasma concentrations of endothelin 1
after traumatic brain injury in human patients. Shock 2007, 27, 610–614. [CrossRef]

58. Chen, L.X.; Zhang, W.F.; Wang, M.; Jia, P.F. Relationship of calcitonin gene-related peptide with disease progression and prognosis
of patients with severe traumatic brain injury. Neural Regen. Res. 2018, 13, 1782–1786. [CrossRef]

59. Salonia, R.; Empey, P.E.; Poloyac, S.M.; Wisniewski, S.R.; Klamerus, M.; Ozawa, H.; Wagner, A.K.; Ruppel, R.; Bell, M.J.;
Feldman, K.; et al. Endothelin-1 is increased in cerebrospinal fluid and associated with unfavorable outcomes in children after
severe traumatic brain injury. J. Neurotrauma 2010, 27, 1819–1825. [CrossRef]

60. Curvello, V.; Pastor, P.; Hekierski, H.; Armstead, W.M. Inhaled nitric oxide protects cerebral autoregulation and reduces
hippocampal necrosis after traumatic brain injury through inhibition of ET-1, ERK MAPK and IL-6 upregulation in pigs. Neurocrit.
Care 2019, 30, 467–477. [CrossRef]

61. Liu, T.; Liao, X.Z.; Zhou, M.T. Ulinastatin alleviates traumatic brain injury by reducing endothelin-1. Transl. Neurosci. 2021, 12,
1–8. [CrossRef]

62. Jullienne, A.; Obenaus, A.; Ichkova, A.; Savona-Baron, C.; Pearce, W.J.; Badaut, J. Chronic cerebrovascular dysfunction after
traumatic brain injury. J. Neurosci. Res. 2016, 94, 609–622. [CrossRef]

63. Clozel, M.; Watanabe, H. BQ-123, a peptidic endothelin ETA receptor antagonist, prevents the early cerebral vasospasm following
subarachnoid hemorrhage after intracisternal but not intravenous injection. Life Sci. 1993, 52, 825–834. [CrossRef]

64. Yeung, P.K.; Shen, J.; Chung, S.S.; Chung, S.K. Targeted over-expression of endothelin-1 in astrocytes leads to more severe brain
damage and vasospasm after subarachnoid hemorrhage. BMC Neurosci. 2013, 14, 131. [CrossRef]

65. Ishikawa, N.; Takemura, M.; Koyama, Y.; Shigenaga, Y.; Okada, T.; Baba, A. Endothelins promote the activation of astrocytes in
rat neostriatum through ETB receptors. Eur. J. Neurosci. 1997, 9, 895–901. [CrossRef]

66. Rogers, S.D.; Peters, C.M.; Pomonis, J.D.; Hagiwara, H.; Ghilardi, J.R.; Mantyh, P.W. Endothelin B receptors are expressed by
astrocytes and regulate astrocyte hypertrophy in the normal and injured CNS. Glia 2003, 41, 180–190. [CrossRef] [PubMed]

67. Wilhelmsson, U.; Li, L.; Pekna, M.; Berthold, C.H.; Blom, S.; Eliasson, C.; Renner, O.; Bushong, E.; Ellisman, M.; Morgan, T.E.; et al. of glial
fibrillary acidic protein and vimentin prevents hypertrophy of astrocytic processes and improves post-traumatic regeneration.
J. Neurosci. 2004, 24, 5016–5021. [CrossRef] [PubMed]

