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Abstract: A traumatic brain injury (TBI) is a major health issue affecting many people across the
world, causing significant morbidity and mortality. TBIs often have long-lasting effects, disrupting
daily life and functionality. They cause two types of damage to the brain: primary and secondary.
Secondary damage is particularly critical as it involves complex processes unfolding after the initial
injury. These processes can lead to cell damage and death in the brain. Understanding how these
processes damage the brain is crucial for finding new treatments. This review examines a wide range
of literature from 2021 to 2023, focusing on biomarkers and molecular mechanisms in TBIs to pinpoint
therapeutic advancements. Baseline levels of biomarkers, including neurofilament light chain (NF-L),
ubiquitin carboxy-terminal hydrolase-L1 (UCH-L1), Tau, and glial fibrillary acidic protein (GFAP) in
TBI, have demonstrated prognostic value for cognitive outcomes, laying the groundwork for person-
alized treatment strategies. In terms of pharmacological progress, the most promising approaches
currently target neuroinflammation, oxidative stress, and apoptotic mechanisms. Agents that can
modulate these pathways offer the potential to reduce a TBI's impact and aid in neurological rehabili-
tation. Future research is poised to refine these therapeutic approaches, potentially revolutionizing
TBI treatment.

Keywords: traumatic brain injury; molecular mechanisms; physiological responses; neuroprotection;
rehabilitation; regenerative medicine

1. Introduction

Traumatic brain injuries (TBIs) are a condition marked by structural or functional
damage to the brain resulting from a traumatic event, such as an accident, fall, or violent
incident, initiating a cascade of events in the brain tissue [1]. By the year 2020, TBIs
were anticipated to rank as the third leading cause of death worldwide, contributing
to a concerning annual toll of 1.7 million cases in the United States alone [2]. TBIs can
be categorized into closed, which is a non-penetrating injury, and open-head injuries,
which involve an object piercing the skull and penetrating the dura mater. The former, a
non-penetrating injury, is more commonly observed than the latter [3].

This event triggers a molecular cascade in brain tissue. The primary phase of a TBI
is marked by mechanical injury, including the stretching, compression, and tearing of
the brain tissues and blood vessels. This leads to an initial cell loss, initiating a series
of biochemical changes in the secondary phase of the injury [4]. From a pathological
standpoint, this clinical condition involves a complex interplay of structural, neurochemical,
and inflammatory changes in response to head trauma, affecting brain function and the
patient’s quality of life.

Following the injury, a complex interplay of neurotransmitters, biochemical mediators,
cytokines, and genetic changes contributes to the molecular mechanisms underlying tissue
damage. Excitotoxicity, involving the overactivation of neurotransmitters, is a critical
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pathophysiological factor, along with disturbances in calcium homeostasis, nitric oxide
production, and the generation of reactive oxygen species (ROS), which contribute to cell
death through apoptosis [5,6]. These molecular events trigger programmed cell death
pathways, exacerbating tissue damage. Injured brain tissue initiates an immune response,
leading to inflammation that can both harm and potentially facilitate repair processes.

Furthermore, several investigations report a significant increase in the presence of
“reactive astrocytes”, which serve as key regulators in both tissue damage and potential
repair, representing a distinctive hallmark of TBIs [7,8]. Understanding the intricate molec-
ular interactions following a TBI, involving neurons, glial cells, and vascular networks, is
crucial for managing the injury and its consequences.

This type of injury can manifest in various forms and severities, with consequences
that can significantly differ from case to case. The severity of TBIs is classified as mild,
moderate, or severe based on clinical assessment, including the Glasgow Coma Scale (GCS).
The GCS is a scale for measuring neurocognitive function, ranging from three, indicating
complete unresponsiveness, to fifteen, which denotes full responsiveness. When combined
with computed tomography (CT) imaging, the GCS aids in determining TBI severity and
prognosis. Statistically, approximately 10% of TBI patients admitted to hospitals suffer from
moderate (GCS of 9-13)-to-severe TBIs (GCS of 3-8). However, the majority, approximately
90%, experience mild TBIs (mTBIs), characterized by GCS scores of 13 to 15 [9]. The
prognosis for TBIs is challenging due to their wide range of symptoms, which can vary
from temporary confusion in mild cases to long-term physical, psychological, and cognitive
impairments, possibly leading to coma or even death in more severe instances [10,11].
TBI outcomes are influenced by factors such as patient characteristics, injury details, and
the quality of care. Research has shown that survivors of moderate and severe TBIs
may experience disability one year after the injury. Moreover, epidemiological studies
suggest that these TBIs could be potential risk factors for developing neurodegenerative
disorders like Parkinson’s or Alzheimer’s disease, or other neurological disorders [12].
While prognostic models have been developed and validated for moderate and severe TBIs,
such models are less established for mild TBIs, and there is no universal model that covers
the entire TBI severity spectrum. Given the heterogeneity of TBIs and their variable clinical
course, improving outcome prediction may involve incorporating new information over
time or including factors that predict treatment [13].

Most patients with mTBI recover quickly, but about 15% develop persistent post-
concussive syndrome, which is characterized by symptoms such as headaches, dizziness,
and cognitive difficulties [14,15]. mTBlIs, also known as brain concussion, once considered
minor, have been recognized for its long-term neuropsychological impacts, particularly
in contact-sport athletes and military personnel [16]. Studies have shown that repetitive
concussions can increase the risk of chronic traumatic encephalopathy (CTE). Indeed, about
97% of cases have been recently reported in individuals exposed to repetitive head impacts,
though incidence data remain unclear due to limitations in current research methodologies and
the overlap of its neuropathological features with other neurodegenerative diseases [17-19].
This highlights the complexity and variability of the remote consequences of TBIs, such as
CTE, that pose significant challenges due to their varied presentations and the long-term
impact on individuals’ quality of life. Current research efforts are directed towards better
understanding the epidemiology of these post-traumatic conditions, which is crucial for
developing targeted interventions and support mechanisms for affected patients.

TBIs have long presented a complex challenge to researchers due to their intricate
pathophysiology, varied clinical presentations, and the delicate equilibrium needed in
treating brain inflammation and subsequent neuronal injury [20]. This review assessed
the significance of biomarkers related to TBIs, the crucial molecular mechanisms involved,
and the most recent advancements in therapeutic strategies. The methodological approach
of this review is aimed at providing a comprehensive and in-depth understanding of
TBIs, encompassing both traditional and innovative concepts in this area. Through a
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comprehensive analysis and in-depth examination of this field, this review could be useful
for future studies that will explore innovative therapeutic approaches for TBIs.

2. Methodology

An extensive review of the literature from 2021 to the present was conducted in
December 2023 using multiple databases (PubMed, Google Scholar, and ClinicalTrials.gov).

The sections titled “3. Traumatic Brain Injury Biomarkers” and “4. Advances in TBI:
Molecular Mechanisms and Therapeutic Insights” were specifically compiled based on a
bibliographical search using the following keywords: “Mild Traumatic Brain Injury AND
Proteomic Biomarkers” OR “Neurofilament Light Chain AND Traumatic Brain Injury” OR
“Ubiquitin C-terminal Hydrolase-L1 AND Traumatic Brain Injury” OR “FDA Approved
and Traumatic Brain Injury Biomarkers” OR “Traumatic Brain Injury AND S100B” OR
“Traumatic Brain Injury Treatment AND Neuroprotection AND Neuroinflammation AND
Apoptosis” OR “Traumatic Brain Injury Treatment AND Neuroprotection AND Neuroin-
flammation AND Astrocytes Activation” OR “Traumatic Brain Injury Treatment AND
Neuroprotection AND Neuroinflammation AND Microglia Activation” OR “Traumatic
Brain Injury Treatment AND Neuroprotection AND Neuroinflammation AND NLRP3” OR
“traumatic brain injury treatment and neuroprotection and oxidative stress” OR “traumatic
brain injury treatment and neuroprotection and ferroptosis”.

This search was specifically focused on peer-reviewed articles published in the English
language. Each article underwent an evaluation to determine its relevance in the context
of TBI biomarkers, molecular mechanisms, and the latest advancements in therapeutic
interventions. The objective of this review methodology is to ensure a comprehensive
and multifaceted comprehension of TBIs, shedding light on both established and emerg-
ing concepts in this domain. By amalgamating diverse viewpoints from various stud-
ies, this review aims to furnish valuable insights into the present status of TBI research
and its prospective trajectories. The primary goal of this review was to establish a ro-
bust groundwork for uncovering the molecular and physiological mechanisms of TBIs
and gaining insights into the most recent developments in the exploration of innovative
therapeutic approaches.

3. TBI Biomarkers

Biomarkers detected in body fluids are being considered as potential evaluation tools
for patients with TBIs. They can act as indicators of cerebral damage and provide valuable
information about the dynamic cellular, biochemical, and molecular environments [21]. In
recent years, particularly over the last three years, research in this area has advanced signif-
icantly. Emerging evidence underscores the significance of specific blood biomarkers such
as neurofilament light chain (NF-L), ubiquitin carboxy-terminal hydrolase-L1 (UCH-L1),
Tau, S100B, and glial fibrillary acidic protein (GFAP) [22]. Recently, using the Breakthrough
Devices Program, UCH-L1 and GFAP were approved by the Food and Drug Administration
(FDA) as the first blood-based biomarker called the Brain Trauma Indicator™ (BTI™) [23].

The clinical validation of these biomarkers would be a useful prognostic tool to monitor
the response to treatment [24]. This would be a valid approach aimed at improving therapy
for patients with TBIs.

3.1. Preclinical Study

In a mouse model of mTBI caused by low-intensity blasts, significant changes were
observed in NF-L and GFAP levels in brain tissues and plasma. These changes, potentially
linked to increased blood-brain barrier (BBB) permeability, were also associated with struc-
tural damage to the myelin, mitochondria, and synapses in the neurovascular unit. These
alterations can affect cerebral blood flow and cellular interactions, leading to increased
vulnerability to brain damage and dysfunction. However, this study did not conclusively
determine the primary utility of these biomarkers in diagnosis or prognosis but indicated
their potential relevance in both areas [25]. Furthermore, in a repeated mTBI model, a surge
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in serum NF-L levels highlighted its effectiveness in detecting neuronal damage across
various TBI scenarios. Unlike the previous study, which explored the impact of a single
low-intensity event, here, the change in this biomarker following repeated mTBI over time
was examined, only demonstrating an increase in the acute phase. Furthermore, mass
spectrometry detected significant changes in 26 proteins at 7 days and in 72 proteins at
3.5 months after a mTBI. These protein variations may be implicated in neuroinflamma-
tion, energy metabolism, and neurogenic capacity, and consequently, their diagnostic and
prognostic implications [26].

Another in vivo study investigated the co-occurrence of TBIs and severe blood loss
leading to hemorrhagic shock. The circulating GFAP was associated with histopathological
markers of diffuse axonal injury and BBB breaches, suggesting that GFAP, along with NFL
and UCH-L1, is sensitive to various trauma types, not just specific pathologies [27]. This
comorbidity study involving TBIs and hemorrhagic shock is particularly noteworthy for
its exploration of complex clinical scenarios, but again, the translational aspect of human
treatment needs more emphasis.

These preclinical studies highlight diagnostic and prognostic potential. The findings
about biomarker variations in different TBI scenarios, especially in repeated injuries, are
crucial for developing diagnostic and prognostic tools. However, they also note limitations;
for instance, the extrapolation of results from animal models to human conditions is always
challenging and may not fully represent the human physiological responses.

3.2. Clinical Study

The significance of biomarkers in the clinical management of TBIs is considerable,
offering enhancements in diagnosis, prognosis, and monitoring of treatment. Structural
and molecular biomarkers, including indicators of neuronal, glial, and axonal damage,
are instrumental in evaluating the extent of an injury and tracking processes of secondary
repair. Advanced proteomic and lipidomic techniques provide fresh insights into the mech-
anisms of injury and repair [28]. The assessment of blood biomarkers has demonstrated
potential for delivering objective measures for TBI evaluation, enhancing diagnostic and
prognostic capabilities across the spectrum of TBI severity, from concussions to severe
TBIs [29]. Ongoing research is delving into novel biomarkers and integrated approaches,
underscoring the necessity of a multimodal assessment incorporating various biomarkers
for a more precise diagnosis and monitoring of TBIs [21]. These studies underscore the piv-
otal role of biomarkers in refining the clinical care of TBI patients, from early and accurate
diagnoses to damage assessment and recovery, and in informing therapeutic strategies.

