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Abstract

In this review, we discuss the possibility and feasibility of nuclear factor erythroid 2-related factor 2 (Nrf2) as a therapeutic target
to minimize the devastating effects of a brain injury. To complete this review, comprehensive literature searches were conducted in
MEDLINE, PubMed, Embase, and PsycINFO databases for English scientific peer-reviewed articles through December 2022. This
short review addressed the different sources of oxidative stress and its effects on blood-brain barrier (BBB) dysfunction, mitochondrial
damage, and changes in a variety of inflammatory molecules associated with central nervous system (CNS) injury. At last, we explained
the potential efficacy of the Nrf2 transcription factor in reducing oxidative stress-mediated secondary damages after a CNS injury. The role
of CPUY 192018, an inhibitor of Nrf2-Keap1 protein-protein interaction in protecting the injured brain cells is given as evidence of Nrf2’s
role in activating antioxidant genes. Overall, the scope of Nrf2 in developing therapeutic interventions for a variety of pathophysiological
conditions associated with CNS injury-induced free radical/inflammatory signaling is acknowledged. Nrf2 has a widespread application
in basic and clinical neuroscience for understanding and treating free radical/inflammatory signaling disorders, including neurological
diseases. The development of innovative therapeutic strategies using Nrf2-inducing agents can be applied to reduce the complications
of TBI before advancing it to posttraumatic stress disorder (PTSD).
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1. Introduction

Traumatic brain injury (TBI) is a sudden injury that of-
ten leads to permanent disabilities and impairment of cog-
nitive and emotional functions. It has been estimated that
approximately 2% of the USA population is living with
some degree of disability as a result of TBI. While the pri-
mary injury of trauma can cause direct damage to neuronal
structures, the mechanical tissue deformation triggers sec-
ondary injury leading to the blood-brain barrier (BBB) dam-
age, edema, increased intracranial pressure, inflammation,
and cell death [1]. Secondary injury is the progression of
TBI as a long-term neurological problem by affecting phys-
ically, cognitively, and emotionally which often leads to a
permanent disability of the victim [2]. The etiology of sec-
ondary injury is primarily due to oxidative stress. Oxidative
stress causes neuroinflammation, edema formation, BBB
damage, cell death, and finally leads to cognitive impair-
ments in TBI. Immediately after a brain injury, a huge quan-
tity of inflammatory cytokines such as interleukin-1beta
(IL-15), IL-6, tumor necrosis factor-a (TNF-«), and trans-
forming growth factor-beta (TGF-p) are released into the
blood circulation that further exacerbates the trauma condi-
tion of the brain with oxidative stress [3,4]. There are re-
ports that oxidative stress itself is a factor to exacerbate
the production of these inflammatory cytokines [5]. Re-
cently, we have shown that oxidative stress triggers inflam-
matory cascades via transforming growth factor-beta (TGF-

B), mitogen-activated protein (MAP) kinase pathways, and
intercellular adhesion molecule-1 (ICAM-1) activation and
leads to neurological complications after TBI [5-7]. Signs
of BBB compromise are seen in TBI patients. Oxidative
stress activates matrix metalloproteinases (MMPs) that de-
grade tight junction proteins and leads to BBB damage
in TBI [1,8]. Oxidative stress has a significant role in
cell death after brain injury [1,9—12]. The reactive oxy-
gen species (ROS) including free radicals such as super-
oxide (Og--), hydroxyl radical (HO-), and hydrogen perox-
ide (H205) are generated at high levels inducing cell death.
Apoptosis is the most common cell death process in the sec-
ondary injury of TBI [9], which is induced by the activa-
tion of the caspase enzyme [13]. For developing a better
therapeutic strategy, several clinical trials that have been
conducted in recent years have failed to demonstrate effec-
tive outcomes for a variety of reasons. The nuclear factor
erythroid 2-related factor 2 (Nrf2) transcriptional system is
a key defense mechanism that regulates several detoxify-
ing, oxidative, and anti-inflammatory genes [14—16]. Nrf2
binds to the antioxidant response elements (ARE) of the an-
tioxidant genes and promotes its transcription. For this rea-
son, Nrf2 can serve as a potent therapeutic agent to diminish
central nervous system (CNS) injury-induced brain dam-
age. In this review, we discuss the role of oxidative stress
in the pathogenesis of TBI briefly and how TBI-induced ox-
idative damage can be repaired by targeting the anti-oxidant
signaling Nrf2 pathway.
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2. Oxidative Stress is the Major Source of
Neuropathology in TBI

Oxidative stress is the key player in the secondary in-
jury of TBI[10]. It is the imbalance of oxidants and antiox-
idants that causes biochemical and physiological damage to
the cells. A free radical is an atom or a molecule that has
at least one unpaired electron and is formed during a re-
dox reaction. These free radicals are highly reactive unsta-
ble molecules capable of independent existence and attack-
ing cell components [17]. Reactive oxygen species (ROS)
and reactive nitrogen species (RNS) are the two types of
free radicals generated after a brain injury. ROS is the
byproduct of oxygen metabolism, and these include perox-
ides, superoxide (O5--), hydroxyl radical (HO-), hypochlor-
ous acid (HOCI), singlet oxygen, and alpha-oxygen. Ex-
amples of RNS are nitroxyl anion, peroxynitrite (ONOO-
), nitrosonium cation, S-nitrosothiols, and nitrogen dioxide
(NO3). Comparable, RNS’s half-lives are generally longer
than ROS. Several enzymes are involved in the free radical
formation and the function of these enzymes in generating
oxidative stress has been reviewed previously [10].

