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Introduction

Stroke and traumatic brain injury (TBI) are among the
leading causes of death and long-term disability
worldwide, imposing substantial socioeconomic burdens
on patients, families, and healthcare systems. Both
conditions disrupt normal brain function through complex
and overlapping pathophysiological mechanisms,
resulting in acute and secondary injury processes that
contribute to neuronal death, inflammation, and impaired
recovery [1].

Stroke is primarily classified into ischemic and
hemorrhagic subtypes, with ischemic stroke accounting
for approximately 87% of cases. It results from an
obstruction of cerebral blood flow, leading to energy
depletion and neuronal necrosis. Hemorrhagic stroke,
caused by the rupture of blood vessels, induces intracranial
bleeding and increased intracranial pressure [2]. In
contrast, TBI arises from external mechanical forces, such
as falls, motor vehicle accidents, or sports injuries, which
lead to direct tissue damage and subsequent biochemical
cascades. Despite advances in acute care, including
thrombolytic therapy for ischemic stroke and surgical
interventions for TBI, therapeutic options for limiting
secondary injury remain limited [3]. Secondary injury
mechanisms such as excitotoxicity, oxidative stress,
neuroinflammation, and apoptosis unfold over hours to
days, providing a potential therapeutic window for
neuroprotective interventions. However, the complexity of
these processes and the variability in injury presentations
have hindered the development of effective treatments [4].

Neuroprotection aims to preserve neuronal structure and
function by targeting these secondary injury cascades.
While numerous agents have shown promise in preclinical
studies, their translation into clinical success has been
challenging due to factors such as the blood-brain barrier
(BBB), heterogeneity in injury mechanisms, and
differences between animal models and human pathology.
This review explores the evolving landscape of
neuroprotective strategies for stroke and TBI, emphasizing
the underlying mechanisms, preclinical and clinical
advancements, and the role of emerging technologies such
as nanomedicine and personalized medicine. By
identifying current challenges and opportunities, we aim
to provide insights into the future development of effective
neuroprotective therapies [5].

Pathophysiology of stroke and traumatic brain injury

The pathophysiology of stroke and traumatic brain injury
(TBI) involves a complex interplay of primary and
secondary injury mechanisms. These processes unfold
sequentially, yet with overlapping timelines, contributing
to the progressive nature of brain damage. While stroke
typically results from vascular events, and TBI from
mechanical forces, both conditions share common
secondary injury pathways, such as excitotoxicity,
oxidative stress, neuroinflammation, and blood-brain
barrier (BBB) disruption [6]. Understanding these
mechanisms is pivotal for identifying therapeutic targets
and developing neuroprotective strategies [7].

Primary Injury

Primary injury refers to the immediate, direct damage
caused by the initial event. Stroke is a significant
neurological disorder that can be classified into two
primary types: ischemic and hemorrhagic, each with
distinct etiologies and pathophysiological processes.
Ischemic stroke, the most common type, occurs due to an
obstruction in cerebral blood flow, often caused by a
thrombus (a blood clot forming within a vessel) or an
embolus (a clot or other debris travelling to the brain from
another part of the body) [8]. This blockage leads to an
immediate reduction in oxygen and glucose delivery to
affected neurons, causing an energy crisis. The failure of
ion pumps, particularly the sodium-potassium ATPase,
results in ionic imbalances, excitotoxicity due to excessive
glutamate release, and the generation of free radicals [9].
This cascade of events leads to necrotic cell death in the
ischemic core and contributes to the development of an
ischemic penumbra—an area of salvageable tissue
surrounding the core that is at risk of further damage if
reperfusion is not restored promptly.

