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Abstract: Traumatic brain injury (TBI) is the main reason of lifelong disability and casualty
worldwide. In the United State alone, 1.7 million traumatic events occur yearly, out of which
50,000 results in deaths. Injury to the brain could alter various biological signaling pathways such
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as excitotoxicity, ionic imbalance, oxidative stress, inflammation, and apoptosis which can result in

various neurological disorders such as Psychosis, Depression, Alzheimer disease, Parkinson dis-
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ease, efc. In literature, various reports have indicated the alteration of these pathways after traumatic
brain injury but the exact mechanism is still unclear. Thus, in the first part of this article, we have

tried to summarize TBI as a modulator of various neuronal signaling pathways. Currently, very few
DOI: drugs are available in the market for the treatment of TBI and these drugs only provide the suppor-
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tive care. Thus, in the second part of the article, based on TBI altered signaling pathways, we have

tried to find out potential targets and promising therapeutic approaches in the treatment of TBL
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1. INTRODUCTION

Traumatic Brain Injury (TBI) is an intracranial injury,
which can result in the motor and cognitive dysfunction,
disability and death [1, 2]. This injury could happen due to a
violent blow or jolt to the head or an object incisive to the
skull such as a bullet or a sharp piece of an object [3]. The
etiology of TBI is multifactorial that consists of travel acci-
dents, wounds due to gunshots, sports and fight related
events [4]. Initially, injury to the brain, due to shearing, tear-
ing and stretching, leads to mechanical-focal brain damage.
If the injury is terrible, then trauma can cause damage to
blood-brain barrier (BBB) which results in the outflow of
molecules, ions, amino acids, proteins, which contribute to
secondary injury [5].

Secondary injury happens from hours to days or months
and causes various neurochemical [Monoamine oxidase
(MAO), dopamine (DA), serotonin, norepinephrine], meta-
bolic (glycolysis and oxidative metabolism in astrocytes) and
cellular changes (mitochondrial morphology alteration),
which results in neuronal apoptosis [6]. The delayed charac-
ter of the secondary injury indicates the possible therapeutic
window to avoid progressive neuronal apoptosis, which re-
sults in the alteration of the cognitive and motor functions

[7].
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Traumatic brain injury (TBI) is not a precisely defined
condition and is characterized by broad changes in signaling
mechanism. Generally, most of the individuals ignore the
consequences or impact on behavior after brain injury. TBI
results in deaths, injuries, disabilities in all age groups but
more in the young and productive person [8]. According to
the Centers for Disease Control and Prevention (CDC), in
the US alone, approximately 2.5 million peoples were af-
fected in 2010 due to TBI associated hospitalizations, or
deaths [9]. The worldwide incidence rate of TBI was esti-
mated at 200 per 100,000 people per year [10].

Various new chemical entities (NCE) are under drug dis-
covery and preclinical phase and some of them are under
clinical trials for the treatment of TBI [2]. However, despite
a decade of preclinical and clinical research, there is not yet
an established treatment for TBI and treatment remains re-
stricted to supportive care particularly in case of secondary
injury. Thus, there is an urgent need to develop new drugs
for the treatment of TBI induced the motor and cognitive
dysfunction [11]. The treatment of TBI varies from individ-
ual case to case as it depends on various factors such as age,
gender, genetics, etc. However, in most of the individuals,
there are some commonly altered signaling pathways after
TBI [12]. Thus, there is an urgent need to understand these
common pathways which will help researchers to develop
new drugs in the treatment of TBI, specifically in secondary
injury. Thus, in this review, we have tried to summarize TBI
altered the common signaling pathways. Further, on the basis
of these pathways, we have tried to highlight some potential

©2019 Bentham Science Publishers
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targets in the treatment of TBI. The relevant articles related
to traumatic brain injury altered normal brain signaling
pathways have been collected from various sources like
Pubmed, google scholar etc.

2. PRIMARY AND SECONDARY EVENTS DURING
TRAUMATIC BRAIN INJURY (TBI)

In TBI, primary injury leads to shearing or tearing of
blood vessels and tissue deformation which results in sys-
temic complications like decrease cerebral blood flow
(CBF), increased intracranial pressure (ICP), hemorrhage
and edema [13]. The primary injury further leads to activa-
tion of various cellular injury mechanisms such as mito-
chondrial dysfunction, inflammation, excitotoxicity, calcium
overload and oxidative stress which results in necrosis,
ischemia, blood-brain barrier (BBB) damage and altered
cerebral blood flow [14] as shown in Fig. (1).

In most cases, primary injury events further lead to sec-
ondary injury. In secondary injury, various apoptotic signal-
ing pathways are activated such as oxidative stress, caspase-
dependent and independent, GABA and glutamate signaling
pathways which finally result in the neuronal cell death [14]

(Fig. 1).

3. TBI ALTERED NORMAL BRAIN SIGNALING
PATHWAYS

Injury to the brain disrupts normal signaling pathways
which result in altered functions of a brain. Normally, in the
Central nervous system (CNS), signals are transmitted by
various neurotransmitters such as y-aminobutyric acid
(GABA), glutamate, glycine, norepinephrine, dopamine,
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serotonin, efc. TBI could alter the level of these neurotrans-
mitters which ultimately disrupts the normal functioning
of the brain. TBI altered signaling pathways are discussed
below.

