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Abstract
Acute brain injury (ABI) frequently coexists with pulmonary complications, creating bidirectional interac-
tions that can amplify secondary organ injury. This review reframes ABI-associated brain–lung crosstalk as a 
sequential neuroimmune relay—from generation and peripheral egress of CNS-derived signals, through sys-
temic immune amplification and pulmonary effector injury, to reciprocal lung-to-brain feedback—and explicitly 
distinguishes directly supported mechanisms from emerging hypotheses. Following ABI, autonomic activa-
tion, damage-associated molecular patterns, extracellular vesicles, and peripheral immune responses may con-
tribute to pulmonary endothelial dysfunction, innate immune activation, and alveolar-capillary barrier injury. 
Glymphatic and lymphatic clearance pathways are discussed as potential routes of CNS-to-systemic molecular 
transport, but direct evidence linking glymphatic-derived signals to pulmonary injury remains lacking. Con-
versely, acute pulmonary complications relevant to neurocritical illness—including ALI/ARDS, mechanical 
ventilation-associated injury, and pulmonary infection—may aggravate the vulnerable brain through systemic 
inflammation, impaired gas exchange, blood–brain barrier dysfunction, and neuroinflammatory signaling. We 
further evaluate candidate circulating biomarkers according to their biological source, specificity, and clinical 
readiness, emphasizing that currently available markers primarily reflect neural injury, endothelial dysfunction, 
or systemic inflammation rather than brain–lung axis injury itself. Therapeutic strategies targeting inflamma-
some signaling, autonomic regulation, immune modulation, microbiome-related pathways, and extracellular 
vesicles are assessed according to their mechanistic evidence and translational stage. By integrating directional-
ity, evidence strength, and translational maturity, this review provides an ABI-centered framework for identify-
ing experimentally testable relay points and priorities for future brain–lung research.
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Introduction

ABI remains a leading cause of death and disability worldwide. A critical challenge in managing ABI lies in the 
intricate brain-lung axis, where therapeutic strategies for one organ can adversely affect the other. For instance, 
lung-protective ventilation for ARDS may elevate intracranial pressure, while neuroprotective interventions can 
worsen pulmonary function. This double-hit phenomenon contributes to poor outcomes in patients with severe 
neurocritical illness.

Experimental and clinical studies have implicated glymphatic and lymphatic clearance systems in the periph-
eral appearance of CNS-derived molecules after brain injury [1, 2]. However, whether altered glymphatic trans-
port directly delivers pathogenic DAMPs to the lung remains unknown. Accordingly, in this review, glymphatic 
dysfunction is considered a candidate route of CNS-to-systemic signal egress rather than an established mecha-
nism of secondary pulmonary injury.

Pulmonary complications after ABI, including neurogenic pulmonary edema, ALI/ARDS, mechanical venti-
lation-associated injury, and pulmonary infection, may subsequently feed back to the vulnerable brain. We there-
fore narrow the lung-to-brain discussion to acute neurocritical illness rather than chronic pulmonary diseases 
or long-COVID syndromes, which are clinically important but outside the revised scope of this ABI-centered 
review.

Several recent reviews have highlighted the rapidly expanding landscape of brain–lung communication. Vil-
lalba et al. focused on pulmonary infection-driven systemic inflammation, circulating mediators, and blood-brain 
barrier dysfunction, whereas Wang et al. examined pulmonary diseases and environmental exposures as contribu-
tors to neurological disorders. Yang et al. provided a broad framework of bidirectional brain–lung communica-
tion through neural, immune, microbial, and metabolic pathways, while Mascia et al. emphasized brain–lung 
interactions in critically ill patients, particularly acute brain injury, ARDS, and mechanical ventilation [3–6]. 
Against this background, the present review focuses specifically on acute brain injury as the initiating insult and 
addresses a more mechanistically defined question: how are injury signals generated within the injured CNS, 
released into the peripheral compartment, amplified by systemic immune networks, and translated into pulmo-
nary injury, and how does subsequent lung injury feed back to the vulnerable brain? We therefore organize the 
evidence as a sequential neuroimmune relay, encompassing CNS signal generation and egress, systemic immune 
amplification, pulmonary effector injury, and reciprocal lung-to-brain feedback. Within this framework, emerging 
pathways such as glymphatic dysfunction are considered according to the strength of available evidence rather 
than presented as established mechanisms. By linking individual relay nodes to biomarkers, therapeutic targets, 
and major evidence gaps, this review aims to provide an ABI-centered framework for mechanistic investigation 
and translational development.

Pathophysiological mechanisms of the brain–lung axis: a neuroimmune perspective

Neural pathways as immune regulators

The autonomic nervous system, particularly the vagus nerve, regulates bidirectional immune signaling between 
the brain and lungs. The cholinergic anti-inflammatory pathway (CAP) is central to this regulation. Vagal effer-
ent fibers release acetylcholine, which binds to α7 nicotinic acetylcholine receptors (α7nAChR) on pulmonary 
macrophages and suppresses TNF-α, IL-1β, and IL-6 production, thereby limiting acute lung inflammation [7–9]. 
Conversely, sympathetic overactivation after ABI can increase circulating catecholamines, damage the pulmo-
nary endothelial glycocalyx, increase vascular permeability, and prime immune cells for exaggerated inflam-
matory responses [10, 11]. The hypothalamic–pituitary–adrenal axis further modulates systemic inflammation 
through glucocorticoid signaling [12]. Pulmonary afferent inputs are integrated in the nucleus tractus solitarius 
and can influence descending autonomic and immune-regulatory responses [9, 13].
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Immune pathways

Following ABI, injured neural, glial, endothelial, and immune compartments release heterogeneous damage-
associated molecular patterns (DAMPs), including HMGB1, S100 proteins, extracellular ATP, cell-free nucleic 
acids, histones, and mitochondrial components [14–20]. These signals may reach cerebrospinal fluid or the 
systemic circulation through blood–brain barrier disruption, meningeal lymphatic drainage, or other clearance 
routes. Once present in the circulation, DAMPs can activate Toll-like receptor and inflammasome-associated 
pathways in neutrophils, monocytes, and alveolar macrophages. Pulmonary activation promotes IL-1β and IL-18 
maturation, reactive oxygen species generation, protease release, and alveolar-capillary barrier failure. However, 
direct organ-of-origin tracing remains limited, so individual circulating DAMPs should not be assumed to arise 
exclusively from the injured CNS.

