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Abstract

Trauma represents a significant global health issue, often resulting in devastating and long-lasting effects on the body throughout a patient’s
life. Organ inflammation and dysfunction caused by trauma present additional challenges for clinicians. Therefore, understanding the cellular
and molecular mechanisms of post-trauma systemic inflammation and organ dysfunction is essential for improving the management of trauma.
This review aims to summarize current updates on the findings that explore different mechanisms of trauma-induced inflammation and organ
dysfunction, highlighting the recent understanding of the vital roles of damage-associated molecular patterns, trauma-induced cell death, organ–
organ cross-talk pathways, and the gut microbiota in the development and progression of post-traumatic systemic inflammation. We also discuss
new approaches that can potentially guide further investigations of trauma diagnosis, treatment, and prognosis.
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Background

Trauma refers to physical injuries caused by unexpected
events that threaten life suddenly, such as bleeding and
fractures [1]. Trauma is one of the leading causes of death
or disability in the working-age population; however, the
mortality rate in older adults is significantly higher [2],
depending on complications and sequelae [3]. Fifty percent
of trauma-related deaths occur within minutes, 30% of
trauma patients die within 2 days because of postinjury
neurological dysfunction, and 20% of patients commonly
develop systemic inflammatory response syndrome (SIRS)
or multiple organ dysfunction syndrome (MODS) [4].
Regarding the latter, this patient population is well suited for
prophylactic interventions to prevent SIRS/MODS because
of the time lag before organ inflammation and failure
onset. However, in clinics, trauma is complex and requires
immediate intervention provided from multidisciplinary
medical expertise [5, 6]. Thus, understanding the mechanisms
of trauma-induced organ inflammation and dysfunction is
critical for preventing the development of traumatic death.
This review focuses on current advances in trauma research,
particularly the new mechanisms underlying trauma-induced
organ inflammation and dysfunction. This information
may provide new evidence for therapeutic strategies in
trauma.

Review

Major types of trauma that induce organ
inflammation and dysfunction

Multiple types of trauma occur according to the injury site,
and can be classified as traumatic brain injury (TBI), thoracic
trauma, abdominal or pelvic trauma, or extremity trauma [7].
Different types of trauma can occur alone or simultaneously
as a result of different dangerous factors, leading to complex
pathological mechanisms.

TBI

TBI is defined as an external force-caused alteration in brain
function or other evidence of brain pathology [8]. Traffic acci-
dents, falls, violence, and other causes, such as sports injuries,
are common causes of TBI [9]. TBI not only causes high
mortality but also leads to long-term cognitive and behavioral
consequences for survival [10]. Although the outcomes of TBI
have improved in the past 20 years, the risk of complications
and long-term mortality continues to increase [11].

Thoracic trauma

Chest trauma is a common type of trauma, ranging from
simple rib fracture to heart penetrating injury or disruption of
tracheobronchial. It accounts for 25% of all traumatic deaths
and is second to TBI [12]. Patients with chest trauma typically
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exhibit symptoms such as hypotension, shallow and decreased
breathing, unstable chest walls, or subcutaneous emphysema
[13]. These symptoms may indicate potential lethal injuries,
including myocardial contusion, aortic disruption, pulmonary
contusion, diaphragmatic rupture, and tracheobronchial and
esophageal disruptions [14].

Abdominal and pelvic trauma

Several clinical observations revealed that the mortality rate
of abdominal and pelvic traumatic injuries was approximately
19% [15, 16]. Abdominal and pelvic trauma encompasses a
wide array of injuries. The use of computed tomography (CT)
increases diagnostic accuracy, helping patients avoid unnec-
essary surgical intervention and ultimately reducing mor-
bidity [17]. The primary causes of death are uncontrolled
bleeding and physiological exhaustion [18]. Intra-abdominal
and pelvic adhesions are a significant complication follow-
ing trauma. Many factors, including peritoneal fluid, neu-
trophils, macrophages, cytokines, mesothelial cells, and coag-
ulation factors, contribute to subsequent organ dysfunction
[19].

Extremity trauma

Traumatic injuries to the extremities usually cause bleeding
and fractures with complex bone, muscle, and skin injuries
[20, 21]. For profuse bleeding, immediate surgical exploration
is necessary. However, in less severe injuries, vascular injury
occasionally still occurs, whereas open fractures are at risk of
infection [22]. Evidence indicates that multi-extremity trauma
induces severe inflammation and the development of soft
tissue infection, posttraumatic osteoarthritis, osteomyelitis,
and nonunion [23]. Recent research has revealed that neu-
roinflammatory reactions induced by multiple types of injury
trigger the rapid recruitment and activation of immune cells
and the production of chemokines/cytokines (CCl2, CCl3,
CCl4, IL-1β, and IL-6), leading to secondary brain injury [24].

Mechanisms of trauma-induced inflammation and
organ dysfunction

After experiencing a traumatic event, TBI and/or hemorrhagic
shock can lead to early mortality. Most patients survive resus-
citation but may experience systemic inflammation and organ
dysfunction [25]. Below, we summarize the current under-
standing of the multifactorial mechanisms that contribute to
post-trauma inflammation and organ dysfunction.

Primary mechanisms
Danger theory

Danger theory was first proposed by Polly Matzinger in 1994
[26]. This theory suggests that the immune system is focused
primarily on detecting and protecting against endogenous
danger signals (i.e. molecules released by stressed or damaged
cells) rather than simply distinguishing between self and non-
self. Supporting this idea, various molecules associated with
tissue damage or cell death, termed danger-associated self-
molecules, have been shown to trigger activation of immu-
nity and inflammation response. These endogenous danger
molecules were renamed as danger-associated molecular pat-
terns (DAMPs) by Walter Land in 2003 [27].

DAMPs released from damaged tissue or dead cells can acti-
vate receptors, either membrane-bound or intracellular, in
neighboring cells, leading to local inflammation. DAMPs can

also initiate systemic inflammatory responses by reaching
distant tissues or organs and mediate the interaction between
different tissues or organs [28], which is crucial for tissue
repair and regeneration.

Over the past two decades, many DAMPs, including nucleic
acids, proteins, ions, glycans, and metabolites, have been
identified [29]. Studies have shown that cells can sense
DAMPs deriving not only from the same cell but also from
neighboring cells, as well as from distant tissues or organs
[30]. Intracellular DAMPs can be recognized by intracellular
receptors, including toll-like receptors (TLRs), purine receptor
7 (P2X7), receptors for advanced glycation end products
(RAGE), and the NOD-like receptor family (NLRs), in a
variety of diseases, triggering downstream inflammatory
cascades [31, 32] (Figure 1).

