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Traumatic brain injury (TBI) represents a critical public health challenge with
profound consequences for patients’ neurological function and quality of life.
The delayed secondary injuries following TBI can lead to devastating long-term
sequelae encompassing cognitive de cits, emotional disturbances, post-
traumatic epilepsy, and neurodegeneration manifested as Alzheimer’s disease
or Chronic Traumatic Encephalopathy (CTE). Emerging evidence highlights
neuroin ammation as a pivotal mechanism driving secondary injury
progression, establishing it as a prime therapeutic target in TBI management.
Central to this process is the dysregulated cytokine release and associated
signaling cascades that orchestrate neuroin ammatory responses. The
pathological persistence of neuroin ammation arises from chronic glial
activation and sustained immune cell in Itration following TBI. This review
systematically examines recent advances in understanding cytokine dynamics
and their regulatory pathways across different temporal phases of TBI-induced
neuroin ammation. Notably, cytokines exhibit temporal functional pleiotropy -
the same in ammatory mediators may exert diametrically opposed effects during
acute (<24h), subacute (1-7d), and chronic (>7d) post-injury phases. This
temporal dichotomy underscores the critical importance of precision timing
when implementing cytokine-targeted therapies. Our comprehensive analysis
integrates current clinical, preclinical and basic research evidence to illuminate
potential mechanisms underlying TBI-associated neuropathology. We propose
that multi-modal therapeutic strategies should combine spatiotemporal
regulation of cytokine activity with pathway-speci c interventions. This
approach could potentially disrupt the self-perpetuating cycle of
neuroin ammation while preserving bene cial reparative functions. The
synthesis presented herein provides a framework for developing
chronotherapeutic interventions against TBI-related neural dysfunction.
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1 Introduction

Traumatic brain injury (TBI) refers to neurological dysfunction
caused by external mechanical forces acting on the brain, typically
resulting from head impacts due to falls, traf ¢ accidents, sports
injuries, physical abuse, or explosive blasts. These external forces
induce primary mechanical damage that evolves into complex
secondary biochemical responses (1, 2). With over 50 million
annual cases worldwide, TBI presents substantial global health
challenges - in China alone, the incidence rate reaches
approximately 0.013% (3, 4).

As a dynamically evolving pathology, TBI progression involves
two key phases: 1) The primary injury phase characterized by
immediate mechanical tissue disruption 2) The secondary injury
phase developing through biochemical cascades activated by the
initial trauma. Acute presentations of TBI include intracranial
hemorrhage, cerebral edema, and elevated intracranial pressure,
which may progress to chronic neurological sequelae such as
epilepsy, movement disorders, and dementia (5-7).

.These pathological changes signi cantly impair patients’
cognitive function, emotional regulation, and quality of life (8-10).

The molecular mechanisms underlying secondary injury in
traumatic brain injury (TBI) involve coordinated pathological
processes, which collectively drive progressive neurological
deterioration across distinct temporal phases (Figure 1) (11). The
acute phase (<24 hours post-injury) is characterized by rapid onset
of in ammation triggered by reactive oxygen species (ROS) and
damage-associated molecular patterns (DAMPSs) release from

10.3389/fimmu.2026.1738589

injured cells, leading to proin ammatory microglia activation and
cytokine storm. Key upregulated cytokines (e.g., IL-1a, IL-1b, IL-6,
IL-12, IL-17, IL-18, IFN-g, TNF-a, HMGB1, GM-CSF, CCL2,
Galectin-3) orchestrate neuroprotective immune surveillance and
debris clearance while risking excitotoxicity (12, 13), but this is
compounded by early downregulation of anti-in ammatory/type 2
cytokines such as IL-4 and IL-13—often undetectable or markedly
reduced in CSF, serum, and brain tissue—which limits counter-
regulatory signaling and allows unchecked pro-in ammatory
dominance, exacerbating excitotoxicity, BBB disruption, and acute
neuronal loss (14-16). In the subacute phase (1-7 days), persistent
in ammation exacerbates secondary insults such as BBB
breakdown, excitotoxicity, and pyroptosis, accompanied by mixed
microglial activation and astrogliosis. Dominant cytokines (e.g., IL-
2, IL-12, GM-CSF) modulate immune recruitment and partial
resolution but potentially amplify damage through pathways like
NF-kB/MAPK (17, 18), while sustained downregulation of I1L-4 and
IL-13, emerging IL-10 insuf ciency, and relative TGF-b1 reduction
delay in ammation resolution and aggravate edema and glial
scarring (14, 15, 19). The chronic phase (>30 days) features
sustained microglia and astrogliosis, leading to neuronal death,
neurodegeneration, and neural network abnormalities, perpetuated
by upregulated cytokines (e.g., IL-1b, IL-6, IL-18, TNF-a, IFN-g,
GM-CSF) that shift from reparative to maladaptive roles (20, 21)
and by downregulation/exhaustion of resolving cytokines such as
IL-10 and TGF-bl—evident in reduced serum IL-10 in moderate-
to-severe TBI patients (~35 days post-injury), with even lower levels
in those with post-traumatic confusional state—which fails to

Chronic toxicity

cytokines release, proinflammatory microglia activation.
(IL-1e, IL-1B, IL-6, IL-10, IL-12, IL-17, IL-18, INF-y, TNF-&, TGF-

B1, HMGB1, GMF, CCL2, Galectin-3 1 ; IL-4, IL-13 |)

BBB breakdown, excitotoxicity, proptosis, anti-inflammatory
microglia activation /persistent proinflammatory microglia

(IL-2,IL-12,GM-GMF 1 ; IL-4, IL-13 |)

Persistent microglia activation, persistent astrogliosis, neuronal
death, neurodegeneration, neural network function abnormality
(IL-1B,IL-6, IL-18, TNF-a, IFN-y, GM-GMF 1 ; IL-10, TGF-B1 )

ROS,DAMPs release,
Acute protection Acute phase
(< 24 hours)
24h —
Subacute
7 days —| phase
(<7days) activation, astrogliosis
30 days Chronic phase
(>30 days)

inflammatory initiate, inflammatory

FIGURE 1
The development of traumatic brain injury as time progresses.
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suppress persistent microglial activation, perpetuating chronic 2.1 Models of focal brain injury
neuroin ammation, impaired sleep ef ciency, and long-term
sequelae like cognitive de cits and tauopathy (15, 19, 22-24). Focal injuries are characterized by localized damage, often
Chronic neuroin ammation emerges as a pivotal self-  resylting from direct impact. The Controlled Cortical Impact
perpetuating process, driven by sustained in ammatory mediator  (CCl) model is a gold standard for inducing a reproducible focal
release, pathological microglial activation, and cytokine imbalance  contusion. In this model, a craniotomy is performed on an
that creates a pro-degenerative microenvironment. anesthetized animal, and a pneumatic or electromagnetic
impactor piston is propelled onto the exposed dura mater
. . . (Figure 1a). The key advantage of the CCI model is its high
2 Pathologlcal dlver5|ty of TBI and the degree of controllability; injury severity can be precisely titrated
corresponding preclinical models by adjusting parameters like impactor tip size, velocity, depth, and
dwell time. This results in a highly reproducible cortical lesion with
Traumatic brain injury (TBI) is a clinically heterogeneous  features resembling human contusions, including tissue loss,
condition, typically strati ed into mild, moderate, or severe  subdural hematomas, and axonal injury, making it ideal for
categories based on metrics such as the Glasgow Coma Scale  mechanistic studies and therapeutic screening (28). However, its
(GCS), duration of post-traumatic amnesia, and neuroimaging  primary limitation is the requirement for a craniotomy, an invasive
ndings (25, 26). Anatomically, TBI manifests in diverse forms,  procedure that introduces its own in ammatory artifacts and does
including focal injuries like cerebral contusions and penetrating  not mimic closed-head injuries.
wounds, as well as diffuse injuries such as diffuse axonal injury The Fluid Percussion Injury (FPI) model is another widely used
(DAI) and concussion. To dissect the complex mechanisms of TBI ~ method that can produce both focal and diffuse injury components.
and develop effective therapeutics, a variety of preclinical animal It involves delivering a uid pressure pulse onto the dura mater,
models have been established, each designed to recapitulate speci ¢ either centrally (midline FPI) or laterally (lateral FPI), via a
aspects of human pathology (27). A critical understanding of these ~ craniotomy (Figure 1b). The pressure pulse, generated by a
models, including their strengths and limitations, is indispensable ~ pendulum striking a uid- lled reservoir, causes rapid brain
for translational research. Here, we discuss the most widely used  deformation. The severity is controlled by adjusting the height of
TBI models, comparing their methodologies and clinical relevance  the pendulum drop, which determines the magnitude of the uid
(Figure 2; Table 1). pulse. FPI effectively models a combination of contusion, subdural
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FIGURE 2

TBI models in mice. (a) CCl model: A pressure or electromagnetic controller is used to drive the striker to hit the brain. The severity of the injury is
adjusted by controlling the rate, depth and dwell time of the percussion. (b) FPI model: Fluid pressure is delivered to the brain tissue by striking a
circular column of uid with a pendulum. The severity of the injury is regulated by controlling the pulse pressure by adjusting the height of the
pendulum drop. (c) WD model: The pressure generated by the free fall of a heavy object passes through the cylindrical shape of the catheter and
strikes the dura mater of the mouse. The severity of the injury is adjusted by varying the amount of pressure by adjusting the mass of the weight and
the height of the fall. (d) Blast model: Shock waves caused by explosions result in head trauma. The severity of the injury is controlled by varying the
size of the shock wave by adjusting the distance and intensity of the blast source.
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TABLE 1 Animal Models of TBI.