Oxidative stress has a momentous function in the pro-
gression of the pathophysiology after TBI [10]. It is the
main source of secondary injury-induced neuroinflamma-
tory and cell death pathophysiology. In fluid percussion
injury (FPI) and mild blast injury animal models, we have
established that oxidative stress has a vital function in the
pathophysiology of CNS injury [1,5,6,12]. We have ob-
served that oxidative stress activates matrix metallopro-
teinases (MMPs), reduces tight junction protein expression,
and causes BBB damage and induction of inflammatory sig-
naling pathways [1]. We also demonstrated the role of ox-
idative stress in causing neuroinflammation and cell death
by activating Ca?>*, TGF-31, and ICAM-1 signaling path-
ways in TBI [5,6,11]. In another study, we established the
role of oxidative stress-induced MMP2 in cleaving stromal
cell-derived factor-1a« (SDF-1«) and causing neurodegen-
eration after TBI [18]. Therefore, we and others confirmed
that oxidative stress signaling is the primary mechanism
in CNS injury-associated brain and cognitive impairments,
and impeding of formation of oxidative stress is a straight-
forward method for developing a therapy for TBI. However,
the traditional practices of supplementing with exogenous
antioxidants, and the introduction of antioxidant genes have
shown poor therapeutic efficacy in clinical trials [19]. The
endogenous antioxidant genes activation using antioxidant
peptides therapy for reducing the complications of oxida-
tive damage is a viable and potential therapeutic approach
[20].

3. Oxidative Stress and Mitochondrial
Damage in TBI

Oxidative stress-induced mitochondrial damage has
been studied in the pathogenesis of TBI. Oxidative stress
induces mutations in the mitochondrial DNA, impairs the

mitochondrial respiratory chain, and alters Ca>* homeosta-
sis and defense mechanisms [21]. All these impairments
lead to neuronal damage and neurodegeneration. Oxida-
tive stress mainly attacks mitochondrial DNA and causes
mutations to it and alters its structure and functions [22].
The mitochondrial respiratory chain is another important
target for oxidative stress. The mitochondrial respiratory
chain has five complexes, namely complexes I, II, III, IV,
and V, and are located in the inner mitochondrial mem-
brane. The first four complexes constitute the respiratory
electron-transport chain [23]. Mitochondrial free radicals
are produced at complex I and complex III of the electron
transport chain and complex III is the core source of the
generation of mitochondrial ROS [24]. Energy depletion
and Ca?" homeostasis are two initial steps that are identi-
fied by direct tissue damage and cerebral blood flow (CBF)
impairment are the major mechanisms of the primary injury
of TBI [3].

Mitochondria are the central participants in cell death
in the pathophysiology of TBI. In TBI-induced mechanisms
of apoptosis, mitochondrial membrane, Ca?*, and ROS are
involved. The mitochondrial apoptotic pathways are clas-
sified as caspase-dependent or caspase-independent. The
cytochrome complex (Cyt-c) has a major role in caspase-
dependent apoptosis whereas, the apoptosis-inducing fac-
tor (AIF) critically participates in the caspase-independent
pathway of apoptosis in TBI [25,26]. ROS triggers Bax-
dependent mitochondrial outer membrane permeabiliza-
tion (MOMP) and elicits the mitochondrial release of Cyt-
¢, and AIF [27]. Cyt-c efflux activates caspases espe-
cially caspase-9 and 3 leading to DNA fragmentation [28].
The link between mitochondria and the endoplasmic retic-
ulum (ER) is involved in caspase-12-mediated apoptosis
[29]. Ca?* exchange between mitochondria and ER that
is mediated by the mitochondria-associated ER membrane
(MAM) is another important apoptotic mechanism in TBI
[30]. Lysosomal membrane permeabilization (LMP) re-
leases cathepsin B protease that triggers MOMP and stimu-
lates the mitochondrial pathway of apoptosis after TBI[31].
Fig. 1 explains the role of oxidative stress in the pathogen-
esis of TBL

