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Summary

Traumatic brain injury (TBI) is a main cause of death and disability around the world
especially in soldiers, children, and young men. Since its clinical diagnosis and treatment
cannot predict its prognosis, novel diagnostic techniques need to be developed, insight into
its molecular mechanisms needs to be gleaned, and alternative and complementary medicine
(ACM) approaches to its treatment need to be developed. This review summarizes the new
diagnostic methods used in clinical practice, such as imaging of structural abnormalities
after TBI and measurement of prognosis-related biomarkers. This review also describes
the cellular mechanisms of traditional Chinese medicine in terms of intracellular signaling
pathways, the extracellular microenvironment, and stem cells. This review concludes by
describing experimental and clinical studies of the use of traditional Chinese medicine as
a form of ACM to treat TBI. This review helps to understand advances in the field of TBI
diagnosis and treatment.
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1. Introduction

Traumatic brain injury (TBI), also known as intracranial
injury, occurs when an external force damages the
brain. TBI can be classified by severity (mild, moderate,
or severe), mechanism (closed or penetrating head
injury), or other characteristics (/). TBI is a main cause
of death and disability around the world especially
in soldiers, children, and young men. Males suffer
TBIs more frequently than females. Each year about
1.7 million Americans are saved in emergency rooms
after suffering a TBI of some severity; of these, 52,000
die of TBI and other secondary injuries and another
275,000 are hospitalized and survive (2). Neurological
damage from TBI does not only occur at the moment of
focal impact upon the head but also involves secondary
injury over the ensuing hours and days. This injury,
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which includes changes in cerebral blood flow and
intracranial pressure, leads to substantial damage
following the original injury. Besides cell death, a
series of physiological changes including diffuse
axonal injury (DAI), micrangium damage, and diffuse
neuronal injury can also occur on a microscopic scale
in the cerebral parenchyma following trauma and lead
to subsequent morbidity. Clinical symptoms of these
physiological changes include loss of consciousness,
dizziness, headaches, inattention, and hypomnesia (3).
Currently, patients with moderate to severe trauma
will in all probability receive treatment in an intensive
care unit after a neurosurgical procedure (4). Treatment
depends on the patient's stage of recovery. In the
acute stage, the primary objective of the surgeon is
to stabilize the patient and do one's best to prevent
further damage because slight damage can worsen the
primary injury caused by trauma (4). Rehabilitation is
the primary treatment for interim and latter stages of
recovery (4). Prognosis worsens with the severity of
injury. Permanent disability is considered to occur in
10% of mild injuries, 66% of moderate injuries, and
100% of severe injuries (5). Most patients in a coma or
with a subarachnoid hemorrhage or DAI are considered
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to have a bad prognosis (6-8). Thus, there is an urgent
need for novel therapies, medicines, biomarkers to
predict prognosis, and treatment alternatives.

This review begins by briefly discussing advances in
clinical diagnosis and management of TBI. This review
then focuses on studies of the biomechanics of and
rehabilitation from TBI. This review then summarizes
the potential usefulness of alternative treatments of
TBI. This review concludes by offering ideas on the
direction for future research into TBI treatments and
their clinical use.

2. Clinical diagnosis and treatment

TBI has been studied since 1650-1550 BC and there are
methods of assessing and managing the progression of
TBI, but its prognosis remains, so more effective forms
of clinical treatment of TBI should be sought (9).

2.1. Novel methods of assessing TBI

Formalin-fixed, paraffin-embedded archival tissue
(PEAT) specimens were obtained from a total of 95
primary ALM (42 males and 53 females, mean age T)

2.1.1. Imaging of structural abnormalities

Concussion, based on the current definition, is a symptom
of TBI. Concussions were conventionally considered to
be simply physiological injuries, caused by a metabolic
disorder of the brain as a result of alternations in ionic
gradients, a disruption of sodium, potassium, and
calcium channels, an imbalance in neurotransmitters, and
inflammation (/0). This standpoint has been substantiated
by a series of metabolic and functional imaging studies in
humans (//,12) and animals (/0). Nevertheless, studies
of the usefulness of advanced structural neuroimaging
methods, such as susceptibility weighted imaging and
diffusion tensor imaging, have revealed subtle structural
abnormalities in white matter and brain microvasculature
in a significant proportion of patients with a TBI, and
especially in patients with severe TBI (//-13).
Histopathological results from patients with a TBI
who subsequently died from their injuries suggested
that DAI is a key pathologic cause of TBI (/4,15).
Advanced neuroimaging studies, and especially those
involving diffusion tensor imaging (DTI), support this
contention. DTT is used to test the diffusion of water
along the axis of white matter tracts and can discern
the interruption of water diffusion within 2 weeks
of persistent TBI in people with a normal MRI scan
(16,17). Although DTI results are potential biomarkers
of TBI, studies of DTI differ in their description of
changes in diffusion, facilities use different imaging
protocols, facilities use different methods of quality
assurance and methods of analysis, and facilities have
failed to provide sufficient normative data. These

problems need to be resolved.

A diffuse microhemorrhage (DM) is another
physiological cause of TBI. DM has long been
considered to be a physiological cause of severe TBI,
but abnormalities in cerebrovascular reactivity and
cerebral blood flow have also been found in mild TBI,
and especially in people who have suffered multiform
mild TBIs and who have enduing post-concussive
symptoms (/8,19) Data from neuroimaging studies (20)
using T2*-weighted gradient echo imaging, which is
sensitive to DM, found DM in deep white matter in 23
of 98 patients who suffered a TBI.

Other abnormities indicative of TBI have been
identified by computed tomography (CT) and high-
resolution magnetic resonance imaging (MRI). These
abnormalities include focal contusions, traumatic
subarachnoid haemorrhage, and extra-axial hematomas.
MRI is clearly much more sensitive than CT at verifying
the presence of subtle abnormities. A multicenter study
of 98 patients revealed that 27 (28%) had an aberrant
MRI scan an average of 12 days after injury (20). In
that study, a subarachnoid haemorrhage confirmed by a
CT scan and multiple foci of hemorrhagic axonal injury
identified by MRI were related to more severe disability
three months after TBI (20).

After TBI, functional magnetic resonance imaging
(fMRI) has revealed changes in dynamic functional
connectivity and the pattern of brain activity in a
resting state as well as changes in cognitive test results.
Changes in test results and fMRI results in a resting
state have been noted even when patients perform well
on cognitive tests and are allowed to return to regular
activities (11,12,21).

Quantitative electroencephalogram has been used
to identify a physiological disorder after TBI and
provide evidence of enduring neuronal malfunction
at a certain point after clinical symptoms disappear
(22). Although these advanced methods of imaging
and electroencephalography seem to be more sensitive
than current methods of clinical diagnosis, they still are
mainly in the research stage.