Degree of

10.3389/fimmu.2026.1738589

Trigger Species injury Type of injury Strengths Weaknesses
. . Il ) . A . L
Direct impact on exposed _Contro ed by Focal cortical contusion with High reproducibility and . .
R . . impactor depth, . . X L Craniotomy is
CCI model cortex with a pneumatic/ Mice, rat . localized axonal injury and precise control of injury .
L velocity, and dwell A ) . X required.
electromagnetic piston. time neuroin ammation. location and severity.
Fluid pressure pulse Controlled by the Mixed focal and diffuse injury, Models a complex injury . .
. . . . . . . Craniotomy is
FP1 model delivered to the dura Mice, rat magnitude of the including contusion, hemorrhage, pattern; highly required
mater. pressure pulse. and widespread axonal damage. reproducible. g '
. . - Low
L Controlled by Closed-head contusion with Clinically relevant L
A weight is dropped onto . ) . K o reproducibility;
WD model ) Rat, Mice weight and drop potential for diffuse injury from closed-head model; no .
the intact skull. R . R risk of skull
height. inertial forces. craniotomy.
fracture.
Penetrati . :
enetra _m_g A projectile breaches the Controlled by . - Models speci ¢ human Lack of
and ballistic K . L Penetrating wound with direct .
L skull and penetrates brain | Rat, Pig projectile size and . X o trauma (e.g., gunshot standardized
brain injury . . tissue laceration and cavitation.
tissue. velocity. wounds). protocols.
model
. Il h ] . L
Diffuse iniur Sudden, rapid head ﬁc;n:i:uzg :?t ¢ Widespread diffuse axonal injury Best model for Pathology can be
Jury rotation without direct Rat, Mice 9 . (DATI) with minimal focal concussion and DAL, subtle; lacks
model . acceleration/ S o
impact. rotation pathology. mimics inertial forces. standardization.

CCI model, Controlled Cortical Impact model; FPI model, Fluid Percussion Injury model; WD model: Weight Drop model.

hematoma, and subarachnoid hemorrhage, and is extensively used
in studies of post-traumatic epilepsy and neuroin ammation (29).
Similar to CClI, its main weakness is the necessity of a craniotomy.

2.2 Models of closed-head and diffuse
injury

To better simulate the biomechanics of falls or traf ¢ accidents,
closed-head injury models are employed. The Weight Drop (WD)
model, also known as the Marmarou model, is a classic example.
This model involves a free-falling weight striking the skull of an
animal, which can be either xed or allowed to move freely to
generate rotational forces (Figure 1c). Unlike CCI or FPI, the WD
model typically does not require a craniotomy, making it a more
clinically relevant model for closed-head contusions. Injury severity
is modulated by the weight and drop height. While this model more
closely mimics the biomechanics of human TBI, its major drawback
is lower reproducibility and a higher risk of skull fractures and
uncontrolled secondary impacts, which can increase experimental
variability (30).

Diffuse brain injuries, often resulting from rapid acceleration-
deceleration forces seen in car accidents or sports, are primarily
modeled using rotational injury paradigms. The Diffuse Injury
model (e.g., impact acceleration model) induces widespread
axonal injury by subjecting the animal’'s head to sudden, rapid
rotation without direct impact (Table 1). This model is crucial for
studying the pathophysiology of DAI and the long-term
consequences of concussion, such as Chronic Traumatic

Frontiers in Immunology

Encephalopathy (CTE), as it effectively simulates the shearing
forces that damage axons throughout the white matter (27, 29).

2.3 Models simulating speci c TBI
scenarios

Certain models are tailored to speci ¢ real-world TBI scenarios.
Penetrating and Ballistic Injury Models are designed to replicate
injuries from projectiles like bullets or shrapnel, which are
particularly relevant in military and forensic contexts. These
models involve a foreign object breaching the skull and directly
damaging brain tissue, with injury severity depending on the
projectile’s size and velocity (31). Blast Injury Models use shock
waves generated by explosions to simulate military-related injuries
(Figure 1d). These models are unique in that they produce a
complex injury pattern involving not only the primary blast wave
but also secondary and tertiary effects from ying debris and body
displacement. The severity is controlled by the intensity of the blast
and the distance from the source. Both ballistic and blast models are
critical for understanding the speci ¢ neuropathology seen in
military personnel, but they often lack standardized protocols,
which can complicate inter-study comparisons (32).

In summary, the selection of an appropriate TBI model is a
critical decision that depends on the speci ¢ research question.
While focal models like CCI and FPI offer high reproducibility for
studying localized contusions, closed-head and diffuse injury
models provide greater clinical relevance for common TBI
scenarios. A thorough understanding of each model’s strengths
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and weaknesses, as outlined in Table 1, is essential for advancing
our understanding of TBI pathophysiology and developing
effective therapies.

3 Main cytokines in TBI

Cytokines play a central role in orchestrating the
neuroin ammatory response that drives secondary injury in
traumatic brain injury (TBI). After the initial mechanical trauma,
damage-associated molecular patterns (DAMPS) from necrotic cells
activate resident microglia, astrocytes, and in Itrating peripheral
immune cells, leading to rapid cytokine production and release into
the brain parenchyma, cerebrospinal uid (CSF), and serum. This
cytokine cascade fuels neuroin ammation, which has dualistic
effects: acutely, pro-in ammatory cytokines (e.g., IL-1a/b, IL-6,
IL-12, 1L-17, IL-18, TNF-a, HMGBL1) promote essential debris
clearance, neutrophil recruitment, and immune surveillance but
risk exacerbating edema, blood-brain barrier (BBB) disruption,
excitotoxicity, and neuronal apoptosis; conversely, anti-
in ammatory or resolving cytokines (e.g., IL-2, IL-4, IL-10, TGF-
bl, GM-CSF) counteract excessive in ammation, support Treg
expansion, glial reprogramming, and tissue repair (Simon et al.,
(22); Alam et al., (204); Piancone et al., (19)). Dysregulated balance
—typically prolonged pro-in ammatory dominance with
insuf cient resolving signals—sustains chronic microglial/
astrocyte activation, oxidative stress, and progressive
neurodegeneration, contributing to long-term complications such
as post-traumatic confusional state, cognitive impairment, and
epilepsy. An overview of the primary cytokines involved,

10.3389/fimmu.2026.1738589

including their sources, temporal roles, and functional
classi cation, is provided in Table 2.

3.1 The IL-1 family

The Interleukin-1 (IL-1) family, comprising IL-1a and IL-1b,
represents a cornerstone of the innate immune response and is a
pivotal driver of the initial neuroin ammatory cascade following
TBI (33). While often grouped together, their distinct biological
properties necessitate a separate yet integrated discussion.

IL-1a acts as a primary alarmin, uniquely positioned to signal
immediate cellular stress. Unlike the strictly inducible IL-1b, IL-1a is
constitutively expressed in an active precursor form within CNS-resident
cells, particularly astrocytes, where it contributes to barrier homeostasis (8).
Upon cell injury and necrotic release, this pre-formed IL-1a can directly
engage the Type I IL-1 receptor (IL-1R1) to trigger a rapid in ammatory
response without the need for in ammasome processing. This makes IL-
la a critical initiator of the earliest post-TBI in ammatory events.

In contrast, IL-1b is the archetypal inducible pro-in ammatory
cytokine. Its production requires a two-step activation process: a
priming signal upregulates pro-IL-1b transcription, followed by
cleavage into its mature, secretable form by caspase-1 within the
NLRP3 in ammasome (34). This tightly regulated process ensures
that IL-1b is massively released only in response to signi cant
danger signals. Clinically, elevated CSF levels of IL-1b correlate
strongly with acute-phase in ammatory markers and injury severity
(35). Mechanistically, IL-1b neutralization has been shown to
mitigate microglial activation and protect vulnerable neuronal
populations, such as parahippocampal interneurons (36, 37).

TABLE 2 An overview of the main cytokines involved in traumatic brain injury.

Mechanism A ;
] 3 cute Phase Chronic Phase
Cytokines Classi cation . . . Role Role References
Funding Clari cation
Biomarker 15 patients: Higher IL- | Clinical, age > 16
1a levels in 24h. years Pro-in ammatory
(neurotoxic): Promotes
L1 Blocking IL-1a binding neutrophil recruitment, Limited data Perez-Polo
to IL-1R improves the FPI model in BBB disruption, and et al.,, 2016
Treatment extent of rats. sTBI early in ammation;
neuropathologic injury ' exacerbates injury.
after TBI.
Clinical, age 18-
53 patients with sTBI: 50 years, mTBI, Pro-in ammatory
Biomarker Higher 1L-1b levels in male (62.3%), (neurotoxic): Drives
24h. mo.tor vehicle . ?,?u:ter;t?::oggg Sustained elevation Vedantam et al,
IL-1b accidents (37.7%) s linked to chronic 2021:
permeability, and . i o t al. 2020
Neutralizing 1L-1b cytokine storm: neuroin ammation zen et al,
Treatment atte.nu§tes microglia cF-PI model in worsens edema and
activation and prevents | mice apoptosis.
the loss of neuron.
Injection of I1L-2/IL-2C . Neuroprotective:
. CCI model in L
IL-2 Treatment increases the number X Limited; data Promotes Treg Gao et al, 2017
L mice, moderate .
of Tregs, diminishs expansion, reduces
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TABLE 2 Continued

Cytokines

Classi cation

Mechanism

Funding

Acute Phase
200] [}

10.3389/fimmu.2026.1738589

Chronic Phase
200] [}

References

microgial cell activity
and reduces the levels
of pro-in ammations.

Clari cation
TBI (1.5-mm-
deep)

Injection of IL-2/IL-
2Ab increases the

chronic

in ammation;

de ciency
exacerbates
neurotoxic astrocyte
activation.

Microglial 1L-6

number of Tregs and Ischemic model Zhang et al,
enhances in mice 2018
immunomodulatory
function.
Neutralisation of IL-2
leads to Treg cell Ischemic model
Pathology de ciency to inhibit in mice Ito et al, 2019
neurotoxic astrocyte
activation.
Clinical, age 15-
. ] 83 years, male
h TBI:
93 patients wit (80%), fall (56%) Johnson et al.,
Higher IL-4 in serum
in 24n and motor 2022
Biomarker ' vehicle accident
(39%)
IL-4 is secreted and Middle cerebral Zhao et al
produced by neuronsin | artery (MCA) 2015 h
24h. occlusion model Neuroprotective: Sustained role in
IL-4 attenuates the Attenuates early resolving chronic
L4 in ammatory response in ammatory response, | in ammation;
and inhibits the inhibits microglia/ promotes tissue Radpour et al
Pathology abnormal activation of | CC! model in rat astrocyte repair and functional 2023
microglia and overactivation. recovery.
astrocytes.
Exogenous IL-4
accelerates
in ammatory SCI model in (.I':rancos—
Treatment regression and mice Quijorna et al.,
ameliorates post-TBI 2016
dysfunction and tissue
damage.
Clinical, age 18-
53 patients with sTBI: 50 years, mTBI,
Higher IL-6 levels in | male (62.3%), ;’g;fmam etal,
24h. motor vehicle
accidents (37.7%)
. Clinical, age 5-12
Biomarker years, 104 with
X . ) mTBI and 6 with | Pro-in ammatory Dual/chronic pro-
11.0 children with TBI' sTBI, sports (neurotoxic): in ammatory:
Higher IL-6 levels in (51%) and Contributes to acute Linked to persistent Ryan et al, 2022
IL-6 4h. accidents edema, BBB gliosis and
including falls breakdown, and neurodegeneration;
(42.3%) cytokine ampli cation; elevated in chronic
associated with worse TBI with poor
Pioglitazone attenuates early outcomes. prognosis.
neuroin ammation by CCI model in
inhibiting the PPARg/ rat, sSTBI(5-mm- Deng et al, 2020
NF-kB/IL-6 signalling deep)
Pathology pathway.

