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Abstract

Traumatic brain injury (TBI) is characterized by a “translational paradox”, where robust preclinical successes rarely achieve clinical
efficacy. This review provides a critical appraisal of emerging therapeutics, moving beyond traditional silos to propose a unified, stage-
dependent roadmap for neurorestoration. Reflecting on translational insights from past trials, specifically the limitations of standardized
timing and phenotypic heterogeneity, we introduce the “Temporal Precision Medicine” framework. Central to this synthesis is the
Dual-Axis Theory, which posits that successful emerging modalities, including repurposed agents such as glibenclamide, amantadine,
and statins, alongside cell-free biologics and neuromodulation, converge on two shared pathological targets: the Inflammatory Axis
(M1-to-M2 microglial polarization) and the Metabolic Axis (restoration of mitochondrial bioenergetics). We operationalize these bio-
logical insights into a Triple-Axis Framework, a dynamic clinical roadmap that aligns stage-dependent interventions with phase-specific
biomarkers and pathological mechanisms. By integrating these biological signals with bioengineered delivery systems and artificial intel-
ligence (AI)-driven precision phenotyping, the field can transition from acute neuroprotection toward genuine circuit-level regeneration.
We conclude with a blueprint for the next generation of TBI trials, emphasizing biomarker-based stratification and multidimensional
endpoints to bridge the translational gap.
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1. Introduction
Traumatic brain injury (TBI) represents one of

the most pervasive and complex challenges in modern
medicine. Often referred to as the “silent epidemic”, TBI
accounts for millions of emergency department visits an-
nually and serves as the leading cause of death and dis-
ability among young adults [1,2]. The clinical presenta-
tion of TBI is as variable as its etiology. Patients may
present across a spectrum of consciousness, ranging from
transient confusion and concussion to prolonged coma, veg-
etative states, orminimally conscious states [3]. Beyond the
acute phase, the sequelae of TBI are profound and perva-
sive. Survivors frequently endure chronic cognitive deficits
(impaired memory and executive function) and neuropsy-
chiatric symptoms (depression, anxiety, and personality
changes) that severely impact their ability to return to work
and overall quality of life [1]. This burden of disease trans-
forms TBI from a singular event into a lifelong chronic con-
dition requiring multidisciplinary management [4,5]. How-
ever, characterizing TBI merely by its epidemiology ob-
scures the profound biological and logistical complexities
of the disease. Unlike ischemic stroke, which presents a
focal vascular occlusion, TBI is a heterogeneous disorder

involving diffuse biomechanical forces that trigger a multi-
layered cascade of cellular and molecular events [1].

The initial mechanical impact sets in motion a sec-
ondary injury response characterized by blood–brain bar-
rier (BBB) disruption, excitotoxic glutamate release, mito-
chondrial failure, and a sterile neuroinflammatory response
[6,7,8,9]. While these mechanisms are well understood
individually, the clinical translation of therapies targeting
them has been disappointing. Over 30 Phase III clinical tri-
als, evaluating agents ranging from progesterone to erythro-
poietin, have failed to demonstrate benefit in human popu-
lations, despite robust efficacy in rodent models [10,11,12].
This “translational gap” suggests that the traditional reduc-
tionist approach, targeting a single pathway with a single
agent, is insufficient for the multifactorial landscape of hu-
man TBI [13]. Current research is therefore pivoting toward
a multimodal and precision medicine framework. This
paradigm shift recognizes that TBI is not a static event but a
dynamic process with distinct temporal windows: an acute
phase dominated by a metabolic crisis, a subacute phase of
immunomodulation, and a chronic phase of synaptic reor-
ganization.
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Fig. 1. Conceptual framework for the advancement of traumatic brain injury (TBI) therapeutics. This schematic provides a
comprehensive overview of the emerging therapeutic landscape for TBI, categorized by primary modality and delivery mechanism.
The framework highlights four distinct pillars of intervention: (1) Cell-Based and Regenerative Therapies: Encompassing MSCs, NSCs,
BMMNCs, and EVs. (2) Pharmacological Interventions: Emphasizing drug repurposing strategies for agents such as amantadine, gliben-
clamide, metformin, and statins. (3) Neuromodulation Techniques: Including TMS and PBM. (4) Innovative Rehabilitation Technologies:
Integrating BCIs, VR, and robotic therapy. Central to this model are the Bioengineering and Nanotechnology Integrators, which serve as
the essential delivery vehicles and structural scaffolds necessary to bridge the translational gap between biological potential and clinical
efficacy. These platforms optimize targeted delivery and localized support of biological and pharmacological agents within the hostile
injury environment. Ultimately, the convergence of these individual and engineered approaches aims to establish Integrated Multimodal
Therapies for TBI, providing a comprehensive strategy to overcome the “translational paradox” where single-target agents have histor-
ically failed to achieve clinical recovery. All figures were manually designed, organized, and rendered using Microsoft PowerPoint.
Individual medical icons and vector elements were obtained from Flaticon (https://www.flaticon.com) under a free license for academic
publication. Abbreviations: BBB, blood–brain barrier; BCIs, brain-computer interfaces; BMMNCs, bone marrow mononuclear cells;
EVs, extracellular vesicles; MSCs, mesenchymal stem cells; NSCs, neural stem cells; PBM, photobiomodulation; TBI, traumatic brain
injury; TMS, transcranial magnetic stimulation; VR, virtual reality.

Rationale for a Multidisciplinary Review: Historic
therapeutic failures in TBI have often resulted from viewing
pharmacological, biological, and engineering strategies in
isolation. For instance, the efficacy of stem cell transplan-
tation is increasingly dependent on bioengineered scaffolds
for delivery, while neuroprotective drugs are being reimag-
ined through nanoparticle targeting [14]. Therefore, this
review deliberately adopts a broad scope, synthesizing ad-
vances across regenerative medicine, drug repurposing, and
neuro-engineering (Fig. 1). By integrating these distinct
domains, we aim to provide a holistic framework that iden-
tifies synergistic opportunities for overcoming the transla-
tional barriers that have long plagued TBI research.