Hemorrhagic stroke, on the other hand, arises
from the rupture of blood vessels within the brain, leading
to intracranial bleeding. Common causes include
uncontrolled hypertension, aneurysmal rupture, or trauma.
The resulting hematoma can mechanically compress
adjacent brain tissue, disrupt neural networks, and elevate
intracranial pressure [10]. This secondary insult may
compromise cerebral perfusion, leading to localized
ischemia and further neurological deterioration.
Additionally, the breakdown of blood products triggers
inflammatory responses and the release of cytotoxic
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substances, which exacerbate neuronal injury. Despite
their differing origins, both types of stroke initiate
overlapping pathological cascades, including the
activation of inflammatory pathways, oxidative stress, and
disruption of the blood-brain barrier. These processes
contribute to brain edema, acidosis, and progressive
neuronal injury, amplifying the extent of the damage.
Understanding the shared and unique mechanisms
underlying ischemic and hemorrhagic strokes is crucial for
developing targeted therapies that address the multifaceted
nature of this debilitating condition [11].

Secondary Injury

Secondary injury in stroke and traumatic brain injury
(TBI) involves a series of delayed and interconnected
pathological processes that exacerbate damage beyond the
initial insult. These mechanisms, which unfold over
minutes to days, significantly contribute to neurological
deterioration and poor outcomes [12].

» Excitotoxicity is a central mechanism of neuronal
death in both ischemic stroke and TBI, driven by
the excessive release of glutamate, the brain’s
primary  excitatory  neurotransmitter.  This
overabundance leads to the overstimulation of
NMDA and AMPA receptors, resulting in
intracellular calcium overload. Elevated calcium
levels activate destructive enzymes such as
proteases and lipases, triggering mitochondrial
dysfunction, energy failure, and ultimately
neuronal death [13].

» Oxidative stress arises from an imbalance
between the production of reactive oxygen species
(ROS) and the brain's antioxidant defenses. Key
contributors include mitochondrial dysfunction,
the activation of NADPH oxidase, and immune
cell infiltration, all of which amplify ROS
production. Oxidative stress damages cellular
components, such as lipids (via lipid
peroxidation), proteins, and DNA, culminating in
apoptotic or necrotic cell death [14].

Neuroinflammation, mediated by activated microglia and
astrocytes, has a dual role in secondary injury. While it can
be protective by clearing cellular debris and promoting
tissue repair, prolonged or dysregulated inflammation
exacerbates damage. This occurs through the release of
pro-inflammatory cytokines like TNF-a and IL-1p, as well
as chemokines that attract peripheral immune cells. The

infiltration of these immune cells through a compromised
blood-brain barrier (BBB) intensifies the inflammatory
response, further harming neural tissue [15].

Blood-brain barrier disruption is a hallmark of
secondary injury, with the BBB losing its selective
permeability. This allows harmful substances, including
inflammatory cells, cytokines, and neurotoxins, to
infiltrate the brain. The extravasation of plasma proteins
contributes to vasogenic edema, increasing intracranial
pressure and causing secondary ischemia. The
combination of these effects significantly worsens tissue
damage and complicates recovery efforts. Together,
excitotoxicity, oxidative stress, neuroinflammation, and
BBB disruption form a complex network of secondary
injury mechanisms that profoundly influence the
progression and severity of neurological damage in stroke
and TBI. Understanding these processes is critical for
developing effective therapeutic interventions [16].

Neuroprotective mechanisms

Neuroprotection refers to the strategies employed to
reduce neuronal damage and preserve brain function
following an injury such as stroke or traumatic brain injury
(TBI). Since secondary injury processes—such as
excitotoxicity, oxidative stress, inflammation, and blood-
brain barrier (BBB) disruption—are key contributors to
neuronal damage, neuroprotective therapies aim to
intervene in these processes to minimize further neuronal
loss. These therapeutic strategies target various molecular
pathways involved in cellular damage and dysfunction
[17].