3.2.1. Biomarkers of Neuronal, Glial, and Axonal Damage in Traumatic Brain Injurys

GFAP and UCH-L1 are the first TBI biomarkers approved by the FDA for acute TBIs,
as supported by several studies [30-33]. These studies not only confirm their diagnostic
value but also highlight their prognostic potential in predicting mortality and identifying
the patients at risk of adverse outcomes [30]. They also demonstrate the accuracy of a
rapid blood-based test combining GFAP and UCH-L1 in predicting acute intracranial
injuries following mTBIs. This test has been shown to have a high sensitivity (95.8%)
for detecting such lesions [31]. A strong correlation was also obtained from a central
laboratory platform. This test could optimize clinical decisions about CT use and reduce
invasive diagnostic procedures in emergency settings [32]. These studies show that GFAP
and UCH-L1 are not only useful for the initial diagnosis of TBI but can also provide
valuable prognostic information and predict death and adverse outcomes, but not for
the prediction of incomplete recovery at 6 months. Furthermore, their usefulness in the
hyperacute phase (within the first 2 h) of a TBI was also demonstrated, and the sport-related
concussion calcium-binding protein B (5100B) biomarker was also analyzed, providing
a direct comparison with GFAP and UCH-L1 [33]. Sara M. Lippa et al. studied the
link between blood biomarkers and cognitive decline post-TBI, categorizing a cohort by
TBI severity. They discovered that initial GFAP and UCH-L1 levels strongly predicted
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memory decline in severe TBI, while Tau and NF-L were key indicators in mTBI. This
biomarker specificity marks progress towards tailored treatments. Predicting cognitive
decline through initial biomarker levels aids in selecting fitting therapies. However, larger,
more varied population studies are needed to validate these results [34]. In CENTER-TBI's
extensive study with 2869 patients, six serum biomarkers (GFAP, NF-L, NSE, S100B, total
Tau, and UCHL1) were tested within 24 h of an injury. Their findings showed a link
between biomarker levels and brain lesion severity and size, affirming their importance in
gauging injury severity, not type [35].The research on biomarkers such as GFAP, UCH-L1,
and others offers a fundamental insight into their role in TBIs in various contexts. Recent
studies, particularly on S100B, broaden this understanding to pediatric TBI. Notably, higher
5100B protein levels were observed in patients with post-concussion syndrome, indicating
a correlation between this protein and TBI severity [36]. These findings align with earlier
research in adults involving biomarkers such as GFAP and UCH-L1, emphasizing the
wide-ranging relevance of biomarkers across various age groups and injury severities.
In a separate study, S100B was effective in predicting 6-month mortality and functional
outcomes post-TBI in children. Conversely, plasma osteopontin served as an indicator of
disease severity, illustrating the distinct utility of each biomarker rather than their combined
application [37]. In another study, however, the focus was shifted to IL-8, highlighting this
interleukin as a strong predictor of persistent fatigue 12 months after a TBI in children,
adding a new perspective on using biomarkers in pediatric brain injuries [38]. Overall,
these data highlight the importance of biomarkers in predicting various outcomes following
pediatric brain injuries. Together, these studies reinforce the potential of biomarkers in
personalized medicine for TBIs, emphasizing their importance in both diagnostic and
prognostic settings across diverse patient populations.

Additionally, this review extends its scope by examining these biomarkers in more
specialized contexts, including sport-related concussions and injuries sustained during
military training. For example, the increase in GFAP and NF-L levels among collegiate
football players, regardless of their diagnosed concussions, echoes the previous findings on
the sensitivity of these biomarkers to brain injuries. This supports the idea that biomarkers
can detect subclinical brain injuries in athletes, an insight that was not fully captured in
earlier studies focused on more general TBI contexts. Moreover, this study revealed that
players in roles requiring greater speed and high-intensity impacts, such as quarterbacks
and receivers, exhibited higher Tau and NF-L levels compared to those in slower positions
like linemen [39]. Similarly, the study on professional rugby players identified S100B,
neuron-specific enolase (NSE), spectrin breakdown products (SBDPs), UCHL-1, GFAP,
NEF-L, and Tau as biomarkers. This study emphasized the nuanced roles of biomarkers
like S100B and NF-L in differentiating between resolving and non-resolving trauma cases.
Specifically, only S100B remained stable during the season, indicating its reliability as a
biomarker of inconclusive sport-related concussion [40]. Lastly, the study involving United
States military cadets further corroborates the responsiveness of GFAP and UCH-L1 to
brain injuries, reinforcing their utility in diverse settings, including military training [41]. In
line with these studies, Tau, NF-L, GFAP, and UCHL-1 were found elevated in 84 US mili-
tary personnel and veterans prospectively enrolled in the 15-year longitudinal study. These
biomarkers have been associated with the deterioration of neurobehavioral symptoms
within 12 months of injury, identifying them as promising prognostic tools useful for identi-
fying patients who have a high risk of showing positive results after a TBI [42]. The analysis
of blood biomarkers in individuals exposed to repeated head impacts demonstrated that
NF-L levels were higher in active boxers compared to Mixed Martial Arts fighters. Notably,
GFAP levels were higher in retired boxers, with a correlation with decreased volumes of
multiple brain structures and cognitive decline over time. Thus, plasma GFAP levels could
be useful in identifying individuals who are at increased risk of progressive brain atro-
phy and cognitive impairment due to repetitive head trauma, particularly in individuals
exposed to boxing-related activities [27].
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3.2.2. Biomarkers of Synaptic Damage and Dysfunction

Introducing beta-synuclein as a novel biomarker for synaptic damage represents a
significant advancement. This study, which also included NFL and GFAP, highlights the
distinct temporal patterns of biomarker levels following poly-injury trauma. The early
elevation of beta-synuclein and GFAP, contrasted with the gradual increase of NFL, offers a
more nuanced understanding of the biomarkers’ response to brain injuries, enhancing the
ability to differentiate between patients with and without a TBI [43]. The collegiate athlete
study brings another layer of complexity by analyzing a broad-spectrum of 1305 proteins.
Among these, erythrocyte membrane protein band 4.1 (EPB41) and alpha-synuclein (SNCA)
emerged as key biomarkers, effectively distinguishing athletes who have suffered trauma
from those who have not. EPB41 and SNCA showed high sensitivity and specificity
in detecting brain damage within hours of an injury [44]. In summary, these studies
collectively enhance our understanding of biomarkers in brain injuries, highlighting their
sensitivity to various forms of trauma, their utility in detecting subclinical injuries, and
their potential in differentiating between types of brain damage in specific contexts like
sports and military training.

3.2.3. Extracellular Vesicles as Biomarkers with Neurofilament Light Chain (NF-L), Tau,
and Glial Fibrillary Acidic Protein (GFAP) in Focus

Building on previous research on TBI biomarkers, recent studies have delved into the
analysis of extracellular vesicles (EVs) to uncover low-level molecules in the blood that
indicate TBI and PTSD processes. In a pivotal study, combat-exposed service members,
with and without TBI history, were examined to assess 798 microRNAs in circulating
EVs. Additionally, eight proteins in EVs and plasma, including NFL, Tau, amyloid beta
(AB)42, AB40, interleukin-6 (IL-6), IL-10, tumor necrosis factor-alpha (TNF-«x), and vascular
endothelial growth factor (VEGF), were measured. This study’s results showed a link
between persistent post-traumatic symptoms and levels of microRNAs in EVs, particularly
hsa-miR-139-5p, which is known to be related to neurodegenerative processes. NFL was
also found to correlate with the severity of post-concussion symptoms [45]. The ability
of NFL to serve as a biomarker for determining the severity of head trauma was further
confirmed in a study involving military personnel and veterans with various degrees of
head trauma, ranging from uncomplicated to severe. This study indicated that, within one
year of injury, EV NFL levels were significantly higher in individuals with more severe
injuries compared to those with mTBI and healthy subjects. Although median GFAP levels
were higher in individuals with severe TBIs, the difference was not significant [46]. These
alterations suggest that NFL and GFAP might reflect different aspects of brain injury, with
NFL possibly indicating axonal degeneration and GFAP pointing to astrocytic patholog-
ical processes. EVs therefore represent a non-invasive method to extrapolate and better
understand the state of the brain, overcoming some of the limitations of traditional detec-
tion methods. The use of advanced technologies like single-molecule array (SIMOA) [47]
and Track Etched Magnetic Nanopore (TENPO) technology for isolating brain-specific
EV marks (GluR2+, glutamate ionotropic receptor AMPA type subunit 2) is a significant
innovation in biomarker analysis. This allows brain-specific biomarkers to be differentiated
from non-specific ones, creating a diagnostic panel for mTBI through ultrasensitive digital
enzyme-linked immunosorbent assay (ELISA) techniques. This is important news, as
biomarkers in mTBI are often difficult to identify [48].

3.2.4. Novel Selective Blood Axonal Injury Biomarkers

Among these biomarkers for severe TBIs, total serum Tau protein is the best charac-
terized. However, the measurement of serum Tau does not allow for distinguishing the
peripheral one from the specific one of the central nervous system. Therefore, the research
group led by Fernando Gonzalez-Ortiz et al. has identified a new selective blood biomarker
for the central nervous system, Brain-derived-Tau. The serum level of Brain-derived Tau
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could be a valid biomarker to discriminate the severity of TBIs and monitor the clinical
outcomes both on the day of damage and after 7 days [49].

The findings of these data, summarized in Table 1, reveal significant correlations
between these biomarkers and various TBI outcomes, including neurodegenerative and
molecular processes (Figure 1), highlighting their potential in diagnosing, prognosing,
and understanding TBIs. In conclusion, the finding that baseline levels of biomarkers
such as GFAP, UCH-L1, Tau, and NF-L can predict cognitive decline in patients with
TBIs of varying severity. Noteworthy, GFAP and UCH-L1 have been approved by the
FDA for their use in diagnosing acute TBIs. In the acute phase of TBIs, the timeliness and
accuracy of diagnosis are essential for making immediate and appropriate medical decisions.
Biomarkers represent an intriguing option in this context as they can be rapidly measured
from blood, providing almost instantaneous results [50]. This can be particularly valuable
in emergency situations where efficiency is crucial. These biomarkers have demonstrated
a high sensitivity of 95.8% in detecting acute intracranial lesions following mTBIs [51].
This implies that a rapid test based on these biomarkers could reduce the necessity for
CT scans, which are more invasive and involve exposure to radiation. A combined test
involving both UCH-L1 and GFAP has exhibited a high sensitivity and negative predictive
value for identifying traumatic intracranial lesions on CT scans, supporting its potential
clinical utility in ruling out the need for CT scans in patients presenting to emergency
rooms with a suspected TBI [52]. Beyond their diagnostic role, GFAP and UCH-L1 may also
offer valuable prognostic information, such as predicting mortality and adverse outcomes
following TBIs. Their usefulness in the hyperacute phase (within the first 2 h) of a TBI
suggests that they could be essential tools for early detection and timely intervention. The
use of biomarkers during the acute phase of a TBI represents a significant advancement,
providing a quicker, less invasive, and potentially more accurate diagnostic and prognostic
approach compared to traditional methods. This paradigm shift has the potential to greatly
enhance the care of TBI patients. However, it is important to note that biomarkers may
not completely replace CT scans in all cases. CT scans provide more precise anatomical
details and may be necessary to fully assess the extent of brain injuries, especially in
severe TBIs. Therefore, the use of biomarkers should be seen as a complement to CT
scans rather than a total replacement. Additionally, it is important to continue research
to further validate the effectiveness of biomarkers in diagnosing acute TBIs and identify
situations where they may be more beneficial. Furthermore, recent studies have extended
this understanding to pediatric cases of TBIs, demonstrating the utility of biomarkers such
as S100B and osteopontin in specific contexts. Furthermore, the use of biomarkers in more
specific contexts, such as sport-related concussions and injuries during military training,
highlights their sensitivity to various types of trauma. The introduction of new biomarkers
such as beta-synuclein and the analysis of EVs incorporating NF-L, GFAP, and others
offer new perspectives in understanding the nature and dynamics of TBIs. These studies
highlight the potential of brain-specific biomarkers in differentiating between different
types of brain damage and in the prospect of personalized medicine for TBIs. However, it
still remains complex to identify biomarkers that can reliably distinguish between various
degrees of TBI; therefore, it is necessary to continue research to fully understand their
role and potential in neurology. Future research should therefore focus on exploring these
biomarkers in larger and more diverse samples and further explore their involvement in
post-injury temporal dynamics.
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Table 1. This table summarizes the types of pre-clinical and clinical studies, their experimental designs, the biomarkers investigated, and the primary outcomes or
results discovered. These findings reveal significant correlations between these biomarkers and various Traumatic Brain Injury (TBI) outcomes, including symptom
severity and neurodegenerative processes, highlighting their potential in diagnosing, prognosing, and understanding TBIs.

Condition Type of Study Experimental Design Biomarkers Results Ref.

Preclinical studies

Two-month-old male C57BL/6] mice were randomly
assigned to a control group and a group of animals
exposed to a low-intensity blast that induced mTBIs. To
induce mTBIs, the animals are placed in metal containers in
a prone position, three meters away from the detonation of
a 350 gr C4 explosive. NF-L and GFAP levels were
measured in the brain tissues and plasma of mice
post-trauma exposure.

Low-intensity blast-induced mTBI increased
GFAP and NF-L levels in the brain tissues and
GFAP and NF-L plasma of the mice. These increases may [25]
indicate damage to the BBB and potentially
predict the extent of neuronal and glial damage.

