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Background: Acute lung injury (ALI) is a serious yet common complication in patients with traumatic brain injury (TBI), often 
associated with poor prognosis. The development of TBI-induced ALI is closely associated with excessive oxidative stress and NLRP3 
inflammasome activation. Fingolimod, an immunomodulatory agent, has been reported to attenuate inflammatory responses, restore 
blood-brain barrier integrity, reduce cerebral edema, and mitigate associated neurological deficits.
Objective: This study aimed to investigate the mechanistic role of NLRP3 inflammasome activation in TBI-induced ALI and to 
evaluate the therapeutic potential of fingolimod in targeting this inflammatory pathway.
Results: A rat TBI model was established using the classical free-fall method, and animals were treated with fingolimod (0.5 or 1 mg/ 
kg) daily for three days. The TBI model rats presented with clear signs of histopathological pulmonary damage, an increase in the 
permeability of capillaries in the lung, and pulmonary edema that coincided with significantly increased NLRP3, caspase-1, and ASC 
expression in lung tissue samples. This overexpression of NLRP3 inflammasome machinery resulted in the release of IL-1β. 
Fingolimod treatment, however, reversed all of these effects such that it suppressed NLRP3 activity and normalized levels of IL- 
1β, leading to the alleviation of inflammation. In line with these results, LPS and nigericin (NLRP3 agonist)-treated NR8383 cells 
treated using fingolimod exhibited reductions in reactive oxygen species production and NLRP3 inflammasome activation.
Conclusion: These findings suggest that NLRP3 inflammasome activation and oxidative stress are key mediators of TBI-induced 
ALI. Fingolimod exerts protective effects against this condition by inhibiting NLRP3 inflammasome activation, highlighting its 
potential as a therapeutic agent for TBI-associated pulmonary complications.
Keywords: traumatic brain injury, acute lung injury, fingolimod, NLRP3 inflammasomes, reactive oxygen species

Introduction
Traumatic brain injury (TBI) poses a significant global public health challenge, contributing to high morbidity and 
mortality rates while imposing significant socioeconomic burdens.1,2 The management of both primary TBI and its 
secondary complications remains complex, often resulting in poor prognostic outcomes.3 In TBI, the central nervous 
system (CNS) sustains a primary injury that can, in turn, activate the host immune response and trigger secondary 
damage both within the CNS and in the periphery.4 After the incidence of TBI, brain-lung interactions have been 
damaged,5 with TBI contributing to the exacerbation of pulmonary dysfunction.6 Acute lung injury (ALI) is 
a complication that is often observed in patients suffering from sustained TBI,7 and impaired respiratory function is 
generally associated with poor post-TBI outcomes.8 Neurogenic pulmonary edema (NPE) is a condition characterized by 
the rapid accumulation of fluid in the alveoli and pulmonary interstation after damage to the CNS that is generally 
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thought to be a consequence of cardiorespiratory dysfunction.9 NPE has been reported in patients with TBI, spinal cord 
injury, intracranial hemorrhage, and subarachnoid hemorrhage.10 Emerging evidence suggests that post-TBI pulmonary 
inflammation is a key driver of lung injury, contributing to disease progression.11

The nucleotide-binding oligomerization domain (NOD)-like receptor (NLR) protein family, particularly NLRP3, 
plays a central role in recognizing pathogens, cellular stress signals, and exogenous or endogenous damage-associated 
molecular patterns.12 When NLRP3 activity is triggered by factors such as reactive oxygen species (ROS), this protein 
forms a complex with apoptosis-associated speck-like protein (ASC) and pro-caspase-1, and this inflammasome complex 
culminates in caspase-1 activation and the secretion of mature interleukin (IL)-1β.13 Many studies have demonstrated 
a key role for NLRP3 inflammasome signaling in the pathogenesis of TBI-induced ALI.7,14,15 Specifically, this condition 
is exacerbated by pulmonary NLRP3 inflammasome activity triggered in response to TBI incidence.7 Furthermore, Kerr 
et al16 proposed a “neural-respiratory-inflammasome axis”, highlighting the broader involvement of inflammasome- 
mediated signaling in the pathogenesis of TBI-induced ALI. Targeted inhibition of the NLRP3 inflammasome has shown 
promise in mitigating this condition.17 MCC950 is a small molecule compound that inhibits NLRP3 with a high degree 
of selectivity.18 The therapeutic potential of inflammasome-targeting agents has been explored across major organs, 
including the heart and brain,19 prompting ongoing research to develop safer and more effective inhibitors for clinical 
application in TBI-induced ALI.

