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Abstract: Traumatic central nervous system injury is a leading cause of neurological injury world-
wide. While initial neuroresuscitative efforts are focused on ameliorating the effects of primary
injury through patient stabilization, secondary injury in neurotrauma is a potential cause of cell
death, oxidative stress, and neuroinflammation. These secondary injuries lack defined therapy. The
major causes of secondary injury in neurotrauma include endoplasmic reticular stress, mitochondrial
dysfunction, and the buildup of reactive oxygen or nitrogenous species. Stress to the endoplasmic
reticulum in neurotrauma results in the overactivation of the unfolded protein response with subse-
quent cell apoptosis. Mitochondrial dysfunction can lead to the release of caspases and the buildup
of reactive oxygen species; several characteristics make the central nervous system particularly
susceptible to oxidative damage. Together, endoplasmic reticulum, mitochondrial, and oxidative
stress can have detrimental consequences, beginning moments and lasting days to months after the
primary injury. Understanding these causative pathways has led to the proposal of various potential
treatment options.

Keywords: neural injury; oxidative stress; endoplasmic reticulum stress; apoptosis; mitochon-
drial dysfunction

1. Introduction

Neurotrauma is defined as an external force causing alterations in central nervous
system (CNS) functioning or evidence of new CNS pathology [1–3]. It is a worldwide lead-
ing cause of morbidity and mortality in both the young and elderly, with traumatic brain
injury (TBI) in the United States alone impacting 2.8 million individuals per year [1,3–5].
Initial neuroresuscitation focuses on treating the primary injury, such as basic life support,
maintaining cerebral perfusion, seizure prophylaxis, and surgery [5,6]. Despite the substan-
tial improvements in these resuscitative efforts following traumatic CNS injuries, one of
the inevitable sequelae of neurotrauma is secondary injury, or the molecular and chemical
response to primary injury. Direct impact can cause the transfer of force dynamics through
the dura, cerebrospinal fluid, and brain parenchyma. This can result in the shearing of
axons, the disruption of cell membranes, and fluid shifts, resulting in edema. This primary
injury transitions to the secondary injury response over time.

Secondary injury in neurotrauma has been linked to endoplasmic reticulum (ER) and
mitochondrial dysfunction as well as oxidative stress [7–10]. Stress to these organelles trig-
gers a cascade of events which ultimately activate neuroinflammatory pathways [7,11–13].
Signs of neuroinflammation, or the CNS’s immune response, begin to develop shortly after
the primary injury [6,14,15]. Some overt changes include ventricular enlargement, edema,
white matter atrophy, or gray matter atrophy, while microscopic apoptosis, autophagy,
axonal injury, and necrosis have all been visualized [7,15–23]. Secondary injury can persist
for days to months following neurotrauma, with many potentially life-long implications,
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oftentimes more taxing than the primary insult [14,15]. Namely, acute and chronic neuroin-
flammation have been linked with initiating or exacerbating the progression of neurode-
generative diseases and processes such as Alzheimer’s or multiple sclerosis [11,12,24,25].
To date, there is no FDA-approved medication for the prevention or treatment of secondary
injury in neurotrauma [26]. Thus, the importance of understanding and addressing the
pathomechanisms of secondary injury cannot be understated. The goal of the present study
is to review the impact of neurotrauma at cellular and molecular levels to identify potential
treatment modalities to secondary injury.

2. ER Stress

The ER is a continuous, membrane-enclosed series of flattened sacs within the cyto-
plasm of eukaryotic cells. This organelle is essential for multiple cellular functions such as
lipid biosynthesis, calcium cation storage, post-translation modifications, protein folding,
and nascent protein transport [27–34]. It houses transmembrane proteins while also syn-
thesizing, folding, and secreting most extracellular proteins [27]. The ER’s relatively high
calcium concentration is crucial to maintaining the electrochemical environment necessary
to perform these roles [8]. Cell stressors such as hypoxia, starvation, trauma, and infection
alter the ER’s environment and thus, the folding and sorting of proteins within the ER. This
leads to an accumulation of unfolded proteins [8,33–36]. When unfolded proteins reach a
critical threshold, the ER is said to be under stress, and the ER’s unfolded protein response
(UPR) pathway is initiated [27–33].

The UPR (Figure 1) is an evolutionarily conserved signal cascade that works to restore
protein homeostasis by reducing the number of unfolded proteins through protein expres-
sion alterations [28,32–34,37–39]. The UPR functions through three ER transmembrane
protein sensors: inositol-requiring kinase 1 (IRE1Aα), pancreatic ER eIF2 kinase (PERK),
and activating transcription factor 6 (ATF6) [30–33,37]. Under stress, ATF6 is cleaved by
proteases to produce a transcriptionally active polypeptide that translocates to the nucleus,
where it upregulates various proteins such as chaperones [27,33,35,37,40]. The activation
of PERK and IRE1α is mediated by binding of their luminal N-terminal sequences by
accumulated unfolded proteins [35]. These three sensors interact with an ER chaperone
protein glucose-regulated protein 78 (GRP78), which is a central regulator and marker for
ER stress [41]. GRP78 disassociates from the UPR signal sensors mediating the intracellular
signaling pathways involved in the UPR [41]. Utilizing the UPR under acute stress can
restore ER (and thus cellular) homeostasis. However, prolonged or high stress states can
result in UPR-activated cell death via apoptosis [29,33–35,37,38,40]. In addition to UPR
activation, the accumulation of misfolded protein within the ER is known to affect the
ubiquitin proteasome system (UPS). Under normal conditions, the UPS is responsible for
degrading proteins targeted for destruction. The disruption of this mechanism results
in the further accumulation of protein and protein aggregates, worsening ER stress and
contributing to disease processes [40,42,43].

