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Abstract: Traumatic brain injury (TBI) is a major cause of disability and death worldwide. The ini-
tial mechanical insult results in tissue and vascular disruption with hemorrhages and cellular necro-
sis that is followed by dynamic secondary brain damage that presumably results in additional de-
struction of the brain. In order to minimize deleterious consequences of the secondary brain dam-
age-such as inflammation, bleeding or reduced oxygen supply. The old concept of the -staircase ap-
proach- has been updated in recent years by most guidelines and should be followed as it is consid-
ered the only validated approach for the treatment of TBI. Besides, a variety of novel therapies
have been proposed as neuroprotectants. The molecular mechanisms of each drug involved in the
inhibition of secondary brain injury can result as a potential target for the early and late treatment
of TBI. However, no specific recommendation is available on their use in the clinical setting. The
administration of both synthetic and natural compounds, which act on specific pathways involved
in the destructive processes after TBI, even if usually employed for the treatment of other diseases,
can show potential benefits. This review represents a massive effort towards current and novel ther-
apies for TBI that have been investigated in both pre-clinical and clinical settings. This review
aims to summarize the advancement in therapeutic strategies based on specific and distinct -target
of therapies-: brain edema, ICP control, neuronal activity and plasticity, anti-inflammatory and im-
munomodulatory effects, cerebral autoregulation, antioxidant properties, and future perspectives
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with the adoption of mesenchymal stromal cells.
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1. INTRODUCTION

Traumatic brain injury (TBI) is a major cause of disabili-
ty and death worldwide, with an incidence of around sixty--
nine million people per year [1]. The initial insult (primary
brain injury) is usually followed by a dynamic evolution (se-
condary brain injury). The long-term effects of TBI are wide-
ly influenced by clinical management within the first few
hours after the traumatic event [2]. Treatment of TBI re-
quires a multidisciplinary approach, starting from the pri-
mary brain injury and continuing through the chronic phase
[2]. Novel therapeutic pharmacological strategies have been
investigated in the latest years [3].

2. PATHOPHYSIOLOGY OF TBI

The classification of TBI includes various scales and
measures. First of all, the Glasgow Coma Scale (GCS), the
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duration of level of consciousness (LOC) and post-traumatic
amnesia (PTA) are useful to assess the clinical severity of
TBI. We, therefore, divide TBI in mild (GCS of 13-15 or
LOC<1 hour and PTA<24 hours), moderate (GCS of 9-13 or
LOC 1-24 hours and PTA 1-7 days) and severe (GCS 3-8, or
LOC>24 hours and PTA>7 days) classes. Patients with se-
vere TBI are at higher risk of secondary brain injury, and
poor outcome associated with disability, vegetative state,
and death. Further classification derives from the areas of le-
sion: focal injury includes mass lesions such as contusions,
subdural hematoma, epidural hematoma and intraparenchy-
mal hemorrhage, whereas diffuse injury includes axonal, hy-
poxic-ischemic, and microvascular injuries. TBI may also
present with both types of damage. Based on the result of
brain trauma, we can therefore divide TBI into primary and
secondary brain injuries [4]. Primary brain injury causes fo-
cal or diffuse brain damage with hypoxia, and massive necro-
sis involving all cellular elements and blood vessels in the
brain. Death of neurons and glial cells in the necrotic area is
associated with compromised blood supply and damaged
blood-brain barrier (BBB) integrity that can lead to addition-
al intracerebral hemorrhage and edema due to vascular leak-
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age [5]. Although excess edema fluid is moved out of the
brain via astroglial syncytial systems with involvement of
aquaporin-4 (AQP-4) [6], persistent severity of post-injury
inflammation with high levels of pro-inflammatory cy-
tokines [7] likely contributes to blood vessel damage and va-
sogenic edema. Similarly, the pathophysiology of spinal
cord injury (SCI) has been recently studied [7], as it is rele-
vant to the understanding of the pathogenesis of human TBI
due to the large content of the white matter in the rat spinal
cord. While the human brain is very rich in white matter, the
rodent brain is not. A massive injury to the white matter
such as in human TBI or rat SCI involves the destruction of
large amounts of myelin, a potently immunogenic material
that initiates severe infiltration by CD68+/CD163-, pro-in-
flammatory macrophages whose phagocytic activity persists
for >16 weeks in the rat SCI and along with high levels of
pro-inflammatory cytokines and chemokines contribute to
additional irreversible destruction. A neuroprotective thera-
py, therefore, should primarily address inhibition of the se-
vere and destructive inflammation in the white matter injury

[8].

Secondary brain injury also involves several factors, in-
cluding excitotoxicity, mitochondrial dysfunction, oxidative
stress, lipid peroxidation, axon degeneration, and apoptotic
cell death [9]. Cytotoxicity and its consequence on re-
dox-regulated processes, pathways and enzymes worsen
brain damage. The side products of oxidative metabolism (re-
active products-ROS, such as superoxide (O,), hydrogen per-
oxide (H,0,) and the hydroxyl radical (OH")) are mainly gen-
erated by mitochondria [10]. In the brain around the lesion,
Wallerian axonal degeneration is seen within few hours after
the traumatic event and also within weeks post-TBI, with in-
filtration of myelin sheaths by macrophages, proteolysis, exc-
itotoxicity and mitochondrial dysfunction, which may result
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in secondary axotomy [11]. Moreover, the primary traumatic
brain insult and supervening inflammation are associated
with the brain tissue reaction integrated as astrogliosis with
proliferation and hypertrophy of astrocytes acting to se-
quester the necrotic and inflammatory lesion from the rest of
the CNS tissue [7, 12]. Reactive astrogliosis post-SCI is asso-
ciated with inhibition and elimination of macrophage-rich de-
structive inflammation [13, 14] and is involved in the remo-
val of excess edema fluid [7]. The persistent response to TBI
is apoptotic cell death of oligodendrocytes and neurons,
which may occur until up to one year after the TBI [15]. Exc-
itotoxicity is due to the rapid influx of calcium into the cells
with the release of excitatory amino acids such as aspartate
and glutamate from presynaptic terminals and may cause
BBB damage and neuronal cell death [16]. Glutamate acti-
vates both N-methyl-d-aspartate (NMDA) receptor and o-
amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA)
receptors that allow the passage of ions through the ion chan-
nels, causing membrane depolarization [16]. The increase of
calcium into cytosol causes the activation of the pathways re-
sponsible for apoptotic death and impairment of mitochon-
drial function, thus increasing mortality rate and worsening
neurological outcome [17]. Mitochondrial dysfunction con-
tributes to neuronal dysregulation and cell death. Production
of reactive oxygen species (ROS), depolarization of mito-
chondrial membrane and inhibition of adenosine triphos-
phate (ATP) synthesis are the main mechanisms involved
[18]. The activity of nitric oxide synthetase triggered by cal-
cium and the production of reactive oxygen species can in-
duce the formation of peroxynitrite, followed by oxidative
damage to protein and lipids [19]. Impaired synaptic plastici-
ty is a consequence of oxidative stress, thus increasing the
permeability of mitochondrial membrane and modifying ion
transport [20]. These mechanisms are resumed in Fig. (1).
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Fig. (1). Mechanisms implicated in secondary brain damage after TBI. As described in the text, we summarized the main mechanisms in-
volved in the secondary brain damage. Excitotoxicity, axonal degeneration, mitochondrial dysfunction, neuroinflammation, lipid peroxida-
tion, and apoptotic cell death. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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3. CURRENT THERAPIES FOR TBI

One of the most fearful problems of TBI includes the
evolution of intracranial hypertension (HICP). Irrespective
of intracranial pressure (ICP) elevation, a “staircase ap-
proach” in severe TBI patients should be pursued [2, 21-23].
We, therefore, consider as -tier zero- basic ICU interven-
tions as endotracheal intubation followed by mechanical ven-
tilation, head-up position (15-30°), analgesia and sedation,
and normothermia, with the goal of maintaining a cerebral
perfusion pressure (CPP) threshold of 60 mmHg, hemo-
globin concentration of >7 g/dL, normal serum sodium, and
peripheral oxygen saturation (SpO,) of > 94%. These basic
interventions need advanced monitoring, including end-tidal
carbon dioxide, a central line placement, an arterial line for
invasive continuous pressure monitoring, and a peripheral
oxygen saturation device. Tiers -one to -three- includes the
interventions suggested only in the case of HICP. Goals of ti-
er 1 include CPP maintenance between 60-70 mmHg and
partial pressure of carbon dioxide (PaCO,) between 35 and
38 mmHg, eventually implementing analgesia and sedation,
using an intermittent bolus of osmotic agents, placing exter-
nal ventricular drainage to allow cerebrospinal fluid drai-
nage [24], and implementing electroencephalographic moni-
toring and prophylactic anticonvulsants if the risk of
seizures is deemed high [2, 21-23]. Tier 2 is expected to im-
plement tier 1 interventions as much as mild hypocapnia
(32-35 mmHg), neuromuscular paralysis, inotropes or vaso-
pressors to assess if cerebral autoregulation is intact. Once
reached tier 3, barbiturate coma, mild hypothermia
(35-36°C), hyperventilation (PaCO, goal of 30-32 mmHg),
and secondary decompressive craniectomy may be opted.
Further implementation includes an increase of a fraction of
inspired oxygen up to 60% or partial pressure of oxygen up
to 150 mmHg, CPP>70 mmHg, and a transfusion threshold
of <9 g/dL in case of possible hypoxic damage [2, 21-23].

3.1. Current use of Osmotic Agents: Targeting Brain
Edema

Recent guidelines suggest the possible use of osmotic
agents in all steps of the “staircase approach” when deemed
necessary [2, 21-23]. No superiority of mannitol over hyper-
tonic saline on long-term efficacy and safety profile has
been confirmed. However, 20% mannitol and hypertonic
(1.8% or 3%) saline are able to increase plasma osmolality
in TBI patients. Both of them should preferably be used in
patients with low or normal plasma osmolality to achieve
plasma osmolality of 300 — 320 mOsm/kg [25, 26]. It is cur-
rently accepted that excess edema fluid is moved out of the
brain via an integrated system of hypertrophied astrocytes
with elevated expression of AQP-4 [27-30]. Mannitol is six--
carbon alcohol of mannose sugar, which enhances the flow
of water from tissues into interstitial fluid and plasma. Man-
nitol is not reabsorbed in the renal tubules, increasing the os-
molality of the glomerular filtrate, which increases diuresis
through inhibition of sodium and chloride reabsorption [31,
32]. Unfortunately, hyperosmolality induced by mannitol
leads to renal tubular epithelial cells injury by an increase in
oxidative stress, apoptosis and cytoskeleton destruction [31,
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33]. The risk for mannitol-induced acute renal failure signifi-
cantly increases in patients with hypo-or normo-natremic hy-
perosmolality [31, 34]. Additionally, an increase in plasma
osmolality above 313 mOsm/kg H,O following mannitol ad-
ministration significantly increases the risk for prolonged
QTec interval, cardiac arrhythmia and cardiac ischemia in pa-
tients treated for isolated TBI [35]. Hypertonic saline effec-
tively reduces ICP, corrects microcirculation and cerebral
blood flow (CBF), and improves brain tissue oxygen tension
[36]. An experimental study in rats has also documented that
hypertonic saline suppresses the production of proinflamma-
tory cytokines in activated microglia [37]. Despite the benefi-
cial effect of hypertonic saline, the superiority of hypertonic
saline over mannitol has not been strongly documented [38,
39].

3.2. Current Anesthetics, Sedative Agents and Analgesics
in TBI: Targeting ICP Control

Sedation and analgesia are a current practice for ICU pa-
tients, including those with TBI as a basic and usual strategy
to put the brain at rest [21]. Sedation is commonly achieved
with propofol, while analgesia privileges opioids. The goal
of sedation and analgesia in TBI patients is to provide agita-
tion control, tolerance to the endotracheal tube, and to pre-
vent patient-ventilator asynchronies in order to control ICP
by suppressing metabolism, reducing oxygen consumption,
and achieving an adequate energy balance in the initial phas-
es of TBI (within 48 hours after TBI), and to avoid rebound
of HICP later on. The optimal anesthetic should allow a dai-
ly neurological wake-up test, limited effects on hemodynam-
ic, vasoreactivity, and myocardial depression. These charac-
teristics make propofol the first choice for this goal, while
midazolam, even if effective, reduces the ability to assess a
neurological test, but allowing less hemodynamic instability
[21].

In 2013, Krzisch et al. demonstrated that propofol (that
binds gamma-amino butyric (GABA), receptor) can induce
neurogenesis in adult animals by increasing intracellular cal-
cium and cyclic adenosine monophosphate and enhancing
the proliferation of hippocampal cells [40]. Following an is-
chemic insult, propofol attenuates brain injury by changing
neurotransmitters activity, protein expression, apoptosis and
brain oxygen supply/demand [41].

In the clinical setting, some authors compared the micro--
dialytic effects of propofol or midazolam administration in
TBI patients. No differences were found in the cerebral
metabolic profile using these drugs [42]. Propofol at the
dosage of 3 mg/kg/h and fentanyl at the dosage of 1-2
mcg/kg/h allow reduction of oxygen consumption, facilitate
patient-ventilator synchronism, and endotracheal tube toler-
ance, thus modulating ICP fluctuations [43]. Advantages in
using propofol over midazolam are the rapid metabolism,
thus facilitating to assess a daily wake-up neurologic test,
and not compromising an eventual electroencephalographic
exam [21].

In the case of refractory HICP, barbiturates, which are
known as gamma-aminobutyric acid (GABA) receptor agon-
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ists, can be adopted to suppress cerebral electrical activity,
metabolic demand, and brainstem reflexes by acting on
CBF, CPP, and cerebral blood volume. Achievement of
burst suppression is not the goal of barbiturate administra-
tion. The true goal of barbiturates is to control ICP in case of
refractory uncontrolled HICP and seizures. Similarly, contin-
uous increments of barbiturate dosage after bust suppression
achievement is not recommended, as it is unlikely associated
with a further reduction of ICP [44]. Pentothal seems to be
less effective than thiopental in reducing ICP. Thiopental
should be used by initial bolus administration of 15 mg/kg
followed by continuous infusion of 100 mg/kg/die [44].

4. NOVEL PHARMACOLOGIC STRATEGIES FOR
TBI: FROM EXPERIMENTAL TO CLINICAL EVI-
DENCES

There is growing evidence that some medications can im-
prove recovery after neurologic injury [3]. Novel pharmaco-
logical treatments for TBI also include drugs primarily em-
ployed for different uses. Few clinical trials have investigat-
ed whether novel pharmacological therapies can improve se-

Table 1. Novel drugs for the treatment of TBI and their effects.
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condary brain damage after TBI. A recent systematic review
concluded that some novel therapeutic strategies might have
a beneficial effect on functional outcomes (statins, N-acetyl
cysteine, enzogenol, cerebrolysin, and nitric-oxide-synthase
inhibitor), while other drugs did not demonstrate any neuro-
protective effects [3]. The following paragraph will discuss
the current pharmacological strategies available, either clini-
cal or preclinical, to modulate some of the pathologically ac-
tivated pathways after TBI. Table 1 resumes the main drugs
tested for the treatment of TBI; while in Fig. (2), the main re-
ceptors of the brain and some drugs that can activate them,
are summarized.

4.1. Novel Anesthetics, Sedative Agents and Analgesics in
TBI: Targeting ICP Control

Anesthetics and sedatives are used in TBI for the man-
agement of these patients, although their therapeutic effica-
cy is not yet completely accepted. A meta-analysis on six-
teen pre-clinical studies in rats or mice demonstrated that
anesthetic drugs provide neuroprotection in rodent models
of TBI [45].

Drug | Class | Traditional Use | Effects in TBI |References
Novel anesthetics, sedative agents and analgesics in TBI: targeting ICP control
- heti . .
_3?;%;;?% anesthesia -reduces neurological deficits
Ketamine NMDA antagonist . -inhibits neuronal apoptosis [46-50]
-antidepressant .
. -reduces brain edema
-treatment of seizures
-reduces axonal injury and synaptic de-
. _ . ) . . . generation
Dexmedetomidine 0,-2 agonist sedative and anti-hypertensive drug “brain edema reduction [51, 56]
-inhibits apoptosis and oxidative stress
. - 1lul h
Sevoflurane Anesthetic vapor -anesthetic reduces cellular autop agy [55, 57, 58]
-reduces neuronal apoptosis
Xenon Noble gas -anesthetic -reduces secondary brain injury [59-62]
. - inst h ic-ischemic in-
Argon Noble gas -anesthetic js:;tects agamnst HypoxIc-1SChemic in [63-65]
-neuroprotective effects
Opioids Analgesic -analgesic used for moderate-severe pain -reverse memory deficits [66-69]

-fentanyl is associated with lower ICP
than morphine and sufentanyl

Psychostimulants, psycho-depressants and drugs approved for the treatment of memory: targeting neuronal activity and plasticity

-antipsychotic

. Selective serotonin reuptake in- |-antidepressant . .
Fluoxetine o P cepr --reactivates neuronal plasticity [71]
hibitor -ansiolitic
. . -psychostimulant -improves cognitive outcomes as men-
Inhibitor of amine and nora- | P . . . .
Methylphenidate ibi .0 of dopamine and no -increase extracellular dopamine, nore- |tal fatigue, depression, anxiety and [74-76]
drenaline reuptake . . . .\
pinephrine and serotonin levels other cognitive symptoms
-neuroprotective effects
-stimulates neurogenesis via multiple
signaling pathways
-mood stabilizer -improves dopamine release and solu-
Lithium Mood stabilizer -antidepressant ble N-ethylmaleimide-sensitive factor (77, 78]

-used for bipolar disorders

attachment protein receptor
-downregulates pro-apoptotic factors
-upregulates neurotrophins and growth
factors (brain-derived neurotrophic fac-
tor, BDNF)

(Table 1) contd....
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Drug Class Traditional Use Effects in TBI References
-BBB protection by protecting the in-
tegrity of tight junctions and matrix met-
-antidepressant alloproteinase-9 activity suppression
uetiapine Antipsychotic -mood stabilizer -anti-inflammatory properties 79, 80
p psy ry prop
-sedative - protects the integrity of tight junctions
-suppress matrix metalloproteinase-9 ac-
tivity
-antioxidant properties . S
-alleviates glutamate excitotoxicity -alleviates oxidative stress, glutamate
. . L itotoxici d infl ti
- effects via mitogen-activated protein-ki- Ie))r(gé;;)exslmty and neurontlammation
Phenserine tartrate Acetylcholinesterase inhibitor IE;ZE}ET/);; réz/stz;gzlsne kinases (MAP- -reduces programmed neuronal cell [81-86]
s . death
-Regulate post-transcriptionally proteins . .
. h -shift th leading t de-
such as amyloid precursor protein and o- Shuft gene pathways leading to neurode
synuclein generation
-Alzheimer disease -decreases BBB permeability
Galantamine Acetylcholinesterase inhibitor —dementia -increases the synaptic levels of acetyl- [[87-89]
choline
Memantine NMDA agonist -reduce cell death -reduce astrogliosis, cell death and func- (85, 86]
g -reduce astrogliosis tional deficit ’
-attention deficit hyperactivity disorder
Central nervous system stimu- (ADHD) --reduces reuptake of dopamine
Dextroamphetamine lant ¥ -narcolepsy -norepinephrine agonist [90]
-cognitive enhancer -psychostimulant
-euphoriant
PDE4 Phosphodiesterase-4 inhibitor -chronic obstructive broncho-pneumo- -@ncreases memory . [91]
pathy -improves cognitive disfunction
antisenti
-th;fi?zelc -neuroprotectant
Ethanol Psychoactive drug -medicinal solvent -increases inflammation [92, 93]
—recrcational use -contrasting results
-anti-inflammatory, antioxidative, and
anti-ischemic activity
Insulin-lik th fac- -i 1 d endothelial func-
t(r)n:u in-like growth fac-| . . o or growth factor ti1(r)rrllpr0ve vascular and endothelial func [94-96]
-reduce cerebral edema
-inhibit microglial activation
Medications with anti-inflammatory and immunomodulatory effects
_anti-inflammato -decreases microglia pro-inflammatory
Salsalate Non-steroidal Al _analeesic Y response [98, 99]
g -neuroprotection and neurogenesis
-anti-inflammatory ..
. . . -anti-infl ¢ lat ffect
Steroids Steroid hormones -analgesic anti-inflammatory regu atory eHec [100-103]
immunomodulant -reduces neuronal cells death
Progesterone Sexual hormone -hormone replacement therapy -may modulate neuroinflammation [104-106]
-reduce pathological intracranial pres-
d bral ed
Estrogens Sexual hormone -hormone replacement therapy Sure and cerebral ecema. [107-109]
-increase cerebral perfusion pressure
and glycolytic metabolism
. Selective estrogen receptor modu- . -neuroprotection
B f - 1 . 11
azedoxifene lator postmenopausal osteoporosis Reduces BBB destruction [110]
- ing sickness duri .
Eﬁﬁzﬁi rsrllzlel(iilsa uring pregnancy -reduces apoptosis of neurons
N i . -red idative d
Thalidomide Chemotherapy drug -graft-versus-host disease reduces oxidative damage [111,112]
_tuberculosis -improve functional outcome
sedative -neuroprotectant
-CCRS receptor antagonist -improves motor function
. . . -treatment of human immunodeficiency p .
Maraviroc Antiretroviral drug virus (HIV) -modulates learning and memory [120, 121]
grafi-versus-host discase -improves cognitive function

(Table 1) contd....
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-increases cardiac output

-controls Arousal system

Drug Class Traditional Use Effects in TBI References
-inhibits microglial activation
. . -reverses mitochondrial damage
-methemoglobinemia -reduces neuronal apoptosis
Methylene blue GABA, antagonist -urinary tract infections . " 3pop [122-126]
o . . -improves BBB integrity
-facilitator of tissutal view .
-lower lesion volume
-improve behavioral functions
-reduces inflammation
Melatonin Hormone -insomnia -increases antl-.mﬂammatory processes [127-130]
-circadian rthythms -attenuates brain edema
-attenuates hyperpermeability
-prevents loss of tight-junction protein
. . . 1 1 1
-stimulation of blood cells production onula oce uden‘s .
-illicit use as a performance-enhancing -improves BBB integrity
Erythropoietin Glycoprotein cytokine dru -reduces post-TBI edema [131-135]
& . -decreases inflammation -glycoprotein
-hormone activity .
cytokine
-protein kinase activator
-nausea due to chemotherapy -modulates apoptosis
Cannabinoids Psychoactive drug -neuropathic pain -inflects on neuroinflammation, cell [136-139]
-spasticity structure and remodeling
-immunomodulatory effect
-anti-inflammatory properties
-less functional disability, improved out-
come
-lower risk of vasospasm and delayed
cerebral ischemia in subarachnoid hem-
orrhage
-suppress the upregulation of major his-
) 3-hydroxy-3-methylglutaryl coen- —us_ed for hypercholesterolemia _ tgcompatlblllty complex class IT expres-
Statins A -primary and secondary prevention of sion [140-143]
zyme A reductase inhibitors . e L
cerebrovascular diseases -inhibit inflammatory cell migration in-
to the central nervous system
-enhance nitric oxide production
-modulate platelet function, the coagula-
tion cascade and increase fibrinolysis
(via upregulation of tissue plasminogen
activator, inhibition of plasminogen acti-
vator inhibitor and reduction in Lp (a) 1
levels)
-anti-inflammatory
Metformin Biguanide -used for type 11 d%abetes mellitus -antioxidative ' [144, 145]
-used for polycystic ovary syndrome Improves vascular and endothelial func-
tions
-serine protease inhibitor
Serp-1 Myxoma Vlrus-derlved immuno- -1r}h1b1ts tlssptal and uroklpase type plas- -anti-inflammatory [146, 147]
modulatory protein minogen activators, plasmin, Xa factor,
and thrombin
-antimicrobial .
-anti-histaminic -antioxidant
Platonin . . L -immunomodulator [148-150]
-used for immune disease in clinical o .
. -inhibitor of platelets aggregation
setting
Anti-hypertensive drugs, inotropes and vasopressors: targeting cerebral autoregulation
-used for arterial hypertension
:i;lzstthn;i -beta-blockers present protection of
Beta-blockers Beta-adrenergic blocking agents “heart Et tack cerebral autoregulation and reduce hip- |[151, 152]
L pocampal neuronal death
-migraine
-tremors
Norepinephrine Catecholamine -}notropes -protectant .for cerebral autoregulatlon [154-156]
-increases heart rate and blood pressure |-prevents hippocampal necrosis
-increases heart rate -protects cerebral autoregulation
Dopamine Inotropes -increases blood pressure P g [154-156]

(Table 1) contd....
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Drug Class

Traditional Use

Effects in TBI References

Novel synthetic and natural compounds for TBI: targeting antioxidant properties

Synthetic and natural antioxi-
Antioxidants
2)

dants (see Section 3.5 and Table |-antioxidants with various mechanisms

-improve outcomes

-improve recovery and cognitive func-
tion

-reduce cerebral edema

-decrease mortality

-selected improve ICP and CPP control
-neuroprotective and antiapoptotic prop-
erties

-protection of BBB integrity

[158-203]

Abbreviations: ICP, intracranial pressure; CPP, cerebral perfusion pressure; BBB, blood-brain-barrier; TBI, traumatic brain injury, Al, anti-inflammatory.

| Catecholamines l

[ Methylene blue |

I Propofol |

| Argon I

| Ketamine |

| Xenon I

| Lithium |

| Ethanol |

| Methylphenidate I

| Quetiapine |

\ GABA, receptor

NMDA receptor

SHT1A receptor

Fig. (2). Receptors activated in the brain as possible target for TBI. GABA,, gamma-amino butyric acid receptor, which is activated by
GABA that allows the passage of Cl  into the cell. It can be modulated by propofol, argon, methylene blue, and catecholamines. NMDA, N-
methyl-D-aspartate receptor which can be activated by xenon, lithium, ethanol, ketamine. This receptor is activated by Glutamate (Glut) or
Glycine (Gly) binds that allow the passage of Calcium. SHT1A and B receptors that can be bind by quetiapine and methylphenidate. These re-
ceptors are 7-transmembrane fold which acts by activating a G-protein that when phosphorylated activates the intracellular pathway. (4 high-
er resolution / colour version of this figure is available in the electronic copy of the article).

Ketamine administration significantly reduced the
course of secondary brain injury in TBI mice by binding
NMDA receptors, including neurological deficits, neuronal
apoptosis and brain edema [46]. Clinical evidence about the
possible neuroprotective effects of anesthetic agents are
poor; for example, ketamine seems to reduce post-operative
cognitive dysfunction and delirium and attenuated refractory
status epilepticus [47]; similarly, propofol seems to have
equivalent effects [48]. More recent evidences suggested
that ketamine exerts a protective effect in TBI patients [49].