3.1. TBI Altered Glutamate and GABA Signaling Path-
ways

The Glutamate (excitatory) and y-aminobutyric acid
(GABA; inhibitory) neurotransmitters in CNS play a major
role in normal neurological function. Glutamate is synthe-
sized from glutamine in presynaptic glutamatergic neurons
and then stored in presynaptic vesicles [1]. The major source
of glutamine is glutamic acid, which is obtained from food
(Spirulina, Cabbage, Asparagus). The excitatory signal pro-
motes the entry of calcium via voltage-gated calcium chan-
nel into the presynaptic cell, which results in the release
of glutamate into the synaptic cleft where it acts on its
receptors.

Glutamate acts via two classes of receptors, i.e. ligand-
gated ion channels receptors (ionotropic) and G-protein
coupled receptors (metabotropic). The ionotropic receptors
include N-methyl-d-aspartate (NMDA), alpha-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid (AMPA), and
kainite whereas metabotropic receptors include L-2-amino-4-
phosphonobutyric acid (L-AP4), 1-Amino-1, 3-dicarboxy-
cyclopentane (ACPD), and L-quisqualic acid (L-QA). The
glutamate acts on these receptors which result in the activa-
tion of various signaling cascades [1, 15] as shown in Fig. (2).

In the normal brain signaling, glutamate is taken up
(from the synaptic cleft) by nearby astrocytes through gluta-
mate transporter-1 (GLT-1). Further in astrocytes, glutamate
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Fig. (1). Primary and Secondary events during Traumatic brain injury (TBI).
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Fig. (2). TBI altered Glutamate and GABA signaling pathways.

is converted to glutamine by glutamine synthase and restored
back to the presynaptic neuron and adjacent GABAergic
interneuron’s for change to GABA via glutamine synthetase
and glutamate decarboxylase (GAD) [16] as shown in Fig.
(2). GABA is released from local interneurons and acts on
GABA-A and GABA-B receptors. GABA-A receptors are
post-synaptic ionotropic receptors that cause the opening of
Cl' channels and lead to hyperpolarization of the postsynap-
tic cell. GABA-A receptors may be either synaptic or extra-
synaptic. GABA-B receptors are metabotropic, G-protein
coupled receptors that act via a second messenger cascade.
GABA-B receptors may be post-synaptic or pre-synaptic and
lead to the opening of K channels, which result in the pre-
synaptic terminal limits GABA release. Post-synaptically, K"
leads to even more pronounced hyperpolarization than CI,
lasting longer than the action of GABA-A receptors. Cl and
K" enter the presynaptic pyramidal cell restoring the cell
membrane to its resting state [17].

In TBI, the level of GABA and glutamate will be dis-
turbed, which results in alteration of normal brain signaling.
Guerriero et al. (2015) have reviewed the role of glutamate
and GABA imbalance in traumatic brain injury and con-
cluded that GABA-A subunits (al, y2, a4, 1) modulate neu-
ronal signals via phasic and tonic inhibition after TBI [1].
The glutamate receptor i.e. N-methyl-D-aspartate receptor
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(NMDAR) has a significant role in use-dependent synaptic
plasticity, particularly long-term potentiation [18]. However,
it also plays a major role in various neurodegenerative dis-
eases. The NMDAR contains NR1, NR2, NR3 subunits.
NR2 is further categorized into NR2A and NR2B. In TBI
research, NR1, NR2A, NR2B play a major role. The glycine
(inhibitory neurotransmitter) binds with NR1 and result in
deactivation [19]. NR2A is usually localized with NRI,
mostly at the synapse and activation of these receptors
strengthens synapses and induces pro-plasticity signals
[pErk, phosphorylation of cAMP-response element-binding
protein (pCREB) and Brain-derived neurotrophic factor
(BDNF)]. Conversely, NR2B containing NMDARs which
are localized extrasynaptically which results in activation of
injurious signals to the cell. These injurious signals lead to
more influx of calcium which results in subsequent mito-
chondrial dysfunction and activation of caspase-dependent
apoptotic signaling pathways [20].

In TBI, glutamate level is increased which results in acti-
vation of NR2B. The activated NR2B further increases the
Ca’" influx. The increased level of Ca*" results in the neu-
ronal excitability and death [1] as shown in Fig. (2). In litera-
ture, various reports have indicated the function of GABA
and glutamate in traumatic brain injury. Hovda et al. (1990)
[21] have reported an excess release of excitatory neuro-
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transmitters after brain injury. Guerriero et al. (2015) [1]
also demonstrated the increased level of glutamate after
traumatic brain injury.

Glutamate, glutamine and GABA depend on inter-
mediators from tricarboxylic acid (TCA) cycle. Thus, the
decreased production of neurotransmitters happens when
cellular energy metabolism will become deficit or ineffective
(patients who have compromised tissue perfusion) [22].

In TBI research, the GABA-A subunits have received
more attention. These subunits al, y2, o4 and d1modulate
neuronal signal through phasic and tonic inhibition. When
GABA is released rapidly from presynaptic vesicles, it dif-
fuses quickly across the synaptic space and acts on al and y2
containing GABA-A receptors leading to phasic inhibition.
Alternatively, lower concentrations of ambient or released
GABA act on extra-synaptic receptors containing a4 and 61
subunits. In TBI, the level of GABA is decreased in the syn-
aptic cleft due to the decreased influx of CI ions. The de-
creased Cl ions result in decreased hyperpolarization of the
cell which further leads to neuronal cell death [23] as shown
in Fig. (2).