Neurotrauma is a relatively common cause of neuronal ER dysfunction via oxidative
stress, inflammation, and metabolic disturbance [8,13,44]. Several studies show elevation
in UPR stress markers following TBI and spinal cord injury (SCI), which has also been
evidenced in a variety of neurodegenerative diseases [28,30,34,36,38–40,42–50]. ER stress-
related protein aggregates are present in HD, ALS, and PD, while upregulated IRE1α
has been evidenced in AD, PD, and ALS [8,51–54]. Likewise, PERK hyperactivation
has been evidenced in progressive supranuclear palsy (PSP) [8,51]. Interestingly, UPR
upregulation occurs prior to symptom onset in these diseases, and one study showed
that the suppression of UPR signals may alleviate AD-related memory deficit [51]. These
findings suggest neurotrauma-induced ER stress may lead to pathological findings similar
to those seen in familiar neurodegenerative diseases.
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Figure 1. Unfolded protein response cascade. Cell stressors such as traumatic injury lead to accu-
mulation of unfolded proteins in the ER, which activates the UPR transmembrane protein sensors
IRE1Aα, PERK, and ATF6. These protein sensors lead to upregulation of GRP78, a signal for ER
stress. Additionally, activation of the UPR transmembrane proteins results in either restoration of
homeostasis or apoptosis through downstream mechanisms. Created with BioRender.com.

3. Mitochondrial Dysfunction

Mitochondria play a crucial role in ATP production, allowing proper cellular func-
tion and repair, Ca2+ buffering, apoptosis, and the regulation of reactive oxygen species
(ROS) in the cell [55,56]. In the setting of neurotrauma, reduced blood supply, and thus
oxygen, inhibits aerobic metabolism through the mitochondrial electron transport chain
(ETC), substantially reducing ATP production [57]. This forces mitochondria to upregulate
anaerobic metabolism through lactic acid production to satisfy cellular energy require-
ments [58]. In addition to decreased ATP production, extracellular lactic acid accumulation
is a strong indicator of mitochondrial dysfunction and correlates with worse outcomes in
TBI patients [59]. Although oxygen depletion secondary to neurotrauma plays a critical
role in decreased mitochondrial ATP production, the restoration of oxygen supply to tissue
affected by neurotrauma alone may not be sufficient to restore adequate mitochondrial
ATP production.

Mitochondrial dysfunction can occur in the setting of neurotrauma without any ap-
parent indication of ischemia through the unregulated accumulation of Ca2+ within the
cytoplasm and mitochondria, causing excitotoxicity [60–62]. Neurotrauma-induced excito-
toxicity occurs via the stimulation of glutamate (NMDA) receptors, resulting in the opening
of voltage-gated Ca2+ channels and the uptake of Ca2+ (Figure 2) [63,64]. With an influx of
Ca2+ and a loss of Ca2+ homeostasis, mitochondria Ca2+-dependent proteases and phos-
pholipases are activated, upregulating the production of ROS [26,65]. This neurotrauma-
induced elevation of mitochondrial ROS drives oxidative stress in neurons, discussed in
Section 4 [66]. Furthermore, the excessive accumulation of Ca2+ can induce apoptotic
cell death due to mitochondrial membrane compromise, as seen in outer membrane per-
meabilization (MOMP) and the formation of mitochondrial permeability transition pores
(mPTP) [67,68]. With the disruption of the mitochondrial membrane, mPTP and MOMP
cause the release of cytochrome c (cyt c) and other mitochondrial proteins into the cyto-
plasm of the cell [69,70]. These mitochondrial proteins activate caspases, namely caspase-3,
resulting in caspase-dependent cell death [71]. However, mitochondrial membrane com-
promise alone can cause caspase-independent cell death as well [72]. Due to its catastrophic
affects to the cell, preventing Ca2+ dysregulation and consequent mPTP progression is a
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major focus of therapeutic investigations to limit cellular apoptosis and preserve the ability
of the mitochondria to produce energy [69].

Figure 2. Neurotrauma-induced excitotoxicity of glutamate NMDA receptors allows for influx of
Ca2+ and overloads mitochondrial Ca2+ homeostasis. The resulting instability of the mitochondrial
membrane causes mitochondrial proteins such as cytochrome c to spill out of the mitochondria
through mPTP. Caspases can be activated by these proteins, ultimately inducing apoptosis. ROS
production is upregulated, as excessive Ca2+ promotes ROS production through the activation of
Ca2+-dependent proteases and phospholipases. Reprinted/adapted with permission from Ref. [73].
2022, BioRender.