The dose of ketamine able to cause spreading depolarization
is >1.5 mg/kg/h, while at 0.55 mg/kg/h, it does not induce
excitatory effects. Thus, the suggested dosage of ketamine
for inhibiting spreading depolarization is between 0.7-1.15
mg/kg/h [50]. However, ketamine alone is not suggested for
ICP control, while its administration together with other
anesthetic allows to reduce their dose and side effects [21].

Moreover, dexmedetomidine, a selective a,-adrenocep-
tor agonist, reduced axonal injury and synaptic degeneration
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in the experimental model of TBI in rats [51]. Dexmedetomi-
dine exerted protective effects by decreasing oxidative stress
and mitochondrial damage and leading to reduce both cere-
bral edema and neuronal apoptosis. These mechanisms in-
creased behavioral functions [52] and modified neurological
outcomes by modulating Bcl2-associated-X-protein (Bax)
expression in the rat’s hippocampus [53]. Additionally, neu-
roprotective effects by modulating PI3K/Akt/mTOR path-
way were demonstrated by some authors [54]. Synergic ben-
efits of using both dexmedetomidine and sevoflurane were
not detected, although dexmedetomidine seemed to protect
from neuronal cells proliferation and neurotoxicity effects in-
duced by sevoflurane [55]. In clinical settings, dexmedeto-
midine employed at the median dosage of 0.49 mcg/kg/h did
not decrease neurological function in TBI patients [56].

Similarly, sevoflurane inhalator administration reduced
cellular autophagy and neuronal apoptosis in TBI rats [57];
while on the clinical side, sevoflurane (1-1.5 minimal alveo-
lar concentration) via inhalator administration plus remifen-
tanil (2-8 ng/mL) anesthesia was compared to intravenous
target-controlled infusion of propofol (3-6 mcg/mL) plus
remifentanil (2-8 ng/mL) during emergency surgery for TBI.
Intraoperative management included the maintenance of
cerebral protection targets in both groups. Neurological out-
comes at discharge were comparable between groups [58].

Xenon is a noble gas with neuroprotective properties li-
censed for human use as an anesthetic gas [59]. In a recent
experimental model, xenon showed improvement in long-
and -short-term-outcome and survival in mice, significantly
reducing secondary brain injury [60]. Its neuroprotective
properties have been previously discussed by other pre-clini-
cal models, confirming that it acts by binding the glycine
site of the NMDA receptor. A recent meta-analysis on clini-
cal trials comparing traditional volatile anesthesia with
xenon anesthesia revealed more stable intraoperative blood
pressure, lower heart rate, and faster weaning [61]. Xenon is
suggested for neurosurgical procedures to protect the brain
from further injury [62].

Attention has also been paid to the use of Argon, which
acts on different sites (e.g. Argon binds GABA,) [63]. Ar-
gon and xenon in pre-clinical models protected the brain
against hypoxic-ischemic injury in rats hippocampus [64]. A
meta-analysis comparing the effects of Argon in pre-clinical
and clinical models concluded that this gas may attenuate
the effects of hypoxia and increase tolerance to hypoxia, ex-
erting neuroprotective characteristics [65].

Targeting different channels or enzymes opioids could
be another therapeutic strategy for TBI, including calcium,
NMDA, and opioids channels or Na+/K+-ATPase. The en-
dogenous neuroprotective mechanism promoted by opioids
can be useful in the early phase of brain trauma. The admin-
istration of morphine or naloxone reduces neurological defic-
its, while naloxone exacerbates behavioral manifestations.
The activation of m and d opioid receptor exhibits neuropro-
tective effects [66], such as for biphalin, which is a dimeric
enkephalin-analog that evokes an analgesic response [67]. In
experimental data, biphalin presented early neuroprotective
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effects and reversed memory deficits [68]. A recent systemat-
ic review concluded that opioids administration had no signi-
ficant effects on CPP and meant arterial pressure. Only one
study revealed differences in opioid subtypes, suggesting
that fentanyl is associated with lower ICP and CPP than mor-
phine and sufentanyl [69].

Data concerning the use of anesthetic, sedative agents,
and opioid analgesics interestingly confirm their utility as
neuroprotectors, although the role of these drugs for TBI pa-
tients is still inconclusive and randomized controlled trials
and observational studies are needed to confirm these evi-
dences.

4.2. Psychostimulant, Psycho-depressant Agents and
Drugs Approved for the Treatment of Memory Impair-
ment: Targeting Neuronal Activity and Plasticity

After TBI, the initial excitatory/inhibitory balance of the
brain circuit is lost. Cognitive symptoms after TBI are fre-
quently determined by changes in network structure in differ-
ent brain regions. A recent work discovered that neurodegen-
eration can impact both network activity and neural oscilla-
tions to one microcircuit that could influence many connect-
ed brain areas [70]. An increasing body of research suggests
that many drugs can alleviate cognitive dysfunction and pro-
mote recovery after TBI [70].

Neuronal plasticity is a process that involves trophic
mechanisms such as neurogenesis and synaptogenesis and at-
rophic processes. Neuronal plasticity is typical of the postna-
tal evolutive period but can also be mediated by drugs com-
monly adopted for the treatment of neuropsychiatric disor-
ders. Neurotrophic factors include nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), neu-
rotrophin-3 (NT-3) and -4 [71]. Neurotrophins bind to Trk
and p75 family receptors to promote neuronal survival and
plasticity. Antidepressants were discovered to increase BD-
NF mRNA expression and to prevent downregulation of th-
ese receptors. Other antidepressants act by phosphorylating
the TrkB receptor. Fluoxetine was found to promote recov-
ery from stroke and brain trauma in an animal model. Fluox-
etine may reactivate critical plasticity in many cortical re-
gions and recovery of amblyopic vision in adult rodents, but
similar effects on humans are unclear. In a recent clinical
trial, fluoxetine and placebo were equally effective in the re-
covery of amblyopic vision, raising concerns on this effect
[71].

Following TBI, cognitive and neuropsychiatric symp-
toms are very commonly observed. However, there are no
specific pharmacological strategies currently approved by
the Food and Drug Administration for the treatment of such
symptoms in TBI [72]. Neurological manifestations after
TBI include difficulties in attention and concentration, and
memory problems, that reach 10-33% of TBI patients in the
recovery phase [73]. Psycho-stimulant agents are commonly
employed for the treatment of “attention deficit hyperactivi-
ty disorder” [74]. Among psychostimulants, methylpheni-
date is the most commonly used [74]. Its mechanism of ac-
tion involves the inhibition of dopamine reuptake, thus in-
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creasing extracellular dopamine levels, as well as nore-
pinephrine and serotonin [74]. Following TBI, an asymmet-
ric allocation of attention has been identified. In these pa-
tients, methylphenidate seemed to be an effective treatment
for attentional post-traumatic dysfunction [75]. A recent me-
ta-analysis of ten randomized clinical trials evaluated the ef-
fect of methylphenidate on outcomes. Methylphenidate im-
proved cognitive outcomes (mental fatigue, depression, anxi-
ety and other cognitive symptoms), although it exerted signi-
ficant effects on heart rate [76].

Lithium is a drug commonly employed to treat psychia-
tric disorders that may exert beneficial effects on brain func-
tion. Lithium increases synaptic density, modulates do-
pamine neurotransmission, and inhibits glycogen synthase ki-
nase-3 [77]. A recent animal study demonstrated that lithium
improved dopamine release after TBI and soluble N-ethyl-
maleimide-sensitive factor attachment protein receptor,
which are implicated in neurotransmitters exocytosis. Addi-
tionally, lithium did not increase synaptic density and did
not inhibit the glycogen synthase kinase-3 pathway [78], as
previously reported [77]. In animal models, lithium adminis-
tration did not increase the abundance of synaptophysin or
post-synaptic density protein-95 levels, especially when lithi-
um is administered in a period of one week after injury [78].

Quetiapine is an antipsychotic drug that shows anti-in-
flammatory properties. Quetiapine provides BBB protection
by protecting the integrity of tight junctions and matrix met-
alloproteinase-9 (MMP9) activity suppression [79]. Many
other drugs have been proposed for the treatment of anxiety
and depressant symptoms after TBI, although current treat-
ments have not been considered very effective. Currently, a
randomized controlled trial is investigating the efficacy of re-
ceiving or not antidepressants on anxiety and depressant
symptoms by using specific scales [80].

Phenserine tartrate (PhenT), originally developed for
Alzheimer's treatment, presents effective neuroprotective
properties [81]. PhenT alleviates oxidative stress, glutamate
excitotoxicity and neuroinflammation processes by increas-
ing neurotrophic factor levels and brain acetylcholine levels
[82]. This drug has shown to be able to reduce programmed
neuronal cell death and shift gene pathways toward neurode-
generation. PhenT effects are mediated via mitogen-activat-
ed protein-kinase-threonine/tyrosine  kinases (MAP-
K/MEK1/2) cascades and can post-transcriptionally regulate
proteins such as amyloid precursor protein and o-synuclein
[83, 84]. Memantine, usually employed for the treatment of
Alzheimer, seems to be able to reduce astrogliosis, cell
death and functional deficit in in-vitro and in-vivo models of
TBI [85, 86].

Galantamine is a natural or synthetic compound ap-
proved for Alzheimer disease. Post-injury administration of
galantamine may also decrease BBB permeability. Galan-
tamine elevates the synaptic levels of acetylcholine and is a
positive allosteric modulator for the nAChR7 receptor [87,
88]. In animal models of TBI, galantamine decreased sys-
temic inflammation, reduced the loss of hippocampal
GABAergic neurons, and ameliorated memory function
[89].
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Dextroamphetamine is one of the novel candidates for
the pharmacological treatment of TBI patients. It is a nore-
pinephrine agonist and a blocker of the reuptake of do-
pamine, usually prescribed for the treatment of attention de-
ficit hyperactivity disorder [90]. Literature revealed that psy-
chostimulants like dextroamphetamine and methylphenidate
enhance recovery, neurologic functionality and improve re-
habilitation.

Phosphodiesterase-4 (PDE4D) is a family of cyclic AMP
hydrolyzing enzymes involved in memory formation. Evi-
dences come from an experimental setting, in which animals
were treated with a negative allosteric modulator of PDE4D
called D159687 three months after TBI. In non-injured rats,
D159687 did not implement animals’ memory, while in TBI
rats, D159687 reversed the learning and memory deficits, im-
proving cognitive dysfunction [91].

Ethanol intoxication is frequently observed in TBI pa-
tients, accounting for up to 55% of them. Ethanol acts as its
neuroprotectant effect by suppressing ErbB signaling in par-
valbumin-positive interneurons. It also acts by inhibiting the
activation of NMDA receptors. In fact, in an experimental
model, ethanol administration before TBI enhanced behavio-
ral recovery and the administration of ErbB inhibitors was
able to revert the beneficial effects of ethanol administration
[92]. Contrasting results indicated the possible impaired neu-
rological recovery and accentuated inflammation in animals
treated with ethanol after TBI [93].

Another drug proposed for ameliorating neurobehavioral
recovery following TBI is the insulin-like growth factor-1
(IGF-1), which is able to improve the generation of imma-
ture neurons in the hippocampus [78]. The administration of
IGF-1 stimulates the downstream signaling in the post-TBI
brain [94]. Moreover, Wang et al. documented that the ad-
ministration of IGF-1 variants correlated with the vulnerabili-
ty and the neuropsychiatric outcome of post-TBI patients
[95]. Of note, IGF-1 activates intracellular signaling by en-
hancing the pathways-phosphatidylinositol 3-kinase/ protein
kinase B (PI3K/Akt) and mitogen-activated protein kinase/
extracellular signal-regulated kinase (MAPK/ERK), which
play pivotal roles, such as managing glucose utilization, neu-
rogenesis, synaptic plasticity and angiogenesis [96].

4.3. Medications with Anti-inflammatory and Immuno-
modulatory Effects

The focal inflammatory response is activated within few
minutes after brain injury, with subsequent release of danger
signals (like damage-associated molecular patterns (DAMP-
S), adenosine triphosphate, heat shock proteins, high-mobili-
ty group box-1 (HMGBJ1) and so on) [97]. After the injury,
microglia, astrocytes, and endothelial cells are activated, and
neutrophils, monocytes, and lymphocytes and the comple-
ment system are then activated and cells recruited into the le-
sion, liberating cytokines, chemokines and ROS that con-
tribute and amplify to the inflammation process. Microglia
acts by maintaining the BBB integrity. Finally, monocytes,
macrophages and T cells are recruited to the brain and the in-
flammatory process can also extend away from the surround-



1670 Current Neuropharmacology, 2021, Vol. 19, No. 10

ing area. Dysregulation of the immune system can also acti-
vate the coagulation cascade, causing micro-thrombosis and
micro-bleeding, associated with BBB breakdown [97], Fig.
(3). The inflammatory and immune response associated with
brain injury should consider possible systemic involvement
until life-threatening conditions [97]. Modulation of the in-
flammatory and immune response may be a promising thera-
peutic target for future researches. Immunomodulators are
medications that regulate or normalize the immune system.
Thus, the usage of immunomodulant/immune-stimulant
agents may affect the final outcome of TBI patients. The
above-mentioned immune-response modulators are exam-
ples of new targets treatments for TBI. Recently, many
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studies on TBI have been referred to the use of substances
with immunomodulatory properties that may affect the re-
sponse of the immune system of varying degrees.

Salsalate is a non-steroidal anti-inflammatory drug,
which is classified as non-acetylated salicylate [98]. Sal-
salate inhibited inflammatory gene expression in a microglia
cell line [99]. Importantly, salsalate decreased microglia
proinflammatory response by the inhibition of NF-kB signal-
ing by blocking the activation of inhibitor of NF-kB ki-
nase-o and-p and reducing the expansion of activated mi-
croglia. In summary, animal model salsalate promotes neuro-
protection and neurogenesis, with significant recovery of mo-
tor function.

DAMPS via PRRs /

Chemokines
AQP4

iNOS ‘/
@ COX-2
NAPDH ‘l
Neuron

Resting rriicroglia Phagocyte

Activated microglia Gliosis

Fig. (3). Mechanisms implicated in inflammation after TBI. Following a brain insult, BBB disfunction and cerebral blood vessels altera-
tions are frequent. Tight junction proteins are altered like as pial and intracerebral blood complex. Changes in expression of the tight junc-
tions are accompanied with up-regulation of matrix metalloproteases (MMPs), involved in BBB alteration. Astrocytes become reactive and
start proliferating while providing astrogliosis. Cytokines and chemokines are then released by astrocytes, altering the BBB and increasing
the expression of transforming growth factor-p (TGF-f) and expression of the water channel aquaporin-4 (AQP4) that is altered after TBI
and may contribute to cerebral edema and disruption of the BBB. Meanwhile, innate and adaptive immune responses are activated, converg-
ing in element of the complement pathway with the release of proteolytic enzymes. The innate immune response is mainly mediated by the
interaction between antigen-presenting cells (APC) and damage-associated molecular patterns (DAMPS) via pattern recognition receptors
(PRRs) expressed by a large variety of immune cells including polymorphonucleates, natural killer lymphocytes, macrophages, and dendritic
cells. After interacting, APC product chemokines and cytokines. Particularly after TBI, among DAMPS, high-mobility group box 1 chaper-
one protein (HMGBJ1) that regulates DNA transcription, adenosine triphosphate (ATP), heat-shock proteins (HSP), and chemokines are liber-
ated promoting inflammation and oxidative stress. Microglia can be polarized into M1 and M2. M1 microglia is associated with the produc-
tion of pro-inflammatory cytokines and chemokines, and typically involves a tolle-like receptor-4 (TLR-4) signaling after binding to tumor
necrosis factor-o (TNF-a), and involving MyD88 and the transcription of NF-kB, thus producing cytokines and chemokines (TNF-a, inter-
leukin-1p (IL-1pB), IL-18),; while M2 activated microglia express insulin-like growth factor-1 (IGF-1) and brain-derived neurotrophic factor
(BDNF) promoting oligodendrogenesis and neurogenesis, suppressing inflammation and contributing to tissue repair. Microglia activation
causes nicotinamide adenine dinucleotide (NADPH) oxidase, inducible nitric oxide synthases (iNOS) and cyclooxygenase (COX-2) syntha-
sis, resulting in reactive product of oxygen (ROS), nitric oxide (NO), prostaglandin-E2 (PGE2). (4 higher resolution / colour version of this
figure is available in the electronic copy of the article).
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Steroids are well-known endogenous molecules, which
are able to modulate the inflammatory response. The inflam-
matory process plays a pivotal role in facilitating secondary
brain injury via the production of inflammatory cytokines
and interleukins. Pre-clinical and clinical studies have
shown an acute increase of cortisol levels in serum and cere-
brospinal fluid in response to TBI, thus suggesting a possi-
ble anti-inflammatory regulation effect and reduced neuron-
al cell death of the brain-injured tissue [100, 101]. An experi-
mental study on mice concluded that hydrocortisone adminis-
tration in TBI can reduce the pro-inflammatory response,
particularly by reducing the number of circulating lympho-
cytes that remained stocked into the lymphoid tissues. This
study suggested that exogenous administration of cortisol in
the early phase after TBI could play a protective role against
the enhanced immune response [102]. Moreover, experimen-
tal evidences identified dexamethasone as a possible inhibi-
tor of the expression of Ras homolog family member (Rho)-
A and-B proteins (involved in leukocyte migrations) in the
injured cortex and hippocampus a few hours after TBI
[103].

Progesterone is a hormone with neuro-steroidal proper-
ties that has been shown very promising in preclinical mod-
els of TBI. Progesterone efficacy in TBI has been related to
its intrinsic neuroprotective function [104]. A meta-analysis
investigated the effect of progesterone on the Glasgow Out-
come Scale, mortality and adverse events in acute TBI pa-
tients. Two-phase III trials and three phase II trials were in-
cluded in the final analysis. No significant difference was ob-
served in the favorable outcome (relative risk (RR) 1.07,
95% confidence interval (CI) 0.91-1.27, p=0.41) and mortali-
ty rate (RR 0.85, 95% CI 0.65-1.13, p=0.27) between proges-
terone and placebo groups, with a moderate quality of evi-
dence [105]. These results were confirmed by another meta--
analysis performed in 2019 on eight randomized controlled
trials that observed reduced mortality (RR 0.59; 95%CI
0.42-0.81, p=0.001) and better neurological outcome at 3
months (RR 1.51; 95%CI 1.12-2.02, p=0.007), that did not
persist at 6 months [106]. Taken together, these findings do
not guarantee sufficient evidence concerning progesterone
use for the management of TBI.

Estrogens play an important role in the protection of the
central nervous system. Among estrogen subtypes, estrogen
sulfate (E,-SO,) is the most abundant and effective in mam-
mals and humans, playing a pivotal role in neuronal activity,
neuronal networking and synaptogenesis [107]. A recent ex-
perimental study on Dawley rats after TBI induction,
showed that estrogen sulfate administration reduces patho-
logical intracranial pressure, cerebral edema, increases cere-
bral perfusion pressure and glycolytic metabolism [107].
Another experimental model of TBI on rats demonstrated
that Tamoxifen, a drug primarily involved in binding the es-
trogen receptors, could be a useful neuroprotectant in TBI
rats. Its mechanism of action is the bind of the estrogen re-
ceptor-a on neurons and glia, leading to reduced neuroin-
flammation and apoptosis of these cells [108]. In 2016, 17a-
ethinylestradiol-3-sulfate (EE-3-SO,) was employed for the
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treatment of TBI in a rat model. EE-3-SO, significantly low-
ered intracranial pressure levels and brain edema, while ris-
ing cerebral perfusion pressure and partial brain oxygenation
pressure. These pre-clinical findings supported the possible
clinical use of EE-3-SO, (at the dosage of 1 mg/kg in
Sprague-Dawley rats) for treating TBI in the early phase. No
peripheral effect of this drug was described [109].

Lan ef al. documented that bazedoxifene, a third-genera-
tion selective estrogen receptor modulator, presented neuro-
protection by inhibiting the activation of the MAPK/NF-kB
signaling pathway [110]. Importantly, bazedoxifene reduced
BBB disruption by increasing both occludin, TJs and ZO-1
levels which are normally decreased 24 hours after TBI.
This discovery is terrific, since BBB dysfunction may lead
to brain edema and neuronal death and cause subsequent
long-term TBI complications, such as cognitive and psycho-
logical impairments.

Thalidomide analog -3,6'-dithiothalidomide (3,6’-DT)
presented good brain penetration by inhibiting the synthesis
of TNF-a, pro-inflammatory cytokines expression, reducing
apoptotic neurons in the cortical contused regions, suppress-
ing microglia activation, and reducing oxidative damage
[111]. These findings suggested that 3,6’-DT significantly
decreases the loss of cortical tissue and improves functional
outcomes in a rat model. Moreover, it inhibits pro-inflamma-
tory cytokines by blocking cytokine receptors, thus resulting
in a major neuroprotective treatment [112].

The BBB "breakdown" after TBI activates the coagula-
tion cascades, resulting in decreased blood flow [113]. Com-
promised integrity of the BBB results in blood-borne factors
such as thrombin, albumin and fibrinogen, entering the brain
and promoting microglia activation, proliferation, and pro-
duction of pro-inflammatory factors [114]. HMGBI is recog-
nized as DAMPS and stimulates a wide variety of receptors
for advanced glycation end-products (RAGE), toll-like recep-
tor-4 (TLR)-4 and TLR-2 [115]. It also upregulates the pro-
duction of proinflammatory cytokines via NF-kB and MAP-
K-signaling pathways. HMGBI plays an important role in
the disruption of BBB after TBI [116]. Anti-HMGB1 mAb
therapy protects against BBB disruption and reduces brain
edema [117, 118]. Importantly, this monoclonal antibody
suppresses the activation of glia cells, the expression of
proinflammatory cytokines, and the inflammatory cascade
[119].

Likewise, the administration of drugs that are used in
other diseases which act on specific pathways involved in de-
structive processes after TBI can present potential benefits.
The C-C chemokine receptor5 (CCRS5) antagonist-
maraviroc, approved by Food and Drug Administration for
Human-immunodeficiency virus (HIV) treatment, presented
beneficial effect on motor function following stroke and
TBI. The inhibition of CCR5 receptor-signaling modulated
learning, memory, and plasticity processes in hippocampal
and cortical circuits [120]. Thus, CCRS5 antagonist reduced
learning deficits and amplified cognitive function [121].

Methylene blue is a drug usually applied for the treat-
ment of poisoning such as those caused by cyanide, carbon
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monoxide, as well as methemoglobinemia [122]. Its mech-
anism of action includes the binds of GABA, receptors in
the brain [123]. In 2016, Zhao et al. explored the mechanism
of action of methylene blue on neuroprotection in a mouse
model of TBI. The methylene blue group showed higher sur-
viving neurons than the other groups and lower lesion vol-
ume, also inhibiting microglial activation [124]. Regarding
the timing, acute administration of methylene blue improved
neuroinflammation and behavioral functions [125]. Like-
wise, administration of methylene blue 24 hours after TBI
exerted neuroprotective effects and reduced the lesion vol-
ume on quantitative magnetic resonance [126]. A recent ex-
perimental study on mice showed that methylene blue treat-
ment was able to reverse mitochondrial damage, reduce neu-
ronal apoptosis and improve BBB integrity after TBI [122].
Unfortunately, human clinical studies are no yet available on
this drug, although experimental evidences are really promis-
ing.

Melatonin is a hormone secreted by the pineal gland
with antioxidant and anti-inflammatory properties [127]. Ex-
perimental evidence demonstrated that exogenous melatonin
administration alleviated early brain damage after TBI and
neurobehavioral deficits in mice [127]. Moreover, exoge-
nous melatonin administration reduced inflammation and in-
creased anti-inflammatory properties, through the modula-
tion of IL-10, IL-4, superoxide dismutase, glutathione, glu-
tathione peroxidase, IL-1B and tumor necrosis factor levels
[127]. It was also able to enhance autophagy, thus inhibiting
mitochondrial apoptotic pathways with subsequent protec-
tion against secondary brain damage [128]. Secondary brain
damage is characterized by a hyperpermeability status fol-
lowed by brain edema (modulated by MMP9), proteolytic en-
zymes and pro-inflammatory cytokines) and possible se-
condary intracranial hypertension. In this setting, melatonin
showed brain protection attenuating hyperpermeability via
MMP9 inhibition [129]. Human studies on exogenous mela-
tonin use after TBI are only focusing on sleep disorder, al-
though evidences revealed an increased level of endogenous
melatonin in the cerebral spinal fluid after TBI, thus suggest-
ing its potential role on oxidative stress and metabolic func-
tions [130]. Taken together, preclinical evidences suggest its
possible role to attenuate brain edema and hyperpermeabili-
ty after TBI, although further studies are required to eluci-
date its real usefulness.

Erythropoietin is a glycoprotein cytokine that stimulates
the production of blood-red cells in anemic and hypoxemic
patients. Its neuroprotective effects have been recognized
for a long time, although its potential role on TBI patients
has been recently proposed [131]. Erythropoietin expression
may be upregulated by oxygen tension but also may be pro-
moted by Xenon or agents blocking inflammation of cere-
bral microglia [132]. Brain effects of erythropoietin have
been explored on TBI rats by Blixt ef a/l. [131]. In this study,
erythropoietin significantly prevented the loss of tight junc-
tions protein zona occludens-1 (ZO-1) and BBB dysfunc-
tion, also attenuating vasogenic edema [131]. Millet et al.
showed the reduction of post-traumatic edema, mitochon-
drial modulation and reduced caspase-3 expression [133].
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Moreover, erythropoietin resulted in decreased inflamma-
tion in the injured brain, thus increasing the expression of
the anti-inflammatory interleukin (IL)-10, and decreasing
proinflammatory cytokine levels [134]. Erythropoietin
seemed to be protective also against acute lung injury se-
condary to TBI in a human study. Erythropoietin-derived
peptide decreased total bronchoalveolar lavage proteins and
histological signs of pulmonary damage, acting on
macrophages and cytokines modulation [135]. Taken to-
gether, these evidences suggest that erythropoietin treatment
could be effective for modulating the secondary brain dam-
age after TBI, as well as secondary systemic injurious ef-
fects.