Released nucleic acids serve as important DAMPs. Nucleic
acids are released when nuclear or mitochondrial membranes
are disrupted by traumatic cell damage and subsequently
activate immune responses. For example, during trauma-
induced organ failure and immunoparalysis, massive amounts
of mitochondrial deoxyribonucleic acid (mtDNA) are released
into the cytoplasm [33]. This mtDNA is recognized by Toll-
like receptor 9 (TLR9) and induces the synthesis of IFN-α and
other proinflammatory cytokines via the mitogen-activated
protein kinase (MAPK), nuclear factor-kappa B (NF-κB),
NLR family pyrin domain containing 3 (NLRP3) signaling
pathways, or cyclic guanosine monophosphate-adenosine
monophosphate synthase (cGAS) [34]. DAMP proteins, such
as redox-sensitive S100, heat shock protein (HSP), and high-
mobility group box 1 (HMGB1), constitute another category
of important DAMPs [35]. For instance, HMGB1 acts via
Toll-like receptors-2/4 (TLR2/4) or interacts with RAGE and
Mac-1 (macrophage 1 antigen) to induce NF-κB-dependent
transcription, leading to the recruitment of immune cells
and the activation of Th2 immunity [36]. HMGB1 also
binds to the DNA-binding site of absent in melanoma 2
(AIM2) and activates the AIM2 inflammasome to trigger
proinflammatory autophagy and apoptosis during trauma
[37]. Deng et al. reported that HMGB1 can also act through
RAGE on macrophage to trigger HMGB1 endocytosis,
which subsequently initiates lysosome rupture and cathepsin
B activation and release, followed by the formation of
pyroptosome and activation of caspase-1, which serves as a
mechanism of HMGB1-induced macrophage pyroptosis [38].
However, some studies have reported contradictory findings
on the role of HMGB1, which presents intrinsic balancing
mechanisms to modulate the immune state. The structure of
HMGB1 contains three functional domains, including Box
A, Box B, and a terminal acidic tail. Among them, Box B
has proinflammatory effects. However, Box A interacts with
Box B to suppress the immune response [39]. In a rat model,
researchers reported that Box A of the HMGB1 protein
enhances wound healing through the formation of stabilized
DNA to prevent secondary DNA damage [40]. Furthermore,
HMGB1 is highly expressed in bone tissue and promotes
PINK1/Parkin-mediated mitochondrial autophagy, which is
beneficial for fracture healing [41].

S100 proteins are biomarkers and are positively associated
with the severity of trauma [42, 43]. Notably, S100B levels
are good prognostic markers for mild TBI, and maintaining
normal S100B protein levels indicates a positive outcome
[44, 45]. S100B also interacts with RAGE to damage the
endothelial glycocalyx by enhancing ADAM17 expression
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Figure 1. DAMP theory in trauma. DAMPs can be released by various cells, such as macrophages, DCs, neutrophils, epithelial cells, endothelial cells, and
fibroblasts, to induce the expression and release of inflammatory cytokines and chemokines and immune responses. DAMP molecules are typically
divided into five categories: nucleic acids, proteins, ions, glycans, and metabolites. MtDNAs are the major nucleic acids released by damaged cells into
the cytoplasm. Dying cells also release DAMP proteins, such as redox-sensitive HMGB1, S100, and HSP proteins. Ca2+, K+, and Cl− channels are three
important cellular ion DAMPs. These channels activate the NLRP3 inflammasome, leading to immune responses. Glycans include biglycan, versican,
decorin, and aggrecan. Glycans are located on the outer membrane of cells and initiate immune responses. The accumulated metabolites from lipid and
glucose metabolism are converted into DAMPs under damage conditions. For example, GGPP, OxLDLs, cholesterol crystals, and BAs are derived from
cholesterol metabolism, primarily SFAs from fatty acid metabolism, and glucose and citrate from glucose metabolism. DC dendritic cells, TLR toll-like
receptor, RAGE receptor for advanced glycation-end products, AIM2 absent in melanoma 2, PINK1 PTEN-induced putative kinase 1, Mac-1
macrophage-1 antigen 1, AMPK adenosine 5′-monophosphate (AMP)-activated protein kinase, DAMPs damage-associated molecular patterns, CaSR
calcium-sensing receptor, GPRC6A G protein-coupled receptor family C group 6 member A, MyD88 myeloid differentiation factor-88, TRIF TIR
domain-containing adaptor-inducing IFN-beta, NLRP3 NLR family pyrin domain-containing 3, AGEs advanced glycation end products, mtDNA
mitochondrial DNA, HMGB1 high-mobility group box protein 1, Ca 2+ calcium, K + potassium, Cl - chloride, GGPP geranylgeranyl diphosphate, OxLDLs
oxidized low-density lipoproteins, Bas bile acids, SFAs saturated fatty acids, TBI traumatic brain injury. This figure was created with BioRender. https://
BioRender.com/ruijymn

in endothelial cells (ECs) after TBI [46]. In addition, HSPs
modulate cell death and inflammation in traumatic injury,
especially in TBI [47]. HSP70 can be detected after 2 days of
severe trauma and plays neuroprotective roles in brain trauma
models. In TBI, the overexpression of HSP70 and HSP27
reduces blood–brain barrier (BBB) disruption and controls
lesion size, leading to better neurological function [48]. These
effects were also observed for HSP22 in early TBI. HSP22
improved oxidative stress and mitochondrial apoptosis to
alleviate TBI-associated subarachnoid hemorrhage (SAH)
and brain edema. During these processes, HSP22 through
AMPK-PGC1α signaling modifies mitochondrial biogenesis,
increases mtDNA and ATP, and blocks cytochrome c-triggered
apoptosis [49].

Glycans are sited on the cells outer membrane and bind
to immune receptors to initiate immune responses. Biglycan
overloading is sensed by TLRs, CD44, and RAGE receptors to
modulate the NLRP3 inflammasome to increase interleukin-
1beta (IL-1β) activation during cell damage [50]. Other
glycans, such as versican, decorin, and aggrecan, engage
myeloid differentiation factor-88 (MyD88) or TIR domain-
containing adaptor inducing IFN-beta (TRIF) to promote
NF-κB or ERK/p38 signaling in macrophages to express
TNF-α, IL-6, IL-12, C-X-C motif ligand 1 (CXCL1), and
C-C motif chemokine ligand 2 (CCL2), which consequently

chemoattract neutrophils, macrophages, and lymphocytes to
injury areas [51].

Calcium (Ca2+), potassium (K+), and chloride (Cl−) are
considered three important cellular ion DAMPs. K+ and
Cl− efflux activate the NLRP3 inflammasome [52, 53]. Cell
damage-induced Ca2+ overload is induced by calcium-sensing
receptor (CaSR) and G protein-coupled receptor family C
group 6 member A (GPRC6A), resulting in NLRP3 activation
via the recognition of reactive oxygen species (ROS) and
mtDNA, leading to immune responses [54].

Under damage conditions, the accumulated metabolites
from lipid and glucose metabolism can be converted into
DAMPs [55]. For instance, cholesterol crystals, bile acids
(BAs), farnesyl pyrophosphate (FPP), oxidized low-density
lipoproteins (OxLDLs), and geranylgeranyl diphosphate
(GGPP) can be derived from cholesterol metabolism. Satu-
rated fatty acids (SFAs) are primarily converted from fatty
acid metabolism, and glucose, hyaluronan, and citrate are
derived from glucose metabolism. These metabolite-derived
DAMPs can bind to their corresponding receptors to trigger
inflammation. Cholesterol crystals activate CXCL9 and
CXCL10 to downregulate expression of MRC1 and CCL13
to trigger inflammation [56]. Glucose and its precursor
advanced glycation end products (AGEs) drive the release of
the cytokines IL-6, IL-1β, TNF-α, and sustained inflammation
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Table 1. Different DAMPs in traumatic injuries

DAMPs Receptors Outcome Ref

mtDNA TLR9 Pro-inflammatory NF-κB, MAPK/cGAS NLRP3
activation

[33]

HMGB1 TLR2/4, or RAGE, Mac-1 NF-κB and activates Th2 immunity [35]
AIM2 Activate AIM2-inflammasome [36]
RAGE Cathepsin B and caspase-1 activation