3.2. TBI Induced Apoptotic Signaling Pathways in Neu-
ronal Cells

Apoptosis or programmed cell death is one of the main
factor affecting the outcome and prognosis of TBI. TBI in-
duced neuronal apoptosis is well known, but the mechanism
by which TBI induce apoptogenic signaling pathways is still
unclear [24]. In literature, various reports have indicated the
activation of extrinsic and intrinsic signaling pathways such
as calcium signaling, p53 signaling or oxidative stress path-
ways depending upon the cells, which leads to cell death.

3.2.1. TBI Induced Extrinsic Signaling Pathways

The extrinsic signaling pathways of apoptosis are acti-
vated by tumor necrosis factor (TNF) and extracellular
ligands (Fas-Fas ligand). The TNF and extracellular ligand
bind with cell surface death receptor and formed death-
inducing signaling complexes (DISC). The activated macro-
phages produce various cytokines including TNF-a, which is
the major mediator of apoptosis. TNF-a acts on TNFR1 and
TNFR2 which results in activation of initiator caspases i.e.
caspases 8 and caspase 10. Caspases are a family of protease
enzyme initially produced as inactive monomeric pro-
caspases and they can play a crucial role in the apoptosis and
inflammation [25]. Mammalian caspases can be divided into
initiator caspases (caspase 2, 8, 9), executioner caspases
(caspase 3, 6, 7) and inflammatory caspases (caspase 1,
4,5,11 and 12) which results in DNA fragmentation. Fas
ligand (FasL, CD95L) is a type-1I membrane protein result in
apoptotic cell death mediated by caspases activation [26]. In
TBI, activated macrophages produced TNF-alpha which is a
major mediator of the extrinsic pathway of apoptosis. In
TBI, macrophages become activated which results in the
production of TNF- a. The activated TNF- a further activates
the caspase-dependent apoptogenic signaling pathways [27].

TBI also leads to activation of these extrinsic signaling
pathways. In literature, Saurav et al. (2017) [28] demon-
strated the role of intrinsic and extrinsic apoptotic signaling
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pathways after traumatic brain injury. Leonardo et al. (2017)
[29] reported the apoptosis of neuronal cells through the ac-
tivation of extrinsic signaling pathways. Huang et al. (2017)
[30] suggested the role of caspases in traumatic brain injury
induced apoptotic signaling pathways. Jianhua et al. (2002)
[31] demonstrated that the role of extrinsic signaling path-
ways of apoptosis after TBI.

Overall, it can be concluded that TBI could also lead to
neuronal cell death through the activation of extrinsic signal-
ing pathways (Fig. 3).

3.2.2. TBI Induced Intrinsic Signaling Pathways

The intrinsic apoptosis signaling pathways that initiate
apoptosis involve a diverse array of non-receptor-mediated
stimuli that produce intracellular signals that act directly on
targets within the cell and are mitochondrial-initiated events.
The intrinsic pathway is initiated by stress on cellular organ-
elles [29]. TBI could also lead to neuronal cell death through
alteration of these signaling pathways which are discussed
below.

3.2.2.1. TBI Induced Calcium Signaling Pathways

Calcium is an important transduction molecule which is
important for the activation of various enzymes involved in

Fig. (3). TBI altered extrinsic signaling pathways.
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Fig. (4). TBI altered Ca’* dependent phospholipase C and ER stress pathways.

the normal cellular and physiological process. The normal
level of calcium (100 nM) plays a major role in various cel-
lular activities of the nervous system [32] but when the level
of calcium is increased from its normal level (1000 nM), it
leads to activation of various apoptotic signaling pathways.
The various normal activity of the cell (from fertilization to
death) is controlled by the level of calcium [33]. However,
increased level of calcium lead to activation of various apop-
totic signaling pathways.

In literature, few reports are available which indicated the
activation of Ca®’ signaling pathway after traumatic brain
injury. Ghazizadeh et al. (2014) [34] reported the alteration
of calcium signaling pathways after TBI. Long et al. (2017)
[35] reported that a high influx of Ca*" after TBI, results in
neuroinflammation and cell death by activation of apoptotic
signaling pathways.

a) TBI Altered Calcium Dependent-phospholipase C Pathways

TBI may induce apoptosis by activating phospholipase C
pathway. Phospholipase C (PLC) hydrolyzes the membrane
phospholipid Phosphatidylinositol 4, 5 bisphosphates (PIP2)
to form Inositol trisphosphate (IP3) and diacylglycerol
(DAG). The DAG further activates the various types of pro-
tein kinases which finally results in apoptosis. The IP3 acts

on its IP3 receptor results in the release of calcium. The re-
lease Ca”" further activates the calcium-calmodulin-dependent
and caspase-dependent pathways of apoptosis [36] as shown
in (Fig. 4).

In TBI, the mechanical forces of brain trauma cause an
increased intracranial pressure, which results in rupture of
micro-vessels. These ruptured micro-vessels can release cy-
totoxic levels of iron into the brain parenchyma which pro-
motes Ca*'-dependent mechanisms for cell survival but in
case of severe TBI, the increased calcium level will lead to
neuronal cell death as presented in (Fig. 4).