Recently, substantial research has been focused on
the development of antioxidant therapies against oxidative
stress for neuroprotection in TBI [32—35]. Considering the
importance of developing anti-oxidant therapy, we stud-
ied the role and mechanisms of Nrf2 in regulating anti-
oxidant genes and thereby mitigating oxidative stress af-
ter TBI [12]. In 2017, Ding et al. [36] demonstrated that
the Nrf2 pathway provides neuroprotection following TBI
via regulation of the ubiquitin-proteasome system (UPS).
In another study, Cui ef al. [37] used calcitriol, an active
form of vitamin D, for promoting the autophagic process
and activated Nrf2 signaling by reducing the expression of
Keapl and enhancing Nrf2 translocation, thereby mitigat-
ing TBI-induced oxidative damage. Similarly, a few stud-
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Fig. 1. Schematic presentation of oxidative stress-induced in
mitochondrial damage, neuroinflammation, BBB dysfunction,
and neurodegeneration in TBI. Reactive oxygen species (ROS)
and reactive nitrogen species (RNS) are the main sources of ox-
idative stress in brain injury. ROS/RNS activates MMPs, TGF-£,
and other intermediatory inflammatory genes and causes BBB dis-
ruption, inflammation, and neurodegeneration. At the same time,
ROS or RNS also activate different inflammatory cytokines and
growth factors such as IL-153, TNF-a, and IL-6, which cause BBB
disruption and neuroinflammation. Oxidative stress induces mu-
tations in the mitochondrial DNA, impairs the mitochondrial res-
piratory chain, and alters Ca®>" homeostasis and defense mech-
anisms. Mitochondrial damage and activation of caspases cause

neurodegeneration.

ies have been conducted by targeting Nrf2 pathways for
neuroprotection in TBI [38—45]. Therefore, the activation
of antioxidant-promoting transcription factor Nrf2 allevi-
ates oxidative stress-induced neurological damage associ-
ated with TBI, including activation of matrix metallopro-
teinases (MMPs), neuroinflammation, and neurodegenera-
tion [12].
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4. Oxidative Stress and Blood-Brain Barrier
Dysfunction in TBI

The BBB is a highly selective semipermeable barrier
that selectively prevents solutes, toxins, and microorgan-
isms from blood circulation to the brain. It constitutes var-
ious cells including endothelial cells, astrocytes, neurons,
and pericytes, and forms a neurovascular unit. The BBB
damage causes the transmigration of blood cells to the brain
and enhances neuroinflammation leading to several neuro-
logical disorders and diseases and other brain dysfunctions.
BBB damage is the main hallmark of several neurological
disorders or diseases including Alzheimer’s disease, stroke,
multiple sclerosis, HIV-1 encephalitis, and TBI. In addition,
in drug or alcohol abuse, oxidative stress has a vital role
in compromising BBB integrity. In TBI, oxidative stress
causes BBB dysfunction by downregulating tight junction
proteins and causes BBB permeability and leakage of blood
cells to the brain part. Oxidative stress also causes structural
damage or loss of the cells in the neurovascular unit. En-
dothelial dysfunction, neuronal damage, and pericyte loss
are hallmarks among them. Pericytes are mainly respon-
sible for the structural integrity of BBB and blood flow.
Loss of pericyte leads to neurovascular damage, impaired
capillary perfusion and blood flow, neuroinflammation, and
neurodegeneration. In a diabetic retinopathy study, the pro-
tein DJ-1 scavenges oxidants and prevents pericyte dam-
age in the retinal capillary by activating antioxidants via
the Nrf2 signaling pathway [46]. Recently, in TBI, we re-
ported that pericyte loss impairs angiogenesis and results in
BBB damage and neurovascular dysfunction [47]. There-
fore, we suggest that activating the Nrf2 signaling pathway
would be a therapeutic strategy for protecting the brain from
TBI-induced neurological impairments. There are few re-
ports on the activation of Nrf2 and BBB protection after
TBI. A systemic administration of sulforaphane, an isothio-
cyanate abundant in cruciferous vegetables (e.g., broccoli)
increases the expression of Nrf2-driven genes in brain tissue
and microvessels. Postinjury sulforaphane-induced activa-
tion of Nrf2-driven genes attenuates endothelial cell death
and tight junction protein loss and reduces BBB permeabil-
ity [48].