Macrophage endocytosis
[37]

PINK1/Parkin Mitochondrial autophagy
Fracture healing

[40]

S100B RAGE NF-κB inflammation
Intracranial haemorrhage
Shedding endothelial glycocalyx by enhancing
ADAM17

[42]
[43]
[45]

HSP70/27 Phosphorylation Mediate BBB disruption
NF-κB activation
Cell apoptosis

[47]

HSP 22 AMPK-PGC1α Oxidative stress
Mitochondrial apoptosis
Increased mtDNA and ATP

[48]

Biglycan TLRs, CD44, RAGE NLRP3 inflammasome-induced cell damage [49]
Versican/
decorin/
aggrecan

MyD88, TRIF Promote NF-κB or ERK/p38 signaling in
macrophages
Release TNF-α, IL-6, IL-12, CCL2, and CXCL1

[50]

K+/Cl− CLIC NLRP3 inflammasome
ROS production

[51, 52]

Ca2+ CaSR, GPRC6A NLRP3 inflammasome
ROS and mtDNA release

[54, 56]

Cholesterol crystals NLRP3 Trigger caspase-1 and IL-1β [56]
Glucose AGEs TNF-α, IL-6, and IL-1β release

NF-κB activation-induced inflammation
[57, 58]

NF-κB nuclear factor-kappaB, MAPK mitogen-activated protein kinases, cGAS cyclic guanosine monophosphate-adenosine monophosphate synthase, NLRP3
NOD-like receptor family pyrin domain-containing 3, HMGB1 high mobility group box 1, AIM2 absent in melanoma 2, BBB blood brain barrier, MyD88
Myeloid differentiation factor-88, TRIF TIR domain-containing adaptor interferon-beta, TNF-α tumor necrosis factor-Alpha, IL-6 interleukin-6, CCL2 C-C
motif chemokine ligand 2, CXCL1 C-X-C motif ligand 1, CaSR calcium-sensing receptor, GPRC6A G protein-coupled receptor family C group 6 member A,
Ca2+calcium, K+ potassium, Cl− chloride, CLIC chloride intracellular channels, ROS reactive oxygen species, PINK1 PTEN-induced putative kinase 1

through the NF-κB signaling and PI3K/Akt pathway [57, 58]
(Table 1).

Trauma-induced cell death

Programmed cell death, including apoptosis, necroptosis,
pyroptosis, and ferroptosis, is an important pathobiological
change in trauma. DAMPs and inflammatory cytokines
released during trauma can induce cell death in both innate
immune cells and organ parenchyma. In turn, the induced
cell death exacerbates inflammation and further cell death,
thereby enhancing post-trauma inflammation and organ
dysfunction.

Apoptosis is a common and caspase-dependent cell death.
In trauma injuries, apoptosis can be induced by the inflam-
matory factor IL-1β [59] and is present in different types
of cells, such as neurons [60], hepatocytes [61], microglia,
and cardiomyocytes [62]. Apoptosis can be activated by
numerous factors, including injury-induced calcium overload,
free radicals, mTORC1, nitric oxide (NO), and fibroblast
growth factor receptor 1 (FGFR1) [63]. Proapoptotic factors
can trigger cytochrome-c-induced intrinsic mitochondrial
cell death or the extrinsic death receptor CD95 (Fas)/Fas
ligand (Fas L) pathway [64]. The canonical intrinsic apoptosis
pathway is modulated by Bax/Bak, followed by downstream
cytochrome-c (Cyto C) release and caspase 9 activation.
The TNF-mediated death receptor pathway leads to the
dysregulation of complex IIa receptor-interacting protein
kinase (RIPK)1/3 and downstream caspase 8 activation. All

of these pathways stimulate the expression of downstream
caspases 3 and 7 to initiate apoptosis [65]. Studies have
reported that within 1 h after trauma, caspases 8 and 9 are
detected, and after 6 h, caspase 3 is present [66].

Necroptosis is orchestrated by RIPK1, RIPK3, and mixed
lineage kinase domain-like protein (MLKL) proteins. Studies
reported that traumatic injury induces retinal ganglion
cell necroptosis, which exacerbates gliosis and neuroin-
flammation [67]. Studies have shown that necroptosis
modulates lysosomal defects, mitochondrial dynamics, axonal
degeneration, as well as inflammatory responses in TBI
[68]. Some molecular signaling pathways, including the c-
Jun N-terminal kinase (JNK), PI3K/Akt/GSK-3β, Wnt/β-
catenin, and ERK/MAP pathways are critically involved in
the process of necroptosis-induced neuronal damage [69].
Li et al. reported the significant role of trauma in inducing
mtDNA fragmentation in macrophages and the consequent
regulation of macrophage death [70]. The study used an
animal pseudofracture (PF) trauma model to show that
tissue damage induced nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase activation and increased the
release of ROS through cold-inducible RNA-binding protein
(CIRP)-TLR4-MyD88 signaling [70]. This subsequently
activated endonuclease G, which executed the mtDNA
fragmentation in macrophages. This study further revealed
that mtDNA damage triggered macrophages necroptosis.
However, the regulation of necroptosis following trauma
and hemorrhagic shock (HS) is complicated. One study
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investigated the impact of trauma on lipopolysaccharide
(LPS)-induced macrophage necroptosis and the mechanism
using a mouse PF model [71]. These results demonstrate that
the activity of LPS via TLR4 induces macrophage necroptosis.
Interestingly, tissue damage through the mediation by
HMGB1/RAGE signaling increases caveolin-1 expression in
macrophages, thereby promoting caveolae-mediated TLR4
internalization and desensitization, ameliorating LPS-induced
macrophage necroptosis. The study further demonstrated
that the upregulation of caveolin-1 expression is regulated
by RAGE–MyD88 signaling activation of Cdc42 and the
subsequent nuclear translocation of specificity protein 1 (Sp1).
This study reveals the protective role of DAMPs in limiting
inflammation in response to pathogen-associated molecular
pattern (PAMP) molecules.

Pyroptosis is a programmed and proinflammatory form of
cell death regulated by the gasdermin protein family (mainly
gasdermin D and GSDMD) through caspase-1 [72]. Usually,
this cell death process results in the formation of pores in
the plasma membrane and the release of cellular contents,
including DAMPs and inflammatory cytokines such as IL-18,
which trigger inflammation [73]. In vitro and in vivo exper-
iments revealed increased caspase-1 and GSDMD expression
levels in trauma injuries [74]. Ge et al. reported that NLRs
and AIM2 inflammasomes mediate pyroptosis to worsen BBB
damage following TBI [75]. CIRP, an important DAMP, also
induces pyroptosis. One study reported that administration
of recombinant murine CIRP (rmCIRP) in C57BL/6 mice
through intravenous injection causes lung injury, which is
accompanied by the assembly of the NLRP3 inflammasome
and caspase-1 activation in lung ECs and subsequent IL-1β

release and pyroptosis [76]. Another study demonstrated the
important role of HS in the priming of LPS-induced lung EC
pyroptosis [77]. Through TLR4, LPS activates the NLRP3
inflammasome in mouse lung vascular ECs (MLVECs), which
is followed by activation of caspase-1. However, the HS-
induced release of HMGB1, which acts through RAGE, trig-
gers EC endocytosis of HMGB1 and then elicits a series of
intracellular changes, including lysosome rupture and cathep-
sin B release, which promotes the assembly of pyroptosome
and activation of caspase-1. These results indicate that HS
sensitizes EC responses to LPS and promotes EC pyroptosis.