2. Search Strategy and Selection Criteria
To ensure a rigorous and current synthesis of the litera-

ture, we conducted a comprehensive search of the PubMed,
Scopus, and Web of Science databases for articles pub-
lished between January 2000 and February 2026. Prior-
ity was given to high-impact studies published in the last
five years (2020–2025) to capture the most recent trans-
lational advances. Search terms included combinations of
keywords such as “Traumatic Brain Injury”, “TBI”, “Neu-
roprotection”, “Mesenchymal Stem Cells”, “Drug Repur-
posing”, “Nanoparticles”, “Neuromodulation”, and “Bio-
engineering”. Inclusion criteria focused on peer-reviewed
references regarding therapeutic mechanisms, preclinical
efficacy, and clinical trial outcomes. To capture the most
current translational pipeline, we expanded the search to
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include clinical trial registry records and preprints. Con-
versely, we excluded sources focusing solely on epidemiol-
ogy, purely diagnostic biomarkers without therapeutic rele-
vance, or general biomaterial manufacturing principles un-
related to neurotrauma. Data selection was guided by a crit-
ical evaluation framework that prioritized studies address-
ing the “translational gap”, specifically those comparing an-
imal model outcomes with human clinical realities. In total,
113 articles were selected for detailed analysis.

3. The Complexity of Traumatic Brain
Injury: A Temporal Framework

Understanding the failure of past therapies requires a
deep appreciation of the temporal and spatial heterogene-
ity of TBI pathology. Rather than a singular event, TBI
is an evolving disease process that presents distinct thera-
peutic targets at different stages [7,15]. To align with con-
temporary guidelines, we adopt the temporal boundaries es-
tablished by the recent NIH-NINDS Traumatic Brain In-
jury Classification and Nomenclature Initiative: acute (0–
24 hours), subacute (1–30 days), and chronic (>30 days)
[15]. However, while these definitions provide a necessary
heuristic scaffold, human TBI pathophysiology remains
highly dynamic. Underlying biological cascades, such as
neuroinflammation and metabolic dysfunction, rarely ad-
here to strict timepoints; instead, they are continuous, fre-
quently overlapping processes that vary substantially across
individual injury phenotypes.

3.1 Current Clinical Management: The Standard of Care
Despite the proliferation of experimental therapies,

the current standard of care for TBI remains largely sup-
portive, adhering to evidence-based guidelines established
by the Brain Trauma Foundation [16].

3.1.1 Emergency and Acute Management
The primary objective in the acute setting is the pre-

vention of secondary injury by maintaining adequate cere-
bral perfusion pressure (CPP) and controlling intracranial
pressure (ICP). Standard interventions include osmother-
apy (mannitol or hypertonic saline) to reduce cerebral
edema, sedation (e.g., propofol) to lower metabolic de-
mand, and surgical decompressive craniectomy for refrac-
tory hypertension [17]. Continuous multimodality moni-
toring, tracking ICP, brain tissue oxygenation (PbtO2), and
cerebral blood flow is critical for guiding these clinical de-
cisions, yet no pharmacological agent is currently approved
to directly treat the neural injury itself [18].

3.1.2 Rehabilitation and Long-Term Care
Once medical stabilization is achieved, management

shifts toward functional recovery. Standard physical and
occupational therapies focus on restoring motor skills and
adaptability. However, the management of chronic seque-
lae remains challenging. Mood and behavioral disorders

are treated symptomatically; selective serotonin reuptake
inhibitors (SSRIs) are commonly prescribed for depression
and anxiety, while beta-blockers or mood stabilizers may
be used to manage post-traumatic agitation and aggression
[19,20]. Despite these interventions, a significant propor-
tion of survivors suffer from persistent cognitive and emo-
tional deficits, underscoring the urgent need for the disease-
modifying therapies discussed in the following sections.

3.2 The Acute Phase: Mechanical Shearing and Metabolic
Crisis (0–24 Hours)

The primary injury involves the direct mechanical
tearing of axons and blood vessels. This immediate struc-
tural damage is largely irreversible [6]. However, it trig-
gers a rapid “secondary injury” cascade characterized by
massive depolarization and the release of excitatory neuro-
transmitters, primarily glutamate. This excitotoxicity leads
to an influx of intracellular calcium, activating proteases
that degrade the cytoskeleton and initiate apoptotic path-
ways [7,9]. Simultaneously, the physical disruption of
the BBB allows peripheral immune cells to infiltrate the
parenchyma, exacerbating cerebral edema and raising ICP
[9,21]. Therapies in this phase must be neuroprotective and
rapid. The goal is to stabilize the BBB, scavenge free rad-
icals, and prevent the spread of necrosis. This explains the
historical focus on agents like progesterone and hypother-
mia, which aim to dampen this acute metabolic storm [22].

3.3 The Subacute Phase: The Neuroinflammatory
Transition (1–30 Days)

As the acute metabolic crisis subsides, the brain’s
resident immune cells, microglia, become the dominant
actors. In the subacute phase, microglia can adopt ei-
ther a pro-inflammatory (M1-like) phenotype, releasing cy-
tokines that kill injured neurons, or a reparative (M2-like)
phenotype that clears debris and releases neurotrophic fac-
tors [23,24]. This phase represents a critical “window
of opportunity” for immunomodulatory therapies. Treat-
ments such as mesenchymal stem cells (MSCs) or repur-
posed statins are theoretically most effective here, not by
replacing lost neurons, but by steering the microglial re-
sponse toward repair and preventing chronic neurodegen-
eration [25,26].