5. Nrf2 as a Potential Therapeutic Target for
TBI

Nrf2 is a basic region leucine-zipper transcription
factor major regulator of cellular antioxidant and anti-
inflammatory defense mechanisms. It belongs to the
Cap’N’collar family of proteins [14] and plays a vital task
in modulating the cells toward different cellular stress re-
sponses as it activates the transcription of a myriad of
genes coding for cellular antioxidants, detoxification en-
zymes, and other cell-protective proteins [14]. Nrf2 has
an important role in ameliorating cytotoxicity and inflam-
mation that are characteristically associated with oxidative
stress-induced degenerative and chronic disease. Within
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the cytoplasm of most cells including neurons, astrocytes,
and endothelial cells, the Nrf2 protein is under stringent
control by the adapter protein Kelch-like ECH- Kelch-like
ECH-associated protein 1 (Keapl) [49]. During normal
physiological circumstances, Nrf2 binds to Keap! and de-
grades by ubiquitination and proteasome-mediated degra-
dation. Free radicals disturb Nrf2-Keap1 interaction and
Nrf2 separates and is released to the nucleus. In the nu-
cleus, Nrf2 joins with Maf proteins and regulates the ex-
pression of genes by binding to the ARE region of anti-
oxidant genes [49]. This leads to the upregulation of en-
dogenous scavenging enzymes. These include the cellular
antioxidants heme-oxygenase 1 (HO-1), catalase, superox-
ide dismutase (SOD), glutathione modulators, and oxidore-
ductase like nicotinamide adenine dinucleotide phosphate
(NADPH): quinone oxidoreductase 1 (Fig. 2). Compared to
chemical antioxidants, activation of endogenous enzymes
arises with relatively low or no side effects. Moreover, be-
ing a broad-spectrum antioxidant transcription factor, Nrf2
can modulate several genes [14,49]. It has been substan-
tiated that Nrf2 knockout mice are much more prone to
inflammation than wild types and this has been substanti-
ated through in vitro studies [50]. In our very recent study,
we examined the expression of Nrf2 and its phosphorylated
form and the role of Nrf2 in protecting the brain from oxida-
tive stress, neuroinflammation, and apoptotic cell death af-
ter FPI [12]. In several other CNS pathophysiological com-
plications such as ischemia, hemorrhage, and other neu-
rodegenerative diseases, oxidative stress has been impli-
cated with Nrf2 dysfunction, and activation of Nrf2 would
be the desired method to reduce the pathogenesis of these
disorders. For this reason, Nrf2 has the potential for devel-
oping a new therapeutic strategy for mitigating CNS injury-
induced brain damage.

In our preliminary study, we determined the effect of
injury in cortical mouse neuronal cultures pretreated with
CPUY 192018 and subjected to 2 psi stretch injury (mild in
vitro injury). CPUY 192018 is a potent inhibitor of Nrf2
and Keapl binding with Kp value of 3.59 nM [51]. It
is a synthetic drug (Fig. 3A) and can effectively disrupt
the Nrf2—Keap1 interaction with an EC5 of 28.6 nM and
shows potent Nrf2 activation effects both in vitro and in vivo
[52]. Western blot data showed that the stretch injury sig-
nificantly reduced the expression level of antioxidants glu-
tathione peroxidase-1 (GPx1) and heme oxygenase-1 (HO-
1) (p < 0.001) at 24 hours post-injury compared to unin-
jured cells (Fig. 3B). However, CPUY 192018 treatment in
injured cells increased the expression level of GPx1 and
HO-1 (p < 0.001) (Fig. 3B) compared to untreated injured
cells. Consistent with these reports, we confirmed the role
of Nrf2 in mitigating oxidative stress associated with TBI
in the mouse brain. We assessed the expression of ox-
idative stress markers 4-Hydroxynonenal (4-HNE), and 3-
nitrotyrosine (3-NT) by pretreating the mouse neurons with
CPUY192018. We found that the expression of 4-HNE and
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Fig. 2. Mechanisms of Nrf2 activation. Nrf2 expresses within
the cytoplasm under normal physiological conditions and Keap1
regulates the expression of Nrf2. The interaction or binding of
Nrf2 with Keap1 degrades the Nrf2 either by ubiquitination or pro-
teasomal degradation. However, oxidative stress activates Nrf2
and disrupts the Nrf2-Keap! interaction and the Nrf2 is converted
to its phosphorylated form and released to the nucleus. In the nu-
cleus, Nrf2 binds with Maf and forms a dimer. This Nrf2-Maf
dimer binds to the ARE region of the antioxidant gene promoter
and initiates their transcription. Activation of antioxidant genes
reduces TBI-induced oxidative stress, TGF-81 and MMPs activa-
tion, BBB dysfunction, neuroinflammation, and neurodegenera-

tion.

3-NT in injured cells significantly increased (p < 0.001) at
24 hours post-injury compared to uninjured cells (Fig. 3C).
However, the pretreatment with CPUY 192018 in injured
cells resulted in a significant reduction (p < 0.001) in the
expression level of 4-HNE and 3-NT (Fig. 3C) compared to
untreated injured cells. The data show that treatment with
CPUY 192018 shows a potential therapeutic effect by main-
taining oxidants and antioxidants balance after TBI.