Fingolimod, a non-selective sphingosine-1-phosphate (S1P) receptor agonist, has been approved by the US Food and 
Drug Administration (FDA) for the treatment of multiple sclerosis.20 Moreover, numerous studies have demonstrated the 
effectiveness of fingolimod in treating various diseases of the nervous system, including intracerebral hemorrhage, 
ischemic stroke, Huntington’s disease, Alzheimer’s disease, epilepsy, and spinal cord injury.21–26 In addition to its ability 
to preserve or restore the integrity of the blood-brain barrier (BBB) and to interfere with neuroinflammation, fingolimod 
can also reportedly facilitate post-TBI neurological functional recovery.27 Many studies have confirmed the protective 
effects of fingolimod and analogs in the lungs in different ALI models.28–30 These beneficial effects are attributable to 
improved pulmonary endothelial barrier function and a decrease in the leakage of the pulmonary vasculature.29 

Fingolimod has recently been demonstrated to benefit some multiple sclerosis patients through its ability to suppress 
inflammasome signaling.31 In rodent Parkinson’s disease and chronic unpredictable mild stress models, it can similarly 
inhibit the NLRP3 inflammasome to reduce microglial activation.32,33 In light of the ability of fingolimod to serve as an 
NLRP3 inflammasome inhibitor, its potential ability to alleviate TBI-induced ALI through this mechanism was 
investigated in this study.

Graphical Abstract
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Materials and Methods
Reagents
The reagents used for this study included: Fingolimod (HY-12005, MedChemExpress), Lipopolysaccharide (LPS, 
L2630, Sigma-Aldrich), Nigericin (B24364, Shanghai yuanye Bio-Technology Co., Ltd), MCC950 (538120, Sigma- 
Aldrich), Evans blue dye (E8010, Solaribo), DAB (ZLI-9018, ZSGB-BIO), RIPA buffer (R0278, Sigma-Aldrich), 
and dihydroethidium (DHE, 38483–26-0, Aladdin). Utilized antibodies were specific for: β-actin (B1029, 
Biodragon), Phospho-NF-κB p65 (82,335-1-RR, Proteintech), caspase-1 (22,915-1-AP, Proteintech), NLRP3 
(A5652, ABclonal), ASC (67494-1-Ig, Proteintech), iNOS (ab178945, Abcam), IL-1β (sc-515598, Santa Cruz 
Biotechnology), cleaved caspase-3 (9661, Cell Signaling Technology), Bax (2772S, Cell Signaling Technology), 
Bcl-xl (2764S, Cell Signaling Technology), Claudin-1 (ab15098, Abcam), occludin (13409-1-AP, Proteintech), 
CD68 (14–0688-82, Invitrogen), and SFTPC (sc-518029, Santa Cruz Biotechnology). ROS (S0033S) and TUNEL 
(C1086) assay kits, as well as DAPI (P0131) were from Beyotime, while BSA (A8020) was from Solarbio, and 
TNF-α (MM-0180R1), IL-6 (MM-0190R1), and IL-1β (MM-0047R1) ELISA kits were from Jiangsu Meimian 
Industrial Co., Ltd.

Animals
Male Sprague-Dawley (SD) rats (6–8 weeks old, 280–320 g) were obtained from SPF Biotechnology (Beijing, China) 
(certificate: SCXK (Jing) 2019–0010). All animal procedures were conducted following the NIH Guidelines for the Care 
and Use of Laboratory Animals and were approved by the Institutional Animal Care Committee of Tianjin Huanhu 
Hospital (Approval No.: HHYY-2024-001). The rats were housed under controlled conditions, including a temperature of 
23°C, 50% humidity, and a 12-hour light/dark cycle within a specific pathogen-free facility. They had ad libitum access 
to standard chow, tap water, or designated experimental solutions. A seven-day acclimatization period was provided 
before the initiation of experiments.

TBI Modeling and Treatment
A classical free-fall model was used for rat TBI modeling.34 Briefly, rats were anesthetized with pentobarbital 
(50 mg/kg), after which the surgical site was sterilized. A longitudinal incision was made along the skull midline, 
and the animals were secured to a stereotaxic apparatus using nose forceps and two ear rods. A 400 g cylindrical 
metal hammer was dropped vertically from a height of 45 cm through a guided tube, impacting the left cerebral 
hemisphere 1 mm anterior to the coronal suture and 2 mm lateral to the midline. Sham control rats underwent only 
a skin incision without TBI induction. The incised area was cleaned after surgery, and the wound was sutured. 
Rats were then placed in a heated cage to facilitate anesthesia recovery and maintain appropriate body 
temperature.