http://doi.org/10.1007/s12035-021-02436-4
http://www.ncbi.nlm.nih.gov/pubmed/34148214
http://doi.org/10.1016/j.trsl.2021.03.017
http://doi.org/10.1016/j.biomaterials.2017.04.014
http://www.ncbi.nlm.nih.gov/pubmed/28641124
http://doi.org/10.2174/092986706776055652
http://www.ncbi.nlm.nih.gov/pubmed/16529555
http://doi.org/10.1007/s12079-009-0073-3
http://www.ncbi.nlm.nih.gov/pubmed/19847673
http://doi.org/10.1042/CS20100145
http://doi.org/10.3390/cells11172728
http://doi.org/10.3390/jcm9030824
http://doi.org/10.3233/JAD-2012-111760
http://www.ncbi.nlm.nih.gov/pubmed/22330820
http://doi.org/10.1177/08850666211056568
http://www.ncbi.nlm.nih.gov/pubmed/34898303
http://doi.org/10.3892/ijmm.2014.1744
http://www.ncbi.nlm.nih.gov/pubmed/24736835
http://doi.org/10.3389/fphar.2019.01491
http://doi.org/10.1016/j.neuropharm.2020.108182
http://www.ncbi.nlm.nih.gov/pubmed/32561219
http://doi.org/10.1097/shk.0b013e31802f9eaf
http://doi.org/10.4103/1673-5374.238619
http://doi.org/10.1089/neu.2010.1402
http://doi.org/10.1007/s12028-018-0638-1
http://doi.org/10.1515/tnsci-2021-0001
http://doi.org/10.1002/jnr.23732
http://doi.org/10.1016/0024-3205(93)90081-D
http://doi.org/10.1186/1471-2202-14-131
http://doi.org/10.1111/j.1460-9568.1997.tb01440.x
http://doi.org/10.1002/glia.10173
http://www.ncbi.nlm.nih.gov/pubmed/12509808
http://doi.org/10.1523/JNEUROSCI.0820-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15163694


Cells 2023, 12, 719 14 of 15

68. Peters, C.M.; Rogers, S.D.; Pomonis, J.D.; Egnaczyk, G.F.; Keyser, C.P.; Schmidt, J.A.; Ghilardi, J.R.; Maggio, J.E.; Mantyh, P.W.
Endothelin receptor expression in the normal and injured spinal cord: Potential involvement in injury-induced ischemia and
gliosis. Exp. Neurol. 2003, 180, 1–13. [CrossRef] [PubMed]

69. LeComte, M.D.; Shimada, I.S.; Sherwin, C.; Spees, J.L. Notch1-STAT3-ETBR signaling axis controls reactive astrocyte proliferation
after brain injury. Proc. Natl. Acad. Sci. USA 2015, 112, 8726–8731. [CrossRef]

70. Koyama, Y.; Takemura, M.; Fujiki, K.; Ishikawa, N.; Shigenaga, Y.; Baba, A. BQ788, an endothelin ETB receptor antagonist,
attenuates stab wound injury-induced reactive astrocytes in rat brain. Glia 1999, 26, 268–271. [CrossRef]

71. Gadea, A.; Schinelli, S.; Gallo, V. Endothelin-1 regulates astrocyte proliferation and reactive gliosis via a JNK/c-Jun signaling
pathway. J. Neurosci. 2008, 28, 2394–2408. [CrossRef]

72. Yamasaki, R.; Fujii, T.; Wang, B.; Masaki, K.; Kido, M.A.; Yoshida, M.; Matsushita, T.; Kira, J.I. Allergic inflammation leads to
neuropathic pain via glial cell activation. J. Neurosci. 2016, 36, 11929–11945. [CrossRef] [PubMed]

73. Herrmann, J.E.; Imura, T.; Song, B.; Qi, J.; Ao, Y.; Nguyen, T.K.; Korsak, R.A.; Takeda, K.; Akira, S.; Sofroniew, M.V. STAT3 is a
critical regulator of astrogliosis and scar formation after spinal cord injury. J. Neurosci. 2008, 28, 7231–7243. [CrossRef] [PubMed]

74. Tsuda, M.; Kohro, Y.; Yano, T.; Tsujikawa, T.; Kitano, J.; Tozaki-Saitoh, H.; Koyanagi, S.; Ohdo, S.; Ji, R.R.; Salter, M.W.; et al.
JAK-STAT3 pathway regulates spinal astrocyte proliferation and neuropathic pain maintenance in rats. Brain 2011, 134, 1127–1139.
[CrossRef] [PubMed]

75. Wanner, I.B.; Anderson, M.A.; Song, B.; Levine, J.; Fernandez, A.; Gray-Thompson, Z.; Ao, Y.; Sofroniew, M.V. Glial scar borders
are formed by newly proliferated, elongated astrocytes that interact to corral inflammatory and fibrotic cells via STAT3-dependent
mechanisms after spinal cord injury. J. Neurosci. 2013, 33, 2870–12886. [CrossRef]

76. Oliva, A.A., Jr.; Kang, Y.; Sanchez-Molano, J.; Furones, C.; Atkins, C.M. STAT3 signaling after traumatic brain injury. J. Neurochem.
2012, 120, 710–720. [CrossRef]