Background information on the Nrf2 transcription sys-
tem suggests that the most compelling strategy for improv-
ing Nrf2 activity is to stabilize this important but labile pro-
tein and facilitate its nuclear translocation [53]. Activa-
tion of the Nrf2 transcriptional system, a transcription en-
hancer of a variety of endogenous antioxidants, and detox-
ifying genes has been demonstrated as a viable method for
the remediation of oxidative radicals by various investiga-
tors [33,54-56]. Peptidergic drugs have the potential as
a therapeutic alternative to improve recovery in TBI pa-
tients [57]. Nrf2 cell-penetrating peptides can activate the
antioxidant genes by sustained stabilization and increased
nuclear translocation of Nrf2. Compared to chemical an-
tioxidants, peptide treatments have few if any side effects
[58,59] and show high therapeutic efficacy in clinical tri-
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Fig. 3. CPUY192018, an inhibitor of Nrf2-Keap1 protein-protein interaction protects the brain by activating antioxidant genes.
(A) The chemical structure of CPUY 192018. (B,C) Western blot analysis of GPx1 and HO-1 (B) and 4-HNE and 3-NT (C) and normalized
with B-actin 24 h after 2.0 psi stretch injury in the cell lysates of mouse cortical neuronal cultures treated with CPUY192018. The bar
graphs show the quantification of GPx1 and HO-1 bands versus [-actin bands in B and the quantification of 4-HNE and 3-NT bands

versus (-actin bands in C. Values are mean + SEM and n = 7 in all groups. Statistically significant

< 0.001 versus injury; ®@p < 0.01 versus injury+CPUY 192018.

als [60]. Moreover, the efficacy of the peptide in activating
antioxidant/cell-defense pathways has been studied in dif-
ferent CNS injuries including spinal cord injury (SCI), and
optic nerve injury. The development of innovative thera-
peutic strategies using Nrf2-inducing agents can be applied
to reduce the complications of TBI before advancing it to
posttraumatic stress disorder (PTSD).

6. Conclusions

This review has highlighted the role of oxidative stress
in the pathogenesis of TBI including the activation of in-
flammatory cytokines, TGF-3, MMPs, and BBB damage.
Further, the role of the antioxidant Nrf2 signaling pathway
in mitigating the effects of oxidative stress in the etiology of
TBI has been discussed. Importantly, the main topic of this
review, the Nrf2 signaling as a potential therapeutic target
against oxidative stress-induced neuropathology in TBI has
been addressed. Normal functioning of the Nrf2 signaling is
the key factor for brain repair and homeostasis in TBI. How-
ever, TBI impairs the Nrf2 signaling pathway and activates
oxidative stress, and further damages the brain. This review
will encourage the researchers to further work on the Nrf2
signaling pathway as a therapeutic target by activating its
activity as a positive transcriptional activator of major en-
dogenous antioxidant enzymes against TBI-associated ox-
idative stress-induced brain damage.

&% IMR Press

skokok

p < 0.001 versus uninjured; **p

Author Contributions

PMAM conceived and wrote the manuscript and cre-
ated the figures. The author contributed to editorial changes
in the manuscript. The author read and approved the final
manuscript. The author has participated sufficiently in the
work and agreed to be accountable for all aspects of the
work.

Ethics Approval and Consent to Participate

The animal experiments were carried out in accor-
dance with National Institutes of Health (NIH) ethical
guidelines for the care of laboratory animals, and the In-
stitutional Animal Care Use Committee (No. MM2201),
Seton Hall University, South Orange, NJ.

Acknowledgment
Not applicable.

Funding

The New Jersey Commission on Brain Injury Re-
search grant #CBIR19PIL010 (to P.M. Abdul-Muneer) and
the Neuroscience Institute at JFK University Medical Cen-
ter supported this work financially.

Conflict of Interest

P. M. Abdul-Muneer is serving as one of the Guest
editors of this journal. We declare that P. M. Abdul-Muneer
had no involvement in the peer review of this article and


https://www.imrpress.com

has no access to information regarding its peer review. Full
responsibility for the editorial process for this article was
delegated to Gernot Riedel and Hongmin Wang. The author
declares no conflict of interest.

References

(1]

(2]

(3]
(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Abdul-Muneer PM, Schuetz H, Wang F, Skotak M, Jones J,
Gorantla S, et al. Induction of oxidative and nitrosative dam-
age leads to cerebrovascular inflammation in an animal model
of mild traumatic brain injury induced by primary blast. Free
Radical Biology & Medicine. 2013; 60: 282-291.

Bhowmick S, D’Mello V, Ponery N, Abdul-Muneer PM. Neu-
rodegeneration and Sensorimotor Deficits in the Mouse Model
of Traumatic Brain Injury. Brain Sciences. 2018; 8: 11.

Werner C, Engelhard K. Pathophysiology of traumatic brain in-
jury. British Journal of Anaesthesia. 2007; 99: 4-9.

Lucas SM, Rothwell NJ, Gibson RM. The role of inflamma-
tion in CNS injury and disease. British Journal of Pharmacology.
2006; 147: S232-S240.

Patel RK, Prasad N, Kuwar R, Haldar D, Abdul-Muneer PM.
Transforming growth factor-beta 1 signaling regulates neuroin-
flammation and apoptosis in mild traumatic brain injury. Brain,
Behavior, and Immunity. 2017; 64: 244-258.