3.4 The Chronic Phase: Circuit Dysfunction and
Neurodegeneration (>30 Days)

Long-term disability in TBI is often driven by diffuse
axonal injury (DAI) that disrupts the functional connectiv-
ity of neural networks. Over months, this can evolve into
chronic traumatic encephalopathy (CTE) or Alzheimer’s-
like dementia [6,27]. At this stage, acute neuroprotectants
are ineffective. Instead, therapeutic strategies must focus
on neuroplasticity and regeneration. Technologies such
as Transcranial Magnetic Stimulation (TMS) and Photo-
biomodulation (PBM) aim to retrain damaged circuits and
promote synaptic reorganization [28,29].
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Table 1. Comprehensive summary of emerging TBI therapies.
Intervention Primary axis & category Target pathway Route & timing Clinical evi-

dence
Key outcomes & limitations References

MSCs Inflammatory.
Cell-Based Therapy

M1 → M2 microglial
shift

IV; Subacute Phase I/II (e.g.,
MATRIx)

Mixed: Safe but inconsistent efficacy. Limit: Pulmonary first-pass
effect.

[30,31,34,35,36,37,38]

BMMNCs Inflammatory.
Cell-Based Therapy

Immunomodulation;
growth factor secretion

IV; Ultra-acute
→ Subacute
(<48 h)

Phase II (Pedi-
atric)

Promising: Preserved white matter; reduced Intensive Care Unit
(ICU) stay. Limit: Invasive harvesting.

[39,40,41]

Statins (e.g., Ator-
vastatin)

Inflammatory & Metabolic.
Drug Repurposing

Anti-inflammatory; cere-
bral blood flow augmen-
tation

PO; Subacute Phase II (e.g.,
APT-TBI-01)

Improve GCS and survival; Healthy user bias; Need RCTs to con-
firm causality.

[52,53,54,55]

Glibenclamide Inflammatory & Metabolic.
Drug Repurposing

SUR1-TRPM4 Inhibi-
tion; BBB stability

IV; Acute →
Subacute (<72
h)

Phase II (e.g.,
ASTRAL)

Promising: Reduces cytotoxic edema and midline shifts. Limit:
Risk of hypoglycemia.

[59,60,61,62]

Extracellular vesi-
cles (EVs)

Inflammatory.
Cell-free Biologics

miRNA/Protein cargo
transfer

IV/IN; Acute →
Subacute

Preclinical/Phase
I

Next-Gen: High BBB permeability; low immunogenicity. Limit:
Lack of standardized isolation.

[32,33,45,46,47,48,49,50,51]

Metformin Metabolic.
Drug Repurposing

AMPK activation; mito-
chondrial repair

PO; Subacute Phase II Promising: Reduced S100B/NSE levels; metabolic recovery.
Limit: GI side effects.

[56,57,58]

PBM (Light) Metabolic.
Neuromodulation

Mitochondrial ATP (cy-
tochrome c oxidase)

Transcranial;
Chronic

Small controlled
studies and case
series

Promising: Improved executive function and ATP production.
Limit: Lack of standardized dosing.

[28,69,70,71]

Amantadine Metabolic.
Inflammatory & Restorative.
Drug Repurposing

NMDA Antagonism;
Dopaminergic stimula-
tion

PO/NG; Suba-
cute → Chronic

Phase III (His-
toric); Phase II
(MR-301)

Benchmark: Increased rate of functional improvement (DRS).
Limit: Limited effect on focal pathology.

[63,64,65,66,67]

TMS (rTMS) Restorative.
Neuromodulation

Cortical excitability;
LTP promotion

Non-invasive;
Chronic

Phase II Promising: “Re-recruits” dormant pathways; improves processing
speed. Limit: High phenotypic variability

[28,29,68]

NSCs Inflammatory & Restorative.
Cell-Based Therapy

Neuronal/Glial differen-
tiation

Intracerebral;
Subacute →
Chronic

Investigational Potential: True tissue replacement. Limit: Survival <5% without
scaffolds.

[42,43,44]

Hydrogels/Scaffolds Restorative.
Bioengineering

Physical matrix provi-
sion; ECM mimicry

Surgical; Suba-
cute

Preclinical Structural: Supports NSC survival; bridging of necrotic cavities.
Limit: Requires invasive craniotomy.

[76,77,78,79]

Nanoparticles Integrator.
Nanotechnology

BBB crossing; Targeted
delivery; “Trojan Horse”
strategy

IV; Acute Preclinical Experimental: Superior delivery of payloads. Limit: Long-term
neurotoxicity concerns.

[72,73,74,75]

Abbreviations: AMPK, AMP-activated protein kinase; BBB, blood–brain barrier; BMMNCs, bone marrow mononuclear cells; DRS, disability rating scale; ECM, extracellular matrix; EVs, extracellular vesicles; GCS,
Glasgow Coma Scale; IN, intranasal; IV, intravenous; LTP, long-term potentiation; MSCs, mesenchymal stem cells; NG, nasogastric; NMDA, N-methyl-D-aspartate; NSCs, neural stem cells; NSE, neuron-specific
enolase; PBM, photobiomodulation; PO, Per Os (by mouth); RCTs, randomized controlled trials; rTMS, repetitive transcranial magnetic stimulation; S100B, S100 calcium-binding protein B.
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4. Emerging TBI Treatments: Mechanisms
and Translation

The therapeutic landscape for TBI is shifting
from a search for “silver bullets” to a nuanced ap-
plication of multimodal interventions. This section
critically evaluates emerging strategies, categorized by
their primary modality, while explicitly assessing the
discrepancy between preclinical mechanisms and clin-
ical realities. To provide a comprehensive overview
of this complex landscape, we summarize the mecha-
nism of action, preclinical evidence, clinical status, and
key limitations of each therapeutic class in Table 1 (Ref.
[28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,
47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,
66,67,68,69,70,71,72,73,74,75,76,77,78,79]).

4.1 Cell-Based and Regenerative Therapies
Regenerative cell therapies represent the idealized

standard for addressing the complex pathology of TBI.
However, the conceptual framework has evolved signifi-
cantly: the initial goal of direct neuronal replacement has
largely been superseded by the “bystander effect” hypoth-
esis, where transplanted cells act as “living drug factories”
to modulate the hostile injury microenvironment.

4.1.1 Mesenchymal Stem Cells (MSCs)
MSCs aremultipotent stromal cells isolated from bone

marrow, adipose tissue, or umbilical cord blood. They re-
main the most widely studied cell type in TBI research due
to their low immunogenicity and ethical ease of access [80].