In literature, only one report is available which indicated
the activation of calcium dependent-phospholipase C path-
way after TBI. Abdul-Muneer et al. (2017) [35] have sug-
gested the role of Ca>" and caspase-dependent intrinsic apop-
totic pathways in neuronal injury/traumatic brain injury.
Ryan et al. (2000) [37] indicated the importance of calcium-
dependent phospholipase C pathway in response to mechani-
cal stimulation.

b) TBI Induced Calcium-dependent Endoplasmic Reticu-
lum (ER) Stress Pathways

Endoplasmic reticulum (ER) stress pathway can also con-
tribute to the beginning of apoptosis. To maintain intracellu-
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lar calcium homeostasis, ER plays the main role, but an in-
creased discharge of calcium can lead to activation of
caspase-12. The caspase- 12 further activates the caspase-9
and caspase-3. The caspase-3 attack on DNA and results in
its fragmentations which is a hallmark of apoptosis [38].

In the literature, few reports are available which indicated
the activation of calcium-dependent endoplasmic reticulum
stress pathway after traumatic brain injury. Sun et al. (2016)
[39] reported the role of caspase-12-mediated endoplasmic
reticulum (ER) stress pathways and may play a vital role in
the pathophysiology of secondary brain injury. Wang et al.
(2018) [40] suggested the therapeutic role of resveratrol in
ER stress-associated neuronal injury. Stephen et al. (2004)
[41] demonstrated the role of caspase-12-mediates ER apop-
totic pathway in TBI. Weber ef al. (2012) [42] also indicated
the role of calcium signaling pathways in neuronal apoptosis
and dysfunction after traumatic brain injury.

Traumatic brain injury induces calcium signaling path-
ways by activating phospholipase C which may activate IP3
pathways leading to alteration in calcium-calmodulin-
dependent protein kinase which results in cell death. It also
activates the ER stress pathway by increasing intracellular
calcium leading to calpain activation followed by caspases
activation which results in DNA fragmentation as shown in
Fig. 4.

3.2.2. Activation of Oxidative Stress Signaling Pathways

Oxidative stress plays a key role in TBI [43]. Oxidative
stress is the term used to describe an imbalance between re-
active oxygen species (ROS) production and antioxidant
enzyme system which leads to lipid peroxidation (LPO) in
the cellular, mitochondrial and nuclear membranes, along
with degradation of cytosolic proteins and damage to DNA.
The generation of free oxygen radicals, superoxide, hydro-
gen peroxide, nitric oxide, and peroxy-nitrite causes excito-
toxicity and impairs the energy metabolism of the cells [44].
The endogenous antioxidant system (i.e., glutathione peroxi-
dase, superoxide dismutase, catalase, and uric acid) aims to
convert/neutralize these ROS to less toxic derivatives, thus
preventing binding of these to the macromolecules like
DNA, RNA, or proteins. However, the excessive amount of
ROS produced depletes the endogenous antioxidants and
increased the peroxidation of membrane lipids or oxidation
of proteins which result in DNA fragmentation and inhibi-
tion of the mitochondrial electron transport system [45].

In TBI, particularly in secondary injury, the excess of
ROS such as superoxide, nitric oxide radicals is formed
which impairs cerebral vascular functions.

In literature, various reports have indicated the role of
oxidative stress in TBI. Lutton et al. (2017) [46] demon-
strated the use of a targeted antioxidant enzyme in the treat-
ment of TBI. The increased ROS level was observed in the
various animal model of TBI which result in the alteration of
mitochondrial membrane potential (MMP) and activation of
caspase-dependent and independent pathways. In the
caspase-independent pathway, apoptosis-inducing factor
(AIF) and Endo G are released and result in cell death
whereas, in the caspase-dependent pathway, cytochrome C,
apoptotic protease-activating factor-1 (Apaf-1) and caspase-9
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are activated which further results in activation of caspase-3.
The activated caspase-3 results in DNA fragmentation [47].
Bains et al. (2012) [48] indicated the role of ROS or reactive
nitrogen species (RNS) and their derived oxygen free radi-
cals in the secondary injury. Fredrik et al. (2004) [49] also
demonstrated the role of reactive oxygen species in the trau-
matic brain injury-induced cell death. Oxidative stress also
plays a key role in traumatic brain injury induced various
neuropathological conditions (Ryan et al. 2010) [37]. The
oxidative stress induced by TBI can result in the activation
of caspase-dependent and caspase-independent pathways of
apoptosis as shown in Fig. 5.

3.2.3. TBI Induced p53 Signaling Pathways

In response to cellular stress, the transcriptional factor,
p53, plays various distinct roles. However, inappropriate pS3
activation leads to various apoptogenic signaling pathways
in neurological disease and brain injuries.

In TBI, p53 is released from damaged DNA which fur-
ther alters the level of Bcl-2, Bax and Bad. Bcl-2 blocks the
apoptosis whereas Bax induces the apoptosis [50]. The al-
tered level of Bcl-2 and Bax results in the release of cyto-
chrome C. The release cytochrome further releases the Apaf-
1, and results in the formation of the apoptosome. Further,
caspases are activated which results in apoptosis. TBI may
induce apoptosis by directly activating p53 signaling path-
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Fig. (6). TBI altered p53 signaling pathways.

ways or indirectly by increasing the expression of pro-
apoptotic proteins (Bad, Bax) in the mitochondria [51, 52] as
shown in Fig. 6.