Peripheral myeloid responses provide a more directly testable cellular bridge. In experimental TBI, IL-1-de-
pendent emergency myelopoiesis expands inflammatory monocytes that infiltrate both the brain and lungs and 
amplify secondary injury [21]. Neutrophils can further injure cerebral and pulmonary barriers through reactive 
oxygen species, proteases, and neutrophil extracellular traps (NETs). In TBI-associated acute lung injury, inhibi-
tion of S100B-mediated NET formation reduced pulmonary damage, while DNase I-mediated NET degradation 
attenuated neurogenic pulmonary edema after experimental subarachnoid hemorrhage [22, 23]. Border-associ-
ated macrophages in the meninges, perivascular spaces, and choroid plexus regulate immune surveillance at CNS 
interfaces, although their specific contribution to remote pulmonary injury remains uncertain [24].

Adaptive immunity may influence the persistence and resolution of this relay. Blood–brain barrier disruption 
and antigen release after ABI can recruit CD4 + and CD8 + T cells. Th17-derived IL-17 A may promote endothe-
lial activation and neutrophil recruitment, whereas regulatory T cells can restrain microglial and macrophage 
activation through IL-10 and TGF-β. CD8 + T cells may aggravate neuronal and endothelial injury, and B cells 
may contribute through antigen presentation, cytokine production, or autoantibody formation. Immune check-
points such as PD-1/PD-L1 may further regulate the balance between tissue-protective resolution and persistent 
neuroinflammation. These functions are supported in brain-injury models, but their direct roles in ABI-associated 
brain–lung crosstalk remain incompletely defined [25–28].

The repertoire of DAMPs potentially involved in inter-organ signaling extends beyond HMGB1, S100 pro-
teins, and extracellular ATP. Mitochondrial DAMPs (mtDAMPs) are of particular interest because mitochondria 
contain evolutionarily conserved immunostimulatory molecules, including mitochondrial DNA (mtDNA) and 
N-formyl peptides. In patients with TBI or aneurysmal subarachnoid hemorrhage, circulating cell-free mtDNA 
has been detected at increased concentrations in both cerebrospinal fluid and serum within the early phase after 
injury, with CSF mtDNA levels associated with injury severity and the IL-6 response [15]. Outside the isolated 
ABI setting, circulating mtDNA can activate TLR9-dependent innate immune signaling, whereas mitochondrial 
N-formyl peptides signal through formyl peptide receptor 1 (FPR1); experimental and human studies implicate 
both pathways in systemic inflammation and acute pulmonary injury [16].

Cell-free nuclear DNA and extracellular histones represent another class of injury-associated signals. Plasma 
cell-free DNA is increased after severe TBI and has been associated with injury severity and mortality [17]. 
Extracellular histones released during major tissue injury can exert direct cytotoxic and pro-inflammatory effects 
on the pulmonary endothelium and have been implicated experimentally in trauma-associated lung injury [18]. 
Heat-shock proteins, particularly extracellular HSP70, may also function as stress-associated signals: circulating 
HSP70 increases after severe TBI, and extracellular HSP70 has been reported to engage CD14/TLR2/TLR4-
associated inflammatory signaling, although this extracellular HSP70 signaling literature remains mechanisti-
cally debated [19–20].

However, the relevance of these DAMPs to ABI-associated brain–lung crosstalk remains incompletely defined. 
Current evidence generally demonstrates either their release after brain injury or their capacity to promote sys-
temic or pulmonary inflammation in other injury models, rather than direct trafficking of brain-derived mtDNA, 
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nuclear DNA, histones, or HSPs from the injured CNS to the lung. These molecules should therefore be regarded 
as candidate inter-organ mediators rather than established brain-to-lung signals.

Sex-related differences in neuroimmune signaling are considered in Sect.   “Sex as a biological modifier of 
neuroimmune crosstalk”.

Microbial pathways

The microbiome modulates the brain–lung axis through metabolic, immune, and neural signals, forming a gut–
lung–brain triad.

Intestinal barrier disruption and bacterial translocation  ABI can disrupt intestinal tight-junction integrity and 
permit microbial products such as lipopolysaccharide (LPS) and peptidoglycan to enter the circulation, where 
they may prime peripheral and pulmonary macrophages through TLR4-associated signaling [29, 30]. A more 
specific gut–immune–brain pathway has been demonstrated after cardiac arrest and cardiopulmonary resusci-
tation. Early Enterobacter expansion increased intestinal LPS exposure, activated TLR4 and triggering recep-
tor expressed on myeloid cells 1 (TREM-1) in small-intestinal macrophages, and promoted the migration of 
TREM-1-positive gut-derived macrophages into the injured brain [31]. Related post-stroke and cerebral isch-
emia–reperfusion studies connect dysbiosis and barrier disruption with LPS exposure, intestinal TLR4 signaling, 
blood–brain barrier impairment, and microglial activation [32, 33]. These findings support gut-derived immune 
amplification, but they do not establish a complete gut-to-lung-to-brain causal chain in ABI.

Short-chain fatty acids (SCFAs) as immunomodulators  Butyrate, a major SCFA produced by commensal bacteria, 
can modulate inflammatory responses. In experimental LPS-induced acute lung injury, sodium butyrate attenu-
ated pulmonary inflammation and injury [34]. Related GPR43 and β-arrestin-2/NF-kappaB pathways have been 
studied in vascular remodeling and inflammatory organ-injury models [35–36]. These data support SCFA-related 
immunomodulation as a plausible but indirect pathway in ABI-associated brain–lung crosstalk.