4. Oxidative Stress

Free radicals are atoms, molecules, or ions with unpaired electrons that are formed
via covalent bond disruption. These compounds are chemically unstable, causing them
to react with either other free radicals or nonradical molecules [74]. Under physiologic
conditions, these reactive chemical species can be produced via oxidative phosphorylation,
the biotransformation of proteins in the ER, or enzymatic reactions [74]. One major producer
of ROS is NADPH oxidase (NOX). The body contains numerous antioxidants in the form of
enzymes such as superoxide dismutase (SOD), glutathione peroxidase, or catalase, which
prevent serious harm from these reactive species [75]. The expression of these enzymes
is controlled by transcription factors such as Nrf2, which binds to antioxidant response
elements (AREs) to induce the transcription of detoxifying and antioxidant genes [76].

Secondary injury in neurotrauma through various cascades, including those discussed
in the above sections of this review, contribute to excessive free radical formation, further
exacerbating injury. The buildup of these reactive species overwhelms the antioxidant
response, creating a deadly cycle of continuous free radical formation [75,77]. These oxida-
tive species go on to interact with proteins, lipids, carbohydrates, and nucleic acids, leading
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to irreversible cellular damage termed “oxidative stress” or “oxidative damage.” [26,77].
The CNS is particularly sensitive to oxidative damage because of its relatively high lipid
concentration and abundant oxidative metabolism. Animal models of TBI and SCI show
glutamate-induced excitotoxicity via NMDA receptors, resulting in elevations of intra-
cellular calcium with subsequent elevations in superoxide (O2•−) production via NOX
moments after injury [77,78]. With the CNS’s high lipid levels, superoxide is able to readily
induce lipid peroxidation (LP). Among its numerous harmful effects, LP results in the
leakage of lysosomal hydrolytic enzymes and Ca2+ from the mitochondria, ultimately
causing apoptosis through the aforementioned mechanisms [74]. Superoxide can also react
with local endothelial cell nitric oxide (NO), forming peroxynitrite [79]. Peroxynitrite has
been implicated in blood–brain barrier (BBB) leakage, neuroinflammation, edema, and
mitochondrial dysfunction. Its effects on the BBB allow cells of the immune system to enter
the CNS, further exacerbating disease [74,80].

5. Emerging Treatments
5.1. ER Stress

Potential treatment options targeting the UPR pathway look to ameliorate ER stress as a
cause of secondary injury in neurotrauma. Specifically, two drugs acting on eIF2α phospho-
rylation have shown promising results in recent studies on animal models. Salubrinal, an
eIF2α dephoshorylation inhibitor, has recently been shown to decrease ER-stress-associated
neuronal cell death via disrupting caspase-3-mediated apoptosis and neuroinflammation
after TBI [81–84]. Similarly, Guanabenz and its derivatives (e.g., sephin1) have been shown
to increase eIF2α phosphorylation [8,85]. Recent studies examining the therapeutic effect of
Guanabenz and sephin1 have shown reductions in unfolded protein production, ER stress,
and TBI neural deficits [86–90]. Additionally, Tauroursodeoxycholic acid (TUDCA), an
endogenous bile acid, is another potential treatment targeting ER stress. Previous studies
have shown TUDCA’s ability to promote blood vessel repair, reduce arterial stiffness, and
decrease endothelial dysfunction in rodent models of type 2 diabetes [91,92]. However,
recently, TUDCA use in rodent models of subarachnoid hemorrhage has been shown to
increase cerebrovascular perfusion, decrease GRP78 expression, and inhibit PERK, eIF2α,
and ATF4 signaling, ultimately decreasing ER-stress-mediated apoptosis [41].

5.2. Mitochondrial Dysfunction

A prominent cause of mitochondrial stress (and thus increased ROS formation) in
neurotrauma is calcium overload via glutamate–NMDA interaction. While preliminary
research focused on the broad-stroke downregulation of the NMDA receptor has proven to
be counterproductive with many side effects and a limited window of therapy, research has
shown that there are two NMDA receptors of interest: synaptic NMDA receptors which
increase nuclear Ca2+ and antioxidant production and extra-synaptic NMDA receptors
which promote cytoplasmic Ca2+ and mitochondrial stress [93]. Recent research has focused
on the selective inhibition of extra-synaptic NMDA receptors via memantine, a well-studied
neuroprotective drug in AD [80,94]. Preliminary studies in rodent models have shown that
the memantine-mediated downregulation of extra-synaptic NMDA receptors in the setting
of TBI is protective against mitochondrial stress and neuronal damage [80,94].