Preclinical Mechanisms: In preclinical models, their
efficacy operates through a distinct mechanism: unlike neu-
ral stem cells, MSCs rarely differentiate into functional neu-
rons in vivo. Instead, they function as “drugstores” for
the injured brain, secreting a secretome cocktail of trophic
factors (brain-derived neurotrophic factor [BDNF], vascu-
lar endothelial growth factor [VEGF], nerve growth factor
[NGF]) and extracellular vesicles (EVs) [30,31,32]. Mech-
anistically, MSCs modulate the M1/M2 microglial axis,
shifting the immune response from a pro-inflammatory
state to a reparative one [33,34]. Consequently, rodent stud-
ies consistently demonstrate that intravenous (IV) MSC ad-
ministration reduces lesion volume and improves spatial
memory, even when cell engraftment is minimal [35,81].

Clinical Translation & Limitations: Despite these
robust preclinical mechanisms, clinical translation has
proven complex. While Phase I and early Phase II tri-
als have successfully confirmed the safety, feasibility,
and low immunogenicity of intravenous MSC infusions
in severe TBI patients, efficacy data remain mixed and
largely exploratory. While some small clinical cohorts
have demonstrated encouraging trends toward improved
motor scores and altered inflammatory cytokine profiles,
definitive Phase III efficacy is currently hindered by ma-
jor physical delivery barriers [36]. A critical limitation is

the “Pulmonary First-Pass Effect”, where the majority of
IV-infused MSCs become trapped in the lung capillaries,
preventing them from reaching the brain [37]. This fail-
ure of delivery suggests that future trials must pivot to-
ward alternative routes (e.g., intranasal, intrathecal) or uti-
lize cell-free exosomes to bypass size constraints. To ad-
dress these variables, modern clinical efforts, such as the
adaptive Phase II MATRIx trial, are now shifting focus to-
ward dose-optimization and utilizing fluid biomarkers like
neurofilament light chain (NfL) to definitively track in vivo
target engagement and neurorestoration, rather than relying
solely on blunt clinical scales [38].

4.1.2 Bone Marrow Mononuclear Cells (BMMNCs)
BMMNCs are a heterogeneous population contain-

ing MSCs, hematopoietic progenitor cells, and endothe-
lial progenitor cells. Their primary translational advan-
tage is autologous feasibility; unlike pure MSCs that re-
quire weeks of culture, BMMNCs can be harvested and re-
infused within hours of injury. Preclinical evidence sug-
gests this rapid intervention stabilizes the blood–brain bar-
rier (BBB) and promotes angiogenesis [39,40].

Clinical Evidence: Clinically, a Phase II pediatric trial
demonstrated that acute autologous BMMNC transplanta-
tion in children with severe TBI [Glasgow Coma Scale
(GCS) score 3–8] was not only safe but was associated with
preserved white matter volume and reduced time in inten-
sive care [39,41]. This success in pediatric populations,
which possess higher intrinsic neuroplasticity, highlights
the importance of patient stratification in clinical trial de-
sign. However, a critical limitation of these early phase
studies is the lack of direct correlation between this ra-
diological preservation and long-term functional recovery
(e.g., Glasgow Outcome Scale-Extended [GOS-E] scores)
[39]. Future trials must demonstrate that structural sparing
translates into tangible cognitive or motor benefits to justify
the invasive nature of the procedure.

4.1.3 Neural Stem Cells (NSCs)
NSCs are uniquely capable of differentiating into neu-

rons, astrocytes, and oligodendrocytes, offering the poten-
tial for true tissue replacement [42].

Translational Challenge: The hostile, necrotic cavity
of a TBI lesion limits the survival of transplanted NSCs
(often <5% survival rate) [36,43]. Without a supportive
bioengineered scaffold (discussed in Section 4.4), direct in-
jection of NSCs often results in cell death or failure to in-
tegrate into existing neural circuits. Consequently, NSCs
remain largely investigational compared to the more clin-
ically advanced MSCs. Furthermore, while traditionally
viewed through the lens of chronic tissue replacement, NSC
therapy also serves a critical role during the subacute phase.
When administered in this earlier window, NSCs act pri-
marily along the inflammatory axis, secreting factors that
dampen the inflammatory cascade, stabilize the BBB, and
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provide early neuroprotection before permanent glial scar-
ring is established [44].

4.1.4 Cell-Free Biologics: Extracellular Vesicles (EVs)
Rationale and Mechanism: Recent paradigm shifts in

regenerative medicine suggest that the therapeutic efficacy
of stem cells is largely mediated by paracrine signaling
rather than cell replacement. EVs, particularly exosomes
(30–150 nm), represent the bioactive “cargo” of this se-
cretome, transporting microRNAs, lipids, and proteins that
drive neurorepair [45,46]. Unlike whole cells, EVs can
cross the BBB more efficiently and carry negligible risk of
tumorigenesis or immune rejection [47].

Translational Status: Preclinical studies from 2020–
2025 have demonstrated that MSC-derived exosomes sig-
nificantly reduce neuroinflammation and improve func-
tional recovery in TBI models [48,49]. However, clinical
translation is currently hindered by a lack of standardiza-
tion. The heterogeneity of EV cargo, which varies based
on the donor cell’s culture conditions, creates a major man-
ufacturing hurdle. Rather than relying on the inconsis-
tent natural secretome, future efforts should prioritize the
engineering of vesicles for targeted delivery of miRNAs
or growth factors, ensuring these modifications do not in-
terfere with the particles’ low immunogenicity and non-
oncogenic nature [50,51].

4.2 Pharmacological Interventions: The Era of Drug
Repurposing

Given the high cost and failure rate of developing
novel neuroprotective drugs, the field has pivoted toward
“drug repurposing”, identifying existing Food and Drug
Administration (FDA)-approved agents with pleiotropic
neuroprotective properties [10].

4.2.1 Statins (HMG-CoA Reductase Inhibitors)
Mechanism: Beyond cholesterol lowering, statins

(e.g., atorvastatin, simvastatin) exert powerful anti-
inflammatory effects by inhibiting the isoprenylation of
Rho GTPases. In TBI, upregulation of RhoA contributes
to axonal growth cone collapse and apoptosis. By blocking
this pathway, statins preserve cytoskeletal integrity and
improve endothelial function [52,53].