Inhibition of Excitotoxicity

Excitotoxicity is a key pathological mechanism in both
stroke and traumatic brain injury (TBI), where excessive
activation of glutamate receptors—particularly NMDA
(N-methyl-D-aspartate) and AMPA (a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid) receptors—Ileads to
an influx of calcium ions into neurons. This overload of
intracellular calcium initiates a cascade of cellular events,
including mitochondrial dysfunction, oxidative stress,
activation of destructive enzymes, and ultimately,
neuronal death. As a result, inhibiting excitotoxicity has
emerged as a crucial strategy for neuroprotection in these
conditions [18].
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Reduction of Oxidative Stress

Oxidative stress is a critical pathological process that
exacerbates neuronal damage following stroke and
traumatic brain injury (TBI). It results from an imbalance
between the production of reactive oxygen species (ROS)
and the brain's ability to neutralize them through
antioxidant defenses. Excessive ROS production leads to
damage to lipids, proteins, and DNA, contributing to cell
death and neurodegeneration. Neuroprotective strategies
aimed at reducing oxidative stress focus on scavenging
free radicals and enhancing the activity of antioxidant
enzymes [19].

Anti-inflammatory Agents

Neuroinflammation is a major contributor to secondary
brain injury following stroke and traumatic brain injury
(TBI). After the initial mechanical or ischemic damage,
the brain’s inflammatory response is triggered, involving
microglial activation, the release of pro-inflammatory
cytokines, and the infiltration of peripheral immune cells.
This sustained inflammatory response exacerbates
neuronal injury and impedes recovery. Anti-inflammatory
agents aim to modulate or reduce this inflammatory
response, thereby minimizing neuronal damage and
promoting healing [20].

Mitigation of Apoptosis

Apoptosis, or programmed cell death, plays a central role
in neuronal injury following stroke and traumatic brain
injury (TBI). In these conditions, the excessive activation
of apoptotic pathways contributes to widespread neuronal
loss and worsens functional outcomes. Mitigation of
apoptosis can significantly improve recovery by
preserving neuronal integrity and reducing the extent of
damage. Several strategies have been developed to inhibit
the apoptotic signaling pathways, including caspase
inhibitors and mitochondrial stabilizers, which are detailed
below [21].

Promotion of Neuroregeneration

Following stroke or traumatic brain injury (TBI), the brain
undergoes significant damage, including neuronal death
and disruption of neural networks. While the brain has
some intrinsic regenerative capacity, it is often insufficient
to fully recover from the extent of injury. Promoting
neurodegeneration aims to stimulate neuronal repair,
regeneration, and functional recovery. Two main

strategies for promoting neuroregeneration include the use
of growth factors and stem cell therapies, both of which
offer exciting potential for enhancing repair and recovery
after brain injury [22].

Development of neuroprotective agents

The development of neuroprotective agents for stroke and
traumatic brain injury (TBI) has seen significant advances,
particularly in preclinical research. Animal models play a
pivotal role in evaluating potential therapies. For ischemic
stroke, the middle cerebral artery occlusion (MCAO)
model is widely utilized. This model can mimic key
features of human stroke, such as the ischemic core and
penumbra, through transient (tMCAQO) or permanent
(PMCADO) occlusion. Despite its utility, the MCAO model
has limitations due to anatomical and immunological
differences between humans and rodents. In TBI research,
controlled cortical impact (CCI) and fluid percussion
injury (FPI) models are commonly employed. The CCI
model effectively replicates focal contusion injuries and
allows precise control over injury parameters, making it
suitable for studying neuroinflammation and therapeutic
interventions. Meanwhile, the FPI model replicates diffuse
brain injuries and post-traumatic seizures, providing
valuable insights into the long-term effects of TBI.
However, both models face challenges, such as variability
in injury outcomes and limited representation of complex
human injuries [23-24].

In clinical trials, there have been both notable successes
and failures. For instance, NA-1, a peptide-based PSD-95
inhibitor, has shown potential in reducing infarct size in
stroke patients undergoing endovascular thrombectomy,
although outcomes varied across trial settings. Similarly,
therapeutic hypothermia has demonstrated efficacy in
neonatal hypoxic-ischemic encephalopathy and is being
explored for broader applications in adult TBI and stroke.
On the other hand, several promising therapies have failed
to translate from preclinical to clinical success. Tirilazad,
a free radical scavenger, showed limited efficacy in human
trials due to poor blood-brain barrier penetration, despite
its preclinical promise. Similarly, NXY-059, an
antioxidant, failed to show benefits in the SAINT Il trial
for stroke, highlighting challenges in target validation and
trial design [25].