Bhowmick S, Malat A, Caruso D, Ponery N, D’Mello V, Finn C,
et al. Intercellular Adhesion Molecule-1-Induced Posttraumatic
Brain Injury Neuropathology in the Prefrontal Cortex and Hip-
pocampus Leads to Sensorimotor Function Deficits and Psycho-
logical Stress. eNeuro. 2021; 8: ENEURO.0242-21.2021.
Bhowmick S, D’Mello V, Abdul-Muneer PM. Synergistic Inhi-
bition of ERK1/2 and JNK, Not p38, Phosphorylation Amelio-
rates Neuronal Damages After Traumatic Brain Injury. Molecu-
lar Neurobiology. 2019; 56: 1124—1136.

Abdul-Muneer PM, Pfister BJ, Haorah J, Chandra N. Role of
Matrix Metalloproteinases in the Pathogenesis of Traumatic
Brain Injury. Molecular Neurobiology. 2016; 53: 6106—-6123.
Abdul-Muneer PM, Bhowmick S, Briski N. Angiotensin II
Causes Neuronal Damage in Stretch-Injured Neurons: Protec-
tive Effects of Losartan, an Angiotensin T 1 Receptor Blocker.
Molecular Neurobiology. 2018; 55: 5901-5912.

Abdul-Muneer PM, Chandra N, Haorah J. Interactions of oxida-
tive stress and neurovascular inflammation in the pathogenesis
of traumatic brain injury. Molecular Neurobiology. 2015; 51:
966-979.

Abdul-Muneer PM, Long M, Conte AA, Santhakumar V, Pfis-
ter BJ. High Ca?* Influx During Traumatic Brain Injury Leads
to Caspase-1-Dependent Neuroinflammation and Cell Death.
Molecular Neurobiology. 2017; 54: 3964-3975.

Bhowmick S, D’Mello V, Caruso D, Abdul-Muneer PM. Trau-
matic brain injury-induced downregulation of Nrf2 activates in-
flammatory response and apoptotic cell death. Journal of Molec-
ular Medicine. 2019; 97: 1627-1641.

Nicholson DW. Caspase structure, proteolytic substrates, and
function during apoptotic cell death. Cell Death and Differen-
tiation. 1999; 6: 1028-1042.

Chen XL, Kunsch C. Induction of cytoprotective genes through
Nrf2/antioxidant response element pathway: a new therapeu-
tic approach for the treatment of inflammatory diseases. Current
Pharmaceutical Design. 2004; 10: 879—891.

Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh Y, et
al. An Nrf2/small Maf heterodimer mediates the induction of
phase II detoxifying enzyme genes through antioxidant response
elements. Biochemical and Biophysical Research Communica-
tions. 1997; 236: 313-322.

Kobayashi M, Yamamoto M. Molecular mechanisms activating
the Nrf2-Keap1 pathway of antioxidant gene regulation. Antiox-

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

idants & Redox Signaling. 2005; 7: 385-394.

Poon HF, Calabrese V, Scapagnini G, Butterfield DA. Free rad-
icals and brain aging. Clinics in Geriatric Medicine. 2004; 20:
329-359.

Abdul-Muneer PM, Conte AA, Haldar D, Long M, Patel RK,
Santhakumar V, et al. Traumatic brain injury induced matrix
metalloproteinase? cleaves CXCL12« (stromal cell derived fac-
tor 1a) and causes neurodegeneration. Brain, Behavior, and Im-
munity. 2017; 59: 190-199.

Gardlik R, Palffy R, Hodosy J, Lukacs J, Turna J, Celec P.
Vectors and delivery systems in gene therapy. Medical Science
Monitor. 2005; 11: RA110-RA121.

GrandPré T, Li S, Strittmatter SM. Nogo-66 receptor antagonist
peptide promotes axonal regeneration. Nature. 2002; 417: 547—
551.

Biiki A, Okonkwo DO, Wang KK, Povlishock JT. Cytochrome
c release and caspase activation in traumatic axonal injury. The
Journal of Neuroscience. 2000; 20: 2825-2834.

Cheng G, Kong RH, Zhang LM, Zhang JN. Mitochondria in
traumatic brain injury and mitochondrial-targeted multipotential
therapeutic strategies. British Journal of Pharmacology. 2012;
167: 699-719.

Sas K, Robotka H, Toldi J, Vécsei L. Mitochondria, metabolic
disturbances, oxidative stress and the kynurenine system, with
focus on neurodegenerative disorders. Journal of the Neurolog-
ical Sciences. 2007; 257: 221-239.

Finkel T, Holbrook NJ. Oxidants, oxidative stress and the biol-
ogy of ageing. Nature. 2000; 408: 239-247.

Slemmer JE, Zhu C, Landshamer S, Trabold R, Grohm J,
Ardeshiri A, et al. Causal role of apoptosis-inducing factor for
neuronal cell death following traumatic brain injury. The Amer-
ican Journal of Pathology. 2008; 173: 1795-1805.

Fischer TD, Hylin MJ, Zhao J, Moore AN, Waxham MN, Dash
PK. Altered Mitochondrial Dynamics and TBI Pathophysiology.
Frontiers in Systems Neuroscience. 2016; 10: 29.