Pulmonary dysbiosis  Mechanical ventilation and aspiration can disrupt the respiratory microbiome in patients 
with ABI and promote colonization by pathogenic bacteria such as Staphylococcus aureus and Pseudomonas 
aeruginosa. This dysbiosis may amplify pulmonary inflammation and increase the risk of ARDS, which can sub-
sequently worsen neurological outcomes [37, 38]. ABI-associated autonomic dysregulation and immunosuppres-
sion further increase susceptibility to pulmonary infection and reinforce a bidirectional cycle of organ injury [39].

Neurovascular unit dysfunction and vascular remodeling

The neurovascular unit comprises endothelial cells, pericytes, astrocytic endfeet, neurons, and extracellular-
matrix components that jointly regulate blood–brain barrier integrity and vascular signaling. Experimental 
CNS-injury studies show that altered pericyte–endothelial interactions and microRNA-dependent pathways can 
modify neuroinflammation, angiogenesis, and functional recovery. Pericyte-specific deletion of miR-15a/16 − 1 
promoted cerebral angiogenesis and recovery after ischemic stroke, while inhibition or deletion of the same 
microRNA cluster reduced neuroinflammation and improved outcomes after experimental TBI [40, 41]. These 
findings identify the neurovascular unit as a plausible regulator of systemic signal release and lung-to-brain sus-
ceptibility. Direct evidence that neurovascular-unit dysfunction independently causes remote pulmonary injury, 
however, remains limited.

Sex as a biological modifier of neuroimmune crosstalk

Biological sex modifies neurovascular and immune responses after acute CNS injury. Experimental studies report 
sex- and age-dependent differences in cytokine expression, astrocyte–vessel interactions, cerebrospinal-fluid 
inflammation, microglial states, and responses to miR-15a/16 − 1 inhibition [42–45]. Pulmonary inflammation 
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and vascular responses during critical illness may also differ by sex, although associations with outcomes are 
inconsistent. Sex should therefore be treated as a context-dependent biological modifier rather than a fixed deter-
minant. Brain–lung studies should report sex-disaggregated results and test sex-by-injury or sex-by-treatment 
interactions when adequately powered.

Collectively, neural, immune, microbial, and clearance-related pathways form an integrated but unevenly 
supported neuroimmune network. The revised framework therefore distinguishes established mechanisms from 
candidate or hypothesized relay routes, and it links each pathway to evidence strength, major limitations, and 
translational relevance.

Mechanisms of lung injury after acute brain injury

Sympathetic storm and neurogenic pulmonary edema

Severe ABI can evoke a marked sympathoadrenal response, although catecholamine magnitude and timing vary 
by injury type, severity, and model. In a feline fluid-percussion TBI model, plasma norepinephrine and epineph-
rine rose transiently by up to approximately 100-fold and 500-fold, respectively, within seconds of injury [46]. 
In clinical ABI, sympathetic overactivation is better interpreted as a context-dependent contributor to pulmonary 
vascular stress than as a uniform quantitative response. High shear stress and catecholamine excess can damage 
the pulmonary endothelial glycocalyx, alter endothelial tight-junction proteins, and increase vascular perme-
ability. In a rat controlled cortical-impact model, cervical sympathetic trunk transection restrained sympathetic 
and cardiac overactivation and preserved the endothelial glycocalyx and tight-junction proteins. The intervention 
also reduced Evans blue extravasation, the lung wet-to-dry ratio, and bronchoalveolar-lavage protein levels [11]. 
Together, these findings support sympathetic activation as an important brain-to-lung effector pathway while 
retaining clear model-specific boundaries.

Potential sex-related modification of pulmonary responses is considered together with neurovascular and 
immune effects in Sect. “Sex as a biological modifier of neuroimmune crosstalk”.

Inflammasomes and DAMP-driven lung injury

Candidate CNS- or injury-associated DAMPs, including eNAMPT, S100A8/A9, HMGB1, ATP, cell-free nucleic 
acids, and mitochondrial components, engage overlapping innate-sensing pathways [14–20, 47]. NLRP3 activa-
tion promotes caspase-1-dependent maturation of IL-1β and IL-18 and gasdermin D-mediated pyroptosis. Clini-
cal biomarker studies in TBI and ARDS support inflammatory and vascular activation, but they do not establish 
the CNS origin or brain–lung specificity of every circulating DAMP [48]. In addition to NLRP3, AIM2 can detect 
cytosolic double-stranded DNA, cGAS–STING can induce type I interferon and NF-κB-dependent responses to 
cytosolic DNA, and NAIP–NLRC4 senses bacterial flagellin and type III secretion-system components [49–52]. 
These pathways may operate in parallel or interact with NLRP3-associated pyroptosis. Their direct involvement 
in sterile ABI-associated lung injury, especially that of NLRC4, remains substantially less established than that 
of NLRP3.

Disease-relevant models support a contribution of pulmonary NLRP3 signaling to secondary lung injury after 
ABI. NLRP3 deletion attenuated pulmonary inflammation after experimental cerebral ischemia, while the selec-
tive small-molecule inhibitor MCC950 provides proof of direct pharmacological NLRP3 inhibition in experi-
mental systems [49, 53]. Pharmacologically distinct agents modulate this pathway indirectly. In a rat free-fall TBI 
model, fingolimod reduced pulmonary NLRP3, ASC, and caspase-1 activation, oxidative stress, IL-1β release, 
capillary leakage, edema, and histopathological injury [54]. In a rat lateral fluid-percussion model, the TREM-1 
inhibitor LP17 reduced NLRP3 activation, pyroptosis, lung pathology, edema, and bronchoalveolar-lavage pro-
tein. Ondansetron produced similar protection and was associated with suppression of TREM-1/NLRP3-related 
signaling [55]. In a mouse controlled cortical-impact model, remimazolam suppressed ATF3-dependent NLRP3 
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activation, reduced alveolar epithelial pyroptosis, and preserved ZO-1, E-cadherin, and blood–air barrier integ-
rity [56]. Fingolimod and remimazolam should therefore be described as indirect modulators rather than direct 
NLRP3 inhibitors.