Endocannabinoids have recently been demonstrated as
powerful anti-inflammatory drugs with a not completely un-
derstood mechanism. Endocannabinoids act binding the
cannabinoid receptors (CBR)-1 and-2, which are hyperacti-
vated during the first 72 hours after TBI in murine models
[136]. The administration of a selective agonist for CBR-2
receptor, attenuated macrophage polarization toward pro-in-
flammatory subtype M1, increased M2 anti-inflammatory po-
larization, and improved TBI neurobehavioral outcome
[136]. Modulation of endocannabinoid degradative enzymes
(e.g., monoacylglycerol lipase, fatty acid amide hydrolase),
receptors (CBR-1 and CBR-2) and their ligands (N-arachi-
donoylethanolamide and 2-arachidonyl glycerol) have been
effective on the intracellular response to TBI (e.g., modulat-
ing apoptosis, excitotoxicity, neuroinflammation, cell struc-
ture and remodelling) [137]. A phase III trial focused on the
efficacy and safety of dexanabinol in TBI patients, suggest-
ed that this cannabinoid does not modify either TBI outcome
or the control of intracranial pressure [138]. Dexanabinol is
a synthetic cannabinoid analog, with pleiotropic properties.
In experimental models, dexanabinol decreased oxygen reac-
tive species, and improved ICP and CPP control [138, 139].
In an international multicenter analysis on 861 patients with
severe TBI, researchers investigated the effect of a single in-
travenous dose of dexanabinol within 6 hours of injury,
showing that there was no significant reduction of ICP or
worsened clinical outcome. In summary, available evidence
does not suggest cannabinoids use in clinical practice for
TBI patients, although experimental studies seemed promis-
ing.

Statins are medications generally employed for treating
hypercholesterolemia. Recently, anti-depressant and neuro-
protectant effects of statins have been supposed. Immunomo-
dulatory and anti-inflammatory properties of statins were de-
monstrated in the experimental murine model. An experi-
mental study on anesthetized TBI rats demonstrated that
statins can attenuate TBI by reducing neuronal apoptosis mi-
croglia, and tumor necrosis factor (TNF)-a expression, there-
by resulting in a reduction of depressive-like symptoms
[140]. These results were confirmed by another study on
rats, which demonstrated that simvastatin is able to reduce
inflammation and provide significant protection against cog-
nitive dysfunction in the acute phase after TBI, while no im-
provement was detected after 4 days [141]. The administra-
tion of Atorvastatin modulates neuroinflammation processes



Novel Synthetic and Natural Therapies for Traumatic Brain Injury

via altering peripheral leukocyte invasion and the alternative
polarization of microglia/macrophages. Significantly in-
crease the proportion of regulatory T cells (Tregs) in brain,
and main effector cytokines IL-10 and transforming growth
factor (TGF)-B1 [142]. In the clinical setting, the use of
statins before TBI was associated with improved outcomes.
Although both experimental and clinical studies agreed on
the utility of statins to improve outcomes, these findings
need further investigations to be confirmed, especially in the
clinical setting [143].

Metformin is an oral hypoglycemic drug with pleiotropic
neuroprotective effects due to its anti-inflammatory, an-
tioxidative, and anti-ischemic activity, which may also im-
prove vascular and endothelial function [144]. In a rat mod-
el, metformin improved neurological deficits and neuronal
apoptosis and reduced cerebral edema. Moreover, it inhibit-
ed microglial activation, thus reducing pro-inflammatory cy-
tokines such as TNF-a, IL-1p and IL-6. At the nuclear level,
metformin inhibited the translocation into the cellular nu-
cleus of nuclear factor (NF)-kB p65 and the phosphorylation
of ERK1/2 and p38-MAPK, suggesting that its efficacy on
TBI is related to both inflammatory modulation and specific
intracellular pathways activation [145]. A randomized con-
trolled trial on 30 trauma patients demonstrated that metfor-
min administration significantly reduces S100b and neu-
trophil to lymphocyte ratio [144].

Serp-1 is a secreted glycoprotein, a serine proteinase
inhibiter, that targets both thrombotic and thrombolytic path-
ways. Serp-1 inhibits tissutal- and urokinase-type plasmino-
gen activators, plasmin, factor Xa, and thrombin with high
anti-inflammatory properties [146]. Serp-1 blocked early ac-
tivation and infiltration of monocytes/macrophages and T--
cells in a wide range of animal models of vascular inflamma-
tion and trauma. Moreover, Serp-1 significantly reduced inti-
mal inflammation and cluster differentiation (CD)11b+ cell
infiltrates in arteries after implant. Serp-1 reduced Th
(Thelper)1, Th17, and Treg in splenocytes and vascular in-
flammatory lesions, with IL-1 reduction [147]. Serp-1 is al-
so able to bind the urokinase receptor and filamin-B, an act-
in-binding protein, in monocytes, therefore increasing IL-10
in other models of inflammatory vasculitis. The neuroprotec-
tive activity of Serp-1 by early inhibition of the inflammato-
ry cascade in spinal injury is promising for anti-inflammato-
ry treatment in TBI patients.

Platonin presents interesting antioxidant activity. Pla-
tonin is a cyanine photosensitizing dye with previously de-
scribed antimicrobial and antihistaminic activities [148]. Pla-
tonin reduces the production of pyrogenic cytokines from pe-
ripheral mononuclear cells and activates the immunomodula-
tor properties of macrophages. Platonin shows neuroprotec-
tive antiapoptotic properties by reducing caspase-3 activa-
tion and caspase-3 mRNA expression. In addition, platonin
downregulates ROS production and, importantly, elevates
hemeoxygenase-1 (HO-1)-mRNA expression, which finally
reduces the lesion volume after TBI [149]. Additionally, the
supplementation with branched-chain amino acids such as ni-
trogen, leucine, isoleucine, valine and arginine in TBI pa-
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tients improved recovery from a vegetative or minimally
conscious state by the reduction of oxidative stress and the
enhancement of iron metabolism [150].

4.4. Anti-hypertensive Drugs, Inotropes and Vasopres-
sors: Targeting Cerebral Autoregulation

Beta-blockers have been tested in pigs demonstrating
protection of cerebral autoregulation and reduced hippocam-
pal neuronal death by inhibiting IL-6 release after TBI
[151]. A recent meta-analysis investigated the efficacy of be-
ta-blockers on outcome in 2005 TBI patients and 6240 con-
trols extracted from 9 observational studies. Reduced in-hos-
pital mortality was shown in the TBI group treated with be-
ta-blockers (Odds Ratio 0.39, 95%CI 0.27-0.56;
p<0.00001), although the quality of evidence was very low
[152]. In summary, beta-blockers administration could be
useful for maintaining cerebral autoregulation and improv-
ing neurological outcomes after TBI, although further
studies are needed to confirm this hypothesis.

Catecholamines are frequently employed in critically ill
patients for maintaining hemodynamic stability. Nore-
pinephrine showed protective effects on cerebral autoregula-
tion and prevented hippocampal necrosis in an experimental
model of TBI [153]. Likewise, dopamine protected cerebral
autoregulation and prevented hippocampal necrosis after
TBI via ERK-MAPK pathway [154]. This suggests that
drugs, which act on catecholamines levels in the brain (e.g.,
antidepressants, bupropion and so on) can also modulate
cerebral autoregulation. The potential role of dopamine was
recently investigated both in clinical and pre-clinical studies.
It can act as protecting cerebral autoregulation [155]. Cate-
cholamines seem to be also involved in the control of the
Arousal system, since the induction of sleep and sedative
states with the use of a2 receptor agonist (e.g. dexmedeto-
midine) and GABA, allosteric modulators (such as zolpi-
dem) seems to involve histamine and noradrenergic systems
commonly involved in Arousal [156].

4.5. Novel Synthetic and Natural Compounds for TBI:
Targeting Antioxidant Properties

Researchers all over the world have investigated the role
of substances with antioxidants properties as novel therapeu-
tic agents to decrease oxidative stress and to slow the cellu-
lar damage caused by reactive products. Antioxidants may
target the production of reactive species of oxygen in mito-
chondria or act by nicotinamide adenine dinucleotide phos-
phate inhibitors. Both mechanisms may potentially decrease
secondary injury and improve clinical outcomes [157]. Sev-
eral substances often of natural origin show antioxidant ef-
fects. Their antioxidant mechanisms are associated with the
impact on mitochondria’s pathways and enzymes. However,
it is worth mentioning that during TBI, the BBB is damaged,
explaining why endothelial targeted strategies against oxida-
tive stress seem interesting. In fact, the use of endothelial tar-
geted antioxidant enzymes, with conjugates of the antioxi-
dant enzyme catalase, linked to anti-ICAM-1 antibodies,
may be in the future one of the novel treatments to improve
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neurological outcomes in TBI. In fact, a recent study demon-
strated that anti-PECAM-1/SOD provided anti-inflammato-
ry effects [158]. Therefore, the use of substances with an-
tioxidant properties may slow the destruction processes in
the brain and affect the final result or the occurrence of com-
plications. There is growing evidence that neuroinflamma-
tion and oxidative stress importantly contribute to neurologi-
cal deficits and posttraumatic epileptogenesis, except for cy-
totoxicity, neuronal and glial damages [159]. Importantly,
1/3 of epileptic patients after brain trauma show uncon-
trolled seizures. Therefore, the use of inhibitors of ROS-gen-
erating enzymes may be implemented to alter the vicious cir-
cle of oxidative stress and cytotoxicity. As mentioned
above, the administration of antioxidants intensifies the ac-
tivities of endogenous antioxidant enzymes or inhibits the
various prooxidant enzymes, finally leading to ROS reduc-
tion. The NADPH-oxidases (NOXs) are a family of en-
zymes that plays an important role in redox signaling and ini-
tiating immunity. NOX upregulation is observed in post-TBI
brain and resulted in brain injury, ischemia/re-perfusion,
epilepsy and a huge variety of pathological conditions [160].
Inhibition of NOX2 activity after TBI attenuated injury-in-
duced increases of markers of astroglial and microglial acti-
vation, decrease neuronal loss in the neocortex and hippo-
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campus, and improve functional recovery [161]. Eastman et
al. concluded that nitric oxide synthases (NOS) inhibitor af-
fect both inflammation and epileptogenesis after brain injury
and may improve outcomes after TBI. Moreover, Hall et al.
documented the preclinical efficacy of antioxidant agents in
the inhibition of reactive species that induced lipid peroxida-
tion and protein damage. It is worth noting that there are
growing numbers of substances with natural antioxidant
properties. The available literature is increasing the number
of experimental studies relating to the efficacy of these subs-
tances in TBI. The pro-oxidant mechanism following TBI is
represented in Fig. (4).

4.5.1. Synthetic Compounds

The administration of anti-intracellular adhesion
molecule (ICAM)-1/catalase interferes with the oxidative
stress response to TBI, and thus decreases cerebral hydrogen
peroxide production, markers of protein nitrosylation, final-
ly preserving or protecting BBB integrity [162]. Researchers
interested in antibodies as targeted for antioxidant enzyme
therapy speculated that these may optimize the treatment
strategies in the therapeutic window for intervention. Specif-
ic, by using endothelial endosomes that markedly enhance
the protective effect of antioxidant enzymes.

I Lipid peroxidation |

| Mitochondrial dysfunction |

Excitotoxicity

Fig. (4). Pro-oxidant mechanisms after TBI. Pro-oxidant mechanisms after TBI include the liberation of reactive products of oxygen
(ROS), nitric oxide (NO), prostaglandin-E2 (PGE2). Changes in expression of the tight junctions are accompanied with up-regulation of ma-
trix metalloproteases (MMPs), involved in BBB alteration, while increasing the expression of transforming growth factor- (TGF-f), and vas-
cular endothelial growth factor-A (VEGF-A). After TBI, levels of adenosine monophosphate-activated protein kinase (pAMPK), inducible ni-
tric oxide synthases (iNOS) and cyclooxygenase (COX-2) synthasis are increased, while cAMP response element binding protein (pCREB)
is decreased. Moreover, caspase 1-3 expression is increased leading to neuronal apoptosis and neuroinflammation. Other mechanisms in-
clude the increase of intracellular Calcium (Ca’™) that hyperactivates excitotoxicity, lipid peroxidation and mitochondrial dysfunction. (4
higher resolution / colour version of this figure is available in the electronic copy of the article).
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Likewise, ethanolamine derivative, which is a new di-
ethylethanolamine-derivate with a neuroprotective effect, in
a recent rat model increased overall motor activity and de-
creased the impairment of motor coordination function
[163]. In daily practice, TBI patients are often treated with
drugs that contain the ethanolamine structure and possess
neuroprotective and nootropic effects. Drugs as deanol
aceglumate, choline alfoscerate, and citicoline normalized
cholinergic transmission in the central nervous system, im-
portantly decrease inflammation and oxidative stress and sti-
mulate neurogenesis and angiogenesis [164, 165].

Succinate is a synthetic compound of natural origin. Suc-
cinate therapy, by using micro-dialysis, supports the mito-
chondrial energetic metabolism by lowering lactate/pyruvate
ratio, increases PCr/yATP ratio, and the translocation to bet-
ter energetics. Succinate enhances brain NADH/NAD+ re-
dox state, which intensify glucose utilization, leading to the
increase of pyruvate and moving glutamate into the mito-
chondria [166].

Neuroprotective mechanisms after brain trauma have al-
so been demonstrated by other substances acting via differ-
ent mechanisms. Among that, salubrinal (selective phospha-
tase inhibitor of p-elF2a), DI-3n-butylphthalide, N-acetyl-
seryl-aspartyl-lysyl-proline, larixyl acetate, and succinate
could be included. Salubrinal reduces the stress of endoplas-
mic reticulum, autophagy and apoptosis by decreasing the
number of C/EBP-homologous-protein (CHOP) /TUNEL"
and CHOP'/LC3" cells [167]. DI-3n-butylphthalide has an-
ti-inflammatory, anti-oxidative, and mitochondrion-protec-
tive functions [168], improving the expression of tight junc-
tion proteins and inhibiting mitochondrial apoptosis by sup-
pressing the expressions of autophagy related-7, Beclinl and
LC3II. The N-acetyl-seryl-aspartyl-lysyl-proline is a pep-
tidic fragment of Thymosin-4, which suppresses the TGF-
B1/NF-kB-signaling pathway and upregulates sensorimotor
functional recovery probably by reducing the volume of cor-
tical lesions, and the loss of hippocampal neuronal cells
[169]. It also reduces fibrin accumulation and improves an-
giogenesis and neurogenesis. Larixyl acetate is an inhibitor
of transient-receptor-potential-channel-6 with protective ef-
fects against systemic endothelial dysfunction after TBI
[170]. Recent data suggest that larixyl acetate can reduce sys-
temic vascular damage and acute hypoxia-induced vasocon-
striction [171].

The use of recombinant Wnt3a, activator of Wnt/B--
catenin pathway, promotes neuroprotection and neural regen-
eration following TBI. Intranasal administration of Wnt3a
activator suppresses autophagic activity in neurons and mark-
ers as light chain 311, Beclin-1. The Wnt3a experimental
treatment reduced caspase-3, matrix metalloproteinase 9
(MMP-9) markers and apoptosis. Longer duration of treat-
ment with Wnt3a, induced higher levels of -catenin, glial-
derived growth factors and vascular endothelial growth fac-
tor. Wnt3a finally improved neurogenesis and angiogenesis
[172] and promoted neuronal regeneration as axonal regener-
ation of cortical neurons [173].

Omeprazole is a synthetic compound that is well known
for its efficacy on acid reflux, acting as a proton pump inhibi-
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tor. Patients with TBI are at higher risk of stress ulcers
(Cushing’s ulcers), associated with higher levels of plasma
cortisol [174]. Besides, recent experimental studies evi-
denced that a protective effect of omeprazole in TBI is repre-
sented by its anti-oxidant and anti-apoptotic properties
[175]. Significant reduction of malondialdehyde levels and
activity of caspase-3 after omeprazole administration was
found.

4.5.2. Natural Compounds

The Na+/K+-ATPase, together with oxidative stress,
plays an important role in secondary brain damage. Impor-
tantly, Na+/K+-ATPase is responsible for controlling ion
gradients across plasma membranes. It is also one of the
main consumers of ATP in neurons [176]. TTHL is a natural
plant-derived compound isolated from Combretum leprosum
Mart, Combretaceae, that inhibits Na+/K+-ATPase. TTHL
reduces pain signaling by glutamatergic, opioid and seroton-
ergic systems. It activates Gi/o protein and opens specific
K+ channels. It possesses an anti-convulsant effect. The pro-
tective effect of TTHL is presented by the induction of gluta-
matergic maintenance, possibly by the interaction with NM-
DA and the inhibition of protein kinase-C-mediated phospho-
rylation of the Na+/K+-ATPase-al subunit [177].

Guanosine, an endogenous neuroprotective nucleoside,
also protects again neuronal damage, inflammatory response
and brain edema by impacting glutamate uptake, Na+/K+-
ATPase and glutamine synthetase activity [178]. Of note, po-
tassium aspartate treatment attenuates brain edema and ame-
liorates BBB integrity. It also reduces ATP loss and increas-
es the activity of Na+/K+-ATPase [179]. Disproportion be-
tween mitochondrial fusion and fission is associated with
neurodegeneration by dysregulating the production of ener-
gy. Particularly, mitochondrial fission is related to the post-
TBI destruction of the central nervous system. This process
is modulated by dynamin-related protein-1 [180]. In experi-
mental data, the administration of Mdivi-1, a selective inhibi-
tor of Dynamin-related protein-1, provides the reduction of
H,0,-induced mitochondrial membrane potential dissipa-
tion. Midivi-1 reduces the volume of cortical lesions and the
blood-brain barrier permeability. Therefore, the inhibition of
caspase-3 suppresses oxidative stress and finally provides
brain protection and improves behavioral functions [181,
182].

Resveratrol is one of the natural compounds extracted
from fruits, which shows antioxidative, antiapoptotic, anti-in-
flammatory and neuroprotective mechanisms. Resveratrol is
also a mediator for regulating the activation of p38/MAP-
K-signaling [183]. Among antioxidants of natural origin,
some vitamins, such as vitamin E and vitamin C, cann-
aboids, amino acids, N-acetylcysteine and enzogenol, also
exhibit antioxidant properties. In a review, Shen et al. sum-
marized that the clinical antioxidants use to improve out-
comes after TBI, improve recovery and cognitive function,
stabilize edema and decrease mortality [184]. A high dose of
vitamin C reduces the progression of perilesional edema. In
addition, vitamin E importantly decreases mortality rate and
improves functional outcomes [185].
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Xanthohumol has been shown to limit the size of cere-
bral injury in a model of stroke in the rat [186]. It is a
flavonoid extracted from the flower of hops, a beer additive
with potent anti-inflammatory activity demonstrated in a va-
riety of animal models [187-190]; and its administration in
high doses resulted in no toxic effect in rodents [191, 192],
indicating it as a promising neuroprotectant for TBI.

Baicalin is a 7-D-Glucuronic acid-5,6-dihydroxyflavone,
bioactive flavone isolated from the radix of Scutellaria bai-
calensis. In an animal model of TBI, Baicalin administration
notably ameliorated neurobehavioral function, reduced brain
edema, and apoptosis. Baicalin activated antioxidative en-
zymes and presented this neuroprotective effect via activat-
ing the Akt/Nrf2 pathway [193].

N-acetylcysteine is the precursor of the antioxidant glu-
tathione, which possesses neuroprotective effects and anti-in-
flammatory properties [184], but antioxidants properties also
derived by ursolic acid [194] that is a pentacyclic triterpene,
which is found in common herbs and plants. Ursolic acid pre-
sents a neuroprotective effect in TBI, reducing brain edema
and neurological insufficiencies by activating the Nrf2 path-
way, increasing the expression of NQO1 and HO-1 and in-
crementing the levels of protein kinase B [195].

Huperzine-A is a natural alkaloid isolated from the Chi-
nese herb Huperzia serrata, which inhibits acetylcho-
linesterase, thereby increasing synaptic acetylcholine levels
[196]. In experimental data, huperzine-A reduced lipid per-
oxidation and increased the activity of endogenous antioxi-
dant enzymes [197].

Moreover, an interesting effect was showed by
kaempferol, a stimulator of the mitochondrial Ca*'-uniporter
channel. Chitturi ef al. documented protective effects within
the first 72 hours after TBI by a decreased level of pyruvate
and tricarboxylic acid cycle flux and higher levels of N-
acetyl aspartate. Therefore, kaempferol improved mitochon-
drial functional integrity and neural viability [198, 199].

The superoxide radical scavenger polyethylene glycol--
conjugated superoxide dismutase (PEG-SOD) and the 21-
aminosteroid lipid peroxidation inhibitor tirilazad were eval-
uated in phase III trials in brain-injured patients. The results
did not show an improvement in 6-month survival and neuro-
logical recovery. Besides, tirilazad, in a post-hoc analysis,
significantly improved the survival of male patients with
traumatic subarachnoid hemorrhage.

Citicoline acts by stimulating phospholipase-A2 and de-
creasing hydroxyl radical generation after cerebral ischemia
[200]. Besides, a large number of compounds with neuropro-
tective effects are of natural origin. The properties of these
natural agents are mainly based on their anti-inflammatory
and antioxidant activities, that act via different pathways in
TBI.

Hydrogen gas or water (H,) was adopted in rats’ models
for protecting against the pro-oxidant activity. Inhalation of
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H, or via intraperitoneal injection in rats improved neurologi-
cal outcomes after TBI by regulating the oxidative cascade.
Moreover, H, was able to reduce the level of miR-21 expres-
sion by intraventricular infusion, while upregulation of
miR-21 was noted in the traumatic foci. H, treatment im-
proved BBB integrity, brain edema, and neurological perfor-
mance in rats [201-204]. Other natural compounds and their
effects are reported in Table 2 [205-231].

4.6. Future Directions

Mesenchymal stromal cells (MSCs) may be considered a
promising strategy for TBI treatment, due to their plastic
properties but mainly due to their paracrine effects [232]. So
far, since pre-clinical studies showed promising anti-inflam-
matory, anti-oxidative and neuroregenerative properties, clin-
ical studies with MSCs should be considered for the treat-
ment and repair of neuronal cells in TBI patients. In recent
data, MSCs stimulate the secretion of bioactive factors, in-
cluding cytokines, small molecules, and cargo-bearing exo-
somes [232]. Early infusion of MSCs improves functional
and structural outcomes [233]. In addition, animals study
presented that MSCs infusion leads to the release of growth
factors and stimulates endogenous neurogenesis with prolif-
eration, especially in subventricular and sub-granular zones
[234]. The therapeutic effect of MSCs depends on dose,
route and therapeutic window. Recent data documented that
migration of MSC depends on specific crosstalk with in-
jured brain tissue (e.g., via stromal-derived factor-1, a
chemokine) expressed in astrocytes, neurons and endothelial
cells and C-X-C chemokine receptor4 (receptor of stroma-
l-derived factor-1 expressed on MSCs) [235]. Importantly,
MSCs decrease the apoptosis of astrocytes in the ischemic
boundary zone [236]. In experimental models of stroke,
MSCs induced post-ischemia astrocytes proliferation. Gao et
al. documented that these processes may involve “activation
of mitogen-activated protein kinase/extracellular signal-regu-
lated kinase and phosphoinositide 3-kinase/threonine-pro-
tein kinase pathways” [237]. In an experimental TBI model
of rats, at 24 hours after TBI, MSCs with hypertonic
glycerol (25%) or mannitol (25%) were administered via the
right internal carotid artery. The administration of mannitol
resulted in increased BBB disruption, although the rats treat-
ed with mannitol showed improved motor function. Since
the administration of mannitol caused more BBB disruption,
MSCs passed more in the injured brain tissue than in the
glycerol or phosphate-buffered saline groups, enhancing the
possible role of MSCs as a new frontier for the treatment of
TBI [238]. Thus, concluding that MSCs administration elic-
its upregulation of brain-derived neurotrophic factor, vascu-
lar endothelial growth factor and basic fibroblast growth fac-
tor. Recent data suggested that the administration of human
mesenchymal stem cell-derived exosomes improves BBB in-
tegrity. Exosome-treated animals presented significantly
smaller lesion size, decreased ICP, and increased CPP. It al-
so decreased albumin extravasation and higher levels of
laminin, claudin-5 and ZO-1 [239].
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Table 2. Other natural agents tested for the treatment of TBIL.
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drogenation, with phenolic
and B-diketone moieties as
curcumin

-anti-apoptotic

-improve neurological function

-decrease cerebral edema

-decrease neuronal degeneration

(via promoted the expression of Nrf2 and downregula-
tion of expression of Bcl-2, Bax)

Substance Class Properties Effect in TBI References
Sinomenine Active alkaloid extracted -antiallergenic, -decrease brain water content [205-207]
(7,8-didehydro-4-hydroxy3,7-|from the plant Sinomenium  |-anti-inflammatory -decrease apoptosis in brain tissue
dimethoxy-17-methyl-9a,13a, |acutum -cytoprotective -alleviate oxidative stress
14a-morphinan-6-one) -neuroprotective effects in [-suppress the apoptotic pathway (via the inhibition of

cerebral ischemia, intrac- [Bax translocation and Cyt ¢ release from the mitochon-
erebral hemorrhage, and  [dria)
neurodegenerative dis-
eases
Breviscapine Ingredient of flavonoid glyco-|-reduction of vascular re- |-inhibit the GSK3f pathway to promote neurobehavio-{[208-210]
sides extracted from sistance ral function (reduction of motor disability by increased
Erigeron breviscapine -improvement of microcir- [expression of phospho-Ser9-GSK3p and decreased ex-
culation pression of phosphor-Try216-GSK3p
-inhibition of platelets ag- [-enhance expression of synaptic marker synaptophysin
gregation (SYP) and weakened expression of pro-apoptotic cas-
-anti-apoptotic pase3
-synaptogenesis -improve neurobehavior function
Curcumin Derived from Curcuma longa|-anti-apoptotic -ameliorate brain water content, [211]
plants -antioxidative -reduce oxidative stress and apoptosis (elevated Bcl-2
-antitumor content, increased the expression of heme-oxygenase 1
-anti-inflammatory (HO1) and NAD(P)H: quinone oxidoreductase 1 (N-
-anti-convulsive QO1) via the activation of the Nrf2-ARE pathway)
-improve neurological severity score
-improve neurological function (effects by maintaining
glutathione levels)
Gallic acid Natural phenolic compound |-antioxidant -decrease brain IL-1f, IL-6, TNF alpha 48 hr after TBI |[212, 213]
purified from a number of  [-anti-inflammatory -improve memory and long-term potentiation indexes
plants -anti-tyrosine
Formononetin Plant-isolated compound -anti-tumor -induce neuronal IL10 expression [214-217]
-anti-inflammatory
-anti-dyslipidemia
Isoliquiritigenin Natural flavonoid with a chal-|-anti-tumor -reduce inflammatory (via prevent macrophage activa- |[218-220]
cone structure -antioxidative tion and suppress NF-kB activation)
-anti-diabetic potential -prevent neurofunctional deficits
-decrease water content in brain
-maintain the integrity of the BBB (upregulation of TJs
and AJs by suppressing the PI3K/AKT/GSK-3 signal-
ing pathway)
Quercetin Natural aglycone flavonoid [-anti-inflammatory -alleviate cerebral edema [221-224]
occurring in fruits and vegeta-|-antiproliferative -decrease neuronal degeneration
bles, including apples, red -anti-atherosclerotic -reduce oxidative stress in the mitochondria
onions and berries -antioxidative -improve motor function
-attenuate o neuronal apoptosis (via inhibition of extra-
cellular signal-regulated kinase 1/2 phosphorylation
and activated Akt serine/threonine-protein kinase phos-
phorylation)
Icariin Natural agent from Epimedii |-neuroprotective -upregulate the brain-derived neurotrophic factor, synap-|[225]
herba -neuroplastic tophysin and postsynaptic density protein 95 expres-
sions.
Creatine Naturally occurring guanidi- |-antioxidative -delay creatine supplementation: [226, 227]
no compound -reduce EEG and behavior seizures
consumed in diets containing -exhibit a sustained effect on seizures after TBI
fresh meat and fish -reduce brain excitability post-TBI by restoring the im-
paired GABAergic function.
Tetrahydrocurcumin Derived from curcumin by hy-|-antioxidant -alleviate ischemia-reperfusion injury and autophagy  |[228-231]

TBI, traumatic brain injury; GABA, Gamma-amino butyric acid; BBB, blood-brain-barrier; SYP, synaptophisin; EEG, electroencephalogram.
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CONCLUSION

The molecular mechanisms involved in secondary brain
injury can result as a potential target for the early and late
treatment of TBI. Moreover, the administration of drugs,
which act on specific pathways involved in the destructive
processes after TBI, even if usually employed for the treat-
ment of other diseases, can show potential benefits. Howev-
er, these therapies remain limited to pre-clinical evidences,
and only a few of them have been investigated in clinical
trials. Moreover, mesenchymal stromal cells seem very
promising for the treatment of TBI in the next future.