X Cryolesion of the Sanchis et al,
de ciency altered .
R . somatosensorial 2020
microglia and astrocyte
(Continued)
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TABLE 2 Continued

10.3389/fimmu.2026.1738589

Mechanism A ;
. . cute Phase Chronic Phase
Cytokines Classi cation . _ _ Role Role References
Funding Clari cation
activation markers and | cortex model in
PPARg kinetics to mice
accelerate injury repair.
IL-6 stimulates the CCI model in -
. i Willis et al,
Treatment regeneration of mice, mTBI(1- 2020
microglia. mm-deep)
Clinical, age <16
ith
166 patients with TBI: years, 33 wit h .
Biomarker Higher IL-10 levels in moderate TBI Di Battista et al,
o and 133 with 2016
’ sTBI, male
(74.7%)
IL-10/STAT3 signaling Neuroprotective
pathway activate to CCI model in Neuroprotective (chronic): Promotes
. . X . Barrett et al,
Pathology inhibite the production | mice, moderate (acute): Suppresses resolution of 2017
IL-10 of ROS as anti- TBI(2-mm-deep) | early pro-in ammatory | in ammation,
in ammatory response. cytokines, reduces supports long-term
oxidative stress. recovery; elevated in
Electroacupuncture favorable outcomes.
treatment leads to
increase 1L-10 levels
Treatment and inhibits Neuropathic pain WU et al 2018
macrophage autophagy | model in rats '
through the blockade
of the AMPK / mTOR
signaling pathway.
32 patients with sTBI: - .
Hi ii:elnL-slvzwlev;s in Clinical, age >18 Roquilly et al,
act?te stage years, male(75%) 2017
Biomarker Pro-in ammato Sustained neurotoxic:
Higher IL-12 levels at 3 | Ischemic model . y Contributes to
L (neurotoxic): Enhances . Lee et al, 2016
days after stroke. in mice . . chronic immune
IL-12 early in ammation, NK .
cell suppression leadin dysregulation;
IL-12 attenuates IFN-g ppressic 9 | Jimited long-term
production and ) to secondary insults. d
- . Ischemic model ata.
Pathology cytotoxicity capacity of | "7 Lee et al, 2016
. in mice
NK cells, leading to
further in ammation.
. Higher IL-17 levels in Diffuse TBI Amiresmaili
Biomarker .
acute phase. model in rats et al, 2020
1L-17 f .
in am:w\gs: microglia CCl model in Abou-El-
Pathology y 9 mice, mTBI(1- Pro-in ammatory Hassan et al,
and exacerbate the .
. mm-deep) (neurotoxic): Promotes . 2023
IL-17 in ammatory response. limited data.
acute neuronal
Propofol inhibits 1L-17 apoptosis.
production by miR- CCI model in
Treatment 145-3p / NFATc2 / rats, moderate Cui et al, 2021
NF-kB signalling TBI
pathway.
Clinical, age 15-
. ; 83 years, male .
93 patients with TBI: ' Pro-in ammatory
Higher 1L-18 levels in (80%), fall (56%) (neurotoxic): Drives Neurotoxic (chronic): Vedantam et al,
12h. and. motor. acute in ammasome Persistent elevation 2021
IL-18 Biomarker veh0|cle accident |4 tivation, worse 6- linked to ongoing
(39%) month outcomes; in ammation and
1 . ith TBI: associated with poor neurodegeneration
6_ patients wit . Clinical, 16 with prognosis. Ciaramella et al,
Higher IL-18 levels in
. sTBI 2014
chronic phase.
(Continued)
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TABLE 2 Continued

10.3389/fimmu.2026.1738589

Mechanism A ;
. . cute Phase Chronic Phase
Cytokines Classi cation . _ _ Role Role References
Funding Clari cation
Knockdqwn of IL-18 cCl model in
resulted in attenuated - Dong et al,
Treatment L mice, mTBI (1-
activation of astrocytes 2020
X ) mm-deep)
and microglia.
Post-mortem human .
. : . . . : . Roselli et al,
Biomarker brain: Higher IFN-g Clinical Pro-in ammatory Sustained neurotoxic: 2018
levels. (neurotoxic): Promotes Contributes to
IFN-g acute microglial chronic
st ::::rg eI:;hii]r;:;ion . cel model in activation and cytokine | neurodegeneration Wangler &
gy g mice storm. and poor outcomes. Godbout, 2023
response.
. . CCI model in
Biomarker Higher TNF-a levels in rats, repetitive Qin et al, 2017
acute stage.
mTBI
TNF-a induces the .
. Dual (neuroprotective/ . .
synthesis of . } Neurotoxic (chronic):
. . In vitro BBB neurotoxic): Acute . .
Pathology metalloproteinase via model exacerbation of BBB Sustained Ding et al, 2019
TNF-a Ca2+/ CAMK Il / disruntion and in ammation leading
ERK / NF-KB signaling. P to
apoptosis; some )
. neurodegeneration.
TNF-a inhibits protective effects.
abnormal microglia
Treatment activation and In vitro, hANPCs Kim et al., 2020
suppresses
in ammation.
35 patients with TBI: Clinical. male
Biomarker Higher TGF-b1 levels ' Li et al, 2021
) (74.3%)
in 24h.
TGF-bl. medlat.e.s the CCI model in
microglia transition Zhao et al,
L rats, sTBI (3-
from neurotoxicity to mm-deep) 2020a
neuroprotection. P Dual (neuroprotective/ Dual: Chronic
Pathology neurotoxic): Acute b . Jaliosis:
TGF-b1 promotes IL-1 promotion of rosis/g 'OS'S'_ .
TGF-bl and TNF-a production, | FPI model in in ammation/ promotes repair via Patel et al.,
exacerbating apoptosis rats, sTBI apoptosis; some glial FR'_(/_N_F'kB 2017
and oxidative stress. modulation. inhibition.
Exogenous TGF-bl
Dy | P
Treatment 9 9 demyelinating Xie et al, 2022b
pathways to attenuate S
. . ) model in mice
microglia-mediated
in ammation.
HMGBL1 induces the
tivati f - . .
jdc vation o pro. . ) . . Sustained neurotoxic:
in ammatory microglia | Spinal cord Neurotoxic: Drives Contributes to
HMGB1 Pathology and pro-in ammatory injury model in acute in ammation and chronic Fan et al, 2020
cytokines through the rats cytokine release. neurodegeneration
RAGE-nuclear factor- 9 '
kB pathway.
Higher GM-CSF levels CCI model in .
Biomarker from the third to the rats, mTBI (2- thz-(l)-:zet al,
sixtieth day. mm-deep) Neuroprotective: Acute Neuroprotectlve.
GM-CSF suppression of (chronic): Sustained
- 1 li i
GM-CSF suppresses CCl model in in ammation. Treg regulation and N
Treatment ro-in ammator Yorkshire swines, recovery. Williams et al,
P tory STBI (8-mm- 2020
factor expression.
deep)
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Mechanism A ;
. . cute Phase Chronic Phase
Cytokines Classi cation . _ _ Role Role References
Funding Clari cation
Exogenous GM-CSF
regulates the number MPTP-
Lo . . Olson et al,
of Tregs and inhibits intoxicated
. S 2020
the proliferation of model in mice
reactive microglia.
Clinical, 28 with
92 patients with TBI: moderate TBI
Biomarker Higher CCL2 levels in and 64 with Chen et al, 2023
24h. sTBI, male
(70.7%) Neurotoxic: Promotes
CCL2 acute glial reactivity limited data.
Knockdown of CCL2 and gene expression.
9 R P R mice Ransohoff, 2015
reactive glial cells and
reverses apoptosis.
Increased levels of
CMF activate . In vitro scratch Ahmed et al.,
Pathology astrocytes, exacerbating
o model 2020b
oxidative stress and
neuronal death.
Neurotoxic: Acute Neurotoxic (chronic):
GMF Mutation or oxidative stress and Sustained gliosis and
:tflg:]kgi’:;n :)i;s(i;sM:nd neuronal death. cytokine release. Selvakumar
Haed grosh: cCl model in et al., 2020
Treatment reduction of IL-1b, IL- -
mice Ahmed et al.,
6 and TNF-a 2020a
contributed to motor
function recovery.
Galectin-3 is released
. from brain parenchyma | CCI model in Venkatesan
Biomarker . : .
to cerebrospinal uid mice et al., 2010
in the acute phase
Galectin-3 exacerbated
IL-1b, IL-6, TNFa and
NOS2 expression, CCI model in .
Pathology promoting mice Neurotoxic: Acute Yip etal, 2017
Galectin-3 in ammation and promotion of limited data
damage to neurons. in ammation and '
neuronal damage.
Neutralization or
knockdown of
Galectin-3 signi cantly
Treatment promotes CCl modef in Yip et al,, 2017
neuroprotection in mice
damaged cortical areas
and hippocampal cell
populations.

IL-1a: Interleukin-1a; IFN-g: Interferon gamma ; TNF- : tumor necrosis factor a; TGF-b1:Transforming growth factor b 1; HMBG1: High mobility group protein 1; GM-CSF: granulocyte-

macrophage colony-stimulating factor; CCL2: C C motif ligand 2; GMF: glia maturation factor.

Despite their differences, both IL-1a and IL-1b converge on the
IL-1R1 signaling axis, leading to synergistic pro-in ammatory
effects. Studies using IL-1R1 knockout mice demonstrate superior
neuroprotection compared to isoform-speci ¢ inhibition,
highlighting their combined pathological impact (38). The
activation of the IL-1/IL-1R1 axis orchestrates a multi-faceted
assault on CNS integrity, including: 1) In ammatory
Ampli cation via NF-kB and MAPK pathways; 2) Barrier
Disruption of the blood-brain, meningeal, and blood-retinal
barriers (39); and 3) Leukocyte Traf cking into the CNS. This
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positions the IL-1R1 as a prime therapeutic target for mitigating
acute secondary injury.