2.1.2. Biomarkers

The diagnosis of TBI can be difficult if the injury is not
witnessed, no evidence of a wound exists, a CT scan is
normal, or if the diagnosis was delayed for 24 hours or
longer. To aid in the diagnosis of TBI and decrease the
dependency on self-reports, biomarkers of TBI in the
blood, saliva, urine, and cerebrospinal fluid (CSF) have
attracted the attention of researchers (23). Serum is the
most often researched biomarker reservoir (24). The
most extensively researched biomarkers in the blood
are glial fibrillary acidic protein (GFAP) and ubiquitin
C-terminal hydrolase-L1 (UCH-L1). A receiver
operating characteristic (ROC) analysis has indicated
that the area under the curve is greater than 0.87 for
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both GFAP and UCHL1 (25). The high sensitivity and
specificity of these biomarkers mean that they can
distinguish between individuals who have suffered
a TBI and healthy people (0.87, 95% CI 0.83-0.90,
and 0.91, 95% CI 0.88-0.94, for GFAP and UCHLI1,
respectively) and differentiate between individuals who
have suffered a TBI and who have an abnormal CT
scan and those who have a normal CT scan (0.71, 95%
CI 0.64-0.78, and 0.88, 95% CI 0.84-0.93, for GFAP
and UCHLI, respectively) (25,26). However, GFAP
and UCHL1 do not have sufficient sensitivity and
specificity to predict the prognosis for a complicated
TBI (25). Biomarkers were detected in professional
hockey players before the season and again after a
TBI, and these players had increased concentrations
of microtubule-stabilized tau protein in the blood after
a TBI (27). The range of this rise in the concentration
of tau protein is associated with the duration of
post-concussive symptoms. Despite advances in
animal models and human studies and evidence that
biomarkers can potentially facilitate the diagnosis of
TBI, further confirmation is needed. Given the variety
of pathological mechanisms involved in TBI, a set of
biomarkers with sufficient sensitivity and specificity
needs to be developed for general clinical use (25).

2.2. Clinical treatment

During TBI, a few cells in the brain are directly
mechanically damaged, but more cells are injured as a
result of trauma-induced biochemical changes, which
is what is referred to as secondary injury. Based on
guidance from the Mayo Clinic (28), the following
medications may be used to prevent secondary injury to
the brain immediately after a trauma.

Diuretics, which are a group of substances that
promote the production of urine, are used to treat heart
failure, liver cirrhosis, hypertension, water poisoning,
certain kidney diseases, and TBI (29). Drugs such
as high ceiling/loop diuretics, thiazides, carbonic
anhydrase inhibitors, potassium-sparing diuretics,
calcium-sparing diuretics, and osmotic diuretics
decrease the amount of fluid in tissues and increase
micturition (30-32). Diuretics, given intravenously
to people who have suffered a TBI, help decrease
pressure inside the brain. However, they have serious
side effects, such as hypovolemia, hypokalemia,
hyperkalemia, hyponatremia, metabolic alkalosis, and
metabolic acidosis (33).

Anticonvulsants, also known as anti-epileptic
drugs or anti-seizure drugs, are a diverse group of
pharmacological agents used to treat epileptic seizures.
People who have suffered a moderate to severe TBI
are at risk of having seizures during the first week after
injury. An anti-seizure drug may be given during the
first week to avoid any additional brain damage that
might be caused by a seizure. Additional anti-seizure

medication is used only if seizures occur (34,395).
Numerous studies have indicated that phenytoin (PHT)
can be used to prevent seizures soon after TBI, but
other anti-seizure drugs such as levetiracetam (LEV)
are also being used in clinical practice. PHT has its
drawbacks, such as cognitive side effects and effects
on physical recovery (36). Over the past few years,
certain new drugs such as zonisamide and vigabatrin
have been used clinically in the US, the UK, Australia,
and Japan for both adjunctive therapy and monotherapy
for partial seizures (simple, complex, and secondarily
generalized), generalized seizures (tonic, tonic-clonic,
and atypical absence), and combined seizures (37-39).

Coma-inducing medication is sometimes used by
doctors to induce a temporary coma (a deep state of
unconsciousness) (40). Because the metabolism of the
brain has been significantly altered during a TBI and
areas of the brain may lack a sufficient blood flow,
coma-inducing drugs are used to profoundly inactivate
the brain so that it consumes less oxygen (47). This is
especially helpful if blood vessels, stressed by elevated
pressure in the brain, are unable to carry the normal
amount of nutrients and oxygen to brain cells (42).
Although coma-inducing medications protect the brain,
the brain as a whole is, by definition, not receiving the
blood it needs.

3. Studies of mechanisms
3.1. Signaling pathways

Recent clinical therapies cause various adverse reactions
and have not yielded satisfactory results (43,44). Thus,
a great deal of work needs to be done to explore the
molecular mechanisms of TBI and develop more targeted
therapies.

An obvious inflammatory response occurs following
a TBI. In the immediate phase following the primary
trauma, the inflammatory reaction aggravates cell
damage and worsens prognosis (45). The nuclear factor
kappa B (NF-kB) signaling pathway has long been
considered to be an inflammation-related signaling
pathway, mainly based on the function of NF-kB in
the expression of proinflammatory genes including
cytokines, chemokines, and adhesion molecules (46).
NF-«xB is also considered to play a significant part
in the regulation of apoptosis (47). Several studies
at different facilities have found that NF-xB, as a
downstream element of a series of receptors such as
toll-like receptor 4 (TLR-4) and tumor necrosis factor
receptor-associated factor 6 (TRAF6), is activated in
specimens of animal or human brains (48-50). Thus,
NF-«B is considered to be a target by which to decrease
inflammation and apoptosis after TBI. Several research
teams are developing various NF-kB inhibitors, such
as SN50, nerve growth factors, and pituitary adenylate
cyclase-activating polypeptide (PACAP), to suppress
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the up-regulation of NF-xB in brain tissue (47,50,51).

Glycogen synthase kinase 3 beta (GSK-3f) is one of
the most important downstream elements of NF-«xB (52),
so several research teams have focused on changes in its
expression and its potential as a target for TBI treatment.
An animal model indicated that GSK-3f is involved in
neuronal survival after TBI (53). Lin et al. found that
transfection of GSK-3 small-interfering RNA increased
cell survival in Sprague-Dawley rats (54).

In the inflammatory response after TBI, the Janus
kinase/signal transducer and activator of transcription
(JAK/STAT) pathway is found to be activated and to
increase cell apoptosis in the cortical pericontusional
zone (55). The same research team also reported
that recombinant human erythropoietin (rhEPO)
increased the level of p-JAK2 and p-STAT3 expression,
decreasing apoptosis and promoting cell survival.

As TBI progresses, reactive oxygen species (ROS)
are produced in brain tissue and lead to cellular apoptosis
(56). The nuclear factor (erythroid-derived 2)-like 2
(NFE2L2 or Nrf2) signaling pathway regulates the level
of expression of antioxidant proteins that protect against
oxidative injury induced by trauma and inflammation,
and this pathway has increasingly attracted attention in
studies of the molecular mechanism of ROS in TBI (57).
In rat and mouse experiments, activation of the Nrf2
pathway has been found to inhibit ROS-induced damage
in brain tissue (58).

Catenin beta 1 (B-catenin) is a dual function protein,
regulating the coordination of cell-cell adhesion and
gene transcription (59). B-catenin was found to increase
in astrocytes in gliogenesis after TBI in the adult brain
and it was found to be involved in neuronal survival
(60). Several substances have been found to activate the
B-catenin pathway to alleviate cell injury. Up-regulation
of serum- and glucocorticoid-regulated kinase (SGK)
was reported to protect against neuronal apoptosis via the
B-catenin signaling pathway (67). Interestingly, in this
study the B-catenin signaling pathway was activated by
GSK-3f, which indicates that there may be a signaling
pathway in TBI. In addition, up-regulation of survivin, a
key component in the B-catenin pathway, was found to
promote neurogenesis following TBI (62).

Many other signaling pathways have also been
investigated, such as the Notch pathway, PTEN pathway,
ERK pathway, and p38MAPK pathway. These pathways
may be a novel target for new TBI therapies (63-66).