LIST OF ABBREVIATIONS

AMPA = a-amino-3-hydroxy-5-methyl-4-isoxazole
Propionate

ATP = Adenosin-triphosphate

Bax = Bcl2-associated-X-protein

BBB = Blood Brain-barrier

BDNF = Brain-derived Neurotrophic Factor

CBR = Cannabinoid Receptors

CBF = Cerebral Blood Flow

CCR5 = C-C Chemokine Receptor5

CD = Cluster Differentiation

CI = Confidence Interval

CHOP = C/EBP-homologous-protein

CPP = Cerebral Perfusion Pressure

E,-SO, = Estrogen Sulphate

EE-3-SO, = 17a-ethinylestradiol-3-sulfate

GABA = Gamma-amino Butyric Acid

GCS = Glasgow Coma Scale

HICP = Intracranial Hypertension

HIV = Human-immunodeficiency Virus

H,0, = hydrogen Peroxide

HO-1 = Hemeoxygenase-1

ICAM-1 = Intracellular Adhesion Molecule

ICP = Intracranial Pressure

IGF = Insulin-like Growth Factor

IL = Interleukin

LOC = Level of Consciusness

MAPK = Mitogen-activated Protein-kinase

MAPK/MEK1-2 = Mitogen-activated Protein-kinase-thre-
onine/tyrosine Kinases

MMP9 = Metalloproteinase-9
MSC = Mesenchymal Stromal Cells
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NF-kB, = Nuclear factor kappa B

NMDA = N-methyl-d-aspartate

NOXs = NADPH Oxidase

NOS = Nitric Oxide Synthases

NT = Neurotrophin

0o, = Superoxide

OH = Hydroxyl Radical

PDE4D = Phosphodiesterase-4

PTA = Post-traumatic Amnesia

PEG-SOD = Polyethylene Glycol-conjugated Super-
oxide Dismutase

PhenT = Phenserine Tartrate

PI3K/Akt = Pathways-phosphatidyl-inositol 3-ki-
nase/protein Kinase B

RAGE = Receptor for Advanced Glycation End-
products

Rho = Ras Homolog Family Member

ROS = Reactive Products of Oxygen

RR = Relative Risk

TBI = Traumatic Brain Injury

TGF = Transforming Growth Factor

Th = T Helper Cells

TLR = Toll-like Receptor

TNF = Tumor Necrosis Factor

Treg = T Regulatory Cells

Z0-1 = Zonula Occludens-1

3,6'-DT = Thalidomide Analog -3,6'-dithiothalido-
mide

AUTHORS’ CONTRIBUTION

DB, conceptualization, writing - review & editing; DSG,
writing - review & editing; WD, writing — review & editing;
FFC, conceptualization, supervision; PLS, conceptualiza-
tion, supervision; IB, conceptualization, supervision; NP,
conceptualization, supervision; PRMR, conceptualization,
supervision; PP, conceptualization, supervision; CR, concep-
tualization, supervision, project administration. All authors
participated in the conception and design of the study, revis-
ing it critically for important intellectual content, and final
approval of the version submitted.

CONSENT FOR PUBLICATION
Not applicable.

FUNDING

None.



Novel Synthetic and Natural Therapies for Traumatic Brain Injury

CONFLICT OF INTEREST

The authors have no conflicts of interest, financial or
otherwise.

ACKNOWLEDGEMENTS

Declared none.

REFERENCES

(1]

(2]

[3]

(4]
(3]

(6]

(7

(8]

[9]

[10]

[11]

[12]

[13]

[14]

Dewan, M.C.; Rattani, A.; Gupta, S.; Baticulon, R.E.; Hung, Y.C.;
Punchak, M.; Agrawal, A.; Adeleye, A.O.; Shrime, M.G.; Ru-
biano, A.M.; Rosenfeld, J.V.; Park, K.B. Estimating the global in-
cidence of traumatic brain injury. J. Neurosurg., 2018, 130, 1-18.
PMID: 29701556

Carney, N.; Totten, A.M.; O’reilly, C.; Ullman, J.S.; Hawryluk,
G.W.J.; Bell, M.J. Brain trauma foundation tbi guidelines.Guide-
lines for the Management of Severe Traumatic Brain Injury
Fourth Edition. Neurosurgery; , 2017, 80, pp. 6-15.
Gruenbaum, S.E.; Zlotnik, A.; Gruenbaum, B.F.; Hersey, D.; Bilot-
ta, F. Pharmacologic Neuroprotection for Functional Outcomes Af-
ter Traumatic Brain Injury: A Systematic Review of the Clinical
Literature. CNS Drugs, 2016, 30(9), 791-806.
http://dx.doi.org/10.1007/540263-016-0355-2 PMID: 27339615
Mckee, A.C.; Daneshvar, D.H. The neuropathology of traumatic
brain injury; , 2015, pp. 45-66.

Corps, K.N.; Roth, T.L.; McGavern, D.B. Inflammation and neuro-
protection in traumatic brain injury. JAMA Neurol., 2015, 72(3),
355-362.

http://dx.doi.org/10.1001/jamaneurol.2014.3558 PMID: 25599342
Rash, J.E.; Davidson, K.G.V.; Yasumura, T.; Furman, C.S.
Freeze-fracture and immunogold analysis of aquaporin-4 (AQP4)
square arrays, with models of AQP4 lattice assembly. Neuros-
cience, 2004, 129(4), 915-934.
http://dx.doi.org/10.1016/j.neuroscience.2004.06.076
15561408

Kwiecien, J.M.; Dabrowski, W.; Dabrowska-Bouta, B.; Sulkows-
ki, G.; Oakden, W.; Kwiecien-Delaney, C.J.; Yaron, J.R.; Zhang,
L.; Schutz, L.; Marzec-Kotarska, B.; Stanisz, G.J.; Karis, J.P.;
Struzynska, L.; Lucas, A.R. Prolonged inflammation leads to ongo-
ing damage after spinal cord injury. PLoS One, 2020, 15(3),
€0226584.

http://dx.doi.org/10.1371/journal.pone.0226584 PMID: 32191733
de Freitas Cardoso, M.G.; Faleiro, R.M.; de Paula, J.J.; Kummer,
A.; Caramelli, P.; Teixeira, A.L.; de Souza, L.C.; Miranda, A.S.
Cognitive Impairment Following Acute Mild Traumatic Brain In-
jury. Front. Neurol., 2019, 10, 198.
http://dx.doi.org/10.3389/fheur.2019.00198 PMID: 30906278
Lazaridis, C.; Rusin, C.G.; Robertson, C.S. Secondary brain in-
jury: Predicting and preventing insults. Neuropharmacology,
2019, /45(Pt B), 145-152.
http://dx.doi.org/10.1016/j.neuropharm.2018.06.005
29885419

Pisoschi, A.M.; Pop, A. The role of antioxidants in the chemistry
of oxidative stress: A review. Eur. J. Med. Chem., 2015, 97,
55-74.

http://dx.doi.org/10.1016/j.ejmech.2015.04.040 PMID: 25942353
Biiki, A.; Povlishock, J.T. All roads lead to disconnection?--Trau-
matic axonal injury revisited. Acta Neurochir. (Wien), 2006,
148(2), 181-193.

http://dx.doi.org/10.1007/s00701-005-0674-4 PMID: 16362181
Karimi-Abdolrezaee, S.; Billakanti, R. Reactive astrogliosis after
spinal cord injury-beneficial and detrimental effects. Mol. Neurobi-
ol., 2012, 46(2), 251-264.
http://dx.doi.org/10.1007/s12035-012-8287-4 PMID: 22684804
Kwiecien, J.M.; Zhang, L.; Yaron, J.R.; Schutz, L.N.; Kwie-
cien-Delaney, C.J.; Awo, E.A.; Burgin, M.; Dabrowski, W.; Lu-
cas, A.R. Local Serpin Treatment via Chitosan-Collagen Hydrogel
after Spinal Cord Injury Reduces Tissue Damage and Improves
Neurologic Function. J. Clin. Med., 2020, 9(4), 1221.
http://dx.doi.org/10.3390/jcm9041221 PMID: 32340262
Kwiecien, J.M. Cellular mechanisms of white matter regeneration

PMID:

PMID:

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Current Neuropharmacology, 2021, Vol. 19, No. 10 1679

in an adult dysmyelinated rat model. Folia Neuropathol., 2013,
51(3), 189-202.

http://dx.doi.org/10.5114/fn.2013.37703 PMID: 24114636

Mu, J.; Li, M.; Wang, T.; Li, X.; Bai, M.; Zhang, G.; Kong, J.
Myelin Damage in Diffuse Axonal Injury. Front. Neurosci., 2019,
13,217.

http://dx.doi.org/10.3389/fnins.2019.00217 PMID: 30941005
Tehse, J.; Taghibiglou, C. The overlooked aspect of excitotoxici-
ty: Glutamate-independent excitotoxicity in traumatic brain in-
juries. Eur. J. Neurosci., 2019, 49(9), 1157-1170.

PMID: 30554430

Chamoun, R.; Suki, D.; Gopinath, S.P.; Goodman, J.C.; Robert-
son, C. Role of extracellular glutamate measured by cerebral mi-
crodialysis in severe traumatic brain injury. J. Neurosurg., 2010,
113(3), 564-570.

http://dx.doi.org/10.3171/2009.12.JNS09689 PMID: 20113156
Singh, I.N.; Sullivan, P.G.; Deng, Y.; Mbye, L.H.; Hall, E.D.
Time course of post-traumatic mitochondrial oxidative damage
and dysfunction in a mouse model of focal traumatic brain injury:
implications for neuroprotective therapy. J. Cereb. Blood Flow
Metab., 2006, 26(11), 1407-1418.
http://dx.doi.org/10.1038/sj.jcbfm.9600297 PMID: 16538231
Hall, E.D.; Detloff, M.R.; Johnson, K.; Kupina, N.C. Peroxyni-
trite-mediated protein nitration and lipid peroxidation in a mouse
model of traumatic brain injury. J. Neurotrauma, 2004, 21(1),
9-20.

http://dx.doi.org/10.1089/089771504772695904 PMID: 14987461
Ansari, M.A.; Roberts, K.N.; Scheff, S.W. A time course of contu-
sion-induced oxidative stress and synaptic proteins in cortex in a
rat model of TBI. J. Neurotrauma, 2008, 25(5), 513-526.
http://dx.doi.org/10.1089/neu.2007.0451 PMID: 18533843
Battaglini, D.; Anania, P.; Rocco, P.R.M.; Brunetti, 1.; Prior, A.;
Zona, G.; Pelosi, P.; Fiaschi, P. Escalate and De-Escalate Thera-
pies for Intracranial Pressure Control in Traumatic Brain Injury.
Front. Neurol., 2020, 11, 564751.
http://dx.doi.org/10.3389/fneur.2020.564751 PMID: 33324317
Chesnut, R.M.; Temkin, N.; Videtta, W.; Petroni, G.; Lujan, S.;
Pridgeon, J.; Dikmen, S.; Chaddock, K.; Barber, J.; Machamer, J.;
Guadagnoli, N.; Hendrickson, P.; Aguilera, S.; Alanis, V.; Bello
Quezada, M.E.; Bautista Coronel, E.; Bustamante, L.A.; Caccia-
tori, A.C.; Carricondo, C.J.; Carvajal, F.; Davila, R.; Dominguez,
M.; Figueroa Melgarejo, J.A.; Fillipi, M.M.; Godoy, D.A.;
Gomez, D.C.; Lacerda Gallardo, A.J.; Guerra Garcia, J.A.; Zerain,
G.F.; Lavadenz Cuientas, L.A.; Lequipe, C.; Grajales Yuca, G.V.;
Jibaja Vega, M.; Kessler, M.E.; Lopez Delgado, H.J.; Sandi Lora,
F.; Mazzola, A.M.; Maldonado, R.M.; Mezquia de Pedro, N.;
Martinez Zubieta, J.R.; Mijangos Méndez, J.C.; Mora, J.; Ochoa
Parra, J.M.; Pahnke, P.B.; Paranhos, J.; Pifiero, G.R.; Rivadeneira
Pilacuan, F.A.; Mendez Rivera, M.N.; Romero Figueroa, R.L.; Ru-
biano, A.M.; Saraguro Orozco, A.M.; Silesky Jiménez, J.I.; Silva
Naranjo, L.; Soler Morejon, C.; Urbina, Z. Consensus-Based Man-
agement Protocol (CREVICE Protocol) for the Treatment of Se-
vere Traumatic Brain Injury Based on Imaging and Clinical Exam-
ination for Use When Intracranial Pressure Monitoring Is Not Em-
ployed. J. Neurotrauma, 2020, 37(11), 1291-1299.
http://dx.doi.org/10.1089/neu.2017.5599 PMID: 32013721
Chesnut, R.; Aguilera, S.; Buki, A.; Bulger, E.; Citerio, G.; Coop-
er, D.J.; Arrastia, R.D.; Diringer, M.; Figaji, A.; Gao, G.; Geo-
cadin, R.; Ghajar, J.; Harris, O.; Hoffer, A.; Hutchinson, P.;
Joseph, M.; Kitagawa, R.; Manley, G.; Mayer, S.; Menon, D.K.;
Meyfroidt, G.; Michael, D.B.; Oddo, M.; Okonkwo, D.; Patel, M.;
Robertson, C.; Rosenfeld, J.V.; Rubiano, A.M.; Sahuquillo, J.; Ser-
vadei, F.; Shutter, L.; Stein, D.; Stocchetti, N.; Taccone, F.S.; Tim-
mons, S.; Tsai, E.; Ullman, J.S.; Vespa, P.; Videtta, W.; Wright,
D.W.; Zammit, C.; Hawryluk, G.W.J. A management algorithm
for adult patients with both brain oxygen and intracranial pressure
monitoring: the Seattle International Severe Traumatic Brain In-
jury Consensus Conference (SIBICC). Intensive Care Med., 2020,
46(5), 919-929.

http://dx.doi.org/10.1007/s00134-019-05900-x PMID: 31965267
Anania, P.; Battaglini, D.; Miller, J.P.; Balestrino, A.; Prior, A.;
D’Andrea, A.; Badaloni, F.; Pelosi, P.; Robba, C.; Zona, G.; Fi-
aschi, P. Escalation therapy in severe traumatic brain injury: how


http://www.ncbi.nlm.nih.gov/pubmed/29701556
http://dx.doi.org/10.1007/s40263-016-0355-2
http://www.ncbi.nlm.nih.gov/pubmed/27339615
http://dx.doi.org/10.1001/jamaneurol.2014.3558
http://www.ncbi.nlm.nih.gov/pubmed/25599342
http://dx.doi.org/10.1016/j.neuroscience.2004.06.076
http://www.ncbi.nlm.nih.gov/pubmed/15561408
http://dx.doi.org/10.1371/journal.pone.0226584
http://www.ncbi.nlm.nih.gov/pubmed/32191733
http://dx.doi.org/10.3389/fneur.2019.00198
http://www.ncbi.nlm.nih.gov/pubmed/30906278
http://dx.doi.org/10.1016/j.neuropharm.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/29885419
http://dx.doi.org/10.1016/j.ejmech.2015.04.040
http://www.ncbi.nlm.nih.gov/pubmed/25942353
http://dx.doi.org/10.1007/s00701-005-0674-4
http://www.ncbi.nlm.nih.gov/pubmed/16362181
http://dx.doi.org/10.1007/s12035-012-8287-4
http://www.ncbi.nlm.nih.gov/pubmed/22684804
http://dx.doi.org/10.3390/jcm9041221
http://www.ncbi.nlm.nih.gov/pubmed/32340262
http://dx.doi.org/10.5114/fn.2013.37703
http://www.ncbi.nlm.nih.gov/pubmed/24114636
http://dx.doi.org/10.3389/fnins.2019.00217
http://www.ncbi.nlm.nih.gov/pubmed/30941005
http://www.ncbi.nlm.nih.gov/pubmed/30554430
http://dx.doi.org/10.3171/2009.12.JNS09689
http://www.ncbi.nlm.nih.gov/pubmed/20113156
http://dx.doi.org/10.1038/sj.jcbfm.9600297
http://www.ncbi.nlm.nih.gov/pubmed/16538231
http://dx.doi.org/10.1089/089771504772695904
http://www.ncbi.nlm.nih.gov/pubmed/14987461
http://dx.doi.org/10.1089/neu.2007.0451
http://www.ncbi.nlm.nih.gov/pubmed/18533843
http://dx.doi.org/10.3389/fneur.2020.564751
http://www.ncbi.nlm.nih.gov/pubmed/33324317
http://dx.doi.org/10.1089/neu.2017.5599
http://www.ncbi.nlm.nih.gov/pubmed/32013721
http://dx.doi.org/10.1007/s00134-019-05900-x
http://www.ncbi.nlm.nih.gov/pubmed/31965267

1680 Current Neuropharmacology, 2021, Vol. 19, No. 10

[25]

[26]

[27]

[28]

[29]

[30]

[31]

321

[33]

[34]

[35]

[36]

[37]

[38]

long is intracranial pressure monitoring necessary? Neurosurg.
Rev., 2020, <+, 1-9.

PMID: 33215367

Raslan, A.; Bhardwaj, A. Medical management of cerebral edema.
Neurosurg. Focus, 2007, 22(5), E12.
http://dx.doi.org/10.3171/foc.2007.22.5.13 PMID: 17613230
Hawryluk, G.W.J.; Aguilera, S.; Buki, A.; Bulger, E.; Citerio, G.;
Cooper, D.J. A management algorithm for patients with intracra-
nial pressure monitoring: the Seattle International Severe Traumat-
ic Brain Injury Consensus Conference (SIBICC). Intensive Care
Med., 2019, pp. 1783-94.

Nesic, O.; Lee, J.; Ye, Z.; Unabia, G.C.; Rafati, D.; Hulsebosch,
C.E.; Perez-Polo, J.R. Acute and chronic changes in aquaporin 4
expression after spinal cord injury. Neuroscience, 2006, 143(3),
779-792.
http://dx.doi.org/10.1016/j.neuroscience.2006.08.079
17074445

Kimura, A.; Hsu, M.; Seldin, M.; Verkman, A.S.; Scharfman,
H.E.; Binder, D.K. Protective role of aquaporin-4 water channels
after contusion spinal cord injury. Ann. Neurol., 2010, 67(6),
794-801.

http://dx.doi.org/10.1002/ana.22023 PMID: 20517941

Saadoun, S.; Papadopoulos, M.C. Aquaporin-4 in brain and spinal
cord oedema. Neuroscience, 2010, 168(4), 1036-1046.
http://dx.doi.org/10.1016/j.neuroscience.2009.08.019
19682555

Xu, Y.; Yao, H.; Wang, Q.; Xu, W.; Liu, K.; Zhang, J.; Zhao, H.;
Hou, G. Aquaporin-3 attenuates oxidative stress-induced nucleus
pulposus cell apoptosis through regulating the P38 MAPK path-
way. Cell. Physiol. Biochem., 2018, 50(5), 1687-1697.
http://dx.doi.org/10.1159/000494788 PMID: 30384362

Nomani, A.Z.; Nabi, Z.; Rashid, H.; Janjua, J.; Nomani, H.; Ma-
jeed, A.; Chaudry, S.R.; Mazhar, A.S. Osmotic nephrosis with
mannitol: review article. Ren. Fail., 2014, 36(7), 1169-1176.
http://dx.doi.org/10.3109/0886022X.2014.926758 PMID:
24941319

Hays, A.N.; Lazaridis, C.; Neyens, R.; Nicholas, J.; Gay, S.;
Chalela, J.A. Osmotherapy: use among neurointensivists. Neuro-
crit. Care, 2011, 14(2), 222-228.
http://dx.doi.org/10.1007/s12028-010-9477-4 PMID: 21153930
Shi, J.; Qian, J.; Li, H.; Luo, H.; Luo, W.; Lin, Z. Renal tubular
epithelial cells injury induced by mannitol and its potential mech-
anism. Ren. Fail., 2018, 40(1), 85-91.
http://dx.doi.org/10.1080/0886022X.2017.1419973
29299951

Pérez-Pérez, A.J.; Pazos, B.; Sobrado, J.; Gonzalez, L.; Gandara,
A. Acute renal failure following massive mannitol infusion. Am. J.
Nephrol., 2002, 22(5-6), 573-575.
http://dx.doi.org/10.1159/000065279 PMID: 12381962
Dabrowski, W.; Siwicka-Gieroba, D.; Robba, C.; Badenes, R.; Bia-
ly, M.; Iwaniuk, P.; Schlegel, T.T.; Jaroszynski, A. Plasma Hyper-
osmolality Prolongs QTc Interval and Increases Risk for Atrial
Fibrillation in Traumatic Brain Injury Patients. J. Clin. Med.,
2020, 9(5), 1293.

http://dx.doi.org/10.3390/jcm9051293 PMID: 32365845
Rockswold, G.L.; Solid, C.A.; Paredes-Andrade, E.; Rockswold,
S.B.; Jancik, J.T.; Quickel, R.R. Hypertonic saline and its effect
on intracranial pressure, cerebral perfusion pressure, and brain tis-
sue oxygen. Neurosurgery, 2009, 65(6), 1035-1041.
http://dx.doi.org/10.1227/01.NEU.0000359533.16214.04 PMID:
19934962

Zeng, W.X.; Han, Y.L.; Zhu, G.F.; Huang, L.Q.; Deng, Y.Y.;
Wang, Q.S.; Jiang, W.Q.; Wen, M.Y.; Han, Q.P.; Xie, D.; Zeng,
H.K. Hypertonic saline attenuates expression of Notch signaling
and proinflammatory mediators in activated microglia in experi-
mentally induced cerebral ischemia and hypoxic BV-2 microglia.
BMC Neurosci., 2017, 18(1), 32.
http://dx.doi.org/10.1186/s12868-017-0351-6 PMID: 28288585
Gu, J.; Huang, H.; Huang, Y.; Sun, H.; Xu, H. Hypertonic saline
or mannitol for treating elevated intracranial pressure in traumatic
brain injury: a meta-analysis of randomized controlled trials. Neu-
rosurg. Rev., 2019, 42(2), 499-509.
http://dx.doi.org/10.1007/s10143-018-0991-8 PMID: 29905883

PMID:

PMID:

PMID:

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

Battaglini et al.

Cook, A.M.; Morgan Jones, G.; Hawryluk, G.W.J.; Mailloux, P.;
McLaughlin, D.; Papangelou, A.; Samuel, S.; Tokumaru, S.;
Venkatasubramanian, C.; Zacko, C.; Zimmermann, L.L.; Hirsch,
K.; Shutter, L. Guidelines for the Acute Treatment of Cerebral
Edema in Neurocritical Care Patients. Neurocrit. Care, 2020,
32(3), 647-666.

http://dx.doi.org/10.1007/s12028-020-00959-7 PMID: 32227294
Krzisch, M.; Sultan, S.; Sandell, J.; Demeter, K.; Vutskits, L.;
Toni, N. Propofol anesthesia impairs the maturation and survival
of adult-born hippocampal neurons. Anesthesiology, 2013, 118(3),
602-610.
http://dx.doi.org/10.1097/ALN.0b013e3182815948
23314165

Acquaviva, R.; Campisi, A.; Murabito, P.; Raciti, G.; Avola, R.;
Mangiameli, S.; Musumeci, I.; Barcellona, M.L.; Vanella, A.; Li
Volti, G. Propofol attenuates peroxynitrite-mediated DNA dam-
age and apoptosis in cultured astrocytes: an alternative protective
mechanism. Anesthesiology, 2004, 101(6), 1363-1371.
http://dx.doi.org/10.1097/00000542-200412000-00017
15564944

Tanguy, M.; Seguin, P.; Laviolle, B.; Bleichner, J.P.; Morandi, X.;
Malledant, Y. Cerebral microdialysis effects of propofol versus mi-
dazolam in severe traumatic brain injury. J. Neurotrauma, 2012,
29(6), 1105-1110.

http://dx.doi.org/10.1089/neu.2011.1817 PMID: 22182405

Oddo, M.; Crippa, I.A.; Mehta, S.; Menon, D.; Payen, J-F.; Tac-
cone, F.S.; Citerio, G. Optimizing sedation in patients with acute
brain injury. Crit. Care, 2016, 20(1), 128.
http://dx.doi.org/10.1186/s13054-016-1294-5 PMID: 27145814
Stocchetti, N.; Zanaboni, C.; Colombo, A.; Citerio, G.; Beretta,
L.; Ghisoni, L.; Zanier, E.R.; Canavesi, K. Refractory intracranial
hypertension and “second-tier” therapies in traumatic brain injury.
Intensive Care Med., 2008, 34(3), 461-467.
http://dx.doi.org/10.1007/s00134-007-0948-9 PMID: 18066523
Archer, D.P.; McCann, S.K.; Walker, A.M.; Premji, Z.A.; Rogan,
K.J.; Hutton, M.J.H.; Gray, L.J. Neuroprotection by anaesthetics
in rodent models of traumatic brain injury: a systematic review
and network meta-analysis. Br. J. Anaesth., 2018, 121(6),
1272-1281.

http://dx.doi.org/10.1016/j.bja.2018.07.024 PMID: 30442254
Liang, J.; Wu, S.; Xie, W.; He, H. Ketamine ameliorates oxidative
stress-induced apoptosis in experimental traumatic brain injury via
the Nrf2 pathway. Drug Des. Devel. Ther., 2018, 12, 845-853.
http://dx.doi.org/10.2147/DDDT.S160046 PMID: 29713142

Bell, J.D. In vogue: Ketamine for neuroprotection in acute neuro-
logic injury. Anesth. Analg., 2017, 124(4), 1237-1243.
http://dx.doi.org/10.1213/ANE.0000000000001856
28079589

Pasternak, J.J.; Lanier, W.L. Neuroanesthesiology update. J. Neu-
rosurg. Anesthesiol., 2014, 26(2), 109-154.
http://dx.doi.org/10.1097/ANA.0000000000000048
24594653

Chang, L.C.; Raty, S.R.; Ortiz, J.; Bailard, N.S.; Mathew, S.J. The
emerging use of ketamine for anesthesia and sedation in traumatic
brain injuries. CNS Neurosci. Ther., 2013, 19(6), 390-395.
http://dx.doi.org/10.1111/cns.12077 PMID: 23480625

Carlson, A.P.; Abbas, M.; Alunday, R.L.; Qeadan, F.; Shuttle-
worth, C.W. Spreading depolarization in acute brain injury inhibit-
ed by ketamine: a prospective, randomized, multiple crossover
trial. J. Neurosurg., 2018, 130, 1-7.