3.21L-2

While pro-in ammatory cytokines dominate the acute phase,
endogenous counter-regulatory mechanisms are simultaneously
activated (40, 41). Interleukin-2 (IL-2), traditionally known for its
role in T cell proliferation, is emerging as a key player in promoting
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FIGURE 3
Interleukins play a role in the regulation of neuroin ammation following TBI. Exogenous IL-2 has been shown to enhance neuroprotection by
increasing the population of regulatory T cells (Tregs) and suppressing microglial activity. Additionally, IL-2 reduces levels of pro-in ammatory
cytokines IL-1b and TNF-a, while promoting the release of the anti-in ammatory factor TGF-bl. Elevated levels of IL-10 during the acute phase of
TBI inhibit astrocyte activation through the suppression of NOX production via the activation of the STAT3 signaling pathway. Furthermore, IL-10
inhibits macrophage autophagy by blocking the AMPK/mTOR signaling pathway. Regarding neurotoxicity, increased levels of IL-1 have been shown
to compromise the integrity of the blood-brain barrier, leading to the in Itration of peripheral immune cells and the release of in ammatory
mediators that activate microglia. In contrast, IL-12 has been found to promote the differentiation of cytotoxic NK cells and the secretion of IFN-g,
thereby intensifying the in ammatory response. Additionally, elevated levels of IL-18 have been implicated in the perpetuation of chronic
neuroin ammation, resulting in heightened neuronal apoptosis and dysfunction.

neuroin ammation resolution through its potent support of
regulatory T cell (Treg) survival and function (42).

Preclinical studies have demonstrated that administration of IL-
2/anti-1L-2 antibody complexes (IL-2C) signi cantly expands Treg
populations in the injured brain. This expansion correlates with
attenuated microglial activation, suppressed pro-in ammatory
cytokine release (IL-1b, TNF-a), and enhanced neurovascular
integrity (235). The therapeutic potential of this axis extends into
the chronic phase; recent groundbreaking work shows that delayed,
low-dose IL-2 (LD-IL-2) treatment can reverse chronic TBI
sequelae, such as post-traumatic headaches and cognitive de cits,
by replenishing meningeal Treg populations (43).

To overcome the challenges of systemic administration,
innovative CNS-targeting strategies are being developed. An
astrocyte-speci ¢ gene delivery system for local IL-2
overexpression has shown remarkable ef cacy in suppressing
reactive astrogliosis and improving functional outcomes across
multiple CNS injury models (44). Collectively, these ndings
establish the IL-2/Treg axis as a promising therapeutic strategy
for both acute attenuation and chronic resolution
of neuroin ammation.
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3.31L-4

Interleukin-4 (IL-4) is a pleiotropic cytokine that serves as a
master regulator of the transition from pro-in ammatory responses
to tissue repair. Elevated serum IL-4 levels in TBI patients suggest
its active involvement in post-injury immune modulation (45). Its
neuroprotective mechanisms are multifaceted, primarily centered
on reprogramming the function of glial cells.

IL-4 is a potent driver of anti-in ammatory glial
reprogramming. It directs microglia and macrophages away from
a pro-in ammatory state (e.g., CD86+) towards a reparative
phenotype (e.g., CD206+), which is crucial for clearing debris and
promoting neural repair (15). It achieves this by upregulating anti-
in ammatory mediators like IL-10 while suppressing pro-
in ammatory cytokines like TNF-a (46). Furthermore, exogenous
IL-4 attenuates reactive astrogliosis, a key component of the glial
scar that impedes regeneration.

The therapeutic utility of IL-4 is conserved across various CNS
injury models. In spinal cord injury, for instance, IL-4 treatment
accelerates in ammation resolution and improves motor recovery
(47). Excitingly, advanced delivery strategies are enhancing its
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therapeutic potential. Nanoparticle-encapsulated IL-4 has been
shown to activate the PPARg pathway speci cally in
oligodendrocyte precursor cells, promoting their differentiation
and restoring white matter integrity post-TBI (48). These ndings
underscore IL-4’s role not just as an anti-in ammatory agent, but as
a key mediator of CNS tissue repair, particularly in the context of
white matter injury.

3.4 IL-6

Interleukin-6 (IL-6), a pleiotropic cytokine primarily secreted
by macrophages, T lymphocytes, and stromal cells, orchestrates
acute-phase protein synthesis. Under physiological conditions, IL-6
is virtually undetectable in the CNS. However, following traumatic
brain injury (TBI), IL-6 is rapidly upregulated in microglia,
astrocytes, and neurons, with elevated levels observed in
cerebrospinal uid and serum within hours post-injury (49). This
cytokine promotes blood-brain barrier (BBB) dysfunction,
exacerbates neurological de cits, and ampli es in ammatory
cascades through STAT3 and MAPK pathways.

The PPARg/NF-KB/IL-6 axis serves as a key regulatory
mechanism for IL-6 production in TBI. Pharmacological
activation of PPARg with pioglitazone (10 mg/kg) suppresses NF-
kB nuclear translocation, reduces IL-6 levels, and attenuates
neuroin ammation and cerebral edema (50). Genetic evidence
further supports this pathway: microglia-speci ¢ IL-6 deletion
alters glial activation pro les and accelerates functional recovery
via PPARg-mediated repair mechanisms (51).

Notably, IL-6 exhibits context-dependent duality in TBI
pathophysiology: In the acute phase, IL-6 exerts pro-
in ammatory effects by driving neurotoxic in ammation through
classical membrane-bound IL-6 receptor (IL-6R) signaling.
Conversely, during the subacute phase, IL-6 displays
neuroprotective effects by stimulating microglial reprogramming,
enhancing neuronal survival, and improving cognitive outcomes
through soluble IL-6R (sIL-6R) trans-signaling (52). This temporal
dichotomy underscores the need to delineate stage-speci ¢ roles of
IL-6 signaling—targeting its detrimental acute actions while
preserving regenerative functions—to develop precision
therapeutics for TBI.

3.51L-10

IL-10, an anti-in ammatory cytokine predominantly secreted
by Th cells and macrophages, suppresses macrophage antigen-
presenting capacity, downregulates pro-in ammatory cytokine
production (e.g.,, TNF-a, IL-1b), and attenuates Thl-driven
immune responses. Within the CNS, 1L-10 exerts neuroprotection
through microglial modulation: in animal models, IL-10 enhances
b-endorphin expression in microglia, mediating antinociceptive
effects and promoting neural repair (53).

In traumatic brain injury (TBI), IL-10 has neuroprotective
effects through various mechanisms. Firstly, during the acute
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phase of TBI, IL-10 helps transition microglia to an anti-
in ammatory M2 phenotype, reducing TNF-a and IL-1b
secretion and promoting tissue preservation (54). Secondly, I1L-10/
STAT3 signaling inhibits NADPH oxidase (NOX)-dependent ROS
generation, suppressing oxidative stress and neuroin ammation via
NF-kB pathway inactivation (55). Lastly, IL-10 protects the blood-
brain barrier (BBB) by preventing vascular endothelial cell
apoptosis through STAT3-mediated Bcl-2 upregulation,
maintaining BBB integrity in rodent TBI models (56).

In the clinical setting, IL-10 also has various potential
applications. Serum IL-10 levels can be used as a prognostic
biomarker for predicting TBI outcomes with high sensitivity
(96%) and moderate speci city (50%) (57). Elevated IL-10, along
with IL-6 and IL-8, can predict the development of acute respiratory
distress syndrome in severe TBI patients (AUC = 0.84). IL-10
de ciency worsens post-TBI cognitive de cits and neuronal loss
speci cally in male mice, leading to increased hippocampal gliosis
(58). These ndings position 1L-10 as both a therapeutic target (via
STAT3 pathway modulation) and a clinically actionable biomarker
for TBI management.

3.6 IL-12

Interleukin-12 (IL-12), a heterodimeric cytokine primarily
secreted by activated antigen-presenting cells such as dendritic
cells and macrophages, plays a pivotal role in driving Thl
immune responses and stimulating interferon-gamma (IFN-g)
production by T cells and natural killer (NK) cells. Elevated IL-12
levels are observed in both clinical traumatic brain injury (TBI)
patients and experimental models during the early post-injury
phase (59, 60). Therapeutic interventions such as hydrogen
administration have been shown to mitigate neuroin ammation
by restoring physiological IL-12 expression levels and suppressing
microglial hyperactivation (61). Notably, I1L-12 counteracts TBI-
induced immunosuppression—a hallmark of severe TBI
characterized by impaired NK cell cytotoxicity, reduced IFN-g
production, and T cell depletion—by enhancing NK cell function
and indirectly revitalizing cellular immunity (60). However, the role
of IL-12 in CNS injury exhibits context-dependent duality. While its
immunostimulatory effects may confer neuroprotection, the IL-
12p40 subunit, essential for IL-12 bioactivity, paradoxically
exacerbates pathological damage in spinal cord injury models, as
evidenced by improved functional recovery and reduced lesion
volumes in IL-12p40-de cient mice (62). Whether this
detrimental role extends to TBI remains unclear, underscoring
the need to elucidate the mechanistic basis of IL-12’s dual effects
in TBI pathogenesis and its potential as a therapeutic target.

3.7 IL-17

Interleukin-17 (IL-17), a pro-in ammatory cytokine
predominantly secreted by T helper 17 (Th17) cells, exacerbates
neuroin ammatory cascades by inducing granulocyte colony-
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stimulating factor (G-CSF) and chemokine production, thereby
promoting in ammatory cell in lItration. This cytokine polarizes
microglia toward a pro-in ammatory phenotype (CD68+/iNOS+),
ampli es neuroimmune activation, and disrupts blood-brain
barrier integrity through matrix metalloproteinase-9 (MMP-9)
upregulation (63, 64). Temporospatial analyses reveal that 1L-17
levels in both CNS tissues and systemic circulation escalate
progressively from 6 hours to 7 days post-TBI, peaking at 72
hours (65)—a kinetic pro le strongly correlating with secondary
injury severity (r = 0.78, p < 0.01). Mechanistically, IL-17 drives
neuroin ammation via NF-kB pathway activation, as evidenced by
the therapeutic ef cacy of IL-17 neutralization: Secukinumab (anti-
IL-17A antibody) reduces phosphorylated p65 levels by 62% and
attenuates neuronal apoptosis (66). Preclinical interventions further
demonstrate that propofol-mediated IL-17 suppression restores
Th17/Treg balance through the miR-145-3p/NFATc2/NF-kB axis,
reducing cortical lesion volume by 38% and improving neurological
scores in rodent TBI models (67). These ndings collectively
position 1L-17 as a promising therapeutic target for early-phase
TBI management through NF-kB pathway blockade.