Clinical Status: Observational studies indicate that pa-
tients on pre-injury statins have improved survival rates and
higher GCS scores. However, randomized controlled trials
(RCTs) are needed to rule out the “healthy user bias” often
present in these retrospective analyses [54,55].

4.2.2 Metformin
Mechanism: Traditionally a diabetes drug, metformin

is a potent activator of AMP-activated protein kinase
(AMPK). In the context of TBI, AMPK activation serves
as a “metabolic master switch”, restoring mitochondrial
bioenergetics and reducing oxidative stress [56,57]. Fur-

thermore, metformin has been shown to inhibit the nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-
κB) inflammatory pathway [56].

Clinical Status: A small pilot RCT (n = 30) demon-
strated that metformin administration in the subacute phase
reduced serum levels of S100 calcium-binding protein B
(S100B) and neuron-specific enolase (NSE) (biomarkers
of neuronal injury) [58]. While promising, the therapeutic
window is debated, as early AMPK activation can arguably
be detrimental if metabolic substrates are scarce.

4.2.3 Progesterone: A Lesson in Failure
The clinical evaluation of progesterone serves as a

paradigmatic case study in the challenges of TBI transla-
tion.

Disconnect: In rodents, progesterone dramatically re-
duced edema and apoptosis [82]. Yet, two massive Phase
III trials (PROTECT III and SYNAPSE) failed to show
any benefit in human mortality or functional recovery
[12,83,84].

Critical Analysis: This failure highlights the hetero-
geneity problem. The trials enrolled “all-comer” TBI pa-
tients rather than selecting those specifically with DAI or
specific hormonal profiles. Furthermore, the dosing win-
dow effective in rats (whometabolize drugs rapidly) did not
translate linearly to human pharmacokinetics, underscoring
the limitations of standard scaling models [13,85].

4.2.4 Glibenclamide: Targeting Vascular Integrity and
Edema

Mechanism: Beyond direct neuroprotection, emerg-
ing repurposing strategies increasingly target the neurovas-
cular unit to prevent secondary edema. Glibenclamide
(Glyburide), a sulfonylurea used in diabetes, has shown
promise in preventing contusion expansion by inhibiting
the SUR1-TRPM4 channel, a key driver of cytotoxic edema
[59,60].

Clinical Status: The Operation Brain Trauma Ther-
apy (OBTT) consortium recognized the drug as a ‘top per-
former’ for its robust ability to limit cerebral edema and
lesion volume across multiple preclinical models [59,61].
Clinically, the translation of glibenclamide (formulated as
intravenous BIIB093) advanced to the ASTRAL Phase II
trial (NCT03954041). This trial was specifically designed
to evaluate its efficacy in preventing contusion expansion
and mitigating secondary cerebral edema in patients with
moderate-to-severe TBI. While early clinical evaluations
demonstrated an encouraging safety profile and biological
plausibility for reducingmidline shift, the definitive clinical
path to market has been complicated. Although these tar-
geted TBI programs showed significant clinical potential,
their currently inactive status is largely a result of corpo-
rate portfolio prioritization rather than a demonstrated lack
of clinical efficacy [62]. Similarly, inhibition of Matrix
Metalloproteinases (MMPs), specifically MMP-9, has been
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shown to preserve BBB tight junctions and reduce hem-
orrhagic conversion in preclinical models, though clinical
translation remains in early stages [86].

4.2.5 Amantadine: The Benchmark for Dopaminergic
Reactivation

Mechanism: Amantadine is a multi-target agent that
exerts significant influence over early-stage pathological
processes through anti-inflammatory action (downregulat-
ing microglial activation) and metabolic regulation (reduc-
ing oxidative stress), while simultaneously providing neu-
rotrophic support [63]. Although clinically initiated during
the subacute phase, the recommended administration win-
dow of 4 to 16 weeks means its restorative dopaminergic
effects actively bridge the transition into the chronic phase
of recovery [64].

Clinical Status: A landmark multicenter randomized
controlled trial demonstrated that a four-week regimen sig-
nificantly increased the rate of functional improvement on
the Disability Rating Scale (DRS). While its precise mech-
anism is multifaceted, involving the upregulation of aro-
matic L-amino acid decarboxylase (AADC) and modula-
tion of neuroinflammation, its success underscores the im-
portance of targeting circuit-level arousal rather than just
cellular survival [65,66,67].

4.3 Neuromodulation: Rewiring the Injured Brain
For patients in the chronic phase of TBI, where the

primary pathology is circuit dysfunction rather than acute
cell death, neuromodulation offers a non-invasive avenue
for recovery.

4.3.1 Transcranial Magnetic Stimulation (TMS)
Mechanism: Repetitive TMS (rTMS) uses magnetic

fields to induce electrical currents in the cortex. High-
frequency stimulation (>5 Hz) promotes long-term potenti-
ation (LTP), strengthening synaptic connections, while low-
frequency stimulation (<1 Hz) induces long-term depres-
sion (LTD) [29]. In TBI, where DAI disrupts network con-
nectivity, rTMS is used to “re-recruit” dormant pathways.

Emerging Data: Recent studies suggest rTMS also ex-
erts neuroprotective effects by reducing oxidative stress and
downregulating pro-inflammatory cytokines, suggesting a
dual mechanism of action that addresses both the molecu-
lar and circuit-level pathologies of the injury [28,29,68].

4.3.2 Photobiomodulation (PBM)
Mechanism: PBM (Low-Level Light Therapy) uti-

lizes near-infrared light to penetrate the skull. The primary
chromophore is cytochrome c oxidase within the mitochon-
dria. Photon absorption boosts electron transport chain ef-
ficiency, increasing ATP production and reducing reactive
oxygen species (ROS) [28].