MTBI induced by

low-intensity blast In vivo study

Sixty-four male Long—-Evans rats were divided into a
control group that underwent sham injuries and a group
that underwent four repeated mTBIs. Serum NF-L

An acute, but not chronic, increase in serum
NF-L levels was observed. Furthermore,

Repeated mTBI In vivo study cr NEF-L significant changes were detected in 26 proteins [26]

quantification was performed, as well as mass spectrometry . .
. . at 7 days and in 72 proteins at 3.5 months after
analysis of the hippocampal proteome to further evaluate TBI
the effects of mTBIs at 7 days and 3.5 months post-injury. ’
A large cohort of Yucatan swine (n = 21) exposed to severe
. TBIand 68 Yucatan swine exposed to severe TBI + GFAP,UCH-L1,and  GFAP, NF-L, and UCH-L1 are sensitive to
TBI In vivo study hemorrhagic shock (40% blood loss) or to sham trauma . [27]
NEF-L multiple forms of trauma

procedures (n = 12) were measured the circulating levels of
NFL, GFAP, and UCH-L1.
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Table 1. Cont.
Condition Type of Study Experimental Design Biomarkers Results Ref.
Biomarkers of Neuronal, Glial, and Axonal Damage in TBI
Participants (aged 17-90 years) from the Transforming The plagma levels of the GFA.P and
. L. . UCH-L1 proteins, measured immediately after a
. An observational Research and Clinical Knowledge in TBI (TRACK-TBI) s .
Mild, moderate, .. . . TBI, demonstrate a good ability to predict the
clinical study study were included in the study, and plasma samples GFAP and UCH-L1 . [30]
and severe TBI . long-term outcomes of patients. These values
(NCT02119182) were collected on the day of injury to assess the value . : :
. . suggest a relatively high capacity of these
prognosis of GFAP and UCH-L1 proteins. . - s
biomarkers to predict these specific outcomes.
GFAP and UCH-L1, but not S100B, levels were
significantly higher in patients with intracranial
Mild and A prospective clinical Thls study analyzed 109 TBI patients rec1"u1ted within 6 h of GFAP, UCH-L1, and abnormalities v151b1(? on CT (CT—pogltlve)
moderate/severe stud injury. A hyperacute subgroup of 20 patients was analyzed S100B compared to CT-negative patients. This study [33]
TBI y separately to identify early acute biomarker levels. supports the clinical utility of GFAP and
UCH-L1 as biomarkers in TBI and
differentiating injury severity.
This study included 224 participants, divided into four In the severe TBI group, a b aseline leve¥ of
. . . . UCH-L1 and GFAP predicted change in
. . . groups based on injury severity: no injury (n = 77), physical . . .
Patients with mild injury (1 = 37), uncomplicated mTBI (1 = 55), and more immediate and delayed memory over time.
or severe TBI A Jury (i = 57), p NN GFAP, UCH-L1, Tau, Instead, in the mTBI group, higher baseline Tau
- severe TBI (n = 55). A subgroup (n = 87) completed . . . [34]
within 24 h after a case—control study . . and NF-L levels predicted greater negative change in
. follow-up cognitive assessments. Participants underwent a ; . .
lesion . . . perceptual reasoning and executive function,
blood draw and neuropsychological evaluation within one S . .
SO while higher baseline levels of NF-L predicted
year of their injury. . . .
greater negative change in perceptual reasoning.
All severities . Serum levels of six biomarkers were measured in . . . .
(mild, moderate A prospective study 2869 patients with TBIs of varying severity within 24 h of GFAP, UCH-L1, Tau, These biomarkers increased in relation to the [35]
and se,V ere) of TB”I (NCT02210221) S100B, and NF-L severity and volume of brain lesions.

injury.
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Condition Type of Study Experimental Design Biomarkers Results Ref.
Higher levels of S100B protein in serum were
. Pediatric patients (between 7 and 16 years) with mTBIs associated with th(.)' presence Of. post-concussion
mTBI A prospective study were enrolled, and serum levels of S100B to 3 h from injur S100B syndrome and with the severity, highlighting [36]
(NCT02988102) ' Jury that it is a valid biomarker for identifying
were measured. o . . :
pediatric patients at risk of developing
post-concussion syndrome after a mTBL
460 children aged 0 to 21 years, with head injuries of
various severities were included. Within 24 h of injury, they S100B and Osteopontin and S100B correlated with injury
Mild to severe TBI A prospective study were evaluated to determine the effectiveness of plasma osteopontin severity, with S100B showing larger usefulness [37]
osteopontin and S100B in predicting mortality and P in predicting mortality and 6-month outcomes.
functional outcomes after 6 months.
87 children, aged 1 to 17 years, who suffered from mild to IL-8, an inflammation marker secreted by
Mild to severe TBI A prospective severe TBI were enrolled. Within 24 h of injury, this study IL-8 various cells in response to brain injury, proved [38]
observational stud explored whether serum biomarker concentrations could useful in predicting persistent fatigue 12 months .
predict persistent fatigue 12 months post-injury. after the injury.
During the football season, the blood levels of
Men'’s college football players were divided based on their two markers, GFAP and NF-L, W entup, even
. . o .. L though few players had concussions. Also, after
Sub-concussive A playing position (fast positions and slow positions). GFAP, UCH-L1, Tau, . !
- the season, Tau and NF-L were higher in [39]
TBI case—control study Biomarker levels were performed before and after the and NF-L - o -
. fast-playing positions, like quarterbacks and
playing season. . . L .
receivers, and lower in slower positions, like
linemen.
There were no significant differences in
496 male professional rugby players were enrolled in this biomarker concentrations measured 36 h after
protocol to determine their baseline serum biomarker $100B. NSE. SBDP. sport-related concussion between players with
Sub-concussive A large multi-centric concentrations and assess the effect of rugby on blood UCHL—i GE AP NF:L non-resolving and resolving damage. Only [40]
TBI study biomarkers over a season. A total of 45 sport-related anl 4 Tau ! 5100B and NF-L showed significant differences

concussion cases were reported for 42 players whose blood
collection was at 36 hours after injury.

between these two groups, with S100B
demonstrating a better performance than the
other biomarkers.
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Condition Type of Study Experimental Design Biomarkers Results Ref.
1085 United States military cadets were enrolled in this
study, of whom 1 = 67 sustained concussions, while n = 36.
A multlce.nter They participated in the same combat training exercises but GFAP, UCH-L1, NF-L, Significant increase in GFAP and UCH-L1 levels
mTBI prospective did not suffer any trauma. Blood samples were collected: and Tau immediately after trauma [41]
case—control study post-acute injury (<6 h); 24 to 48 h after injury; y '
asymptomatic post-injury; and 7 days after return to
activity.
84 United States military personnel and veterans were
prospectively enrolled in the 15-year longitudinal TBI study
Combined mild, and werg d1v1d.e d into mild uncomplicated TBI (n.z 28), Tau, NFL, GFAP, and UCHL-1 have been
A 15-year combined mild, moderate, severe, and penetrating . . . .
moderate, severe, 1 . . . . GFAP, UCH-L1, NF-L, associated with the deterioration of
. longitudinal clinical =~ complicated TBI (1 = 29), and uninjured subjects (1 = 27) to . o [42]
and penetrating d 1 he relationship b Taw, NE-L. GFAP. and and Tau neurobehavioral symptoms within 12 months of
complicated TBI study evaluate the relationship between Tau, NF-L, , an injury.
UCHL-1 concentrations with neurobehavioral symptoms '
within 12 months of injury, and then again at 2 or more
years post-injury.
This study included 140 active boxers, 211 active MMA NEF-L levels were higher in active boxers
fighters, 69 retired boxers, and 52 control participants and compared to Mixed Martial Arts fighters. In
Repetitive head A longitudinal clinical —analyzed baseline levels of the biomarkers NF-L and GFAP. GFAP and NE-L comparison, GFAP levels were higher in retired [27]
trauma study The correlation between increased GFAP levels and boxers with a correlation to decreased volumes

deterioration of cognitive performance in active fighters
has also been studied.

of multiple brain structures and cognitive
decline over time.
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Condition Type of Study Experimental Design Biomarkers Results Ref.
Biomarkers of Synaptic Damage and Dysfunction
Patients with severe injury (n = 32) and healthy subjects (n } .
Polvtraumatic TBI A longitudinal clinical = 13) were enrolled in the trial to analyze plasma NF-L, NF-L, beta-synuclein, Bleet \?e?:;lld(:Eeinii’SfAfvgiilaeC;ﬁgLaacei:::;gd [43]
y study beta-synuclein, and GFAP levels at 0 h, 24 h, 5 days, and and GFAP y jury,
10 days after injury. gradually over the course of 10 days.
Among the 1305 proteins identified, 319 were
Soort-related A prospective Collection of blood samples within 48 h of injury to identify conczssfgtal\ltitli?ezrliilg ::evgrzgeﬁgizeoiglsse d
P . multicenter protein abnormalities in 161 concussed (n = 140) and EPABA41 and SNCA oo P .. [44]
concussion case—control stud non-concussed (1 = 21) athletes athletes. Specifically, 6 h after injury, EPB41 and
Y ' SNCA emerged as biomarkers useful for
diagnosing concussion in athletes.
EVs as Biomarkers with NFL, Tau, and GFAP in Focus
A cohort of military service members and veterans (1 = 144) L . . .
A multicenter with chronic mTBI were divided according to their mTBI EVs, NF-L, Tau, Ap42, Sl%:/felf:xigﬁﬁg;izlgelfvsgeﬁ i\{)iﬂi 5\17 ?;?1 a
Chronic mTBI prospective and severity of post-traumatic stress disorder symptoms,  A340, IL-10, IL-6, and TBI and post-traumatic stress giisor der [45]
longitudinal study and levels of EV proteins and microRNAs measured in the TNF-a I:s) MDOMS STOUDS
peripheral blood were measured. ymp roups-
218 service members and veterans were divided into
A 15-year uncomplicated mTBIs (n = 107); complicated mild, NFL in EVs isolated from blood higher in
mTBI and o . moderate, or severe TBIs (1 = 66); or orthopedic injury . complex TBI group compared to mTBI with a
complex TBI longltuiﬁlgl clinical without TBI (n = 45) and were measured the levels of NFL NFL and GFAP in EVs dose-response relationship between TBI [46]
y and GFAP in EVs isolated from blood within the first year severity and NFL concentrations.
after injury.
Protein levels (GFAP, UCH--, NF-L, and Tau) in
A prospective, Subjects (1 = 114) with and without a TBI were enrolled to EVs increased with the severity of TBI,
M:eiiiaet?rg?d observational clinical analyze their total EV levels of proteins using GFAP, UCH-LL, NE-L, highlighting a correlation between the levels of [47]

study

single-molecule array technology.

and Tau in EVs

biomarkers in plasma and those encapsulated in
EVs.
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GFAP and IL-6 were significantly elevated in
both plasma and GluR2+ EVs in mTBI. Plasma
mTBI subjects and healthy subjects were enrolled to obtain s rlszi};?f ifé&;iilu{r??k?e%%?lgsre iﬂ'ﬁle
an aliquot of plasma to isolate brain-derived EVs based on  GFAP, UCH-L1, NF-L, gthe leveIZO £ these proteins in GliRZf,EVs
mTBI A observational their expression of GluR2+ using an innovative nanofluidic Tau, TNF-«, IL-10, remained unchan eg after mTBI. TNF-a and 48]
clinical study platform, TENPO. Lysates from GluR2+ EVs and a second and IL-6 in GluR2+ chang B .
. . IL-10 were significantly elevated in plasma in
aliquot of plasma were used to analyze TBI biomarkers by EVs and plasma
ultrasensitive dieital ELISA the mTBI group compared to the control group;
& ' on the contrary, none of these cytokines were
significantly altered in the EV GluR2+
compartment after mTBI.
Novel Selective Blood Axonal Injury Biomarkers
Mild, moderate A prospective cohort 39 patients with severe TBIs were enrolled to evaluate the Brain girsclﬁ_riieri;(ejhzmsleif?rliltd lz)i ?F];]?Llr?dbiggzilo(f i}iz
’ ! Prosp level of serum Brain derived-Tau on days 0, 7, and 365 after y [49]

and severe TBI

clinical study derived-Tau

damage.

clinical outcomes relating to acute neuronal
injuries.

Ap: amyloid beta; ELISA: enzyme-linked immunosorbent assay; EPAB41: erythrocyte membrane protein band 4.1; EVs: extracellular vesicles; GFAP: glial fibrillary acidic protein;
GluR2+: glutamate ionotropic receptor AMPA type subunit 2; IL-10: interleukin-10; IL-6: interleukin-6; mTBI: mild TBI; NF-L: neurofilament light chain polypeptide; NSE: neuron-specific
enolase; S100B: sport-related concussion calcium-binding protein B; SBDP: spectrin breakdown product; SNCA: alpha-synuclein; TBI: traumatic brain injury; TENPO: Track Etched
Magnetic Nanopore (TENPO); TNF-o: tumor necrosis factor-alpha; UCH-L1: ubiquitin C-terminal hydrolase-L1; and VEGEF: vascular endothelial growth factor.
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Figure 1. In this image, the main types of TBI biomarkers are represented, highlighting the molecular
processes in which they are involved, such as neuronal damage, glial damage, axonal damage, and
inflammation. Specifically, NSE, SBP, UCH-L1, and EPB41 are biomarkers linked to neuronal cell
body lesions. S100-B and GFAP are injury biomarkers of astroglial cells. Post-TBI astrogliosis and
neuroinflammation can cause an increase in the production of interleukins and cytokines (IL-6,
IL-10, and TNF-«), which can therefore be considered TBI biomarkers. NFL, Tau protein, Brain-
derived Tau, MBP, and SBDP are axonal injury biomarkers. Beta-synuclein and SNCA are blood
biomarkers of synaptic damage. The image was created using the image bank of Servier Medical
Art (available online: http:/ /smart.servier.com/; accessed on 30 December 2023) licensed under a
Creative Commons Attribution 3.0 Unported License (available online: https://creativecommons.
org/licenses/by/3.0/; accessed on 30 December 2023). AB: amyloid beta; EPAB41: erythrocyte
membrane protein band 4.1; EVs: extracellular vesicles; GFAP: glial fibrillary acidic protein; IL-10:
interleukin-10; IL-6: interleukin-6; NF-L: neurofilament light chain polypeptide; NSE: neuron-specific
enolase; S100B: sport-related concussion calcium-binding protein B; SBDP: spectrin breakdown
product; SNCA: alpha-synuclein; TBI: traumatic brain injury; TNF-«: tumor necrosis factor-alpha;
UCH-L1: ubiquitin C-terminal hydrolase-L1; and VEGF: vascular endothelial growth factor.

4. Advances in Traumatic Brain Injury (TBI): Molecular Mechanisms and Therapeutic
Insights

Recent advancements in TBI research focus on understanding injury mechanisms and
developing therapeutic interventions. Neuroprotection is crucial, aiming to mitigate brain
damage and support regeneration by modulating biological pathways, thus minimizing
neuronal damage and enhancing recovery [53]. Discovering compounds that not only
reduce brain damage, neuronal loss, and microglial activation but also enhance long-term
neurological functions represents a significant advancement in TBI treatment strategies.
This evolving understanding has opened new avenues for effective therapies, underlin-
ing the critical role of neuroprotection in mitigating brain damage and promoting tissue
regeneration in TBI research.

4.1. Targeting Multiple Pathways for Neuroprotection in Preclinical Traumatic Brain Injury (TBI)
Studies

TBIs originate from mechanical impacts that disrupt brain structures, leading to
primary injuries such as contusions, lacerations, and hemorrhages. These direct injuries
adversely affect the cerebral parenchyma, compromise the BBB, and impact neurons, glial
cells, and the brain vasculature [1]. After these initial events, a cascade of biochemical,
cellular, and physiological changes unfolds, potentially exacerbating the primary trauma.
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Prompt interventions are crucial in mitigating secondary complications, like hypoxia and
cerebral edema, to reduce neuronal damage and enhance recovery outcomes [54].
Secondary injuries in TBIs are marked by molecular disruptions, including oxidative
stress, excitotoxicity, and calcium homeostasis imbalances. These alterations can further
aggravate brain damage, accelerating the injury’s progression and potentially increasing the
risk of cognitive decline and neurodegenerative diseases. The measurement of biomarkers
can help in evaluating the effectiveness of therapeutic compounds aimed at alleviating
brain damage [55]. However, biomarkers need to be correlated with clinical assessments
to confirm improvements in neurological functions. Understanding the mechanisms of
damage in TBIs and developing neuroprotective and restorative strategies are crucial for
improving the outcomes for TBI survivors. Studies have investigated the relationship
between structural brain damage and functional impairment in both experimental and
clinical settings. The brain’s natural responses to trauma, involving inflammatory and
neuro-restorative processes, might be insufficient to halt damage progression post-TBI [56].
Research indicates that female mice have better memory retention after a TBI, po-
tentially due to hormonal fluctuations during their estrous cycle [57]. In this context,
tibolone, a synthetic hormone, has shown its potential for neuroprotection against post-TBI
inflammation and oxidative stress, likely through estrogen receptor activation [58].

4.1.1. Anti-Inflammatory Agents and Immunomodulators in Traumatic Brain Injury (TBI)

Following a TBI, the activation of microglia—the brain’s resident immune cells—and
the infiltration of macrophages from the periphery are essential in supporting neuronal
survival and aiding recovery in and around the injury site. This immune response engages
in several protective mechanisms, including the phagocytosis of damaged cells, the release
of cytokines and neurotrophic factors, and the initiation of tissue repair [59,60]. The precise
mechanisms underlying neural recovery post-TBI remain not fully understood.

Recent research underscores the therapeutic potential of modulating the infiltration of
peripheral cells and the activation of glial cells, particularly microglia and astrocytes, in
TBI. Treatments that reduce the levels of pro-inflammatory molecular biomarkers, GFAP
and the ionized calcium-binding adaptor molecule 1 (Ibal), have been associated with a
lower inflammatory response, leading to the mitigation of injury-related deficits [61,62].

After a TBI, an excessive immune response can harm the central nervous system,
causing neurological damage and affecting long-term outcomes. Microglia and astrocytes,
when activated, release inflammatory substances like TNF-«, interleukin-1 beta (IL-1f3),
and cyclooxygenase 2 (COX-2), mediated by nuclear factor-kappa B (NF-«kB) [63]. Activated
microglia release pro-inflammatory products that regulate astrocyte activation (astrogliosis)
and glial scar formation. These processes hinder axonal repair and lead to neuronal cell
death [64].

A study has shown that administering a NAD-dependent protein deacetylase Sirtuin-1
(SIRT1) activator, a histone deacetylase, can reduce NF-«B acetylation, leading to a decrease
in neuroinflammation and the associated apoptotic pathway induced by TBIs [65]. A
prolonged activation of NF-kB, a regulator of about 500 genes, many of which are involved
in inflammation [66], can indeed lead to an overproduction of pro-inflammatory cytokines,
exacerbating neuronal and axonal damage, disrupting the BBB, and increasing intracranial
pressure. Annexin 5 effectively attenuated brain inflammation by inhibiting microglial
activation and promoting their transition from a pro-inflammatory M1 to a reparative
M2 state, thereby preventing ferroptosis and oxidative stress damage. In this case as
well, the shifting was associated with the decrease in Ibal and GFAP levels [67]. Shifting
microglia from the M1 state to the M2 state has been found to reduce inflammation and
promote tissue repair after a TBI [68]. This change is thought to be connected to the
deactivation of the STAT3/NF-kB pathway. Inhibiting NF-kB could lower cytokine levels
and affect apoptosis-related proteins, which are important for neuron preservation and
recovery [69,70]. Apoptosis and necrosis are the primary cell death types post-TBI. An
imbalance in pro- and anti-apoptotic proteins triggers cell death, mainly through the
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Caspase-3 pathway [71]. In TBI mouse models, intracranial injections of a trans-activator of
transcription (TAT), a kinase inhibitor (KIR) compound, reduced reactive astrocytes and
protected neurons by suppressing the Janus kinase 2 (JAK2)/STAT3 pathway, improving
neurological function [72]. Moreover, abrocitinib, a JAK1 inhibitor, has been observed to
prevent microglial transition by targeting the JAK/STAT /NF-«B pathway, suggesting it as
a potential therapeutic approach [73].

Natural remedies like Satureja khuzistanica Jamzad essential oil, rich in carvacrol, have
been effective in reducing acute edema and inflammatory responses post-TBI by partially
inhibiting NF-«B signaling [74]. Another study demonstrated that papaverine provided
neuroprotection by inhibiting receptor for advanced glycation end products (RAGE) and
NEF-«B signals, resulting in an anti-apoptotic and anti-inflammatory effect, potentially
restraining microglial activation after TBI [75].

Moreover, there is growing evidence suggesting that post-TBI, elevated levels of NF-«B
trigger the activation of the inflammasome complex, particularly the NLR family pyrin
domain containing 3 (NLRP3). This activation process, involving the apoptosis-associated
speck-like protein containing a Caspase-recruitment domain (ASC) and Caspase-1, leads
to the release of the cytokines IL-1f3 and interleukin-18 (IL-18), which may be critical for
the progression of a TBI [76]. Research by Cai L. et al. demonstrated that ACT001, an
orphan drug, effectively reduced neuroinflammation and improved recovery in TBI models,
primarily through inhibiting protein kinase B (AKT) phosphorylation, NF-«kB activity, and
NLRP3 inflammasome formation. Interestingly, the treatment with ACT001 also partially
promoted certain anti-inflammatory microglial phenotype markers, such as Argl, CD206,
TGF-$, and IL-10 [77]. However, inhibiting the key modulators, such as NLRP3, Caspase-
1, and gasdermin D (GSDMD), has shown potential in reducing neuronal death. The
NLRP3/GSDMD signaling pathway could be implicated in neuropathological changes
following a TBI, especially in the early stage. The NLRP3 inflammasome pathway mainly
activated and cleaved GSDMD, leading to pyroptosis. The absence of GSDMD has been
shown to attenuate neuroinflammation, the release of cytokines, both pro-inflammatory
and anti-inflammatory, but further research is needed to explore the long-term effects of
GSDMD on TBl-induced damage [78]. However, pyroptosis, an inflammation-driven form
of cell death, is particularly prominent in neurons and microglia early post-TBI. Elevated
expression of pyroptosis-associated proteins and messenger RNAs has been observed in
animal models during the acute phase of TBIs [79].

Furthermore, the suppression of the phosphatidyl inositol 3-kinase (PI3K)/AKT/
mammalian target of the rapamycin (mTOR) and AKT/IkB kinase (IKK)/NF-«B pathways
has been associated with the neuroprotective effects of urolithin A, which was found to
reduce BBB disruption, edema, apoptosis, and improve neurological deficits [80]. Another
research showed that the activation of the AKT signaling pathway in microglia, along with
its downstream factors, cAMP response element-binding protein (CREB) and Brain-derived
neurotrophic factor (BDNF), had a neuroprotective effect against TBIs, reducing neuronal
damage and improving neuronal deficits [81]. Treatment with a metabotropic glutamate
receptor 5 (mGIuR5) positive allosteric modulator, called VU0360172, may activate AKT,
inhibiting the Glycogen synthase kinase-3 beta (GSK-3f3), which then increases CREB
phosphorylation, affecting inflammation-related gene expression and microglial plasticity.
It underscores the role of glutamate receptor signaling in mediating neuroinflammatory
responses in TBIs [82]. Quinpirole, a medication classified as a dopamine D2 receptor (D2R)
agonist, demonstrated its ability to mitigate various neuropathological processes through
D2R/Akt/GSK-33 /IL-1f signaling within the ipsilateral cortex and striatum of an injured
mouse brain. One potential effect of D2R stimulation is the reduction in the levels of GFAP
and Ibal, which results in decreased glia activation and neuroinflammation [83].

4.1.2. Antioxidant Strategies in Traumatic Brain Injury (TBI) Therapy

Recent studies have shed light on the complex interplay of various pathways in re-
sponse to TBIs. Chronic microglia activation resulting from brain damage leads to the
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accumulation of ROS and upregulation of cytotoxic mediators such as TNFx, High Mobil-
ity Group Box 1 (HMGB1), and Inducible Nitric Oxide Synthase (iNOS). This cascade of
events contributes to the overall neuroinflammatory response observed in TBIs. Central to
counteracting this process is the activation of the nuclear factor erythroid 2-related factor 2
(Nrf2) pathway, which plays a pivotal role in triggering several antioxidant enzymes that
aid in reducing oxidative damage and neuronal loss [84], thus suppressing neuroinflamma-
tion [85]. Nrf2, functioning as a transcription factor, maintains redox balance within the
body and provides neuroprotection against TBI-induced oxidative stress in vivo [86,87].

Further research has highlighted the critical role of Nrf2 and Hemeoxygenase-1 (HO-1)
in facilitating the effects of compounds like astaxanthin or hydrogen-rich saline solutions,
which are known to reduce ROS production and prevent neuronal apoptosis [88,89]. This
underscores the therapeutic potential of targeting the Nrf2/HO-1 pathway to protect
against synaptic and cognitive dysfunction following a TBI [90].

In line with these findings, a study has demonstrated the effectiveness of atorvastatin,
traditionally used for cholesterol management, in reversing the upregulation of endoplas-
mic reticulum (ER) stress proteins and reducing apoptosis, thereby improving neurological
outcomes post-TBI, potentially through the activation of Nrf2/HO-1 pathway [91]. This
highlights the efficacy of a combined therapy approach, which targets multiple pathological
pathways, offering a comprehensive solution for the complex challenges of TBIs. Such an
approach could lead to beneficial outcomes in both the short and long term. For example, a
tri-combo therapy comprising apocynin, tert-butylhydroquinone, and salubrinal has shown
promise in addressing oxidative stress, ER stress, and inflammation [92]. Continuous neu-
ronal endoplasmic reticulum (ER) stress has been linked to neuroinflammation after a TBI,
although the underlying mechanisms remain not fully understood, ER stress in mice could
potentially shift the unfolded protein response (UPR) from a pro-survival to a pro-death
state and lead neurons towards apoptosis. This is evidenced by the increased expression
of ER stress markers like glucose-regulated protein-78 (GRP78), activating transcription
factor 4 (ATF4), and C/EBP homologous protein (CHOP) following a TBI. In this context,
naringenin has emerged as a neuroprotective agent by modulating UPR signaling, thereby
influencing the ER stress-induced apoptotic pathway [93].

4.1.3. Glutamate Modulators to Enhancing Neuronal Survival

Other studies have recently highlighted the significance of multifaceted approaches to
enhance neuronal survival. In particular, Pleckstrin homology domain and leucine-rich
repeat protein phosphatase (PHLPP) inhibitors, such as NSC74429, have shown promise in
protecting against the damaging effects of oxidative stress triggered by hydrogen peroxide
and excitotoxicity induced by glutamate [94]. Furthermore, hydrogen sulfide (H,S), a newly
recognized gaseous neurotransmitter, has demonstrated neuroprotective effects by reducing
oxidative stress associated with glutamate, potentially through the p53/glutaminase 2
pathway [95]. Excitotoxicity is considered an important secondary injury mechanism
following a TBI, involving impaired neuronal calcium regulation and excessive glutamate
release, resulting in dendrite damage. Glutamate plays a central role in TBIs but through
different mechanisms, such as the modulation of glutamate receptors and the regulation
of its transporters [96]. Research has shown that edonerpic maleate offered protection
against TBI-related neuronal damage by modulating glutamate receptors subunits, such as
GluR1, which helped in reducing calcium accumulation, neurotoxicity, and oxidative stress.
Notably, an improvement in long-term neurological function was noted [97].

4.1.4. Antiferroptotic Strategies Enhance Neurorepair in Traumatic Brain Injuries (TBls)

Ferroptosis is a distinct form characterized by iron-dependent lipid peroxidation and
the collapse of redox balance. In TBIs, the disrupted BBB permits excessive iron entry
into the brain, enhancing ferroptosis due to diminished glutathione peroxidase 4 (GPX4)
enzyme activity, a key defense against lipid peroxidation. Currently, there is no specific
treatment for ferroptosis in clinical practice, but targeting this pathway shows promise for



Int. J. Mol. Sci. 2024, 25,2372

18 of 43

neuroprotection and recovery post-TBIL. Ruxolitinib, a JAK inhibitor, has been noted for
its potential in reducing iron deposition and tissue loss, indicating its potential beyond
existing [98].

Huang et al. reported that TBIs may impair GPX4 activity through protein modi-
fication, underscoring the need for interventions to reverse trauma-induced molecular
alterations. The authors demonstrated that administering polydatin after a TBI effectively
preserved neuronal viability by restoring GPX4 activity and inhibiting ferroptosis, thus re-
ducing brain damage and functional deficits [99]. Additionally, Netrin-1, involved in nerve
regeneration, may facilitate the upregulation of GPX4 by promoting Nrf2 transcription
and nuclear translocation [100]. Nrf2 knockout mice showed increased neuronal damage
and neurological impairments compared to wild-type mice, along with increased iron
accumulation induced by TBIs, which exacerbated lipid peroxidation and ferroptosis in
neurons. The anti-ferroptotic role of Nrf2 after a TBI might be linked to its ability to modu-
late iron metabolism by upregulating ferritin components and the sodium-independent
cystine—glutamate antiporter, system xc-(xCT)/GPX4/Ferroptosis suppressor protein 1
(FSP1) pathway [101]. Ferritin, comprising light chain-ferritin (FTL) and heavy-chain
ferritin (FTH), is crucial for converting and storing iron, thus mitigating TBI-induced neu-
rological impairments by reducing ROS production. Studies have identified melatonin as
an inhibitor of neuronal ferroptosis induced by TBlIs, acting through FTH. This hypothesis
was supported by the elevated levels of ROS and iron found in FTH knockout mice after
brain trauma [102]. Melatonin offers multiple protective benefits in TBI management,
including reduced astrocytic reactivity and neuronal apoptosis and enhanced cognitive
functions [103]. Melatonin also ameliorated mitochondrial dysfunctions in TBIs, as evi-
denced by restored mitochondrial membrane potential and oxidative phosphorylation,
along with reduced cytochrome c release in treated rats [104].

Additionally, post-TBI, FTH levels increase, possibly as a response to injury. HyS has
emerged as a prospective therapeutic agent, with anti-ferroptotic properties, enhancing
brain function recovery following a TBIL. Notably, the Wnt signaling pathway was signifi-
cantly reduced after controlled cortical impact in mice, and its activation might be crucial in
the neuroprotective effects associated with H,S in the context of TBIs [105]. Anacardic acid
has also shown promise in alleviating neurological and behavioral cognitive impairments
from TBIs via the dual effect of anti-ferroptosis and anti-inflammation [106].

4.1.5. Multifaceted Approaches to Traumatic Brain Injury (TBI) Treatment from Animal
Models to Clinical Trials

Research with animal TBI models indicates that focusing on secondary injury mecha-
nisms could yield treatments that significantly improve cognitive functions [107,108]. These
findings provide a fresh perspective on TBI treatment, underscoring the need for a mul-
tifaceted approach to tackle different facets of neuronal damage and recovery. Inhibiting
processes like neuroinflammation and oxidative stress can aid in preventing neuronal loss
and reducing brain tissue damage, thus lowering the risk of neurodegeneration [109,110].

Although there have been advancements, the FDA has yet to approve specific TBI
therapies, and few drugs have been clinically adopted. Repurposing drugs like levetirac-
etam, which reduces post-traumatic seizures in TBI patients [111,112], is a quick treatment
option. Yet, its role in overall brain damage reduction is limited, as it does not prevent
cortical damage associated with seizures. Due to the diverse nature of TBIs and differing
vulnerabilities of brain structures, an integrated, multidisciplinary approach to evaluating
therapies is crucial. Neuroprotective effects observed in one model may not apply to
another [113]. Additionally, the use of preventive therapies like Inmunocal is increasingly
recognized for patients at high risk of repeated TBIs, particularly when combined with
treatments like mitochondrial protectants or anti-glutaminergic agents [114].

A combined approach using in silico analysis, in vitro studies, animal models, and
clinical trials is essential for effectively evaluating treatment efficacy. The effective manage-
ment of secondary injuries supports neuroprotection and the potential for neural function
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recovery, which could enhance the prognosis for TBIs. The potential synergy of specific
compounds in modulating oxidative stress, ER stress, and inflammation presents a promis-
ing strategy for treating TBIs. Moreover, the decreased expression of the biomarkers GFAP
and Ibal may be associated with an anti-inflammatory phenotype of glial cells, which is
linked with improved neurological function. However, the studies highlight the need for
further research to identify the optimal timing and dosage for these therapies and explore
more deeply their neuroprotective and anticoagulant properties, indicating a significant
potential for clinical translation in TBI treatment.

In conclusion, as summarized in Table 2, several treatments targeting inflammation
and immune cell activation show promise in reducing TBI-related damage. Key findings
include the protective effects of natural remedies like essential oils and compounds targeting
the NF-kB pathway. These studies also emphasize the importance of regulating pathways
like NLRP3 inflammasome, Nrf2/HO-1, ER stress, and AKT/GSK-3§ for neuroprotection.
Additionally, recent research highlights the potential of targeting ferroptosis, a distinct
iron-dependent form of cell death, to prevent the exacerbation of neuronal damage and
promote recovery post-TBI (Figure 2). The complexity of TBI necessitates a multifaceted
approach, combining pharmacological interventions with natural remedies to address
various aspects of brain injury and repair.
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Figure 2. Pathological changes associated with TBIs begin with a direct physical injury, known as
a primary injury, which disrupts the BBB, damages axons, and activates glial cells. Subsequently,
DAMPs released from injured cells can overactivate immune cells, leading to an increased production
of pro-inflammatory factors that amplify the inflammatory response, thereby worsening the injury.
Additionally, iron accumulation exacerbates oxidative stress and facilitates ferroptosis. At the same
time, the excessive neuronal release of glutamate post-TBI lead to hyper stimulate glutamate receptors,
increasing the influx of calcium and resulting in excitotoxicity. These interconnected processes
significantly contribute to the secondary injury phase, potentially contributing to the cellular death
in the brain and to neurological impairments. This image was created using the image bank of
Servier Medical Art (Available online: http://smart.servier.com/; accessed on 30 December 2023)
licensed under a Creative Commons Attribution 3.0 Unported License (available online: https:
/ /creativecommons.org/licenses/by/3.0/, accessed on 30 December 2023). BBB: blood-brain barrier;
Ca?*: calcium; DAMP: damage-associated molecular pattern; HMGB1: High Mobility Group Box 1;
IL-1B: interleukin-1 beta; IL-6: interleukin-6; iNOS: Inducible Nitric Oxide Synthase; NF-kB: nuclear
factor-kappa B; NLRP3: NLR family pyrin domain containing 3; RNS: Reactive Nitrogen Species;
ROS: reactive oxygen species; TBI: traumatic brain injury; and TNF-a: tumor necrosis factor-alpha.
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Treatment

Table 2. An overview of recent pre-clinical research focused on neuroprotection following a Traumatic Brain Injury (TBI). Various treatments have been effective in

improving brain tissue and mitigating post-traumatic effects under different trauma conditions. Promising treatments can target molecular mechanisms in signaling
pathways related to secondary injury. Substances utilized in TBI models are categorized by therapeutic modality.

Type of Study

Experimental Design

Molecular Mechanism

Involved in Secondary Injury Results Ref.

Targeting multiple pathways for neuroprotection in preclinical TBI studies

rmTBI

ALC

In vivo

Male C57BL/6 mice were divided into
sham, rmTBI, and ALC + rmTBI groups.
Mice were euthanized at either 48 h or
90 days after impact. ALC was
administered at 600 mg/kg/day in saline,
while the sham and rmTBI groups only
received saline.

Treatment with ALC showed
neuroprotective effects at both early and
chronic stages post-TBI, helping to reduce [55]
cognitive impairments caused by
secondary injury.

AIF1, GFAP, TNF, CCL11,
GRIA1, TDP-43, and MAPT

CCI
method

AST-004

In vivo

Male and female C57BL/6 ] mice were
divided into sham, TBI+vehicle, and TBI +
AST-004 groups. AST-004 was i.p. injected

at 0.22 mg/kg 30 min after injury. The

duration of the experiments was 8 days.

AST-004, as a novel A3R agonist, reduced
the astrogliosis biomarkers, while increased
astrocyte energy production and enhanced
their neuroprotective efficacy after brain
injury. Thus, AST-004 reduced cell death [57]
and BBB disruption, improving long-term
cognitive impairments post TBI. Female
mice did not exhibit memory loss at 24 and
48 h after training.

GFAP and Ibal

TBI

Tibolone

In silico

The experimental design involves
compiling gene lists from databases,
analyzing gene functions and pathways,
conducting a meta-analysis of biological
terms, creating a protein—protein
interaction network, and performing
statistical analyses to explore the impact of
tibolone and its metabolites on genes
related to TBIs.

Tibolone metabolites «, 3, and A, showed
potential as TBI therapies due to their
ability to activate biological processes [58]
known for their anti-inflammatory and
antioxidant activity.

Estrogen receptors o and (3,
androgen receptors, and
progesterone receptors
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Anti-inflammatory Agents and Immune Modulators in TBI

JM-20

In vivo

Adult male Wistar rats were divided into
four groups: (1) control; (2) JM-20
(8 mg/kg); (3) TBI + vehicle; and (4) TBI +
JM-20. The treatment, either JM-20 or
vehicle, was administered orally 1 h after
the TBI. JM-20 was prepared in a 0.05%
carboxymethylcellulose solution just before
use.

TNF-«, IL-13, BDNF, GDNE,
and NGF

JM-20 treatment after mTBI improved
behavioral performance, enhanced
short-term memory, reduced brain edema,
and decreased astrocyte reactivity and
microglial activation. It also regulated
pro-inflammatory cytokine release,
suggesting its neuroprotective effectiveness
in TBI contexts.

[61]

LPS
exposure;
CCI
model

Fluvoxamine

In vitro and in vivo

BV2 cells, with or without LPS (1 pg/mL)
stimulation, were treated with 10 uM of
fluvoxamine. Male C57BL/6 mice were
divided into sham, sham + fluvoxamine,

TBI + vehicle (0.5% DMSO), TBI +
fluvoxamine, and TBI + fluvoxamine +
BD-1047. Fluvoxamine was administered
i.p. at dose 10 mg/kg/day.

GFAP, Ibal, IKK, IkB, NF-«B,
iNOS, Bcl-2, Bax, Caspase-9, and
Caspase-3

GFAP and Ibal levels were increased after
trauma, but their levels decreased after
treatment. Fluvoxamine treatment induced
a phenotypic transformation of
microglia/macrophages from a
pro-inflammatory M1 phenotype to an
anti-inflammatory M2 phenotype in both
in vivo and in vitro experiments.

[62]

Cortical
stab
wound
injury

Lupeol

In vivo

C57BL/6 mice were divided into four
groups: control, which vehicle (0.5 mL
saline/day); TBI; TBI with lupeol treatment
(50 mg/kg/day/p.o.); and lupeol-alone
treatment (50 mg/kg/day/p.o.). The
duration of the experiment was 7 days.

GFAP, Ibal, NF-kB, TNF-«,
COX2, IL-13, Caspase-3, Cyto-C,
Bcl-2, and Bax

Lupeol treatment in TBI mice decreased
GFAP and Ibal levels, resulting in reduced
glial cell activation and pro-inflammatory
molecules and lower oxidative stress
markers such as ROS and lipid
peroxidation. Instead,
Nrf2/HO-1 expression was increased after
treatment. Additionally, it reduces
apoptotic molecules leading to improved
memory and learning.

[63]
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CCI

model

Male Sprague Dawley rats were divided
into sham, TBI, TBI + vehicle (0.9% saline +
3% DMSO), TBI + SIRT1 activator
(6 mg/kg), and TBI + SIRT1 inhibitor
(2 mmol/L, 30 uL/kg). SIrtl activator was
administered 30 min after TBI.

Bcl-2, BAX, SIRT1, NF-«B,
TNF-«, and IL-6

Activation of SIRT1 reduced cerebral
edema, neuronal apoptosis, and
neurofunctional deficits after the TBI. Using
a SIRT1 activator decreased NF-«kB
acetylation, suggesting SIRT1’s
neuroprotective role against
neuroinflammation-induced apoptosis.

[65]

FPI model

Adult male C57BL/6 mice were divided

into sham, TBI and TBI + annexin 5 groups.

Annexin was administered at 50 pug/kg via
a tail vein injection, while the sham and TBI
groups received sterile saline.

GFAP, Ibal, HMGB1, NF-«B,
Nrf2, HO-1, COX2, IL-13, IL-6,
IL-10, FTH, GSH, and GPX4

Annexin 5 showed neuroprotective effects

against the TBI by improving cognitive and

motor functions, reducing cerebral edema,
lesion volume, oxidative stress, and

ferroptosis. It inhibited neuronal apoptosis,

neuroinflammation, and the
HMGB1/NF-«B pathway while also
enhancing the Nrf2/HO-1 antioxidant
pathway. Additionally, treatment reduced
GFAP and Ibal levels.

[67]

CCI
model

Treatment Type of Study
SIRT1 activator In vivo
Recombinant
human annexin In vivo
5
Maraviroc In vivo

Male C57BL/6 mice were divided into
sham, TBI + vehicle (5% DMSO, 40%
polyethylene glycol 300, and 5% tween),
amd TBI + maraviroc (20 mg/kg). Vehicle
or maraviroc were administered via i.p.
injection 1 h after injury.

GFAP, Ibal, HMGB1, NF-«B,
NLRP3, Caspase-1, ASC, IL-13,
Caspase-3, and Bax

Maraviroc regulated the polarization of
astrocytes and microglia, reducing GFAP
and Ibal levels. In addition, it mitigated
neuroinflammation and neuronal damage
post-TBI by modulating the key molecular
pathways and cell types involved in the
inflammatory response.

[68]
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Parthenolide inhibited LPS-induced
. . . inflammation, oxidative stress, and
BV2 and primary microglia were exposed apoptosis in vitro by blockine the
LPS and to LPS (1 pg/mL), while HT22 cells were  STAT3, NF-kB, NLRP1, NLRP3, S? A% INF-xB athzva Thegda o
OGD/R subjected to OGD/R model. Treatment NLRC4, Caspase-1, Caspase-3, confirmed thatl:’;he trea}’:ment also
models; Parthenolide In vitro and in vivo ~ with parthenolide was performed at 0.5-5 iNOS, GSH, SOD, COX2, Bax, suppressed inflammation by inhibitin [69]
CCI uM for 24 h. C57BL/6 mice were divided Bcl-2, IL-1$3, IL-6, TNF-c, IL-4, Hppres L yu &
. . microglia M1 activation. Additionally, in
model into sham, parthenolide (1 mg/kg), TBI, and IL-10 .
. the TBI groups, the treatment improved
and TBI+ parthenolide. .
brain damage, reduced neuronal loss, and
enhanced learning and memory.
Primary microglia and astrocytes were
extracted from neonatal mice induced with BAY61-3606 treatment decreased levels of
CCE a TBI. Microglia were divided into control inflammatory markers and suppressed
treatment; . . (10% DMSO), CCE (100 uL/mL), CCE+BAY ~ GrAD Ibal, Mincle, Syk, NF-kB, o opio) activation. Additionally, the
severe BAY61-3606 In vitro and in vivo TNF-«, IL-13/ IL-6, Bax, Bim, . [70]
CCI (2 M), and BAY groups. Male ASC. and Caspase-1 treatment attenuated TBI-induced
model C57BL/10ScN]J mice were divided into ! p neurovascular unit damage and improved
control (vehicle, 10% DMSO), TBI, TBI + neurological function impairments.
BAY (3 mg/kg, i.p), and BAY alone groups.
Wistar albino rats were divided into Caspase-dependent apoptosis and necrosis
. 4 groups: control without trauma, TBI were the main cell death processes after the
Weight- . . . .
. . without treatment, and levosimendan (i.p. i TBIs. Levosimendan treatment exerted
drop Levosimendan In vivo c. . .. d1h Necrosis inhibition . duci ¢ [71]
model injection at 12 pg/kg) administered 1 h or neuroprotection by reducing the number o
2 h after the trauma. The weight-drop necrotic cells in the brain tissue of the rats
model was used as a TBI model. post-TBL
GFAP levels were reduced after the
Male Kunming mice were divided into treatment. The TAT-KIR treatment post-TBI
Weight- sham, TBI, and TBI+TAT-KIR groups. in mice reduced harmful reactive astrocytes,
drop TAT-KIR In vivo TAT-KIR was administered into the brain GFAP, SOCS3, JAK2, and STAT3 inhibited the JAK2-STAT3 pathway, [72]
model post-TBI surgery using defined stereotaxic decreased neuron loss, and improved

coordinates.

neural function, suggesting its potential as
a neuroprotective therapy for TBIs.
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LPS;
FPI model

Abrocitinib

In vitro and in vivo

BV2 were first exposed to LPS; then,
abrocitinib (100 nM, 500 nM, or 1 uM) was
added to the culture medium. Fluid
percussion injuries (FPIs) were performed
on C57BL/6 mice. The mice were divided
into sham, TBI+vehicle (saline, i.g.), and
TBI+ abrocitinib (10 mg/kg, i.g.) groups.

Ibal, JAK1, STAT1, NF-«B,
NLRP3, ASC/cleaved
Caspase-1, GSDMD, IL-18,
IL-13, IL-6, and TNF-«

Abrocitinib promoted neuroprotection by
reducing apoptosis and neuroinflammation.
Abrocitinib reduced inflammation by
inhibiting cell infiltration, microglia
activation, and promoting M2 polarization,
while decreasing pro-inflammatory
cytokines. These effects were associated
with decreased pyroptosis in brain tissues
after the TBI by reducing the levels of
NF-«B and its downstream factors.

[73]

Weight-
drop
model

SKEO and
carvacrol

In vivo

Male Wistar rats were divided into the
sham, TBI, TBI + vehicle, TBI+ carvacrol
(100 or 200 mg/kg, i.p.), and TBI +
SKEO200 (SKEO 200 mg/kg, i.p.) groups.
All treatments and vehicles were
administered 30 min after the TBI, and the
rats were sacrificed 24 h after the TBI.

NF-kB, TNF-«, IL-183, IL-6;
cleaved Caspase 3, Bax, and
Bcl-2

SKEO and carvacrol treatments reduced
edema after TBI and modulated
apoptotic-related proteins. Additionally,
the levels of pro-inflammatory cytokines
and pro-apoptotic markers were reduced
after the treatments in TBI groups, resulting
in the inhibition of neuronal damage.

[74]

Papaverine

In vivo

Swiss Albino male mice were divided into
sham, TBI+saline, TBI+papaverine, and
papaverine alone groups. Papaverine was
administered 30 min after the TBI with an
i.p. injection of 40 mg/kg.

5100B, RAGE, and NF-«B

Serum S100B increased in the trauma group
compared to the sham group, but the
papaverine-treated TBI group showed a
non-significant decrease. However,
papaverine demonstrated properties that
prevent cell death and protect nerve cells,
likely through the RAGE-NF-«B pathway
and potentially by reducing microglia
activation in TBIs.

[75]
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Weight-
drop
model

Saffron

In vivo

Male albino BABL/c mice were subjected
to a rmTBI model. Mice were divided into
sham, saffron + sham, TBI, and saffron +
TBI groups. Saffron (50 mg/kg) was
administered i.p. 30 min before injury.

GFAP, Ibal, NeuN, SIRT1,
NF-kB, NLRP3, ASC, cleaved
Caspase-1, GSDMD, IL-18,
IL-1B, and Nrf2

Saffron extract upregulated SIRT1, Nrf2,
and HO-1 and reduced
NLRP3 inflammasome and cytokines. In
addition, the treatment reduced GFAP,
NeuN, and Ibal in the injured cortex
following rmTBI, indicating its potential

effect on astrocytes, neurons, and microglia.

[76]

LPS
model;
CCI
model

ACTO001

In vitro and in vivo

The in vitro TBI model used co-cultures of
BV2 cells with HT22 or bEnd.3 cells, treated
with ACT001 (1-10 uM) and LPS (100 or
500 ng/mL). Adult male C57BL/6 mice
subjected to a TBI received
ACTO001 through oral gavage (100 mg/kg)
for 7 days. Rat primary cells were
stimulated with LPS (1-500 uM), followed
by ACT001 treatment.

Ibal, NeuN, AKT, NF-«kB,
NLRP3, Argl, CD206, TGF-3
and IL-10

ACTO001 improved cognitive disfunction
post-TBI, potentially by modulating
microglial activation. It also attenuated
neuroinflammation, decreased neuronal
apoptosis by activated microglia, and
mitigated the angiogenesis inhibition and
tight junction in vitro. These effects were
associated with reduced activation of the
NF-«B and NLRP3 pathways via
decreasing AKT phosphorylation.

[77]

CCI
model

Genetic
deletion of
GSDMD

In vivo

GSDMD-KO and WT C57BL/6 mice were
subjected to a TBI, with the sham groups
serving as procedural controls. The
CRISPR/Cas9 method was utilized to
create the KO mice.

NLRP1, NLRP3, NLRC4,
Caspase-1, GSDMD, IL-1p3,
TNF-«, IL-10, and TGF-31

After the TBI, the NLRP3 inflammasome
activated GSDMD, leading to pyroptosis.
Moreover, GSDMS may be involved in
microglial polarization. Inhibiting GSDMD
showed neuroprotective effects,
particularly in the early stages of the TBI,
and resulted in reduced neuropathological
changes and neurological impairments.

[78]
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H,S®SF hydrogel inhibited neuronal
. . pyroptosis and exerted neuroprotective
Adult male ICR mice were treated with 20 GFAP, Ibal, NLRP3, Caspase-1, effects against neuron loss and chronic
uL SF or HyS@SF hydrogel 1 h after trauma . . .
CCI . . . . . .. . IL-1p3, TNF-«, GDSMD, ASC, neuroinflammation, promoting
H,S@SF In vivo at the injury site. Mice were divided into . [79]
model sham. TBI. SE. NaHS. H,S@SE. SF + TBI RIP-1, endogenous HyS neurological recovery. The effects on
NaHS’ N T]IBI e,m dH é @52F N T],SI ou s, pathway, and GSH neuroinflammation may be linked to the
’ 2 groups. reduction in GFAP and Ibal expression
levels.
Urolithin A was neuroprotective against
Male C57BL/6 mice were divided into the TBI by reducing the disruption of the
rri)((j:llel Urolithin A In vivo sham, TBI + vehicle, and TBI + urolithin A PI3K, AK:;?I"I\E}E? KT, IKK, BBB, cerebral edema, and neuronal [80]
(2.5mg/kg, i.p.) groups. apoptosis, and by improving autophagy
and reducing neurological damage.
Male C57BL/6 WT and TREM2 KO mice TREM?2 activation by COG1410 reduced
CCI COG1410 In vivo were divided into sham, TBI + vehicle, and Ibal, TREM2, AKT, CREB, neural damage via the AKT/CREB/BDNF [81]
model TBI + COG1410 treatment via i.v. injection BDNF, TNF-«, and IL-1$3 pathway in microglia, improving TBI
groups. outcomes.
Primary rat microglia and BV2 cells were .. .
first treated with VU0360172 (20 or 50 uM), V0360172, a mGluR5-positive allosjc ence
followed by LPS (100 ng/mL) for 24 h modulator, promoted neuroprotection
LPS; GiRNAs a ;};ins t mGIuR5 and plasmi ds. PI3K, AKT, GSK-33, CREB, post-TBI in mice, reducing
CCI VU0360172 In vitro and in vivo .g p iNOS, NO, TNF-«, IL-10, and pro-inflammatory micro-glial responses [82]
model expressing CREB were used in BV2. Arg-1 and enhancing anti-inflammator
C57BL/6] and CX3CR18P/* mice were & & Y

divided into sham, TBI + VU0360172, and
TBI + vehicle groups.

phenotypes. These effects did not depend
on NFkB activation in microglia.
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LPS; stab
wound
cortical

injury

HT?22 cells were co-treated with
LPS-stimulated microglial medium
(BV2 cells) for 24 h. Male C57BL/6 mice
were divided into control (saline), SWI, and
SWI + quinpirole groups. Quinpirole was
administered for 7 days at 1 mg/kg/day
via i.p.

GFAP, Ibal, D2R, AKT, GSK-34,
and IL-1B

Quinpirol, acting as a D2R agonist, exerted
neuroprotective effects and led to reduced
neuroinflammation, BBB disruption, and
neurodegeneration. These activities were
associated with decreased GFAP and
Ibal levels after treatment, leading to the
suppression of astrocyte and microglial
activation.

[83]

Antioxidant strategies in TBI therapy

CCI
model

SH-SY5Y were co-treated with 200 uM,
with or without 10 uM cofilin inhibitor, for
24 h. Male C57BL/6 mice were divided into

sham, TBI + vehicle (4.9% DMSO, 4.9%

Tween-20, and 88.9% of a solubilizing
agent), and TBI + cofilin inhibitor
(25 mg/kg) groups. Cofilin inhibitor was
given via i.v. injection 4 h after TBI,
followed by i.p. injections every 12 h for
3 days.

Cofilin, AKT, Bax, Caspase-3,
Nrf2, SOD2, HMGB1, TNF-«,
and iNOS

In TBI, cofilin inhibitors reduced microglial
activation, and activated Nrf2 in neurons,
reducing apoptosis and oxidative stress.

[84]

H202 and
LPS
exposure;
CCI
model

Treatment Type of Study
Quinpirole In vitro and in vivo
Cofilin In vitro and in vivo
inhibitor
Oridonin In vitro and in vivo

BV2, RAW264.7 and N2a cells were used for
the in vitro experiments. Female mice were
divided into sham, TBI, and TBI + Oridonin
(20 mg/kg) groups. Oridonin or vehicle
(DMSO and saline) was administered via
i.p. injection 30 min post-TBI and every day
until the last sacrifice (7 or 14 day).

GFAP, Ibal, AKT, GSK-3f3,
NLRP3, IL-1f3, and Nrf2/HO-1

Oridin improved function and reduced
TBI-induced neuropathological effects by
activating the Nrf2 pathway, enhancing
mitochondrial function and antioxidants,
and decreasing oxidative stress-induced
neuroinflammation. Moreover, Oridonin
reduced glial activation, as shown by
reduced GFAP and Ibal levels.

[85]
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CCI ' . Male C57BL/ 6 mice were divided 1nt0. Nrf2, HO-1, and cleaved Astaxa.nthm ?educed TBI-induced
model Astaxanthin In vivo sham, TBI + vehicle, and TBI + Astaxanthin Caspase-3 apoptosis and improved neuromotor [86]
groups. P function through Nrf2/HO-1 activation.
Primary cortical neurons from rmice were Calcitriol’s neuroprotective effects in the
pre-treated for 6 h with chloroquine (25 .
. L context of TBI were mediated through the
CCI uM) and then treated with calcitriol (10 nM, reeulation of the autophaey and
model Calcitriol In vitro and in vivo 100 nM, and 500 nM) for 24 h. Male Keap1, Nrf2, and LC3 Nt f2gsi naline pathwa 5 wlggch la [87]
CD1 Elite mice and Nr2 KO were divided . gha g patways, pay
) . critical roles in maintaining redox balance
into sham, TBI, and TBI + calcitriol (0.5, 1, and protecting against oxidative damage
or 3 ug/kg/day orally) groups. P 848 8-
Primary cortical neurons from mice were
grouped as follows: control, H,O,, H,O, +
H,0O, astaxanthin (25, 50, and 100 uM), and H,O,
exposure; + 100 uM of astaxanthin + selisistat. Male Bcl2, Bax and cleaved Caspase-3, Astaxanthin offers significant
Weight- Astaxanthin In vitro and in vivo C57BL/6 WT and Nrf2 KO mice were SIRT1, Nrf2, Prx2, ASK1, and neuroprotection in TBI by reducing [88]
drop divided into sham + vehicle, sham + p-38 oxidative stress and neuronal apoptosis.
model astaxanthin (25, 75 or 150 mg/kg), and TBI
+ astaxanthin + selisistat. Vehicle was olive
oil or 1% DMSO dissolved in saline.
. . . Hydrogen-rich saline treatment improved
Weight- Hvdrosen-rich "l{\g?{:nissﬁlj!c?e ?;gel Wefj.;:ggﬁzifvz:ﬂr?e Nrf2, GSH, MDA, SOD, HO-1, neurological scores, enhanced neuronal
drop y g In vivo ) p ) RIP1, RIP3, TNF-¢, IL-1p3, IL-6, survival, reduced brain ROS and [89]
saline (control) or hydrogen rich (5 mL/kg) every . X
model and NF-«B inflammation markers, and decreased
day for 72 h. ‘
necroptosis after the TBI.
Male Sprague Dawley rats were
categorized into four groups: sham, TBI, o .
TBI + sevoflurane. and TBI + sevoflurane + Administering sevoflurane right after the
FPI model Sevoflurane In vivo ’ Nrf2, HO-1, and SOD TBI may lead to synaptic restructuring and [90]

zinc protoporphyrin. They received 3%
sevoflurane in pure oxygen with a delivery
flow rate of 4 L/min.

cognitive enhancement.
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FPI model

Atorvastatin

In vivo

Male ICR mice were divided into sham,
TBI, TBI + vehicle (saline), and TBI +
atorvastatin (10 mg/kg/day) groups. Two
experimental procedures were conducted
by using WT and Nrf2 KO mice.

Nrf2, HO-1, caspase-3, GRP78,
p-PERK, p-PERK, p-IRElx,
cleaved-ATF6, and CHOP

Atorvastatin mitigated ER stress-mediated
apoptosis following the TBI by activating
the Nrf2/HO-1 signaling pathway. This
mechanism underlines its neuroprotective
effects in the context of TBI treatment.

[91]

CCI
model

Tri-combo of
apocynin,
tBHQ, and
salubrinal

In vivo

C57BL/6 mice were divided into sham,
vehicle (1% DMSO), and TBI + tri-combo
groups. A combination of apocynin (5 or
10 mg/kg), tBHQ (12.5 or 25 mg/kg), and

salubrinal (1.5 or 3 mg/kg; Millipore
Sigma) was injected i.p. at 5 min or 3, 24,
and 48 h after the TBI.

ER stress, oxidative stress, and
inflammation

The post-TBI tri-combo treatment
improved motor and cognitive functions
and reduced lesion volume. It was effective
in both sexes and even showed promise for
aged subjects, indicating potential efficacy
regardless of age or gender.

[92]

Weight-
drop
model

Naringenin

In vivo

Experiments were performed in ICR male
mice using sham, TBI, TBI + vehicle, and
TBI + naringenin. Naringenin was
intraperitoneally injected 30 min after TBI,
and then daily. Mice were sacrificed three
days following the TBI.

GRP78, p-EIF2«, ATF4, CHOP,
Bcl2/BAX ratio, cleaved
Caspase-3, GPx, and MDA

Elevated protein levels linked to ER-stress
were found in the perilesional cortex
post-TBI. Naringenin provided
neuroprotection by inhibiting ER
stress-associated apoptosis and exerting
antioxidant activity, leading to improved
neurological function and reduced cerebral
damage caused by the TBI.

[93]

Glutamate modulators to enhancing neuronal survival

Glutamate
and H202
exposure;
CCI
model

PHLPP
inhibitor
NSC74429

In vitro and in vivo

Primary rat neurons were exposed to
glutamate (10 uM) or HpO, (40 uM), and
then treated with 25 uM or 50 uM
inhibitors. Male Sprague Dawley rats and
C57BL/6 mice received NSC74429 at 1 or
3 mg/kg doses. Rats were given
1.25 mL/kg i.v. in 24% DMSO/dextrose 5%
in water. Mice received a 250 pL bolus, i.v.
or i.p., in 5% DMSO/dextrose 5% in water.

Apoptosis, necrosis, and
excitotoxicity

The experiments encompassed various
models of brain damage, including
apoptosis, excitotoxicity, and oxidative
stress, and demonstrated that
NSC74429 could protect brain cells from a
range of cell death mechanisms.

[94]
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Condition Treatment Type of Study Experimental Design Invxsizcﬁzeﬁ‘:;:rr;linmjury Results Ref.
.. . H;S reduced TBI-induced motor and
Weight- Sprague Dawley rat's were divided into spatial memory deficits, brain edema, and
drop H.S In vivo sham, TBI, TBI + vehicle, and TBI + NaHS Caspase-3, Bax, Bcl-2, GLS2, apoptosis. Additionally, H,S suppressed [95]
2 (1 mmol/kg) groups. NaHS or vehicle was MDA, SOD, GPx, HO-1, and p53 . Y, 2 S
model . - . TBI-induced glutamate and oxidative
administered i.p. 30 min before TBI.
stress.
Cortical neurons from pregnant rats were
treated with edonerpic maleate at
Scratch concentrations of 0.1, 1, and 10 uM Edonerpic maleate reduced neurotoxicity,
P Edonerpic post-injury and glutamate exposure (100 regulated glutamate receptors, preserved
(Jj CIy ! maleafe In vitro and in vivo  uM). Male Sprague Dawley rats were orally =~ CRMP2, NR2B, Arc, and GluR1 intracellular calcium balance, attenuated [97]
model pretreated with edonerpic maleate at doses brain damage, and preserved long-term
of 5, 20, or 30 mg/kg once daily for 3 weeks neurological function after the TBL
prior to CCI. Functional assessments were
performed 24 h after the TBI.
Antiferroptotic strategies enhance neurorepair in TBI
Male C57BL/6 mice were divided into
groups for three typg s of exper.imen’Es: Ruxolitinib, a JAK inhibitor, exerted
CCI Ruxolitinib In vivo sham, .V.ehlde * TBI.’ n.uce. t?eated ip. witha GPX4, COX-2, TfR1, and FTL neuroprotective effects by inhibiting [98]
model specific ferroptosis inhibitor (2 mg/kg), ferrontosis induced by the TBI
and mice treated i.p. with ruxolitinib at a P y ’
dose of 0.44 mg/kg.
Neuro2A cells were treated with 60 uM
polydatin and 10 uM hemin for 12 h. Male GPX4 and GSH protein levels were
C57BL/6 mice were divided into sham, TBI, decreased 24 h apfter TBI induction
CCI . . .. and TBI+polydatin groups. Polydatin was . . A
model Polydatin In vitro and in vivo administered at a dose of 50 mg,/ kg GPX4 Treatment with polydatin administered [99]

(DMSO 0.01% in 5% Tween-80, 10%
N-N-dimethyl acetamide, 35% PEG400,
and 50% saline) 30 min after the TBIL.

post-injury reduced the extent of cortical
damage, improving neurological functions.
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Table 2. Cont.

Condition

Treatment

Type of Study

Experimental Design

Molecular Mechanism
Involved in Secondary Injury

Results

Ref.

CCI
model

Netrin-1

In vitro and in vivo

Mechanical stretch model was performed
in vitro in SHSY5Y cells. The CCI model
was performed on C57BL/6 mice. Mice

were divided into sham, TBI,
TBI+shNetri-1, and TBI+ groups.

Nrf2 and GPX4

Netrin-1 inhibited ferroptosis and
improved neurological functions by
promoting Nrf2 nuclear translocation and,
consequently, the transcription of GPX4.

[100]

CCI
model

Deferoxamine
and dimethyl
fumarate

In vivo

Male C57BL/6 mice WT and Nrf2 KO were
treated with vehicle, deferoxamine
(50 mg/kg/day i.p.), or dimethyl fumarate
(50 mg/kg/day i.g.). Each group of mice
were divided into sham and TBI treated.

Nrf2, FTH, FTL, xCT, GPX4,
GSH, and FSP1

The loss of Nrf2 led to decreased FTH and
FTL levels, with a consequent increase in
free iron levels. Treatment with
deferoxamine ameliorated ferroptosis after
TBI, while dimethyl fumarate also
improved neurological impairments
post-TBL

[101]

Scratch
injury;
CCI
model

Melatonin

In vitro and in vivo

HT?22 cells were transfected with FTH
siRNA or untreated, and then subjected to
a mechanical scratch assay at 72 h. Male
C57BL/6 WT, FTH floxed, and FTH KO
mice were divided into sham and TBI
groups. Treatments included melatonin
(10 mg/kg) or vehicle (0.5% DMSO),
luzindole, and liproxstatin-1.

MT2 and FTH

Melatonin alleviated ferroptosis, reducing
iron accumulation and neuronal damage in
the ipsilateral cortex after the TBI, and
improving cognitive function in vivo. The
MT?2 receptor and FTH were essential for
melatonin’s neuroprotective effect both
in vitro and in vivo. The lack of FTH
resulted in cortical iron buildup, increasing
susceptibility to TBI-induced ferroptosis.

[102]

Weight-
drop
model

Melatonin

In vivo

Mice were subjected to a head injury three
times for inducing repeated mTBI using a
40 g weight dropped from 15 cm onto a
specific area of the skull. Additionally,
melatonin was administered to the mice as
a treatment (10 mg/kg/day, i.p.) once daily.

Astrocyte activation

Melatonin treatment, when applied early
after the TBI, enhanced cognitive function,
improved neuronal activity, and reduced
astrocyte reactivation.

[103]
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- . . Molecular Mechanism
Condition Treatment Type of Study Experimental Design Involved in Secondary Injury Results Ref.
Male Wistar rats were divided into sham, Melatonin treatment provided
CCI TBI, and TBI + melatonin groups. Caspase-3, Bcl-2, cytochrome ¢,  neuroprotection against the TBI by affecting
model Melatonin In vivo Melatonin was administered (10 mg/kg) PGC1-a, OXPHOS, Drpl, and mitochondria. It reduced mitochondrial [104]
via i.p. injection at different times (0.5 h, ATP synthase fragmentation, thereby preventing nerve
1h,2h,3h, and 4 h) after the TBL. cell dysfunction and death.
Mice were categorized into sham,
TBI+vehicle, TBI+NaHS, TBI+Wnt3a, and H,S exerted neuroprotection by partially
CCI . Tbi+Lip-1 groups. Experiments focused on restoring neurological deficits. Inhibition of
model H5 Invivo ferroptosis, cognitive impairments, and the Wnt3a and GPX4 ferroptosis may have been induced by H,S, [105]
Wnt-H,S interaction in ferroptosis-induced perhaps via the Wnt/ 3-catenin pathway.
TBI.
ICR male mice were divided into sham, AnaFard1c acid therapy could .m1t1gate
L brain damage and BBB deterioration
Weight- TBI, TBI + Fer-1, and TBI + anacardic acid caused by TBI by inhibiting ferroptosis. It
& .. . groups. Fer-1 (2 mg/kg) and anacardic acid  TfR1, GPX4, IL-6, TNF-«, IL-1f3, ’
drop Anacardic acid In vivo . .. also reduced neuronal loss and [106]
(100 mg/kg, i.p.) were administered after and CXCL1 L
model . . . S neurodegeneration induced by TBIs
inducing a TBI, with anacardic acid given . . .
.. through its anti-ferroptosis and
for 7 days post-injury. . .
anti-inflammatory properties.
Multifaceted approaches to TBI treatment
Male Wistar rats were divided into control TBI increased the levels of NSE, SB100B,
(only anesthesia and scalp incision), TBI and Caspase-3. The treatment reduced
(2 mL of 0.9% saline after trauma), and PIR levels of biomarkers while not significantly
Pirfenidone In vivo groups. Mice of pirfinedone groups NSE, 5100B, and Caspase-3 affecting caspase-3 levels. Additionally, [107]

received 500 mg/kg/day of Pirfenex (Cipla,
India) after trauma and on the day after via

orogastric gavage.

pirfinedone showed neuroprotective effects
by decreasing neuroinflammatory markers
and improving neurological deficits.
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Table 2. Cont.

Condition

Treatment

Type of Study

Experimental Design

Molecular Mechanism
Involved in Secondary Injury

Results

Ref.

Weight-
drop
model

DMSO

In vivo

Male Wistar rats were divided into control
(without trauma and treatment), TBI, and
TBI + DMSO (67.5 mg/kg orally) groups

for 21 days.

S100B, SOD, GPx, and CAT
genes

5100B levels were reduced in the
DMSO-treated group compared to the
trauma group. DMSO treatment improved
cognitive function in TBI rats by enhancing
antioxidant defense, suppressing lipid
peroxidation, and reducing oxidative stress
and neuropathology.

[108]

Compressed
gas model

Curcumin

In vivo

Mice were divided into sham, TBI, TBI +
vehicle, and TBI + curcumin groups.
Curcumin at 50 mg/kg was administered
i.p. 15 min after the TBL

BBB integrity, oxidative stress,
inflammation, and apoptosis

The neuroprotective effects of curcumin in
TBI were potentially due to its actions on
BBB integrity, reduction of cerebral edema,
mitigation of oxidative stress and
inflammation, inhibition of neuronal
apoptosis, and improvement in
neurological functions.

[109]

CCI
model

Hidrox®

In vivo

Two-month-old Sprague Dawley rats were
divided into three groups: vehicle (saline),
Hidrox® (10 mg/kg), and sham. Hidrox®
was administered 1 h after the TBI and
administered daily via gavage for a period
of 4 weeks.

Tau, Nrf2, HO-1, SOD, GSH,
NF-«kB, IL-13, TNF-«, and IL-6

Treatment with Hidrox®, an antioxidant
and anti-inflammatory agent, has the
potential to effectively reduce inflammation
and may counteract neurodegenerative
progression triggered by both primary and
secondary injuries.