In literature, various reports indicated the role of p53,
Bax, Bcl-2 in TBI induced neuronal cell death. Kinoshita et
al. (2000) [53] demonstrated that increased levels of the p53
protein are linked with neuronal damage and cell death.
Sabirzhanov ef al. (2014) [54] indicated the down-regulation
of pro-apoptotic Bel-2 family members after TBI. Tehranian
et al. (2008) [55] observed the role of Bax expression in ac-
tivating the intrinsic pathway of mitochondrial apoptosis in
neurons. It can be concluded that TBI induces apoptosis in
neuronal cells by activating p53, oxidative stress and cal-
cium signaling pathways as shown in (Fig. 6).

3.3. Activation of Inflammatory Signaling Pathways

Inflammation is necessary for the removal of damaged
cells by phagocytosis which helps in the maintenance of ho-
meostasis [56]. In CNS, both microglia and astrocytes act as
a neuroprotective cell against injury. These cells clear the
damaged tissue by the process of phagocytosis [57].

After TBI, robust inflammatory responses develop which
are characterized by the activation of resident cells, migra-
tion and recruitment of peripheral leukocytes, and the release
of various inflammatory mediators. Cellular damage associ-
ated with the mechanical impact also results in the release of
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a number of endogenous factors such as RNA, DNA, heat
shock proteins, and HMGBI1 (high mobility group box 1).
These endogenous factors act as damage-associated molecu-
lar patterns (DAMPs). The DAMPs bind to Toll-like recep-
tors (TLRs), which activate myeloid differentiation primary
response 88 (MYDS88) dependent pathways. MYDS88 de-
pendent pathway is further categorized into NFxB and Mito-
gen-activated protein kinase (MAPK) pathways which result
in transcription of a large number of downstream genes.
These downstream genes leading to the release of a variety
of pro-inflammatory factors including cytokines (IL-1,
IL-6), chemokines, and immune receptors [58] as shown in
Fig. 7.

In literature, various reports have indicated the activation
of the inflammatory signaling pathway after TBI. Atkins et
al. (2007) [59] demonstrated that the activation of cAMP-
PKA inflammatory signaling pathways after TBI. Donat et
al. (2017) [60] reported the neuroinflammation after trau-
matic brain injury by activating various cytokines such as
(IL-1B), (IL-6) etc. Overall, from the literature, it can be
concluded that TBI leads to activation of various inflamma-
tory signaling pathways in neuronal cells which results in
damage to CNS (Fig. 7).

3.4. TBI Altered mTOR Pathways

Mammalian target of rapamycin (mTOR) has a signifi-
cant role in various physiological functions of the nervous
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system such as neuronal cell growth, survival, dendritic de-
velopment during differentiation, and synaptic plasticity
[61]. The mammalian target of rapamycin (mTOR) is a
kinase that is encoded by the mTOR gene in humans in-
volves physiological functions, including cell growth, prolif-
eration, metabolism, protein synthesis and autophagy. Nor-
mally, growth factors, hormones and receptor tyrosine kinase
bind with growth hormone receptor which results in activa-
tion of mitogen-activated protein kinase (MAPK) and phos-
phatidylinositide 3-kinases (PI3K). The pathway is antago-
nized by various factors including Phosphatase and tensin
homolog (PTEN), Glycogen synthase kinase 3 beta (GSK3B),
https://en.wikipedia.org/wiki/PI3K/AKT/mTOR_pathway -
cite note-10 and homeobox gene HB9 [62]. MAPK results
in activation of various downstream signaling cascade i.e
(MEK) and extracellular signal-regulated kinase (ERK)
which leads to apoptosis. In the other position, PI3K further
activates serine/threonine-specific protein kinase or protein
kinase B (AKT) which results in the activation of mTOR.
Further, activated mTOR leads to the destruction of cells
(autophagy). mTOR-dependent physiological functions are
also important during CNS repair and regeneration; there-
fore, m TOR is likely to have an instrumental role in the
functional recovery process following a traumatic CNS in-
jury [63].
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In TBI, growth factor binds with growth hormone recep-
tor which results in the activation of MAPK and PI3K.
MAPK results in activation of various downstream signaling
cascade i.e. the level of MEK is increased which results in
the activation of ERK (extracellular signal-regulated kinase).
After the injury, ERK level is also increased which results in
apoptosis. On the other side, the PI3K level is decreased
which results in the activation of PDK1 (Phosphoinositide-
dependent kinase-1) and they can be antagonized by PTEN
(Phosphatase and tensin homolog). Further, PI3K activates
the AKT (protein kinase B) and the level of AKT is also de-
creased which results in the activation of m TOR (mammal-
ian target of rapamycin). Further activated m TOR leads to
autophagy [64].

A role for mTOR signaling has been identified in trau-
matic brain injury (TBI). As in hypoxic-ischaemic injury,
mTOR could have disparate roles in cell death and neuropro-
tection: some studies suggested that mTOR inhibition pre-
vented neuronal injury and death following TBI, whereas
others suggested that increased post-injury mTOR signaling
promoted regeneration and recovery of function.

In literature, Xiaoting et al. (2016) [65] suggested the
role of mTOR in neural-stem-cell (NSC) proliferation after
injury. After TBI, extracellular signal-regulated kinase
(ERK) level is increased, whereas, the PI3K level is de-
creased which results in the activation of various kinases like
(protein kinase B) AKT [66]. Thus, mTOR might be a poten-
tial therapeutic target in the treatment of secondary injury
due to TBI as shown in Fig. 8.