3.2. Microenvironment

The cell microenvironment consists of elements that
directly affect conditions around a cell or a cell cluster,
and these elements play a direct or indirect role in
affecting cell behavior biophysically or biochemically
(67). The cell microenvironment consists of (i) an
extracellular matrix (ECM), (i7) cytokines, hormones,
and other bioactive materials around cells produced

from autocrine, endocrine, and paracrine secretions, (iif)
exosomes between cells, and (iv) mechanical forces
created by the movement of tissue or the movement of
physiological fluids such as blood.

Neuro-inflammation represents an important
pathological process in secondary injury after TBI (68).
Resident astrocytes and microglia are usually the initial
cells that promote an inflammatory cascade following
tissue injury, and bioactive proteins associated with the
activation of these cells are often used as biomarkers
of TBI (69,70). Astrogliosis, an abnormal increase
in the number of astrocytes due to the destruction of
nearby neurons, has been defined in the context of
both neuroprotection and neurodegeneration (7/,72).
Activated astrocytes are able to secret pro-inflammatory
cytokines, chemokines, and matrix metalloproteinases
(MMPs) that degrade the extracellular matrix and lead
to further disintegration of the blood-brain barrier
(73,74). However, astrocytes are also able to secrete
molecules that promote repair and regeneration after
central nervous system (CNS) damage (75,76).

Exosomes are cell-derived vesicles that exist in a
number of biological fluids such as blood and urine
and in used cell culture medium (77). Exosomes
interact with the plasma membrane of a target cell by
ligand-to-receptor binding, fusion, internalization, or a
combination of these actions. If the exosomes fuse with
recipient cells, they can transfer their cargo, including
bioactive lipids, cytokines, growth factors, receptors,
and hereditary material, to the addressee cell (78). In a
study, TBI-derived exosomes induced the emergence
of pro-inflammatory cytokines, including IL-1p. IL-18
is produced primarily by microglia and acts as a pro-
inflammatory pyrogen, up-regulating expression of other
cytokines, proteases, and MMPs (79). Previous studies
reported that specific microRNAs are associated with
the progression of neurological disorders, leading to the
initiation and progression of complications associated
with a TBI (80). MicroRNAs delivered by exosomes
produced by injured brain cells do present an advantage
since they are sensitive, clinically accessible biomarkers
that can improve the diagnosis of TBI and that can
function as prognostic markers after treatment.

Mechanotransduction refers to the various
mechanisms by which cells translate a mechanical
stimulus into an electro-chemical signal (87). The role of
pathological cellular mechanotransduction in brain tissue
remains unclear. However, several studies have indicated
that it may be an initiator of TBI. In an in vitro study,
quick deformation of three-dimensional collagen gels led
to a decrease in embedded neuronal viability when the
collagen concentration increased, indicating the potential
impact of cell-ECM interactions on injury (82). Another
study suggested that ECM influences axonal injury
by activating Rho signaling pathways; up-regulation
of RhoA was accompanied by fluid percussion brain
injury (83).
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3.3. Stem cells

Among acute neuropathological conditions, TBI is one
of the major causes of death and disability around the
world (84). Cell transplantation may be a therapy for
TBI. Whether the production of new neurons leads to a
recovery of function, axonal sprouting, synaptic plasticity,
or neosynaptogenesis is unknown. The rate at which these
new neurons are generated and the rate of functional
recovery are known to be very low after TBI (85).

Studies initially focused on neuronal restoration
after TBI. One year after transplantation of neural
precursor cells (NPCs) into the striatum of mice, the
mice had improved long-term survival and improved
motor functions without tumor formation (86). Fetus-
derived immortalized neural stem cells (NSCs) were
transplanted into the injured cortex, leading to recovery
of motor function but no cognitive improvement
(87). After these NSCs were transplanted into the
hippocampus, cognitive improvement was noted but
there was no improvement in motor function (85).

A study in 2005 transplanted NSCs into patients who
suffered a TBI (89). In both studies, the NSCs moved
from the site of implantation to the site of the injury. In
addition, the experimental group displayed improved
recovery in comparison to the control group. At that
point, fMRI revealed improved activity at the site of the
injury, positron emission tomography (PET) revealed that
patients were improving, somatosensory evoked potentials
(SEP) revealed slight improvement until six months after
transplantation, and Disability Rating Scale (DRS) scores
quickly rose six months after transplantation.

A clinical study transplanted bone marrow
mononuclear cells in 10 children (from age 5 to 14) with
a Glasgow Coma Scale score of 5 to 8 (90). This study
noted no adverse effects during the six months after
transplantation. These children were also evaluated with
the Pediatric Logistic Organ Dysfunction (PELOD) test,
and no adverse effects on white matter, gray matter, or
cerebrospinal fluid (CSF) were noted.

The main obstacle to stem cell transplantation in
TBI is the recovery of motor function and cognition.
However, recovery depends on the injured area where
stem cells are implanted (97). After stem cells are
implanted into the hippocampus, for example, these
implanted cells are more apt to survive than when they
are implanted into various areas of the neocortex. In
addition, different types of progenitor or stem cells
seem to perform various functions after transplantation.
Mesenchymal stem cells (MSCs) are used for
neurotrophic support, progenitor oligodendrocytes are
used to establish remyelination in white matter, and
neural progenitor cells play a role in cell replacement.

4. Alternative and complementary medicine

Although conventional medications have been widely

used in the clinical treatment of TBI, mounting evidence
suggests that conventional medications for treatment
of TBI have a number of drawbacks. Anti-convulsants
induce amnesia, ataxia, and diplopia, anti-depressants
induce blurred vision, confusion, and dizziness, and
anti-psychotics induce headaches. Thus, complementary
and alternative medicine, such as traditional Chinese
medicine, may need to supplement treatments for TBI
(92). Alternative medicine is any practice, approach, or
medication that is thought to have the healing effects
of medicine but that does not originate from evidence
gathered using the scientific method (93). This form
of medicine includes a large number of health care
practices, products, and therapies. Complementary
medicine is a form of alternative medicine used in
combination with conventional medicine in the belief,
albeit not proven using the scientific method, that it
complements the treatment (94). Complementary and
alternative medicine is referred to as CAM. Traditional
Chinese medicine (TCM) is one type of CAM, and
TCM stems from medical practices with common
concepts that have developed in China for more than
2,000 years. TCM includes various herbal medicines,
acupuncture, massage, exercise, and diet therapy
(95). In experimental and clinical studies, animals
and patients were given different CAM after TBI to
assist in recovery when conventional medicine was
unable to improve the condition of or prognosis for
the control group (96). Both TCM (Table 1) and its
bioactive components (Table 2) are being studied at the
experimental or clinical level. However, most of these
studies involve experiments in animal models.
Neuroprotection after TBI is key. Several TCMs
display anti-inflammatory and/or anti-oxidant action.
A Xingnaojing injection was found to have a protective
effect in rats with a TBI. It may have a protective
effect by alleviating brain edema and inhibiting the
production of reactive oxygen species (ROS) in rats
(97). Manasamitra vatakam was also reported to
prevent brain damage from TBI-induced neurotoxicity
by increasing superoxide dismutase (SOD) and 70
kilodalton heat shock proteins (HSP70) in rats (98).
Studies of a Qingkailing injection and early treatment
with MLC601 suggested that these TCMs reduce TBI-
induced brain damage by blocking mitochondria-
mediated signaling pathways in rats (99, 100). Following
primary trauma, the inflammatory response promotes
neural cell damage and worsens prognosis, so studies
have focused on the anti-inflammatory action of TCMs.
In a rat model, a modified Shengyu decoction (MSD)
was reported to be a potential therapy for TBI because
it decreased the inflammatory response after TBI. MSD
inhibits the inflammatory reaction by decreasing the
levels of TNF-a, IL-1B, GFAP-, and Ibal-positive cells
and by increasing the level of IL-10 (/07). Another
important aspect after TBI is neurogenesis. In addition
to its anti-apoptotic action, MLC601 was also reported
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Table 1. List of TCMs used in the treatment of TBI