Rats in this study were assigned to seven experimental groups at random (n = 5/group), including (I) sham controls, 
(II) TBI model rats, (III) TBI + vehicle treatment, (IV) TBI + 0.5 mg/kg fingolimod, (V) TBI + 1 mg/kg fingolimod, (VI) 
TBI + 3 mg/kg MCC950, and (VII) TBI + 0.5 mg/kg fingolimod + 3 mg/kg MCC950. Fingolimod and MCC950 were 
dissolved in saline and intraperitoneally injected, as was saline as the vehicle control in respected rats. Rats in groups III– 
VII received appropriate treatments once daily for three days, after which samples were collected.

Lung Histopathology
Lung tissues were collected and fixed in 4% paraformaldehyde (PFA) for 24 hours, followed by paraffin embedding and 
sectioning at a thickness of 5 μm. The sections were stained with hematoxylin and eosin (H&E) and examined under 
a light microscope. Lung injury was assessed based on a previously established scoring system.35 Briefly, 10 high-power 
fields (400×) were scored to assess: (1) Alveolar neutrophil infiltration, (2) Interstitial neutrophil infiltration, (3) Alveolar 
septal thickening, (4) Formation of a hyaline membrane, and (5) Whether proteinaceous debris was present in the alveoli. 
Lung injury levels were independently scored by two investigators blinded to experimental grouping.
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Bronchoalveolar Lavage Fluid (BALF) Analyses
After rats had been euthanized, they were affixed to a foam board, and the trachea was exposed and incised, followed by 
the introduction of an indwelling needle that was secured using thread. The lungs were washed twice using 5 mL of cold 
saline, and BALF recovery rates were > 80%. Following centrifugation (10 min, 1500 g, 4°C), supernatant protein levels 
were analyzed, and IL-1β, IL-6, and TNF-α content was detected via ELISA.

Pulmonary Edema Measurements
To evaluate the severity of pulmonary edema, intact lungs were excised from exsanguinated animals and immediately 
weighed to determine the wet weight. The lungs were then dried in an oven at 98°C for 48 h or until a constant weight 
was achieved. The wet-to-dry weight ratio was then calculated as an index of lung water content.

Lung Capillary Leakage Analyses
Pulmonary vascular permeability was assessed using Evans blue dye leakage.36 Briefly, rats were intravenously injected 
via the tail vein with 2% Evans blue dye in saline (5 mL/kg) 2 h before euthanasia. After perfusion, the lungs were 
excised and homogenized in 0.5 mL of formamide, followed by incubation at 60°C for 18 h. The homogenates were 
centrifuged at 5000 × g for 30 min, and the absorbance of Evans blue dye in the supernatants was measured at 610 nm. 
A standard curve was generated for quantitative analysis.

TUNEL Assay
A TUNEL kit was used as directed to assess cellular apoptosis. Briefly, lung tissue sections were stained for 1 h at 37°C 
with the TUNEL reaction mixture, followed by DAPI counterstaining for 10 min and the subsequent visualization of 
these sections with a last confocal microscopy.

Immunohistochemistry (IHC)
Tissue sections were deparaffinized using xylene and rehydrated through a graded ethanol series. Antigen retrieval was 
performed by heating the samples in a pressure cooker at 121°C for 4 min in 10 mm citrate buffer (pH 6.0), followed by 
cooling to room temperature. Endogenous peroxidases were inactivated using 5% hydrogen peroxide (HWOW), and 
nonspecific binding was blocked with 5% bovine serum albumin (BSA) for 1 h. Samples were then incubated overnight 
at 4°C with anti-occludin primary antibodies (1:500), followed by staining with secondary antibodies (1:1000). The 
signal was developed using 3.3′-diaminobenzidine (DAB) and occludin-positive cells were quantified using a light 
microscope.