4. COMPLICATIONS AFTER TBI, DIAGNOSIS AND
CURRENT TREATMENT OPTIONS

In TBI, various changes occur in the brain according to
the type and severity of an injury. If an injury will happen in
the frontal lobe, then various alterations occur such as loss of
body movement, changes in social behavior, mood swings
and difficulties with problem-solving. If injury will happen
to parietal lobe then there will be a lack of awareness and
neglection of certain body parts, loss of sensation, problems
with writing and reading, efc. In the occipital lobe such as
blurring of vision, hallucination and problem with writing
and reading will be observed [67]. If an injury will occur in
the temporal lobe, then there will be a disturbance of audi-
tory sensation and perception, difficulty to identify the ob-
ject, difficulty in understanding language and speaking or
increase the aggressive behavior. If the injury will happen in
the cerebellum, then various alterations occur such as diffi-
culty in walking, dizziness, tremors, blurred vision etc. If an
injury will happen in the brain stem, then there will be a
problem with balance and movements, changes in breathing,
dizziness, nausea. TBI patients tend to have an increased
metabolic rate, which leads to an excessive amount of heat
produced within the body. The brain swelling occurs secon-
dary to TBI and contributes to increased intracranial pressure
as a result of cerebral vasodilatation and increased cerebral
blood flow [68] (Fig. 9).

The diagnosis of brain injury could be done by using
various methods such as Computed tomography (CT) scan
(for detection of structural damage and abnormalities), Glas-
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gow coma scale (level of consciousness) and Cerebrospinal
fluid (CSF) biomarkers (Neurofilament light protein, I1L-6,
IL-8 and IL-10) [69-71].

The treatment of TBI varies from case to case. Currently,
the case of TBI is managed by giving specialized prehospital
care, intensive clinical care and long-term rehabilitation.
Further, to protect the patient from secondary injury, various
neuroprotective agents are prescribed. Currently, various
classes of drugs are available in the market such as anti-
psychotic (quetiapine, olanzapine, and clozapine), anti-
convulsant (sodium valproate, topiramate) and anti-
depressant (paroxetine, amitriptyline) in the treatment of
secondary injury caused due to TBI. These classes of drugs
only provide the symptomatic relief but do not modify the
disease progression. Moreover, the available drug therapies
are also associated with various side effects of dryness of
mouth, dizziness, insomnia, gastrointestinal disturbance, efc.
Thus, there is a need for novel approaches in the treatment of
TBI associated complications [72].

5. PROMISING APPROACHES FOR THE TREAT-
MENT OF TRAUMATIC BRAIN INJURY (TBI)

On the basis of TBI altered various neurological signal-
ing pathways, various approaches can be used to reduce the
complications after TBI. Various classes of drugs have been

) Autophagy

tested for their therapeutic benefit in the various types of
animal models of TBI by targeting the mechanism of secon-
dary injury such as calcium channel blockers, corticoster-
oids, antioxidants efc. The various promising approaches are
described below and compiled in Fig. 10.

5.1. Antioxidants

The antioxidant is a promising approach particularly in
the treatment of secondary injury, due to activation of oxida-
tive stress signaling pathway after TBI. Antioxidant, can
either act by enzymatic scavenging of free radicals or by
inhibition of lipid peroxidation. Several researchers have
described the role of various antioxidants such as polyethyl-
ene glycol-conjugated superoxide dismutase (PEG-SOD), the
lipid peroxide inhibitor tirilazad in animal models of TBI [73].

In literature, Yang et al. (2014) [74] observed the neuro-
protective role of Resveratrol (5 4M, 100 mg/kg) due to its
antioxidant activity in traumatic brain injury (TBI) under in-
vitro and in-vivo conditions. Recently, Venegoni et al.
(2017) [75] suggested that Coenzyme Q10 as an antioxidant
could reduce the magnitude of secondary injury in traumatic
brain injury. In literature, Muhammad ef al. (2011) [76] sug-
gested the neuroprotective role of glutathione against oxida-
tive damage and cell death induced by TBI in rats. Due to
encouraging preclinical results, the antioxidants could play a
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key role in the management of TBI. However, the combina-
tion of two or more antioxidants (different mechanism) may
improve the neuroprotective efficacy. Thus, these types of
combination should be tested in preclinical TBI models.

5.2. Anti-inflammatory Approaches

Traumatic brain injury, particularly in the secondary in-
jury, led to activation of various types of inflammatory sig-
naling pathways. Thus, anti-inflammatory agents could act
as a neuroprotective agent in the treatment of TBI. Glucocor-
ticoids have broad anti-inflammatory activity. All glucocor-

ticoids act by inhibiting the production of prostaglandins,
leukotrienes, histamine, bradykinin and platelet activating
factor [58]. In literature, various animal studies of TBI have
shown the reduction in inflammation of neurons after treat-
ment of glucocorticoids. However, none of the studies have
shown improvement in brain function after treatment with
glucocorticoids.

Non-steroidal anti-inflammatory drugs (NSAIDs) are
well-known analgesic and antipyretic drugs. They also have
anti-inflammatory activity due to inhibition of COX-1 and
COX-2 enzymes. After TBI, these both enzymes (COX-1
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and COX-2) become active and result in the synthesis of
prostaglandins. The NSAIDs (both selective and nonselec-
tive) have been tested in the various animal model of TBI
and depending upon the animal model, NSAIDs produced
anti-inflammatory activity against experimental TBI. How-
ever, the anti-inflammatory effect produced by the NSAIDs
is not sufficient to prevent tissue damage and functional im-
pairments [77].