PMID: 29799344

Wu, J.; Vogel, T.; Gao, X.; Lin, B.; Kulwin, C.; Chen, J. Neuro-
protective effect of dexmedetomidine in a murine model of trau-
matic brain injury. Sci. Rep., 2018, 8(1), 4935.
http://dx.doi.org/10.1038/s41598-018-23003-3 PMID: 29563509
Li, F.; Wang, X.; Deng, Z.; Zhang, X.; Gao, P.; Liu, H. Dexmede-
tomidine reduces oxidative stress and provides neuroprotection in
a model of traumatic brain injury via the PGC-1a signaling path-
way. Neuropeptides, 2018, 72, 58-64.
http://dx.doi.org/10.1016/j.npep.2018.10.004 PMID: 30396595
Zhang, M.H.; Zhou, X.M.; Cui, J.Z.; Wang, K.J.; Feng, Y.;
Zhang, H.A. Neuroprotective effects of dexmedetomidine on trau-
matic brain injury: Involvement of neuronal apoptosis and HSP70

PMID:

PMID:

PMID:

PMID:


http://www.ncbi.nlm.nih.gov/pubmed/33215367
http://dx.doi.org/10.3171/foc.2007.22.5.13
http://www.ncbi.nlm.nih.gov/pubmed/17613230
http://dx.doi.org/10.1016/j.neuroscience.2006.08.079
http://www.ncbi.nlm.nih.gov/pubmed/17074445
http://dx.doi.org/10.1002/ana.22023
http://www.ncbi.nlm.nih.gov/pubmed/20517941
http://dx.doi.org/10.1016/j.neuroscience.2009.08.019
http://www.ncbi.nlm.nih.gov/pubmed/19682555
http://dx.doi.org/10.1159/000494788
http://www.ncbi.nlm.nih.gov/pubmed/30384362
http://dx.doi.org/10.3109/0886022X.2014.926758
http://www.ncbi.nlm.nih.gov/pubmed/24941319
http://dx.doi.org/10.1007/s12028-010-9477-4
http://www.ncbi.nlm.nih.gov/pubmed/21153930
http://dx.doi.org/10.1080/0886022X.2017.1419973
http://www.ncbi.nlm.nih.gov/pubmed/29299951
http://dx.doi.org/10.1159/000065279
http://www.ncbi.nlm.nih.gov/pubmed/12381962
http://dx.doi.org/10.3390/jcm9051293
http://www.ncbi.nlm.nih.gov/pubmed/32365845
http://dx.doi.org/10.1227/01.NEU.0000359533.16214.04
http://www.ncbi.nlm.nih.gov/pubmed/19934962
http://dx.doi.org/10.1186/s12868-017-0351-6
http://www.ncbi.nlm.nih.gov/pubmed/28288585
http://dx.doi.org/10.1007/s10143-018-0991-8
http://www.ncbi.nlm.nih.gov/pubmed/29905883
http://dx.doi.org/10.1007/s12028-020-00959-7
http://www.ncbi.nlm.nih.gov/pubmed/32227294
http://dx.doi.org/10.1097/ALN.0b013e3182815948
http://www.ncbi.nlm.nih.gov/pubmed/23314165
http://dx.doi.org/10.1097/00000542-200412000-00017
http://www.ncbi.nlm.nih.gov/pubmed/15564944
http://dx.doi.org/10.1089/neu.2011.1817
http://www.ncbi.nlm.nih.gov/pubmed/22182405
http://dx.doi.org/10.1186/s13054-016-1294-5
http://www.ncbi.nlm.nih.gov/pubmed/27145814
http://dx.doi.org/10.1007/s00134-007-0948-9
http://www.ncbi.nlm.nih.gov/pubmed/18066523
http://dx.doi.org/10.1016/j.bja.2018.07.024
http://www.ncbi.nlm.nih.gov/pubmed/30442254
http://dx.doi.org/10.2147/DDDT.S160046
http://www.ncbi.nlm.nih.gov/pubmed/29713142
http://dx.doi.org/10.1213/ANE.0000000000001856
http://www.ncbi.nlm.nih.gov/pubmed/28079589
http://dx.doi.org/10.1097/ANA.0000000000000048
http://www.ncbi.nlm.nih.gov/pubmed/24594653
http://dx.doi.org/10.1111/cns.12077
http://www.ncbi.nlm.nih.gov/pubmed/23480625
http://www.ncbi.nlm.nih.gov/pubmed/29799344
http://dx.doi.org/10.1038/s41598-018-23003-3
http://www.ncbi.nlm.nih.gov/pubmed/29563509
http://dx.doi.org/10.1016/j.npep.2018.10.004
http://www.ncbi.nlm.nih.gov/pubmed/30396595

Novel Synthetic and Natural Therapies for Traumatic Brain Injury

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

expression. Mol. Med. Rep., 2018, 17(6), 8079-8086.
http://dx.doi.org/10.3892/mmr.2018.8898 PMID: 29693126

Shen, M.; Wang, S.; Wen, X.; Han, X.R.; Wang, Y.J.; Zhou,
X.M.; Zhang, M.H.; Wu, D.M.; Lu, J.; Zheng, Y.L. Dexmedetomi-
dine exerts neuroprotective effect via the activation of the
PI3K/Akt/mTOR signaling pathway in rats with traumatic brain in-
jury. Biomed. Pharmacother., 2017, 95, 885-893.
http://dx.doi.org/10.1016/j.biopha.2017.08.125 PMID: 28903184
Bo, L.J.; Yu, P.X.; Zhang, F.Z.; Dong, Z.M. Dexmedetomidine
mitigates sevoflurane-induced cell cycle arrest in hippocampus. J.
Anesth., 2018, 32(5), 717-724.
http://dx.doi.org/10.1007/s00540-018-2545-1 PMID: 30128750
Humble, S.S.; Wilson, L.D.; Leath, T.C.; Marshall, M.D.; Sun,
D.Z.; Pandharipande, P.P.; Patel, M.B. ICU sedation with
dexmedetomidine after severe traumatic brain injury. Brain Inj.,
2016, 30(10), 1266-1270.
http://dx.doi.org/10.1080/02699052.2016.1187289
27458990

He, H.; Liu, W.; Zhou, Y.; Liu, Y.; Weng, P.; Li, Y.; Fu, H.
Sevoflurane post-conditioning attenuates traumatic brain injury-in-
duced neuronal apoptosis by promoting autophagy via the
PI3K/AKT signaling pathway. Drug Des. Devel. Ther., 2018, 12,
629-638.

http://dx.doi.org/10.2147/DDDT.S158313 PMID: 29606856
Hassan, W.M.N.W.; Nasir, Y.M.; Zaini, R.H.M.; Shukeri,
W.F.W.M. Target-controlled infusion propofol versus sevoflurane
anaesthesia for emergency traumatic brain surgery: Comparison of
the outcomes. Malays. J. Med. Sci., 2017, 24(5), 73-82.
http://dx.doi.org/10.21315/mjms2017.24.5.8 PMID: 29386974

Jin, Z.; Piazza, O.; Ma, D.; Scarpati, G.; De Robertis, E. Xenon
anesthesia and beyond: pros and cons. Minerva Anestesiol., 2019,
85(1), 83-89.
http://dx.doi.org/10.23736/S0375-9393.18.12909-9
30019577

Campos-Pires, R.; Hirnet, T.; Valeo, F.; Ong, B.E.; Radyushkin,
K.; Aldhoun, J.; Saville, J.; Edge, C.J.; Franks, N.P.; Thal, S.C.;
Dickinson, R. Xenon improves long-term cognitive function, re-
duces neuronal loss and chronic neuroinflammation, and improves
survival after traumatic brain injury in mice. Br. J. Anaesth., 2019,
123(1), 60-73.

http://dx.doi.org/10.1016/j.bja.2019.02.032 PMID: 31122738
Law, L.S-C.; Lo, E.A-G.; Gan, T.J. Xenon Anesthesia. Anesth.
Analg., 2016, 122(3), 678-697.
http://dx.doi.org/10.1213/ANE.0000000000000914
26273750

Rylova, A.; Maze, M. Protecting the Brain With Xenon Anesthe-
sia for Neurosurgical Procedures. J. Neurosurg. Anesthesiol.,
2019, 3/(1), 18-29
http://dx.doi.org/10.1097/ANA.0000000000000494
29470316

Harris, K.; Armstrong, S.P.; Campos-Pires, R.; Kiru, L.; Franks,
N.P.; Dickinson, R. Neuroprotection against traumatic brain injury
by xenon, but not argon, is mediated by inhibition at the N-
methyl-D-aspartate receptor glycine site. Anesthesiology, 2013,
119(5), 1137-1148.
http://dx.doi.org/10.1097/ALN.0b013¢3182a2a265
23867231

Koziakova, M.; Harris, K.; Edge, C.J.; Franks, N.P.; White, L.L.;
Dickinson, R. Noble gas neuroprotection: xenon and argon protect
against hypoxic-ischaemic injury in rat hippocampus in vitro via
distinct mechanisms. Br. J. Anaesth., 2019, 123(5), 601-609.
http://dx.doi.org/10.1016/1.bja.2019.07.010 PMID: 31470983
Hollig, A.; Schug, A.; Fahlenkamp, A.V.; Rossaint, R.; Coburn,
M. Argon: systematic review on neuro- and organoprotective prop-
erties of an “inert” gas. Int. J. Mol Sci., 2014, 15(10),
18175-18196.

http://dx.doi.org/10.3390/ijms151018175 PMID: 25310646
Faden, A.I. Opioid and nonopioid mechanisms may contribute to
dynorphin’s pathophysiological actions in spinal cord injury. 4nn.
Neurol., 1990, 27(1), 67-74.
http://dx.doi.org/10.1002/ana.410270111 PMID: 1967925
Kawalec, M.; Kowalczyk, J.E.; Beresewicz, M.; Lipkowski,
A.W.; Zablocka, B. Neuroprotective potential of biphalin, multire-

PMID:

PMID:

PMID:

PMID:

PMID:

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

[78]

[79]

(80]

[81]

Current Neuropharmacology, 2021, Vol. 19, No. 10 1681

ceptor opioid peptide, against excitotoxic injury in hippocampal
organotypic culture. Neurochem. Res., 2011, 36(11), 2091-2095.
http://dx.doi.org/10.1007/s11064-011-0568-1 PMID: 21842273
Lesniak, A.; Pick, C.G.; Misicka, A.; Lipkowski, A.W.; Sachar-
czuk, M. Biphalin protects against cognitive deficits in a mouse
model of mild traumatic brain injury (mTBI). Neuropharma-
cology, 2016, 101, 506-518.
http://dx.doi.org/10.1016/j.neuropharm.2015.10.014
26474659

Wiener, J.; Mclntyre, A.; Janzen, S.; Mirkowski, M.; MacKenzie,
H.M.; Teasell, R. Opioids and cerebral physiology in the acute ma-
nagement of traumatic brain injury: a systematic review. Brain
Inj., 2019, 33(5), 559-566.
http://dx.doi.org/10.1080/02699052.2019.1574328
30696281

Gabrieli, D.; Schumm, S.N.; Vigilante, N.F.; Parvesse, B.;
Meaney, D.F. Neurodegeneration exposes firing rate dependent ef-
fects on oscillation dynamics in computational neural networks.
PLoS One, 2020, 15(9), €0234749.
http://dx.doi.org/10.1371/journal.pone.0234749 PMID: 32966291
Castrén, E.; Antila, H. Neuronal plasticity and neurotrophic fac-
tors in drug responses. Mol. Psychiatry, 2017, 22(8), 1085-1095.
http://dx.doi.org/10.1038/mp.2017.61 PMID: 28397840
Rabinowitz, A.R.; Watanabe, T.K. Pharmacotherapy for treatment
of cognitive and neuropsychiatric symptoms after mTBI. J. Head
Trauma Rehabil., 2020, 35(1), 76-83.
http://dx.doi.org/10.1097/HTR.0000000000000537
31834058

Rabinowitz, A.R.; Li, X.; McCauley, S.R.; Wilde, E.A.; Barnes,
A.; Hanten, G.; Mendez, D.; McCarthy, J.J.; Levin, H.S. Preva-
lence and predictors of poor recovery from mild traumatic brain in-
jury. J. Neurotrauma, 2015, 32(19), 1488-1496.
http://dx.doi.org/10.1089/neu.2014.3555 PMID: 25970233

Kim, J.; Whyte, J.; Patel, S.; Europa, E.; Wang, J.; Coslett, H.B.;
Detre, J.A. Methylphenidate modulates sustained attention and cor-
tical activation in survivors of traumatic brain injury: a perfusion
fMRI study. Psychopharmacology (Berl.), 2012, 222(1), 47-57.
http://dx.doi.org/10.1007/s00213-011-2622-8 PMID: 22203319
Pavlovskaya, M.; Hochstein, S.; Keren, O.; Mordvinov, E.;
Groswasser, Z. Methylphenidate effect on hemispheric attentional
imbalance in patients with traumatic brain injury: a psychophysi-
cal study. Brain Inj., 2007, 21(5), 489-497.
http://dx.doi.org/10.1080/02699050701311117 PMID: 17522988
Chien, Y.J.; Chien, Y.C.; Liu, C.T.; Wu, H.C.; Chang, C.Y.; Wu,
M.Y. Effects of Methylphenidate on Cognitive Function in Adults
with Traumatic Brain Injury: A Meta-Analysis. Brain Sci., 2019,
9(11), E291.

http://dx.doi.org/10.3390/brainsci9110291 PMID: 31653039

De Sarno, P.; Li, X.; Jope, R.S. Regulation of Akt and glycogen
synthase kinase-3 [ phosphorylation by sodium valproate and lithi-
um. Neuropharmacology, 2002, 43(7), 1158-1164.
http://dx.doi.org/10.1016/S0028-3908(02)00215-0
12504922

Carlson, S.W.; Dixon, C.E. Lithium improves dopamine neuro-
transmission and increases dopaminergic protein abundance in the
striatum after traumatic brain injury. J. Neurotrauma, 2018,
35(23), 2827-2836.

http://dx.doi.org/10.1089/neu.2017.5509 PMID: 29699444
Robinson, B.D.; Isbell, C.L.; Anasooya, S.C.; Kurek, S.; Regner,
J.L.; Tharakan, B. Quetiapine protects the blood-brain barrier in
traumatic brain injury.J. Trauma Acute Care Surgery; , 2018, 85,
pp. (5)968-976.

http://dx.doi.org/10.1097/TA.000000000000201 1

Rauwenbhoff, J.; Peeters, F.; Bol, Y.; Van Heugten, C. The Brain-
ACT study: acceptance and commitment therapy for depressive
and anxiety symptoms following acquired brain injury: Study pro-
tocol for a randomized controlled trial. Trials, 2019, 20(1), 773.
http://dx.doi.org/10.1186/s13063-019-3952-9 PMID: 31881916
Lahiri, D.K.; Chen, D.; Maloney, B.; Holloway, HW.; Yu, Q.S.;
Utsuki, T.; Giordano, T.; Sambamurti, K.; Greig, N.H. The experi-
mental Alzheimer’s disease drug posiphen [(+)-phenserine] low-
ers amyloid-f peptide levels in cell culture and mice. J. Pharma-
col. Exp. Ther., 2007, 320(1), 386-396.

PMID:

PMID:

PMID:

PMID:


http://dx.doi.org/10.3892/mmr.2018.8898
http://www.ncbi.nlm.nih.gov/pubmed/29693126
http://dx.doi.org/10.1016/j.biopha.2017.08.125
http://www.ncbi.nlm.nih.gov/pubmed/28903184
http://dx.doi.org/10.1007/s00540-018-2545-1
http://www.ncbi.nlm.nih.gov/pubmed/30128750
http://dx.doi.org/10.1080/02699052.2016.1187289
http://www.ncbi.nlm.nih.gov/pubmed/27458990
http://dx.doi.org/10.2147/DDDT.S158313
http://www.ncbi.nlm.nih.gov/pubmed/29606856
http://dx.doi.org/10.21315/mjms2017.24.5.8
http://www.ncbi.nlm.nih.gov/pubmed/29386974
http://dx.doi.org/10.23736/S0375-9393.18.12909-9
http://www.ncbi.nlm.nih.gov/pubmed/30019577
http://dx.doi.org/10.1016/j.bja.2019.02.032
http://www.ncbi.nlm.nih.gov/pubmed/31122738
http://dx.doi.org/10.1213/ANE.0000000000000914
http://www.ncbi.nlm.nih.gov/pubmed/26273750
http://dx.doi.org/10.1097/ANA.0000000000000494
http://www.ncbi.nlm.nih.gov/pubmed/29470316
http://dx.doi.org/10.1097/ALN.0b013e3182a2a265
http://www.ncbi.nlm.nih.gov/pubmed/23867231
http://dx.doi.org/10.1016/j.bja.2019.07.010
http://www.ncbi.nlm.nih.gov/pubmed/31470983
http://dx.doi.org/10.3390/ijms151018175
http://www.ncbi.nlm.nih.gov/pubmed/25310646
http://dx.doi.org/10.1002/ana.410270111
http://www.ncbi.nlm.nih.gov/pubmed/1967925
http://dx.doi.org/10.1007/s11064-011-0568-1
http://www.ncbi.nlm.nih.gov/pubmed/21842273
http://dx.doi.org/10.1016/j.neuropharm.2015.10.014
http://www.ncbi.nlm.nih.gov/pubmed/26474659
http://dx.doi.org/10.1080/02699052.2019.1574328
http://www.ncbi.nlm.nih.gov/pubmed/30696281
http://dx.doi.org/10.1371/journal.pone.0234749
http://www.ncbi.nlm.nih.gov/pubmed/32966291
http://dx.doi.org/10.1038/mp.2017.61
http://www.ncbi.nlm.nih.gov/pubmed/28397840
http://dx.doi.org/10.1097/HTR.0000000000000537
http://www.ncbi.nlm.nih.gov/pubmed/31834058
http://dx.doi.org/10.1089/neu.2014.3555
http://www.ncbi.nlm.nih.gov/pubmed/25970233
http://dx.doi.org/10.1007/s00213-011-2622-8
http://www.ncbi.nlm.nih.gov/pubmed/22203319
http://dx.doi.org/10.1080/02699050701311117
http://www.ncbi.nlm.nih.gov/pubmed/17522988
http://dx.doi.org/10.3390/brainsci9110291
http://www.ncbi.nlm.nih.gov/pubmed/31653039
http://dx.doi.org/10.1016/S0028-3908(02)00215-0
http://www.ncbi.nlm.nih.gov/pubmed/12504922
http://dx.doi.org/10.1089/neu.2017.5509
http://www.ncbi.nlm.nih.gov/pubmed/29699444
http://dx.doi.org/10.1097/TA.0000000000002011
http://dx.doi.org/10.1186/s13063-019-3952-9
http://www.ncbi.nlm.nih.gov/pubmed/31881916

1682 Current Neuropharmacology, 2021, Vol. 19, No. 10

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

o1

[92]

[93]

[94]

[95]

[96]

http://dx.doi.org/10.1124/jpet.106.112102 PMID: 17003227

Lilja, A.M.; Luo, Y.; Yu, Q.S.; Rojdner, J.; Li, Y.; Marini, A.M.;
Marutle, A.; Nordberg, A.; Greig, N.H. Neurotrophic and neuro-
protective actions of (-)- and (+)-phenserine, candidate drugs for
Alzheimer’s disease. PLoS One, 2013, 8(1), e54887.
http://dx.doi.org/10.1371/journal.pone.0054887 PMID: 23382994
Greig, NH; Lecca, D; Hsueh, S; Nogueras[]Ortiz, C; Kapogiannis,
D; Tweedie, D (—)[/Phenserine tartrate (PhenT) as a treatment for
traumatic brain injury. CNS Neurosci Ther., 2020, 26(6), 636-649.
Hoffer, B.J.; Pick, C.G.; Hoffer, M.E.; Becker, R.E.; Chiang,
Y.H.; Greig, N.H. Repositioning drugs for traumatic brain injury -
N-acetyl cysteine and phenserine. J. Biomed. Sci., 2017, 24(1), 71.
http://dx.doi.org/10.1186/512929-017-0377-1 PMID: 28886718
Effgen, G.B.; Morrison, B., III Memantine Reduced Cell Death,
Astrogliosis, and Functional Deficits in an in vitro Model of Repet-
itive Mild Traumatic Brain Injury. J. Neurotrauma, 2017, 34(4),
934-942.

http://dx.doi.org/10.1089/neu.2016.4528 PMID: 27450515

Day, N.L.; Carle, M.S.; Floyd, C.L. Post-injury administration of
a combination of memantine and 17f-estradiol is protective in a
rat model of traumatic brain injury. Neurochem. Int., 2017, 111,
57-68.

http://dx.doi.org/10.1016/j.neuint.2017.04.018 PMID: 28472639
Dixon, C.E.; Clifton, G.L.; Lighthall, JJW.; Yaghmai, A.A;
Hayes, R.L. A controlled cortical impact model of traumatic brain
injury in the rat. J. Neurosci. Methods, 1991, 39(3), 253-262.
http://dx.doi.org/10.1016/0165-0270(91)90104-8 PMID: 1787745
Arias, E.; Gallego-Sandin, S.; Villarroya, M.; Garcia, A.G.;
Lopez, M.G. Unequal neuroprotection afforded by the acetylcho-
linesterase inhibitors galantamine, donepezil, and rivastigmine in
SH-SYS5Y neuroblastoma cells: role of nicotinic receptors. J. Phar-
macol. Exp. Ther., 2005, 315(3), 1346-1353.
http://dx.doi.org/10.1124/jpet.105.090365 PMID: 16144975

Zhao, J.; Hylin, M.J.; Kobori, N.; Hood, K.N.; Moore, A.N.;
Dash, P.K. Post-Injury Administration of Galantamine Reduces
Traumatic Brain Injury Pathology and Improves Outcome. J. Neu-
rotrauma, 2018, 35(2), 362-374.
http://dx.doi.org/10.1089/neu.2017.5102 PMID: 29088998
Whyte, J.; Hart, T.; Vaccaro, M.; Grieb-Neff, P.; Risser, A.; Polan-
sky, M.; Coslett, H.B. Effects of methylphenidate on attention de-
ficits after traumatic brain injury: A multidimensional, ran-
domized, controlled trial. Am. J. Phys. Med. Rehabil., 2004, 83(6),
401-420.
http://dx.doi.org/10.1097/01.PHM.0000128789.75375.D3 PMID:
15166683

Titus, D.J.; Wilson, N.M.; Alcazar, O.; Calixte, D.A.; Dietrich,
W.D.; Gurney, M.E.; Atkins, C.M. A negative allosteric modula-
tor of PDE4D enhances learning after traumatic brain injury. Neu-
robiol. Learn. Mem., 2018, 148, 38-49.
http://dx.doi.org/10.1016/j.nlm.2017.12.008 PMID: 29294383
Chandrasekar, A.; Olde Heuvel, F.; Wepler, M.; Rehman, R.;
Palmer, A.; Catanese, A.; Linkus, B.; Ludolph, A.; Boeckers, T.;
Huber-Lang, M.; Radermacher, P.; Roselli, F. The Neuroprotec-
tive Effect of Ethanol Intoxication in Traumatic Brain Injury Is As-
sociated with the Suppression of ErbB Signaling in Parvalbumin--
Positive Interneurons. J. Neurotrauma, 2018, 35(22), 2718-2735.
http://dx.doi.org/10.1089/neu.2017.5270 PMID: 29774782

Teng, S.X.; Katz, P.S.; Maxi, J.K.; Mayeux, J.P.; Gilpin, N.-W.;
Molina, P.E. Alcohol exposure after mild focal traumatic brain in-
jury impairs neurological recovery and exacerbates localized neu-
roinflammation. Brain Behav. Immun., 2015, 45, 145-156.
http://dx.doi.org/10.1016/j.bbi.2014.11.006 PMID: 25489880
Lewitt, M.S.; Boyd, G.W. The Role of Insulin-Like Growth Fac-
tors and Insulin-Like Growth Factor-Binding Proteins in the Ner-
vous System. Biochem. Insights, 2019, 12, 1178626419842176.
http://dx.doi.org/10.1177/1178626419842176 PMID: 31024217
Wang, Y.J.; Wong, H.S.C.; Wu, C.C.; Chiang, Y.H.; Chiu, W.T.;
Chen, K.Y.; Chang, W.C. The functional roles of IGF-1 variants
in the susceptibility and clinical outcomes of mild traumatic brain
injury. J. Biomed. Sci., 2019, 26(1), 94.
http://dx.doi.org/10.1186/s12929-019-0587-9 PMID: 31787098
Mangiola, A.; Vigo, V.; Anile, C.; De Bonis, P.; Marziali, G.;
Lofrese, G. Role and Importance of IGF-1 in Traumatic Brain In-

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Battaglini et al.

juries. BioMed. Res. Int., 2015, 2015, 736104.
http://dx.doi.org/10.1155/2015/736104 PMID: 26417600

Shi, K.; Zhang, J.; Dong, J.F.; Shi, F-D. Dissemination of brain in-
flammation in traumatic brain injury. Cell. Mol. Immunol., 2019,
16(6), 523-530.