Western Immunoblotting
After using RIPA buffer with protease and PhosphoSTOP phosphatase inhibitor tablets to homogenize samples in 
a JXFSTPRP tissue homogenizer (Sonics, USA), protein content was measured via BCA assay, and 50–75 µg per 
sample was separated by SDS-PAGE and transferred to a PVDF blot. After blocking and incubating with anti-IL-1β 
(1:500), anti-caspase 1 (1:2000), anti-ASC (1:5000), anti-p-NF-κB (1:2000), anti-cleaved-caspase 3 (1:1000), anti-Bcl-xl 
(1:1000), anti-Bax (1:1000), anti-Claudin 1 (1:200), anti-Occludin (1:5000), anti-NLRP3 (1:1000), anti-iNOS (1:500), or 
anti-β-actin (1:10000) overnight at 4°C, secondary antibodies (1:10000) were applied, followed by the use of an 
Odyssey® CLX (LI-COR, USA) to perform densitometric analyses of the protein bands.

Immunofluorescence
Tissue sections were processed following the same steps as described for IHC staining up to the blocking step. Then, 
sections were incubated overnight at 4°C with primary antibodies against ASC (1:100), CD68 (1:100), SFTPC (1:100), 
and NLRP3 (1:100). The following day, sections were treated with secondary antibodies (1:500) for 90 min at room 
temperature in the dark. Nuclear counterstaining was performed using a Fluoroshield mounting medium containing 
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DAPI. Fluorescence imaging was conducted using a Zeiss LSM880 confocal microscope for both control and experi-
mental groups under identical acquisition settings.

Cell Culture
The rat alveolar macrophage NR8383 cell line was purchased from Cellverse Bioscience Technology Co., Ltd. 
(Shanghai, China) and cultured in F12K containing 15% FBS at 37°C in a 5% CO2 incubator.

ROS Analyses
ROS levels were assessed using the Beyotime ROS Assay Kit according to the manufacturer’s instructions. Briefly, 
isolated cells were incubated with 10 µM DCFH-DA in PBS at 37°C for 20 minutes, followed by PBS washing and 
resuspension in the growth medium. Samples were then analyzed using flow cytometry. For in vivo ROS detection, DHE 
staining was performed as per standard protocols. Rats received an intraperitoneal injection of DHE (1 mg/mL) following 
appropriate treatments and myocardial perfusion was conducted after 1 h. Lungs were subsequently excised, fixed in 4% 
PFA overnight, and cryoprotected in PBS containing 30% sucrose. The lungs were then sectioned using a cryostat, 
incubated in PBS for 30 min, counterstained with DAPI-containing Fluoroshield mounting medium, and imaged using 
a confocal microscope under identical acquisition settings.

Statistical Analyses
All data analyses were performed using SPSS 21.0 and GraphPad Prism 9.0. Results were expressed as the mean ± 
standard error of the mean (SEM). Group comparisons were conducted using one-way analysis of variance (ANOVA) for 
normally distributed data, while the Kruskal–Wallis or other nonparametric tests were used for data that did not meet 
normality assumptions. A P-value of < 0.05 was considered statistically significant.

Results
Fingolimod Alleviates Histopathological Changes, Decreases Pulmonary Vascular 
Permeability, and Reduces Pulmonary Water Content in TBI-Induced ALI
Fingolimod has been extensively used in rat models of TBI, with previous studies demonstrating the efficacy of both low 
(0.5 mg/kg) and high (1 mg/kg) doses without inducing toxic side effects (Figure 1A).37–39 TBI pathogenesis was 
characterized by contusions, cerebral congestion, and swelling at the zone of impact (Figure 1B). Histopathological 
analysis of lung tissues from TBI model rats revealed significant pulmonary parenchymal alterations, including alveolar 
wall thickening, inflammatory cell infiltration into the interstitial layer, hyaline membrane formation, and intra-alveolar 
exudate accumulation—features absent in sham controls (Figure 1C). On day 3 post-TBI, semiquantitative analyses 
revealed more severe lung damage in these TBI model animals (Figure 1D). To further determine the degree of lung 
injury, BALF protein content, and Evans blue dye leakage were used to quantify lung permeability, both of which were 
elevated in the TBI model group relative to the sham group (Figure 1E-G). To detect pulmonary edema, lung weight/dry 
ratios were also quantified and found to be significantly higher in the TBI group relative to sham rats (Figure 1H), 
confirming the successful establishment of the TBI model. Fingolimod treatment at both doses (0.5 and 1 mg/kg) 
significantly mitigated histopathological lung damage (Figure 1C and D), reduced vascular leakage (Figure 1E–G), and 
lowered pulmonary water content (Figure 1H) in TBI model rats.