HS promotes the activation of NLRP3 inflammasome in the
lungs through suppressing pyrin production [78]. Pyrin is a
protein with 781-amino acid and a pyrin domain (PYD) at the
N-terminus. Pyrin suppresses the activation of inflammasome
through interactions with NLRP. In macrophages, LPS and
IL-10 can be potent inducers of pyrin expression. While LPS
activates the NLRP3 inflammasome in the lungs, LPS also
stimulates pyrin expression, which therefore suppresses the
activation of inflammasome. Importantly, the LPS-increased
IL-10 expression enhanced pyrin expression, further sup-
presses inflammasome activation. Nevertheless, HS through
suppressing IL-10 expression in alveolar macrophages
boosts the activation of inflammasome and the release
of IL-1β.

By reducing pyroptosis with small peptide carbon monoxide-
releasing molecule-3 (CORM-3), trauma-induced acute lung
injury (ALI) and acute respiratory distress syndrome (ARDS)
can be alleviated by activating PKG-ERK1/2 signaling [79].
Another peptide, ghrelin, inhibits inflammasome-mediated
pyroptosis through blocking NF-κB signaling, leading to a
protective effect on ALI [80].

Ferroptosis was first recognized in 2012 by Dr Stockwell
and is characterized by the accumulation of iron-dependent
lipid peroxides [81]. Ferroptosis is closely related to neuronal
death in TBI through the regulation of glutathione peroxidase
4 (GPX4) [82]. Because iron deposition is a key pathologi-
cal event in ferroptosis, some inhibitors that suppress iron
overload have been suggested to decrease TNF-α, IL-1β,
and caspase-3 levels [83, 84]. Recent studies have shown
that in trauma, increased EC ferroptosis, neutrophil extra-
cellular trap (NET) infiltration, maintenance in the intestinal
microvasculature, and suppression of NET formation can
diminish endothelial ferroptosis to improve trauma-induced
intestinal injury through Fundc1-dependent mitophagy [85].
Programmed cell death plays important roles in trauma-
induced inflammation and organ dysfunction (Table 2). How-
ever, communication among different modes of cell death has
been reported as well. Autophagy is a cellular self-renewal
process in which dysfunctional and unnecessary cellular com-
ponents are recycled to sustain homeostasis. Autophagy inhi-
bition can induce cell death after trauma [86]. After traumatic
spinal cord injury, for example, the inhibition of autophagy
leads to increased necroptosis and pyroptosis in nerve cells
[87]. Studies have shown that autophagy agonists alleviate
traumatic injury by reducing proinflammatory pyroptosis
and necroptosis through AMPK signaling to restore neural
function [88, 89]. Mitophagy is a special form of autophagy
in mitochondria. Mitophagy is mediated by the PINK1/Parkin
pathway, and the activation of mitophagy suppresses neuronal
apoptosis, pyroptosis, and ferroptosis after TBI [90].

Trauma-induced coagulopathy

Dysregulated anticoagulation systems are the leading mecha-
nisms of disseminated intravascular coagulation in traumatic-
induced coagulopathy (TIC). Several key factors contribute
to these processes. In traumatic tissue, cell death and
NETs release DAMPs into the circulation, evoking systemic
inflammation. Tissue factor (TF)-bearing procoagulant
extracellular vesicles are released, resulting in plasma
membrane rupture and gasdermin D-mediated pore formation
[91]. Inflammation-induced fibrinolysis also causes vascular
endothelial (VE) injury, leading to coagulopathy. On the
other hand, the interaction between inflammation and
coagulation causes insufficiently regulated thrombin, and
this disruption of homeostasis aggravates disseminated
microvascular thrombosis, affecting the prognosis of trauma
patients [92]. Another important component in the TIC
mechanism is dysregulated platelet function, resulting in
increased clot formation [74]. Crosstalk among tissue injury,
ECs, the immune system, platelet, and clotting activation
provokes and exacerbates multiple organ dysfunction [93].
In addition, the TF expressed on the surface of epithelial cells
provides hemostatic protection to the brain, heart, and other
vital organs. Under traumatic conditions, TF triggers both
arterial and venous thrombosis and generates coagulation
proteases involved in TIC [94].

In TIC, ECs generate thrombin and enhance the protease-
activated, receptor-mediated bidirectional interplay between
inflammation and coagulation [91]. Low levels of disintegrin-
like and metalloprotease with thrombospondin type 1 motif
13 (ADAMTS13) are associated with coagulopathy, EC dam-
age, and trauma mortality [95]. Conversely, high sCD40L
expression in the early stage of trauma is associated with
tissue and endothelial damage, enhanced shock, coagulopathy,
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Table 2. Mechanisms of four primary modes of programmed cell death

Cell death Triggers Mechanism Ref

Apoptosis IL-1β HMGB1/TLR4/SDF-1 [59]
Injury-induced calcium overload Bax/Bak

Cyt C-induced mitochondrial cell death
(Fas)/Fas ligand (Fas L)

[63]
mTORC1
NO
TNF
FGFR1
Fas/Fas L FADD/caspase 3/8

Bcl-2/Cyt C/caspase 9
[64]

TNF RIPK1/3/caspase 3/8 [65]
Necroptosis RIPK1, RIPK3 Phosphorylation of MLKL [67]

PI3K/Akt/GSK-3β, JNK,
ERK/MAPK, Wnt/β-catenin

TNFR1/TRADD activates RIPK1/RIPK3
complex and phosphorylation of MLKL, leading
to mitochondrial fission

[69]

CIRP, TLR4, MyD88 NADPH oxidase activation and ROS release,
activate endonuclease G

[70]

TLR4 HMGB1/RAGE/Sp1/caveolin-1 [71]
Pyroptosis DAMPs, IL-18 GSDMD/caspase 1 [74]

NLRs and AIM2 inflammasomes Blood–brain barrier damage [75]
CIRP NLRP3 inflammasome and caspase-1

activation, IL-1β release
[76]

TLR4 NLRP3 inflammasome,
HMGB1/RAGE/caspase-1 activation

[77]

IL-10 NLRP3/pyrin/IL-1β secretion [78]
CORM-3 Activate PKG-ERK1/2 [79]
IL-1β, IL-6, TNF-α, IL-18 NLRP3, Caspase1-P20, HMGB1 and

Gasdermin D and downstream NF-κB
[80]