77. Koyama, Y.; Sumie, S.; Nakano, Y.; Nagao, T.; Tokumaru, S.; Michinaga, S. Endothelin-1 stimulates expression of cyclin D1 and
S-phase kinase-associated protein 2 by activating the transcription factor STAT3 in cultured rat astrocytes. J. Biol. Chem. 2019, 294,
3920–3933. [CrossRef]

78. Kitazawa, S.; Kitazawa, R.; Maeda, S. Transcriptional regulation of rat cyclin D1 gene by CpG methylation status in promoter
region. J. Biol. Chem. 1999, 274, 28787–28793. [CrossRef]

79. Di Giovanni, S.; Movsesyan, V.; Ahmed, F.; Cernak, I.; Schinelli, S.; Stoica, B.; Faden, A.I. Cell cycle inhibition provides
neuroprotection and reduces glial proliferation and scar formation after traumatic brain injury. Proc. Natl. Acad. Sci. USA 2005,
102, 8333–8338. [CrossRef] [PubMed]

80. Michinaga, S.; Ishida, A.; Takeuchi, R.; Koyama, Y. Endothelin-1 stimulates cyclin D1 expression in rat cultured astrocytes via
activation of Sp1. Neurochem. Int. 2013, 63, 25–34. [CrossRef] [PubMed]

81. Cazaubon, S.; Chaverot, N.; Romero, I.A.; Girault, J.A.; Adamson, P.; Strosberg, A.D.; Couraud, P.O. Growth factor activity of
endothelin-1 in primary astrocytes mediated by adhesion-dependent and -independent pathways. J. Neurosci. 1997, 17, 6203–6212.
[CrossRef] [PubMed]

82. Koyama, Y.; Yoshioka, Y.; Shinde, M.; Matsuda, T.; Baba, A. Focal adhesion kinase mediates endothelin-induced cyclin D3
expression in rat cultured astrocytes. J. Neurochem. 2004, 90, 904–912. [CrossRef]

83. Koyama, Y.; Tanaka, K. Endothelins stimulate the production of stromelysin-1 in cultured rat astrocytes. Biochem. Biophys. Res.
Commun. 2008, 371, 659–663. [CrossRef] [PubMed]

84. Koyama, Y.; Tanaka, K. Intracerebroventricular administration of an endothelin ET(B)-receptor agonist increases expression of
matrix metalloproteinase-2 and -9 in rat brain. J. Pharmacol. Sci. 2010, 114, 433–443. [CrossRef]

85. Koyama, Y.; Maebara, Y.; Hayashi, M.; Nagae, R.; Tokuyama, S.; Michinaga, S. Endothelins reciprocally regulate VEGF-A and
angiopoietin-1 production in cultured rat astrocytes: Implications on astrocytic proliferation. Glia 2012, 60, 1954–1963. [CrossRef]
[PubMed]

86. Koyama, Y.; Hayashi, M.; Nagae, R.; Tokuyama, S.; Konishi, T. Endothelin-1 increases the expression of VEGF-R1/Flt-1 receptors
in rat cultured astrocytes through ETB receptors. J. Neurochem. 2014, 130, 759–769. [CrossRef]

87. Kim, J.Y.; Ko, A.R.; Hyun, H.W.; Kang, T.C. ETB receptor-mediated MMP-9 activation induces vasogenic edema via ZO-1 protein
degradation following status epilepticus. Neuroscience 2015, 304, 355–367. [CrossRef]

88. Gourmala, N.G.; Buttini, M.; Limonta, S.; Sauter, A.; Boddeke, H.W. Differential and time-dependent expression of monocyte
chemoattractant protein-1 mRNA by astrocytes and macrophages in rat brain: Effects of ischemia and peripheral lipopolysaccha-
ride administration. J. Neuroimmunol. 1997, 74, 35–44. [CrossRef]

89. Ishizuka, K.; Kimura, T.; Igata-yi, R.; Katsuragi, S.; Takamatsu, J.; Miyakawa, T. Identification of monocyte chemoattractant
protein-1 in senile plaques and reactive microglia of Alzheimer’s disease. Psychiatry Clin. Neurosci. 1997, 51, 135–138. [CrossRef]

90. Koyama, Y.; Baba, A.; Matsuda, T. Production of monocyte chemoattractant protein-1 and cytokine-induced neutrophil
chemoattractant-1 in rat brain is stimulated by intracerebroventricular administration of an endothelin ETB receptor agonist.
Neuroreport 2007, 18, 1275–1279. [CrossRef]