TCM Therapeutic targets Action

Mechanism Ref-

Qin-Nao-Yi-Zhi-Fang Rat cerebral

Counteracts glutamate

Inhibits nitric oxide (102)

neuronal cells excitotoxicity

Qingkailing injection Rats Anti-apoptotic action Inhibits caspase-3 (98)
Modified Shengyu decoction Rats Anti-inflammatory action Decreases TNF-o and IL-1p and increases IL-10 (100)
MLC601 Rats Anti-apoptotic action, Decreases TNF-a and IL-1 and increases IL-10 (99)

improves motor recovery

. L oo (96)

Xingnaojing injection Rats Anti-oxidant, Increases S100B and NSE

induces neurogenesis
MLC901 Rats Induces neurogenesis Increases S100B and NSE; regulates aquaporin 4; (/01)

increases VEGF

Ginseng total saponins Rats Induces neurogenesis Increases NGF, GDNF, NCAM, and NSC (103)
Modified Shengyu decoction Rats Induces neurogenesis Increases NGF, GDNF, NCAM, etc. (104)
Manasamitra Rats Anti-oxidant Increases HSP70, SOD, etc. 97)
Rhubarb Humans Decreases BT, ICP, and HITDT  Not indicated (105)
Panax notoginseng saponin Humans Neuroprotective action Attenuates edema and hematoma (106)

BT: body temperature; ICP: intracranial pressure; HITDT: hemorrhage in the digestive tract; SI00B: S100 calcium-binding protein beta; NSE:
neuron-specific enolase; VEGEF: vascular endothelial growth factor; NGF: nerve growth factor; GDNF: glial cell line-derived neurotrophic factor;
NCAM: neural cell adhesion molecule; NSC: neural stem/progenitor cell; HSP70: 70 kilodalton heat shock proteins; SOD: superoxide dismutase.

Table 2. List of TCMs used in the treatment of TBI

Components Herbs Therapeutic targets Effects Mechanisms Ref.
Osthole Cnidium monnieri Rats Reduces ND, CE, and HNL Inhibits mitochondrial (107)
pathways; inhibits ROS
release
Curculigoside Curculigo orchioides Gaertn. Cortex neurons  Reduces neuronal cell loss Inhibits mitochondrial (708)

Ginsenoside Rbetal ~ Panax ginseng Rats

Z-ligustilide Angelica sinensis Rats
Curcumin Curcuma longa Mice
Salvianolic acid B Salvia miltiorrhiza Bunge Mice
Triptolide Tripterygium wilfordii Hook. f. Rats

pathways; inhibits ROS
production

Reduces ND, CE, and BBB
disruption

Inhibits mitochondrial and ~ (709)
p53 pathways

Reduces ND, CE, and BBB
disruption, and reduces CV

Inhibits mitochondrial and ~ (710)
p53 pathways

Attenuates inflammation Inhibits TLR4/MyD88/ (111)
NF-«B pathways

Attenuates inflammation Decreases TNF-a, IL- (/72)
1B; increases IL-10 and
TGF-p1

Attenuates inflammation Decreases TNF-a, IL-1, (/13)
IL-4, IL-6, IL-8, IL-17,

and 1L-23

ND: neurological deficits; CE: cerebral edema; HNL: hippocampal neuron loss; BBB: blood-brain barrier; CV: cerebral vasospasm.

to promote motor recovery in an animal model (/00).
A Xingnaojing injection and MLC901 were reported to
improve nerve impairment and recovery of cognitive
function by increasing S100 calcium-binding protein
beta (S100B) and neuron-specific enolase (NSE) in rats
(97,102). Qin-Nao-Yi-Zhi-Fang was found to counteract
glutamate excitotoxicity after TBI by inhibiting nitric
oxide (/03). In addition, the effects of Ginseng total
saponins and MSD on neurogenesis have been studied.
These TCMs may improve neurorestoration in an
animal model of TBI animal model by increasing the
nerve growth factor (NGF), glial cell line-derived
neurotrophic factor (GDNF), neural cell adhesion

molecule (NCAM), and neural stem/progenitor cells
(NSCs) (104,105). Several clinical studies have treated
TBI with TCM. A rhubarb extract was reported to be
able to decrease patients' body temperature, intracranial
pressure, and hemorrhaging in the digestive tract, but
the mechanism of this action remains unclear (/06).
Panax notoginseng saponin may have neuroprotective
action by attenuating edema and hematoma (/07).
Bioactive components of TCMs have also been
studied as treatments for TBI over the years. Osthole,
isolated from the TCM Cnidium monnieri, was found
to reduce neurological deficits, cerebral edema, and
hippocampal neuron loss by inhibiting mitochondria-
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Figure 1. Cellular signaling pathways and microenvironment in TBI

mediated signaling pathways and inhibiting ROS
release in rats (/08). Curculigoside, a component of
Curculigo orchioides Gaertn., was found to reduce
neuronal cell loss by blocking mitochondria-mediated
signaling pathways and inhibiting ROS production in
cortex neurons (/09). Two research teams reported
that ginsenoside Rbetal and Z-ligustilide, respectively
extracted from Panax ginseng and Angelica sinensis,
were able to reduce neurological deficits, cerebral
edema, and disruption of the blood-brain barrier in rats
by inhibit mitochondria-mediated and p53 signaling
pathways (/10,111). Curcumin was found to suppress
the inflammatory response after TBI by inhibiting the
TLR4/MyD88/NF-«B signaling pathway in mice (//2).
Chen et al. reported that salvianolic acid B, the most
abundant component in Salvia miltiorrhiza Bunge,
inhibits the inflammatory reaction by decreasing TNF-a
and IL-1p and by increasing IL-10 and TGF-B1 in
mice (/13). Triptolide, a major bioactive compound in
Tripterygium wilfordii Hook. f., was found to attenuate
the inflammatory response by decreasing TNF-a, IL-1,

IL-4, IL-6, IL-8, IL-17, and IL-23 in rat models (114).

Although a number of studies have examined
TCM treatments for TBI, their molecular mechanisms
have not been clearly indicated and there are few data
from clinical studies of the components of TCMs in
particular.

5. Conclusion

TBI is one of the leading causes of death and disability
worldwide and it has attracted considerable attention
from doctors and researchers. More accurate methods
of diagnosis and more effective treatments are urgently
needed in clinical practice. New methods of imaging
and novel biomarkers were developed to provide more
accurate results, but drug development is quite slow
because it needs to be based on in-depth knowledge of
the molecular mechanisms of TBI. Thus, researchers
have extensively explored intracellular signaling
pathways and the extracellular microenvironment
(Figure 1). Their results may leads to new therapies to

www.biosciencetrends.com



145

BioScience Trends. 2015, 9(3):138-148.

treat TBI. Due to the relatively high cost of novel drug
development and how long that development takes,
larger numbers of laboratories and pharmaceutical
manufacturers are using the original ingredients in
TCMs or isolating their bioactive components to
develop drugs. Great progress has been made in
experimental and clinical studies, but there is still a
vast gap between TCM development and its clinical use
worldwide.