Fingolimod Significantly Alleviates Post-TBI Pulmonary Apoptosis
To test the impact of fingolimod on the lungs, TUNEL staining and Western immunoblotting were next performed on day 
3 post-TBI. A pronounced increase in TUNEL-positive cells was noted in the TBI group relative to the sham group at 
this time point, whereas both tested fingolimod doses significantly decreased apoptotic cell numbers (Figure 2A and B). 
Western immunoblotting also demonstrated that TBI triggered the expression of higher levels of apoptosis-related Bax 
and cleaved caspase-3, while the opposite was true for anti-apoptotic Bcl-xl, and fingolimod reversed these changes in 
pulmonary apoptotic protein expression (Figure 2C –F).

Journal of Inflammation Research 2025:18                                                                                          https://doi.org/10.2147/JIR.S503428                                                                                                                                                                                                                                                                                                                                                                                                   2233

Shi et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Figure 1 Effects of fingolimod on pulmonary symptoms following traumatic brain injury (TBI). (A) Experimental procedure in rats. (B) Gross observation of the brain. (C) 
Representative hematoxylin and eosin (HE)-stained lung tissue sections for histological evaluation; scale: 100 μm. (D) Pathological scores of lung tissue. (E) Total protein 
concentration in bronchoalveolar lavage fluid (BALF). (F) Evans blue dye concentration in lung tissue. (G) Gross observation of lung tissue with Evans blue staining, indicating 
vascular leakage in rats. (H) Lung wet/dry weight ratio. Values represent mean ± SEM. Statistical comparisons were performed using one-way ANOVA. ***P < 0.001; ns, not 
significant. n = 5. Fingolimod (L), 0.5 mg/kg; Fingolimod (H), 1 mg/kg.
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Figure 2 Effects of fingolimod on apoptosis in lung tissue following TBI. (A and B) Representative images of TUNEL fluorescence staining and quantification of TUNEL- 
positive cells; scale: 50 μm (n = 5). (C) Representative Western blots of Bax, Bcl-xl, and cleaved caspase-3 expression in lung tissue. (D–F) Western blot analysis and 
densitometric quantification of Bax, Bcl-xl, and cleaved caspase-3 in lung tissue (n = 4). Values represent mean ± SEM. Statistical comparisons were performed using one-way 
ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. Fingolimod (L), 0.5 mg/kg; Fingolimod (H), 1 mg/kg.
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Fingolimod Mitigates Blood-Air Barrier Damage in the Context of TBI-Induced ALI
The blood-air barrier in the lungs was next evaluated with a focus on tight junction protein expression through IHC and 
Western immunoblotting approaches. Both claudin-1 and occludin expression levels were reduced after TBI in the lungs 
of model rats (Figure 3A–E), whereas fingolimod reversed these changes in pulmonary tight junction protein expression 
(Figure 3A–E). Based on these data, fingolimod appears to be capable of beneficially affecting the blood-air barrier, 
protecting against TBI-associated dysfunction.

Fingolimod Reduces the Severity of Pulmonary TBI-Induced Inflammation in Lung 
Tissue
The anti-inflammatory effects of fingolimod in post-TBI pulmonary injury were further investigated by assessing 
inflammatory mediator levels in BALF and lung tissues using ELISAs and Western blot analysis. TBI model rats showed 

Figure 3 Effects of fingolimod on the lung air-blood barrier following TBI. (A and B) Representative images of occludin immunohistochemical (IHC) staining and 
quantification of occludin-positive cells; scale: 100 μm (n = 5). (C) Representative Western blots of occludin and claudin-1 expression in lung tissue. (D and E) Western 
blot analysis and densitometric quantification of occludin and claudin-1 in lung tissue (n = 4). Values represent mean ± SEM. Statistical comparisons were performed using 
one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. Fingolimod (L), 0.5 mg/kg; Fingolimod (H), 1 mg/kg.
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significantly increased expression of IL-1β, IL-6, TNF-α, iNOS, and p-NF-κB compared to sham controls. However, 
treatment with both low (0.5 mg/kg) and high (1 mg/kg) doses of fingolimod effectively reversed these inflammatory 
changes (Figure 4A–E). These findings indicate that fingolimod exerts a potent anti-inflammatory effect, significantly 
attenuating TBI-induced ALI-related lung inflammation.