Another treatment option in mitochondrial dysfunction looks to inhibit mPTP forma-
tion by reproducing the effects of cyclosporin A (CsA). CsA has been well-documented in
inhibiting apoptotic cell death in various cells, including neurons, presumably through its
inhibition of the release of pro-apoptotic factors by mPTP [95–97]. However, its cytotoxic
effects have limited CsA as a potential treatment option in neurotrauma [98,99]. NIM811,
a cyclosporin A (CsA) analog, is a less toxic alternative currently under investigation,
primarily for SCI [98]. In addition to preserving mitochondrial function, this potential
treatment has been shown to promote tissue sparing and functional recovery in rodent
models of SCI [98].
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5.3. Antioxidant Therapy

Reactive species production is one of the more well-studied mechanisms of secondary
injury in neurotrauma, and thus, a broader variety of potential treatment options targeting
various pathways in their production and removal are currently under investigation.
Edaravone is a multi-target compound that has been used in Japan since 2001 for its
scavenging of free radicals post-ischemic stroke [26]. Recently, it was approved by the
FDA for ALS treatment because of its ability to increase antioxidant enzyme expression
and to prevent cyt c and caspase-3 release in the mitochondria [26]. Despite its use in
ALS and stroke, there is limited studies on its safety and efficacy in TBI patients. In
rodent models of TBI, edaravone has been shown to significantly reduce apoptotic activity
in a dose-dependent fashion, with one study showing its benefits when administered
up to 6 h following controlled cortical impact (CCI) [100]. Several other studies have
shown decreased evidence of LP following edaravone administration as well as increased
Nrf2 expression [100–102]. Another potential therapy that has shown promising results
in rodent models of TBI is Apocynin/TBHQ. Apocynin, a NOX inhibitor, and TBHQ, a
NRF2 activator, when used as a dual-blend therapy, can salvage both white and gray
matter when administered up to 2 h after TBI [103]. Furthermore, Mitoquinone (MitoQ) is
being investigated as an antioxidant that targets the mitochondrial ETC. Its actions on the
mitochondria lead to a series of downstream effects that ultimately increase Nrf2 release
and thus antioxidant enzyme gene expression [26,76]. Although its effects in PD, HD, AD,
and ALS have been widely studied, the investigation of its benefits in TBI has only recently
begun [76,104–108].

5.4. Immunoglobulin

Antibodies are a broad field of therapies that have garnered interest in the treatment of
TBI partly due to their theoretically targeted nature. Kondo et al. demonstrated that TBI in
mice induced cis phosphorylates-tau (p-tau) production, axonal interference, mitochondrial
dysregulation, and subsequent apoptosis in a process they labeled “cistauosis” [109]. In
addition, Kondo et al. showed that an anti-cis p-tau-specific antibody could rescue the
majority of cistauosis-induced consequences, including apoptosis and mitochondrial dys-
function [109]. The concept that tau pathology is linked to mitochondrial dysregulation
has been endorsed by studies from the field of Alzheimer’s research [110–113]. Kondo
et al.’s findings and the possible use of a p-tau therapeutic antibody were subsequently
supported by a number of recent studies [114–116]. One study of note demonstrated a
statistically significant negative correlation between Glasgow Coma Scale results and cis
p-tau levels in the CSF of human TBI patients [117]. This further endorses the notion that
cis p-tau is directly associated with worse TBI results and that cis p-tau antibodies may
have therapeutic value.

Another potential target of immunoglobulin therapy in TBI is the molecule caveolin. In-
creased caveolin-1 levels in the CSF have been associated with worse outcomes in TBI [118].
In addition, caveolin-1 mouse knockout was correlated with decreased inflammation and
oxidative stress in the setting of TBI [119]. Caveolin-3, found largely in astrocytes within the
CNS, is linked with a reduction in endothelial nitric oxide synthase (eNOS) [120–122]. This
may promote oxidative injury, given the positive association between eNOS and reduced
oxidative stress [123,124]. Further research in the field of caveolin modulation is vital before
therapies may be developed.

5.5. Cell-Based Therapy

Stem-cell-based therapy for traumatic brain injury (TBI) has been a topic of research for
many years and remains one of the foremost options as a future therapeutic. The divisions
of stem cells used in TBI research include neural stem cells (NSCs), mesenchymal stem
cells (MSCs), endothelial progenitor cells (EPCs), and multipotent adult progenitor cells
(MAPCs) [125]. In recent years, research has focused more on the use of MSCs. MSCs
have been shown to migrate to the cite of TBI, inhibit microglia activation and peripheral
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leukocyte migration, inhibit proinflammatory cytokines and oxidative stress, and repair
injured tissue through the upregulation of growth factors (e.g., VEGF) and neurotrophic
factor transcription (e.g., BDNF and GDNF) [125–128]. In addition, there is new evidence
that MSCs may increase ATP production in the setting of ischemia through a process known
as mitochondrial transfer, in which mitochondria are transferred from the MSC to local cells
through a novel exocytotic process [129,130]. Two concerns regarding stem cell therapy in
TBI include potential tumorgenicity and embolism formation [131,132]. While studies have
repeatedly shown the increased risk of embolism formation in high-dose stem cell therapy,
data have been inconclusive concerning the enhanced probability of tumorgenicity, with
the latest studies finding no heightened risk [132,133].