References

10.

11.

12.

13.

14.

15.

16.

17.

Teasdale G, Jennett B. Assessment of coma and impaired
consciousness. A practical scale. Lancet. 1974; 2:81-84.
Faul M, Coronado V. Epidemiology of traumatic brain
injury. Handb Clin Neurol. 2015; 127:3-13.

Alexander MP. Mild traumatic brain injury:
Pathophysiology, natural history, and clinical management.
Neurology. 1995; 45:1253-1260.

National Institute of Neurological Disorders and Stroke.
Traumatic Brain Injury: Hope Through Research. Attp.//
www.ninds.nih.gov/disorders/tbi/detail tbi.htm (accessed
February 3, 2015).

Frey LC. Epidemiology of posttraumatic epilepsy: A
critical review. Epilepsia. 2003; 44 Suppl 10:11-17.

Maas Al, Stocchetti N, Bullock R. Moderate and severe
traumatic brain injury in adults. Lancet Neurol. 2008;
7:728-741.

Parikh S, Koch M, Narayan RK. Traumatic brain injury.
Int Anesthesiol Clin. 2007; 45:119-135.

Zink BJ. Traumatic brain injury outcome: Concepts for
emergency care. Ann Emerg Med. 2001; 37:318-332.
Sanchez GM, Burridge AL. Decision making in head
injury management in the Edwin Smith Papyrus.
Neurosurg Focus. 2007; 23:ES.

Giza CC, Hovda DA. The new neurometabolic cascade of
concussion. Neurosurgery. 2014; 75 Suppl 4:524-33.
McAllister TW, Saykin AJ, Flashman LA, Sparling MB,
Johnson SC, Guerin SJ, Mamourian AC, Weaver JB,
Yanofsky N. Brain activation during working memory 1
month after mild traumatic brain injury: A functional MRI
study. Neurology. 1999; 53:1300-1308.

Slobounov SM, Gay M, Zhang K, Johnson B, Pennell
D, Sebastianelli W, Horovitz S, Hallett M. Alteration of
brain functional network at rest and in response to YMCA
physical stress test in concussed athletes: RsFMRI study.
Neuroimage. 2011; 55:1716-1727.

Yuh EL, Cooper SR, Mukherjee P, et al. Diffusion tensor
imaging for outcome prediction in mild traumatic brain
injury: A TRACK-TBI study. J Neurotrauma. 2014;
31:1457-14717.

Oppenheimer DR. Microscopic lesions in the brain
following head injury. J Neurol Neurosurg Psychiatry.
1968; 31:299-306.

Clark JM. Distribution of microglial clusters in the brain
after head injury. J Neurol Neurosurg Psychiatry. 1974;
37:463-474.

Ling JM, Pefia A, Yeo RA, Merideth FL, Klimaj S,
Gasparovic C, Mayer AR. Biomarkers of increased
diffusion anisotropy in semi-acute mild traumatic brain
injury: A longitudinal perspective. Brain. 2012; 135:1281-
1292.

Wilde EA, McCauley SR, Hunter JV, Bigler ED, Chu Z,

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Wang ZJ, Hanten GR, Troyanskaya M, Yallampalli R, Li X,
Chia J, Levin HS. Diffusion tensor imaging of acute mild
traumatic brain injury in adolescents. Neurology. 2008;
70:948-955.

Len TK, Neary JP. Cerebrovascular pathophysiology
following mild traumatic brain injury. Clin Physiol Funct
Imaging. 2011; 31:85-93.

Bailey DM, Jones DW, Sinnott A, Brugniaux JV, New
KJ, Hodson D, Marley CJ, Smirl JD, Ogoh S, Ainslie PN.
Impaired cerebral haemodynamic function associated with
chronic traumatic brain injury in professional boxers. Clin
Sci (Lond). 2013; 124:177-189.

Yuh EL, Mukherjee P, Lingsma HF, Yue JK, Ferguson
AR, Gordon WA, Valadka AB, Schnyer DM, Okonkwo
DO, Maas Al, Manley GT; Transforming Research and
Clinical Knowledge in Traumatic Brain Injury (TRACK-
TBI) Investigators. Magnetic resonance imaging improves
3-month outcome prediction in mild traumatic brain
injury. Ann Neurol. 2013; 73:224-235.

Shumskaya E, Andriessen TM, Norris DG, Vos
PE. Abnormal whole-brain functional networks in
homogeneous acute mild traumatic brain injury.
Neurology. 2012; 79:175-182.

McCrea M, Prichep L, Powell MR, Chabot R, Barr WB.
Acute effects and recovery after sport-related concussion:
A neurocognitive and quantitative brain electrical activity
study. J Head Trauma Rehabil. 2010; 25:283-292.
Zetterberg H, Smith DH, Blennow K. Biomarkers of mild
traumatic brain injury in cerebrospinal fluid and blood.
Nat Rev Neurol. 2013; 9:201-210.

Papa L, Ramia MM, Kelly JM, Burks SS, Pawlowicz
A, Berger RP. Systematic review of clinical research
on biomarkers for pediatric traumatic brain injury. J
Neurotrauma. 2013; 30:324-338.

Diaz-Arrastia R, Wang KK, Papa L, Sorani MD,
Yue JK, Puccio AM, McMahon PJ, Inoue T, Yuh EL,
Lingsma HF, Maas Al, Valadka AB, Okonkwo DO,
Manley GT; Transforming Research and Clinical
Knowledge in Traumatic Brain Injury (TRACK-TBI)
Investigators. Acute biomarkers of traumatic brain
injury: Relationship between plasma levels of ubiquitin
C-terminal hydrolase-L1 and glial fibrillary acidic protein.
J Neurotrauma. 2014; 31:19-25.

Okonkwo DO, Yue JK, Puccio AM, Panczykowski DM,
Inoue T, McMahon PJ, Sorani MD, Yuh EL, Lingsma
HF, Maas Al, Valadka AB, Manley GT; Transforming
Research and Clinical Knowledge in Traumatic Brain
Injury (TRACK-TBI) Investigators. GFAP-BDP as an
acute diagnostic marker in traumatic brain injury: Results
from the prospective transforming research and clinical
knowledge in traumatic brain injury study. J Neurotrauma.
2013; 30:1490-1497.

Shahim P, Tegner Y, Wilson DH, Randall J, Skillback T,
Pazooki D, Kallberg B, Blennow K, Zetterberg H. Blood
biomarkers for brain injury in concussed professional ice
hockey players. JAMA Neurol. 2014; 71:684-692.

Mayo Clinic. Diseases and Conditions: Traumatic brain
injury. http://www.mayoclinic.org/diseases-conditions/
traumatic-brain-injury/basics/treatment/con-20029302
(accessed May 15, 2014).

Shankaran S, Liang KC, Ilagan N, Fleischmann L.
Mineral excretion following furosemide compared with
bumetanide therapy in premature infants. Pediatr Nephrol.
1995; 9:159-162.

Bakhireva LN, Barrett-Connor E, Kritz-Silverstein D,

www.biosciencetrends.com



BioScience Trends. 2015, 9(3):138-148.

146

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Morton DJ. Modifiable predictors of bone loss in older
men: A prospective study. Am J Prev Med. 2004; 26:436-
442.