3.8 1L-18

Interleukin-18 (IL-18), initially characterized for its role in
driving interferon-g (IFN-g) production and orchestrating
immune cell in ltration, serves as a pivotal mediator bridging
innate and adaptive immunity by activating leukocytes/
lymphocytes and amplifying in ammatory apoptosis (68). In
traumatic brain injury (TBI), microglia-derived IL-18 undergoes
caspase-1-dependent cleavage—a process triggering synaptic
glutamate release and NLR-mediated neuroin ammation via
pathogen/damage-associated molecular pattern (PAMP/DAMP)
recognition through toll-like receptors (TLRs) (69, 70).
Mechanistically, DAMP-TLR engagement post-TBI activates
NLRP3, NLRP1, or AIM2 in ammasomes, facilitating IL-1b/IL-
18 maturation while concurrently inducing pyroptosis—a lytic cell
death marked by membrane pore formation and further cytokine
spillage (71, 72). Temporally distinct from IL-1b’s acute
proin ammatory dominance, IL-18 critically governs chronic
neuropathology: elevated serum IL-18 levels correlate with poor
long-term prognosis and drive persistent neuroin ammation linked
to neuronal dysfunction and neurodegeneration (34, 73, 74).
Therapeutic targeting of IL-18 with its endogenous antagonist IL-
18 binding protein (IL-18BP) demonstrates delayed ef cacy—
neurological recovery emerges only after day 7 post-TBI,
suggesting time-dependent modulation of IL-18 signaling
cascades or compensatory pathway activation during acute phases.

In summary, interleukins exhibit marked functional pleiotropy
in TBI pathophysiology, with certain family members exerting
neuroprotective effects while others drive neurotoxic
in ammation (Figure 3). IL-2 promotes neuroprotection by
expanding regulatory T cell (Treg) populations, suppressing
microglial activation, reducing pro-in ammatory cytokines such
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as IL-1b and TNF-a, and enhancing anti-in ammatory TGF-b1l
release. Similarly, IL-10 confers neuroprotection in the acute phase
by inhibiting astrocyte activation via STAT3-mediated suppression
of NOX production and by blocking macrophage autophagy
through the AMPK/mTOR pathway. In contrast, IL-1
(encompassing IL-1a and IL-1b) exerts neurotoxicity by
disrupting blood-brain barrier integrity, facilitating peripheral
immune cell in Itration, and activating microglia to release
in ammatory mediators. IL-12 intensi es in ammation by
promoting cytotoxic NK cell differentiation and IFN-g secretion,
while IL-18 perpetuates chronic neuroin ammation, leading to
sustained neuronal apoptosis and dysfunction. This temporal and
contextual duality underscores the potential for targeted interleukin
modulation to shift the balance toward resolution and repair in TBI.

3.9 Interferon-g

Interferon-gamma (IFN-g), a pleiotropic cytokine primarily
secreted by T-lymphocytes and natural killer cells, is also
endogenously produced by neurons and glial cells within the
central nervous system (CNS), where it regulates glial
proliferation, maturation, and synaptic network remodeling (75).
Elevated IFN-g levels are observed in both cerebrospinal uid and
plasma during acute traumatic brain injury (TBI), correlating with
neuroimmune modulation and neuronal circuit dysregulation (76,
77). While IFN-g drives neurotoxic microglial hyperactivation via
the STING pathway—a mechanism linked to persistent cognitive
de cits in murine TBI models (78)—it paradoxically exhibits
neuroprotective properties in stab wound injury contexts,
enhancing brain-derived neurotrophic factor (BDNF) secretion,
reducing cortical neuron apoptosis, and promoting astroglial scar
formation (79). This functional duality is further complicated by
genetic studies showing contradictory outcomes, suggesting
concentration-dependent and spatiotemporal regulation of IFN-g
signaling (77). Notably, mild TBI patients exhibit sustained IFN-g
elevation even 12 months post-injury, implicating chronic innate
immune activation in long-term neurological sequelae (80). These
con icting observations underscore the need for rigorous
investigation into IFN-g’s temporal dynamics, dose-response
relationships, and downstream effector mechanisms before
considering its therapeutic targeting in TBI management.

3.10 Tumor necrosis factors-a

TNF-a is a pro-in ammatory cytokine secreted mainly by
macrophages and monocytes, and plays an important role in
neuroin ammation by activating several signaling pathways upon
binding to its receptor. In a rat mild brain injury, TNF-a, were
signi cantly increased in rat brain tissue, and neurodegeneration
and induced astrocytosis in the hippocampus (81). Elevated levels of
TNF-a, as well as other pro-in ammatory cytokines (IL-6, I1L-10)
and soluble intracellular adhesion molecule (SICAM-1), have been
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associated with poor prognosis following severe TBI in adult men
patients (82). In the context of TBI, short-acting TNF-a activates
the TAK1 phosphorylation-dependent JNK pathway to protect
cells, while long-acting TNF-a induces ASK1 phosphorylation-
dependent JNK pathway, ultimately leading to caspase-dependent
apoptosis (49). In addition, TNF-a controls the synthesis of
neurotrophin and stops calcium in ux-induced neuronal death
(83). TNF-a also induces the synthesis of metalloproteinase, a key
constituent of the blood-brain barrier, via Ca2+/CAMK 1I/ERK/
NF-kB signaling, thereby disrupting blood-brain barrier
permeability and exacerbating the response (84). Zheng et al’s
study revealed TNF-a derived from microglia activates
downstream NF-kB/iNOS signaling, leading to
neuroin ammation, oxidative stress, and further deterioration of
TBI (85). Moreover, TNF-a has the potential to further aggravate
nerve damage through by activating the p53-induced apoptosis
signaling pathway (86). However, TNF-a may also exert protective
effects on neuronal cell death. In a neonatal rat model of hypoxic-
ischemic brain injury, TNF-a has been shown to have protective
effects on neuronal cell death by changing the polarization of
microglia and increasing the expression of neurotrophic factors.
Studies using transplantation of TNF-a-pretreated human neural
progenitor cells (hNPCs) have demonstrated regression of ischemic
morphology and improvements in neurological function (87).
Therefore, this neuronal stem cell therapy utilizing TNF-a may
also have neuroprotective effects against nonischemic traumatic
brain injury (TBI).

Tumor necrosis factor-alpha (TNF-a), a key pro-in ammatory
cytokine predominantly secreted by macrophages and monocytes,
exerts multifaceted roles in TBI pathophysiology through receptor-
dependent activation of downstream signaling cascades. In rodent
TBI models, elevated TNF-a levels correlate with hippocampal
neurodegeneration and reactive astrogliosis (81). Clinically,
sustained TNF-a elevation—alongside IL-6, I1L-10, and sICAM-1
—predicts poor outcomes in severe TBI patients (82).

Mechanistic studies reveal its dichotomous effects: Firstly,
Neurotoxic pathways: Chronic TNF-a exposure activates ASK1/
INK/caspase-3 apoptosis axis, while acute signaling via TAK1/INK
confers transient cytoprotection (49). Microglial TNF-a drives NF-
kB/iINOS-mediated oxidative stress and blood-brain barrier
disruption via MMP-9 upregulation (84, 88). P53-dependent
apoptosis is ampli ed through TNF-a/p38 MAPK crosstalk (86).
Secondly, Neuroprotective potential: TNF-a enhances
neurotrophin synthesis (BDNF 1.9-fold) and suppresses Ca2+
overload-induced excitotoxicity (Choudhary et al., (83)). In
neonatal hypoxic-ischemic models, TNF-a pretreatment polarizes
microglia toward an anti-in ammatory phenotype (Arg-1+ cells

3.5-fold), rescuing neuronal survival (87).

Emerging strategies exploit TNF-a’s duality: transplantation of
TNF-a-primed human neural progenitor cells (RNPCs) reduces
ischemic lesion volume by 48% and improves motor function in
preclinical TBI models, suggesting potential for neurorestorative
therapies (87). However, precise temporal modulation—
suppressing chronic neurotoxicity while harnessing acute
protective signaling—remains critical for clinical translation.
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3.11 Transforming growth factor-bl

TGF-b1 exists in an intrinsically latent state, requiring
activation by the TGF-b-binding protein to form a large inactive
complex. Only upon activation can TGF-b1 bind to its receptor and
exert biological effects. This cytokine plays a pivotal role in
maintaining cellular equilibrium, particularly in regulating
neuronal populations, making it inappropriate to categorize as
strictly bene cial or detrimental. In the central nervous system,
TGF-b1 exhibits dual functions. On one hand, it is widely regarded
as an anti-in ammatory cytokine with neuroprotective properties.
Post-TBI, elevated TGF-b1 levels synergize with M-CSF and 1L-6 to
accelerate macrophage polarization, generating reparative
macrophage subsets that enhance neuroprotection, angiogenesis,
and cell migration (89). In vitro TBI models demonstrate TGF-b1’s
ability to suppress cortical neuron apoptosis via upregulation of
Cav1.2/LTCCs (90). Additionally, TGF-bl drives microglial
transition from neurotoxic to neuroprotective phenotypes within
24 hours post-injury, mitigating axonal dysfunction (Zhao et al.,
(91)). It also counteracts IL-1b- and TNF-a-induced reactive
astrocyte activation, facilitating neural repair (92), and alleviates
demyelination and cognitive de cits in rats by modulating ERK1/2
and NF-kB pathways while dampening microglia-mediated
in ammation (93).

Conversely, TGF-b1l demonstrates neurotoxic potential by
promoting IL-1b/TNF-a production, enhancing apoptosis, and
exacerbating oxidative stress via NADPH oxidase-dependent ROS
generation (94, 95). Unpublished data from controlled cortical
injury models reveal acute-phase TGF-bl upregulation, which
may aggravate neuronal death through MAPK pathway activation
and disruption of cortical neuron ring patterns. These paradoxical
effects likely stem from model-speci ¢ variables (e.g., injury
severity, species differences) or temporal variations in post-TBI
signaling. For instance, neuroprotection is often observed in
subacute phases, whereas neurotoxicity dominates acutely.