91. Koyama, Y.; Tsujikawa, K.; Matsuda, T.; Baba, A. Endothelin-1 stimulates glial cell line-derived neurotrophic factor expression in
cultured rat astrocytes. Biochem. Biophys. Res. Commun. 2003, 303, 1101–1105. [CrossRef]

92. Koyama, Y.; Tsujikawa, K.; Matsuda, T.; Baba, A. Intracerebroventricular administration of an endothelin ETB receptor agonist
increases expressions of GDNF and BDNF in rat brain. Eur. J. Neurosci. 2003, 18, 887–894. [CrossRef] [PubMed]

http://doi.org/10.1016/S0014-4886(02)00023-7
http://www.ncbi.nlm.nih.gov/pubmed/12668144
http://doi.org/10.1073/pnas.1501029112
http://doi.org/10.1002/(SICI)1098-1136(199905)26:3&lt;268::AID-GLIA8&gt;3.0.CO;2-G
http://doi.org/10.1523/JNEUROSCI.5652-07.2008
http://doi.org/10.1523/JNEUROSCI.1981-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27881779
http://doi.org/10.1523/JNEUROSCI.1709-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18614693
http://doi.org/10.1093/brain/awr025
http://www.ncbi.nlm.nih.gov/pubmed/21371995
http://doi.org/10.1523/JNEUROSCI.2121-13.2013
http://doi.org/10.1111/j.1471-4159.2011.07610.x
http://doi.org/10.1074/jbc.RA118.005614
http://doi.org/10.1074/jbc.274.40.28787
http://doi.org/10.1073/pnas.0500989102
http://www.ncbi.nlm.nih.gov/pubmed/15923260
http://doi.org/10.1016/j.neuint.2013.04.004
http://www.ncbi.nlm.nih.gov/pubmed/23619396
http://doi.org/10.1523/JNEUROSCI.17-16-06203.1997
http://www.ncbi.nlm.nih.gov/pubmed/9236231
http://doi.org/10.1111/j.1471-4159.2004.02546.x
http://doi.org/10.1016/j.bbrc.2008.04.064
http://www.ncbi.nlm.nih.gov/pubmed/18439420
http://doi.org/10.1254/jphs.10195FP
http://doi.org/10.1002/glia.22411
http://www.ncbi.nlm.nih.gov/pubmed/22927341
http://doi.org/10.1111/jnc.12770
http://doi.org/10.1016/j.neuroscience.2015.07.065
http://doi.org/10.1016/S0165-5728(96)00203-2
http://doi.org/10.1111/j.1440-1819.1997.tb02375.x
http://doi.org/10.1097/WNR.0b013e32825a67f1
http://doi.org/10.1016/S0006-291X(03)00491-1
http://doi.org/10.1046/j.1460-9568.2003.02797.x
http://www.ncbi.nlm.nih.gov/pubmed/12925014


Cells 2023, 12, 719 15 of 15

93. Koyama, Y.; Tsujikawa, K.; Matsuda, T.; Baba, A. Endothelin increases expression of exon III- and exon IV-containing brain-derived
neurotrophic factor transcripts in cultured astrocytes and rat brain. J. Neurosci. Res. 2005, 80, 809–816. [CrossRef]

94. Goldshmit, Y.; McLenachan, S.; Turnley, A. Roles of Eph receptors and ephrins in the normal and damaged adult CNS. Brain Res.
Rev. 2006, 52, 327–345. [CrossRef]

95. Jiao, J.W.; Feldheim, D.A.; Chen, D.F. Ephrins as negative regulators of adult neurogenesis in diverse regions of the central
nervous system. Proc. Natl. Acad. Sci. USA 2008, 105, 8778–8783. [CrossRef]

96. Wu, L.Y.; Yu, X.L.; Feng, L.Y. Connexin 43 stabilizes astrocytes in a stroke-like milieu to facilitate neuronal recovery. Acta Pharmacol.
Sin. 2015, 36, 928–938. [CrossRef] [PubMed]

97. Li, Y.; Chen, Y.; Tan, L.; Pan, J.Y.; Lin, W.W.; Wu, J.; Hu, W.; Chen, X.; Wang, X.D. RNAimediatedephrin-B2 silencing attenuates
astroglial-fibrotic scar formation and improves spinal cord axon growth. CNS Neurosci. Ther. 2017, 23, 779–789. [CrossRef]