Fingolimod Suppresses NLRP3 Inflammasome Activation in the Context of 
TBI-Induced ALI
Next, the impact of fingolimod on NLRP3 inflammasome-related protein levels was analyzed in the lungs of TBI model rats 
through immunofluorescent staining for NLRP3 (green) and ASC (red), with DAPI (blue) as a nuclear counterstain. TBI 
was associated with a significant increase in the numbers of pulmonary NLRP3- and ASC-positive cells (Figure 5A–C). 
Western immunoblotting also revealed significant increases in NLRP3, ASC, cleaved-caspase-1, and IL-1β levels in these 
TBI model rats (Figure 5D–H). These results support the activation of the NLRP3 inflammasome in the context of TBI- 
induced ALI. All of these inflammatory changes were reversed by fingolimod (0.5 or 1 mg/kg).

Figure 4 Effects of fingolimod on pulmonary inflammation following TBI. (A) Representative Western blots of iNOS and phospho-NF-κB expression in lung tissue. (B and 
C) Western blot analysis and densitometric quantification of iNOS and phospho-NF-κB in lung tissue (n = 4). (D–F) Quantitative assessment of (D) IL-1β, (E) IL-6, and (F) 
TNF-α concentrations in BALF samples using ELISA (n = 5). Values represent mean ± SEM. Statistical comparisons were performed using one-way ANOVA. *P < 0.05; **P < 
0.01; ***P < 0.001; ns, not significant. Fingolimod (L), 0.5 mg/kg; Fingolimod (H), 1 mg/kg.
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Figure 5 Effects of fingolimod on NLRP3 inflammasome-related proteins and cytokines in lung tissue following TBI. (A–C) Representative images of NLRP3 and ASC 
fluorescence staining and quantification of positive cells; scale: 50 μm (n = 5). (D) Representative Western blots of NLRP3, ASC, cleaved caspase-1, and IL-1β expression in 
lung tissue. (E–H) Western blot analysis and densitometric quantification of NLRP3, ASC, cleaved caspase-1, and IL-1β in lung tissue (n = 4). Values represent mean ± SEM. 
Statistical comparisons were performed using one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. Fingolimod (L), 0.5 mg/kg; Fingolimod (H), 1 mg/kg.
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The effects of fingolimod on the NLRP3 inflammasome in lung tissues after TBI were further analyzed using 
immunofluorescence staining for NLRP3, CD68 (macrophage marker), and SFTPC (type II alveolar epithelial cell 
marker). The results showed that the expression of NLRP3 in macrophages was significantly raised in lung tissues 
after TBI, while these effects were reversed by fingolimod treatment. Meanwhile, there was no significant difference in 
NLRP3 expression in type II alveolar epithelial cells after TBI compared with the sham group. Interestingly, fingolimod 
treatment reduced the expression of NLRP3 in type II alveolar epithelial cells (Figure 6A and B). To further confirm the 
ability of fingolimod to modulate NLRP3 inflammasome activity, NR8383 cells were stimulated with LPS and nigericin 
to induce NLRP3 inflammasome activation. This treatment resulted in increased expression of NLRP3, ASC, cleaved 
caspase-1, pro-IL-1β, and IL-1β. However, fingolimod treatment effectively alleviated these changes, and this effect was 
significantly enhanced by MCC950, a selective NLRP3 inhibitor (Figure 6C–H). Collectively, these findings indicate that 
fingolimod mitigates TBI-induced ALI by disrupting the assembly and activation of the NLRP3 inflammasome.

Fingolimod Suppresses the Activity of the NLRP3 Inflammasome Through the 
Inhibition of ROS Generation
To elucidate the specific mechanisms underlying fingolimod-mediated suppression of the NLRP3 inflammasome, its 
effects on ROS production were assessed. Fingolimod exhibits potent antioxidant activity, while excessive ROS levels 
can trigger NLRP3 inflammasome activation. DHE staining is a sensitive tool for detecting superoxide ions in live 
tissues, fluoresces red upon oxidation, and serves as an indicator of overall free radical production. A significant increase 
in DHE fluorescence was observed in the TBI group compared to the sham control group, consistent with elevated ROS 
levels. NLRP3 inhibition significantly reduced DHE fluorescence intensity in rat lung tissues post-TBI. However, the TBI 
+ fingolimod group showed lower DHE fluorescence intensities than the TBI + MCC950 group, and co-treatment with 
MCC950 and fingolimod did not further decrease ROS production (Figure 7A and B). The ability of fingolimod to 
suppress ROS generation was further investigated in NR8383 cells with NLRP3 inflammasome activation. Intracellular 
ROS levels were detected using 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) as a fluorescent probe via flow 
cytometry (Figure 7C). LPS- and nigericin-treated cells showed significantly increased DCFH-DA fluorescence, indica-
tive of elevated ROS levels compared to control cells. Both MCC950 and fingolimod treatments effectively reduced this 
oxidative stress (Figure 7D). These findings suggest that fingolimod mitigates ROS production, thereby limiting the 
activation of the NLRP3 inflammasome.