Current evidence precludes de nitive conclusions about TGF-
bl’s net impact in TBI, as its effects hinge on spatiotemporal
expression dynamics, microenvironmental concentration
gradients, and crosstalk with downstream pathways. Critical
barriers to clinical translation include: (1) a lack of longitudinal
human studies mapping TGF-b1 uctuations across TBI phases; (2)
unidenti ed molecular “switches” governing its dual roles; and (3)
interspecies disparities in immune microenvironmental responses.
Future research must employ multi-omics approaches to resolve
TGF-bl's context-dependent signaling networks and develop
microenvironment-responsive modulation strategies before
considering therapeutic targeting.

3.12 High Mobility Group Box 1 protein

High Mobility Group Box 1 protein (HMGB1) serves dual roles
as a nuclear chaperone regulating DNA transcription under
physiological conditions and as a damage-associated molecular
pattern (DAMP) during cellular injury. Upon cellular damage,
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extracellular HMGBL activates Toll-like receptor 2/4 (TLR2/4) and
the receptor for advanced glycation end products (RAGE),
triggering p38/NF-kB signaling cascades that amplify
neuroin ammation (96, 97). This DAMP orchestrates microglial
polarization, exacerbating in ammatory cascades in traumatic
brain injury (TBI), stroke, and neurodegenerative diseases via the
RAGE-NF-kB axis, which induces pro-in ammatory cytokine
release and sustains microglial activation (98, 99). Beyond
immune modulation, HMGB1 disrupts cerebrovascular integrity
by upregulating aquaporin-4, damaging endothelial cells and
pericytes, and enhancing blood-brain barrier (BBB) permeability
—a mechanism attenuated by glycyrrhizin (GL), a pharmacological
HMGB1 inhibitor shown to reduce neuronal HMGB1
translocation, suppress cytokine storms, and improve
neurocognitive outcomes in rodent TBI models through RAGE
axis blockade (50, 100).

Clinically, HMGB1 demonstrates prognostic relevance: elevated
cerebrospinal uid (CSF) levels in pediatric TBI patients correlate
with poor 6-month outcomes, peaking within 72 hours post-injury
(101). Mechanistically, HMGBL1 exacerbates secondary injury by
priming the NLRP3 in ammasome in severe TBI (102) and impairs
white matter repair through TLR2/4-mediated inhibition of
oligodendrocyte precursor cell proliferation and myelination
(103). Despite its promise as a therapeutic target and biomarker,
critical knowledge gaps persist regarding isoform-speci ¢ effects,
temporal dynamics of HMGB1-receptor interactions, and cell-type-
speci ¢ signaling. For instance, while preclinical studies highlight
GL'’s ef cacy in acute phases, the therapeutic window for HMGB1
inhibition and its impact on long-term recovery remain unde ned
(104). These uncertainties underscore the need for longitudinal
human studies to validate HMGB1’s clinical utility and optimize
targeted intervention strategies.

3.13 Granulocyte-macrophage colony-
stimulating factor

Granulocyte-macrophage colony-stimulating factor (GM-CSF),
a pleiotropic cytokine produced by macrophages, T cells, mast cells,
endothelial cells, and broblasts, functions as a hematopoietic
growth factor while exhibiting neuroprotective properties in the
central nervous system. In experimental traumatic brain injury
(TBI) models, GM-CSF expression remains elevated from 3 to 60
days post-injury, demonstrating a strong correlation with favorable
neurological outcomes (105). Mechanistically, GM-CSF attenuates
neuroin ammation by suppressing pro-in ammatory cytokine
release, curbing reactive microglial proliferation, and expanding
regulatory T cell (Treg) populations, thereby reducing lesion
volume and accelerating neural repair (106). Recent preclinical
evidence highlights its capacity to reverse TBI-induced
immunosuppression: in juvenile male rats with TBI-hemorrhage
polytrauma, GM-CSF administration fully restored behavioral
de cits within 7 days, concurrent with enhanced mitogen
responsiveness in splenic and circulatory immune cells and
increased astrocyte counts without provoking systemic
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in ammation (107). These ndings collectively suggest that GM-
CSF exerts neuroprotection through acute glial activation/
proliferation and context-dependent immunomodulation,
bolstering endogenous repair mechanisms while maintaining
immune homeostasis post-TBI.

3.14 Chemokine (C—-C motif) ligand 2

The C-C Motif Chemokine Ligand 2 (CCL2)/CCR2 axis plays a
pivotal role in neuroin ammation by mediating monocyte
recruitment, T lymphocyte differentiation (TH1/TH2
polarization), and natural killer cell activation at injury sites
(108). Overexpression of this chemokine-receptor pair exacerbates
neuropathology in traumatic brain injury (TBI), as evidenced by
elevated serum CCL2 levels in 92 TBI patients, which inversely
correlated with favorable outcomes and served as an independent
predictor of poor prognosis (109). Preclinical studies demonstrate
that CCL2 knockdown or CCR2 antagonism attenuates
neuroin ammation by reducing glial activation, suppressing pro-
apoptotic gene expression, and improving cognitive recovery in
spatial memory tasks (110, 111). However, age-dependent
divergences emerge: CCR2 de ciency in pediatric TBI mice
paradoxically elevated serum CCL2 without worsening seizure
susceptibility or neuroin ammatory responses, while CCR2
antagonism in adult models failed to mitigate tissue damage or
epileptogenesis (111). These ndings underscore the context-
speci ¢ nature of CCL2/CCR2 signaling, where therapeutic
ef cacy may depend on developmental stage, injury chronology,
and compensatory pathway activation, necessitating age-strati ed
approaches for clinical translation.

3.15 Glia maturation factor

Glia maturation factor (GMF), predominantly expressed in
astrocytes and neurons within the central nervous system, is
upregulated in neurodegenerative pathologies such as Parkinson’s
and Alzheimer’s disease, with emerging evidence implicating its role
in traumatic brain injury (TBI) (112). Mechanistically, GMF drives
neuroin ammation through rapid NF-kB pathway activation, as
demonstrated in in vitro TBI models where GMF overexpression
exacerbates oxidative stress-mediated neuronal death by inducing
astroglial hyperactivation (113, 114). Conversely, GMF de ciency
attenuates neuropathology across experimental models: zebra sh
with GMF mutations exhibit suppressed IL-1b/TNF-a expression,
reduced radial glial hypertrophy, and diminished acute-phase
reactive gliosis post-TBI (115), while GMF-knockout mice show
decreased phosphorylated NF-kB, iNOS, and cyclooxygenase-2
levels, alongside mitigated axonal damage and improved motor
recovery (236). Critically, GMF ablation reprograms microglia
toward an anti-in ammatory phenotype, characterized by
progressive declines in TNF-a and IL-6, which correlates with
reduced neuronal loss and behavioral de cits (113). Collectively,
these ndings establish GMF as a master regulator of TBI-

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1738589
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhu et al.

associated neuroin ammation, amplifying glial activation, pro-
in ammatory cytokine cascades, and oxidative stress during acute
injury phases.

3.16 Galectin-3

Galectin-3, the predominant member of the b-galactoside-
binding lectin family, is a cytoplasmic protein expressed in
macrophages, monocytes, and mast cells that orchestrates
in ammatory responses, particularly during acute-phase injury
(116). Its expression is markedly upregulated in traumatic brain
injury (TBI) and spinal cord injury models, with early post-
traumatic elevations detected in microglia, cerebrospinal uid
(CSF), and peripheral plasma (117-119). Clinically, plasma
Galectin-3 levels correlate positively with Glasgow Coma Scale
scores (r = 0.72, p < 0.001), underscoring its potential as a
prognostic biomarker for TBI severity (120). Mechanistically,
microglia-derived Galectin-3 released into the CSF during acute
TBI binds Toll-like receptor 4 (TLR4), driving the expression of
pro-in ammatory mediators (IL-1b, IL-6, TNF-a, NOS2) that
exacerbate neuronal loss and neuroin ammation (120, 121).
Therapeutic interventions targeting this axis—via neutralizing
antibodies or genetic knockdown—signi cantly reduce
in ammatory cytokine production and enhance neuroprotection
in cortical and hippocampal regions (122, 123). These ndings
position Galectin-3/TLR4 signaling as a pivotal driver of secondary
injury and a promising therapeutic target for mitigating post-
TBI neuroin ammation.

3.17 Peripheral cytokines in TBI and their
clinical values

Following a TBI, tissue and cell damage caused by direct
mechanical injury results in the release of numerous damage-
associated molecular patterns at the site of injury. This triggers
the activation of microglia, astrocytes, and neurons in the brain,
which serve as the primary source of acute phase CSF cytokines in
TBI. Damage from TBI frequently leads to the breakdown of the
blood-brain barrier, allowing DAMPs released into the peripheral
blood, inducing systemic in ammation and increasing levels of
cytokines in the peripheral blood.

There are few cytokines with clinically signi cant value in
current research reports, with representative examples including
IL-6, IL-10, and IL-15. Clinically, many studies support a positive
correlation between elevated IL-6 and more detrimental TBI effects
(124). Among TBI patients, interleukin-6 (IL-6) was frequently
measured and found to have signi cantly elevated levels in six out of
seven studies compared to controls. The elevation was noted as
early as six hours after mTBI (125) and persisted for up to six
months (35). Similarly, Singhal et al. reported that higher IL-6 levels
were related to worse clinical outcomes in a study of patients with
TBI (126). In addition, IL-6 correlates to increased risk of elevated
cerebral pressure, which can lead to hypoxic areas of the brain due
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to poor perfusion, herniation, and death (127). In this study, the
patients with a higher intracranial pressure (ICP) ( 25 mmHg) had
signi cantly higher IL-6 in the rst 17 h after admission. These
correlations between elevated 1L-6 and poor clinical outcomes may
be related to IL-6’s proin ammatory function. If IL-6 is exorbitantly
elevated early on, or levels do not fall after acute in ammation, I1L-6
may promote detrimental chronic in ammation (128).

In addition, It is important to consider that in cases where the
blood-brain barrier remains intact, assessing the levels of IL-6 in
CSF or brain parenchyma directly but not the serum level could
offer more diagnostic value. In rats, serum IL-6 was signi cantly
increased 90 min after TBI but decreased after 24 h. In contrast,
brain tissue IL-6 remained elevated (129, 130). Therefore, relying
solely on measurements of peripheral cytokine levels fails to
promptly and accurately re ect the dynamic changes of their
counterparts within the brain. This may be a key reason why
cytokines have proven dif cult to use for predicting clinical
outcomes in TBI patients.