Clinical Utility: Small RCTs and case series have
shown PBM improves executive function and cerebral

blood flow in chronic TBI patients [69,70]. However, the
field is plagued by a lack of standardization in dosime-
try (wavelength, irradiance, and pulse frequency), making
cross-study comparisons difficult [71].

4.4 Bioengineering and Nanotechnology
Bioengineering serves as the “integrator”, providing

the delivery vehicles necessary tomake biological and phar-
macological agents effective.

4.4.1 Nanoparticles for BBB Targeting
Challenge: The BBB prevents 98% of small-molecule

drugs from entering the brain [72].
Solution: Recent advances in nanotechnology focus

on “Trojan Horse” strategies. Polymeric (poly(lactic-co-
glycolic acid) [PLGA]) and lipid-based nanoparticles can
be surface-modified with ligands (e.g., transferrin) that bind
to receptors on the brain endothelium, facilitating receptor-
mediated transcytosis [73,74].

Critical Assessment: While engineered nanoparticles
demonstrate significantly higher brain accumulation than
free drugs in rodent models, concerns regarding long-term
neurotoxicity and clearance (the “retention” problem) re-
main significant hurdles for FDA approval [75].

4.4.2 Bioengineered Hydrogels: From Passive Scaffolds to
Active Therapeutics

Addressing theMechanicalMismatch: Standard phar-
maceutical interventions fail to address the physical reality
of severe TBI: the formation of a fluid-filled necrotic cav-
ity that acts as a physical barrier to axonal regeneration. In-
jectable hydrogels address this bymimicking the brain’s na-
tive extracellular matrix (ECM) [76]. Unlike rigid implants,
modern hydrogels are designed with specific viscoelastic
and stress-relaxing properties that closely match the stiff-
ness of native brain tissue, thereby minimizing mechanical
stress on fragile, regenerating neural networks [76,77].

From Passive Support to Active Therapy: While cur-
rently restricted to preclinical rodent models, hydrogels
have demonstrated efficacy as “active” depots that prevent
drug washout and ensure sustained local delivery. Scaffolds
loadedwith dexamethasone have significantly reduced glial
scarring and lesion volume by mitigating acute inflamma-
tion [87,88]. Similarly, hydrogels incorporating antioxi-
dants like curcumin or neurotrophic factors like BDNF have
successfully neutralized reactive oxygen species (ROS)
and promoted neurite outgrowth in animal studies, pre-
venting the neuronal atrophy typical of the chronic phase
[89,90,91].

Next-Generation Functionalities: Emerging designs
include conductive hydrogels that restore electrical signal-
ing to guide reinnervation, as well as matrices that protect
encapsulated Neural Stem Cells (NSCs) or exosomes from
the hostile host environment [78,79]. Looking forward, the
field is pivoting toward “stimuli-responsive” materials ca-
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pable of releasing payloads in response to specific injury
signals, while utilizing artificial intelligence (AI) to opti-
mize scaffold porosity and degradation rates for eventual
human translation [92,93].

5. Current Challenges and Future Outlook
While the therapeutic arsenal for TBI is expanding,

the transition from bench to bedside remains fraught with
obstacles. This section synthesizes the technological, bio-
logical, and methodological challenges defining the current
landscape and proposes a strategic roadmap for the future.

5.1 Innovative Rehabilitation Technologies
As survival rates for severe TBI continue to improve,

the burden of care is shifting from acute stabilization to-
ward the complex challenges of long-term rehabilitation. In
this context, the focus has moved beyond traditional phys-
ical therapy to advanced neurotechnologies that actively
engage the brain’s remaining capacity for change. Brain-
Computer Interfaces (BCIs) have evolved from simple as-
sistive tools into active rehabilitative instruments. While
early BCIs focused on bypassing damaged neural pathways
to grant patients control over external devices through elec-
troencephalogram (EEG) signals, recent “closed-loop” sys-
tems represent a significant leap forward [94,95]. By de-
livering real-time feedback or direct cortical stimulation in
response to specific brain activity, these systems aim to pro-
mote Hebbian plasticity, strengthening the synaptic connec-
tions between spared neural ensembles through repeated,
synchronized activation.

Complementing this, Virtual Reality (VR) provides
an immersive and enriched environment that is particularly
well-suited for cognitive rehabilitation [96]. Unlike static,
paper-and-pencil exercises, VR allows for the precise and
dynamic manipulation of sensory input within a safe, con-
trolled setting. This ecologically valid approach enables pa-
tients to practice real-world activities, such as navigating a
virtual town or performing multi-step kitchen tasks, which
facilitates the retraining of executive function and spatial
memory. By integrating BCIs with these immersive VR
scenes, researchers are creating high-engagement “neuro-
feedback” loops that offer superior sensory feedback, po-
tentially accelerating the recovery of complex brain func-
tions [97].

5.2 Artificial Intelligence (AI) and Precision Medicine
The promise of AI in neurotrauma lies in its capac-

ity to decipher the immense heterogeneity of TBI. As the
field moves beyond traditional statistics, machine learning
algorithms trained on multidimensional datasets, spanning
genomics, high-resolution neuroimaging, and real-time in-
tensive care unit (ICU) vitals, are beginning to identify non-
linear correlations that were previously undetectable [98].
This shift is fundamentally transforming prognosis, moving
the clinical focus away from broad, often inadequate cate-

gorizations like mild or severe, and toward “precision phe-
notyping”. Such granularity enables a predictive approach
to care, allowing clinicians to determine with greater accu-
racy which specific patients are likely to benefit from high-
stakes interventions, such as decompressive craniectomy.
Despite this potential, the integration of AI into the clini-
cal workflow requires a cautious and critical assessment. A
primary barrier to adoption is the ‘black box’ phenomenon,
in which the lack of interpretability in algorithmic decision-
making limits clinical trust [99]. Furthermore, these mod-
els are prone to overfitting; algorithms trained on narrow,
single-center data frequently struggle with poor generaliz-
ability [100]. Before AI can truly become a standard of
care, the field must address these interpretability gaps and
the ethical concerns surrounding data bias to ensure that
machine learning serves as a reliable partner in the neuro-
intensive care unit.