5.6. MSC-Exosomes

In recent years, an innovative and focused application of TBI stem cell therapy called
MSC-derived exosomes (MSC-exosomes) has emerged as a promising new therapy. Almost
every cell in the human body exudes extracellular vesicles. There are two major categories
of extracellular vesicles—ectosomes and exosomes, which are comparatively smaller with
an average diameter of 100 nm [134]. MSC-exosomes contain many of the products of
their parent MSC cells, including nucleic acids, lipids, and proteins [134,135]. In addition,
research has shown that many of the benefits of MSCs are not based on the stem cells’
ability to differentiate and replace dead tissue, but rather on their ability upregulate growth
factors and anti-inflammatory mediators that reduce oxidative stress and mitochondrial
damage through exosome production and modulatory signaling [135–138]. Consequently,
MSC-exosomes may offer many of the same advantages as MSCs without the cell-based
risk factors [135,139]. Recent research has shown that MSC-exosomes may upregulate
AKT and ERK pathways and counteract the effects of ER-stress-induced apoptosis while
simultaneously downregulating genes associated with ER stress [140–142]. One study
by Zhang et al. found that TBI rats treated with MSC-exosomes showed the significant
rescue of neurological deficits, upregulation of endogenous angiogenesis, and reductions
in lesion areas compared to a phosphate-buffered saline control group [143]. This finding
of decreased lesion area was further supported by a subsequent study by Ni et al. [144].
A recent study examining the efficiency of delayed MSC-exosome therapy in TBI found
that MSC-exosome administered to Yorkshire swine 9 h post-TBI still demonstrated a
significant improvement in neurological recovery rates compared to a normal saline control
group [145]. MSC-exosome therapy has also shown promise in modulating microglia
activation and neuroinflammation. Several studies have found a significant reduction
in microglia polarization and inflammation in MSC-exosome treatment of rodent TBI
models [141,144,146].

5.7. CCR5 Antagonists

One of the most promising, novel targets of future TBI therapies may be CC chemokine
receptor 5 (CCR5). CCR5 is a G-protein-coupled receptor that first gained recognition as an
integral coreceptor in HIV cell infection but is now recognized as a significant player in
the endogenous activation and trafficking of immune- and oxidative-stress-inducing cells,
including macrophages and T cells [147–150]. There is also some evidence that CCR5 may
interact with mitochondrial heat shock proteins expressed due to mitochondrial stress and
contribute to cell apoptosis [151,152]. Accordingly, CCR5 inhibition has the potential to
attenuate some of the effects of mitochondrial stress (Table 1). A recent study by Haruwaka
et al. demonstrated, with in vivo imaging during inflammation, that CCR5 performs an
integral role in the trafficking of microglia to central nervous system vessels and, con-
sequently, may induce permeability and failure of integrity in the blood–brain barrier
(BBB) [153]. These findings indicate that CCR5 may play a role in microglia activation
and ROS response post-TBI. Furthermore, there is evidence that CCR5 transcription is
upregulated for 7 days following a TBI [154]. This suggests that CCR5 may have a lasting
effect post-TBI. Several studies examining TBI outcomes in CCR5 knockout or silenced
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rodents compared to WT have consistently demonstrated improved neurological outcomes,
reduced fields of damage, and earlier recovery [155–157]. Joy et al. examined outcomes
from the Tel Aviv Brain Acute Stroke Cohort study and were able to demonstrate a signif-
icant correlation between better stroke outcomes amongst enrollees with a CCR5 loss of
function mutation compared to those with CCR5 WT [155]. Potential CCR5 antagonistic
therapeutics already FDA-approved for HIV treatment include Cenicriviroc and Maraviroc.
Consequently, studies have already demonstrated the effectiveness of Maraviroc as a CCR5
antagonist in rodents with TBI, with outcomes paralleling those found in the knockout
studies [155,157].

Table 1. Potential treatment options as discussed in Section 5.

Therapies Potential Mechanisms of Action

Immunoglobulin ↓ p-tau (mitochondrial stress and apoptosis)
↓ caveolin (oxidative stress)

Cell-Based ↓ oxidative stress
↓ inflammatory cell migration

MSC-Exosomes ↓ oxidative stress
↓ ER stress

CCR5 Antagonists ↓ Inflammatory cell migration
Extra-synaptic NMDA Receptor Inhibitors ↓mitochondrial stress

Selective Ca2+ Channel Inhibitors ↓mitochondrial and ER stress
eIF2α Phosphorylation ↓ unfolded protein production and ER stress

6. Conclusions

Neurotrauma is a leading cause of disability worldwide and can result in secondary
sequela with lifelong implications. In this review, mechanisms causing secondary injury in
neurotrauma, including ER stress, mitochondrial dysfunction, and oxidative stress, were
closely analyzed. In the ER, unfolded pPlroteins aggregate, accumulate, and concomi-
tantly activate the UPR. The UPR under physiologic conditions aims to maintain cellular
homeostasis, while the overactivation of it, as seen in traumatic injury, can lead to cell
death. Similarly, mitochondrial dysfunction seen in TBI and SCI results in an ATP supply-
and-demand mismatch, increased ROS formation, and caspase release through mPTP
with resultant apoptosis. Neurotrauma-induced oxidative stress overloads the body’s
endogenous antioxidant mechanisms and creates a cycle of reactive species formation
with ensuing neuroinflammation and apoptosis. Many of these mechanisms are similar
to and may kickstart processes similar to those seen in chronic neuroinflammatory and
neurodegenerative diseases.