Discussion
The therapeutic benefits of fingolimod as a treatment for immunological disorders have been attributed to its ability to 
promote the sequestration of circulating lymphocytes within lymphoid organs, leading to immunosuppressive 
outcomes.40 Short-term sequential fingolimod treatment has been established to protect against brain damage and 
promote cognitive and neurological recovery while modulating immune and inflammatory activity in TBI.27 Similar 
benefits have also been noted in settings of cerebral hemorrhage and acute ischemic stroke.41,42 As most studies to date 
have focused on how TBI affects the brain, relatively little remains known of its impact on major organs in the periphery. 
Some studies have demonstrated interactive effects between the brain and these peripheral organs in the setting of brain 
injury.43 Here, fingolimod was found for the first time to inhibit the activation of the NLRP3 inflammasome in the 
context of TBI-induced ALI, extending the utility of this drug as an anti-inflammatory therapeutic option.

The pathophysiology of brain-lung interactions following TBI is complex. It involves neurogenic pulmonary edema, 
inflammation, neurodegeneration, alterations in the levels of neurotransmitters, autoimmune responses, and dysfunction 
of the autonomic nervous system.44 The exact mechanism underlying TBI-induced ALI is currently unknown. Previous 
studies have found that TBI associated with pulmonary edema increased the protein contents of the BALF and induced 
infiltration of inflammatory cells and the secretion of inflammatory factors in the lungs during the acute post-TBI 
phase.36,45 Consistent with these findings, the present study observed significantly increased pulmonary vascular 
permeability, pulmonary edema, and elevated BALF protein levels three days post-TBI. Moreover, TBI induced 
a robust pulmonary inflammatory response, leading to increased expression of pro-inflammatory cytokines, including 
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Figure 6 Effects of fingolimod on NLRP3 inflammasome-related proteins and cytokines in NR8383 cells. (A) Representative immunofluorescence images of NLRP3 (red), 
CD68 (green), and SFTPC (green) in rat lung tissue from different groups; scale: 10 μm. (B) Quantitative analysis of NLRP3 in various cell types (n = 5). (C) Western blot 
analysis of NLRP3 inflammasome components in NR8383 cells pre-treated with fingolimod (20 μM) and MCC950 (5 μM) for 12 hours before stimulation with LPS (1 μM) 
and nigericin (10 μM) for 3 hours. (D–H) Western blot analysis and quantification of (D) NLRP3, (E) ASC, (F) cleaved caspase-1, (G) pro-IL-1β, and (H) IL-1β expression (n 
= 4). Values represent mean ± SEM. Statistical comparisons were performed using one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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Figure 7 Effects of fingolimod on reactive oxygen species (ROS) production in vitro and in vivo. (A) Representative images of oxidized dihydroethidium (DHE) fluorescence 
staining in lung tissue from each group; scale: 100 μm. (B) Quantitative analysis of mean DHE fluorescence intensity (n = 5). (C and D) Effects of fingolimod on oxidative 
stress following LPS and nigericin co-stimulation in NR8383 cells (n = 3). Values represent mean ± SEM. Statistical comparisons were performed using one-way ANOVA. 
***P < 0.001; ns, not significant. Fingolimod (L), 0.5 mg/kg; Fingolimod (H), 1 mg/kg.
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IL-1β, IL-6, and TNF-α, as well as iNOS and p-NF-κB, in lung tissues compared with the sham group. Pulmonary 
inflammation is a hallmark pathological feature of ALI,46 and elevated pro-inflammatory cytokine levels are similarly 
characteristic of other inflammatory lung diseases.47–49 These findings suggest that TBI-induced pulmonary inflammation 
may play a crucial role in the pathogenesis of TBI-induced ALI. Several studies have reported that fingolimod and its 
analogs have anti-inflammatory effects that can alleviate lung injury.28,30,50 We found that fingolimod inhibited the 
production of pro-inflammatory cytokines in the lungs. S1P, which is present in higher concentrations in plasma, plays 
a key role in regulating the endothelial barrier and vascular integrity, reducing pro-inflammatory activity, and attenuating 
ischemia-reperfusion injury of the lung tissues.51 S1P treatment also improves the oxygenation capacity of lung 
transplant recipients. Reductions in the levels of pro-inflammatory cytokines, endothelial cell apoptosis, and neutrophil 
infiltration enable restoration of the endothelial barrier function.52 In this study, fingolimod treatment led to a reduction in 
capillary permeability and a decreased lung wet-to-dry weight ratio post-TBI. These findings indicate that fingolimod 
alleviates TBI-induced ALI by suppressing pulmonary inflammation and reducing pro-inflammatory cytokine expression, 
which may play a key role in lung protection following TBI.