Glymphatic dysfunction as a hypothesized route of CNS-to-systemic signal egress

The glymphatic system facilitates perivascular exchange between cerebrospinal fluid and interstitial fluid and 
contributes to the clearance of solutes from the brain. Experimental brain-injury studies provide evidence that 
this pathway can influence the appearance of CNS-derived molecules in the peripheral circulation. In a mouse 
model of traumatic brain injury, manipulation of glymphatic function markedly altered circulating concentrations 
of brain injury biomarkers, supporting a role for glymphatic transport in brain-to-blood molecular clearance [2]. 
Glymphatic dysfunction has also been demonstrated after subarachnoid hemorrhage. Experimental restoration 
or preservation of glymphatic function, including treatment with nimodipine, has been associated with reduced 
early brain injury [1]. Importantly, however, these studies primarily evaluated intracranial glymphatic function 
and neurological injury and did not establish pulmonary consequences of glymphatic modulation. Thus, the 
proposed sequence of brain injury, altered glymphatic/lymphatic transport, systemic release of CNS-derived 
DAMPs, pulmonary accumulation, and lung injury currently represents a biologically plausible but unproven 
pathway. The principal brain-to-lung mechanisms are summarized in Fig. 1. Experimentally supported pathways 

Fig. 1  Proposed brain-to-lung neuroimmune relay after acute brain injury. Acute brain injury, including traumatic brain 
injury, subarachnoid hemorrhage and stroke, may promote pulmonary injury through interacting autonomic, innate-immune 
and barrier pathways. Disease-relevant preclinical evidence supports sympathetic overactivation and catecholamine-asso-
ciated pulmonary endothelial glycocalyx injury, as well as pulmonary NLRP3 activation, caspase-1-dependent cleavage of 
GSDMD, IL-1β/IL-18 release, pyroptosis and alveolar-capillary barrier disruption. Glymphatic dysfunction with loss of 
AQP4 polarity is shown as a proposed route that may increase systemic exposure to DAMPs such as HMGB1 and eNAMPT; 
direct tracing from glymphatic clearance to lung injury has not yet been established. Gut-lung signaling, infiltrating immune 
cells and brain-derived EVs are depicted as potential auxiliary routes
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include sympathetic overactivation, pulmonary NLRP3 inflammasome activation, pyroptosis, and alveolar-capil-
lary barrier disruption, whereas the proposed glymphatic/lymphatic-to-lung route remains hypothetical.

Reciprocal lung-to-brain injury in acute neurocritical illness

Pulmonary complications arising after acute brain injury can subsequently feed back to the vulnerable brain. 
This reciprocal phase of brain–lung crosstalk is particularly relevant in patients who develop ALI/ARDS, neuro-
genic pulmonary edema, prolonged mechanical ventilation, or pulmonary infection. Rather than representing an 
independent primary neurological insult, these pulmonary complications may aggravate secondary brain injury 
through systemic inflammation, impaired gas exchange, blood–brain barrier (BBB) dysfunction, and ventilation-
associated neuroinflammatory signaling.

ALI/ARDS: systemic inflammation, BBB dysfunction, and secondary brain injury

ALI and ARDS are frequently accompanied by acute neurological dysfunction and may be followed by persistent 
cognitive impairment. Clinical studies support cognitive sequelae after ARDS. Experimental lung-injury models 
implicate circulating IL-6, TNF-α, DAMPs, and extracellular vesicles in blood–brain barrier disruption, neuro-
vascular dysfunction, glial activation, and neuronal injury [57–61]. These mediators provide plausible routes of 
lung-to-brain signaling, although their relative contributions in patients with pre-existing ABI remain uncertain.

This interaction may be particularly important in patients with ABI because the blood–brain barrier, neuro-
vascular unit, and cerebral autoregulation are already vulnerable. Pulmonary edema and impaired gas exchange 
can produce hypoxemia and carbon dioxide disturbances that aggravate secondary cerebral injury. Lung-derived 
cytokines, DAMPs, and extracellular-vesicle cargoes may promote pro-inflammatory microglial and astrocytic 
programs through TLR4/NF-κB, inflammasome, and related signaling. Conversely, IL-10, TGF-β, α7nAChR 
signaling, and reparative extracellular-vesicle cargoes may favor inflammatory resolution and tissue repair. The 
common M1-like/M2-like terminology provides a simplified comparison, but in vivo glial responses form a 
context- and time-dependent continuum. Direct evidence linking individual lung-derived signals to defined glial 
states after ABI remains limited.

Long-term cognitive impairment reported among ARDS survivors further suggests that neurological con-
sequences of an acute pulmonary insult can persist beyond the critical illness itself [57–58]. These clinical 
observations support the relevance of lung-to-brain signaling, although they do not by themselves establish the 
contribution of individual inflammatory pathways.

Mechanical ventilation and ventilator-associated brain injury

Mechanical ventilation is frequently required in patients with severe ABI and pulmonary complications. Although 
essential for gas exchange, injurious ventilation can generate systemic signals that affect the brain. Preclinical 
ventilation models implicate circulating extracellular vesicles, IL-6, ATP–P2Y1 signaling, blood–brain barrier 
dysfunction, microglial activation, and neuronal injury [59, 60, 62]. In experimental ventilator-induced lung 
injury, inhibition of IL-6 reduced neuronal injury, supporting a pathway-specific inflammatory contribution [60]. 
The clinical magnitude of these mechanisms in ventilated patients with ABI nevertheless remains uncertain.

Additional experimental work has implicated ATP production, P2Y1 receptor signaling, and altered dopami-
nergic activity in ventilation-associated brain injury. However, these pathways have primarily been demonstrated 
in animal models and their contribution to neurological injury in mechanically ventilated patients remains uncer-
tain. Accordingly, they should be regarded as candidate mechanisms rather than established clinical pathways.
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Pulmonary infection and ventilator-associated pneumonia

Patients with severe ABI are particularly susceptible to pulmonary infection because of impaired airway pro-
tection, aspiration, mechanical ventilation, and ABI-associated immune dysfunction. Ventilator-associated 
pneumonia is common in neurocritical patients and can amplify systemic inflammation and worsen respiratory 
dysfunction, creating conditions that may aggravate secondary brain injury [39, 63].

Lung-to-brain effects during pulmonary infection are likely multifactorial. Systemic cytokines, microbial 
products, extracellular vesicles, hypoxemia, and altered cerebral oxygen delivery may further disrupt an already 
vulnerable blood–brain barrier and activate glial inflammatory responses. However, direct tracing of specific 
infection-derived mediators from the lung to secondary neuronal injury in ABI remains limited. Pulmonary infec-
tion should therefore be considered a clinically important amplifier of the reciprocal relay rather than a fully 
resolved molecular pathway. The principal lung-to-brain feedback pathways are summarized in Fig. 2. Pulmonary 
inflammatory mediators, hypoxemia, and lung-derived extracellular vesicles may converge on blood–brain bar-
rier disruption, pro-inflammatory microglial activation, and secondary neuronal injury. Evidence levels, experi-
mental models, and major limitations of the representative brain–lung mechanisms are summarized in Table 1.

Candidate biomarkers of biological processes involved in brain–lung crosstalk

Circulating biomarkers may provide complementary information about the biological processes participating in 
brain–lung crosstalk; however, no currently available biomarker has been validated as specific for brain–lung axis 
injury. Existing Critical Illness Lung-Brain Axis Biomarker (CILBA) data and related critical-illness biomarker 
studies support overlapping inflammatory, vascular, and neurotrauma-associated signals in TBI and ARDS, but 
not an axis-specific diagnostic signature [48].

Candidate biomarkers can be broadly categorized into markers of systemic innate immune activation and 
DAMP signaling (e.g., eNAMPT and S100A8/A9), endothelial activation and vascular injury (e.g., Ang-2 and 
PSGL-1), and neural tissue injury (e.g., GFAP, NfL, and tau). The first two categories are particularly vulnerable 
to confounding by sepsis, shock, mechanical ventilation, and multiorgan failure, whereas neural biomarkers may 
provide greater tissue specificity but cannot determine whether neurological injury is primary or secondary to 
pulmonary dysfunction.

An exploratory clinical study using a CILBA panel reported overlapping elevations of inflammatory, vascu-
lar, and neurotrauma-associated biomarkers in patients with TBI and ARDS, with additional elevations among 
mechanically ventilated patients [48]. Although these observations support shared biological responses across 
neurological and pulmonary critical illness, they do not establish a biomarker signature that distinguishes brain–
lung crosstalk from generalized critical illness.

Among the individual neural injury markers, GFAP, UCH-L1, NfL, and S100B differ in cellular origin and 
intended clinical use. GFAP is enriched in astroglial tissue, whereas UCH-L1 reflects neuronal cell-body injury; 
their combined measurement has received regulatory clearance to aid the detection of intracranial lesions in 
selected patients with mild TBI. NfL primarily reflects neuroaxonal injury and may provide prognostic informa-
tion over a longer temporal window. S100B has also been used to support CT decision-making, but extracranial 
sources limit its brain specificity. These markers therefore indicate distinct aspects of neural injury, but none can 
determine whether neurological injury is primary or secondary to ARDS, hypoxemia, or systemic inflammation. 
Moreover, none of these biomarkers is specific for brain–lung axis injury [64].

Conversely, eNAMPT, S100A8/A9, Ang-2, and PSGL-1 predominantly reflect inflammatory, endothelial, or 
leukocyte activation. Although these processes are biologically relevant to brain–lung crosstalk, they are also 
prominent features of sepsis, ARDS, shock, and other forms of critical illness, substantially limiting their diag-
nostic specificity.

Future biomarker studies should move beyond individual circulating proteins and test temporally resolved 
multimarker profiles in prospectively phenotyped ABI populations. One strategy would combine CNS-enriched 
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injury markers with pulmonary, endothelial, and systemic immune indicators and determine whether their tem-
poral trajectories track secondary pulmonary or neurological injury. Cell-of-origin-defined extracellular vesicles 
may extend this approach because their protein and regulatory non-coding RNA cargoes, including microRNAs, 
long non-coding RNAs, and circular RNAs, can reflect inflammatory, endothelial, and repair-related states. How-
ever, vesicle heterogeneity, isolation methods, cargo normalization, and limited human brain–lung validation cur-
rently constrain specificity [65]. All composite approaches require comparison with isolated ABI, isolated ARDS, 
sepsis, and other critical-illness controls before they can be interpreted as biomarkers of brain–lung-axis injury.

Sex should also be considered when evaluating candidate biomarkers and therapeutic interventions. Sex-
dependent differences in immune, endothelial, and neural injury responses may influence circulating biomarker 
concentrations and pharmacological effects. Future biomarker studies and interventional experiments should 
therefore report sex-disaggregated results and, where adequately powered, assess sex-by-treatment or sex-by-
biomarker interactions rather than treating sex solely as an adjustment covariate. The biological sources, support-
ing evidence, major confounders, and clinical readiness of the principal candidate biomarkers are summarized in 
Table 2.

Fig. 2  Proposed lung-to-brain feedback following pulmonary 
complications of acute brain injury. Ventilator-induced lung 
injury, neurogenic pulmonary edema and ventilator-associ-
ated pneumonia can generate a systemic inflammatory surge 
containing cytokines and pulmonary DAMPs. These signals, 
together with hypoxia/HIF-1α and lung-derived EVs, may 
reduce claudin-5 and occludin expression, disrupt the BBB 
and shift microglia towards pro-inflammatory states, with 
increased ROS, IL-1β and TNF-α. Microglia are depicted 
using simplified M0/M1/M2 labels; in vivo states exist on 
a continuum and are better interpreted as pro-inflammatory 
and reparative phenotypes. These changes may contribute 
to hippocampal neuronal apoptosis, delirium and long-term 
cognitive impairment. Direct tracing of lung-derived signals 
to these neurological endpoints remains limited, and the 
pathway should be interpreted as a mechanistic framework 
rather than an established causal sequence
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Intervention strategies targeting the neuroimmune axis

Anti-inflammatory and immune modulation

Targeting DAMP and NLRP3-associated signaling represents a potential strategy for ABI-associated lung injury. 
MCC950 directly inhibits NLRP3 in experimental systems, whereas fingolimod and remimazolam act through 
broader upstream pathways and should not be classified as direct NLRP3 inhibitors [53, 54, 56]. Extracellu-
lar NAMPT functions as a DAMP and TLR4 ligand. Neutralizing eNAMPT can suppress NF-κB signaling, 
inflammatory-cell recruitment, and pulmonary vascular injury in preclinical ALI/ARDS models, although direct 
evidence in TBI-associated lung injury remains limited [66, 67]. TREM-1 expressed on pulmonary myeloid 
cells amplifies DAMP-induced signaling through DAP12/SYK and NF-κB/MAPK, thereby promoting NLRP3 
priming and pyroptosis. In experimental TBI-associated lung injury, LP17 and ondansetron reduced TREM-1/
NLRP3-associated signaling, pyroptosis, edema, and barrier injury [55].

Vagus nerve regulation

Vagus nerve stimulation (VNS) activates efferent vagal pathways and the CAP. Acetylcholine engages α7nAChR 
on splenic and pulmonary macrophages and microglia, suppressing NF-κB and NLRP3 activation and reduc-
ing TNF-α, IL-1β, and IL-6 release [7–9]. In experimental lung inflammation, vagal signaling reduces pulmo-
nary macrophage activation, inflammatory mediator release, and pulmonary edema. In experimental stroke and 
TBI, VNS attenuates neurological deficits, cerebral edema, oxidative stress, and neuronal apoptosis through 
α7nAChR-associated NF-κB/NLRP3 regulation [68, 69]. Standardized cognitive outcomes have not been 
assessed consistently in the relevant TBI studies, so VNS should not be described as having established cognitive 
benefits. Transcutaneous auricular VNS has shown cytokine-lowering effects in experimental inflammation and 
early clinical critical-illness studies, but direct dual-organ efficacy in ABI remains to be tested [70, 71].

Table 1  Evidence grading of representative mechanisms in the brain–lung axis
Mechanism Model Evidence level Reference
Sympathetic activation-mediated pulmonary endothelial 
glycocalyx injury and increased vascular permeability

Rat controlled cortical impact model; 
cervical sympathetic trunk transection 
and endothelial shear-stress experiments

Direct preclinical evidence 
from a disease-relevant 
model

[11]

Pulmonary NLRP3 activation and pyroptosis after trau-
matic brain injury

Rat free-fall TBI model; pharmacologi-
cal intervention with fingolimod

Direct preclinical evidence [54]

TREM-1-mediated amplification of NLRP3 activation and 
pulmonary pyroptosis

Rat lateral fluid-percussion TBI model; 
LP17 and ondansetron interventions

Direct preclinical evidence [55]

Gut LPS-TLR4-TREM1 signaling and inflammatory mac-
rophage trafficking

Cardiac arrest/cardiopulmonary resus-
citation model with photoconversion-
based lineage tracing

Direct evidence for gut-
to-brain signaling; indirect 
evidence for ABI-related 
brain–lung injury

[31]

Glymphatic dysfunction, increased systemic DAMP expo-
sure, and secondary pulmonary injury

Mouse SAH glymphatic model and 
mechanistic perspective

Emerging hypothesis; 
direct brain-to-lung tracing 
evidence is lacking

[1, 2]

Extracellular vesicle-mediated inter-organ inflammatory 
signaling

Experimental ALI and ventilation-
induced lung injury models

Supportive preclinical 
evidence

[59]

Evidence levels describe the proximity of the cited experiments to the proposed acute-brain-injury brain–lung mechanism and are not formal 
certainty scores. ‘Direct’ denotes pathway interrogation in a disease-relevant preclinical model; ‘indirect’ denotes mechanistic support from a 
related organ-to-organ model; and ‘emerging hypothesis’ denotes a plausible route that lacks direct brain-to-lung tracing. Reference numbers 
correspond to the manuscript reference list
ABI acute brain injury, ALI acute lung injury, DAMP damage-associated molecular pattern, LPS lipopolysaccharide, LP17 a peptide TREM-1 
inhibitor, NLRP3 NOD-, LRR- and pyrin domain-containing protein 3, SAH subarachnoid hemorrhage, TBI traumatic brain injury, TLR4 Toll-
like receptor 4, TREM-1 triggering receptor expressed on myeloid cells 1
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at
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, c
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e 
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7]
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L-

1β
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N
F-
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-1

R
a

Le
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yt
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, e
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ot
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l 
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lls
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pi
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el
ia

l c
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, 

an
d 

in
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re
d 
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ro

ss
 o
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an

s.

Th
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e 
cy

to
ki

ne
s r
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ec

t s
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m
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nd
 n

eu
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-
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m

m
at

or
y 
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tiv

at
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n 
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B

I a
nd
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R

D
S.
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R
a 

m
ay
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te
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 c
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y 
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ti-
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m
m
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y 
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ut
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e 
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ou
p 
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ot
 o

rg
an
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pe

ci
fic

.

Ve
ry

 lo
w.

 L
ev

el
s a

re
 st

ro
ng

ly
 

aff
ec

te
d 

by
 se

ps
is

, i
nf

ec
tio

n,
 

m
ec

ha
ni

ca
l v

en
til

at
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n,
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da
tio

n,
 

su
rg

er
y,
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nd

 g
en

er
al

 c
rit

ic
al

 il
ln

es
s.

R
ou

tin
e 

cl
in

ic
al

 a
ss

ay
s e

xi
st
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r s
ev

er
al
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e 
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 c
lin

ic
al
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y 
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 d

ia
gn

os
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n–
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ng
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s i
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ur

y.
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8]

A
ng

io
po

ie
tin

-2
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nd
 

PS
G

L-
1

A
ng

io
po

ie
tin

-2
: 
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tiv

at
ed

 e
nd

ot
he

lia
l 

ce
lls

 a
nd

 W
ei

be
l-

Pa
la

de
 b

od
ie

s. 
PS

G
L-

1:
 

ci
rc

ul
at

in
g 

le
uk

oc
yt

es
 

an
d 

pl
at

el
et

-le
uk

oc
yt

e 
in

te
rf
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.

A
ng

io
po

ie
tin

-2
 is

 p
ro

gn
os

tic
 fo

r A
R

D
S 
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d 

m
or

-
ta

lit
y 
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 c

rit
ic

al
ly
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l p
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nt
s w
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 se
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is

. P
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1 

pa
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ci
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te
s i

n 
le
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e 
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on
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 e
xp

er
i-

m
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ta
l A

LI
; d
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B

I-
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d 
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in
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al
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e 
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d.

Lo
w.

 A
ng

io
po
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tin
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liz
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 e
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ot
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lia
l a
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at
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n,
 

w
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1 
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s l
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cy
te

 
ad

he
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. B

ot
h 
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e 
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nf
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ed
 b

y 
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as
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r i
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ur
y.

A
ng

io
po

ie
tin
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n 
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an

s-
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l p
ro

gn
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 c

an
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da
te

. 
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G
L-
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m
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at
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ra
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–l
un
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ax
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8]

C
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B
A

 c
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A
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m
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g 

D
A
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, c
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 m
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ke
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a 
m
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o 
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 c
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r 

so
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.

A
 c

ro
ss

-s
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tio
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l s
tu
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 c
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pa

re
d 

97
 T

B
I p

at
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s, 

39
 A

R
D

S 
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s, 
an

d 
46

 h
ea

lth
y 
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nt

ro
ls

. M
os

t 
m

ar
ke

rs
 in

cr
ea

se
d 

in
 b

ot
h 
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se
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e 

gr
ou

ps
; P
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L-

1 
in
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ea

se
d 
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R
D

S 
an

d 
G
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P 
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B
I. 

M
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ni

ca
l v

en
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at
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n 
w
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te

d 
w

ith
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oa
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r b
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m
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r e
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.

Li
m

ite
d.

 O
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rla
p 
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n 
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I a
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A
R

D
S 
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d 
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 m
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-
ca

l v
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til
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io
n 
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du
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ut
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n.
 

H
ea

lth
y 
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nt

ro
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 d
o 

no
t e

st
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lis
h 
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rim
in

at
io

n 
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 se
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is
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th
er

 
cr
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l i
lln
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se

s.

Ea
rly

 c
lin

ic
al

 d
is
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e.

 
Ex

te
rn

al
 v

al
id

at
io

n,
 lo

ng
itu

di
na

l 
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m
pl

in
g,

 d
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gn
os

tic
 p

er
fo

r-
m

an
ce
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et
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s, 
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d 
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in
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al
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le
 c

ut
off
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ire
d.

[4
8]

G
FA

P
A
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ro

cy
te
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-
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 p
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ss
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.

Se
ru

m
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FA
P 
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n 
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ta
bl
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d 
m

ar
ke

r o
f a

st
ro

-
cy
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 in
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ry

 a
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 su
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or
ts

 C
N

S 
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ju
ry

 a
ss

es
sm

en
t 

af
te

r T
B

I. 
It 

pr
ov
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es

 a
na

to
m
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al
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rm
at
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n 
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at

 
in
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m

m
at

or
y 

m
ar

ke
rs
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, b
ut

 d
oe

s n
ot

 d
em

on
-

st
ra

te
 lu

ng
 in

vo
lv

em
en

t.

M
od

er
at

e-
to

-h
ig

h 
fo

r a
st

ro
cy

tic
/

C
N

S 
in

ju
ry

, b
ut

 lo
w

 fo
r b

ra
in

–l
un

g 
ax

is
 in

ju
ry

. I
t c

an
 b

e 
aff

ec
te

d 
by

 
in

ju
ry

 se
ve

rit
y 

an
d 

ex
tra

cr
an

ia
l 
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ct

or
s.

C
lin

ic
al

ly
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va
ila

bl
e 
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te
d 
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I a
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en

t. 
N

ot
 p

ro
sp
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-
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ra
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ax
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 b
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8,
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4]
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d 
ax

on
s.

U
C

H
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ss
m

en
t o
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cr

an
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l i
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y 
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d 
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 C
T 
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di

ng
s a

fte
r T

B
I. 
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en
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r p
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m
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lv
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M
od

er
at

e 
fo

r n
eu
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na

l i
nj
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 b
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t s
pe
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r A

B
I e
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lo
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n–

lu
ng
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xi

s i
nj

ur
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al
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le
ct

ed
 

TB
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es
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ifi

c 
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lid
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ic
al
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e
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ifi
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C
lin
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al
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es

s
Re

fe
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e

N
fL

A
xo

na
l c
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os
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n 

of
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ur

on
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n 
th

e 
C

N
S.

N
fL

 re
fle

ct
s n

eu
ro

ax
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ju
ry

 a
nd

 m
ay

 p
ro

vi
de

 
pr

og
no

st
ic

 in
fo

rm
at

io
n 

af
te

r T
B

I a
nd

 c
rit

ic
al

 il
l-

ne
ss

. I
ts

 sl
ow

er
 k

in
et

ic
s m

ay
 c

om
pl

em
en

t a
cu

te
 

m
ar

ke
rs

 su
ch

 a
s G

FA
P 

an
d 

U
C

H
-L

1.

M
od

er
at

e 
fo

r n
eu

ro
ax

on
al

 in
ju

ry
, 

bu
t l

ow
 fo

r b
ra

in
–l

un
g 

ax
is

 a
ttr

ib
u-

tio
n.

 A
ge

, n
eu

ro
de

ge
ne

ra
tio

n,
 re

na
l 

dy
sf

un
ct

io
n,

 a
nd

 c
rit

ic
al

 il
ln

es
s c

an
 

co
nf

ou
nd

 le
ve

ls
.

Tr
an

sl
at

io
na

l a
nd

 e
ar

ly
 c

lin
ic

al
 

us
e 

in
 n

eu
ro

lo
gi

ca
l d
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ea

se
. N

o 
va

lid
at

ed
 c
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r b
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in

–l
un

g 
ax

is
 in

ju
ry
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r A

R
D
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at
ed
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xo
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l d
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e.

[4
8,

 6
4]

Ta
u 

pr
ot

ei
n

N
eu

ro
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 a
xo
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; 

ci
rc

ul
at

in
g 

le
ve

ls
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fle
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 n

eu
ro

na
l/a

xo
na

l 
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m
ag

e 
ra

th
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 th
an
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c 
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an
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th

w
ay

.

Ta
u 

ha
s b

ee
n 
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ci
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ed
 w
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 se
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y 

ne
ur

oa
x-
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al
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ju
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R

D
S 
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d 
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r c
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ic
al
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ln
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s, 
bu

t t
he
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de
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e 
is
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ss
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ifi
c 

th
an
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r d
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N

S 
in
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ry
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ke
rs

.
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w

-to
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at
e 
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eu
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l 
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w
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r b
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g 
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eu

ro
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 c
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 c
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R
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at
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 re
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e 
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S 
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d 
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w
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r b
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sr
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re
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C
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ic
al
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se
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n 
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e 

in
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m
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gn
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C
el
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 d
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-
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ia
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l, 
en
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m
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si
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m
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-
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nd
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g 

R
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A
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di
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t E
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m
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te
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m
m
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n 
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s m
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ro
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m

m
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y 
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us
 o
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ls
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 b
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at
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n 
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m
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m
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Po
te
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lly
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f c
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l-o

f-
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o 
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e 
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sl
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re
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V
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n 

m
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sl

at
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l 
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 re
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, b
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f c
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m
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r o
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 b
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sp

ec
ifi

c 
fo

r b
ra

in
–l

un
g-

ax
is

 in
ju

ry
. E

vi
de

nc
e 

ra
ng

es
 fr

om
 h

um
an

 a
ss

oc
ia

tio
n 

st
ud

ie
s t

o 
pr
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 d

is
tre

ss
 s

yn
dr

om
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Microbiome and glymphatic system interventions

Microbiome-targeted interventions, including probiotics and fecal microbiota transplantation, may alter sys-
temic immune tone through microbial products and short-chain fatty acids, but direct ABI-associated brain–lung 
evidence remains limited [29, 30, 34]. Glymphatic-preserving interventions have shown intracranial benefit in 
experimental brain injury. Nimodipine improved glymphatic function and attenuated early brain injury after 
experimental subarachnoid hemorrhage [1]. Whether microbiome manipulation or glymphatic preservation 
reduces secondary pulmonary injury has not been directly tested, so both strategies remain hypothesis-generating 
in this context.

Stem cell/exosome therapy

Mesenchymal stromal cells (MSCs) and extracellular-vesicle-based therapies can modulate immune-cell phe-
notypes, endothelial injury, and repair pathways. Preclinical neurological models support anti-inflammatory and 
tissue-repair effects of MSC secretome and MSC-derived extracellular vesicles [72–78]. Regulatory cargoes such 
as miR-146a can influence NF-κB-associated signaling in non-neurological injury models, but these findings can-
not be assumed to demonstrate brain-to-lung delivery or dual-organ efficacy. Future studies should define vesicle 
source, cargo, biodistribution, dose, and organ-specific outcomes before considering MSC-derived extracellular 
vesicles as established brain–lung interventions. The mechanisms of action, disease settings, experimental mod-
els, reported outcomes, and translational limitations of the principal therapeutic interventions are summarized 
in Table 3. An integrated overview of the principal biomarker classes and therapeutic strategies is presented 
in Fig. 3. The figure emphasizes the relative tissue specificity of candidate biomarkers and distinguishes direct 
therapeutic targets from indirect or emerging interventions.

Conclusion

The brain–lung axis provides a useful framework for understanding ABI as a systemic neuroimmune disorder 
rather than an isolated CNS event. The evidence is most coherently organized as a sequential relay compris-
ing CNS signal generation and egress, systemic immune amplification, pulmonary effector injury, and recipro-
cal lung-to-brain feedback. Sympathetic activation, peripheral myeloid responses, NLRP3-associated signaling, 
endothelial dysfunction, ventilation-associated inflammation, and pulmonary infection have varying degrees of 
mechanistic support. Adaptive immune responses, border-associated macrophages, NET formation, neurovas-
cular regulation, and sex-dependent effects extend this framework but remain unevenly characterized. Glym-
phatic and meningeal lymphatic pathways may influence the peripheral availability of CNS-derived signals, yet 
direct evidence linking glymphatic transport to pulmonary DAMP accumulation and lung injury is still lacking. 
Current biomarkers mainly report neural injury, endothelial dysfunction, or systemic inflammation rather than 
brain–lung-axis injury itself, and most candidate interventions remain preclinical. Future studies should prioritize 
organ-of-origin molecular tracing, pathway-specific manipulation in clinically relevant ABI models, appropriate 
critical-illness controls, sex-disaggregated analyses, and prospective biomarker and therapeutic validation. By 
linking directionality, evidence strength, and translational maturity, this ABI-centered framework identifies test-
able relay points without overstating causal relationships.
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DAMP	� Damage—associated molecular pattern
NLRP3	� NLR family pyrin domain containing 3
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Fig. 3  Candidate therapeutic strategies and biomarkers for brain–lung-axis injury. Left, interventions are grouped by pro-
posed target: direct NLRP3 inhibition by MCC950; indirect reduction of NLRP3 activation by remimazolam and fingoli-
mod; vagal modulation through VNS or taVNS; hypothesis-generating approaches to DAMP clearance or neutralization 
using nimodipine or anti-eNAMPT; and multi-target repair approaches using MSC-derived exosomes or probiotics/FMT. 
Right, candidate biomarkers are grouped by biological process rather than axis specificity. GFAP, NfL and S100B indi-
cate neural injury; HMGB1, eNAMPT, S100A8/A9 and IL-6 reflect systemic inflammation or DAMP activity; Ang-2 and 
PSGL-1 reflect endothelial or leukocyte activation; and exosomal miR-9 and miR-124 remain emerging candidates. Except 
for MCC950 as a direct NLRP3 inhibitor, the displayed interventions are indirect, predominantly preclinical or hypothesis-
generating, and none has established clinical efficacy specifically for brain–lung-axis injury. None of the displayed biomark-
ers has been validated as brain–lung-axis-specific.
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