Rejnmark L, Vestergaard P, Pedersen AR, Heickendorff
L, Andreasen F, Mosekilde L. Dose-effect relations of
loop- and thiazide-diuretics on calcium homeostasis: A
randomized, double-blinded Latin-square multiple cross-
over study in postmenopausal osteopenic women. Eur J
Clin Invest. 2003; 33:41-50.

Rejnmark L, Vestergaard P, Heickendorff L, Andreasen
F, Mosekilde L. Loop diuretics increase bone turnover
and decrease BMD in osteopenic postmenopausal
women: Results from a randomized controlled study with
bumetanide. ] Bone Miner Res. 2006; 21:163-170.

Boron WF. Regulation of intracellular pH. Adv Physiol
Educ. 2004; 28:160-179.

Rogawski MA, Léscher W. The neurobiology of
antiepileptic drugs for the treatment of nonepileptic
conditions. Nat Med. 2004; 10:685-692.

Meldrum BS, Rogawski MA. Molecular targets for
antiepileptic drug development. Neurotherapeutics. 2007,
4:18-61.

Szaflarski JP, Nazzal Y, Dreer LE. Post-traumatic epilepsy:
Current and emerging treatment options. Neuropsychiatr
Dis Treat. 2014; 10:1469-1477.

Inoue S, Yazawa S, Murahara T, Yamauchi R, Shimohama
S. Dramatic seizure reduction with levetiracetam in adult
Dravet syndrome: A case report. Rinsho Shinkeigaku.
2015; 55:151-154.

Taghdiri MM, Bakhshandeh Bali MK, Karimzadeh P,
Ashrafi MR, Tonekaboni SH, Ghofrani M. Comparative
efficacy of zonisamide and pregabalin as an adjunctive
therapy in children with refractory epilepsy. Iran J Child
Neurol. 2015; 9:49-55.

Wallander KM, Ohman I, Dahlin M. Zonisamide:
Pharmacokinetics, efficacy, and adverse events in children
with epilepsy. Neuropediatrics. 2014; 45:362-370.

Lee MW, Deppe SA, Sipperly ME, Barrette RR,
Thompson DR. The efficacy of barbiturate coma in the
management of uncontrolled intracranial hypertension
following neurosurgical trauma. J Neurotrauma. 1994;
11:325-331.

Byme S, Hardiman O. Willful modulation of brain activity
in disorders of consciousness. N Engl J] Med. 2010;
362:1936.

Kang BS, Jung KH, Shin JW, Moon JS, Byun JI, Lim JA,
Moon HJ, Kim YS, Lee ST, Chu K, Lee SK. Induction of
burst suppression or coma using intravenous anesthetics
in refractory status epilepticus. J Clin Neurosci. 2015;
22:854-858.

Perel P, Roberts I, Sena E, Wheble P, Briscoe C,
Sandercock P, Macleod M, Mignini LE, Jayaram P, Khan
KS. Comparison of treatment effects between animal
experiments and clinical trials: Systematic review. BMJ.
2007; 334:197.

Ghajar J, Carney N. Intracranial-pressure monitoring in
traumatic brain injury. N Engl J Med. 2013; 368:1749.
Corrigan F, Vink R, Turner RJ. Inflammation in acute
CNS injury: A focus on the role of substance P. Br J
Pharmacol. 2015. doi: 10.1111/bph.13155.

Lawrence T. The nuclear factor NF-kappaB pathway in
inflammation. Cold Spring Harb Perspect Biol. 2009;
1:a001651.

Sun YX, Dai DK, Liu R, Wang T, Luo CL, Bao HJ, Yang
R, Feng XY, Qin ZH, Chen XP, Tao LY. Therapeutic effect

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

of SN50, an inhibitor of nuclear factor-kB, in treatment of
TBI in mice. Neurol Sci. 2013; 34:345-355.

Li W, Wang C, Peng J, Liang J, Jin Y, Liu Q, Meng Q,
Liu K, Sun H. Naringin inhibits TNF-a induced oxidative
stress and inflammatory response in HUVECs via Nox4/
NF-x B and PI3K/Akt pathways. Curr Pharm Biotechnol.
2014; 15:1173-1182.

Chen J, Wu X, Shao B, Zhao W, Shi W, Zhang S, Ni L,
Shen A. Increased expression of TNF receptor-associated
factor 6 after rat traumatic brain injury. Cell Mol
Neurobiol. 2011; 31:269-275.

Lv Q,Lan W, Sun W, Ye R, Fan X, Ma M, Yin Q, Jiang Y,
Xu G, Dai J, Guo R, Liu X. Intranasal nerve growth factor
attenuates tau phosphorylation in brain after traumatic
brain injury in rats. J Neurol Sci. 2014; 345:48-55.

Mao SS, Hua R, Zhao XP, Qin X, Sun ZQ, Zhang
Y, Wu YQ, Jia MX, Cao JL, Zhang YM. Exogenous
administration of PACAP alleviates traumatic brain injury
in rats through a mechanism involving the TLR4/MyD88/
NF-«B pathway. J Neurotrauma. 2012; 29:1941-1959.
Songin M, Jesko H, Czapski G, Adamczyk A, Strosznajder
RP. GSK-3beta and oxidative stress in aged brain. Role
of poly(ADP- -ribose) polymerase-1. Folia Neuropathol.
2007; 45:220-229.

Zhao S, Fu J, Liu X, Wang T, Zhang J, Zhao Y. Activation
of Akt/GSK-3beta/beta-catenin signaling pathway is
involved in survival of neurons after traumatic brain injury
in rats. Neurol Res. 2012; 34:400-407.

Lin CJ, Chen TH, Yang LY, Shih CM. Resveratrol protects
astrocytes against traumatic brain injury through inhibiting
apoptotic and autophagic cell death. Cell Death Dis. 2014;
S:ell47.

Zhao J, Xu Y, Zong Y, Zhang S, Song Y, Yu K, Li Z, Ji
Y, Qiu Y, Chen F. Inhibition of Stat3 expression induces
apoptosis and suppresses proliferation in human leukemia
HL-60 cells. Hematology. 2011; 16:232-235.

Marklund N, Clausen F, Lewander T, Hillered L.
Monitoring of reactive oxygen species production after
traumatic brain injury in rats with microdialysis and the
4-hydroxybenzoic acid trapping method. J Neurotrauma.
2001; 18:1217-1227.

Cheng ZG, Zhang GD, Shi PQ, Du BS. Expression and
antioxidation of Nrf2/ARE pathway in traumatic brain
injury. Asian Pac J Trop Med. 2013; 6:305-310.

Jin W, Kong J, Lu T, Wang H, Ni H, Wu J, Dai Y, Jiang J,
Liang W. Erythropoietin prevents secondary brain injury
induced by cortical lesion in mice: Possible involvement
of Nrf2 signaling pathway. Ann Clin Lab Sci. 2011; 41:25-
32.

Kraus C, Liehr T, Hiilsken J, Behrens J, Birchmeier W,
Grzeschik KH, Ballhausen WG. Localization of the
human beta-catenin gene (CTNNB1) to 3p21: A region
implicated in tumor development. Genomics. 1994;
23:272-274.

White BD, Nathe RJ, Maris DO, Nguyen NK, Goodson
JM, Moon RT, Horner PJ. Beta-catenin signaling increases
in proliferating NG2+ progenitors and astrocytes during
post-traumatic gliogenesis in the adult brain. Stem Cells.
2010; 28:297-307.