Despite these potentially devasting consequences, there is no FDA-approved treat-
ment for the secondary injury seen in neurotrauma. However, promising treatment options
targeting the pathways are emerging. Salubrinal, Guanabenz, and TUDCA target the UPR,
while memantine and NIM811 may support normal mitochondrial function. Potential
antioxidant therapies include edaravone, Apocyanin/TBHQ, and MitoQ. Other potential
therapies are in the form of immunoglobulin, cell-based, MSC-exosome, and CCR5 antago-
nist therapies. Although showing promising results, many of these remedies are still largely
in the pre-clinical phases of investigation. Thus, the continued need to identify treatment
options targeting ER stress, mitochondrial dysfunction, and reactive species formation in
neurotrauma cannot be understated.
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131. Večerić-Haler, Ž.; Cerar, A.; Perše, M. (Mesenchymal) Stem Cell-Based Therapy in Cisplatin-Induced Acute Kidney Injury Animal
Model: Risk of Immunogenicity and Tumorigenicity. Stem Cells Int. 2017, 2017, e7304643. [CrossRef]

132. Wang Pre-Clinical Study of Human Umbilical Cord Mesenchymal Stem Cell Transplantation for the Treatment of Traumatic Brain
Injury: Safety Evaluation from Immunogenic and Oncogenic Perspectives. Available online: https://www.nrronline.org/article.
asp?issn=1673-5374;year=2022;volume=17;issue=2;spage=354;epage=361;aulast=Wang (accessed on 28 January 2022).

133. Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]
134. Ghosh, S.; Garg, S.; Ghosh, S. Cell-Derived Exosome Therapy: A Novel Approach to Treat Post-traumatic Brain Injury Mediated

Neural Injury. ACS Chem. Neurosci. 2020, 11, 2045–2047. [CrossRef]
135. Lai, R.C.; Arslan, F.; Lee, M.M.; Sze, N.S.K.; Choo, A.; Chen, T.S.; Salto-Tellez, M.; Timmers, L.; Lee, C.N.; El Oakley, R.M.; et al.

Exosome secreted by MSC reduces myocardial ischemia/reperfusion injury. Stem Cell Res. 2010, 4, 214–222. [CrossRef]

http://doi.org/10.3233/JAD-160612
http://www.ncbi.nlm.nih.gov/pubmed/27567878
http://doi.org/10.1016/j.phrs.2021.105973
http://doi.org/10.1016/j.arr.2020.101208
http://doi.org/10.1155/2015/151979
http://doi.org/10.1038/s41467-017-01068-4
http://doi.org/10.1186/s13018-020-01761-z
http://doi.org/10.1016/j.pneurobio.2021.102072
http://www.ncbi.nlm.nih.gov/pubmed/33979671
http://doi.org/10.1080/01616412.2021.2022921
http://www.ncbi.nlm.nih.gov/pubmed/34979886
http://www.ncbi.nlm.nih.gov/pubmed/28655698
http://doi.org/10.1016/j.ajpath.2010.12.023
http://doi.org/10.1038/82176
http://doi.org/10.1083/jcb.200811059
http://doi.org/10.1016/j.neuroscience.2014.10.035
http://doi.org/10.1161/CIRCRESAHA.116.309326
http://doi.org/10.1186/s12933-017-0531-9
http://doi.org/10.3389/fncel.2019.00301
http://doi.org/10.2147/NDT.S141534
http://www.ncbi.nlm.nih.gov/pubmed/29158675
http://doi.org/10.3390/medicina56030137
http://www.ncbi.nlm.nih.gov/pubmed/32204311
http://doi.org/10.1186/1742-2094-10-106
http://www.ncbi.nlm.nih.gov/pubmed/23971414
http://doi.org/10.1038/nm.2736
http://doi.org/10.1002/stem.2372
http://doi.org/10.1161/STROKEAHA.117.017809
http://doi.org/10.1155/2017/7304643
https://www.nrronline.org/article.asp?issn=1673-5374;year=2022;volume=17;issue=2;spage=354;epage=361;aulast=Wang
https://www.nrronline.org/article.asp?issn=1673-5374;year=2022;volume=17;issue=2;spage=354;epage=361;aulast=Wang
http://doi.org/10.1126/science.aau6977
http://doi.org/10.1021/acschemneuro.0c00368
http://doi.org/10.1016/j.scr.2009.12.003


Diseases 2022, 10, 30 14 of 14

136. Sun, C.-K.; Chen, C.-H.; Chang, C.-L.; Chiang, H.-J.; Sung, P.-H.; Chen, K.-H.; Chen, Y.-L.; Chen, S.-Y.; Kao, G.-S.; Chang, H.-W.;
et al. Melatonin treatment enhances therapeutic effects of exosomes against acute liver ischemia-reperfusion injury. Am. J. Transl.
Res. 2017, 9, 1543–1560. [PubMed]