After TBI, TNF-a (proinflammatory cytokines) is re-
leased which further activate various inflammatory signaling
pathways and results in neuronal cell death. Thus, TNF-a
inhibitors could play an important role in the treatment of
TBI. The two well-known TNF-a antagonists are etanercept
and 3, 6 dithiothalidomide. After TBI, etanercept decreased
TNF-0, IL-1B, IL-6, at 3 days post-injury. Thus, from the
literature, it can be concluded that early antagonism of TNF-
a could be a promising treatment for the TBI [78].

The transient increase of cAMP level in experimental
TBI rats arises the attention regarding the use of phosphodi-
esterase inhibitors. Rolipram, a specific inhibitor of phos-
phodiesterase IV showed the neuroprotective effect by de-
creasing the level of cAMP, IL-1p and TNF-a. However, the
simple reduction in proinflammatory cytokines is not predic-
tive of a favorable histological outcome. In the brain, multi-
ple isoforms of phosphodiesterase are present and expression
of these isoforms changes rapidly after TBI [79]. Thus, more
study is required to develop phosphodiesterase for the treat-
ment of TBI.

Minocycline is a well-known antibiotic belong to the
family of tetracycline. Apart from antimicrobial action, sev-
eral studies have indicated the anti-inflammatory activity of
minocycline after brain injury. Various drugs have also
tested to limit neuroinflammation after TBI [80]. Progesterone
is a gonadal hormone and has multiple anti-inflammatory
properties. Progesterone inhibited IL-1f at 4h post injury and

TNF-a at 12 h post injury [81]. Statins are well-known lipid-
lowering drugs which act by inhibition of HMG CoA reduc-
tase, an enzyme responsible for the synthesis of cholesterol.
The inhibition of cholesterol synthesis underlines the anti-
inflammatory activity of statins [82]. In literature, various
studies have shown the anti-inflammatory activity of statins
drugs in experimental TBI animals.

In literature, Hoane et al. (2013) [83] observed that
Nicotinamide (500 mg/kg or 150 mg/kg/day) reduced the
excitotoxicity due to its anti-inflammatory properties. Cheng
et al. (2017) [84] reported the neuroprotective effect of
atorvastatin due to its anti-inflammatory property in TBI
induced mice. Homsi et al. (2011) [85] demonstrated the
neuroprotective role of minocycline (90 mg/kg, i.p) due to its
anti-inflammatory activity in traumatic brain injury. The TBI
induced complications can be reduced by modulating
chemokine signaling especially CCL2/CCR2.

5.3. m TOR Pathways Inhibitors

mTOR pathways are activated after TBI. Thus, m TOR
inhibitors could play an important role in the treatment of
TBI. Rapamycin is a macrolide antibiotic and has potential
to inhibit m TOR pathway [86]. Erlich et al. (2007) [87]
suggested that rapamycin could be developed as the neuro-
protective agent in TBI. However, further studies are re-
quired to consider it as neuroprotective agents in TBI. m
TOR inhibition after TBI could represent a new avenue for
therapeutic intervention. In literature, various reports have
indicated the potential of mTOR targeting agents in the
treatment of TBI. Zhu et al. (2014) [88] suggested a thera-
peutic role of Akt/mTOR signaling in Traumatic brain in-
jury. Yuan et al. (2011) [89] suggested that phosphatase and
tensin homolog deleted on the chromosome 10 (PTEN) pre-
vented the neuronal cell death and its neuroprotective effects
were mediated by increasing the injury-induced mTOR
phosphorylation. Wanchun et al. (2016) [90] demonstrated
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that the rapamycin and AZD8055 could reduce the develop-
ment of early brain injury (EBI), possibly through inhibition
of the activated microglia by the mTOR pathway.

5.4. Neuroprotective Approaches
5.4.1. Calcium Channel Blockers

Calcium signaling pathways have been activated after
TBI which results in neuronal cell death. Thus, calcium
channel blockers could act as a neuroprotective agent in TBI.
However, the exact role of Ca*'channel blockers in TBI still
needs further investigation. Calcium channel blockers (cal-
cium antagonists) have been tried to prevent cerebral vaso-
spasm after injury. Further, they are also used to maintain
blood flow to the brain, and in the prevention of further
damage [32]. Calcium channel blockers increased intracellu-
lar calcium is a very important element in the cascade of the
cellular damage after TBI. Using 2 types of calcium channel
blockers (L-type and N-type) to neutralize intracellular cal-
cium has shown benefits in preventing TBI-induced cellular
death. Gurkoff et al. (2013) [91] suggested that the devel-
opment of neuronal N-type calcium channel antagonists is
useful therapeutic agents in the treatment of TBI.

5.4.2. Corticosteroids

Corticosteroids have been used to treat head injuries due
to their ability in the reduction of intracranial pressure (ICP)
for more than 3 decades. Dexamethasone and methylpredni-
solone are well-known corticosteroids, which can be used in
the treatment of neuroinflammation due to traumatic brain
injury [92].

5.5. GABA Minergic or Antiepileptic Drugs

GABA is the major inhibitory neurotransmitters in the
brain. Thus, changes in the level of GABA in the brain can
result in major consequences. The decreased level of GABA
can cause seizures and could be detrimental to the patients.
Indeed, loss of GABAergic neurons after TBI may be re-
sponsible for post-traumatic epilepsy. Drugs which facilitate
GABAergic neurotransmission are widely used in TBI [93].
For example, Baclofen (GABAg agonist) is used to treat
spasticity whereas clonazepam and diazepam are used to
suppress the seizures and anxiety. Thus, drugs which facili-
tate the GABAergic transmission could be developed as
promising approaches in TBI.