IL-10 could be considered as another independent marker for
TBI prognosis. Elevated serum levels of 1L-10 were also associated
with mortality (57, 131). In a sample of patients with severe TBI,
mortality rates were up to 6 times higher in individuals with higher
IL-10 levels (>90 pg/ml) compared to those with lower IL-10 levels
(<50 pg/ml) (131). This may attribute to the positive association
between elevated levels of IL-10 and GCS severity, BBB dysfunction
and mortality in severe TBI (131, 132). Among 166 isolated TBI
patients in a clinical study (58), IL-10 emerged as the most
prominently affected cytokine in the acute phase following the
injury, showing a positive correlation with the severity of the
injury. Furthermore, patients who died due to either neurological
or non-neurological organ failure exhibited elevated levels of IL-10.
However, there are also report indicating that among patients with
TBI, the concentration of IL-10 in cerebrospinal uid was found to
be elevated in 26 out of 28 TBI patients, with only 7 of them
showing elevated serum IL-10 levels. Taken together, these ndings
underscore the overall detrimental role of IL-10 in the early stages
of TBI, and indicate that IL-10 levels in peripheral blood likely have
a potential to become a valuable biomarkers for predicting
outcomes speci ¢ to brain injury. However, it is questionable
whether this prognostic value is universally applicable to all TBI
patients. Further studies are required to identify the speci c¢ injury
stages or patient subtypes where IL-10 is most predictive.

In a Transforming Research and Clinical Knowledge in
Traumatic Brain Injury (TRACK-TBI) Pilot Study, IL-15 showed
acceptable discriminatory ability for clinical and radiographic TBI,
with acceptable AUC values (0.70-0.74) for predicting 3- and 6-
month Extended Glasgow Outcome Scale (GOSE) outcomes across
TBI severities (133).Yet, the multifunctionality, redundancy,
synergy, and antagonism among cytokines limit the reliability of
any single peripheral marker as an independent prognostic factor.
Current prediction models more commonly incorporate systemic
in ammatory indices (e.g., Neutrophil-to-Lymphocyte Ratio [NLR]
and Monocyte-to-Lymphocyte Ratio [MLR]) rather than isolated
cytokines (134-137). Moreover, intact BBB cases may render serum
levels less re ective of CNS in ammation, underscoring a key
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limitation: peripheral cytokine pro ling alone often fails to
accurately mirror rapid intraparenchymal changes.

Moreover, predicting long-term disability requires a more
nuanced view. Large-scale cohort studies like the TRACK-TBI
initiative have been pivotal in demonstrating that the balance
between pro- and anti-in ammatory signals is a more powerful
prognostic indicator (133). A high IL-6/IL-10 ratio in the acute
phase, for instance, is a strong predictor of unfavorable six-month
outcomes (GOSE), with an odds ratio of approximately 2.5 for poor
recovery, elegantly capturing the concept of an “unresolved”
in ammatory state (133). Further validating this, a TRACK-TBI
analysis of a broad cytokine panel con rmed that early elevations in
pro-in ammatory cytokines were signi cantly associated with
worse outcomes across all TBI severities (133). This prognostic
power extends to mild TBI, where speci ¢ IL-6, TNF-a, IL-1RA, IL-
10, and MCP-1/CCL2 were associated with poor clinical outcome,
highlighting the value of measuring in ammatory cytokines in
future mTBI research, which still lacks consensus in
methodology. Similarly, the Collaborative European
NeuroTrauma Effectiveness Research in Traumatic Brain Injury
(CENTER-TBI) study has shown that cytokine pro les, including
elevated 1L-6 and TNF-a, correlate with prognosis in moderate-to-
severe TBI, with AUC values around 0.75 for predicting unfavorable
GOSE scores at 6 months (45, 138).

In addition, the clinical utility of these cytokines will
signi cantly ampli ed when integrated with novel blood markers
of direct structural brain damage, like Glial Fibrillary Acidic Protein
(GFAP) and Ubiquitin Carboxy-Terminal Hydrolase L1 (UCH-L1)
(139, 140). Combining structural and in ammatory markers in
multi-modal panels, analyzed with machine learning algorithms,
will provides superior prognostic accuracy by capturing both the
initial impact and the subsequent biological response. However,
challenges remain, such as biomarker stability over time and the
in uence of extracranial injuries, necessitating further validation in
diverse populations.

4 Cytokines related signaling
pathways in TBI

4.1 Mitogen-activated protein kinase
signaling pathway

The Mitogen-Activated Protein Kinase (MAPK) family,
comprising evolutionarily conserved serine-threonine kinases
including JNK, ERK1/2, and p38 pathways, transduces
extracellular signals to regulate in ammation, apoptosis, and
cellular homeostasis. In traumatic brain injury (TBI), the p38/
MAPK pathway emerges as a dual mediator—initially driving
acute neuroin ammation through microglial activation, yet
paradoxically exhibiting neuroprotective potential under speci ¢
contexts. Acute-phase p38 activation in microglia promotes
sustained pro-in ammatory cytokine release (IL-1b, IL-6, TNF-a)
and chronic neuroin ammatory microenvironments, as evidenced
by pharmacological interventions; HET0016 inhibition reduces
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neuronal apoptosis by 62% in immature TBI rats, while curcumin
suppresses cytokine upregulation by blocking p38 signaling (141,
142). Conversely, TNF-a-induced p38 activation upregulates
KNal.2 channels, mitigating neuroin ammation and seizure
susceptibility in murine TBI models (143). The JNK pathway
displays transient neuronal activation post-TBI, with in vitro
studies implicating its role in mechanical injury-induced
apoptosis, though in vivo functional validation remains pending
(144, 145).

In contrast, ERK1/2 signaling demonstrates persistent neuronal
activation, correlating with long-term apoptotic and necroptotic
processes even at 30 days post-injury. While MAPK activation may
partially sustain baseline neuronal function, therapeutic targeting
predominantly focuses on suppressing acute-phase dysregulation.
Emerging strategies include intranasal delivery of miRNA-loaded
extracellular vesicles to inhibit NLRP3-p38 crosstalk, which
attenuates chronic cognitive de cits (146). Notably, FDA-
approved MAPK inhibitors for oncology—such as p38
antagonists—show translational potential for TBI, though clinical
validation is required to repurpose these agents. This dichotomy
underscores the need for temporally precise interventions that
balance MAPK’s acute neurotoxic signaling with its context-
dependent protective roles.

4.2 TLR4/NF- B

Toll-like receptor 4 (TLR4), a pattern recognition receptor
expressed in microglia, astrocytes, and brain-resident
macrophages, exacerbates neuroin ammation and white matter
damage in traumatic brain injury (TBI) through NF-kB-
dependent mechanisms. Upon binding pathogen-associated
molecular patterns (e.g., lipopolysaccharide) or damage-associated
signals (e.g., IL-1b, TNF-a), TLR4 dimerizes with myeloid
differentiation protein 2 (MD-2), triggering canonical NF-kB
activation that upregulates pro-in ammatory cytokine synthesis
(IL-6, TNF-a, IL-1b) by 3- to 5-fold (147, 148). This signaling
axis further impedes neurorepair by blocking astrocyte transition to
anti-in ammatory phenotypes during acute TBI, thereby sustaining
chronic neuroin ammatory microenvironments (149, 150).

Preclinical evidence underscores the TLR4/NF-kB pathway as a
pivotal therapeutic target: curcumin reduces TLR4/NF-kB protein
levels in microglia, attenuating neuronal apoptosis and cytokine
storms (151). Similarly, hydroxychloroquine, uoxetine, and
omega-3 polyunsaturated fatty acids suppress microglial M1
polarization via this axis, decreasing blood-brain barrier
permeability and improving functional recovery (152-154).
Pharmacological TLR4 antagonism achieves dual bene ts—
modulating neuroin ammation through NF-kB inhibition while
normalizing autophagic ux, as evidenced by reduced LC3-11/
Beclin-1 expression and mitigated hippocampal neuronal loss
(155). Despite promising results, clinical translation requires
addressing unresolved challenges, including temporal speci city
of interventions (acute suppression vs. chronic modulation) and
blood-brain barrier penetrance of TLR4 inhibitors. Multitarget
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approaches combining TLR4/NF-kB blockade with growth factor
therapies (e.g., broblast growth factors) may optimize
neuroprotection while minimizing compensatory
in ammatory cascades.

4.3 TGF-bl/Smads signaling pathway

The TGF-b1/Smads signaling pathway orchestrates critical
post-TBI cellular processes—including proliferation, migration,
and immune regulation—through a conserved molecular cascade.
Ligand binding initiates TGF-b1l dimerization with type Il
receptors, recruiting type | receptors to form heterotetrameric
complexes that phosphorylate receptor-activated Smads (R-
Smads: Smad2/3). These activated R-Smads then complex with
Smad4, translocate to the nucleus, and modulate target gene
transcription, while inhibitory Smads (I-Smads: Smad6/7) ne-
tune signaling intensity (237, 238). Mirroring TGF-b1’s dual
roles, this pathway exhibits context-dependent neurotoxicity and
neuroprotection. In murine TBI models, TGF-b1/Smad activation
exacerbates secondary injury by upregulating NOX1-driven ROS
production, amplifying neuroin ammation, and inducing apoptosis
(95). Conversely, rat studies demonstrate neuroprotective effects:
Smad3 knockdown worsens astrogliosis and neuronal loss (156),
while ADAM17-mediated microglial M2 polarization via TGF-b1/
Smad signaling reduces neuroin ammation (157). Such diametric
outcomes underscore pathway plasticity, where therapeutic low-
frequency magnetic stimulation attenuates spinal injury by
suppressing Smad2/3 activation, suggesting modality-
speci ¢ regulation.

Intriguingly, neurotoxic outcomes predominantly emerge in
mouse TBI models, whereas neuroprotection is reported in rat
studies—a divergence potentially attributable to species-speci ¢
Smad isoform expression or microenvironmental variances. This
discrepancy highlights the urgency of clarifying TGF-b1/Smad
dynamics in human TBI cohorts or iPSC-derived models to
establish injury phase-speci ¢ roles (acute vs. chronic) and
receptor stoichiometry thresholds. Validated human data could
guide optimal animal model selection for mechanistic studies,
particularly to resolve whether pathway activation exacerbates
neuroin ammation in severe TBI or promotes repair in milder
cases. Such strati cation is essential before leveraging FDA-
approved TGF-b modulators (e.g., galunisertib) for
TBI therapeutics.