137. Xin, H.; Li, Y.; Cui, Y.; Yang, J.J.; Zhang, Z.G.; Chopp, M. Systemic Administration of Exosomes Released from Mesenchymal
Stromal Cells Promote Functional Recovery and Neurovascular Plasticity After Stroke in Rats. J. Cereb. Blood Flow Metab. 2013, 33,
1711–1715. [CrossRef] [PubMed]

138. Hu, C.; Zhao, L.; Zhang, L.; Bao, Q.; Li, L. Mesenchymal stem cell-based cell-free strategies: Safe and effective treatments for liver
injury. Stem Cell Res. Ther. 2020, 11, 377. [CrossRef] [PubMed]

139. Buono, L.; Scalabrin, S.; De Iuliis, M.; Tanzi, A.; Grange, C.; Tapparo, M.; Nuzzi, R.; Bussolati, B. Mesenchymal Stem Cell-Derived
Extracellular Vesicles Protect Human Corneal Endothelial Cells from Endoplasmic Reticulum Stress-Mediated Apoptosis. Int. J.
Mol. Sci. 2021, 22, 4930. [CrossRef] [PubMed]

140. Chen, Y.; Li, J.; Ma, B.; Li, N.; Wang, S.; Sun, Z.; Xue, C.; Han, Q.; Wei, J.; Zhao, R.C. MSC-derived exosomes promote recovery
from traumatic brain injury via microglia/macrophages in rat. Aging 2020, 12, 18274–18296. [CrossRef] [PubMed]

141. Liao, Z.; Luo, R.; Li, G.; Song, Y.; Zhan, S.; Zhao, K.; Hua, W.; Zhang, Y.; Wu, X.; Yang, C. Exosomes from mesenchymal stem
cells modulate endoplasmic reticulum stress to protect against nucleus pulposus cell death and ameliorate intervertebral disc
degeneration in vivo. Theranostics 2019, 9, 4084–4100. [CrossRef]

142. Zhang, Y.; Chopp, M.; Meng, Y.; Katakowski, M.; Xin, H.; Mahmood, A.; Xiong, Y. Effect of exosomes derived from multi-
pluripotent mesenchymal stromal cells on functional recovery and neurovascular plasticity in rats after traumatic brain injury. J.
Neurosurg. 2015, 122, 856–867. [CrossRef]

143. Ni, H.; Yang, S.; Siaw-Debrah, F.; Hu, J.; Wu, K.; He, Z.; Yang, J.; Pan, S.; Lin, X.; Ye, H.; et al. Exosomes Derived From Bone
Mesenchymal Stem Cells Ameliorate Early Inflammatory Responses Following Traumatic Brain Injury. Front. Neurosci. 2019,
13, 14. [CrossRef]

144. Williams, A.M.; Dennahy, I.S.; Bhatti, U.F.; Halaweish, I.; Xiong, Y.; Chang, P.; Nikolian, V.C.; Chtraklin, K.; Brown, J.; Zhang, Y.;
et al. Mesenchymal Stem Cell-Derived Exosomes Provide Neuroprotection and Improve Long-Term Neurologic Outcomes in a
Swine Model of Traumatic Brain Injury and Hemorrhagic Shock. J. Neurotrauma 2019, 36, 54–60. [CrossRef]

145. Thomi, G.; Surbek, D.; Haesler, V.; Joerger-Messerli, M.; Schoeberlein, A. Exosomes derived from umbilical cord mesenchymal
stem cells reduce microglia-mediated neuroinflammation in perinatal brain injury. Stem Cell Res. Ther. 2019, 10, 105. [CrossRef]

146. Kranjc, M.K.; Novak, M.; Pestell, R.G.; Lah, T.T. Cytokine CCL5 and receptor CCR5 axis in glioblastoma multiforme. Radiol. Oncol.
2019, 53, 397–406. [CrossRef] [PubMed]

147. Morganti, J.M.; Riparip, L.-K.; Chou, A.; Liu, S.; Gupta, N.; Rosi, S. Age exacerbates the CCR2/5-mediated neuroinflammatory
response to traumatic brain injury. J. Neuroinflamm. 2016, 13, 80. [CrossRef] [PubMed]

148. Oppermann, M. Chemokine receptor CCR5: Insights into structure, function, and regulation. Cell. Signal. 2004, 16, 1201–1210.
[CrossRef]

149. Scurci, I.; Martins, E.; Hartley, O. CCR5: Established paradigms and new frontiers for a ‘celebrity’ chemokine receptor. Cytokine
2018, 109, 81–93. [CrossRef] [PubMed]

150. Alard, J.-E.; Dueymes, M.; Mageed, R.A.; Saraux, A.; Youinou, P.; Jamin, C. Mitochondrial heat shock protein (HSP) 70 synergizes
with HSP60 in transducing endothelial cell apoptosis induced by anti-HSP60 autoantibody. FASEB J. 2009, 23, 2772–2779.
[CrossRef]