Ferroptosis Aging, Fe2+ ROS/GPX4 [82]
Erastin Fenton/ROS increase and GPX4 decrease [83, 84]
NET Fundc1 phosphorylation-induced mitophagy [85]

mTORC1 mechanistic target of rapamycin complex 1, NO Nitric oxide, FGFR1 fibroblast growth factor receptor 1, Fas death receptor CD95, Fas L Fas
ligand, Cyto C cytochrome-c, RIPK Receptor-interacting protein kinase, MLKL mixed lineage kinase domain-like protein, JNK c-Jun N-terminal kinase,
NADPH nicotinamide adenine dinucleotide phosphate, CIRP cold-inducible RNA-binding protein, Sp1 specificity protein 1, GSDMD gasdermin D, NLRP
NOD-like receptor pyrin domain-containing protein, PKG protein kinase G, CORM-3 carbon monoxide-releasing molecule-3, IL-6 Interleukin-6, HMGB1
High Mobility Group Box Protein 1, TNF-α: Tumor necrosis factor-alpha, ROS reactive oxygen species, GPX4 glutathione peroxidase 4, Fe2+ ferrous, NET
neutrophil extracellular trap

sympathoadrenal activation, and mortality [96]. Endothe-
lial glycocalyx damage is another emergency inflammatory
response in traumatic coagulopathy. Traumatic shock causes
the loss of the glycocalyx of ECs, exposing VE cadherin,
leading to disruption of endothelial gap junctions. These alter-
ations are followed by leucocytes recruitment and activation
in the site of infection and damage, where they contribute to
lactic acidemia and systemic inflammation [97]. In addition to
leucocytes, neutrophils are also recruited and bind to activated
platelets to form NETs via the HMGB1 pathway. Once NETs
are released, extracellular pathogens in blood and damaged
tissues are trapped and killed [98]. Some studies have reported
that neutrophil–platelet aggregates damage the endothelial
barrier and cause a shift in the procoagulant phenotype of ECs
[96]. However, other reports have indicated that NETs also
promote the hypercoagulable state in trauma patients [99].
CXCR1/2-stimulated NETosis is highly expressed in animal
models and patients and accelerates thrombin generation.
The inhibition of CXCR1/2 ligands reduces NET formation,
multiorgan injury, and mortality [100, 101]. Thus, rapidly
correcting coagulation abnormalities represent a potential
approach to improve trauma injuries.

Secondary consequences
Trauma-induced immunometabolism dysfunction

Recent studies have shown that mitochondrial metabolic
pathways not only provide energy for cells but also reprogram

the proinflammatory and anti-inflammatory machinery in
immune cells as a secondary consequence following trauma.
The immunometabolic axis includes metabolic pathways,
including glycolysis, glutaminolysis, pentose phosphate, and
lipid oxidation, which play critical roles in inflammation
[102]. Hyperglycemia is common in patients after TBI and
is an indicator of damage severity. During damage, various
proinflammatory cytokines, such as IL-1, IL-6, and TNF-α,
activate the hypothalamic–pituitary–adrenal (HPA)-axis and
insulin resistance via the NF-κB signaling pathway [103],
leading to high levels of glucose and disruption of the BBB
and neuronal apoptosis [104].

Mitochondria are important organelles associated with
energy production. Early TBI induces mitochondrial dys-
function, along with increased ROS levels and decreased
ATP production. Xu et al. reported that mitochondrial
fission is harmful to neurons, microglia, and astrocytes.
In addition, by controlling mitochondrial metabolism via
adenosine 5′-monophosphate (AMP)-activated protein kinase
(AMPK)/silent information regulator 1 (SIRT1)/peroxisome
proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1α) signaling, melanocortin 1 receptor (MC1R)
attenuated brain damage [105].

Altered lipid metabolism is a potential marker of trauma.
The loss of all classes of circulating lipids was observed in the
early stage in post-trauma patients, followed by delayed and
selective lipogenesis. This alteration usually predicts worse
patient outcomes [106]. Lipid metabolites, such as OxLDLs
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and fatty acids, activate the traditional sensing receptors
TLR2, TLR4, and NLRP3. These factors aggravate inflam-
mation and traumatic thrombosis through the MAPK-NF-κB
and AMPK signaling pathways [107].

Lactate metabolism is another important factor in trauma.
Early in 2014, Matthew demonstrated that elevated lactate
concentrations were associated with poor prognosis in trauma
[108]. Recent clinical observations have also indicated that
higher lactate concentrations are associated with higher mor-
tality in patients with traumatic hemorrhage [109]. Gallagher
et al. demonstrated that lactate is used as an energy substrate
during the activation of the living brain generated by astro-
cytes. However, in TBI, the level of lactate predominates over
its uptake. This induces the inhibition of glycolysis, leading to
the aggravation of brain injury [110, 111].

Traumatic brain injury-induced organ-organ
crosstalk

Neuronal damage is prevalent after TBI injury and can disturb
communication between brain regions, leading to various
symptoms, such as mood, cognitive, memory, and anxiety
disorders and behavioral and motor function deficits [112,
113]. Studies have revealed a cascade of cellular and molecular
mechanisms that exacerbate neuronal damage, including
axonal injury, BBB disruption [114], calcium efflux [115],
oxidative stress, neuroinflammation [116], mitochondrial
dysfunction [117], and neuronal apoptosis and ferroptosis
[118, 119]. Briefly, traumatic forces induce axon membrane
injury within the white matter tracts of the brain, resulting in
local brain swelling; this is referred to as the primary injury.
Then, local swelling progresses to secondary injury, which
disrupts the balance of K+/Ca2+ homeostasis. This leads
to Ca2+ overload in mitochondria, which triggers cellular
hypoxia, lactic acid accumulation, and BBB breakdown [120].
These changes ultimately decrease cerebral blood flow [113],
followed by brain edema, an inflammatory response, and
subsequent diffuse neuronal cell death [121]. Secondary
injuries can last hours to years and are associated with poor
outcomes of TBI (Figure 2).

The BBB, formed by cerebral microvascular ECs and cell–
cell tight junctions, is an important selective barrier [121].
BBB rupture is the main characteristic mediated by TBI-
induced secondary injury. ECs interact with surrounding cells,
such as leukocytes, neurons, microglia, pericytes, and astro-
cytes, to control the transport of molecules to protect the
brain [122, 123]. Once the BBB breaks down, the loss of
ECs allows activated leukocytes to transmigrate into the
injured brain parenchyma to trigger microglial and astro-
cyte activation. Activated microglia release proinflammatory
cytokines and increase the expression of E-selectin, P-selectin,
and intracellular adhesion molecule-1 (ICAM-1) to increase
BBB permeability, further increasing leukocyte adhesion and
migration [124]. Astrocytes release matrix metalloproteinases
(MMPs) and relocate aquaporin 4 (AQP4) to influence the
junctions between ECs, and these processes are regulated by
the upstream MAPK signaling pathway [125, 126]. AQP4
expression destroyed the homeostasis of ions and fluid in
astrocytes, opened Ca2+ channels, and mediated brain edema
in TBI [127]. The massive Ca2+ influx caused by BBB rupture
also induces excitotoxicity. This process triggers the excessive
release of glutamate to toxic levels, which is closely associated
with neuronal death [128, 129].

In astrocyte mitochondria, damage leads to dysfunction
of the mitochondrial electron transport chain (ETC) and
oxidative phosphorylation (OXPHOS), along with increased
production of NO and reactive oxygen species (ROS), oxida-
tive stress and ultimately decreased adenosine 5′ triphosphate
(ATP) formation [120, 130]. On the other aspect, oxidative
stress contributes to BBB dysfunction and further promotes
molecular damage, such as DNA damage, lipid peroxidation,
protein oxidation, and inflammatory states that lead to exces-
sive neuronal death [131].