4.4 PI3K/Akt/mTOR

The PIBK/AKT/mTOR signaling axis, comprising lipid kinase
PI3K isoforms (classes I-111), serine/threonine kinase AKT (AKT1-
3), and mTOR complexes 1/2, serves as a master regulator of
cellular homeostasis by governing growth, apoptosis,
angiogenesis, and glucose metabolism (158, 159). In traumatic
brain injury (TBI), secondary injuries involve a complex interplay
of neuroin ammation, oxidative stress, apoptosis, and impaired
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autophagy, driven by key cytokines and their downstream signaling
pathways. The PI3K/Akt/mTOR signaling cascade serves as a
critical regulator in this context, in uencing neuronal
proliferation, axon growth, and dendrite formation (160). Upon
TBI, extracellular growth factors and tyrosine kinases activate PI3K,
leading to Akt phosphorylation and downstream mTOR
engagement. While mTOR activation can inhibit autophagy—a
process essential for clearing cellular debris—this inhibition may
paradoxically hinder nerve repair in certain scenarios (1). However,
recent studies demonstrate a predominant protective role:
activation of PI3K/Akt/mTOR reduces neuronal apoptosis,
attenuates in ammation, and improves cognitive and
sensorimotor functions post-TBI (160-162). For instance,
interventions like ursolic acid and setin enhance this pathway to
suppress ferroptosis and oxidative stress, yielding net
neuroprotective effects despite autophagy suppression (160, 162).
Dual effects are evident, as overactivation might contribute to
maladaptive responses, but targeted modulation (e.g., via miR-
3571 or 4,4’-dimethoxychalcone) consistently promotes recovery
in animal models (163, 164).

Akt also interacts with GSK-3b, a pro-apoptotic mediator that
induces mitochondrial permeability transition and apoptosis
primarily in neurons and microglia (161, 165). In cortical
neurons, GSK-3b phosphorylation post-TBI inhibits survival
signals and promotes apoptosis via transcription factor
modulation (165). In microglia, GSK-3b exacerbates
in ammation by phosphorylating PTEN, suppressing PI3K/Akt,
and driving pro-in ammatory polarization, leading to elevated
TNF-a and IL-6 levels (161, 166). Akt counteracts this by
phosphorylating GSK-3b at Ser9, inhibiting its activity and
reducing apoptosis and in ammation in these cell types (161, 167).

In summary, the cytokine-driven secondary injury cascade in
TBI involves interconnected signaling pathways (Figure 4). Pro-
in ammatory cascades predominate acutely: injured neurons
release DAMPs and HMGB1, which engage TLR4 on microglia,
triggering MyD88-dependent NF-kB nuclear translocation to
upregulate NLRP3 and GMF expression, thereby accelerating IL-
1b and IL-18 release; Galectin-3 ampli es this response via TLR4
binding, while ligand-induced MAPK (p38/JNK/ERK)
phosphorylation promotes microglial activation, oxidative stress,
and blood-brain barrier disruption—collectively driving early
apoptosis, edema, and gliosis. In contrast, resolving pathways
exert counter-regulatory effects: TGF-bl binding to its receptor
initiates Smad phosphorylation, inhibiting microglial activation,
preserving neuronal integrity, and preventing myelin shedding,
thus supporting neuroprotection and repair. Similarly, growth
factor (EGF/IGF)-mediated activation of PI3K/Akt modulates
apoptosis through GSK-3b phosphorylation, offering context-
dependent balancing of in ammation, autophagy, and survival
signaling. Sustained dysregulation—prolonged pro-in ammatory
dominance with inadequate resolving input—fuels chronic
neurotoxicity, neurodegeneration, and long-term sequelae. This
integrated pathway crosstalk highlights the therapeutic promise of
phase-speci ¢, multimodal interventions that enhance protective
arms (e.g., TGF-b/Smad or Akt activation) while suppressing
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FIGURE 4
An overview of cytokine factors related signaling pathways that are involved in TBI. I. Injured neurons release damage-associated molecular patterns
(DAMPs) and HMGB1, which bind to TLR4. This activates microglia to produce more in ammatory factors and Galectin-3. At the same time, it
initiates a cascade reaction with MyD88, promoting the entry of NF-kB into the nucleus to bind to the promoter and up-regulate the expression of
NLPR3 and GMF. This accelerates the release of IL-1b and IL-18. Galectin-3 can also initiate an in ammatory response by binding to the TLR4
receptor. Il. The binding of ligands (growth factors and cytokines) to speci c receptors triggers a cascade reaction of MAPKs. These are activated by
phosphorylation and ultimately induce microglia activation, oxidative stress, and blood-brain barrier damage. Ill. TGFb1 binds to the receptor and
initiates Smads protein phosphorylation. This inhibits microglia activation and protects the nerves, preventing myelin shedding. IV. After TBI,
epidermal growth factor and insulin growth factor bind to tyrosine kinase receptors, initiating a cascade reaction that activates Akt. Akt participates in
apoptosis by regulating the phosphorylation of the pro-apoptotic mediator GSK-3b.

maladaptive pro-in ammatory loops, accounting for injury severity
and translational challenges observed in preclinical and
clinical studies.

4.5 Signaling pathway crosstalk: the reality
behind therapeutic failures

While this review has discussed the roles of key signaling
pathways such as MAPK, TGF-b, PI3K/Akt, and TLR4/NF-kB, it
is a vast oversimpli cation to view them as independent, linear
cascades. A more accurate depiction is of a highly integrated and
redundant signaling network, where extensive crosstalk between
pathways is the norm, not the exception (168). The failure to
appreciate this complexity is a fundamental reason why
numerous therapeutic agents targeting these pathways have failed
in clinical trials for traumatic brain injury (TBI) (169). Molecules
like NF-kB and MAPKSs do not act in isolation but serve as critical
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signaling integration nodes, receiving inputs from multiple
upstream pathways and coordinating a complex downstream
response (Figure 5).

The MAPK-NF-kB axis provides a prime example of this
intricate crosstalk. MAPK subfamilies (p38, JNK, ERK) can
directly phosphorylate and activate the upstream IKK complex, a
key step in NF-kB activation (170). Conversely, NF-kB can, in turn,
regulate the transcription of genes involved in the MAPK pathway,
creating complex feedback or feed-forward loops that sustain
in ammation. This crosstalk leads to context-dependent and
sometimes paradoxical pathological outcomes in TBI. For
instance, in the immature brain, TBI-induced neuroin ammation
and pyroptosis are predominantly driven by a p38 MAPK  NF-kB

NLRP3 in ammasome signaling cascade (141). In this scenario,
therapeutic strategies solely targeting the TLR4 pathway might be
ineffective, as the primary driver of NF-kB activation is MAPK
signaling. In contrast, in many adult TBI models, the TLR4/MyD88
axis is a major upstream activator of NF-kB (171). This age- and
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FIGURE 5

Key signaling pathways and crosstalk in traumatic brain injury. This directed network diagram illustrates the major signaling pathways involved in
TBI neuroin ammation, including TLR4/NF-kB (upstream activator of in ammation), MAPK (p38, JNK, ERK1/2; parallel regulator of apoptosis and
autophagy), TGF-b/Smad (modulator of gliosis and repair with dual roles), and PI3K/Akt/mTOR (regulator of autophagy and apoptosis, interacting
with GSK-3b). Nodes represent key pathway components, cytokines (e.g., IL-1b/TNF-a as inputs), and outcomes (e.g., In ammation, Apoptosis,
Autophagy). Solid arrows indicate activation or positive regulation, dashed arrows denote inhibition or negative feedback. Crosstalk is highlighted:
TLR4 activates NF-kB, leading to IL-1b/TNF-a release, which feeds back to MAPK (p38/JNK) forming a positive loop; NF-kB upregulates

in ammation but is inhibited by Akt (negative feedback from PI3K/Akt/mTOR); TGF-b/Smad activates NF-kB (pro-in ammation) or inhibits MAPK
(repair), showing duality; PI3K/Akt/mTOR phosphorylates GSK-3b to indirectly regulate Smad transcription, while TGF-b feeds back to inhibit PI3K
via ROS. NF-kB serves as the central hub converging all pathways, leading to in ammation/apoptosis outputs.

context-dependent activation pattern is a direct manifestation of
signaling network complexity.

This inherent complexity provides a rational explanation for the
failure of single-target drugs. The principles of signaling
redundancy and compensatory activation mean that inhibiting a
single node (e.g., a speci c kinase) can be futile, as the signal ow
can simply be rerouted through alternative, parallel pathways to
reactivate the same downstream effectors (169). Therefore, future
therapeutic development for TBI must evolve beyond the “one-
target, one-drug” paradigm (172). Two promising strategies are
emerging: a) Multi-target Combination Therapy: This approach
involves simultaneously targeting multiple critical nodes within the
network to achieve a synergistic effect and prevent compensatory
signaling. For example, combining a p38 MAPK inhibitor with a
TLR4 antagonist could provide more comprehensive suppression of
neuroin ammation than either agent alone. b) Targeting Upstream
Master Switches: Instead of targeting individual downstream
pathways, a more effective strategy may be to inhibit upstream
“master switches” that control the entire in ammatory network.
The in ammasome represents such a target. As a central platform
for the activation of caspase-1 and the maturation of potent
cytokines like IL-1b and IL-18, inhibiting in ammasome
assembly or function could simultaneously block inputs from
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multiple upstream pathways (TLR4, MAPK, etc.), offering a more
robust anti-in ammatory effect (173, 174).

In conclusion, understanding and targeting the intricate
crosstalk between signaling pathways, rather than the pathways
themselves, is paramount. This shift in perspective is essential for
overcoming past therapeutic failures and designing the next
generation of effective neuroprotective treatments for TBI.

4.6 Clinical utility and future of cytokine
associated pathway in TBI

The signaling pathways themselves are becoming direct clinical
targets in TBI. The in ammasome pathway, particularly NLRP3,
has emerged as a high-priority target, supported by human evidence
showing that genetic variations in the NLRP3 gene are associated
with outcomes after TBI. This has spurred clinical trials for drugs
that modulate this pathway, such as glibenclamide, which has been
evaluated in clinical trials for its potential to improve motor and
neuropathological outcomes in CCI patients, demonstrating
reduced contusion expansion and improved functional scores in
Phase Il studies (175). The STAT3 pathway, a key downstream
effector of 1L-23, also has clear clinical relevance, with human TBI
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