Kroemer G, Galluzzi L, Brenner C. Mitochondrial membrane
permeabilization in cell death. Physiological Reviews. 2007; 87:
99-163.

Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Al-
nemri ES, et al. Cytochrome ¢ and dATP-dependent formation
of Apaf-1/caspase-9 complex initiates an apoptotic protease cas-
cade. Cell. 1997; 91: 479-489.

Larner SF, Hayes RL, McKinsey DM, Pike BR, Wang KKW. In-
creased expression and processing of caspase-12 after traumatic
brain injury in rats. Journal of Neurochemistry. 2004; 88: 78-90.
Boya P, Gonzalez-Polo RA, Poncet D, Andreau K, Vieira HLA,
Roumier T, et al. Mitochondrial membrane permeabilization is a
critical step of lysosome-initiated apoptosis induced by hydrox-
ychloroquine. Oncogene. 2003; 22: 3927-3936.

Luo CL, Chen XP, Yang R, Sun YX, Li QQ, Bao HJ, et
al. Cathepsin B contributes to traumatic brain injury-induced
cell death through a mitochondria-mediated apoptotic pathway.
Journal of Neuroscience Research. 2010; 88: 2847-2858.
Xiong W, MacColl Garfinkel AE, Li Y, Benowitz LI, Cepko
CL. NRF2 promotes neuronal survival in neurodegeneration and
acute nerve damage. The Journal of Clinical Investigation. 2015;
125: 1433-1445.

Tu J, Zhang X, Zhu Y, Dai Y, Li N, Yang F, et al. Cell-
Permeable Peptide Targeting the Nrf2-Keap! Interaction: A Po-
tential Novel Therapy for Global Cerebral Ischemia. The Journal
of Neuroscience. 2015; 35: 14727-14739.

Kanninen K, Heikkinen R, Malm T, Rolova T, Kuhmonen S,
Leinonen H, ef al. Intrahippocampal injection of a lentiviral vec-
tor expressing Nrf2 improves spatial learning in a mouse model
of Alzheimer’s disease. Proceedings of the National Academy
of Sciences of the United States of America. 2009; 106: 16505—

&% IMR Press


https://www.imrpress.com

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

16510.

de Vries HE, Witte M, Hondius D, Rozemuller AJM, Drukarch
B, Hoozemans J, et al. Nrf2-induced antioxidant protection: a
promising target to counteract ROS-mediated damage in neu-
rodegenerative disease? Free Radical Biology & Medicine.
2008; 45: 1375-1383.

Ding H, Wang X, Wang H, Zhu L, Wang Q, Jia Y, ef al. Nrf2-
ARE signaling provides neuroprotection in traumatic brain in-
jury via modulation of the ubiquitin proteasome system. Neuro-
chemistry International. 2017; 111: 32-44.

Cui C, Wang C, Jin F, Yang M, Kong L, Han W, et al. Calcitriol
confers neuroprotective effects in traumatic brain injury by ac-
tivating Nrf2 signaling through an autophagy-mediated mecha-
nism. Molecular Medicine. 2021; 27: 118.

Ahmad R, Khan A, Rehman IU, Lee HJ, Khan I, Kim MO.
Lupeol Treatment Attenuates Activation of Glial Cells and
Oxidative-Stress-Mediated Neuropathology in Mouse Model of
Traumatic Brain Injury. International Journal of Molecular Sci-
ences. 2022; 23: 6086.

Gao Y, Zhang H, Li X, Li L, Li F, Li T, et al. NS1619 Allevi-
ate Brain-Derived Extracellular Vesicle-Induced Brain Injury by
Regulating BKca Channel and Nrf2/HO-1/NF-kB Pathway. Ox-
idative Medicine and Cellular Longevity. 2022; 2022: 2257427.
Yan C, Mao J, Yao C, Liu Y, Yan H, Jin W. Neuroprotective
effects of mild hypothermia against traumatic brain injury by
the involvement of the Nrf2/ARE pathway. Brain and Behavior.
2022; 12: €2686.

Zhao P, Wei Y, Sun G, Xu L, Wang T, Tian Y, ef al. Fetuin-
A alleviates neuroinflammation against traumatic brain injury-
induced microglial necroptosis by regulating Nrf-2/HO-1 path-
way. Journal of Neuroinflammation. 2022; 19: 269.

Zhao XJ, Zhu HY, Wang XL, Lu XW, Pan CL, Xu L, ef al. Ori-
donin Ameliorates Traumatic Brain Injury-Induced Neurologi-
cal Damage by Improving Mitochondrial Function and Antioxi-
dant Capacity and Suppressing Neuroinflammation through the
Nrf2 Pathway. Journal of Neurotrauma. 2022; 39: 530-543.
Xu M, Wang W, Lu W, Ling X, Rui Q, Ni H. Evodiamine pre-
vents traumatic brain injury through inhibiting oxidative stress
via PGK1/NRF2 pathway. Biomedicine & Pharmacotherapy.
2022; 153: 113435.