The inflammatory response can be triggered after TBI
through the release of DAMPs from primary injured tissues,
such as HMGB1, further contributing to the production of
proinflammatory cytokines, microglial activation, astroglio-
sis, macrophage polarization, BBB disruption, and neuronal
death [132–134]. Constitutive DAMPs (cDAMPs) are partic-
ularly present in TBI inflammatory situations. Evidence has
shown that the rapid release of cDAMPs induces the binding
of IL-1α to IL-1R1 and subsequently initiates the downstream
NF-κB, JNK, and MAPK pathways to promote the production
of proinflammatory cytokines, including TNF-α and IL-6
[135, 136]. During TBI, macrophages and microglia secrete
HMGB1, which binds to its receptor RAGE to mediate MAPK
and NF-κB signaling pathway activity to regulate cytokine
transcription in the nucleus [137]. Microglial polarization
plays an important role in neuroinflammation following TBI-
induced SAH. Recent breakthroughs have indicated that SAH
can significantly induce an inflammatory response by shifting
microglia from the M1 to the M2 proinflammatory pheno-
type. The NLRP3 inflammasome inhibitor takinib regulated
the M1M2 phenotype transition and reduced lipid peroxi-
dation, ROS overproduction, and oxidative damage. In this
process, the TAK1–ROS–NLRP3 inflammasome axis repre-
sents a potential new therapeutic target for TBI and its com-
plications [138]. IL-33 is quickly released by astrocytes and
acting through MyD88 activates the NF-κB pathway [139].
Interestingly, some studies have indicated that IL-33 presents
neuroprotective and anti-inflammatory effects through bind-
ing to suppression of tumorigenicity 2 receptor (ST2) [140,
141]. Thus, further studies are important to explore the
effect of IL-33 on TBI. Nucleotides, such as ATP, are the
fundamental cDAMP molecules that can be observed in TBI
mouse models within 20 min post-injury [142]. Studies have
shown that ATP plays a role in guiding microglial mobility
by activating P2 receptors (specifically P2X and P2Y), which
leads to neuroinflammation. However, an observational study
involving patients with TBI demonstrated that those who
took a P2Y inhibitor had a higher average TBI score, likely
because of the antithrombotic properties of the inhibitor
[143]. As noted with IL-33, more studies should be per-
formed to assess the role of ATP in inflammation following
TBI.

Notably, TBI-induced damage beyond the brain, such as to
the heart, lungs, liver, kidney, and intestine, has been widely
reported [144, 145].

Clinical observations have revealed that TBI patients com-
monly develop respiratory system complications, e.g. ARDS
and ALI, which are important factors associated with poor
clinical prognosis after TBI [146]. TBI models were used to
investigate lung injury, and the results revealed that inflam-
matory cytokine production and neutrophil and macrophage
infiltration in lung tissues significantly increased 24 h after
TBI [147].
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Figure 2. Pathology of TBI. Traumatic forces induce axon membrane injury within the white matter tracts of the brain, resulting in local brain swelling.
Several hours or days later, activated microglia and reactive astrocytes release proinflammatory cytokines, such as IL-1, IL-6, IL-1β, TNF-α, and TGF-β,
which breakdown multiple signaling pathways in the BBB, including MCP-1, ICAM-1, E-selectin, P-selectin, AQP4, and MMPs, resulting in secondary
injury. An imbalance in Ca2+/K+ channels induces glutamate release, leading to Ca2+ overload in mitochondria. This triggers cellular hypoxia, lactic acid
accumulation, increased ROS and NO levels, and reduced ATP synthesis. These changes decrease cerebral blood flow, followed by brain edema, an
inflammatory response, and subsequent diffuse neuronal cell death. Ultimately, secondary injuries can last hours to years and are associated with
dysfunctions of distant organs, such as the liver, heart, kidney, and lungs. TBI traumatic brain injury, NO nitric oxide, ROS reactive oxygen species, ATP
adenosine 5′ triphosphate, IL-6 interleukin-6, IL-1β interleukin-1beta, TNF-α tumor necrosis factor-alpha, TGF-β transforming growth factor-beta, MCP-1
monocyte chemoattractant protein-1, ICAM-1 intracellular adhesion molecule-1, AQP4 aquaporin 4, MMPs matrix metalloproteinases, Ca2+ calcium, K+
potassium. This figure was created with BioRender. https://BioRender.com/8sqgjpu

TBI also induces cardiac complications. Patients with TBI
exhibit severe cardiac dysfunction, increased cardiac fibro-
sis, and inflammatory cell infiltration [148]. A multicenter
study indicated an inverse relationship between brain–heart
cross talk and TBI mortality [149]. The complex interac-
tions between the brain and heart can be explained by two
theories: the neurogenesis-induced myocardial phenomenon
and the neuro-cardiac axis theory. In the case of neurogenic
stunned myocardium, a cascade of inflammatory responses is
triggered, which activates the autonomic nervous system. This
activation leads to the excessive release of catecholamines,
injuring heart muscle cells (myocytes) and dysfunction in the
microcirculation [150]. The neuro-cardiac axis is defined as
the neuronal circuits between the arteries, heart, brain, and
immune organs, such as the spleen [151]. An experiment

involving animals with TBI revealed that cardiac dysfunc-
tion leads to increased apoptosis of cardiomyocytes, along
with inflammation and oxidative stress, starting three days
after injury. This condition progresses to cardiac hypertro-
phy, fibrosis, and ventricular dilation by thirty days post-
TBI. Additionally, performing a splenectomy (removal of the
spleen) reduces cardiomyocyte apoptosis, decreases immune
cell infiltration and cytokine production, lowers oxidative
stress, and diminishes heart fibrosis following TBI [152].

Cirrhosis or impaired liver function can worsen the prog-
nosis of TBI. The acute phase of TBI triggers inflamma-
tory factors in the liver, including cytokines such as IL-1β

and TNF-α, as well as chemokines such as CXCL1 and
CXCL10. Three days after the onset of TBI, the increased
infiltration of neutrophils further exacerbates liver damage
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through oxidative stress and mitochondrial dysfunction in
hepatocytes [153]. The liver serves as a crucial metabolic
hub, regulating the use of nutrients, proteins, and lipids for
both the brain and the body. Additionally, it plays a key
role in detoxification. Recent clinical evidence suggests that
TBI can lead to pathological changes in the brain, which
subsequently affect liver metabolism. These include de novo
lipogenesis, disruptions in lipid and glucose metabolism, and
lipid peroxidation [154]. By normalizing liver glucose and
lipid levels, systemic and central inflammation can be affected
by TBI [155]. Long-term TBI treatment leads to drug-induced
liver injury, as indicated by elevated liver enzymes (AST and
ALT), increased oxidative stress, inflammatory responses, and
subsequent apoptosis meditated the HMGB1/TLR4/NF-κB
signaling [156]. Therefore, improving brain–liver cross talk
may improve post-TBI prognosis.

Understanding the brain–gut axis is essential for under-
standing gastrointestinal issues caused by TBI [157]. Like
in other organs, inflammation is the main contributor to
gastrointestinal injury, which damages the mucosal epithelial
cell layer and adherent junctions, leading to mucosal barrier
dysfunction and dysmotility [158]. Dysmotility changes the
composition of microbes and their products and metabo-
lites, whereas enhanced mucosal barrier permeability facili-
tates the passage of microbes or their metabolites across the
mucosa to activate vagal and spinal afferents to mediate gut–
brain communication [159]. TBI significantly alters the gut
microbiome, leading to an increase in pathogenic bacteria
while reducing the number of beneficial commensal bacteria
[160]. Long-term inflammation and dysbiosis aggravate TBI-
induced chronic effects and worsen the outcomes of TBI.