http://dx.doi.org/10.1038/s41423-019-0213-5 PMID: 30846842
Lagraoui, M.; Sukumar, G.; Latoche, J.R.; Maynard, S.K.; Dal-
gard, C.L.; Schaefer, B.C. Salsalate treatment following traumatic
brain injury reduces inflammation and promotes a neuroprotective
and neurogenic transcriptional response with concomitant functio-
nal recovery. Brain Behav. Immun., 2017, 61, 96-109.
http://dx.doi.org/10.1016/j.bbi.2016.12.005 PMID: 27939247
Karve, I.P.; Taylor, J.M.; Crack, P.J. The contribution of astro-
cytes and microglia to traumatic brain injury. Br. J. Pharmacol.,
2016, 173(4), 692-702.

http://dx.doi.org/10.1111/bph.13125 PMID: 25752446

Santarsieri, M.; Niyonkuru, C.; McCullough, E.H.; Dobos, J.A.;
Dixon, C.E.; Berga, S.L.; Wagner, A.K. Cerebrospinal fluid corti-
sol and progesterone profiles and outcomes prognostication after
severe traumatic brain injury. J. Neurotrauma, 2014, 31(8),
699-712.

http://dx.doi.org/10.1089/neu.2013.3177 PMID: 24354775
Wagner, A.K.; McCullough, E.H.; Niyonkuru, C.; Ozawa, H.;
Loucks, T.L.; Dobos, J.A.; Brett, C.A.; Santarsieri, M.; Dixon,
C.E.; Berga, S.L.; Fabio, A. Acute serum hormone levels: Charac-
terization and prognosis after severe traumatic brain injury. J. Neu-
rotrauma, 2011, 28(6), 871-888.
http://dx.doi.org/10.1089/neu.2010.1586 PMID: 21488721

Dong, T.; Zhi, L.; Bhayana, B.; Wu, M.X. Cortisol-induced im-
mune suppression by a blockade of lymphocyte egress in traumat-
ic brain injury. J. Neuroinflammation, 2016, 13(1), 197.
http://dx.doi.org/10.1186/s12974-016-0663-y PMID: 27561600
Zhang, Z.; Fauser, U.; Schluesener, H.J. Dexamethasone suppress-
es infiltration of RhoA+ cells into early lesions of rat traumatic
brain injury. Acta Neuropathol., 2008, 115(3), 335-343.
http://dx.doi.org/10.1007/s00401-007-0301-y PMID: 17929039
Sayeed, I.; Wali, B.; Guthrie, D.B.; Saindane, M.T.; Natchus,
M.G.; Liotta, D.C.; Stein, D.G. Development of a novel proges-
terone analog in the treatment of traumatic brain injury. Neu-
ropharmacology, 2019, 145(Pt B), 292-298.
http://dx.doi.org/10.1016/j.neuropharm.2018.09.013
30222982

Wang, Z.; Shi, L.; Ding, W.; Shao, F.; Yu, J.; Zhang, J. Efficacy
of Progesterone for Acute Traumatic Brain Injury: A Meta-analy-
sis of Randomized Controlled Trials. Mol. Neurobiol., 2016,
53(10), 7070-7077.

http://dx.doi.org/10.1007/s12035-015-9614-3 PMID: 26676571
Pan, Z.Y.; Zhao, Y .H.; Huang, W.H.; Xiao, Z.Z.; Li, Z.Q. Effect
of progesterone administration on the prognosis of patients with se-
vere traumatic brain injury: a meta-analysis of randomized clinical
trials. Drug Des. Devel. Ther., 2019, 13, 265-273.
http://dx.doi.org/10.2147/DDDT.S192633 PMID: 30666088

Kim, H.; Cam-Etoz, B.; Zhai, G.; Hubbard, W.J.; Zinn, K.R_;
Chaudry, I.H. Salutary Effects of Estrogen Sulfate for Traumatic
Brain Injury. J. Neurotrauma, 2015, 32(16), 1210-1216.
http://dx.doi.org/10.1089/neu.2014.3771 PMID: 25646701

Lim, S.W.; Nyam Tt, E.; Hu, C.Y.; Chio, C.C.; Wang, C.C.; Kuo,
J.R. Estrogen Receptor-a is Involved in Tamoxifen Neuroprotec-
tive Effects in a Traumatic Brain Injury Male Rat Model. World
Neurosurg., 2018, 112, €278-e287.
http://dx.doi.org/10.1016/j.wneu.2018.01.036 PMID: 29353027
Kim, H.; Yu, T.; Cam-Etoz, B.; van Groen, T.; Hubbard, W.J.;
Chaudry, I.LH. Treatment of traumatic brain injury with 17a-
ethinylestradiol-3-sulfate in a rat model. J. Neurosurg., 2017,
127(1), 23-31.

http://dx.doi.org/10.3171/2016.7.JNS161263 PMID: 27662529
Lan, Y.L.; Wang, X.; Zou, Y.J.; Xing, J.S.; Lou, J.C.; Zou, S.;
Ma, B.B.; Ding, Y.; Zhang, B. Bazedoxifene protects cerebral au-
toregulation after traumatic brain injury and attenuates impair-
ments in blood-brain barrier damage: involvement of anti-inflam-
matory pathways by blocking MAPK signaling. Inflamm. Res.,
2019, 68(4), 311-323.
http://dx.doi.org/10.1007/s00011-019-01217-z PMID: 30706110

PMID:


http://dx.doi.org/10.1124/jpet.106.112102
http://www.ncbi.nlm.nih.gov/pubmed/17003227
http://dx.doi.org/10.1371/journal.pone.0054887
http://www.ncbi.nlm.nih.gov/pubmed/23382994
http://dx.doi.org/10.1186/s12929-017-0377-1
http://www.ncbi.nlm.nih.gov/pubmed/28886718
http://dx.doi.org/10.1089/neu.2016.4528
http://www.ncbi.nlm.nih.gov/pubmed/27450515
http://dx.doi.org/10.1016/j.neuint.2017.04.018
http://www.ncbi.nlm.nih.gov/pubmed/28472639
http://dx.doi.org/10.1016/0165-0270(91)90104-8
http://www.ncbi.nlm.nih.gov/pubmed/1787745
http://dx.doi.org/10.1124/jpet.105.090365
http://www.ncbi.nlm.nih.gov/pubmed/16144975
http://dx.doi.org/10.1089/neu.2017.5102
http://www.ncbi.nlm.nih.gov/pubmed/29088998
http://dx.doi.org/10.1097/01.PHM.0000128789.75375.D3
http://www.ncbi.nlm.nih.gov/pubmed/15166683
http://dx.doi.org/10.1016/j.nlm.2017.12.008
http://www.ncbi.nlm.nih.gov/pubmed/29294383
http://dx.doi.org/10.1089/neu.2017.5270
http://www.ncbi.nlm.nih.gov/pubmed/29774782
http://dx.doi.org/10.1016/j.bbi.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25489880
http://dx.doi.org/10.1177/1178626419842176
http://www.ncbi.nlm.nih.gov/pubmed/31024217
http://dx.doi.org/10.1186/s12929-019-0587-9
http://www.ncbi.nlm.nih.gov/pubmed/31787098
http://dx.doi.org/10.1155/2015/736104
http://www.ncbi.nlm.nih.gov/pubmed/26417600
http://dx.doi.org/10.1038/s41423-019-0213-5
http://www.ncbi.nlm.nih.gov/pubmed/30846842
http://dx.doi.org/10.1016/j.bbi.2016.12.005
http://www.ncbi.nlm.nih.gov/pubmed/27939247
http://dx.doi.org/10.1111/bph.13125
http://www.ncbi.nlm.nih.gov/pubmed/25752446
http://dx.doi.org/10.1089/neu.2013.3177
http://www.ncbi.nlm.nih.gov/pubmed/24354775
http://dx.doi.org/10.1089/neu.2010.1586
http://www.ncbi.nlm.nih.gov/pubmed/21488721
http://dx.doi.org/10.1186/s12974-016-0663-y
http://www.ncbi.nlm.nih.gov/pubmed/27561600
http://dx.doi.org/10.1007/s00401-007-0301-y
http://www.ncbi.nlm.nih.gov/pubmed/17929039
http://dx.doi.org/10.1016/j.neuropharm.2018.09.013
http://www.ncbi.nlm.nih.gov/pubmed/30222982
http://dx.doi.org/10.1007/s12035-015-9614-3
http://www.ncbi.nlm.nih.gov/pubmed/26676571
http://dx.doi.org/10.2147/DDDT.S192633
http://www.ncbi.nlm.nih.gov/pubmed/30666088
http://dx.doi.org/10.1089/neu.2014.3771
http://www.ncbi.nlm.nih.gov/pubmed/25646701
http://dx.doi.org/10.1016/j.wneu.2018.01.036
http://www.ncbi.nlm.nih.gov/pubmed/29353027
http://dx.doi.org/10.3171/2016.7.JNS161263
http://www.ncbi.nlm.nih.gov/pubmed/27662529
http://dx.doi.org/10.1007/s00011-019-01217-z
http://www.ncbi.nlm.nih.gov/pubmed/30706110

Novel Synthetic and Natural Therapies for Traumatic Brain Injury

(111

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

Batsaikhan, B.; Wang, J.Y.; Scerba, M.T.; Tweedie, D.; Greig,
N.H.; Miller, J.P.; Hoffer, B.J.; Lin, C.T.; Wang, J.Y. Post-injury
neuroprotective effects of the thalidomide analog 3,6'-dithiothali-
domide on traumatic brain injury. Int. J. Mol. Sci., 2019, 20(3),
20.

http://dx.doi.org/10.3390/ijms20030502 PMID: 30682785
Shohami, E.; Gallily, R.; Mechoulam, R.; Bass, R.; Ben-Hur, T.
Cytokine production in the brain following closed head injury:
Dexanabinol (HU-211) is a novel TNF-a inhibitor and an effec-
tive neuroprotectant. J. Neuroimmunol., 1997, 169-77.
Nimmerjahn, A; Kirchhoff, F; Helmchen, F. Neuroscience: Rest-
ing microglial cells are highly dynamic surveillants of brain
parenchyma in vivo. Science(80-)., 2005, 308, 1314-8.

Price, L.; Wilson, C.; Grant, G. Blood-brain barrier pathophysiolo-
gy following traumatic brain injury.Translational Research in
Traumatic Brain Injury; CRC Press, 2016, pp. 85-96.

Andersson, U.; Tracey, K.J. HMGBI is a therapeutic target for
sterile inflammation and infection. Annu. Rev. Immunol., 2011,
29, 139-162.
http://dx.doi.org/10.1146/annurev-immunol-030409-101323
PMID: 21219181

Au, A K.; Aneja, R.K.; Bell, M.J.; Bayir, H.; Feldman, K.; Adel-
son, P.D.; Fink, E.L.; Kochanek, P.M.; Clark, R.S. Cerebrospinal
fluid levels of high-mobility group box 1 and cytochrome C pre-
dict outcome after pediatric traumatic brain injury. J. Neuro-
trauma, 2012, 29(11), 2013-2021.
http://dx.doi.org/10.1089/neu.2011.2171 PMID: 22540160
Okuma, Y.; Liu, K.; Wake, H.; Zhang, J.; Maruo, T.; Date, I.;
Yoshino, T.; Ohtsuka, A.; Otani, N.; Tomura, S.; Shima, K.; Ya-
mamoto, Y.; Yamamoto, H.; Takahashi, H.K.; Mori, S.; Nishibori,
M. Anti-high mobility group box-1 antibody therapy for traumatic
brain injury. Ann. Neurol., 2012, 72(3), 373-384.
http://dx.doi.org/10.1002/ana.23602 PMID: 22915134

Liu, K.; Mori, S.; Takahashi, H.K.; Tomono, Y.; Wake, H.;
Kanke, T.; Sato, Y.; Hiraga, N.; Adachi, N.; Yoshino, T.; Nishi-
bori, M. Anti-high mobility group box 1 monoclonal antibody
ameliorates brain infarction induced by transient ischemia in rats.
FASEB J., 2007, 21(14), 3904-3916.
http://dx.doi.org/10.1096/1j.07-8770com PMID: 17628015

Zhang, J.; Takahashi, H.K.; Liu, K.; Wake, H.; Liu, R.; Maruo, T.;
Date, I.; Yoshino, T.; Ohtsuka, A.; Mori, S.; Nishibori, M. An-
ti-high mobility group box-1 monoclonal antibody protects the
blood-brain barrier from ischemia-induced disruption in rats.
Stroke, 2011, 42(5), 1420-1428.
http://dx.doi.org/10.1161/STROKEAHA.110.598334
21474801

Zhou, M.; Greenhill, S.; Huang, S.; Silva, T.K.; Sano, Y.; Wu, S.;
Cai, Y.; Nagaoka, Y.; Sehgal, M.; Cai, D.J.; Lee, Y.S.; Fox, K.;
Silva, A.J. CCRS5 is a suppressor for cortical plasticity and hippo-
campal learning and memory. eLife, 2016, 5, 5.
http://dx.doi.org/10.7554/eLife.20985 PMID: 27996938

Joy, M.T.; Ben Assayag, E.; Shabashov-Stone, D.; Liraz-Zalts-
man, S.; Mazzitelli, J.; Arenas, M.; Abduljawad, N.; Kliper, E.;
Korczyn, A.D.; Thareja, N.S.; Kesner, E.L.; Zhou, M.; Huang, S.;
Silva, T.K.; Katz, N.; Bornstein, N.M.; Silva, A.J.; Shohami, E.;
Carmichael, S.T. CCRS is a therapeutic target for recovery after
stroke and traumatic brain injury. Cell, 2019, 176(5),
1143-1157.e13.

http://dx.doi.org/10.1016/j.cell.2019.01.044 PMID: 30794775
Shen, J.; Xin, W.; Li, Q.; Gao, Y.; Yuan, L.; Zhang, J. Methylene
Blue Reduces Neuronal Apoptosis and Improves Blood-Brain Bar-
rier Integrity After Traumatic Brain Injury. Front. Neurol., 2019,
10, 1133.

http://dx.doi.org/10.3389/fheur.2019.01133 PMID: 31787917
Chen, Z.; Liu, R.; Yang, S.H.; Dillon, G.H.; Huang, R. Methylene
blue inhibits GABA, receptors by interaction with GABA binding
site. Neuropharmacology, 2017, 119, 100-110.
http://dx.doi.org/10.1016/j.neuropharm.2017.04.002
28390894

Zhao, M.; Liang, F.; Xu, H.; Yan, W.; Zhang, J. Methylene blue
exerts a neuroprotective effect against traumatic brain injury by
promoting autophagy and inhibiting microglial activation. Mol.
Med. Rep., 2016, 13(1), 13-20.

PMID:

PMID:

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

Current Neuropharmacology, 2021, Vol. 19, No. 10 1683

http://dx.doi.org/10.3892/mmr.2015.4551 PMID: 26572258

Fenn, A.M.; Skendelas, J.P.; Moussa, D.N.; Muccigrosso, M.M.;
Popovich, P.G.; Lifshitz, J.; Eiferman, D.S.; Godbout, J.P. Methy-
lene blue attenuates traumatic brain injury-associated neuroinflam-
mation and acute depressive-like behavior in mice. J. Neuro-
trauma, 2015, 32(2), 127-138.
http://dx.doi.org/10.1089/neu.2014.3514 PMID: 25070744

Talley Watts, L.; Long, J.A.; Boggs, R.C.; Manga, H.; Huang, S.;
Shen, Q.; Duong, T.Q. Delayed methylene blue improves lesion
volume, multi-parametric quantitative magnetic resonance imag-
ing measurements, and behavioral outcome after traumatic brain
injury. J. Neurotrauma, 2016, 33(2), 194-202.
http://dx.doi.org/10.1089/neu.2015.3904 PMID: 25961471

Wang, J.; Jiang, C.; Zhang, K.; Lan, X.; Chen, X.; Zang, W.;
Wang, Z.; Guan, F.; Zhu, C.; Yang, X.; Lu, H.; Wang, J. Mela-
tonin receptor activation provides cerebral protection after traumat-
ic brain injury by mitigating oxidative stress and inflammation via
the Nrf2 signaling pathway. Free Radic. Biol. Med., 2019, 131,
345-355.

http://dx.doi.org/10.1016/j.freeradbiomed.2018.12.014  PMID:
30553970

Ding, K.; Xu, J.; Wang, H.; Zhang, L.; Wu, Y.; Li, T. Melatonin
protects the brain from apoptosis by enhancement of autophagy af-
ter traumatic brain injury in mice. Neurochem. Int., 2015, 91,
46-54.

http://dx.doi.org/10.1016/j.neuint.2015.10.008 PMID: 26527380
Alluri, H.; Wilson, R.L.; Anasooya Shaji, C.; Wiggins-Dohlvik,
K.; Patel, S.; Liu, Y.; Peng, X.; Beeram, M.R.; Davis, M.L.;
Huang, J.H.; Tharakan, B. Melatonin preserves blood-brain barri-
er integrity and permeability via matrix metalloproteinase-9 inhibi-
tion. PLoS One, 2016, 11(5), €0154427.
http://dx.doi.org/10.1371/journal.pone.0154427 PMID: 27152411
Seifman, M.A.; Adamides, A.A.; Nguyen, P.N.; Vallance, S.A.;
Cooper, D.J.; Kossmann, T.; Rosenfeld, J.V.; Morganti-Koss-
mann, M.C. Endogenous melatonin increases in cerebrospinal
fluid of patients after severe traumatic brain injury and correlates
with oxidative stress and metabolic disarray. J. Cereb. Blood Flow
Metab., 2008, 28(4), 684-696.
http://dx.doi.org/10.1038/sj.jcbfm.9600603 PMID: 18183032
Blixt, J.; Gunnarson, E.; Wanecek, M. Erythropoietin Attenuates
the Brain Edema Response after Experimental Traumatic Brain In-
jury. J. Neurotrauma, 2018, 35(4), 671-680.
http://dx.doi.org/10.1089/neu.2017.5015 PMID: 29179621
Maiese, K. Charting a course for erythropoietin in traumatic brain
injury. J. Transl. Sci., 2016, 2(2), 140-144.
http://dx.doi.org/10.15761/JTS.1000131 PMID: 27081573

Millet, A.; Bouzat, P.; Trouve-Buisson, T.; Batandier, C.; Pernet--
Gallay, K.; Gaide-Chevronnay, L.; Barbier, E.L.; Debillon, T.;
Fontaine, E.; Payen, J.F. Erythropoietin and Its Derivates Modu-
late Mitochondrial Dysfunction after Diffuse Traumatic Brain In-
jury. J. Neurotrauma, 2016, 33(17), 1625-1633.
http://dx.doi.org/10.1089/neu.2015.4160 PMID: 26530102

Zhou, Z.W.; Li, F.; Zheng, Z.T.; Li, Y.D.; Chen, T.H.; Gao,
W.W.; Chen, J.L.; Zhang, J.N. Erythropoietin regulates im-
mune/inflammatory reaction and improves neurological function
outcomes in traumatic brain injury. Brain Behav., 2017, 7(11),
€00827.

http://dx.doi.org/10.1002/brb3.827 PMID: 29201540

Liu, Y.; Lu, J.; Wang, X.; Chen, L.; Liu, S.; Zhang, Z.; Yao, W.
Erythropoietin-derived peptide protects against acute lung injury
after rat traumatic brain injury. Cell. Physiol. Biochem., 2017,
41(5), 2037-2044.

http://dx.doi.org/10.1159/000475434 PMID: 28419985

Braun, M.; Khan, Z.T.; Khan, M.B.; Kumar, M.; Ward, A.;
Achyut, B.R.; Arbab, A.S.; Hess, D.C.; Hoda, M.N.; Baban, B.;
Dhandapani, K.M.; Vaibhav, K. Selective activation of cannabi-
noid receptor-2 reduces neuroinflammation after traumatic brain
injury via alternative macrophage polarization. Brain Behav. Im-
mun., 2018, 68, 224-237.
http://dx.doi.org/10.1016/j.bbi.2017.10.021 PMID: 29079445
Schurman, L.D.; Lichtman, A.H. Endocannabinoids: A promising
impact for traumatic brain injury. Front. Pharmacol., 2017, 8, 69.
http://dx.doi.org/10.3389/fphar.2017.00069 PMID: 28261100


http://dx.doi.org/10.3390/ijms20030502
http://www.ncbi.nlm.nih.gov/pubmed/30682785
http://dx.doi.org/10.1146/annurev-immunol-030409-101323
http://www.ncbi.nlm.nih.gov/pubmed/21219181
http://dx.doi.org/10.1089/neu.2011.2171
http://www.ncbi.nlm.nih.gov/pubmed/22540160
http://dx.doi.org/10.1002/ana.23602
http://www.ncbi.nlm.nih.gov/pubmed/22915134
http://dx.doi.org/10.1096/fj.07-8770com
http://www.ncbi.nlm.nih.gov/pubmed/17628015
http://dx.doi.org/10.1161/STROKEAHA.110.598334
http://www.ncbi.nlm.nih.gov/pubmed/21474801
http://dx.doi.org/10.7554/eLife.20985
http://www.ncbi.nlm.nih.gov/pubmed/27996938
http://dx.doi.org/10.1016/j.cell.2019.01.044
http://www.ncbi.nlm.nih.gov/pubmed/30794775
http://dx.doi.org/10.3389/fneur.2019.01133
http://www.ncbi.nlm.nih.gov/pubmed/31787917
http://dx.doi.org/10.1016/j.neuropharm.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/28390894
http://dx.doi.org/10.3892/mmr.2015.4551
http://www.ncbi.nlm.nih.gov/pubmed/26572258
http://dx.doi.org/10.1089/neu.2014.3514
http://www.ncbi.nlm.nih.gov/pubmed/25070744
http://dx.doi.org/10.1089/neu.2015.3904
http://www.ncbi.nlm.nih.gov/pubmed/25961471
http://dx.doi.org/10.1016/j.freeradbiomed.2018.12.014
http://www.ncbi.nlm.nih.gov/pubmed/30553970
http://dx.doi.org/10.1016/j.neuint.2015.10.008
http://www.ncbi.nlm.nih.gov/pubmed/26527380
http://dx.doi.org/10.1371/journal.pone.0154427
http://www.ncbi.nlm.nih.gov/pubmed/27152411
http://dx.doi.org/10.1038/sj.jcbfm.9600603
http://www.ncbi.nlm.nih.gov/pubmed/18183032
http://dx.doi.org/10.1089/neu.2017.5015
http://www.ncbi.nlm.nih.gov/pubmed/29179621
http://dx.doi.org/10.15761/JTS.1000131
http://www.ncbi.nlm.nih.gov/pubmed/27081573
http://dx.doi.org/10.1089/neu.2015.4160
http://www.ncbi.nlm.nih.gov/pubmed/26530102
http://dx.doi.org/10.1002/brb3.827
http://www.ncbi.nlm.nih.gov/pubmed/29201540
http://dx.doi.org/10.1159/000475434
http://www.ncbi.nlm.nih.gov/pubmed/28419985
http://dx.doi.org/10.1016/j.bbi.2017.10.021
http://www.ncbi.nlm.nih.gov/pubmed/29079445
http://dx.doi.org/10.3389/fphar.2017.00069
http://www.ncbi.nlm.nih.gov/pubmed/28261100

1684 Current Neuropharmacology, 2021, Vol. 19, No. 10

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

Maas, A.LR.; Murray, G.; Henney, H., III; Kassem, N.; Legrand,
V.; Mangelus, M.; Muizelaar, J.P.; Stocchetti, N.; Knoller, N. Effi-
cacy and safety of dexanabinol in severe traumatic brain injury: re-
sults of a phase III randomised, placebo-controlled, clinical trial.
Lancet Neurol., 2006, 5(1), 38-45.
http://dx.doi.org/10.1016/S1474-4422(05)70253-2
16361021

Knoller, N.; Levi, L.; Shoshan, I.; Reichenthal, E.; Razon, N.; Rap-
paport, Z.H.; Biegon, A. Dexanabinol (HU-211) in the treatment
of severe closed head injury: a randomized, placebo-controlled,
phase II clinical trial. Crit. Care Med., 2002, 30(3), 548-554.
http://dx.doi.org/10.1097/00003246-200203000-00009  PMID:
11990913

Lim, S.W.; Shiue, Y.L.; Liao, J.C.; Wee, H.Y.; Wang, C.C.; Chio,
C.C.; Chang, C.H.; Hu, C.Y.; Kuo, J.R. Simvastatin Therapy in
the Acute Stage of Traumatic Brain Injury Attenuates Brain Trau-
ma-Induced Depression-Like Behavior in Rats by Reducing Neu-
roinflammation in the Hippocampus. Neurocrit. Care, 2017,
26(1), 122-132.

http://dx.doi.org/10.1007/s12028-016-0290-6 PMID: 27406816
Mountney, A.; Boutté, A.M.; Gilsdorf, J.; Lu, X.C.; Tortella, F.C.;
Shear, D.A. Intravenous Administration of Simvastatin Improves
Cognitive Outcome following Severe Traumatic Brain Injury in
Rats. J. Neurotrauma, 2016, 33(16), 1492-1500.
http://dx.doi.org/10.1089/neu.2015.4139 PMID: 26542887

Xu, X.; Gao, W.; Cheng, S.; Yin, D.; Li, F.; Wu, Y.; Sun, D;
Zhou, S.; Wang, D.; Zhang, Y.; Jiang, R.; Zhang, J. Anti-inflam-
matory and immunomodulatory mechanisms of atorvastatin in a
murine model of traumatic brain injury. J. Neuroinflammation,
2017, 14(1), 167.

http://dx.doi.org/10.1186/s12974-017-0934-2 PMID: 28835272
Lokhandwala, A.; Hanna, K.; Gries, L.; Zeeshan, M.; Ditillo, M.;
Tang, A.; Hamidi, M.; Joseph, B. Preinjury statins are associated
with improved survival in patients with traumatic brain injury. J.
Surg. Res., 2020, 245, 367-372.
http://dx.doi.org/10.1016/j.jss.2019.07.081 PMID: 31425877
Taheri, A.; Emami, M.; Asadipour, E.; Kasirzadeh, S.; Rouini,
M.R.; Najafi, A.; Heshmat, R.; Abdollahi, M.; Mojtahedzadeh, M.
A randomized controlled trial on the efficacy, safety, and pharma-
cokinetics of metformin in severe traumatic brain injury. J. Neu-
rol., 2019, 266(8), 1988-1997.
http://dx.doi.org/10.1007/s00415-019-09366-1 PMID: 31093755
Tao, L.; Li, D.; Liu, H.; Jiang, F.; Xu, Y.; Cao, Y.; Gao, R.; Chen,
G. Neuroprotective effects of metformin on traumatic brain injury
in rats associated with NF-kB and MAPK signaling pathway.
Brain Res. Bull., 2018, 140, 154-161.
http://dx.doi.org/10.1016/j.brainresbull.2018.04.008
29698747

Nash, P.; Whitty, A.; Handwerker, J.; Macen, J.; McFadden, G. In-
hibitory specificity of the anti-inflammatory myxoma virus serpin,
SERP-1. J. Biol. Chem., 1998, 273(33), 20982-20991.
http://dx.doi.org/10.1074/jbc.273.33.20982 PMID: 9694848

Chen, H.; Zheng, D.; Ambadapadi, S.; Davids, J.; Ryden, S.;
Samy, H.; Bartee, M.; Sobel, E.; Dai, E.; Liu, L.; Macaulay, C.;
Yachnis, A.; Weyand, C.; Thoburn, R.; Lucas, A. Serpin treatment
suppresses inflammatory vascular lesions in temporal artery im-
plants (TAI) from patients with giant cell arteritis. PLoS One,
2015, 10(2), e0115482.
http://dx.doi.org/10.1371/journal.pone.0115482 PMID: 25658487
Ishihara, M.; Kadoma, Y.; Fujisawa, S. Kinetic radical-scavenging
activity of platonin, a cyanine photosensitizing dye.Vivo (Brook-
lyn); , 2006, 206, pp. (B)845-8.