151. Lai, Y.; Stange, C.; Wisniewski, S.R.; Adelson, P.D.; Janesko-Feldman, K.L.; Brown, D.S.; Kochanek, P.M.; Clark, R.S.B. Mitochon-
drial Heat Shock Protein 60 Is Increased in Cerebrospinal Fluid following Pediatric Traumatic Brain Injury. Dev. Neurosci. 2006,
28, 336–341. [CrossRef]

152. Haruwaka, K.; Ikegami, A.; Tachibana, Y.; Ohno, N.; Konishi, H.; Hashimoto, A.; Matsumoto, M.; Kato, D.; Ono, R.; Kiyama, H.;
et al. Dual microglia effects on blood brain barrier permeability induced by systemic inflammation. Nat. Commun. 2019, 10, 5816.
[CrossRef]

153. Ciechanowska, A.; Popiolek-Barczyk, K.; Pawlik, K.; Ciapała, K.; Oggioni, M.; Mercurio, D.; De Simoni, M.-G.; Mika, J. Changes in
macrophage inflammatory protein-1 (MIP-1) family members expression induced by traumatic brain injury in mice. Immunobiology
2020, 225, 151911. [CrossRef]

154. Joy, M.T.; Assayag, E.B.; Shabashov-Stone, D.; Liraz-Zaltsman, S.; Mazzitelli, J.; Arenas, M.; Abduljawad, N.; Kliper, E.; Korczyn,
A.D.; Thareja, N.S.; et al. CCR5 Is a Therapeutic Target for Recovery after Stroke and Traumatic Brain Injury. Cell 2019, 176,
1143–1157.e13. [CrossRef]

155. Liraz-Zaltsman, S.; Friedman-Levi, Y.; Shabashov-Stone, D.; Gincberg, G.; Atrakcy-Baranes, D.; Joy, M.T.; Carmichael, S.T.; Silva,
A.J.; Shohami, E. Chemokine Receptors CC Chemokine Receptor 5 and C-X-C Motif Chemokine Receptor 4 Are New Therapeutic
Targets for Brain Recovery after Traumatic Brain Injury. J. Neurotrauma 2021, 38, 2003–2017. [CrossRef]

156. Victoria, E.C.G.; de Toscano, E.C.B.; de Cardoso, A.C.S.; da Silva, D.G.; de Miranda, A.S.; da Barcelos, L.S.; Sugimoto, M.A.; Sousa,
L.P.; de Lima, I.V.A.; de Oliveira, A.C.P.; et al. Knockdown of C-C Chemokine Receptor 5 (CCR5) is Protective Against Cerebral
Ischemia and Reperfusion Injury. Curr. Neurovasc. Res. 2017, 14, 125–131. [CrossRef] [PubMed]

157. Friedman-Levi, Y.; Liraz-Zaltsman, S.; Shemesh, C.; Rosenblatt, K.; Kesner, E.L.; Gincberg, G.; Carmichael, S.T.; Silva, A.J.;
Shohami, E. Pharmacological blockers of CCR5 and CXCR4 improve recovery after traumatic brain injury. Exp. Neurol. 2021,
338, 113604. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/28469765
http://doi.org/10.1038/jcbfm.2013.152
http://www.ncbi.nlm.nih.gov/pubmed/23963371
http://doi.org/10.1186/s13287-020-01895-1
http://www.ncbi.nlm.nih.gov/pubmed/32883343
http://doi.org/10.3390/ijms22094930
http://www.ncbi.nlm.nih.gov/pubmed/34066474
http://doi.org/10.18632/aging.103692
http://www.ncbi.nlm.nih.gov/pubmed/32966240
http://doi.org/10.7150/thno.33638
http://doi.org/10.3171/2014.11.JNS14770
http://doi.org/10.3389/fnins.2019.00014
http://doi.org/10.1089/neu.2018.5711
http://doi.org/10.1186/s13287-019-1207-z
http://doi.org/10.2478/raon-2019-0057
http://www.ncbi.nlm.nih.gov/pubmed/31747383
http://doi.org/10.1186/s12974-016-0547-1
http://www.ncbi.nlm.nih.gov/pubmed/27090212
http://doi.org/10.1016/j.cellsig.2004.04.007
http://doi.org/10.1016/j.cyto.2018.02.018
http://www.ncbi.nlm.nih.gov/pubmed/29903576
http://doi.org/10.1096/fj.08-128785
http://doi.org/10.1159/000094159
http://doi.org/10.1038/s41467-019-13812-z
http://doi.org/10.1016/j.imbio.2020.151911
http://doi.org/10.1016/j.cell.2019.01.044
http://doi.org/10.1089/neu.2020.7015
http://doi.org/10.2174/1567202614666170313113056
http://www.ncbi.nlm.nih.gov/pubmed/28294064
http://doi.org/10.1016/j.expneurol.2021.113604
http://www.ncbi.nlm.nih.gov/pubmed/33453212

	Introduction 
	ER Stress 
	Mitochondrial Dysfunction 
	Oxidative Stress 
	Emerging Treatments 
	ER Stress 
	Mitochondrial Dysfunction 
	Antioxidant Therapy 
	Immunoglobulin 
	Cell-Based Therapy 
	MSC-Exosomes 
	CCR5 Antagonists 

	Conclusions 
	References