A clinical observational study revealed that approximately
15.9% of patients with TBI developed acute kidney injury
(AKI) during the first 3 weeks of the ICU stay [161]. An
inflammatory response with high IL-6 levels is strongly associ-
ated with renal dysfunction [162]. TBI enhances the adhesion
of neutrophils and leads to apoptosis in tubular epithelial
cells through a reduction in transepithelial electrical resistance
[163]. TBI leads to the release of catecholamines, which neg-
atively impact kidney blood flow and contribute to the devel-
opment of AKI [164]. Additionally, increased oxidative stress
is linked to severe kidney damage caused by TBI through the
Kelch-like ECH-associated protein 1 (Keap1)-nuclear factor-
erythroid factor 2-related factor 2 (Nrf2)/heme oxygenase 1
(HO-1) signaling pathway [165].

The potential mechanisms of multiorgan damage following
TBI primarily involve intense inflammatory reactions, abnor-
mal oxidative stress, and significant damage to ECs. These fac-
tors interact with one another, worsening the progression of
organ dysfunction induced by TBI. Therefore, understanding
these mechanisms could offer therapeutic opportunities for
treating TBI and its related complications.

Emerging concepts
Exosome-mediated post-trauma organ dysfunction

Exosomes are cell-released small vesicles and play an impor-
tant role in trauma. The size of exosomal vesicles ranges
from 30 to 150 nm and serves as carriers for many signaling
molecules, including DNA, microRNAs (miRNAs), and pro-
teins [166–168]. The exosome’s exceptional ability to cross
bodily fluids but not being enzymatically depredated makes
them unique for the material and signaling exchange between
cells. Exosomes selectively pack contents, such as cytokines,

transcription factors, adhesion molecules, and growth factors,
to deliver messages to target cells.

In traumatic injuries, macrophage-released exosomes that
contain miR-155 play a role in regulating macrophage
polarization. In addition, DAMPs also increase miR-155
expression, which significantly inhibits the anti-inflammation
M2 phenotype. Moreover, DAMPs increase IL-6, IL-1β, TNF-
α, and IL-8 levels [169, 170]. Dendritic cells (DCs)-derived
exosome presents TLR-ligands and Hsp70, that can modulate
T-cell differentiation to control immune homeostasis [171].
The research in terms of the effect of exosomes on multiorgan
dysfunction is limited. However, Murao et al. emphasized
that exosomes from activated astrocytes deliver inflammatory
mediators (such as IL-1β) to the central nervous system,
lungs, cardiovascular system, liver, and kidneys in TBI [172,
173]. In another study, Jiao et al. reported that exosomes
derived from HS-activated alveolar macrophages induced
neutrophil NADPH oxidase activation and ROS production
and subsequently promoted neutrophil necroptosis. These
findings explored a mechanism of alveolar macrophage-PMN
interaction following HS, which is responsible for augmented
neutrophil death and subsequent amplified lung inflammation
[174].

Exosomal contents appear to reflect spatial tissue pathol-
ogy and the effect on remote organ function, providing an
opportunity to identify new biomarkers of inflammatory
posttraumatic damage.

Gut microbiota and multiple organ dysfunction
syndrome

The gut microbiota, including bacteria, viruses, and fungi,
generates more than 1000 metabolites to stabilize intestinal
homeostasis [175]. Once trauma occurs, massive amounts of
inflammatory cytokines are released, followed by dysfunction
of the gut barrier, leading to the passage of endotoxins and
the pathological translocation of intestinal bacteria to distant
organs and causing MODS [176]. It has been reported that
the gut microbiota participates in the regulatory process of
acute pathological injury after traumatic brain injury through
the gut–brain axis and triggers systematic inflammation [177].
The exposure of the gut microbiota is significantly associ-
ated with immune cell phenotypes. For example, Wang et al.
reported that segmented filamentous bacteria promote Th17
polarization and DC activation to increase the secretion of
high-affinity IL-17 [178]. The XIIIAD3011 group family was
positively correlated with C-C chemokine receptor type 2
(CCR2) on myeloid DCs [159]. Fusobacterium nucleatum
stimulates regulatory CD4+T cells to induce inflammation
in the intestinal epithelium [179]. IL-1β secretion induced by
commensal microbiota was used as a marker to assess inflam-
mation [180]. Another study revealed that T cells present
protective roles in decreasing intestinal barrier damage and
pathogenic bacterial invasion [181]. Changes in the abun-
dance of the gut microbiota increase the levels of NF-κB, TNF-
α, and IL-6 in response to increased intestinal permeability
and enhance a proinflammatory process affecting systems
outside the gut.

In addition, the gut microbiota, as well as its metabolites,
influence remote cell metabolism to induce subsequent organ
dysfunction. Amaral et al. reported that TBI induced an imbal-
ance in the link between gut bacteria and hepatic lipids and
that preemptive administration of Lactobacillus helveticus
and Bifidobacterium longum probiotics influenced systemic
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glucose metabolism to counter memory impairment [182].
Under traumatic conditions, microbiota-generated lipids can
trigger the activation of intestinal natural killer T (iNKT) cells
and increase the recruitment of the iNKT into the liver and
promote hepatocyte apoptosis, leading to liver damage [183].

Gaining deeper insights into the mechanism of
trauma-induced systemic inflammatory response
syndrome using advanced methodology

New methods are being reported to enhance the under-
standing of the mechanisms underlying trauma-induced
systemic inflammation. Recently, single-cell sequencing has
been widely used to characterize the immune response.
Since the first report of the study on single-cell RNA
sequencing (scRNA-seq) in 2009, the scRNA-seq platforms
became commercially available and feasible. The use of
scRNA-seq has led to exciting discoveries, including new
cellular subpopulations and signaling pathways from massive
amounts of information at the microscopic level in trauma,
especially in immune cell subsets and functions [184]. For
instance, Chen et al. conducted a study on mononuclear
cells isolated from mouse circulation and bone marrow after
injured, as well as mononuclear cells collected from trauma
patients’ circulation. They reported that changes in CD14+
monocytes are associated with the activation of inflammation
and the suppression of histocompatibility complex class II
(MHCII), which contributes to severe organ dysfunction in
patients [185]. scRNA-seq has also been used to confirm
MHCII gene expression in leukocytes from the blood, liver,
and spleen [186]. Thus, in trauma studies, scRNA-seq can
be used to obtain molecular information from a single
cell of the epigenetic state, environment, and cell lineage.
Spatial transcriptomics (ST) paves the way for tissue-level
transcriptomics and epigenomics analysis. ST is currently
being used in the study of trauma as well. This analysis can
locate a single cell by identifying positional gene expression.
Although ST technology has not yet been fully developed, it
has been widely applied in clinical and biological research on
trauma injuries [187]. A study analyzed 4937 tissue samples to
determine the cell-type composition across five types, namely,
astrocytes, ECs, microglia, neurons, and oligodendrocytes,
confirming biologically meaningful results and identifying 50
differentiated genes [188], which is crucial for determining
the spatial heterogeneity of trauma and guiding cell therapy
in the clinic. Other transcriptomics studies have analyzed
whole-blood leukocytes and classified them into two subtypes
to identify dysfunctional immune responses [189, 190]. Li
et al. applied proteomic and metabolomic approaches to
classify the patterns of organ injury following severe injury
in humans. In 142 patients, tissue-specific damage markers
were observed. These markers were significantly associated
with the degree of proinflammatory and endothelial damage.
Fatty acid metabolites such as acylcarnitine and choline also
indicate metabolic stress in trauma [191]. Taken together,
the results of landscape studies offer valuable insights into
immune status and serve as a critical resource for deeper
investigation of the impact of trauma on immune responses.

Perspective

Major advances have been made in the field of the study of
trauma-induced disorders, including large-scale population-
based studies, complex and diverse bioinformatics analyses,
comprehensive genetics, and molecular research, which have

identified factors that are linked to the mechanisms of organ
inflammation and dysfunction induced by trauma. Studies
have shown that quickly following injury to the brain, chest,
abdomen, pelvis, or four limbs, the release of DAMPs and
inflammatory cytokines from programmed dead cells can
induce early pathophysiological and immune responses during
trauma. DAMPs can also be spread to distant tissues through
extracellular vesicles, triggering disordered cell metabolism
and leading to systematic inflammation and organ dysfunc-
tion [192]. The resulting breakdown of the BBB, mucosal
barrier, or endothelial barrier leads to ion and water imbal-
ances. These imbalances trigger edema in the brain and remote
organs, such as the liver, kidneys, and heart, leading to intense
or continuous inflammatory reactions to aggravate multi-
ple organ dysfunction. Therefore, therapeutic strategies must
overcome the initial causes of trauma, limit further tissue
damage, and address the systemic inflammatory consequences
of trauma through immunomodulatory approaches.

Findings concerning the molecular and cellular mechanisms
of trauma-induced organ failure have provided potential
interventional and therapeutic strategies. For example, anti-
DAMP therapies are used to control inflammation through
the effects of HMGB1, histones 3 and 4, and ATP, as well
as the consequences of different forms of cell death [193]. In
response to the administration of HMGB1 antagonists, such
as resveratrol, the HMGB1-mediated downstream inflam-
matory TLR4/RAGE pathway is inhibited, and HMGB1-
induced cellular pyroptosis is blocked in macrophages [194,
195]. HMGB1 antagonists or inhibitory peptides affect the
differentiation of macrophages and T cells (TH1/TH2 cells)
[195]. HMGB1 inhibition restrained ferroptosis by activating
Nrf2 and its downstream enzymes HO-1 and NADPH
(ATP regeneration synthetic enzymes), thereby alleviating
inflammation [196]. HMGB1 antagonists act as classic anti-
DAMPs and have promising anti-inflammatory effects [197].
The use of coagulation factors, such as tranexamic acid,
or blood transfusion strategies also enhances the efficacy
of the management of TICs [198, 199]. New approaches
for understanding the immune profile and the crosstalk
with other organs affected by trauma, such as modulating
regulatory T (Treg) cells [200], mesenchymal stem cells [201],
macrophages [202], and their derived nanoparticles [203], are
necessary to improve the management of trauma.

Although mechanistic studies have suggested therapeutic
targets for trauma and other inflammatory organ failure-
related diseases, a series of critical studies on the feasibility,
potential risks, and clinical application of this novel treatment
are urgently needed for translational purposes.

Conclusions

Trauma is a severe systemic disease that occurs throughout
a patient’s life due to organ inflammation and dysfunction.
This review summarizes the different mechanisms of trauma-
induced inflammation and organ dysfunction. In particular,
DAMPs, trauma-induced cell death, organ–organ cross-
talk pathways, and the gut microbiota play vital roles
in the development of posttraumatic systemic inflamma-
tion. In addition, new approaches for trauma diagnosis,
treatment, and prognosis are discussed. We can explore
methods to protect against and improve treatment efficacy
when trauma-induced inflammation and organ dysfunction
occur.

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkaf074/8329226 by guest on 12 O
ctober 2026



Burns & Trauma, 2026, Vol. 14, tkaf074 11

Abbreviations

AIM2 Absent in melanoma 2
ALI Acute lung injury
AQP4 Aquaporin 4
ATP Adenosine 5′ triphosphate
ARDS Acute respiratory distress syndrome
AKI Acute kidney injury
ADAMTS13 Disintegrin-like and metalloprotease with

thrombospondin type 1 motif 13
AGEs Advanced glycation end products
AMPK Adenosine 5′-monophosphate (AMP)-activated

protein kinase
BAs Bile acids
BBB Blood–brain barrier
CT Computed tomography
CCL2 C-C motif chemokine ligand 2
CCR2 C-C chemokine receptor type 2
CIRP Cold-inducible RNA-binding protein
CXCL1 C-X-C motif ligand 1
Ca2+ Calcium
Cl− Chloride
CaSR Calcium-sensing receptor
cGAS Cyclic guanosine monophosphate-adenosine

monophosphate synthase
cDAMPs Constitutive damps
CORM-3 Monoxide-releasing molecule-3
DAMPs Damage-associated molecular patterns
DCs Dendritic cells
EC Endothelial cell
ETC Electron transport chain
FPP Farnesyl pyrophosphate
GPRC6A G protein-coupled receptor family C group 6

member A
GPX4 Glutathione peroxidase 4
GGPP Geranylgeranyl diphosphate
GSDMD Gasdermin protein family
HSP Heat shock protein
HS Hemorrhagic shock
HMGB1 High mobility group box 1
HPA Hypothalamic–pituitary–adrenal
HO-1 Heme oxygenase 1
IL-1β Interleukin-1beta
IL-6 Interleukin-6
IL-12 Interleukin-12
iNKT Intestinal natural killer T
ICAM-1 intracellular adhesion molecule-1
JNK Jun N-terminal kinase
Keap1 Kelch-like ECH-associated protein 1
K+ Potassium
LPS Lipopolysaccharide
MHCII Histocompatibility complex class II
MODS Multiple organ dysfunction syndrome
mtDNA Mitochondrial DNAs
rmCIRP Murine CIRP
MLVEC Mouse lung vascular endothelial cell
MAPK Mitogen-activated protein kinases
MCP-1 Monocyte chemoattractant protein-1
MyD88 Myeloid differentiation factor-88
MLKL Mixed lineage kinase domain-like protein
miRNAs MicroRNAs
MMPs Matrix metalloproteinases
MC1R Melanocortin 1 receptor
Mac-1 Macrophage-1 antigen 1
NF-κB Nuclear factor-kappa B
NLRP3 NOD-like receptor pyrin domain-containing

protein 3
NET Neutrophil extracellular trap
Nrf2 Nuclear factor-erythroid factor 2-related factor 2
NADPH Nicotinamide adenine dinucleotide phosphate

NO Nitric oxide
OxLDLs Oxidized low-density lipoproteins
OXPHOS Oxidative phosphorylation
PF Pseudo-fracture
PYD Pyrin domain
PAMP Pathogen-associated molecular pattern
PGC-1α Peroxisome proliferator-activated receptor gamma

coactivator 1-alpha
P2X7 Purine receptor 7
PINK1 PTEN-induced putative kinase 1
RAGE Receptor for advanced glycation-end products
ROS Reactive oxygen species
RIPK1 Receptor-interacting protein kinase
ST2 Suppression of tumorigenicity 2 receptor
SIRS Systemic inflammatory response syndrome
SFAs Saturated fatty acids
Sp1 Specificity protein 1
scRNA-seq Single-cell RNA sequencing
SAH Subarachnoid hemorrhage
SIRT1 Silent information regulator 1
TRIF TIR domain-containing adaptor inducing IFN-beta
TBI Traumatic brain injury
TLR2/4) Toll-like receptors-2/4
TNF-α Tumor Necrosis factor-Alpha
TLR9 Toll-like receptor 9
TIC Trauma-induced coagulopathy
TF Tissue factor
TAK1 Transforming growth factor-beta-activated kinase 1
TGF-β Transforming growth factor-beta
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