Yen, T.L.; Chang, C.C.; Chung, C.L.; Ko, W.C.; Yang, C.H;
Hsieh, C.Y. Neuroprotective effects of platonin, a therapeutic im-
munomodulating medicine, on traumatic brain injury in mice after
controlled cortical impact. Int. J. Mol. Sci., 2018, 19(4), 19.
http://dx.doi.org/10.3390/ijms19041100 PMID: 29642394
Aquilani, R.; Boselli, M.; Boschi, F.; Viglio, S.; Iadarola, P.;
Dossena, M.; Pastoris, O.; Verri, M. Branched-chain amino acids
may improve recovery from a vegetative or minimally conscious
state in patients with traumatic brain injury: A pilot study. Arch.
Phys. Med. Rehabil., 2008, 89(9), 1642-1647.
http://dx.doi.org/10.1016/j.apmr.2008.02.023 PMID: 18760149

PMID:

PMID:

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

Battaglini et al.

Armstead, W.M.; Vavilala, M.S. Propranolol protects cerebral au-
toregulation and reduces hippocampal neuronal cell death through
inhibition of interleukin-6 upregulation after traumatic brain in-
jury in pigs. Br. J. Anaesth., 2019, 123(5), 610-617.
http://dx.doi.org/10.1016/j.bja.2019.07.017 PMID: 31542162
Alali, A.S.; Mukherjee, K.; McCredie, V.A.; Golan, E.; Shah,
P.S.; Bardes, J.M.; Hamblin, S.E.; Haut, E.R.; Jackson, J.C.; Kh-
waja, K.; Patel, N.J.; Raj, S.R.; Wilson, L.D.; Nathens, A.B.; Pa-
tel, M.B. Beta-blockers and Traumatic brain injury: A systematic
review, meta-analysis, and Eastern Association for the Surgery of
Trauma Guideline. Ann. Surg., 2017, 266(6), 952-961.
http://dx.doi.org/10.1097/SLA.0000000000002286
28525411

Armstead, W.M.; Riley, J.; Vavilala, M.S. Norepinephrine Pro-
tects Cerebral Autoregulation and Reduces Hippocampal Necrosis
after Traumatic Brain Injury via Blockade of ERK MAPK and
IL-6 in Juvenile Pigs. J. Neurotrauma, 2016, 33(19), 1761-1767.
http://dx.doi.org/10.1089/neu.2015.4290 PMID: 26597684
Curvello, V.; Hekierski, H.; Pastor, P.; Vavilala, M.S.; Armstead,
W.M. Dopamine protects cerebral autoregulation and prevents hip-
pocampal necrosis after traumatic brain injury via block of ERK
MAPK in juvenile pigs. Brain Res., 2017, 1670, 118-124.
http://dx.doi.org/10.1016/j.brainres.2017.06.010 PMID: 28625390
Lan, Y-L.; Li, S.; Lou, J-C.; Ma, X-C.; Zhang, B. The potential
roles of dopamine in traumatic brain injury: A preclinical and clini-
cal update. Am. J. Transl. Res., 2019, 11(5),2616-2631.

PMID: 31217842

Yu, X.; Franks, N.P.; Wisden, W. Sleep and sedative states in-
duced by targeting the histamine and noradrenergic systems.
Front. Neural Circuits, 2018, 12, 4.
http://dx.doi.org/10.3389/fncir.2018.00004 PMID: 29434539
Fernandez-Gajardo, R.; Matamala, J.M.; Carrasco, R.; Gutiérrez,
R.; Melo, R.; Rodrigo, R. Novel therapeutic strategies for traumat-
ic brain injury: acute antioxidant reinforcement. CNS Drugs,
2014, 28(3), 229-248.
http://dx.doi.org/10.1007/s40263-013-0138-y PMID: 24532027
Lutton, E.M.; Farney, S.K.; Andrews, A.M.; Shuvaev, V.V
Chuang, G-Y.; Muzykantov, V.R.; Ramirez, S.H. Endothelial Tar-
geted Strategies to Combat Oxidative Stress: Improving Outcomes
in Traumatic Brain Injury. Front. Neurol., 2019, 10, 582.
http://dx.doi.org/10.3389/fneur.2019.00582 PMID: 31275220
Shin, E.J.; Jeong, J.H.; Chung, Y.H.; Kim, W.K.; Ko, K.H.; Bach,
J.H.; Hong, J.S.; Yoneda, Y.; Kim, H.C. Role of oxidative stress
in epileptic seizures. Neurochem. Int., 2011, 59(2), 122-137.
http://dx.doi.org/10.1016/j.neuint.2011.03.025 PMID: 21672578
Ma, MW; Wang, J; Dhandapani, KM; Brann, DW NADPH Oxi-
dase 2 Regulates NLRP3 Inflammasome Activation in the Brain
after Traumatic Brain Injury. Oxid Med Cell Longev., 2017, 2017
Choi, B.Y.; Jang, B.G.; Kim, J.H.; Lee, B.E.; Sohn, M.; Song,
H.K.; Suh, S.W. Prevention of traumatic brain injury-induced neu-
ronal death by inhibition of NADPH oxidase activation. Brain
Res., 2012, 1481, 49-58.
http://dx.doi.org/10.1016/j.brainres.2012.08.032 PMID: 22975130
Lutton, E.M.; Razmpour, R.; Andrews, A.M.; Cannella, L.A.;
Son, Y.J.; Shuvaev, V.V.; Muzykantov, V.R.; Ramirez, S.H.
Acute administration of catalase targeted to ICAM-1 attenuates
neuropathology in experimental traumatic brain injury. Sci. Rep.,
2017, 7(1), 3846.

http://dx.doi.org/10.1038/s41598-017-03309-4 PMID: 28630485
Sysoev, Y.I.; Uzuegbunam, B.C.; Okovityi, S.V. Attenuation of
neurological deficit by a novel ethanolamine derivative in rats af-
ter brain trauma. J. Exp. Pharmacol., 2019, 11, 53-63.
http://dx.doi.org/10.2147/JEP.S199464 PMID: 31354367
Diederich, K.; Frauenknecht, K.; Minnerup, J.; Schneider, B.K.;
Schmidt, A.; Altach, E.; Eggert, V.; Sommer, C.J.; Schabitz, W.R.
Citicoline enhances neuroregenerative processes after experimen-
tal stroke in rats. Stroke, 2012, 43(7), 1931-1940.
http://dx.doi.org/10.1161/STROKEAHA.112.654806
22581817

Isaev, N.K.; Novikova, S.V.; Stelmashook, E.V.; Barskov, I.V_; Si-
lachev, D.N.; Khaspekov, L.G.; Skulachev, V.P.; Zorov, D.B. Mi-
tochondria-targeted plastoquinone antioxidant SkQR1 decreases
trauma-induced neurological deficit in rat. Biochemistry (Mosc.),

PMID:

PMID:


http://dx.doi.org/10.1016/S1474-4422(05)70253-2
http://www.ncbi.nlm.nih.gov/pubmed/16361021
http://dx.doi.org/10.1097/00003246-200203000-00009
http://www.ncbi.nlm.nih.gov/pubmed/11990913
http://dx.doi.org/10.1007/s12028-016-0290-6
http://www.ncbi.nlm.nih.gov/pubmed/27406816
http://dx.doi.org/10.1089/neu.2015.4139
http://www.ncbi.nlm.nih.gov/pubmed/26542887
http://dx.doi.org/10.1186/s12974-017-0934-2
http://www.ncbi.nlm.nih.gov/pubmed/28835272
http://dx.doi.org/10.1016/j.jss.2019.07.081
http://www.ncbi.nlm.nih.gov/pubmed/31425877
http://dx.doi.org/10.1007/s00415-019-09366-1
http://www.ncbi.nlm.nih.gov/pubmed/31093755
http://dx.doi.org/10.1016/j.brainresbull.2018.04.008
http://www.ncbi.nlm.nih.gov/pubmed/29698747
http://dx.doi.org/10.1074/jbc.273.33.20982
http://www.ncbi.nlm.nih.gov/pubmed/9694848
http://dx.doi.org/10.1371/journal.pone.0115482
http://www.ncbi.nlm.nih.gov/pubmed/25658487
http://dx.doi.org/10.3390/ijms19041100
http://www.ncbi.nlm.nih.gov/pubmed/29642394
http://dx.doi.org/10.1016/j.apmr.2008.02.023
http://www.ncbi.nlm.nih.gov/pubmed/18760149
http://dx.doi.org/10.1016/j.bja.2019.07.017
http://www.ncbi.nlm.nih.gov/pubmed/31542162
http://dx.doi.org/10.1097/SLA.0000000000002286
http://www.ncbi.nlm.nih.gov/pubmed/28525411
http://dx.doi.org/10.1089/neu.2015.4290
http://www.ncbi.nlm.nih.gov/pubmed/26597684
http://dx.doi.org/10.1016/j.brainres.2017.06.010
http://www.ncbi.nlm.nih.gov/pubmed/28625390
http://www.ncbi.nlm.nih.gov/pubmed/31217842
http://dx.doi.org/10.3389/fncir.2018.00004
http://www.ncbi.nlm.nih.gov/pubmed/29434539
http://dx.doi.org/10.1007/s40263-013-0138-y
http://www.ncbi.nlm.nih.gov/pubmed/24532027
http://dx.doi.org/10.3389/fneur.2019.00582
http://www.ncbi.nlm.nih.gov/pubmed/31275220
http://dx.doi.org/10.1016/j.neuint.2011.03.025
http://www.ncbi.nlm.nih.gov/pubmed/21672578
http://dx.doi.org/10.1016/j.brainres.2012.08.032
http://www.ncbi.nlm.nih.gov/pubmed/22975130
http://dx.doi.org/10.1038/s41598-017-03309-4
http://www.ncbi.nlm.nih.gov/pubmed/28630485
http://dx.doi.org/10.2147/JEP.S199464
http://www.ncbi.nlm.nih.gov/pubmed/31354367
http://dx.doi.org/10.1161/STROKEAHA.112.654806
http://www.ncbi.nlm.nih.gov/pubmed/22581817

Novel Synthetic and Natural Therapies for Traumatic Brain Injury

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

2012, 77(9), 996-999.
http://dx.doi.org/10.1134/S0006297912090052 PMID: 23157258
Stovell, M.G.; Mada, M.O.; Helmy, A.; Carpenter, T.A.; Thelin,
E.P.; Yan, J.L.; Guilfoyle, M.R.; Jalloh, I.; Howe, D.J.; Grice, P.;
Mason, A.; Giorgi-Coll, S.; Gallagher, C.N.; Murphy, M.P.;
Menon, D.K.; Hutchinson, P.J.; Carpenter, K.L.H. The effect of
succinate on brain NADH/NAD' redox state and high energy phos-
phate metabolism in acute traumatic brain injury. Sci. Rep., 2018,
8(1), 11140.

http://dx.doi.org/10.1038/541598-018-29255-3 PMID: 30042490
Wang Z, F.; Gao, C.; Chen, W.; Gao, Y.; Wang, H.C.; Meng, Y.
Salubrinal offers neuroprotection through suppressing endoplas-
mic reticulum stress, autophagy and apoptosis in a mouse traumat-
ic brain injury model. Neurobiol Learn Mem., 2019, 161, 12-25.
Wu, F.; Xu, K.; Xu, K.; Teng, C.; Zhang, M.; Xia, L.; Zhang, K.;
Liu, L.; Chen, Z.; Xiao, J.; Wu, Y.; Zhang, H.; Chen, D. DI-3n-
butylphthalide improves traumatic brain injury recovery via in-
hibiting autophagy-induced blood-brain barrier disruption and cell
apoptosis. J. Cell. Mol. Med., 2020, 24(2), 1220-1232.
http://dx.doi.org/10.1111/jcmm.14691 PMID: 31840938

Zhang, Y.; Zhang, Z.G.; Chopp, M.; Meng, Y.; Zhang, L.; Mah-
mood, A.; Xiong, Y. Treatment of traumatic brain injury in rats
with N-acetyl-seryl-aspartyl-lysyl-proline. J. Neurosurg., 2017,
126(3), 782-795.

http://dx.doi.org/10.3171/2016.3.JNS152699 PMID: 28245754
Chen, X.; Taylor-Nguyen, N.N.; Riley, A.M.; Herring, B.P.;
White, F.A.; Obukhov, A.G. The TRPC6 inhibitor, larixyl acetate,
is effective in protecting against traumatic brain injury-induced
systemic endothelial dysfunction. J. Neuroinflammation, 2019,
16(1),21.

http://dx.doi.org/10.1186/512974-019-1407-6 PMID: 30704505
Urban, N.; Wang, L.; Kwiek, S.; Rademann, J.; Kuebler, W.M.;
Schaefer, M. Identification and validation of larixyl acetate as a
potent TRPC6 Inhibitor. Mol. Pharmacol., 2016, 89(1), 197-213.
http://dx.doi.org/10.1124/mol.115.100792 PMID: 26500253
Zhang, J.Y.; Lee, J.H.; Gu, X.; Wei, Z.Z.; Harris, M.J.; Yu, S.P;
Wei, L. Intranasally delivered Wnt3a improves functional recov-
ery after traumatic brain injury by modulating autophagic, apoptot-
ic, and regenerative pathways in the mouse brain. J. Neurotrauma,
2018, 35(5), 802-813.

http://dx.doi.org/10.1089/neu.2016.4871 PMID: 29108471

Chang, C.Y.; Liang, M.Z.; Wu, C.C.; Huang, P.Y.; Chen, H.L;
Yet, S.F.; Tsai, J.W.; Kao, C.F.; Chen, L. WNT3A promotes neu-
ronal regeneration upon traumatic brain injury. Int. J. Mol. Sci.,
2020, 21(4), 21.

http://dx.doi.org/10.3390/ijms21041463 PMID: 32098078

Marik, P.E.; Vasu, T.; Hirani, A.; Pachinburavan, M. Stress ulcer
prophylaxis in the new millennium: a systematic review and meta--
analysis. Crit. Care Med., 2010, 38(11), 2222-2228.
http://dx.doi.org/10.1097/CCM.0b013e3181f17adf
20711074

Ozay, R.; Tiirkoglu, M.E.; Giirer, B.; Dolgun, H.; Evirgen, O.;
Ergiider, B.I.; Hayirl, N.; Giirses, L.; Sekerci, Z. The protective ef-
fect of omeprazole against traumatic brain injury: An experimen-
tal study. World Neurosurg., 2017, 104, 634-643.
http://dx.doi.org/10.1016/j.wneu.2017.04.136 PMID: 28461271

da Silva Fiorin, F.; de Oliveira, F.A.P.; Ribeiro, L.R.; Silva,
L.F.A.; de Castro, M.R.T.; da Silva, L.R.H.; da Silveira, M.E., Jr;
Zemolin, A.P.; Dobrachinski, F.; Marchesan de Oliveira, S.; Fran-
co, J.L.; Soares, F.A.; Furian, A.F.; Oliveira, M.S.; Fighera, M.R.;
Freire, R.L.F. The impact of previous physical training on redox
signaling after traumatic brain injury in rats: A behavioral and neu-
rochemical approach. J. Neurotrauma, 2016, 33(14), 1317-1330.
http://dx.doi.org/10.1089/neu.2015.4068 PMID: 26651029
Della-Pace, 1.D.; Souza, T.L.; Grauncke, A.C.B.; Rambo, L.M_;
Ribeiro, L.R.; Cipolatto, R.P.; Severo, L.; Papalia, W.L.; Santos,
A.R.S.; Facundo, V.A.; Oliveira, M.S.; Furian, A.F.; Fighera,
M.R.; Royes, L.F.F. Modulation of Na’/K'- ATPase activity by
triterpene 3B, 6B, 16p-trihidroxilup-20 (29)-ene (TTHL) limits the
long-term secondary degeneration after traumatic brain injury in
mice. Eur. J. Pharmacol., 2019, 854, 387-397.
http://dx.doi.org/10.1016/j.ejphar.2019.02.040 PMID: 30807746
Gerbatin, R.D.R.; Cassol, G.; Dobrachinski, F.; Ferreira, A.P.O.;

PMID:

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

Current Neuropharmacology, 2021, Vol. 19, No. 10 1685

Quines, C.B.; Pace, 1.D.D.; Busanello, G.L.; Gutierres, J.M.;
Nogueira, C.W.; Oliveira, M.S.; Soares, F.A.; Morsch, V.M.;
Fighera, M.R.; Royes, L.F.F. Guanosine Protects Against Traumat-
ic Brain Injury-Induced Functional Impairments and Neuronal
Loss by Modulating Excitotoxicity, Mitochondrial Dysfunction,
and Inflammation. Mol. Neurobiol., 2017, 54(10), 7585-7596.
http://dx.doi.org/10.1007/s12035-016-0238-z PMID: 27830534
Gu, Y.; Zhang, J.; Zhao, Y.; Su, Y.; Zhang, Y. Potassium Aspar-
tate Attenuates Brain Injury Induced by Controlled Cortical Im-
pact in Rats Through Increasing Adenosine Triphosphate (ATP)
Levels, Na+/K+-ATPase Activity and Reducing Brain Edema.
Med. Sci. Monit., 2016, 22, 4894-4901.
http://dx.doi.org/10.12659/MSM.898185 PMID: 27959885

Song, Y.; Li, T.; Liu, Z.; Xu, Z.; Zhang, Z.; Chi, L.; Liu, Y. Inhibi-
tion of Drpl after traumatic brain injury provides brain protection
and improves behavioral performance in rats. Chem. Biol. Inter-
act., 2019, 304, 173-185.
http://dx.doi.org/10.1016/j.cbi.2019.03.013 PMID: 30894316
Lamade, AM; Kenny, EM; Anthonymuthu, TS; Soysal, E; Clark,
RSB; Kagan, VE Aiming for the target: Mitochondrial drug deliv-
ery in traumatic brain injury. Neuropharmacology., 2019, 145,
209-19.

Wu, Q.; Gao, C.; Wang, H.; Zhang, X.; Li, Q.; Gu, Z.; Shi, X.;
Cui, Y.; Wang, T.; Chen, X.; Wang, X.; Luo, C.; Tao, L. Mdivi-1
alleviates blood-brain barrier disruption and cell death in experi-
mental traumatic brain injury by mitigating autophagy dysfunction
and mitophagy activation. Int. J. Biochem. Cell Biol., 2018, 94,
44-55.

http://dx.doi.org/10.1016/j.biocel.2017.11.007 PMID: 29174311
Shi, Z.; Qiu, W.; Xiao, G.; Cheng, J.; Zhang, N. Resveratrol atten-
uates cognitive deficits of traumatic brain injury by activating p38
signaling in the brain. Med. Sci. Monit., 2018, 24, 1097-1103.
http://dx.doi.org/10.12659/MSM.909042 PMID: 29467361

Shen, Q.; Hiebert, J.B.; Hartwell, J.; Thimmesch, A.R.; Pierce,
J.D. Systematic Review of Traumatic Brain Injury and the Impact
of Antioxidant Therapy on Clinical Outcomes. Worldviews Evid.
Based Nurs., 2016, 13(5), 380-389.
http://dx.doi.org/10.1111/wvn.12167 PMID: 27243770

Razmkon, A.; Sadidi, A.; Sherafat-Kazemzadeh, E.; Mehrafshan,
A.; Jamali, M.; Malekpour, B. Administration of vitamin C and vi-
tamin E in severe head injury: A randomized double-blind con-
trolled trial.Clin. Neurosurg; , 2011, 58, pp. 133-7.
http://dx.doi.org/10.1227/NEU.0b013e3182279a8f

Yen, T.L.; Hsu, C.K.; Lu, W.J.; Hsich, C.Y.; Hsiao, G.; Chou,
D.S.; Wu, G.J.; Sheu, J.R. Neuroprotective effects of xanthohu-
mol, a prenylated flavonoid from hops (Humulus lupulus), in is-
chemic stroke of rats. J. Agric. Food Chem., 2012, 60(8),
1937-1944.

http://dx.doi.org/10.1021/jf204909p PMID: 22300539

Dorn, C.; Bataille, F.; Gaebele, E.; Heilmann, J.; Hellerbrand, C.
Xanthohumol feeding does not impair organ function and ho-
moeostasis in mice. Food Chem. Toxicol., 2010, 48(7),
1890-1897.

http://dx.doi.org/10.1016/j.fct.2010.04.030 PMID: 20427021
Doddapattar, P.; Radovi¢, B.; Patankar, J.V.; Obrowsky, S.; Jandl,
K.; Nusshold, C.; Kolb, D.; Vuji¢, N.; Doshi, L.; Chandak, P.G.;
Goeritzer, M.; Ahammer, H.; Hoefler, G.; Sattler, W.; Kratky, D.
Xanthohumol ameliorates atherosclerotic plaque formation, hyper-
cholesterolemia, and hepatic steatosis in ApoE-deficient mice.
Mol. Nutr. Food Res., 2013, 57(10), 1718-1728.
http://dx.doi.org/10.1002/mnfr.201200794 PMID: 23650230

Cho, Y.C.; Kim, H.J.; Kim, Y.J.; Lee, K.Y.; Choi, H.J.; Lee, 1.S.;
Kang, B.Y. Differential anti-inflammatory pathway by xanthohu-
mol in IFN-y and LPS-activated macrophages. Int. Immunophar-
macol., 2008, 8(4), 567-573.
http://dx.doi.org/10.1016/j.intimp.2007.12.017 PMID: 18328448
Rancén, L.; Paredes, S.D.; Garcia, 1.; Mufoz, P.; Garcia, C.;
Lopez de Hontanar, G.; de la Fuente, M.; Vara, E.; Tresguerres,
J.AF. Protective effect of xanthohumol against age-related brain
damage. J. Nutr. Biochem., 2017, 49, 133-140.
http://dx.doi.org/10.1016/j.jnutbio.2017.07.011 PMID: 28950154
Legette, L.; Ma, L.; Reed, R.L.; Miranda, C.L.; Christensen, J.M.;
Rodriguez-Proteau, R.; Stevens, J.F. Pharmacokinetics of xantho-


http://dx.doi.org/10.1134/S0006297912090052
http://www.ncbi.nlm.nih.gov/pubmed/23157258
http://dx.doi.org/10.1038/s41598-018-29255-3
http://www.ncbi.nlm.nih.gov/pubmed/30042490
http://dx.doi.org/10.1111/jcmm.14691
http://www.ncbi.nlm.nih.gov/pubmed/31840938
http://dx.doi.org/10.3171/2016.3.JNS152699
http://www.ncbi.nlm.nih.gov/pubmed/28245754
http://dx.doi.org/10.1186/s12974-019-1407-6
http://www.ncbi.nlm.nih.gov/pubmed/30704505
http://dx.doi.org/10.1124/mol.115.100792
http://www.ncbi.nlm.nih.gov/pubmed/26500253
http://dx.doi.org/10.1089/neu.2016.4871
http://www.ncbi.nlm.nih.gov/pubmed/29108471
http://dx.doi.org/10.3390/ijms21041463
http://www.ncbi.nlm.nih.gov/pubmed/32098078
http://dx.doi.org/10.1097/CCM.0b013e3181f17adf
http://www.ncbi.nlm.nih.gov/pubmed/20711074
http://dx.doi.org/10.1016/j.wneu.2017.04.136
http://www.ncbi.nlm.nih.gov/pubmed/28461271
http://dx.doi.org/10.1089/neu.2015.4068
http://www.ncbi.nlm.nih.gov/pubmed/26651029
http://dx.doi.org/10.1016/j.ejphar.2019.02.040
http://www.ncbi.nlm.nih.gov/pubmed/30807746
http://dx.doi.org/10.1007/s12035-016-0238-z
http://www.ncbi.nlm.nih.gov/pubmed/27830534
http://dx.doi.org/10.12659/MSM.898185
http://www.ncbi.nlm.nih.gov/pubmed/27959885
http://dx.doi.org/10.1016/j.cbi.2019.03.013
http://www.ncbi.nlm.nih.gov/pubmed/30894316
http://dx.doi.org/10.1016/j.biocel.2017.11.007
http://www.ncbi.nlm.nih.gov/pubmed/29174311
http://dx.doi.org/10.12659/MSM.909042
http://www.ncbi.nlm.nih.gov/pubmed/29467361
http://dx.doi.org/10.1111/wvn.12167
http://www.ncbi.nlm.nih.gov/pubmed/27243770
http://dx.doi.org/10.1227/NEU.0b013e3182279a8f
http://dx.doi.org/10.1021/jf204909p
http://www.ncbi.nlm.nih.gov/pubmed/22300539
http://dx.doi.org/10.1016/j.fct.2010.04.030
http://www.ncbi.nlm.nih.gov/pubmed/20427021
http://dx.doi.org/10.1002/mnfr.201200794
http://www.ncbi.nlm.nih.gov/pubmed/23650230
http://dx.doi.org/10.1016/j.intimp.2007.12.017
http://www.ncbi.nlm.nih.gov/pubmed/18328448
http://dx.doi.org/10.1016/j.jnutbio.2017.07.011
http://www.ncbi.nlm.nih.gov/pubmed/28950154

1686 Current Neuropharmacology, 2021, Vol. 19, No. 10

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

humol and metabolites in rats after oral and intravenous adminis-
tration. Mol. Nutr. Food Res., 2012, 56(3), 466-474.
http://dx.doi.org/10.1002/mnfr.201100554 PMID: 22147307
Vanhoecke, B.W.; Delporte, F.; Van Braeckel, E.; Heyerick, A.;
Depypere, H.T.; Nuytinck, M. A safety study of oral tangeretin
and xanthohumol administration to laboratory mice.Vivo (Brook-
lyn); , 2005, 19, pp. 103-8.