98. Ren, Z.; Chen, X.; Yang, J.; Kress, B.T.; Tong, J.; Liu, H.; Takano, T.; Zhao, Y.; Nedergaard, M. Improved axonal regeneration
after spinal cord injury in mice with conditional deletion of ephrin B2 under the GFAP promoter. Neuroscience 2013, 241, 89–99.
[CrossRef] [PubMed]

99. Dixon, K.J.; Mier, J.; Gajavelli, S.; Turbic, A.; Bullock, R.; Turnley, A.M.; Liebl, D.J. EphrinB3 restricts endogenous neural stem cell
migration after traumatic brain injury. Stem Cell Res. 2016, 17, 504–513. [CrossRef] [PubMed]

100. Duffy, P.; Wang, X.; Siegel, C.S.; Tu, N.; Henkemeyer, M.; Cafferty, W.B.; Strittmatter, S.M. Myelin-derived ephrinB3 restricts
axonal regeneration and recovery after adult CNS injury. Proc. Natl. Acad. Sci. USA 2012, 109, 5063–5068. [CrossRef]

101. Koyama, Y.; Tsuboi, S.; Mizogui, F. Endothelin-1 decreases the expression of Ephrin-A and B subtypes in cultured rat astrocytes
through ETB receptors. Neurosci. Lett. 2021, 741, 135393. [CrossRef]

102. Guo, J.; Li, Y.; He, Z.; Zhang, B.; Li, Y.; Hu, J.; Han, M.; Xu, Y.; Li, Y.; Gu, J.; et al. Targeting endothelin receptors A and B attenuates
the inflammatory response and improves locomotor function following spinal cord injury in mice. Int. J. Mol. Med. 2014, 34,
74–82. [CrossRef]

103. Mira, R.G.; Lira, M.; Cerpa, W. Traumatic brain injury: Mechanisms of glial response. Front. Physiol. 2021, 12, 740939. [CrossRef]
[PubMed]

104. Kawabori, M.; Weintraub, A.H.; Imai, H.; Zinkevych, L.; McAllister, P.; Steinberg, G.K.; Frishberg, B.M.; Yasuhara, T.; Chen, J.W.;
Cramer, S.C.; et al. Cell therapy for chronic TBI: Interim analysis of the randomized controlled STEMTRA Trial. Neurology 2021,
96, e1202–e1214. [CrossRef] [PubMed]

105. Chiareli, R.A.; Carvalho, G.A.; Marques, B.L.; Mota, L.S.; Oliveira-Lima, O.C.; Gomes, R.M.; Birbrair, A.; Gomez, R.S.; Simão, F.;
Klempin, F.; et al. The Role of astrocytes in the neurorepair process. Front. Cell Dev. Biol. 2021, 9, 665795. [CrossRef]

106. Tan, C.X.; Eroglu, C. Cell adhesion molecules regulating astrocyte-neuron interactions. Curr. Opin. Neurobiol. 2021, 69, 170–177.
[CrossRef]

107. Michinaga, S.; Koyama, Y. Pathophysiological responses and roles of astrocytes in traumatic brain injury. Int. J. Mol. Sci. 2021,
22, 6418. [CrossRef]

108. Wu, J.; Li, H.; He, J.; Tian, X.; Luo, S.; Li, J.; Li, W.; Zhong, J.; Zhang, H.; Huang, Z.; et al. Downregulation of microRNA-9-5p
promotes synaptic remodeling in the chronic phase after traumatic brain injury. Cell Death Dis. 2021, 12, 9. [CrossRef]

109. Nikolakopoulou, A.M.; Koeppen, J.; Garcia, M.; Leish, J.; Obenaus, A.; Ethell, I.M. Astrocytic ephrin-B1 regulates synapse
remodeling following traumatic brain injury. ASN Neuro 2016, 8, 1–18. [CrossRef] [PubMed]

110. Barlow, A.; De Graaff, E.; Pachnis, V. Enteric nervous system progenitors are coordinately controlled by the G protein-coupled
receptor EDNRB and the receptor tyrosine kinase RET. Neuron 2003, 40, 905–916. [CrossRef]

111. Pawolski, V.; Schmidt, M.H.H. Neuron-glia interaction in the developing and adult enteric nervous system. Cells 2020, 10, 47.
[CrossRef] [PubMed]