The NLRP3 inflammasome complex consists of multiple proteins that lead to the activation of caspase-1, resulting in 
the processing and maturation of IL-1β, a pro-inflammatory cytokine.53 TBI has been demonstrated to trigger severe TBI- 
induced ALI through the induction of pulmonary cell death.15 IL-1β is capable of upregulating IL-6, TNF-α, and other 
inflammatory mediators.54 Overly high levels of inflammatory mediators are central to the pathogenesis of TBI-induced 
ALI.55 The present study demonstrated that fingolimod effectively suppresses pulmonary NLRP3 inflammasome activity, 
thereby mitigating the onset of ALI. Given its promising anti-inflammatory properties, fingolimod may serve as 
a potential therapeutic strategy for TBI management.

ROS are produced as a consequence of normal oxygen metabolism.56 When they accumulate at an excessive 
level, however, these free radicals can disrupt normal redox homeostasis, which can trigger inflammation and 
associated disease.54 ROS signaling upstream of the NLRP3 inflammasome is thought to trigger a ROS/MAPKs/NF- 
κB/NLRP3 signaling axis.57 After TBI, the induction of oxidative stress can lead to the dysfunction of the 
mitochondria, the deterioration of the BBB, sensorimotor dysfunction, and the emergence of brain edema that is 
secondary to neuronal damage.58 Overly high levels of pulmonary oxidative stress and inflammation have been 
established as potential mediators of TBI-induced ALI pathogenesis.11 In the present study, pulmonary ROS levels 
were significantly elevated in TBI model rats compared to sham controls, while fingolimod administration effec-
tively attenuated these increases. In in vitro experiments, NR8383 cells were treated with LPS and nigericin to 
simulate prolonged NLRP3 inflammasome activation and oxidative stress. This treatment led to increased ROS 
accumulation and upregulated NLRP3 inflammasome signaling. However, fingolimod significantly suppressed both 
NLRP3 activation and ROS production, restoring oxidative balance. These findings suggest that fingolimod 
mitigates NLRP3 inflammasome activation by reducing oxidative stress, highlighting its potential as a therapeutic 
intervention for TBI-induced ALI.

Limitations
The study has several limitations. First, the precise mechanistic basis underlying the therapeutic benefits of fingoli-
mod in treating TBI-induced ALI remains to be fully elucidated. Further studies are required to explore other potential 
mechanisms, such as the role of mitochondrial oxidative stress and the involvement of alternative inflammasome 
complexes. TBI has been reported to activate the AIM2 and NLRP1 inflammasomes,59 and NLRP3 inhibition may be 
modulated by multiple pathways, including calcium channel signaling, the NF-κB pathway, and the PI3K/AKT/ 
mTOR pathway.60 Future studies should specifically assess the activation of these inflammasomes in the lungs 
following TBI and determine the extent to which fingolimod influences these pathways. Fingolimod is currently 
undergoing evaluation in clinical trials and has demonstrated efficacy in treating various diseases, supporting its 
potential safety and utility as a therapeutic agent for TBI.61 Although the findings of this study offer valuable 
translational insights, further validation in a clinical setting is essential to confirm the therapeutic relevance of 
fingolimod.
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Conclusion
In summary, fingolimod effectively suppresses NLRP3 inflammasome activation by mitigating oxidative stress, thereby 
protecting against TBI-induced ALI. These findings highlight the potential of fingolimod as a novel therapeutic strategy 
for this severe complication of TBI while also providing new insights into the underlying pathophysiological mechanisms 
of the disease.
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