Wu X, Mao H, Liu J, Xu J, Cao J, Gu X, Cui G. Dynamic
change of SGK expression and its role in neuron apoptosis
after traumatic brain injury. Int J Clin Exp Pathol. 2013;
6:1282-1293.

Zhang L, Yan R, Zhang Q, Wang H, Kang X, LiJ, Yang S,
Zhang J, Liu Z, Yang X. Survivin, a key component of the

www.biosciencetrends.com



147 BioScience Trends. 2015,

9(3):138-148.

‘Wnt/B-catenin signaling pathway, contributes to traumatic
brain injury-induced adult neurogenesis in the mouse 77.
dentate gyrus. Int J Mol Med. 2013; 32:867-875.

63. Wang K, Zhang L, Rao W, Su N, Hui H, Wang L, Peng C,
Tu Y, Zhang S, Fei Z. Neuroprotective effects of crocin 78.
against traumatic brain injury in mice: Involvement of
notch signaling pathway. Neurosci Lett. 2015; 591:53-58.

64. Wang G, Shi Y, Jiang X, Leak RK, Hu X, Wu Y, Pu H,
Li WW, Tang B, Wang Y, Gao Y, Zheng P, Bennett MV, 79.
Chen J. HDAC inhibition prevents white matter injury by
modulating microglia/macrophage polarization through
the GSK3B/PTEN/Akt axis. Proc Natl Acad Sci U S A.

2015; 112:2853-2858. 80.
65. Zhang C, Zhu J, Zhang J, Li H, Zhao Z, Liao Y, Wang X,
Su J, Sang S, Yuan X, Liu Q. Neuroprotective and anti- 81.

apoptotic effects of valproic acid on adult rat cerebral
cortex through ERK and Akt signaling pathway at acute
phase of traumatic brain injury. Brain Res. 2014; 1555:1-
9. 82.

66. Wei L, Zhang Y, Yang C, Wang Q, Zhuang Z, Sun Z.
Neuroprotective effects of ebselen in traumatic brain
injury model: Involvement of nitric oxide and p38
mitogen-activated protein kinase signalling pathway. Clin 83.
Exp Pharmacol Physiol. 2014; 41:134-138.

67. Barthes J, Ozcelik H, Hindi¢ M, Ndreu-Halili A, Hasan
A, Vrana NE. Cell microenvironment engineering and
monitoring for tissue engineering and regenerative 84.
medicine: The recent advances. Biomed Res Int. 2014;
2014:921905.

68. Cederberg D, Siesjo P. What has inflammation to do with 85.
traumatic brain injury? Childs Nerv Syst. 2010; 26:221-
226.

69. Diaz-Arrastia R, Kochanek PM, Bergold P, Kenney K, 86.
Marx CE, Grimes CJ, Loh LT, Adam LT, Oskvig D,
Curley KC, Salzer W. Pharmacotherapy of traumatic brain
injury: State of the science and the road forward: Report
of the Department of Defense Neurotrauma Pharmacology 87.
Workgroup. J Neurotrauma. 2014; 31:135-158.

70. Hernandez-Ontiveros DG, Tajiri N, Acosta S, Giunta B,
Tan J, Borlongan CV. Microglia activation as a biomarker
for traumatic brain injury. Front Neurol. 2013; 4:30.

71. Myer DJ, Gurkoff GG, Lee SM, Hovda DA, Sofroniew
MV. Essential protective roles of reactive astrocytes in 88.
traumatic brain injury. Brain. 2006; 129:2761-2772.

72. Zamanian JL, Xu L, Foo LC, Nouri N, Zhou L, Giffard
RG, Barres BA. Genomic analysis of reactive astrogliosis.
J Neurosci. 2012; 32:6391-6410.

73. Carpentier PA, Begolka WS, Olson JK, Elhofy A, Karpus
WIJ, Miller SD. Differential activation of astrocytes by 89.
innate and adaptive immune stimuli. Glia. 2005; 49:360-
374.

74. Kim JM, Oh YK, Lee JH, Im DY, Kim YJ, Youn J, Lee
CH, Son H, Lee YS, Park JY, Choi IH. Induction of
proinflammatory mediators requires activation of the 90.
TRAF, NIK, IKK and NF-kappaB signal transduction
pathway in astrocytes infected with Escherichia coli. Clin
Exp Immunol. 2005; 140:450-460.

75. Kim JH, Min KJ, Seol W, Jou I, Joe EH. Astrocytes in
injury states rapidly produce anti-inflammatory factors 91.
and attenuate microglial inflammatory responses. J
Neurochem. 2010; 115:1161-1171.

76. Madathil SK, Carlson SW, Brelsfoard JM, Ye P, D'Ercole
AlJ, Saatman KE. Astrocyte-specific overexpression of 92.
insulin-like growth factor-1 protects hippocampal neurons
and reduces behavioral deficits following traumatic brain

injury in mice. PLoS One. 2013; 8:¢67204.

van der Pol E, Boing AN, Harrison P, Sturk A, Nieuwland
R. Classification, functions, and clinical relevance of
extracellular vesicles. Pharmacol Rev. 2012; 64:676-705.
Atay S, Gercel-Taylor C, Taylor DD. Human trophoblast-
derived exosomal fibronectin induces pro-inflammatory
IL-1p production by macrophages. Am J Reprod Immunol.
2011; 66:259-269.

Kuhlow CJ, Krady JK, Basu A, Levison SW. Astrocytic
ceruloplasmin expression, which is induced by IL-1beta
and by traumatic brain injury, increases in the absence of
the IL-1 type 1 receptor. Glia. 2003; 44:76-84.

Abe M, Bonini NM. MicroRNAs and neurodegeneration:
Role and impact. Trends Cell Biol. 2013; 23:30-36.
Biswas A, Manivannan M, Srinivasan MA.
Vibrotactile sensitivity threshold: Nonlinear stochastic
mechanotransduction model of the Pacinian Corpuscle.
IEEE Trans Haptics. 2015; 8:102-113.

Cullen DK, Lessing MC, LaPlaca MC. Collagen-
dependent neurite outgrowth and response to dynamic
deformation in three-dimensional neuronal cultures. Ann
Biomed Eng. 2007; 35:835-846.

Garland P, Broom LJ, Quraishe S, Dalton PD, Skipp P,
Newman TA, Perry VH. Soluble axoplasm enriched from
injured CNS axons reveals the early modulation of the
actin cytoskeleton. PLoS One. 2012; 7:e47552.

Freire MA. Pathophysiology of neurodegeneration
following traumatic brain injury. West Indian Med J. 2012;
61:751-755.

Lim DA, Huang YC, Alvarez-Buylla A. The adult neural
stem cell niche: Lessons for future neural cell replacement
strategies. Neurosurg Clin N Am. 2007; 18:81-92.

Shear DA, Tate MC, Archer DR, Hoffman SW, Hulce VD,
Laplaca MC, Stein DG. Neural progenitor cell transplants
promote long-term functional recovery after traumatic
brain injury. Brain Res. 2004; 1026:11-22.

Riess P, Zhang C, Saatman KE, Laurer HL, Longhi LG,
Raghupathi R, Lenzlinger PM, Lifshitz J, Boockvar J,
Neugebauer E, Snyder EY, McIntosh TK. Transplanted
neural stem cells survive, differentiate, and improve
neurological motor function after experimental traumatic
brain injury. Neurosurgery. 2002; 51:1043-1052.