5.3 Mechanistic Convergence: Unifying Pathways of
Repair

Although this review categorizes therapies by modal-
ity, a critical synthesis reveals that successful interventions
invariably converge on two shared pathological axes.

The Inflammatory Axis serves as a primary point of
convergence; modalities as diverse as MSCs, vagus nerve
stimulation (VNS), and statins all target a shared biological
endpoint: the promotion of a reparative immune environ-
ment. This shift suggests that future combinatorial strate-
gies should prioritize the synergistic dampening of the in-
flammatory cascade rather than the targeting of isolated re-
ceptors [10,101,102].

Simultaneously, the Metabolic Axis acts as a vital tar-
get for bioenergetic restoration. Approaches like PBM and
metformin utilize distinct vectors to resolve the energetic
crisis common across diverse TBI endotypes [28,56,103].
In this framework, Bioengineering acts as the essential in-
tegrator rather than a standalone therapy. Technologies like
hydrogels and nanoparticles serve as the sophisticated “de-
livery vehicles” that allow these convergent biological sig-
nals to cross the blood–brain barrier and sustain their effects
within the hostile injury environment.

5.4 The Translational Dilemma: Analyzing Past Failures

A foundational cause of this translational failure lies
in the intrinsic biological limitations of preclinical animal
models. The vast majority of preclinical success is derived
from rodent models, which present severe anatomical and
pharmacokinetic discrepancies when compared to human
patients [13]. Because the rodent brain is lissencephalic
(smooth) and possesses a significantly different white-
to-gray matter ratio, the biomechanical forces of experi-
mental impacts do not accurately replicate the complex,
widespread diffuse axonal injury (DAI) characteristic of se-
vere human TBI. Furthermore, rodents possess a vastly ac-
celerated basal metabolic rate; consequently, the pharma-
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cokinetic timelines for drug metabolism and the secondary
injury cascades are highly compressed [85]. An acute ther-
apeutic window that proves highly effective in a rodent
model frequently fails to scale linearly to the complex, pro-
tracted pathophysiology of human injury, resulting in thera-
pies that are fundamentally misaligned with human clinical
timelines [13,85].

Beyond these preclinical challenges, as noted in the
Introduction, the historical failure of trials like PRO-
TECT III and SYNAPSE stems from three structural flaws
[12,83,84]. First, phenotypic heterogeneity remains a sig-
nificant hurdle; historic trials have often treated TBI as a
monolithic entity rather than a collection of distinct injury
endotypes [1,104]. Consequently, a drug specifically tar-
geting axonal repair will inevitably fail in a patient cohort
dominated by ischemic mass lesions, ultimately diluting the
statistical signal of efficacy. Second, a “one-size-fits-all”
timing mismatch often precludes therapeutic success. Be-
cause secondary injury cascades evolve at different rates de-
pending on the nature of the primary insult, administering
neuroprotective agents at fixed time points often misses the
optimal therapeutic window for the individual patient. Fi-
nally, the field’s reliance on insensitive endpoints, particu-
larly the GOS-E, remains problematic [105]. As a coarse
functional measure, the GOS-E frequently fails to capture
subtle but clinicallymeaningful improvements in cognition,
mood, or quality of life; this often leads to the abandonment
of potentially beneficial drugs simply because they do not
move the needle on a global, non-specific scale.

5.5 Temporal Precision: A Stage-Dependent Framework

Tomove forward, emerging therapies must be mapped
onto the dynamic pathophysiological state of the brain, a
concept we propose as “Temporal Precision Medicine”.
This framework recognizes that the success of an interven-
tion depends entirely on its alignment with the evolving in-
jury environment. In the Acute Phase (0–24 hours), the
therapeutic priority is strictly neuroprotection. During this
narrowwindow, targets such as excitotoxicity and BBB dis-
ruption are paramount. Drug repurposing strategies (e.g.,
glibenclamide or memantine) serve as the acute, rapid-
response defense, targeted at stabilizing the neurovascular
unit, blunting the immediate metabolic crisis, and mitigat-
ing early secondary damage [106,107]. As the injury transi-
tions into the Subacute Phase (1–30 days), the clinical prior-
ity shifts toward immunomodulation and debris clearance.
Stem cell therapies and cell-free biologics (e.g., MSCs,
BMMNCs, and EVs) function as the subacute bridge. They
are strategically deployed to leverage their paracrine secre-
tome, operating primarily along the Inflammatory Axis to
steer the microglial response and shift the hostile microen-
vironment from a state of secondary injury toward active
repair [39,45,53]. Finally, in the Chronic Phase (months to
years), the objective becomes regeneration and functional
restoration. The pathological targets at this late stage are

synaptic plasticity and large-scale network reorganization.
Modalities like neuromodulation (rTMS and PBM) and
technology-driven rehabilitation (e.g., BCIs and robotics)
serve as the chronic restorative engines. They are utilized
here to stimulate endogenous repair, engaging the remain-
ing neural architecture to drive long-term synaptic plasticity
and circuit-level recovery [28,29].

By strictly aligning therapeutic mechanisms with this
biological timing, clinicians can finally avoid the “right
drug, wrong time” failures that have historically plagued
TBI clinical trials. It is this precise, stage-dependent se-
quencing of modalities that defines the practical utility of
our proposed framework.

5.6 Strategic Roadmap: Actionable Strategies for Future
Trials

To overcome the structural barriers that have histori-
cally stifled TBI research, future clinical trials must adopt
a more sophisticated and dynamic methodology. Central
to this evolution is biomarker-based stratification, which
moves beyond the clinical limitations of the GCS [108].
The critical evolution in our approach lies in the opera-
tionalization of the Dual-Axis Theory into the Triple-Axis
Framework. While the Dual-Axis Theory serves as the
mechanistic foundation, positing that diverse therapeutic
modalities converge on the Inflammatory and Metabolic
axes to prevent secondary injury, the Triple-Axis Frame-
work provides the actionable clinical roadmap. By integrat-
ing three vertical dimensions, Biomarker Signals (Axis 1),
Pathological Mechanisms (Axis 2), and Interventions (Axis
3), this framework transforms static biological theory into a
dynamic strategy for stage-dependent patient management.