These setbacks underscore the significant challenges in
developing neuroprotective agents. Translational gaps
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remain a critical barrier, with species differences in
immune responses, neurovascular anatomy, and repair
mechanisms limiting the applicability of animal model
findings to humans. Additionally, the complexity and
heterogeneity of injury mechanisms further complicate
therapeutic development. Stroke presents variability in
subtypes, such as thrombotic, embolic, and lacunar
strokes, while TBI encompasses a wide range of severities,
mechanisms, and patient profiles. Addressing these issues
will require improved animal models that better mimic
human pathology, precision medicine approaches, and
biomarker-based patient stratification to enhance the
predictability and efficacy of neuroprotective therapies
[26].

CATEGORIES OF NEUROPROTECTIVE AGENTS

Neuroprotective agents are classified based on their
mechanisms of action, target pathways, and molecular
structures. These categories encompass small molecules,
peptides, biologics, and cell-based therapies. Each
category includes agents with distinct mechanisms aimed
at mitigating neuronal damage and promoting recovery
[27].

Small Molecules

Small molecules are pivotal in neuroprotection due to their
ability to cross the blood-brain barrier (BBB) and
modulate critical molecular pathways involved in neuronal
survival and repair. These molecules target diverse
mechanisms, including excitotoxicity, ionic imbalance,
mitochondrial dysfunction, and oxidative stress, making
them effective across a broad spectrum of neurological
disorders. Their versatility and ease of delivery have
established small molecules as a cornerstone in the
development of neuroprotective therapies [29].

Glutamate Receptor Antagonists

Glutamate receptor antagonists counter excitotoxicity by
inhibiting the overactivation of NMDA and AMPA
receptors, which can lead to calcium overload and
neuronal death during pathological conditions like stroke,
epilepsy, and TBI. NMDA receptor antagonists, such as
memantine, selectively block excessive glutamate
signaling without impairing normal neurotransmission,
while AMPA receptor antagonists like perampanel reduce
excitatory synaptic activity, offering neuroprotection and
symptom management in neurological conditions [30].

lon Channel Modulators

lon channel modulators restore ionic homeostasis, a
crucial factor in neuronal survival during injury or disease.
Calcium channel blockers like nimodipine reduce calcium
influx to prevent ischemic damage in conditions such as
subarachnoid hemorrhage, while sodium channel blockers
like phenytoin stabilize neuronal membranes to prevent
depolarization and reduce excitability in epilepsy and TBI.
By addressing ionic disruptions, these modulators mitigate
secondary neuronal injury [31].

Mitochondrial Stabilizers

Mitochondrial stabilizers target the preservation of
mitochondrial ~ function, a critical aspect of
neuroprotection, as mitochondrial dysfunction contributes
to oxidative stress, energy failure, and apoptosis in injured
neurons. Agents like cyclosporine A prevent the opening
of the mitochondrial permeability transition pore,
preserving mitochondrial integrity, while antioxidants
such as MitoQ neutralize reactive oxygen species directly
at the site of their production, reducing oxidative damage
in neurodegenerative diseases [32].

Growth Factors

Growth factors are essential proteins that regulate key
processes involved in neuronal survival, differentiation,
and repair. By binding to specific receptors on neurons,
growth factors promote cellular functions such as
neurogenesis, synaptic plasticity, and neuronal survival.
These factors hold significant promise for treating a
variety of neurodegenerative and neurological conditions
due to their ability to stimulate neural regeneration and
reduce cellular damage [33].