5.6. Glycinergic Drugs

The glycine is also inhibitory neurotransmitters which act
through a ligand-gated chloride channel [94]. Currently, no
drug is available that modulate neurotransmission. However,
in the future, glycinergic drugs might be helpful. To the best of
our knowledge, currently, there is no information on whether
or not glycinergic drugs would be useful in TBI patient.

5.7. Anti-Glutamatergic Drugs

In TBI, particularly in secondary injury, glutamate (exci-
tatory amino acid) has long been known to produce excito-
toxic damage to neurons and glial cells. Thus, treatment with
glutamate antagonist in early hours after TBI has the poten-
tial to limit the damage and facilitate recovery. The gluta-
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mate antagonists such as memantine have been tested in the
animal model of TBI and have shown reduced neuronal cell
loss in the hippocampus of rats [95]. However, to the best of
our knowledge, whether it would benefit for TBI patients is
still unclear.

5.8. Opioids

In literature, it has been suggested that endogenous pep-
tides may be detrimental to the recovery of function follow-
ing TBI. In TBI, an increase in dynorphin (kappa agonist)
has been observed which results in increase neurologic defi-
cits. Thus, Kappa agonists could play important role in the
treatment of TBI. However, activation of Mu (p) and delta
(0) opioid receptors may be neuroprotective rather than
neurotropic [96]. Thus, Mu agonist could be beneficial in
the reduction of neurological damage associated with
TBI. However, further studies are required to confirm their
clinical role.

5.9. p53 Inhibitors

P> inhibitors [pifithrin-a oxygen analog (PFT-a (O)] are
used to reduce hippocampal neuronal loss and improve cog-
nitive deficits after experimental traumatic brain injury.
Plesnila et al. (2007) [97] observed that p53 inhibition pro-
vides a promising approach for the treatment of acute brain
injury by blocking apoptotic pathways. Yang et al. (2016)
[98] suggested that PFT-a and especially PFT-a (O) signifi-
cantly reduce hippocampal neuronal degeneration and ame-
liorate neurological and cognitive deficits in vivo conditions
via antiapoptotic and antioxidative properties.

5.10. Sodium Channel Blockers

The excessive activation of the voltage-gated sodium
channel in TBI results in various types of cellular abnormali-
ties. Huang et al. (2014) [99] suggested the therapeutic role
of sodium channel blocker in the treatment of TBI experi-
mentally induced in animals. Florence et al. (1997) [100]
suggested that riluzole (sodium channel blocker) may be
beneficial in the clinical treatment of TBI.

5.11. Mannitol

In reversing the acute brain swelling, sometimes manni-
tol showed the promising effect, but their effectiveness in
clinical trials remains unclear [101]. Thus, mannitol could be
developing as the promising agent in the treatment of TBI.

5.12. Erythropoietin (EPO)

Erythropoietin is the most widely recognized endogenous
molecule which helps in stimulating the maturation, differen-
tiation, survival of hematopoietic progenitor cells [2].

5.13. Bone Marrow Stromal Cells

A neuronal cell has limited to repair after injury. The
progenitor cells are promising approaches for the treatment
of TBI. However, the clinical use of embryonic stem cells is
limited due to ethical concerns and other scientific problems.
Thus, bone marrow stromal cells are the alternate source of
stem cell replacement therapies [102]. In TBI, more research
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needed to develop bone marrow stromal cells for treatment
of TBI.

5.14. Toll-like Receptor (TLRs) Inhibitors

Inhibition of TLR signaling pathways is also a promising
approach in the treatment of TBI. Zhu et al. (2014) [103]
suggested that post-injury, curcumin administration may
improve the patient outcome by reducing the activation of
macrophages and neuronal apoptosis through a mechanism
involving the TLR4/MyD88/NF-kB signaling pathway in TBI.

6. CURRENT CHALLENGES

Various animal studies have shown a promising effect in
TBI but often lack clinical relevance. In literature, the pre-
clinical studies have evaluated the efficacy of various types
of pharmacological agents against TBI but not conducted
pharmacokinetic studies which are required to optimize or
identify effective brain concentrations required.

In literature, most of the studies have conducted on one
experimental model of TBI in one species of animals but to
confirm the therapeutic effect, studies should be conducted
across multiple experimental models and species. Further,
pharmacokinetic, brain penetration and dose-response stud-
ies should be conducted in animals with optimum dosing and
regimen.

Most of the drugs which showed a promising efficacy in
an animal model of TBI, failed in clinical trials, targeted
single mechanism such as calcium channel blockers. How-
ever, in secondary injury, multiple mechanisms are involved
such as excitotoxicity, oxidative stress, caspase, calcium
signaling pathways, etc. Thus, the drug that has multipoten-
tial effects on various secondary injury mechanisms could be
an effective treatment for TBL

CONCLUSION

TBI is the major problem affecting millions of peoples
worldwide. It is a complex process which induces various
neurological signaling pathways. The symptoms of TBI vary
from individual to individual which makes diagnosis and
treatment a challenging task. Thus, the continuing research
efforts are required to understand the common underlying
mechanism altered after TBI, which will provide the new
therapeutic option.
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