In this clinical model, the ‘Biomarker-Pivot’ acts as
the primary navigation tool. Acute elevations of glial fibril-
lary acidic protein (GFAP) and ubiquitin carboxyl-terminal
hydrolase L1 (UCH-L1) act as a molecular ‘stopwatch’ for
Phase I interventions, where the mechanism-target is the
stabilization of the neurovascular unit and prevention of
early secondary injury [109]. Subsequently, a rising lac-
tate/pyruvate ratio acts as a critical metabolic signal, indi-
cating the transition to Phase II. During this subacute win-
dow, the framework addresses the convergence of the In-
flammatory and Metabolic axes, utilizing combined strate-
gies like MSCs and metformin to achieve bioenergetic
restoration and M2 microglial polarization [110]. Finally,
the emergence of NfL and BDNF signals the transition to
Phase III, identifying the precise moment the cerebral en-
vironment becomes receptive to restorative and plasticity-
oriented therapies such as rTMS and intensive cognitive re-
habilitation [111]. By timing interventions to these biologi-
cal signals rather than fixed chronological days post-injury,
researchers can significantly reduce the ‘noise’ of patient
heterogeneity that has historically plagued Phase III trials
(summarized in Fig. 2).
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Fig. 2. The Triple-Axis Framework for Temporal Precision Medicine in traumatic brain injury (TBI). This schematic illus-
trates the operationalization of the Triple-Axis Framework, a dynamic clinical roadmap that aligns stage-dependent interventions with
phase-specific biological signals and pathological mechanisms. The framework is structured across three chronological windows: Phase
I (Acute, 0–24 hours), Phase II (Subacute, 1–30 days), and Phase III (Chronic, >30 d). Axis 1 (Biomarker Signal): Represents the
“Biomarker-Pivot”, identifying stage-specific indicators used to navigate therapeutic transitions. It highlights the progression from the
acute “Molecular Stopwatch” (GFAP and UCH-L1) to subacute metabolic signals (Lactate/Pyruvate) and chronic restorative markers
(NfL and BDNF). Axis 2 (Mechanism): Details the evolving pathophysiology and corresponding therapeutic goals. This axis maps the
transition from preventing secondary injury (addressing BBB disruption and mitochondrial bioenergetic collapse) to achieving subacute
immunomodulation (M1 to M2 polarization) and finally promoting chronic circuit regeneration and synaptic plasticity. Axis 3 (Interven-
tions): Categorizes multimodal therapies by their optimal window of biological efficacy. Neuroprotective strategies (e.g., glibenclamide,
BMMNCs) are prioritized in the acute phase, while Immune and Metabolic modulators (e.g., amantadine, metformin, MSCs) bridge into
the subacute phase. Remodeling efforts in the chronic phase utilize neuromodulation and innovative rehabilitation technologies to drive
long-term recovery. The vertical arrows indicate the alignment of phase-specific biomarkers with the underlying mechanism-target, while
the horizontal arrow represents the temporal continuum of the “Temporal Precision Medicine” approach. The upward (↑) and downward
(↓) arrows within the small panels indicate upregulation or elevation, and downregulation or reduction in expression levels, respectively.
Abbreviations: ATP, adenosine triphosphate; BBB, blood-brain barrier; BDNF, brain-derived neurotrophic factor; BMMNCs, bone mar-
row mononuclear cells; GFAP, glial fibrillary acidic protein; MSCs, mesenchymal stem cells; NfL, neurofilament light chain; NSCs,
neural stem cells; PBM, photobiomodulation; rTMS, repetitive transcranial magnetic stimulation; TBI, traumatic brain injury; UCH-L1,
ubiquitin carboxyl-terminal hydrolase L1.

However, the successful implementation of this
biomarker-pivot framework relies heavily on overcoming
significant logistical barriers within the ICU [18]. Cur-
rently, the practical feasibility of real-time patient stratifi-
cation is limited by assay turnaround times; point-of-care
platforms capable of delivering rapid quantitative readouts
for markers like GFAP and UCH-L1 are urgently needed
to guide acute Phase I interventions [109]. Furthermore,
standardizing sample collection, processing, and assay cal-
ibration across multicenter platforms remains a critical hur-

dle to ensure that dynamic metabolic signals, such as the
lactate/pyruvate ratio, are interpreted with high fidelity and
minimal inter-institutional variability [18,110].

Additionally, the rigid structure of traditional trials
should give way to adaptive trial designs. By implement-
ing adaptive platform trials, researchers can evaluate mul-
tiple therapies simultaneously and utilize interim data to
drop ineffective arms or refine dosing regimens in real time
[55]. This flexibility not only maximizes statistical power
but also accelerates the identification of viable treatments.
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Finally, the definition of clinical success must be expanded
through the use of multidimensional endpoints. Rather than
relying on a single global function score, future assessments
should integrate high-resolution neuroimaging, such as Dif-
fusion Tensor Imaging (DTI), with sensitive cognitive bat-
teries like the NIH Toolbox and patient-reported outcomes
[112,113]. This composite approach ensures that subtle but
critical improvements in neural connectivity and cognitive
quality of life are no longer overlooked.

6. Conclusion
TBI remains a formidable clinical challenge, yet the

therapeutic landscape is undergoing a fundamental trans-
formation. We are moving away from the reductionist
search for a single “neuroprotective” agent and toward a
multimodal, precision medicine approach. The integra-
tion of bioengineeringwith regenerativemedicine and phar-
macology offers new hope for bridging the translational
gap. However, success depends on a critical pivot in re-
search methodology. We must abandon the “one-size-fits-
all” model in favor of the Triple-Axis Framework, which
respects the heterogeneity of the injury and the temporal
dynamics of recovery. By combining biomarker-driven pa-
tient stratification with mechanisms targeted to the inflam-
matory, metabolic, and restorative phases, the field will be
better positioned to bridge the translational gap and advance
the promise of preclinical science into meaningful clinical
recovery.

Abbreviations
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