Brain-derived neurotrophic Factor (BDNF)

Brain-derived neurotrophic Factor (BDNF) is a key
neurotrophic protein that activates the TrkB receptor on
neurons, leading to enhanced neuronal survival, synaptic
plasticity, and neurogenesis. BDNF plays a crucial role in
learning and memory, as well as in the response to injury.
In neurological diseases such as Alzheimer’s and
Huntington’s disease, the levels of BDNF are often
reduced, and its restoration is being explored as a
therapeutic strategy. BDNF is also under investigation for
depression and stroke rehabilitation, where its neurogenic
and synaptic properties could aid in recovery and improve
cognitive function [34].
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Glial Cell-Derived Neurotrophic Factor (GDNF)

Glial Cell-Derived Neurotrophic Factor (GDNF) supports
the survival and function of dopaminergic neurons by
binding to the GFRa receptor and activating the Ret
signaling pathway. This neurotrophic factor is especially
significant in Parkinson’s disease, where the loss of
dopaminergic neurons leads to motor deficits. GDNF’s
potential to promote neuroprotection and even
neuroregeneration in Parkinson’s disease makes it an
exciting therapeutic candidate. Additionally, GDNF has
shown promise in spinal cord injury treatments due to its
ability to stimulate neuronal repair and support the
regeneration of motor neurons [35].

Insulin-Like Growth Factor 1 (IGF-1)

Insulin-like growth Factor 1 (IGF-1) is a protein that plays
a vital role in neuronal survival by reducing apoptosis,
decreasing inflammation, and enhancing synaptic
plasticity. IGF-1’s neuroprotective effects make it a
promising candidate for treating neurodegenerative
diseases such as amyotrophic lateral sclerosis (ALS) and
traumatic brain injury (TBI). IGF-1 has shown potential in
promoting recovery of damaged neurons by encouraging
both neuronal survival and regeneration, making it a focus
of research for conditions characterized by
neurodegeneration or trauma [36].

Antioxidants

Oxidative stress, driven by excessive production of
reactive oxygen species (ROS), plays a key role in
neuronal damage and death, contributing to various
neurological conditions such as stroke, Alzheimer's, and
Parkinson’s disease. Antioxidants counteract this stress by
scavenging free radicals or enhancing the body's natural
antioxidant defenses. By neutralizing ROS or preventing
their formation, antioxidants help reduce oxidative
damage to neurons, providing a therapeutic approach to
protecting the brain from degenerative diseases and acute
injuries [37].

Enzymatic Antioxidants

Enzymatic antioxidants either mimic or enhance the
activity of natural antioxidant enzymes such as superoxide
dismutase (SOD), catalase, and glutathione peroxidase,
which play critical roles in neutralizing ROS. These
enzymes are crucial for maintaining redox balance and
protecting cells from oxidative damage. Recombinant

SOD, such as edaravone, is used to manage stroke and
amyotrophic lateral sclerosis (ALS) by improving
antioxidant defenses and mitigating oxidative stress, thus
reducing neuronal injury and death in these conditions
[38].

Non-Enzymatic Antioxidants

Non-enzymatic antioxidants directly neutralize ROS,
reducing oxidative damage in the brain. Common dietary
antioxidants like Vitamin E and Vitamin C provide
neuroprotective effects by scavenging free radicals and
preventing lipid peroxidation. Coenzyme Q10, a
mitochondrial cofactor, also acts as a potent antioxidant by
supporting cellular energy metabolism and reducing
mitochondrial oxidative damage. It is especially beneficial
in neurodegenerative diseases such as Parkinson's disease,
where mitochondrial dysfunction and oxidative stress are
key contributors to neuronal degeneration [39].

Synthetic Antioxidants

Synthetic antioxidants are chemically tailored compounds
designed to enhance the pharmacological properties of
ROS neutralization. These compounds are typically
developed to have greater stability, bioavailability, and
efficacy than naturally occurring antioxidants. NXY-059
was a synthetic antioxidant tested in preclinical stroke
models, showing potential neuroprotective effects.
However, despite initial promise, its clinical trials failed
due to limited efficacy in human patients, highlighting the

challenges of translating preclinical findings into
successful treatments [40].

Anti-Inflammatory Agents

Chronic neuroinflammation is a key factor that

exacerbates neuronal injury in various neurological
diseases, including stroke, Alzheimer's, and multiple
sclerosis. Anti-inflammatory agents target inflammatory
pathways, including cytokine signaling, glial activation,
and inflammasome pathways, to reduce
neuroinflammation and protect neuronal integrity. By
modulating these pathways, these agents help to attenuate
the detrimental effects of inflammation on the brain and
facilitate  recovery  following injury or in
neurodegenerative conditions [41].