Feng Y, Ju Y, Yan Z, Ji M, Yang M, Wu Q, et al. Protective
role of wogonin following traumatic brain injury by reducing
oxidative stress and apoptosis via the PI3K/Nrf2/HO 1 pathway.
International Journal of Molecular Medicine. 2022; 49: 53.
XuM, Li L, Liu H, Lu W, Ling X, Gong M. Rutaecarpine At-
tenuates Oxidative Stress-Induced Traumatic Brain Injury and
Reduces Secondary Injury via the PGK1/KEAP1/NRF2 Signal-
ing Pathway. Frontiers in Pharmacology. 2022; 13: 807125.
Wang W, Zhao H, Chen B. DJ-1 protects retinal pericytes against
high glucose-induced oxidative stress through the Nrf2 signaling
pathway. Scientific Reports. 2020; 10: 2477.

Bhowmick S, D’Mello V, Caruso D, Wallerstein A, Abdul-

&% IMR Press

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55

[t

[56

—

[57

—

[58

[l

[59

—

[60]

Muneer PM. Impairment of pericyte-endothelium crosstalk
leads to blood-brain barrier dysfunction following traumatic
brain injury. Experimental Neurology. 2019; 317: 260-270.
Zhao J, Moore AN, Redell JB, Dash PK. Enhancing expression
of Nrf2-driven genes protects the blood brain barrier after brain
injury. The Journal of Neuroscience. 2007; 27: 10240-10248.
Itoh K, Wakabayashi N, Katoh Y, Ishii T, Igarashi K, Engel ID, et
al. Keapl represses nuclear activation of antioxidant responsive
elements by Nrf2 through binding to the amino-terminal Neh2
domain. Genes & Development. 1999; 13: 76-86.

Ma Q, Battelli L, Hubbs AF. Multiorgan autoimmune inflam-
mation, enhanced lymphoproliferation, and impaired homeosta-
sis of reactive oxygen species in mice lacking the antioxidant-
activated transcription factor Nrf2. The American Journal of
Pathology. 2006; 168: 1960-1974.

Jiang ZY, Lu MC, Xu LL, Yang TT, Xi MY, Xu XL, et al.
Discovery of potent Keap1-Nrf2 protein-protein interaction in-
hibitor based on molecular binding determinants analysis. Jour-
nal of Medicinal Chemistry. 2014; 57: 2736-2745.

Lu MC, Ji JA, Jiang YL, Chen ZY, Yuan ZW, You QD, ef al.
An inhibitor of the Keap1-Nrf2 protein-protein interaction pro-
tects NCM460 colonic cells and alleviates experimental colitis.
Scientific Reports. 2016; 6: 26585.

Joshi G, Johnson JA. The Nrf2-ARE pathway: a valuable ther-
apeutic target for the treatment of neurodegenerative diseases.
Recent Patents on CNS Drug Discovery. 2012; 7: 218-229.
Garcia-Nebot MJ, Recio I, Hernandez-Ledesma B. Antioxidant
activity and protective effects of peptide lunasin against oxida-
tive stress in intestinal Caco-2 cells. Food and Chemical Toxi-
cology. 2014; 65: 155-161.

Steel R, Cowan J, Payerne E, O’Connell MA, Searcey M. Anti-
inflammatory Effect of a Cell-Penetrating Peptide Targeting
the Nrf2/Keap1 Interaction. ACS Medicinal Chemistry Letters.
2012; 3: 407-410.

Stalmans S, Wynendaele E, Bracke N, Gevaert B, D’Hondt
M, Peremans K, et al. Chemical-functional diversity in cell-
penetrating peptides. PLoS ONE. 2013; 8: €71752.

Deshayes S, Morris MC, Divita G, Heitz F. Cell-penetrating pep-
tides: tools for intracellular delivery of therapeutics. Cellular
and Molecular Life Sciences: CMLS. 2005; 62: 1839-1849.
Craik DJ, Fairlie DP, Liras S, Price D. The future of peptide-
based drugs. Chemical Biology & Drug Design. 2013; 81: 136—
147.

Fosgerau K, Hoffmann T. Peptide therapeutics: current status
and future directions. Drug Discovery Today. 2015; 20: 122—
128.

Rodriguez-Carrizalez AD, Castellanos-Gonzalez JA, Martinez-
Romero EC, Miller-Arrevillaga G, Roman-Pintos LM, Pacheco-
Moisés FP, et al. The antioxidant effect of ubiquinone and com-
bined therapy on mitochondrial function in blood cells in non-
proliferative diabetic retinopathy: A randomized, double-blind,
phase Ila, placebo-controlled study. Redox Report. 2016; 21:
190-195.


https://www.imrpress.com

	1. Introduction
	2. Oxidative Stress is the Major Source of Neuropathology in TBI
	3. Oxidative Stress and Mitochondrial Damage in TBI
	4. Oxidative Stress and Blood-Brain Barrier Dysfunction in TBI
	5. Nrf2 as a Potential Therapeutic Target for TBI
	6. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