Fang, J.; Wang, H.; Zhou, J.; Dai, W.; Zhu, Y.; Zhou, Y.; Wang,
X.; Zhou, M. Baicalin provides neuroprotection in traumatic brain
injury mice model through Akt/Nrf2 pathway. Drug Des. Devel.
Ther., 2018, 12,2497-2508.
http://dx.doi.org/10.2147/DDDT.S163951 PMID: 30127597
Ding, H.; Wang, H.; Zhu, L.; Wei, W. Ursolic Acid Ameliorates
Early Brain Injury After Experimental Traumatic Brain Injury in
Mice by Activating the Nrf2 Pathway. Neurochem. Res., 2017,
42(2), 337-346.

http://dx.doi.org/10.1007/s11064-016-2077-8 PMID: 27734181
Habtemariam, S. Antioxidant and Anti-inflammatory Mechanisms
of Neuroprotection by Ursolic Acid: Addressing Brain Injury,
Cerebral Ischemia, Cognition Deficit, Anxiety, and Depression.
Oxid Med Cell Longev., 2019, 2019

Yang, G.; Wang, Y.; Tian, J.; Liu, J.P. Huperzine A for
Alzheimer’s disease: a systematic review and meta-analysis of ran-
domized clinical trials. PLoS One, 2013, 8(9), e74916.
http://dx.doi.org/10.1371/journal.pone.0074916 PMID: 24086396
Mei, Z.; Zheng, P.; Tan, X.; Wang, Y.; Situ, B. Huperzine A alle-
viates neuroinflammation, oxidative stress and improves cognitive
function after repetitive traumatic brain injury. Metab. Brain Dis.,
2017, 32(6), 1861-1869.
http://dx.doi.org/10.1007/s11011-017-0075-4 PMID: 28748496
Chitturi, J.; Santhakumar, V.; Kannurpatti, S.S. Beneficial Effects
of Kaempferol after Developmental Traumatic Brain Injury Is
through Protection of Mitochondrial Function, Oxidative
Metabolism, and Neural Viability. J. Neurotrauma, 2019, 36(8),
1264-1278.

http://dx.doi.org/10.1089/neu.2018.6100 PMID: 30430900

Parent, M; Chitturi, J; Santhakumar, V; Hyder, F; Sanganahalli,
BG; Kannurpatti, SS Kaempferol Treatment after Traumatic Brain
Injury during Early Development Mitigates Brain Parenchymal
Microstructure and Neural Functional Connectivity Deterioration
at Adolescence. J Neurotrauma., 2020.

Adibhatla, R.M.; Hatcher, J.F. Citicoline decreases phospholipase
A2 stimulation and hydroxyl radical generation in transient cere-
bral ischemia. J. Neurosci. Res., 2003, 73(3), 308-315.
http://dx.doi.org/10.1002/jnr.10672 PMID: 12868064

Wang, L.; Zhao, C.; Wu, S.; Xiao, G.; Zhuge, X.; Lei, P.; Xie, K.
Hydrogen Gas Treatment Improves the Neurological Outcome Af-
ter Traumatic Brain Injury Via Increasing miR-21 Expression.
Shock, 2018, 50(3), 308-315.
http://dx.doi.org/10.1097/SHK.0000000000001018
29028768

Hou, Z.; Luo, W.; Sun, X.; Hao, S.; Zhang, Y.; Xu, F.; Wang, Z.;
Liu, B. Hydrogen-rich saline protects against oxidative damage
and cognitive deficits after mild traumatic brain injury. Brain Res.
Bull., 2012, 88(6), 560-565.
http://dx.doi.org/10.1016/j.brainresbull.2012.06.006
22742936

Ji, X.; Tian, Y.; Xie, K.; Liu, W.; Qu, Y.; Fei, Z. Protective effects
of hydrogen-rich saline in a rat model of traumatic brain injury via
reducing oxidative stress. J. Surg. Res., 2012, 178(1), €9-¢l16.
http://dx.doi.org/10.1016/j.jss.2011.12.038 PMID: 22475349

Ji, X.; Liu, W.; Xie, K.; Liu, W.; Qu, Y.; Chao, X.; Chen, T.;
Zhou, J.; Fei, Z. Beneficial effects of hydrogen gas in a rat model
of traumatic brain injury via reducing oxidative stress. Brain Res.,
2010, /354, 196-205.
http://dx.doi.org/10.1016/j.brainres.2010.07.038 PMID: 20654594
Qiu, J.; Wang, M.; Zhang, J.; Cai, Q.; Lu, D.; Li, Y.; Dong, Y.;
Zhao, T.; Chen, H. The neuroprotection of sinomenine against is-
chemic stroke in mice by suppressing NLRP3 inflammasome via
AMPK signaling. Int. Immunopharmacol., 2016, 40, 492-500.
http://dx.doi.org/10.1016/.intimp.2016.09.024 PMID: 27769021
Fu, C.; Wang, Q.; Zhai, X.; Gao, J. Sinomenine reduces neuronal
cell apoptosis in mice after traumatic brain injury via its effect on

PMID:

PMID:

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

Battaglini et al.

mitochondrial pathway. Drug Des. Devel. Ther., 2018, 12, 77-84.
http://dx.doi.org/10.2147/DDDT.S154391 PMID: 29379271
Yang, Y.; Wang, H.; Li, L.; Li, X.; Wang, Q.; Ding, H.; Wang,
X.; Ye, Z.; Wu, L.; Zhang, X.; Zhou, M.; Pan, H. Sinomenine pro-
vides neuroprotection in model of traumatic brain injury via the
Nrf2-ARE pathway. Front. Neurosci., 2016, 10, 580.
http://dx.doi.org/10.3389/fnins.2016.00580 PMID: 28066165
Jiang, L.; Xia, Q.J.; Dong, X.J.; Hu, Y.; Chen, Z.W.; Chen, K_;
Wang, K.H.; Liu, J.; Wang, T.H. Neuroprotective effect of brevis-
capine on traumatic brain injury in rats associated with the inhibi-
tion of GSK3p signaling pathway. Brain Res., 2017, 1660, 1-9.
http://dx.doi.org/10.1016/j.brainres.2017.01.031 PMID: 28143715
Wang, M.; Zhang, W.B.; Zhu, J.H.; Fu, G.S.; Zhou, B.Q. Brevis-
capine ameliorates cardiac dysfunction and regulates the myocar-
dial Ca(2+)-cycling proteins in streptozotocin-induced diabetic
rats. Acta Diabetol., 2010, 47(Suppl. 1), 209-218.
http://dx.doi.org/10.1007/s00592-009-0164-x PMID: 19882101
Guo, C.; Zhu, Y.; Weng, Y.; Wang, S.; Guan, Y.; Wei, G.; Yin,
Y.; Xi, M.; Wen, A. Therapeutic time window and underlying ther-
apeutic mechanism of breviscapine injection against cerebral is-
chemia/reperfusion injury in rats. J. Ethnopharmacol., 2014,
151(1), 660-666.

http://dx.doi.org/10.1016/j.jep.2013.11.026 PMID: 24291152

Dai, W.; Wang, H.; Fang, J.; Zhu, Y.; Zhou, J.; Wang, X.; Zhou,
Y.; Zhou, M. Curcumin provides neuroprotection in model of trau-
matic brain injury via the Nrf2-ARE signaling pathway. Brain
Res. Bull., 2018, 140, 65-71.
http://dx.doi.org/10.1016/j.brainresbull.2018.03.020
29626606

Kratz, J.M.; Andrighetti-Frohner, C.R.; Leal, P.C.; Nunes, R.J.;
Yunes, R.A.; Trybala, E.; Bergstrom, T.; Barardi, C.R.; Simdes,
C.M. Evaluation of anti-HSV-2 activity of gallic acid and pentyl
gallate. Biol. Pharm. Bull., 2008, 31(5), 903-907.
http://dx.doi.org/10.1248/bpb.31.903 PMID: 18451516

Mirshekar, M.A.; Sarkaki, A.; Farbood, Y.; Gharib, N.M.K.; Ba-
davi, M.; Mansouri, M.T.; Haghparast, A. Neuroprotective effects
of gallic acid in a rat model of traumatic brain injury: Behavioral,
electrophysiological, and molecular studies. /ran. J. Basic Med.
Sci., 2018, 21(10), 1056-1063.

PMID: 30524680

Wu, Y.; Zhang, X.; Li, Z.; Yan, H.; Qin, J.; Li, T. Formononetin
inhibits human bladder cancer cell proliferation and invasiveness
via regulation of miR-21 and PTEN. Food Funct., 2017, 8(3),
1061-1066.

http://dx.doi.org/10.1039/C6FO01535B PMID: 28139790

Qiu, G.; Tian, W.; Huan, M.; Chen, J.; Fu, H. Formononetin ex-
hibits anti-hyperglycemic activity in alloxan-induced type 1 diabet-
ic mice. Exp. Biol. Med. (Maywood), 2017, 242(2), 223-230.
http://dx.doi.org/10.1177/1535370216657445 PMID: 27412955
Li, Z.; Zeng, G.; Zheng, X.; Wang, W.; Ling, Y.; Tang, H.;
Zhang, J. Neuroprotective effect of formononetin against TBI in
rats via suppressing inflammatory reaction in cortical neurons.
Biomed. Pharmacother., 2018, 106, 349-354.
http://dx.doi.org/10.1016/j.biopha.2018.06.041 PMID: 29966980
Stabile, A.; Pistilli, A.; Crispoltoni, L.; Montagnoli, C.; Tiribuzi,
R.; Casali, L.; Rende, M. A role for NGF and its receptors TrKA
and p75NTR in the progression of COPD. Biol. Chem., 2016,
397(2), 157-163.

http://dx.doi.org/10.1515/hsz-2015-0208 PMID: 26408608

Zhang, M.; Wu, Y.; Xie, L.; Teng, C.H.; Wu, F.F.; Xu, K.
Isoliquiritigenin protects against blood-brain barrier damage and
inhibits the secretion of pro-inflammatory cytokines in mice after
traumatic brain injury. /nt. Immunopharmacol., 2018, 65, 64-75.
http://dx.doi.org/10.1016/j.intimp.2018.09.046 PMID: 30598397
Zeng, J.; Chen, Y.; Ding, R.; Feng, L.; Fu, Z.; Yang, S.; Deng, X.;
Xie, Z.; Zheng, S. Isoliquiritigenin alleviates early brain injury af-
ter experimental intracerebral hemorrhage via suppressing ROS-
and/or NF-kB-mediated NLRP3 inflammasome activation by pro-
moting Nrf2 antioxidant pathway. J. Neuroinflammation, 2017,
14(1), 119.

http://dx.doi.org/10.1186/s12974-017-0895-5 PMID: 28610608
Zou, P.; Ji, HM.; Zhao, J.W.; Ding, X.M.; Zhen, Z.G.; Zhang, X.;
Nie, X.Q.; Xue, L.X. Protective effect of isoliquiritigenin against

PMID:


http://dx.doi.org/10.1002/mnfr.201100554
http://www.ncbi.nlm.nih.gov/pubmed/22147307
http://dx.doi.org/10.2147/DDDT.S163951
http://www.ncbi.nlm.nih.gov/pubmed/30127597
http://dx.doi.org/10.1007/s11064-016-2077-8
http://www.ncbi.nlm.nih.gov/pubmed/27734181
http://dx.doi.org/10.1371/journal.pone.0074916
http://www.ncbi.nlm.nih.gov/pubmed/24086396
http://dx.doi.org/10.1007/s11011-017-0075-4
http://www.ncbi.nlm.nih.gov/pubmed/28748496
http://dx.doi.org/10.1089/neu.2018.6100
http://www.ncbi.nlm.nih.gov/pubmed/30430900
http://dx.doi.org/10.1002/jnr.10672
http://www.ncbi.nlm.nih.gov/pubmed/12868064
http://dx.doi.org/10.1097/SHK.0000000000001018
http://www.ncbi.nlm.nih.gov/pubmed/29028768
http://dx.doi.org/10.1016/j.brainresbull.2012.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22742936
http://dx.doi.org/10.1016/j.jss.2011.12.038
http://www.ncbi.nlm.nih.gov/pubmed/22475349
http://dx.doi.org/10.1016/j.brainres.2010.07.038
http://www.ncbi.nlm.nih.gov/pubmed/20654594
http://dx.doi.org/10.1016/j.intimp.2016.09.024
http://www.ncbi.nlm.nih.gov/pubmed/27769021
http://dx.doi.org/10.2147/DDDT.S154391
http://www.ncbi.nlm.nih.gov/pubmed/29379271
http://dx.doi.org/10.3389/fnins.2016.00580
http://www.ncbi.nlm.nih.gov/pubmed/28066165
http://dx.doi.org/10.1016/j.brainres.2017.01.031
http://www.ncbi.nlm.nih.gov/pubmed/28143715
http://dx.doi.org/10.1007/s00592-009-0164-x
http://www.ncbi.nlm.nih.gov/pubmed/19882101
http://dx.doi.org/10.1016/j.jep.2013.11.026
http://www.ncbi.nlm.nih.gov/pubmed/24291152
http://dx.doi.org/10.1016/j.brainresbull.2018.03.020
http://www.ncbi.nlm.nih.gov/pubmed/29626606
http://dx.doi.org/10.1248/bpb.31.903
http://www.ncbi.nlm.nih.gov/pubmed/18451516
http://www.ncbi.nlm.nih.gov/pubmed/30524680
http://dx.doi.org/10.1039/C6FO01535B
http://www.ncbi.nlm.nih.gov/pubmed/28139790
http://dx.doi.org/10.1177/1535370216657445
http://www.ncbi.nlm.nih.gov/pubmed/27412955
http://dx.doi.org/10.1016/j.biopha.2018.06.041
http://www.ncbi.nlm.nih.gov/pubmed/29966980
http://dx.doi.org/10.1515/hsz-2015-0208
http://www.ncbi.nlm.nih.gov/pubmed/26408608
http://dx.doi.org/10.1016/j.intimp.2018.09.046
http://www.ncbi.nlm.nih.gov/pubmed/30598397
http://dx.doi.org/10.1186/s12974-017-0895-5
http://www.ncbi.nlm.nih.gov/pubmed/28610608

Novel Synthetic and Natural Therapies for Traumatic Brain Injury

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

cerebral injury in septic mice via attenuation of NF-«xB. Inflam-
mopharmacology, 2019, 27(4), 809-816.
http://dx.doi.org/10.1007/s10787-018-0503-z PMID: 29943151
Liu, P.; Zou, D.; Yi, L.; Chen, M.; Gao, Y.; Zhou, R.; Zhang, Q.;
Zhou, Y.; Zhu, J.; Chen, K.; Mi, M. Quercetin ameliorates hypo-
baric hypoxia-induced memory impairment through mitochondrial
and neuron function adaptation via the PGC-1a pathway. Restor.
Neurol. Neurosci., 2015, 33(2), 143-157.
http://dx.doi.org/10.3233/RNN-140446 PMID: 25588463

Li, X.; Wang, H.; Wen, G.; Li, L.; Gao, Y.; Zhuang, Z.; Zhou, M.;
Mao, L.; Fan, Y. Neuroprotection by quercetin via mitochondrial
function adaptation in traumatic brain injury: PGC-1a pathway as
a potential mechanism. J. Cell. Mol. Med., 2018, 22(2), 883-891.
PMID: 29205806

Du, G.; Zhao, Z.; Chen, Y.; Li, Z.; Tian, Y.; Liu, Z.; Liu, B
Song, J. Quercetin protects rat cortical neurons against traumatic
brain injury. Mol. Med. Rep., 2018, 17(6), 7859-7865.
http://dx.doi.org/10.3892/mmr.2018.8801 PMID: 29620218
Kraut, J.A.; Kurtz, I. Use of base in the treatment of acute severe
organic acidosis by nephrologists and critical care physicians: re-
sults of an online survey. Clin. Exp. Nephrol., 2006, 10(2),
111-117.

http://dx.doi.org/10.1007/s10157-006-0408-9 PMID: 16791396
Joo, H.; Bae, J.; Lee, J.S.; Bang, Y.; Lee, B.J.; Park, J.W.; Lee,
K.; Cho, J.H.; Bu, Y. Icariin Improves Functional Behavior in a
Mouse Model of Traumatic Brain Injury and Promotes Synaptic
Plasticity Markers. Planta Med., 2019, 85(3), 231-238.
http://dx.doi.org/10.1055/a-0753-0400 PMID: 30300905

Gerbatin, R.R.; Silva, L.F.A.; Hoffmann, M.S.; Della-Pace, 1.D.;
do Nascimento, P.S.; Kegler, A.; de Zorzi, V.N.; Cunha, J.M.;
Botelho, P.; Neto, J.B.T.; Furian, A.F.; Oliveira, M.S.; Fighera,
M.R.; Royes, L.F.F. Delayed creatine supplementation counter-
acts reduction of GABAergic function and protects against
seizures susceptibility after traumatic brain injury in rats. Prog.
Neuropsychopharmacol. Biol. Psychiatry, 2019, 92, 328-338.
http://dx.doi.org/10.1016/j.pnpbp.2019.02.004 PMID: 30742861
Saraiva, A.L.L.; Ferreira, A.P.O.; Silva, L.F.A.; Hoffmann, M.S.;
Dutra, F.D.; Furian, A.F.; Oliveira, M.S.; Fighera, M.R.; Royes,
L.F. Creatine reduces oxidative stress markers but does not protect
against seizure susceptibility after severe traumatic brain injury.
Brain Res. Bull., 2012, 87(2-3), 180-186.
http://dx.doi.org/10.1016/j.brainresbull.2011.10.010
22051612

Mishra, S.; Mishra, M.; Seth, P.; Sharma, S.K. Tetrahydrocurcu-
min confers protection against amyloid B-induced toxicity. Neu-
roreport, 2011, 22(1), 23-27.
http://dx.doi.org/10.1097/WNR.0b013¢328341¢141
21116204

Tetrahydrocurcumin reduces oxidative stress-induced apoptosis
via the mitochondrial apoptotic pathway by modulating autophagy
in rats after traumat. Am. J. Transl. Res., 2011, 9(3), 887-899.
Ramakrishnan, R.; Elangovan, P.; Pari, L. Protective Role of Te-
trahydrocurcumin: an Active Polyphenolic Curcuminoid on Cad-
mium-InducedOxidative Damage in Rats. Appl. Biochem. Biotech-
nol., 2017, 183(1), 51-69.
http://dx.doi.org/10.1007/s12010-017-2430-7 PMID: 28236190
Wei, G.; Chen, B.; Lin, Q.; Li, Y.; Luo, L.; He, H.; Fu, H. Tetrahy-
drocurcumin provides neuroprotection in experimental traumatic

PMID:

PMID:

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

Current Neuropharmacology, 2021, Vol. 19, No. 10 1687

brain injury and the nrf2 signaling pathway as a potential mech-
anism. Neuroimmunomodulation, 2017, 24(6), 348-355.
http://dx.doi.org/10.1159/000487998 PMID: 29669346
Carbonara, M.; Fossi, F.; Zoerle, T.; Ortolano, F.; Moro, F.; Pischi-
utta, F.; Zanier, E.R.; Stocchetti, N. Neuroprotection in traumatic
brain injury: Mesenchymal stromal cells can potentially overcome
some limitations of previous clinical trials. Front. Neurol., 2018,
9, 885.

http://dx.doi.org/10.3389/fneur.2018.00885 PMID: 30405517
Mahmood, A.; Lu, D.; Wang, L.; Chopp, M. Intracerebral trans-
plantation of marrow stromal cells cultured with neurotrophic fac-
tors promotes functional recovery in adult rats subjected to trau-
matic brain injury. J. Neurotrauma, 2002, 19(12), 1609-1617.
http://dx.doi.org/10.1089/089771502762300265 PMID: 12542861
Pischiutta, F.; Brunelli, L.; Romele, P.; Silini, A.; Sammali, E.;
Paracchini, L.; Marchini, S.; Talamini, L.; Bigini, P.; Boncoraglio,
G.B.; Pastorelli, R.; De Simoni, M.G.; Parolini, O.; Zanier, E.R.
Protection of Brain Injury by Amniotic Mesenchymal Stromal Cel-
1-Secreted Metabolites. Crit. Care Med., 2016, 44(11), e1118-
el131.
http://dx.doi.org/10.1097/CCM.0000000000001864
27441900

Cui, X.; Chen, J.; Zacharek, A.; Li, Y.; Roberts, C.; Kapke, A.; Sa-
vant-Bhonsale, S.; Chopp, M. Nitric oxide donor upregulation of
stromal cell-derived factor-1/chemokine (CXC motif) receptor 4
enhances bone marrow stromal cell migration into ischemic brain
after stroke. Stem Cells, 2007, 25(11), 2777-2785.
http://dx.doi.org/10.1634/stemcells.2007-0169 PMID: 17641243
Chen, J.; Li, Y.; Katakowski, M.; Chen, X.; Wang, L.; Lu, D.; Lu,
M.; Gautam, S.C.; Chopp, M. Intravenous bone marrow stromal
cell therapy reduces apoptosis and promotes endogenous cell pro-
liferation after stroke in female rat. J. Neurosci. Res., 2003, 73(6),
778-786.

http://dx.doi.org/10.1002/jnr.10691 PMID: 12949903

Gao, Q.; Li, Y.; Chopp, M. Bone marrow stromal cells increase as-
trocyte survival via upregulation of phosphoinositide 3-kinase/thre-
onine protein kinase and mitogen-activated protein kinase ki-
nase/extracellular signal-regulated kinase pathways and stimulate
astrocyte trophic factor gene expression after anaerobic insult.
Neuroscience, 2005, 136(1), 123-134.
http://dx.doi.org/10.1016/j.neuroscience.2005.06.091
16198497

Okuma, Y.; Wang, F.; Toyoshima, A.; Kameda, M.; Hishikawa,
T.; Tokunaga, K.; Sugiu, K.; Liu, K.; Haruma, J.; Nishibori, M.;
Yasuhara, T.; Date, I. Mannitol enhances therapeutic effects of in-
tra-arterial transplantation of mesenchymal stem cells into the
brain after traumatic brain injury. Neurosci. Lett., 2013, 554,
156-161.

http://dx.doi.org/10.1016/j.neulet.2013.08.058 PMID: 24016413
Williams, A.M.; Bhatti, U.F.; Brown, J.F.; Biesterveld, B.E.;
Kathawate, R.G.; Graham, N.J.; Chtraklin, K.; Siddiqui, A.Z.;
Dekker, S.E.; Andjelkovic, A.; Higgins, G.A.; Buller, B.; Alam,
H.B. Early single-dose treatment with exosomes provides neuro-
protection and improves blood-brain barrier integrity in swine
model of traumatic brain injury and hemorrhagic shock. J. Trau-
ma Acute Care Surg., 2020, §8(2), 207-218.
http://dx.doi.org/10.1097/TA.0000000000002563
31804413

PMID:

PMID:

PMID:


http://dx.doi.org/10.1007/s10787-018-0503-z
http://www.ncbi.nlm.nih.gov/pubmed/29943151
http://dx.doi.org/10.3233/RNN-140446
http://www.ncbi.nlm.nih.gov/pubmed/25588463
http://www.ncbi.nlm.nih.gov/pubmed/29205806
http://dx.doi.org/10.3892/mmr.2018.8801
http://www.ncbi.nlm.nih.gov/pubmed/29620218
http://dx.doi.org/10.1007/s10157-006-0408-9
http://www.ncbi.nlm.nih.gov/pubmed/16791396
http://dx.doi.org/10.1055/a-0753-0400
http://www.ncbi.nlm.nih.gov/pubmed/30300905
http://dx.doi.org/10.1016/j.pnpbp.2019.02.004
http://www.ncbi.nlm.nih.gov/pubmed/30742861
http://dx.doi.org/10.1016/j.brainresbull.2011.10.010
http://www.ncbi.nlm.nih.gov/pubmed/22051612
http://dx.doi.org/10.1097/WNR.0b013e328341e141
http://www.ncbi.nlm.nih.gov/pubmed/21116204
http://dx.doi.org/10.1007/s12010-017-2430-7
http://www.ncbi.nlm.nih.gov/pubmed/28236190
http://dx.doi.org/10.1159/000487998
http://www.ncbi.nlm.nih.gov/pubmed/29669346
http://dx.doi.org/10.3389/fneur.2018.00885
http://www.ncbi.nlm.nih.gov/pubmed/30405517
http://dx.doi.org/10.1089/089771502762300265
http://www.ncbi.nlm.nih.gov/pubmed/12542861
http://dx.doi.org/10.1097/CCM.0000000000001864
http://www.ncbi.nlm.nih.gov/pubmed/27441900
http://dx.doi.org/10.1634/stemcells.2007-0169
http://www.ncbi.nlm.nih.gov/pubmed/17641243
http://dx.doi.org/10.1002/jnr.10691
http://www.ncbi.nlm.nih.gov/pubmed/12949903
http://dx.doi.org/10.1016/j.neuroscience.2005.06.091
http://www.ncbi.nlm.nih.gov/pubmed/16198497
http://dx.doi.org/10.1016/j.neulet.2013.08.058
http://www.ncbi.nlm.nih.gov/pubmed/24016413
http://dx.doi.org/10.1097/TA.0000000000002563
http://www.ncbi.nlm.nih.gov/pubmed/31804413

	Novel Synthetic and Natural Therapies for Traumatic Brain Injury 
	1. INTRODUCTION
	2. PATHOPHYSIOLOGY OF TBI
	3. CURRENT THERAPIES FOR TBI
	3.1. Current use of Osmotic Agents: Targeting Brain Edema
	3.2. Current Anesthetics, Sedative Agents and Analgesics in TBI: Targeting ICP Control

	4. NOVEL PHARMACOLOGIC STRATEGIES FOR TBI: FROM EXPERIMENTAL TO CLINICAL EVIDENCES
	4.1. Novel Anesthetics, Sedative Agents and Analgesics in TBI: Targeting ICP Control
	4.2. Psychostimulant, Psycho-depressant Agents and Drugs Approved for the Treatment of Memory Impairment: Targeting Neuronal Activity and Plasticity
	4.3. Medications with Anti-inflammatory and Immunomodulatory Effects
	4.4. Anti-hypertensive Drugs, Inotropes and Vasopressors: Targeting Cerebral Autoregulation
	4.5. Novel Synthetic and Natural Compounds for TBI: Targeting Antioxidant Properties
	4.5.1. Synthetic Compounds
	4.5.2. Natural Compounds

	4.6. Future Directions

	CONCLUSION
	LIST OF ABBREVIATIONS
	AUTHORS’ CONTRIBUTION
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES




