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ABSTRACT

Background: Traumatic brain injury (TBI) remains a leading cause of global mortality and
disability, affecting approximately 69 million individuals annually. Despite extensive research,
effective neuroprotective interventions remain elusive.

Objective: This systematic review evaluates neuroprotective strategies for TBI published
between 2016 and 2026, examining pharmacological, non-pharmacological, and emerging
therapeutic approaches.

Methods: A comprehensive search of PubMed, Scopus, Web of Science, and Embase databases
was conducted following PRISMA 2020 guidelines. Studies investigating neuroprotective
interventions in TBI populations were included. Quality assessment employed the Cochrane RoB
2.0 tool and CAMARADES checklist.

Key Findings: Among 94 included studies, findings reveal that while numerous preclinical
agents show promise, all Phase III clinical trials of single-target pharmacological interventions
have failed to demonstrate efficacy. Promising strategies include exercise training demonstrating
hippocampal and cortical neuroprotection through modulation of oxidative stress,
neuroinflammation, and apoptosis pathways; emerging non-pharmacological approaches
including hyperbaric oxygen therapy, cognitive rehabilitation, and dietary interventions; and
targeted anti-inflammatory therapies.

Conclusion: The complex, multifaceted pathophysiology of TBI necessitates multimodal
therapeutic approaches rather than single-target interventions. Future research should prioritize
combination strategies, improved preclinical-to-clinical translation models, and personalized
medicine approaches.

Keywords: Traumatic Brain Injury, Neuroprotection, Neuroinflammation, Exercise Therapy,
Pharmacological Interventions, Neurorehabilitation, Secondary Injury, Clinical Trials
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1. INTRODUCTION

Traumatic brain injury (TBI) constitutes a significant global health burden, with an estimated 69
million individuals affected worldwide, of whom approximately 81% experience mild to
moderate injuries [1]. TBI is defined as an alteration in brain function or other evidence of brain
pathology caused by an external force, encompassing a spectrum from mild concussion to severe
injury with extended unconsciousness [2]. The condition disproportionately affects young adults,
individuals aged 75 years and older (1682.0 per 100,000), and children aged 0-4 years,
representing a substantial socioeconomic burden [3].

The pathophysiology of TBI is characterized by a biphasic injury process. Primary injury results
from the immediate mechanical forces at the time of impact, producing focal and diffuse damage
including hemorrhage, axonal shearing, and contusions [4]. Secondary injury mechanisms evolve
over minutes to months post-injury, involving complex molecular cascades that amplify tissue
damage and functional deficits [5]. These cascades include excitotoxicity (excessive glutamate
release and NMDA receptor overactivation), oxidative stress (reactive oxygen species
accumulation and lipid peroxidation), neuroinflammation (microglial and astrocytic activation
with pro-inflammatory cytokine release), mitochondrial dysfunction, apoptosis, and blood-brain
barrier disruption [6,7]. The delayed nature of secondary injury provides a critical therapeutic
window for intervention, yet translation of preclinical discoveries to clinical benefit has proven
remarkably challenging [8].

Despite over three decades of intensive research and more than 30 Phase III clinical trials, no
pharmacological agent has received regulatory approval for neuroprotection in TBI [9]. This
translational failure underscores the complexity of TBI pathophysiology and the need for
comprehensive understanding of both mechanistic targets and optimal therapeutic approaches
[10]. Recent conceptual frameworks emphasize TBI as a "second hit" that destabilizes neural
networks against a background of individual pre-injury vulnerability, suggesting that chronic
phenotypes reflect interactions between injury-induced pathophysiology and host-specific risk
factors rather than direct linear effects of tissue damage alone [11].

The rationale for this systematic review stems from the urgent need to synthesize the expanding
evidence base on neuroprotective strategies spanning the past decade. While previous reviews
have focused on individual interventions or specific care stages, an integrated analysis across the
continuum from acute injury to chronic rehabilitation is warranted [12]. This review aims to
evaluate the effectiveness of pharmacological, non-pharmacological, and emerging
neuroprotective interventions for TBI, identify gaps in current knowledge, and provide evidence-
based recommendations for clinical practice and future research.

The scope encompasses studies published between January 2016 and December 2025, focusing
on interventions targeting secondary injury mechanisms in human and preclinical TBI models.
The primary research questions are: (1) What neuroprotective strategies have demonstrated
efficacy in TBI? (2) What are the key mechanisms of action for different interventions? (3) What
factors contribute to translational success or failure? (4) What are the promising directions for
future therapeutic development?
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2. LITERATURE SEARCH STRATEGY

2.1 Databases and Search Strategy

A systematic literature search was conducted following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines [13]. The following
electronic databases were searched: PubMed/MEDLINE, Scopus, Web of Science, and Embase.
The search period was restricted to publications from January 2016 through December 2025 to
capture the most contemporary evidence. The search strategy was developed in consultation with
a medical librarian and employed a combination of Medical Subject Headings (MeSH) and free-
text terms.

The search strings incorporated Boolean operators with the following terms: ("traumatic brain
injury" OR "TBI" OR "head injury" OR "brain trauma") AND ("neuroprotection" OR
"neuroprotective" OR "neurorehabilitation" OR "neuroregeneration") AND ("pharmacological”
OR '"non-pharmacological" OR "exercise" OR "cognitive rehabilitation" OR "hyperbaric
oxygen" OR "stem cells" OR "anti-inflammatory" OR "antioxidant" OR "excitotoxicity") AND
("clinical trial" OR "randomized controlled trial" OR "preclinical" OR "animal model" OR
"systematic review"). The search was supplemented by manual screening of reference lists of
included studies and relevant reviews.

2.2 Inclusion and Exclusion Criteria

Studies were included if they met the following criteria: (1) investigated neuroprotective
interventions for TBI; (2) reported outcomes related to neuroprotection, functional recovery, or
molecular mechanisms; (3) published in peer-reviewed journals between January 2016 and
December 2025; (4) written in English; (5) included human subjects or validated animal models
of TBI; and (6) presented original research or systematic reviews with meta-analyses.

Exclusion criteria were: (1) case reports, editorials, or opinion pieces without original data; (2)
studies focusing exclusively on non-TBI brain injuries; (3) interventions not directly related to
neuroprotection; (4) studies with insufficient methodological detail; (5) duplicate publications;
and (6) studies published before 2016 or after the search completion date.

2.3 Study Selection and Data Extraction

The study selection process was conducted independently by two reviewers, with disagreements
resolved through consensus or third-party adjudication. Initial screening was based on titles and
abstracts, followed by full-text assessment. Data extraction was performed using a standardized
form capturing: study characteristics (author, year, country), design and sample size, population
characteristics (severity, age, injury mechanism), intervention details, outcomes measured, key
findings, and quality assessment scores.

2.4 Quality Assessment

Quality assessment employed domain-specific tools. Randomized controlled trials were
evaluated using the Cochrane Risk of Bias 2.0 tool [14], assessing randomization, allocation
concealment, blinding, incomplete outcome data, and selective reporting. Preclinical studies
were assessed using the CAMARADES checklist [15], evaluating sample size calculation,
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randomization, blinding, and reporting of exclusion criteria. Systematic reviews were evaluated
using AMSTAR-2 [16]. Studies were classified as high, moderate, or low quality based on

aggregate scores.
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| Identification of studies via databases and registers |
Records identified from: Records removed before screening:
PubMed/MEDLINE (n = 1,278) Duplicate records removed
Scopus (n = 1,842) (n =1,942)
Web of Science (n = 1,156) —®|  Records marked as ineligible

by automation tools (n = 126)

Embase (n = 1,612)
Records removed for other reasons
Total (n = 5,888) (n = 63)
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Reports sought for retrieval » | Reports not retrieved
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Wrong intervention (n = 86)
Wrong outcome (n = 54)
Wrong study design (n = 41)
Wrong publication type (n = 21)
Other reasons (n = 10)

Studies included in review
(n=94)

Reports of included studies
(n = 94)

PRISMA Flow Diagram

3. TYPE OF REVIEW
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This is a systematic review conducted in accordance with PRISMA 2020 guidelines. Unlike
narrative reviews, systematic reviews employ explicit, reproducible methodology to minimize
bias and provide comprehensive evidence synthesis [17]. The systematic approach ensures
transparency in study identification, selection, and appraisal, enabling readers to assess the
validity and generalizability of findings.

The systematic review methodology was selected for several reasons. First, the heterogeneity of
neuroprotective interventions (pharmacological, non-pharmacological, rehabilitation-based)
requires structured synthesis to identify patterns and gaps [18]. Second, the translational gap
between preclinical and clinical TBI research demands rigorous evaluation of evidence quality
and applicability [19]. Third, the increasing volume of published research necessitates systematic
categorization to guide clinical decision-making and research prioritization [20].

3.1 Comparison with Other Review Types

This systematic review differs from scoping reviews, which address broader questions with less
emphasis on quality assessment, and from meta-analyses, which pool quantitative data for
statistical synthesis [21]. While meta-analysis was considered, the heterogeneity of study
designs, interventions, and outcome measures precluded meaningful quantitative pooling. The
systematic approach, however, allows for qualitative synthesis with clear inclusion criteria,
comprehensive searching, and rigorous quality assessment [22].

3.2 Rationale for Inclusion of Preclinical Studies

The inclusion of preclinical studies alongside clinical trials is justified by the limited number of
high-quality clinical investigations and the need to understand mechanistic underpinnings of
neuroprotective interventions [23]. Animal models provide essential insights into molecular
pathways, dose-response relationships, and therapeutic windows that are often unavailable from
human studies [24]. However, findings from preclinical studies are interpreted with caution
given well-documented translational challenges, including differences in injury models, outcome
measures, and experimental conditions [25].

3.3 Thematic Organization
The main body is organized thematically based on intervention type and mechanism:
e Pharmacological neuroprotection
e Non-pharmacological interventions
o Emerging therapies
e Multidisciplinary and rehabilitative approaches
This thematic structure facilitates comparison across different intervention modalities and
identification of convergent mechanisms and complementary approaches [26].

4. MAIN BODY

4.1 Pathophysiology of TBI: Targets for Neuroprotection

TBI pathophysiology involves intricate molecular cascades that provide multiple targets for
therapeutic intervention [27]. The secondary injury phase is characterized by excitotoxicity,
mediated by excessive glutamate release and NMDA receptor overactivation, leading to
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pathological calcium influx and neuronal damage [28]. Oxidative stress results from reactive
oxygen species (ROS) accumulation exceeding endogenous antioxidant capacity, causing lipid
peroxidation, protein oxidation, and DNA damage [29]. Neuroinflammation involves activation
of microglia and astrocytes with release of pro-inflammatory cytokines (TNF-a, IL-1p, IL-6),
chemokines, and reactive oxygen species, contributing to secondary neuronal injury [30].

Mitochondrial dysfunction is central to the injury cascade, characterized by impaired oxidative
phosphorylation, reduced ATP production, and increased ROS generation [31]. The permeability
transition pore opens, releasing cytochrome c and triggering apoptosis through caspase-
dependent and independent pathways [32]. Blood-brain barrier disruption allows infiltration of
peripheral immune cells and neurotoxic substances, exacerbating edema and inflammation [33].
Understanding these mechanisms is crucial for rational neuroprotective strategy design.

4.2 Pharmacological Neuroprotection: Clinical Trials and Translational Challenges

A comprehensive review of pharmacological interventions reveals a pattern of promising
preclinical results failing to translate to clinical benefit [34]. Among 35 Phase III and IV
pharmacotherapy trials identified, none have demonstrated unequivocal efficacy in improving
functional outcomes [35]. Agents targeting excitotoxicity (NMDA antagonists including selfotel,
cerestat, and midafotel) failed to show clinical benefit despite robust preclinical evidence [36].
The synthetic cannabinoid dexanabinol, with NMDA antagonist and anti-inflammatory
properties, was ineffective in Phase III trials [37].

Anti-inflammatory approaches have similarly yielded disappointing results. Corticosteroids, once
widely used, are no longer recommended due to increased mortality in the CRASH trial [38].
Progesterone, which showed substantial preclinical promise through multiple mechanisms
including anti-inflammatory, anti-apoptotic, and neurotrophic effects, failed in large Phase III
trials [39]. Citicoline, a neuroprotective compound supporting membrane synthesis, showed no
benefit in moderate-severe TBI [40].

However, several promising candidates are under investigation. Salsalate, a non-acetylated
salicylate, has demonstrated broad anti-inflammatory effects in preclinical TBI models,
promoting neuroprotective and neurogenic transcriptional responses with concomitant functional
recovery [41]. Minocycline has shown transient neuroprotection associated with attenuated
microglial activation, though anti-apoptotic mechanisms remain unclear [42]. N-acetylcysteine
(NAC), an antioxidant glutathione precursor, demonstrates promising results in reducing
oxidative damage in preclinical studies, with ongoing clinical trials [43].

Several factors explain the translational disconnect [44]. First, the heterogeneity of TBI (injury
mechanism, severity, patient characteristics) makes single-target interventions unlikely to benefit
all patients [45]. Second, pharmacokinetic challenges include blood-brain barrier penetration and
achieving therapeutic concentrations in injured tissue [46]. Third, animal models often fail to
replicate human injury complexity and comorbidities [47]. Fourth, outcome measures in clinical
trials may be insensitive to treatment effects [48]. Fifth, the therapeutic window for
neuroprotection may be narrower in humans than in animal models [49].
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4.3 Exercise Training: A Promising Non-Pharmacological Strategy

Exercise training has emerged as one of the most promising non-pharmacological
neuroprotective strategies, with two recent systematic reviews providing compelling evidence
[50,51]. A systematic review of hippocampal neuroprotection by Yousaf et al. (2025) evaluated
44 preclinical studies, demonstrating that exercise training modulates multiple molecular
pathways [50]. Exercise reduced hippocampal reactive oxygen species, microglial reactivity,
pro-inflammatory cytokines, and caspase-3 activity, while increasing total antioxidant capacity
and anti-apoptotic markers. It elevated PGC-1a, electron transport system activity, BDNF, TrkB,
and Synapsin-1 expression, promoting neurogenesis. Functionally, exercise improved cognitive
function, spatial learning, and memory, and reduced anxiety and depression-like behaviors [50].

A complementary systematic review of cortical neuroprotection evaluated 35 studies, showing
exercise training increased cortical glutathione and Na+/K+-ATPase activity while reducing
oxidative stress [51]. It reduced microglial and astrocytic reactivity and pro-inflammatory
markers (IL-1B and TNF-a), decreased caspase activity while increasing heat shock protein 20
(HSP20), and enhanced motor function, cortical neurogenesis, and neurotrophic factor signaling.
Exercise protocols varied, including voluntary wheel running, treadmill running, and swimming,
with durations from 7 to 94 days, 4-7 sessions per week [51].

The mechanisms underlying exercise neuroprotection are multifaceted [52]. Exercise activates
the Nrf2-ARE antioxidant pathway, enhancing endogenous antioxidant defenses [53]. It
suppresses neuroinflammatory markers including GFAP, IBAI1, IL-1B, and TNF-a through
modulation of microglial phenotype [54]. Exercise reduces apoptosis via downregulation of
caspase-3 and other apoptotic markers [55]. Neurotrophic effects are mediated by BDNF/TrkB
signaling, promoting synaptic plasticity and neurogenesis [56]. Mitochondrial function is
enhanced through PGC-1a upregulation and improved electron transport chain activity [57].

Clinical translation of exercise interventions has progressed, with structured rehabilitation
programs showing favorable outcomes [12]. High-intensity gait training and multidisciplinary
outpatient programs demonstrate benefits for functional and symptom-related outcomes [12].
However, the regulation of certain molecular markers (let-7c, IL-6) and mitochondrial function
remains unclear, and optimal exercise prescription parameters (intensity, timing, duration,
modality) require further investigation [50].

4.4 Other Non-Pharmacological Interventions

A systematic review of non-pharmacological therapies for cognitive dysfunction following TBI
evaluated 118 papers, examining multiple intervention modalities [58]. Hyperbaric oxygen
therapy (HBOT) demonstrated potential benefits, likely through reduced oxidative stress and
neuroinflammation, though optimal protocols require standardization [59]. Cognitive
rehabilitation programs targeting specific cognitive domains showed effectiveness, particularly
when personalized and intensive [60]. Dietary interventions, including omega-3 fatty acids and
ketogenic diets, showed mechanistic promise in preclinical studies, though clinical evidence
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remains limited [61]. Music therapy and virtual reality-based rehabilitation have demonstrated
positive effects on mood and functional outcomes [58].

The "second hit" model suggests that non-pharmacological interventions may be particularly
beneficial by enhancing the brain's resilience and compensatory capacity, providing
neuroprotection through mechanisms distinct from pharmacological agents [11]. Combined
approaches integrating pharmacological and non-pharmacological therapies are anticipated to
become a future trend, facilitating more efficient and personalized rehabilitation programs [58].

4.5 Multidisciplinary Strategies and Neurorehabilitation

Contemporary TBI management requires multidisciplinary care spanning pre-hospital
resuscitation, emergency and neurosurgical care, neurocritical care, and structured
neurorehabilitation to maximize survival and post-injury functioning [12]. A systematic review
and meta-analysis of 18 RCTs (n > 20,000 patients) assessed interventions across the continuum
of care [12]. Efficacy of treatment was highly dependent on context. Early tranexamic acid
(TXA) reduced head injury-related mortality for mild-moderate TBI when given within 3 hours
[62]. Decompressive craniectomy was effective for refractory intracranial pressure and mortality
reduction, but at the cost of increased survival with severe disability for diffuse injury [63].
Acute-phase neuroprotective strategies (progesterone, citicoline) and prophylactic hypothermia
were ineffective [64].

The review concluded that contemporary RCT evidence suggests no interventions universally
improve functional prognosis for heterogeneous TBI populations [12]. Rather, clinical benefits
are highly dependent on specific applications, including early hemostasis, careful surgical
approaches balancing disability risk, and formal inclusion of structured, goal-directed
multidisciplinary rehabilitative approaches [12].

4.6 Emerging Therapies and Future Directions

Stem cell therapies represent a promising emerging approach. Preclinical studies demonstrate
neuroprotective and neurorestorative effects through multiple mechanisms: immunomodulation,
neurotrophic factor secretion, and cell replacement [65]. Clinical trials have shown safety and
potential efficacy in chronic TBI, though optimal cell types, delivery routes, and timing require
definition [66].

Targeted anti-inflammatory approaches are being refined. Selective TNF inhibition has shown
promise even years after injury, suggesting persistent inflammation that is amenable to
therapeutic intervention [67]. CCR2 antagonism alters brain macrophage polarization and
ameliorates cognitive dysfunction, targeting peripherally derived inflammatory monocytes [68].
Hydroxychloroquine attenuates neuroinflammation through TLR4/NF-kB pathway regulation
[69]. Substance P antagonists have consistently demonstrated reduced edema and improved
functional outcomes [70].

Neurotrophic factor-based therapies targeting BDNF/TrkB signaling, neurotrophin receptor
modulation, and neurogenesis promotion are in development [71]. Mitochondrial-targeted

Eissn: _1303-5150 92 é www.neuroquan tOlOgy.Com



NeuroQuantology | July 2026 | Volume 24 | Issue 7 | Page 84-103 | doi: 10.48047/nq.2026.24.7. NQ27008
Dr Mahendra M / Neuroprotective Strategies in Traumatic Brain Injury: A Systematic Review

therapies aimed at preserving mitochondrial function and reducing oxidative stress show promise
[72]. Drug repurposing offers an accelerated pathway, leveraging established safety profiles of
existing compounds [35].

Table 1: Summary of Major Phase III Clinical Trials - Pharmacological Interventions

Author Study Sample | Population Intervention Comparator | Primary Outcome Key Findings
(Year) Name Size (GCS)
Edwards | CRASH | 10,008 | Any severity | Methylprednisolone 48h Placebo Mortality at 2 weeks Higher mortality risk in
etal. Trial (GCS <14) steroid group; non-specific
(2005) immune suppression
detrimental; steroids no
longer recommended [38]
Maas et | Phase III 861 Severe (GCS Dexanabinol 150mg Placebo GOS-E at 6 months No difference in primary
al. (2006) Trial motor 2-5) outcome; no evidence to
support dexanabinol in TBI
[37]
Wright et | PROTECT 882 Moderate- Progesterone (LD Placebo GOS-E at 6 months No difference; early
al. (2014) Trial severe (GCS | 14.3ml/h x1h, 10ml/h termination due to futility
4-12) x71h) [39]
Skolnick | SYNAPSE | 1,195 | Severe (GCS Progesterone (LD Placebo GOS-E at 6 months | No difference; no evidence to
etal. Trial <8) 0.71mg/kg/h x1h, support progesterone in TBI
(2014) 0.50mg/kg/h x119h) [39]
Zafonte et | COBRIT | Variable | Moderate- Citicoline Placebo Functional/cognitive No benefit in moderate-
al. (2012) Trial severe status severe TBI, trial negative
[40]

Abbreviations: GCS, Glasgow Coma Scale; GOS-E, Glasgow Outcome Scale-Extended; LD, loading dose; IV, intravenous

Table 2: Summary of Clinical Trials - Non-Pharmacological and Emerging Interventions

Author (Year) Study Sample Population Intervention Comparator Key Findings
Name/Type Size
CRASH-3 CRASH-3 Trial | >20,000 | Mild-moderate | Tranexamic acid Placebo Reduced head injury-related
Collaborators TBI (TXA) within 3 mortality for mild-moderate TBI
(2019) hours when given within 3 hours [62]
Hutchinson ez | DECRA Trial | Variable |Severe TBIwith| Decompressive Standard care Effective for refractory ICP and
al. (2016) refractory ICP craniectomy mortality reduction, but increased
survival with severe disability for
diffuse injury [63]
Andrews et al. | Eurotherm3235 | Variable |Severe TBI with Prophylactic Normothermia | Hypothermia ineffective; increased
(2015) intracranial hypothermia (32- complications; no benefit [64]
hypertension 35°C)
Boussi-Gross ef| Prospective Variable | Mild TBI with | Hyperbaric oxygen Sham/control | Improved post-concussion syndrome
al. (2013) RCT post-concussion | therapy (HBOT) years after mild TBI; reduced
syndrome oxidative stress and
neuroinflammation [59]
Cicerone et al. Systematic Variable TBI patients Cognitive Various controls Evidence-based cognitive
(2011) Review with cognitive rehabilitation rehabilitation effective; personalized
dysfunction and intensive programs show best
outcomes [60]
Ding (2021) RCT 18-65 |Moderate-severe| Aerobic exercise | Stretching/toning | Trend toward improved VO2peak
years, 6m- (GCS <12) training (AET) (SAT) (p=0.059); both groups showed
6y post- cognitive improvement
TBI
Chin et al. Pre-post 33.3+7.9 | Mild-moderate | Aerobic exercise Baseline VO2peak improved by 2.2+2.3
(2015) intervention years (70-80% HR, 30min comparison mL/min/kg (p=0.044); improved
x3/wk, 12wk) RBANS, TMT-A, TMT-B;
correlation peak VO2 with RBANS
(r=0.831, p=0.020)
Chin et al. Pre-post 21-45 Any severity Aerobic exercise Baseline Significant improvements in VO2
(2019) intervention years (>6 months training (12wk) comparison kinetics; reduced fatigability; faster
post-TBI) VO2 plateau attainment
Schwandt et al. Pre-post 18-55 |Moderate-severe| Aerobic exercise Baseline Downward trend in HAMD scores
(2012) intervention years (>6 months (60-75% HR max, comparison (depression); enhanced aerobic
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post-TBI) 30min x3/wk, 12wk) fitness; improved Rosenberg Self-
Esteem Scale
Tomotoet al. RCT 18-65 |Moderate-severe| AET vs. SAT (3 Baseline Lower carotid arterial compliance in
(2022) years, 6m- months) comparison TBI (p=0.046); higher
6y post- cerebrovascular resistance; tendency
TBI for CAC increase after AET
(p=0.080); improved VO2max
Abbreviations: RCT, randomized controlled trial; HR, heart rate; RBANS, Repeatable Battery for the Assessment of Neuropsychological Status;
TMT, Trail Making Test; HAMD, Hamilton Depression Rating Scale; CAC, carotid arterial compliance; ICP, intracranial pressure
First Author Model | Species| Sample Intervention Combination Key Findings
(Year) Size
Han (2022) rmCCI Rat 40 Amantadine + tDCS | Combined Improved neurobehavioral outcomes; decreased
therapy astrocyte activation
Yao (2022) CCI Rat 90 MSC + LITUS Combined Improved lesion volume and neurobehavioral
therapy outcomes; mediated through BDNF induction, TNF-
o and AQP4 reduction
Minchew CCI Rat 68 Citalopram + EE Combined Improved learning and cognitive flexibility
(2021) therapy
Song (2020) FPI Rat 96 BMSC + Combined Decreased neuronal apoptosis and neurobehavioral
Hypothermia therapy defects
Bleimeister CCI Rat 60 Amantadine + EE Combined Improved lesion volume and neurobehavioral
(2019) therapy outcomes; no additional benefit vs. monotherapy
de la CCI Rat 72 Galantamine + EE | Combined Improved lesion volume and neurobehavioral
Tremblaye therapy outcomes; no additional benefit vs. monotherapy
(2017)
Leary (2017) CCI Rat 48 Methylphenidate + | Combined Improved neurobehavioral outcomes; no additional
EE therapy benefit vs. monotherapy
Jacotte- CCI Rat 48 Citicoline + Combined Improved lesion volume and neurobehavioral
Simancas Exercise therapy outcomes; no additional benefit vs. monotherapy
(2015)
Monaco (2014) | CCI Rat 78 Buspirone + EE Combined Improved functional outcomes
therapy
Sinha (2017) Clinical |Human | 107 (15.9% | Progesterone + Combined Worse long-term outcomes in combined group vs.
Trial female) Hypothermia therapy individual therapies in acute TBI

Table 3: Summary of Preclinical Studies - Neuroprotective Interventions
Abbreviations: rmCCI, rodent controlled cortical impact; CCI, controlled cortical impact; FPI, fluid percussion injury, tDCS, transcranial direct
current stimulation; MSC, mesenchymal stem cells; LITUS, low-intensity transcranial ultrasound; EE, environmental enrichment; BMSC, bone
marrow-derived mesenchymal stem cells; BDNF, brain-derived neurotrophic factor; TNF-o, tumor necrosis factor alpha; AQP4, aquaporin-4

Table 4: Summary of Systematic Reviews and Meta-Analyses

Author (Year) Studies Population Focus Key Findings
Included
Systematic 18 RCTs (n | TBI patients Multidisciplinary Early TXA reduced mortality (mild-moderate, <3h);
Review & Meta- |>20,000) across severity | strategies in TBI decompressive craniectomy effective for refractory ICP but with
analysis (2026) management severe disability risk; neuroprotective agents (progesterone,
citicoline) ineffective; structured rehabilitation favorable [12]
Yousaf et al. 44 TBI animal Exercise training on Exercise reduced hippocampal ROS, microglial reactivity, pro-
(2025) preclinical | models hippocampal inflammatory cytokines, caspase-3; increased total antioxidant
studies neuroprotection capacity, BDNF, TrkB, Synapsin-1; improved cognitive function
and reduced anxiety/depression [50]
Yousaf et al. 35 TBI animal Exercise training on Exercise increased cortical glutathione and Na+/K+-ATPase;
(2025) preclinical | models cortical neuroprotection | reduced microglial/astrocytic reactivity, IL-1p, TNF-a, caspase
studies activity; increased HSP20; enhanced motor function and
neurogenesis [51]
Systematic 118 papers | TBI patients | Non-pharmacological HBOT showed potential benefits; cognitive rehabilitation effective
Review (2025) therapies for cognitive when personalized; dietary interventions (omega-3, ketogenic
dysfunction diets) showed mechanistic promise; music therapy and VR
demonstrated positive effects [58]
Mansour et al. 11 RCTs TBI patients Pharmacotherapy effects | Tetracyclines, metformin, memantine promising; NSE and S1008
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(2023) on brain injury most utilized biomarkers; heterogeneity limits conclusions; unified
biomarkers protocols needed

Luan et al. Variable TBI patients Stem cell therapy for TBI | Safety and potential efficacy in chronic TBI; optimal cell types,

(2020) delivery routes, timing require definition [66]

Abbreviations: RCT, randomized controlled trial; ROS, reactive oxygen species; BDNF, brain-derived neurotrophic factor; HSP20, heat shock
protein 20; NSE, neuron-specific enolase; TXA, tranexamic acid; ICP, intracranial pressure; VR, virtual reality

Table 5: Summary of Pathophysiology-Targeted Therapies

Pathophysiology Therapeutic Potential Therapies Preclinical Evidence Clinical Trial Status
Target
Excitotoxicity NMDA receptor | Selfotel, Cerestat, Robust preclinical evidence Phase 111 trials failed; no
inhibition Midafotel, Memantine clinical benefit [36]
Excitotoxicity NMDA receptor | Dexanabinol NMDA antagonist + anti-inflammatory Phase III failed; no
inhibition efficacy [37]
Oxidative Stress Free radical N-acetylcysteine (NAC), | Promising in preclinical Clinical trials ongoing [43]
scavenging Resveratrol
Neuroinflammation | Glucocorticoid Corticosteroids Theoretical benefit CRASH trial: increased
receptor (methylprednisolone) mortality; no longer
recommended [38]
Neuroinflammation | Multiple Progesterone Substantial preclinical promise (anti- PROTECT and SYNAPSE
mechanisms inflammatory, anti-apoptotic, neurotrophic) | trials failed [39]
Neuroinflammation | Broad anti- Salsalate Broad anti-inflammatory effects; Preclinical; clinical trials
inflammatory neuroprotective and neurogenic needed [41]
transcriptional responses; functional
recovery
Neuroinflammation | Microglial Minocycline Transient neuroprotection; attenuated Phase Ila trial; promising
activation microglial activation [42]
Multiple Membrane Citicoline Neuroprotective compound COBRIT trial: no benefit
synthesis in moderate-severe TBI
[40]
Neuroinflammation | TNF inhibition Selective TNF inhibitors | Promising even years after injury Preclinical; clinical trials
needed [67]
Neuroinflammation | CCR2 CCR2 antagonists Alters brain macrophage polarization; Preclinical [68]
antagonism ameliorates cognitive dysfunction
Neuroinflammation | TLR4/NF-xB Hydroxychloroquine Attenuates neuroinflammation Preclinical [69]
pathway
Edema Substance P Substance P antagonists | Consistently reduced edema; improved Preclinical [70]
antagonism functional outcomes
Mitochondrial Mitochondrial Cyclosporin A Attenuates acute mitochondrial dysfunction | Preclinical [72]
dysfunction preservation
Multiple Neurotrophic BDNEF/TrkB modulators | Neurogenesis promotion; synaptic plasticity | In development [71]
factors
Multiple Stem cell Bone marrow Immunomodulation; neurotrophic factor Safety and potential
therapies mononuclear cells, MSCs | secretion; cell replacement efficacy in chronic TBI
[65,66]
Abbreviations: NMDA, N-methyl-D-aspartate; TNF, tumor necrosis factor; TLR4, Toll-like

receptor 4, NF-xB, nuclear factor kappa B; BDNF, brain-derived neurotrophic factor; MSCs,
mesenchymal stem cells

Table 6: Summary of Molecular Mechanisms - Exercise Training Neuroprotection

Mechanism

[

Effect

Pathways/ Markers

I Evidence Level

Hippocampal Effects

Oxidative Stress Reduction

capacity

Reduced ROS; increased antioxidant

Total antioxidant capacity 1; Reactive oxygen
species |

Strong preclinical

Neuroinflammation
Suppression

Reduced microglial reactivity

Pro-inflammatory cytokines |; Microglial reactivity

l

Strong preclinical

Anti-apoptotic Effects

Reduced apoptosis

Caspase-3 |; Anti-apoptotic markers 1

Strong preclinical

Mitochondrial Enhancement | Enhanced mitochondrial function PGC-1a 1; Electron transport system activity 1 Moderate
preclinical

Neurotrophic Signaling Increased neurotrophic factors BDNF 1; TrkB 1; Synapsin-1 1 Strong preclinical

Neurogenesis Promoted neurogenesis Hippocampal neurogenesis 1 Moderate
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preclinical

Cognitive Function Improved spatial learning and Cognitive function 1; Spatial learning 1; Memory 7 | Strong preclinical
memory
Mood Reduced anxiety and depression Anxiety-like behaviors |; Depression-like behaviors | Moderate
| preclinical
Cortical Effects

Oxidative Stress Reduction | Increased endogenous antioxidants Glutathione 1, Na+/K+-ATPase 1, Oxidative stress | | Strong preclinical
Neuroinflammation Reduced glial reactivity Microglial reactivity |; Astrocytic reactivity |; IL-1p | Strong preclinical
Suppression |; TNF-a |
Anti-apoptotic Effects Reduced apoptosis Caspase activity |; HSP20 1 Strong preclinical
Motor Function Enhanced motor performance Motor function 1 Strong preclinical
Neurogenesis Enhanced cortical neurogenesis Cortical neurogenesis 1 Moderate

preclinical
Neurotrophic Factors Increased signaling Neurotrophic factor signaling 1 Moderate

preclinical

Abbreviations: ROS, reactive oxygen species; BDNF, brain-derived neurotrophic factor; TrkB, tropomyosin receptor kinase B; HSP20), heat
shock protein 20; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha

Table 7: Summary of Repurposed and Emerging Pharmacological Agents

Agent Mechanism Preclinical Clinical Evidence
Evidence
Metformin Multiple mechanisms Promising Small Phase II trial showed decline in S100b
and NLR toward normal; excellent safety
profile
Atorvastatin Anti-inflammatory; Preclinical support | Phase II: no difference in contusion volume;
BBB integrity GOS, mRS, DRS significantly better at 3
months
Rosuvastatin Anti-inflammatory; Preclinical support | Phase II: Reduction of TNFa; more favorable
TNFa reduction functional outcome
Minocycline Microglial inhibition; Transient Phase Ila: trend toward improved outcome;
BBB preservation neuroprotection larger trials needed
Memantine NMDA receptor Preclinical Promising; larger trials needed
inhibition
N-acetylcysteine | Antioxidant; glutathione | Promising in Clinical trials ongoing [43]
(NAO) precursor preclinical

Abbreviations: BBB, blood-brain barrier; GOS, Glasgow Outcome Scale; mRS, modified Rankin Scale; DRS, Disability Rating Scale; NLR,
neutrophil-to-lymphocyte ratio;, NMDA, N-methyl-D-aspartate

5. DISCUSSION

5.1 Interpretation of Findings

This systematic review reveals a paradoxical landscape in TBI neuroprotection: extensive
mechanistic understanding of secondary injury, yet persistent failure in clinical translation. The
most striking finding is the uniform failure of single-target pharmacological approaches in Phase
Il trials, despite robust preclinical evidence [9,34,35]. This pattern suggests fundamental
limitations in the reductionist approach to TBI, a disorder characterized by complex,
interconnected pathophysiology [6]. The successful preclinical examples, particularly exercise
training, share the characteristic of modulating multiple mechanisms simultaneously [50,51].

The contrast between pharmacological and non-pharmacological approaches is illuminating.

Exercise training demonstrates remarkable consistency across studies in reducing oxidative
stress, neuroinflammation, apoptosis, and enhancing neurotrophic signaling [50,51]. Its
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multifaceted effects align with the multifactorial nature of TBI pathophysiology [73]. Similarly,
salsalate, a multi-functional anti-inflammatory agent, shows promise through broad
transcriptional effects [41]. This suggests that the future of TBI neuroprotection may lie in
multipotential interventions rather than selective single-target agents [74].

5.2 Trends and Patterns

Several trends emerge from the evidence. First, there is increasing recognition of TBI as a
chronic condition requiring long-term management, not just acute intervention [11]. The "second
hit" model emphasizes pre-existing vulnerabilities and post-injury interactions, suggesting
personalized approaches may be necessary [11,75].

Second, the evidence base for non-pharmacological interventions is strengthening, with exercise
training, cognitive rehabilitation, and multidisciplinary approaches demonstrating efficacy
[12,50,51,58]. This represents a paradigm shift from exclusively pharmacological approaches to
comprehensive biopsychosocial models of recovery [76].

Third, there is growing appreciation of the role of neuroinflammation in chronic TBI outcomes,
with persistent inflammatory signaling even years post-injury [67]. This opens opportunities for
late-phase interventions targeting chronic neuroinflammation [68].

5.3 Inconsistencies and Gaps

Significant inconsistencies remain. Clinical trial results often contradict preclinical findings, with
the most promising preclinical agents failing in Phase III trials [9,34]. The heterogeneity of TBI
populations, injury mechanisms, and outcome measures complicates evidence synthesis [45].
Preclinical studies frequently use young, healthy animals with controlled injuries, poorly
representing human TBI with comorbidities, polypharmacy, and variable injury mechanisms
[47].

Gaps include limited evidence for cognitive outcomes in many studies, inadequate investigation
of optimal timing and duration for interventions, and insufficient research on pediatric and
elderly populations [77]. Molecular mechanisms of exercise neuroprotection require further
elucidation, particularly regarding mitochondrial function and specific microRNA regulation
[50].

5.4 Clinical and Practical Implications

The current evidence suggests clinical practice should adopt a pragmatic, multimodal approach.
Acute management should focus on established interventions: early TXA for mild-moderate TBI,
judicious use of decompressive craniectomy for refractory intracranial hypertension, and
avoidance of ineffective neuroprotective agents [12]. Structured rehabilitation programs,
including exercise training and cognitive rehabilitation, should be prioritized to promote
functional recovery [58].
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The failure of multiple pharmacotherapies suggests clinicians should be cautious in adopting new
pharmacological neuroprotective agents without robust trial evidence [35]. However, certain
repurposed agents show promise and may be considered in clinical trial settings [78].

6. LIMITATIONS OF THE REVIEW

Several limitations affect this systematic review. First, publication bias may have influenced the
available evidence, as positive findings are more likely to be published than negative results [79].
This is particularly relevant for pharmacological trials, where negative results are often
underreported [80].

Second, considerable heterogeneity exists across studies in terms of TBI severity, injury
mechanisms, outcome measures, and intervention protocols [45]. This heterogeneity limits direct
comparison and synthesis of findings [81]. The inclusion of both clinical and preclinical studies,
while providing mechanistic insights, complicates quality assessment and interpretation [25].

Third, language restrictions (English-language publications only) may have excluded relevant
studies published in other languages [82]. Additionally, the exclusion of grey literature and
unpublished studies may have biased findings toward positive results [83].

Fourth, the quality assessment revealed variable methodological rigor across studies. Preclinical
studies frequently lacked randomization, blinding, and sample size calculations, increasing risk
of bias [84]. Clinical trials had variable risks of bias, with some lacking adequate allocation
concealment or blinding [14].

Fifth, the focus on the 2016-2026 period may have excluded relevant older studies, though this
period captures the most contemporary evidence and emerging interventions [85]. Sixth, the
heterogeneity of interventions prevented meta-analysis, limiting quantitative synthesis of effect
sizes [21].

Finally, the translation of preclinical findings to clinical recommendations is inherently
uncertain. Animal models, while invaluable for mechanistic studies, cannot fully replicate human
TBI complexity or treatment responses [47,86].

7. CONCLUSION

7.1 Summary of Key Insights

This systematic review provides a comprehensive evaluation of neuroprotective strategies in TBI
published between 2016 and 2026. The evidence demonstrates that despite extensive
understanding of secondary injury mechanisms, single-target pharmacological approaches have
consistently failed in Phase III clinical trials [9,34,35]. In contrast, multimodal interventions,
particularly exercise training, show consistent preclinical evidence of neuroprotection through
coordinated regulation of oxidative stress, neuroinflammation, apoptosis, and neurotrophic
signaling pathways [50,51]. Non-pharmacological interventions, including cognitive
rehabilitation, hyperbaric oxygen therapy, and multidisciplinary rehabilitation programs,
demonstrate potential benefits in improving functional outcomes [12,58].
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The pathophysiology of TBI is characterized by complex, interconnected molecular cascades that
are inadequately addressed by single-target approaches [6]. Secondary injury involves
excitotoxicity, oxidative stress, neuroinflammation, mitochondrial dysfunction, apoptosis, and
blood-brain barrier disruption [7]. Effective neuroprotection requires interventions that
simultaneously target multiple pathways, as exemplified by exercise training and multipotential
pharmacological agents [50,74].

7.2 Answer to Research Questions

The primary research questions are addressed as follows: (1) Effective neuroprotective strategies
include exercise training (strong preclinical evidence, emerging clinical translation), multimodal
rehabilitation programs (moderate clinical evidence), and selected anti-inflammatory approaches
(early clinical promise) [12,50,51,58]. (2) Key mechanisms include Nrf2-ARE pathway
activation, suppression of neuroinflammation, anti-apoptotic effects, BDNF/TrkB upregulation,
and enhanced mitochondrial function [52-57]. (3) Translational failure factors include TBI
heterogeneity, pharmacokinetic challenges, animal model limitations, insensitive outcome
measures, and narrow therapeutic windows [44,45]. (4) Promising directions include
multipotential interventions, drug repurposing, stem cell therapies, targeted anti-inflammatory
approaches, and personalized, multimodal strategies [65,74,78].

7.3 Recommendations for Practice

Clinical practice should prioritize evidence-based interventions: early TXA for mild-moderate
TBI, careful surgical decompression when indicated, structured rehabilitation programs
including exercise training, and multidisciplinary care coordination [12]. Pharmacological
neuroprotective agents should be used only within clinical trial settings, given the lack of proven
efficacy [34,35]. Non-pharmacological interventions should be integrated into standard care
pathways, with individualized prescription based on patient needs and resources [58].

7.4 Recommendations for Policy

Healthcare systems should invest in multidisciplinary TBI care infrastructure, including
specialized rehabilitation services [12]. Funding bodies should prioritize research on multimodal
interventions, personalized approaches, and improved preclinical-to-clinical translation models
[86]. Regulatory frameworks should consider the challenges of developing neuroprotective
agents, potentially facilitating accelerated pathways for promising repurposed compounds [78].

7.5 Recommendations for Future Research

Future research should focus on: (1) optimizing exercise training protocols for clinical translation
(dose, timing, modality) [50]; (2) investigating combination therapies targeting multiple
pathways [74]; (3) developing improved preclinical models incorporating human-relevant
comorbidities and injury heterogeneity [47]; (4) identifying reliable biomarkers for patient
stratification and treatment monitoring [48]; (5) conducting high-quality clinical trials of
promising non-pharmacological interventions [12]; (6) exploring drug repurposing candidates
with established safety profiles [78]; (7) investigating mechanisms of chronic neuroinflammation
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and late-phase interventions [67]; and (8) evaluating personalized, multimodal treatment
approaches integrating pharmacological and non-pharmacological strategies [58].

In conclusion, the future of TBI neuroprotection lies in embracing the complexity of injury
pathophysiology through multimodal, personalized, and mechanistically integrated approaches.
While the translation gap remains substantial, emerging strategies offer hope for improving
outcomes in this devastating condition.
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