NSAIDs (Non-Steroidal Anti-Inflammatory Drugs)
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NSAIDs, such as aspirin and ibuprofen, are widely used
to reduce  neuroinflammation by  inhibiting
cyclooxygenase (COX) enzymes, which are involved in
the production of pro-inflammatory prostaglandins. In
neurological conditions, NSAIDs help to alleviate
neuroinflammation, potentially reducing neuronal damage
and improving outcomes in conditions such as stroke and
Alzheimer's disease. While their use is common, their
long-term efficacy and safety in neurodegenerative
diseases remain areas of ongoing research [42].

Cytokine Modulators

Cytokine modulators, such as TNF-e inhibitors like
etanercept, target specific cytokines involved in the
inflammatory response. TNF-o is a potent pro-
inflammatory cytokine that is often elevated in
neurodegenerative diseases and after brain injury. By
inhibiting TNF-o, these agents can reduce
neuroinflammation and improve outcomes in conditions
like stroke and traumatic brain injury (TBI). Although
promising in preclinical models, the clinical translation of
cytokine inhibitors remains under investigation [43].

Microglial Modulators

Microglial cells play a central role in brain inflammation,
and their activation can contribute to neuronal injury.
Minocycline, an antibiotic with anti-inflammatory
properties, reduces microglial activation and the release of
inflammatory cytokines, offering neuroprotection in
models of stroke and multiple sclerosis. By modulating
microglial activity, minocycline and similar agents can
help limit the detrimental effects of neuroinflammation,
promoting better outcomes in neurodegenerative and acute
neurological conditions [44].

Hormonal Agents

Certain hormones exhibit neuroprotective effects through
their antioxidative and anti-inflammatory properties,
which can mitigate the cellular damage caused by
oxidative stress and inflammation. These hormonal agents
provide neuroprotection by modulating signaling
pathways that regulate neuronal survival, synaptic
plasticity, and tissue repair, making them valuable
candidates for the treatment of various neurodegenerative
and traumatic brain injuries [45].

Estrogens

Estrogens, including estradiol, provide neuroprotection
through antioxidative actions, modulation of apoptotic
pathways, and enhancement of neuronal repair
mechanisms. Estrogens have been shown to reduce
neuroinflammation and promote synaptic plasticity, which
can be beneficial in postmenopausal women, where
estrogen deficiency may contribute to increased
neurodegenerative risks. Hormone replacement therapy
(HRT) has shown mixed results in clinical trials for
neuroprotection in Alzheimer's disease, but its potential
continues to be explored, particularly for its
neuroprotective benefits in aging and neurodegeneration
[46].

Melatonin

Melatonin is a potent antioxidant and free radical
scavenger that regulates circadian rhythms and supports
neuronal repair. By reducing oxidative stress and
modulating neuroinflammation, melatonin  promotes
neuronal survival and recovery. Its neuroprotective effects
are particularly evident in conditions such as stroke and
TBI, where it accelerates recovery by mitigating oxidative
damage, enhancing tissue repair, and improving sleep
patterns, which are often disrupted after neurological
injury [47].

Cell-Based Therapies

Cell-based therapies, including stem cell and progenitor
cell treatments, aim to replace damaged neurons and
modulate the brain's microenvironment to promote
regeneration. These therapies offer a promising approach
to repair brain tissue, enhance neural function, and
mitigate the progression of neurodegenerative diseases, by
replenishing damaged neurons and stimulating tissue
repair processes [48].

Mesenchymal Stem Cells (MSCs)

Mesenchymal stem cells (MSCs) are multipotent cells that
secrete neurotrophic factors, modulate inflammation, and
integrate into damaged tissues, promoting repair and
regeneration. MSCs have shown potential in the treatment
of stroke, TBI, and neurodegenerative diseases by
enhancing neuronal survival, reducing inflammation, and
fostering tissue regeneration. Their ability to home to
injured areas and secrete a variety of reparative factors
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makes them a promising tool for restoring neural function

after injury [49].