112. Nishikawa, K.; Ayukawa, K.; Hara, Y.; Wada, K.; Aoki, S. Endothelin/endothelin-B receptor signals regulate ventricle-directed
interkinetic nuclear migration of cerebral cortical neural progenitors. Neurochem. Int. 2011, 58, 261–272. [CrossRef] [PubMed]

113. Leonard, M.G.; Briyal, S.; Gulati, A. Endothelin B receptor agonist, IRL-1620, reduces neurological damage following permanent
middle cerebral artery occlusion in rats. Brain Res. 2011, 1420, 48–58. [CrossRef] [PubMed]

114. Leonard, M.G.; Gulati, A. Endothelin B receptor agonist, IRL-1620, enhances angiogenesis and neurogenesis following cerebral
ischemia in rats. Brain Res. 2013, 1528, 28–41. [CrossRef]

115. Briyal, S.; Shepard, C.; Gulati, A. Endothelin Receptor Type B Agonist, IRL-1620, Prevents Beta Amyloid (Aβ) induced oxidative
stress and cognitive impairment in normal and diabetic rats. Pharmacol. Biochem. Behav. 2014, 120, 65–72. [CrossRef]

116. Gulati, A.; Agrawal, N.; Vibha, D.; Misra, U.K.; Paul, B.; Jain, D.; Pandian, J.; Borgohain, R. Safety and efficacy of sovateltide
(IRL-1620) in a multicenter randomized controlled clinical trial in patients with acute cerebral ischemic stroke. CNS Drugs 2021,
35, 5–104. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/jnr.20512
http://doi.org/10.1016/j.brainresrev.2006.04.006
http://doi.org/10.1073/pnas.0708861105
http://doi.org/10.1038/aps.2015.39
http://www.ncbi.nlm.nih.gov/pubmed/26095039
http://doi.org/10.1111/cns.12723
http://doi.org/10.1016/j.neuroscience.2013.03.010
http://www.ncbi.nlm.nih.gov/pubmed/23518227
http://doi.org/10.1016/j.scr.2016.09.029
http://www.ncbi.nlm.nih.gov/pubmed/27771498
http://doi.org/10.1073/pnas.1113953109
http://doi.org/10.1016/j.neulet.2020.135393
http://doi.org/10.3892/ijmm.2014.1751
http://doi.org/10.3389/fphys.2021.740939
http://www.ncbi.nlm.nih.gov/pubmed/34744783
http://doi.org/10.1212/WNL.0000000000011450
http://www.ncbi.nlm.nih.gov/pubmed/33397772
http://doi.org/10.3389/fcell.2021.665795
http://doi.org/10.1016/j.conb.2021.03.015
http://doi.org/10.3390/ijms22126418
http://doi.org/10.1038/s41419-020-03329-5
http://doi.org/10.1177/1759091416630220
http://www.ncbi.nlm.nih.gov/pubmed/26928051
http://doi.org/10.1016/S0896-6273(03)00730-X
http://doi.org/10.3390/cells10010047
http://www.ncbi.nlm.nih.gov/pubmed/33396231
http://doi.org/10.1016/j.neuint.2010.11.013
http://www.ncbi.nlm.nih.gov/pubmed/21130129
http://doi.org/10.1016/j.brainres.2011.08.075
http://www.ncbi.nlm.nih.gov/pubmed/21959172
http://doi.org/10.1016/j.brainres.2013.07.002
http://doi.org/10.1016/j.pbb.2014.02.008
http://doi.org/10.1007/s40263-020-00783-9
http://www.ncbi.nlm.nih.gov/pubmed/33428177

	Introduction 
	Pathophysiological Responses of Astrocytes to TBI 
	Endothelin in TBI 
	Endothelin Receptor Signal Pathways and Pathophysiological Reactions 
	Relationships of Endothelin and TBI 

	Regulation of Astrocytic Functions by ETB-R 
	ETB-R-Mediated Conversion to Reactive Astrocytes 
	ETB-R-Mediated Proliferation Signal Pathways in Astrocytes 
	ETB-R- Mediated Production of Bioactive Factors in Astrocytes 

	Roles of Astrocytic ETB-R in the Acute Phase of TBI 
	Roles of Astrocytic ETB-R in the Recovery Phase of TBI 
	Significance of Astrocytic ETB-R as a Therapeutic Target of TBI 
	References