Bakshi A, Shimizu S, Keck CA, Cho S, LeBold DG,
Morales D, Arenas E, Snyder EY, Watson DJ, McIntosh
TK. Neural progenitor cells engineered to secrete GDNF
show enhanced survival, neuronal differentiation and
improve cognitive function following traumatic brain
injury. Eur J Neurosci. 2006; 23:2119-2134.

Zhu W, Mao Y, Zhao Y, Zhou LF, Wang Y, Zhu JH, Zhu 'Y,
Yang GY. Transplantation of vascular endothelial growth
factor-transfected neural stem cells into the rat brain
provides neuroprotection after transient focal cerebral
ischemia. Neurosurgery. 2005; 57:325-333

Cox CS Jr, Baumgartner JE, Harting MT, Worth LL,
Walker PA, Shah SK, Ewing-Cobbs L, Hasan KM, Day
MC, Lee D, Jimenez F, Gee A. Autologous bone marrow
mononuclear cell therapy for severe traumatic brain injury
in children. Neurosurgery. 2011; 68:588-600.

Batista CE, Mariano ED, Marie SK, Teixeira MJ, Morgalla
M, Tatagiba M, Li J, Lepski G. Stem cells in neurology--
Current perspectives. Arq Neuropsiquiatr. 2014; 72:457-
465.

Traumatic Brain Injury. TBI Medication Chart. http://
www.traumaticbraininjuryatoz.org/Moderate-to-Severe-
TBI/Treatment-Stages-of-Moderate-to-Severe-TBI/TBI-

www.biosciencetrends.com



BioScience Trends. 2015, 9(3):138-148.

148

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Medication-Chart (accessed Mar 15, 2015).

Angell M, Kassirer JP. Alternative medicine--The risks of
untested and unregulated remedies. N Engl ] Med. 1998;
339:839-841.

Ernst E, Resch KL, White AR. Complementary medicine.
What physicians think of it: A meta-analysis. Arch Intern
Med. 1995; 155:2405-2408.

Shang A, Huwiler K, Nartey L, Jini P, Egger M.
Placebo-controlled trials of Chinese herbal medicine and
conventional medicine comparative study. Int J Epidemiol.
2007; 36:1086-1092.

Gau BS, Yang HL, Huang SJ, Lou MF. The use of
complementary and alternative medicine for patients with
traumatic brain injury in Taiwan. BMC Complement
Altern Med. 2012; 12:211.

TuY, Yang XP, Shang CZ. [Protective effect of Xingnaojing
injection on traumatic brain injury]. Zhongguo Ying Yong
Sheng Li Xue Za Zhi. 2014; 30:230-232, 236.
Thirunavukkarasu SV, Venkataraman S, Raja S, Upadhyay
L. Neuroprotective effect of Manasamitra vatakam against
aluminium induced cognitive impairment and oxidative
damage in the cortex and hippocampus of rat brain. Drug
Chem Toxicol. 2012; 35:104-115.

Lv L, Liu Y, Shi HF, Dong Q. Qingkailing injection
attenuates apoptosis and neurologic deficits in a rat model
of intracerebral hemorrhage. J Ethnopharmacol. 2009;
125:269-273.

Tsai MC, Chang CP, Peng SW, Jhuang KS, Fang YH, Lin
MT, Tsao TC. Therapeutic efficacy of Neuro AiD™ (MLC
601), a traditional Chinese medicine, in experimental
traumatic brain injury. J Neuroimmune Pharmacol. 2015;
10:45-54.

Zhao GW, Wang Y, Li YC, Jiang ZL, Sun L, Xi X, He P,
Wang GH, Xu SH, Ma DM, Ke KF. The neuroprotective
effect of modified "Shengyu" decoction is mediated
through an anti-inflammatory mechanism in the rat after
traumatic brain injury. J Ethnopharmacol. 2014; 151:694-
703.

Quintard H, Lorivel T2, Gandin C2, Lazdunski M2,
Heurteaux C3. MLC901, a Traditional Chinese Medicine
induces neuroprotective and neuroregenerative benefits
after traumatic brain injury in rats. Neuroscience. 2014;
277:72-86.

Zhang J, Li L, Chen X, Zhang B, Wang Y, Yamamoto K.
Effects of a traditional Chinese medicine, Qing Nao Yi
Zhi Fang, on glutamate excitotoxicity in rat fetal cerebral
neuronal cells in primary culture. Neurosci Lett. 2000;
290:21-24.

Hu BY, Liu XJ, Qiang R, Jiang ZL, Xu LH, Wang GH,

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Li X, Peng B. Treatment with ginseng total saponins
improves the neurorestoration of rat after traumatic brain
injury. J Ethnopharmacol. 2014; 155:1243-1255.

Chen MM, Zhao GW, He P, Jiang ZL, Xi X, Xu SH,
Ma DM, Wang Y, Li YC, Wang GH. Improvement in
the neural stem cell proliferation in rats treated with
modified "Shengyu" decoction may contribute to the
neurorestoration. J Ethnopharmacol. 2015; 165:9-19.

Gu J, Zhang X, Fei Z, Wen A, Qin S, Yi S, Chen Y, Li
X. [Rhubarb extracts in treating complications of severe
cerebral injury]. Chin Med J (Engl). 2000; 113:529-531.
Xu D, Huang P, Yu Z, Xing DH, Ouyang S, Xing G.
Efficacy and safety of Panax notoginseng saponin therapy
for acute intracerebral hemorrhage, meta-analysis, and
mini review of potential mechanisms of action. Front
Neurol. 2015; 5:274.

He Y, Qu S, Wang J, He X, Lin W, Zhen H, Zhang X.
Neuroprotective effects of osthole pretreatment against
traumatic brain injury in rats. Brain Res. 2012; 1433:127-
136.

Tian Z, Yu W, Liu HB, Zhang N, Li XB, Zhao MG, Liu
SB. Neuroprotective effects of curculigoside against
NMDA-induced neuronal excitoxicity in vitro. Food
Chem Toxicol. 2012; 50:4010-4015.

Li Y, Tang J, Khatibi NH, Zhu M, Chen D, Zheng W,
Wang S. Ginsenoside Rbetal reduces neurologic damage,
is anti-apoptotic, and down-regulates pS3 and BAX in
subarachnoid hemorrhage. Curr Neurovasc Res. 2010;
7:85-94.

Chen D, Tang J, Khatibi NH, Zhu M, Li Y, Wang C,
Jiang R, Tu L, Wang S. Treatment with Z-ligustilide, a
component of Angelica sinensis, reduces brain injury after
a subarachnoid hemorrhage in rats. J Pharmacol Exp Ther.
2011; 337:663-672.

Zhu HT, Bian C, Yuan JC, Chu WH, Xiang X, Chen F,
Wang CS, Feng H, Lin JK. Curcumin attenuates acute
inflammatory injury by inhibiting the TLR4/MyD88/NF-
kB signaling pathway in experimental traumatic brain
injury. J Neuroinflammation. 2014; 11:59.

Chen T, Liu W, Chao X, Zhang L, Qu Y, Huo J, Fei
Z. Salvianolic acid B attenuates brain damage and
inflammation after traumatic brain injury in mice. Brain
Res Bull. 2011; 84:163-168.

Zheng Y, Zhang WJ, Wang XM. Triptolide with potential
medicinal value for diseases of the central nervous system.
CNS Neurosci Ther. 2013; 19:76-82.

(Received May 13, 2015; Revised June 8, 2015, Accepted
June 16, 2015)

www.biosciencetrends.com