Neural Progenitor Cells (NPCs)

Neural progenitor cells (NPCs) are stem cells that have the
potential to differentiate into neurons and glial cells,

ISSN: 2584-2781

NPCs have shown promise in preclinical models of TBI

and Parkinson’s disease, where they can replace lost
neurons and enhance tissue regeneration. The ability of
NPCs to integrate into existing neural networks and

replenishing damaged brain tissue and promoting repair.
Table 1: Summary of Neuroprotective Agents — Examples, Mechanisms, and Therapeutic Applications

improve neurological function makes them a focus of
research for various neurological disorders [50].

Category Examples Mechanism of Action Therapeutic Reference
Applications
Small
Molecules
Glutamate Memantine, Block NMDA/AMPA | Alzheimer’s disease, | [51]
Receptor Perampanel receptor-mediated epilepsy
Antagonists excitotoxicity
lon Channel | Nimodipine, Prevent calcium overload and | Stroke, TBI, epilepsy | [52]
Modulators Phenytoin ionic imbalance
Mitochondrial Cyclosporine Inhibit mitochondrial | Ischemic stroke, TBI | [53]
Stabilizers A permeability transition pore
(mPTP) opening
Growth Factors
BDNF Recombinant | Activates TrkB receptors to | Depression, stroke, | [54]
BDNF enhance neuronal survival and | neurodegenerative
synaptic plasticity diseases
GDNF Recombinant | Supports dopaminergic | Parkinson’s disease, | [55]
GDNF neurons via GFRo/Ret | spinal cord injuries
signaling
IGF-1 Recombinant | Reduces apoptosis, | ALS, TBI [56]
IGF-1 inflammation, and promotes
synaptic plasticity
Antioxidants
Enzymatic Edaravone, Mimic or enhance endogenous | Stroke, ALS [57]
Antioxidants Recombinant | antioxidant enzyme activity
SOD
Non-Enzymatic | Vitamin E, | Scavenge free radicals to | Parkinson’s disease, | [58]
Antioxidants Coenzyme reduce oxidative stress neurodegeneration
Q10
Synthetic NXY-059 Neutralize ROS with enhanced | Stroke (preclinical) [59]
Antioxidants pharmacokinetic properties
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Anti-

Inflammatory

Agents

NSAIDs Aspirin, Inhibit COX enzymes, | Stroke, Alzheimer’s | [60]

Ibuprofen reducing neuroinflammation disease

Cytokine Etanercept Inhibit pro-inflammatory | Stroke, TBI [61]

Modulators cytokine TNF-a

Microglial Minocycline Reduce microglial activation | Stroke, multiple | [62]

Modulators and inflammatory cytokine | sclerosis
release

Hormonal

Agents

Estrogens Estradiol Antioxidative and anti- | Postmenopausal [63]
apoptotic properties neuroprotection,

Alzheimer’s disease

Melatonin Melatonin Antioxidant, regulates | Stroke, TBI [64]
circadian rhythms and
promotes neuronal repair

Cell-Based

Therapies

Mesenchymal MSC Secrete neurotrophic factors, | Stroke, TBI, | [65]

Stem Cells transplants modulate inflammation, and | Parkinson’s disease
integrate into tissues

Neural NPC Differentiate into neurons and | TBI, Parkinson’s | [66]

Progenitor Cells | transplants glia, replenish damaged tissue | disease

Emerging therapies
Emerging Therapies in Neuroprotection

Recent advances in neuroscience and pharmacology have
spurred the development of innovative therapies aimed at
mitigating brain damage and promoting recovery from
stroke and traumatic brain injury (TBI). One promising
area is the use of stem cell-based therapies [67].
Mesenchymal stem cells (MSCs) and neural stem cells
(NSCs) have shown the potential to reduce inflammation,
promote neurogenesis, and enhance synaptic plasticity in
preclinical models. These cells secrete neurotrophic

factors, modulate immune responses, and may aid in
repairing the blood-brain barrier. Ongoing clinical trials
are assessing their safety, optimal delivery methods, and
efficacy in diverse patient populations [68].