[110]
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Molecular Mechanism

Condition Treatment Type of Study Experimental Design Involved in Secondary Injury Results Ref.
The study tested Trichostatin A, validated
LPS/IENy- with primary JAXC57BL/6] mouse neurons
. Y and BV-2 co-cultures, on Sprague Dawley NFH plasma levels were linked to the
induced . . . . .
neuroin- rats with a TBI. Two cohorts were used: one cortical lesion area. Despite reducing
Levetiracetam; . . for levetiracetam and trichostatin NFH, cell death, nitrite levels,  seizures, levetiracetam did not significantly
flamma- . . In vitro and in vivo . . . . [113]
tion trichostatin A (1 mg/kg) monotherapies and another for ~ and humoral immune response decrease cortical lesion areas after the TBI.
Lateral higher dose levetiracetam (150 mg/kg) and Trichostatin A was promising in vitro, but
FPI model combined therapy. Drugs were not in vivo, either alone or in combination.
administered via injections or minipumps,
tailored to each cohort’s objectives.
Male CD1 Elite mice were divided into rmTBI caused extended gliosis and
sham, rmTBI, and Immunocal® + rmTBI inflammation, neuronal damage, and redox
CCI Immunocal® In vivo grolups. Imm}mocal was admlnlstgred GFAP, Ibal, and NF-L 1r¥1ba'le'1nce. Immunocal suppk'emfen'tatlon [114]
model prior to, during, and post-rmTBI. Five significantly prevented astrogliosis in the

rmTBIs were administered at 48-h intervals rmTBI model and microgliosis in the
across 10 days. rmmTBI model.

AIF1: allograft inflammatory factor 1; AKT: protein kinase B; ALC: acetyl-l-carnitine; ASC: apoptosis-associated speck-like protein containing a caspase-recruitment domain; ATF4:
activating transcription factor 4; BAY61-3606: Syk inhibitor; BAX: bcl-2-like protein 4; Bcl-2: B-cell lymphoma 2; BDNEF: brain-derived neurotrophic factor; Bim: BCL2-Like 11; CCE:
cerebral cortex extract; CCI: controlled cortical impact; CCL11: C-C motif chemokine 11; CHI: controlled head injury; CHOP: C/EBP homologous protein; COG1410: apoE mimic peptide;
COX-2: cyclooxygenase 2; CREB: cAMP response element-binding protein; CXCL1: C-X-C motif chemokine ligand 1; DMSO: dimethyl sulfoxide; ER: endoplasmic reticulum; Fer-1:
ferrostatin-1; FPI: fluid percussion injury; FTH: heavy-chain ferritin; FTL: light-chain ferritin GDNF: glial cell line-derived neurotrophic factor; GFAP: glial fibrillary acidic protein;
GLS2: Glutaminase 2; GluR1: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 1; GPX4: glutathione peroxidase 4; GRIA1: Glutamate ionotropic receptor AMPA type
subunit 1; GRP78: glucose-regulated protein-78; GSDMD: gasdermin D; GSK-3[3: glycogen synthase kinase-3 beta; H,O,: hydrogen peroxide; H,S: hydrogen sulfide; H,S@SF: surface-fill
HjS-releasing silk fibroin hydrogel; HMGB1: High Mobility Group Box 1; HO-1: hemeoxygenase-1; Ibal: ionized calcium-binding adaptor molecule 1; IKK: IL-1f3: interleukin-1 beta; i.g.:
intragastric; IL-4: interleukin-4; IL-6: interleukin-6; IL-10: interleukin-10; IL-18: interleukin-18; iNOS: Inducible Nitric Oxide Synthase; i.p.: intraperitoneal; i.v.: intravenous; JAK: Janus
Kinase; JM-20: 3-ethoxycarbonyl-2-methyl-4-(2-nitrophenyl)-4,11-dihydrolH-pyrido [2,3-b][1,5]benzodiazepine; KO: knockout; LC3: Microtubule-associated protein 1A /1B-light chain 3;
LPS: lipopolysaccharide; MAPT: microtubule-associated protein Tau; MDA: malondialdehyde, mGluR5: metabotropic glutamate receptor 5; Mincle: macrophage-inducible C-type
lectin; mild TBI: mTBI; NaHS: sodium hydrosulfide; NeuN: neuronal nuclear protein; NFH: neurofilament heavy chain; NF-L: neurofilament light chain; NF-«B: nuclear factor-kappa B;
NGEF: nerve growth factor; NLRC4: NLR family CARD domain containing 4; NLRP3: NLR family pyrin domain containing 3; NR2B: N-methyl-d-aspartate receptor subunit 2B; Nrf2:
nuclear factor erythroid 2-related factor 2; NSE: neuron-specific enolase; OGD/R: oxygen glucose deprivation/re-oxygenation; p.o.: per os; RAGE: receptor for advanced glycation
endproducts; RIP1: receptor interacting serine/threonine kinase 1; rmTBI: repetitive mild traumatic brain injury; rmmTBI: repetitive mild-moderate TBI; ROS: reactive oxygen species;
SIRT1: NAD-dependent protein deacetylase sirtuin-1; SKEO: Satureja khuzistanica essential oil; SOCS3: suppressor of cytokine signaling-3; STAT: signal transducer and activator of
transcription; Syk: spleen tyrosine kinase; TBI: traumatic brain injury; TDP-43: TAR DNA-binding protein 43; TfR1: transferrin receptor 1 protein; TNEF-o: tumor necrosis factor-alpha;
TREM2: triggering receptor expressed on myeloid cells 2; TrkB: tyrosine kinase receptor B; Wnt3a: wingless-type MMTV integration site family, member 3A; and WT: wild type.
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4.2. Regenerative Medicine

Mesenchymal stem cells (MSCs) are multipotent progenitor cells that are well-suited
for cell-based therapy [115]. These cells possess the unique ability to regulate the immune
system, characterized by their secretion of a range of factors, potential for differentiation
into diverse cell types, and inherent immunomodulatory properties. Specifically, when
exposed to inflammatory agents like TNF-« and IL-1, MSCs become activated and exert
immunosuppressive effects [116]. MSCs function by releasing a variety of soluble factors,
such as growth factors, cytokines, chemokines, EVs, anti-inflammatory molecules, and
neurotrophic factors. These soluble factors enhance cell survival and attenuate neuronal
apoptosis [117,118], regulate inflammation [119,120], and support angiogenesis [121,122],
neurogenesis, and synaptic plasticity [123].

Emerging studies have unveiled that MSCs’ therapeutic efficacy is closely tied to
exosomes, minute vesicles ranging from 30 to 150 nanometers. These exosomes encapsulate
lipids, proteins, non-coding RNAs, and messenger RNAs [124]. They assume a critical role
in facilitating cellular communication and exhibit the capability to breach the BBB [125].
This suggests their promising application in diagnosing and managing central nervous
system conditions, including TBIs [126,127].

Tang, L. et al. explored the therapeutic potential of exosomes derived from adipose-
derived MSCs (AD-MSCs) in the context of TBIs. This study employed both in vitro and
in vivo models to assess their ability to mitigate inflammation and promote neurological re-
covery following a TBI. In the in vitro model, microglial cells exposed to lipopolysaccharide
(100 ng/mL) were treated with AD-MSC-derived exosomes (5 or 10 ng/mL), demonstrating
a reduction in inflammation. In the in vivo study, rats received intravenous injections of
these exosomes (200 pg) after TBI induction, resulting in a decrease in secondary inflamma-
tion. This suggests that AD-MSC-derived exosomes hold promise as a potential treatment
for inflammation and neurological damage post-TBI [128].

Research has demonstrated that exosomes derived from human umbilical cord MSCs
(HucMSCs) improve neurological function, reduce brain swelling, and decrease lesion size
after a TBL. Exosomes (100, 150, 200, 250, and 300 png/mL) were administered via the tail
vein 30 min after a TBIL. The optimal concentration for protection is 200 ug/mL. They inhibit
inhibiting multiple cell death pathways, including apoptosis, pyroptosis, and ferroptosis.
Additionally, they promote mitophagy through the PINK1/Parkin pathway, a critical
mechanism for safeguarding the brain from damage. Exosome treatment holds promise
as a TBI therapy [129]. Exosomes from HucMSCs provide neuroprotection against TBls
by activating the IncRNA TUBB6/Nrf2 pathway, reducing inflammation and ferroptosis.
Knocking down TUBBS6 partially diminishes their neuroprotective effect, highlighting their
importance [130]. Further research is required to determine whether their non-coding
RNAs contribute to this effect and if adjusting the timing of exosome administration can
enhance their neuroprotection against TBIs.

MSC-derived exosomes are recognized for their immunomodulatory functions and
their role in tissue regeneration. In contrast, exosomes derived from astrocytes play a critical
role in reducing oxidative stress and apoptosis in neuronal cells after brain injuries [131].
Both types of exosomes underscore their therapeutic potential in neurology, encouraging
the investigation of various cellular sources to improve treatments for TBIs. In a study by
Zhang et al., astrocyte-derived exosomes were used to treat TBIs in animal models. These
exosomes, administered 30 min after the TBI at a dose of 100 ug intravenously, improved
neurobehavioral deficits, cognitive impairment, and brain edema. Their effectiveness was
attributed to reduced oxidative stress and neuronal apoptosis through the Nrf2/HO-1
pathway, showing their potential for TBI treatment [132].

In summary, research on exosomes derived from both MSCs and astrocytes has demon-
strated significant therapeutic potential in the treatment of traumatic TBIs (Figure 3). While
MSC-derived exosomes focus on immune modulation and tissue regeneration, those from
astrocytes reduce oxidative stress and apoptosis in neuronal cells. These findings open
new perspectives in neurology and suggest a wide range of potential treatments for TBISs,
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highlighting the need for further research to optimize therapeutic efficacy in different
disease contexts.
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Figure 3. Regenerative medicine. MSCs secrete biologically active molecules that can influence
various molecular pathways. These treatments support the survival and proliferation of regional cells
by secreting chemokines and growth factors. A significant aspect of their function is the reduction in
edema and inflammation caused by injury, enhancing the secretion of anti-inflammatory cytokines
while simultaneously reducing the secretion of pro-inflammatory cytokines. These multifaceted
approaches highlight their significant impact in facilitating recovery from TBI, highlighting their
ability to support tissue repair, mitigate inflammation, and promote neural regeneration. The image
was created using the image bank of Servier Medical Art (available online: http://smart.servier.com/;
accessed on 30 December 2023) licensed under a Creative Commons Attribution 3.0 Unported License
(available online: https://creativecommons.org/licenses/by/3.0/; accessed on 15 December 2023).
BBB: blood-brain barrier; MSCs: mesenchymal stem cells; ROS: reactive oxygen species; and TBI:
traumatic brain injury.

5. Challenges and Future Prospects

TBIs remain a complex medical challenge, with an urgent need for effective treatments
within the healthcare system and for patients. The brain’s response to trauma, encom-
passing processes like inflammation, neurogenesis, and plasticity, often fails to halt the
progression of damage. In this context, the use of cell death suppressors in combination has
emerged as a potential therapeutic strategy for managing TBIs. Despite extensive research,
an effective and approved treatment for TBI is still not available, largely due to the diverse
responses observed in humans. The heterogeneity of pathological alterations significantly
hinders the successful clinical application of promising pre-clinical therapies. Advances in
biomarker discovery and neuroimaging are expected to aid in early diagnosis, monitoring
of TBI progression, and assessing treatment efficacy. Currently, TBI management primarily
focuses on symptomatic relief and supportive care, lacking established protocols for long-
term complications [9]. Furthermore, the detailed process by which TBIs lead to chronic
neurological impairment remains largely undefined.
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There is an increasing emphasis on developing targeted therapies that address specific
pathways, which play a significant role in nerve damage following a TBI. Understanding
the cellular interactions involved in a TBI is crucial. Important aspects include validating
the mechanisms of these therapies in animal models, ensuring they are effectively targeted
by the treatments, confirming their relevance in human TBI, determining the drug’s ability
to penetrate the brain effectively, and verifying their safety and tolerability in cases of
human head injury [133].

Integrating various in vitro and in vivo models could increase the chances of obtaining
reliable and promising results, minimizing the risk of false positive neuroprotective effects
from drugs and treatments. However, in vitro TBI models also have limitations, including
the potential for cell damage during sampling [134].

However, many therapies that appear promising in animal and cell-based laboratory
models fail in clinical trials, highlighting the gap between pre-clinical and clinical research.
This gap underlines the importance of pre-clinical studies employing models that more ac-
curately mimic human TBI, thereby enhancing the chance of successful clinical translation.
While animal models have physiological similarities with humans, significant differences
in brain structure and function pose challenges in accurately modeling human TBI. Addi-
tionally, many studies with animal models of TBI often omit specifying the injury’s severity.
Further investigation is also necessary to fully understand how age, sex, and species affect
TBI outcomes [135].

6. Conclusions

The most accredited biomarkers for prognostic indicators in TBIs currently include NF-
L, GFAP, Tau, and Brain-derived Tau. These biomarkers have shown significant reliability
in reflecting the severity and potential outcomes of TBls. Regarding recent pharmacological
advances, the most promising strategies for TBIs are aimed at targeting neuroinflammation,
oxidative stress, and apoptotic pathways. Approaches that emphasize anti-inflammatory
immune modulation and inhibition of detrimental pathways, such as NF-kB and inflam-
masomes, demonstrate potential for enhancing both clinical and neurological outcomes.
Several therapeutic treatments have shown promise in improving neurological function
by modulating glial activity, as evidenced by the decreased levels of biomarkers such as
GFAP. Additionally, antioxidant molecules, particularly melatonin and astaxanthin, have
demonstrated potential for mitigating TBI by addressing oxidative stress and ferroptosis.
Overall, targeting multiple pathways involved in secondary injuries may promote neural
recovery by preventing damage progression and neurodegeneration. In this evolving land-
scape, emerging research on exosomes derived from both MSCs and astrocytes presents a
promising frontier in neurology. These exosomes have the potential to revolutionize TBI
treatment by focusing on immune modulation, tissue regeneration, and reducing oxidative
stress and neuronal apoptosis. However, further investigations are needed to identify the
ideal timing and quantity of these therapies and to fully understand how they can be used
effectively in clinical TBI management.
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