Gene therapy is another emerging approach, with efforts
focused on modulating the expression of neuroprotective
genes or silencing deleterious pathways. Advances in
gene-editing tools like CRISPR-Cas9 have enabled precise
manipulation of genes associated with inflammation,
apoptosis, and oxidative stress. For instance, therapies
targeting the Nrf2 pathway, a critical regulator of oxidative
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stress responses, are being explored to enhance neuronal
survival after brain injuries [69].

Exosome-based therapies have gained attention as a
novel delivery system for neuroprotective agents. Derived
from stem cells or immune cells, exosomes contain
bioactive molecules like miRNAs, proteins, and lipids that
influence cell signaling and repair processes. Their small
size and ability to cross the blood-brain barrier make them
ideal for delivering targeted therapies. Preclinical studies
have  demonstrated their  ability to  reduce
neuroinflammation and improve functional recovery in
both stroke and TBI models [70].

Another exciting avenue is the development of targeted
pharmacological agents. Novel small molecules and
peptides targeting excitotoxicity, oxidative stress, and
inflammation are being designed with enhanced
specificity and bioavailability. For example, inhibitors of
matrix metalloproteinases (MMPSs) are under investigation
for their role in reducing blood-brain barrier disruption and
limiting secondary injury. Additionally, the use of lipid
nanoparticles and other nanocarriers to deliver these drugs
directly to affected brain regions is being actively explored
[71].

Immunomodulation has also emerged as a critical focus
in neuroprotection. Therapies aimed at modulating the
immune response, such as monoclonal antibodies
targeting pro-inflammatory cytokines like IL-1B, are
showing promise in mitigating secondary damage.
Furthermore, adoptive regulatory T-cell therapy is being
studied for its potential to reduce neuroinflammation and
promote tissue repair [72].

Finally, combination therapies integrating multiple
modalities are  gaining  traction. = Combining
pharmacological agents with rehabilitation techniques,
such as transcranial magnetic stimulation or virtual reality-
based neurorehabilitation, may maximize recovery
potential. Similarly, integrating neuroprotective drugs
with mechanical thrombectomy in stroke patients holds
promise for synergistic effects. These emerging therapies
represent a multifaceted approach to addressing the
complex pathophysiology of stroke and TBI, offering hope
for improved outcomes in patients [73].

Conclusion and future directions

The development of neuroprotective agents for stroke and
traumatic brain injury (TBI) remains a critical yet
challenging frontier in neurology. Despite decades of
research, the translational gap between preclinical findings
and clinical efficacy underscores the need for novel
strategies to address the complexities of these conditions.
The heterogeneity in injury mechanisms, patient
populations, and pathophysiological responses
necessitates a shift from single-target approaches to multi-
modal therapies that address multiple aspects of brain
injury, including excitotoxicity, inflammation, oxidative
stress, and neurovascular repair.Future efforts should
prioritize advanced drug delivery systems, such as
nanoparticle-based carriers and exosome platforms, to
enhance the precision and effectiveness of neuroprotective
therapies. Precision medicine approaches, leveraging
biomarkers and genetic profiling, hold significant promise
in tailoring treatments to individual patients and
improving  outcomes.  Additionally, integrating
pharmacological interventions with  rehabilitation
techniques and technologies, such as brain stimulation and
virtual reality, may offer synergistic
benefits.Collaborative research efforts will be pivotal in
overcoming current challenges.  Multidisciplinary
approaches involving neuroscientists, pharmacologists,
engineers, and clinicians can accelerate innovation in
neuroprotection. Moreover, innovative clinical trial
designs, such as adaptive trials and those employing
advanced imaging and biomarker endpoints, will be
essential to bridge the preclinical-to-clinical divide. As the
field continues to evolve, these strategies can pave the way
for more effective and personalized treatments, ultimately
improving the quality of life for patients suffering from
stroke and TBI.
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