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Abstract

:

Background and Purpose: Neuroinflammation has been shown to play a critical role in secondary craniocerebral injury, leading to poor outcomes for TBI patients. Abrocitinib, a Janus kinase1 (JAK1) selective inhibitor approved to treat atopic dermatitis (AD) by the Food and Drug Administration (FDA), possesses a novel anti-inflammatory effect. In this study, we investigated whether abrocitinib could ameliorate neuroinflammation and exert a neuroprotective effect in traumatic brain injury (TBI) models. Methods: First, next-generation sequencing (NGS) was used to select genes closely related to neuroinflammation after TBI. Then, magnetic resonance imaging (MRI) was used to dynamically observe the changes in traumatic focus on the 1st, 3rd, and 7th days after the induction of fluid percussion injury (FPI). Moreover, abrocitinib’s effects on neurobehaviors were evaluated. A routine peripheral blood test was carried out and Evans blue dye extravasation, cerebral cortical blood flow, the levels of inflammatory cytokines, and changes in the numbers of inflammatory cells were evaluated to investigate the function of abrocitinib on the 1st day post-injury. Furthermore, the JAK1/signal transducer and activator of transcription1 (STAT1)/nuclear factor kappa (NF-κB) pathway was assessed. Results: In vivo, abrocitinib treatment was found to shrink the trauma lesions. Compared to the TBI group, the abrocitinib treatment group showed better neurological function, less blood-brain barrier (BBB) leakage, improved intracranial blood flow, relieved inflammatory cell infiltration, and reduced levels of inflammatory cytokines. In vitro, abrocitinib treatment was shown to reduce the pro-inflammatory M1 microglia phenotype and shift microglial polarization toward the anti-inflammatory M2 phenotype. The WB and IHC results showed that abrocitinib played a neuroprotective role by restraining JAK1/STAT1/NF-κB levels after TBI. Conclusions: Collectively, abrocitinib treatment after TBI is accompanied by improvements in neurological function consistent with radiological, histopathological, and biochemical changes. Therefore, abrocitinib can indeed reduce excessive neuroinflammation by restraining the JAK1/STAT1/NF-κB pathway.
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1. Introduction


Traumatic brain injury (TBI), which is defined as cerebral dysfunction caused by external attacks, is one of the leading causes of death and disability worldwide [1,2]. The pathology of TBI can be categorized as primary brain injury which is caused by mechanical damage during the initial impact, or secondary brain injury, caused by inflammation, oxidative stress, mitochondrial dysfunction, apoptosis, etc. [3,4,5]. Among these pathological events, neuroinflammation, which is the main pathological process, can lead to extensive tissue injury and neurological dysfunctions [6,7]. As a result, secondary brain injury is evidenced by the secretion of pro-inflammatory cytokines, elevated blood-brain barrier (BBB) permeability, and the activation of the innate immune response in the central nervous system [8,9,10,11].



The Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway is regarded as one of the most important cellular communication nodes. The JAK/STAT pathway regulates a variety of downstream events, including hematopoiesis, immune fitness, tissue repair, inflammation, apoptosis, and adipogenesis [12]. JAKl, JAK2, JAK3, and non-receptor tyrosine-protein kinase 2 (TYK2) are members of the JAK family, whereas STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6 are members of the STAT family. Cytokines, which combine with receptors, can subsequently induce the dimerization, phosphorylation, and activation of JAK. Activated JAK further induce the phosphorylation of members of the STAT family, which then form homo or heterodimers, transfer to the nucleus, and bind to specific DNA consensus sequences to dominate gene transcription [13,14]. JAK1, which can be phosphorylated by interleukin-(IL-)6, IL-2, interferon (IFN)α/β, IFN-γ, etc., is widely expressed in tissues and can phosphorylate all STATs [15,16]. STAT1 can be activated by IFN, IL-2, IL-6, and tumor necrosis factor (TNF) [17]. Then, STAT1 initiates the transcription of M1-associated genes, which can further lead to the production of inflammatory cytokines [18]. This promotes the expression of downstream inflammatory cytokines, resulting in an inflammatory reaction in hemorrhagic and ischemic brain tissues. In addition, STAT1 might contribute to brain damage by regulating the transcription and phosphorylation of proteins related to apoptosis [19].



According to the literature, the nuclear factor kappa B (NF-κB) signaling transduction pathway is directly involved in inflammation and apoptosis in TBI models [20]. After the stimulation of a TBI, the inhibitor of NF-κB (IκB) is phosphorylated and degraded, which leads to the release of the NF-κB dimer. Then, the activated NF-κB translocates to the nucleus, resulting in the transcription and activation of pro-inflammatory factors, such as NLR family pyrin domain containing protein 3 (NLRP3) inflammasomes, which are key elements in the procession of pyroptosis and are composed of an inflammasome sensor molecule, an apoptosis-associated speck-like protein containing a CARD (ASC), and caspase-1 [5,21].



Abrocitinib, a JAK1 selective inhibitor, was approved to treat atopic dermatitis (AD) by the FDA. Abrocitinib can effectively reduce autoimmune inflammation by blocking the JAK1’s ATP binding site and reversibly inhibiting the kinase. Given that neuroinflammation plays a vital role in the pathological development of TBI, we investigated whether abrocitinib could play an effective anti-inflammatory role in the early stages after TBI.




2. Materials and Methods


2.1. Animals


HFK Bioscience Corporation (Beijing, China) supplied 8-week-old male C57BL/6 mice. The mice were housed in a specific pathogen-free (SPF) environment and all animal experimental procedures were approved by the Animal Care and Use Committee of Tianjin Medical University General Hospital, Tianjin, China, and were carried out in accordance with institutional animal care guidelines.



The mice were randomly divided into three groups: Sham group, TBI + vehicle (saline) group, and TBI + abrocitinib group (10 mg/kg).




2.2. Fluid Percussion Injury (FPI) Model


The mice were anesthetized with isoflurane. The FPI model was prepared as referenced in previous research [22]. Briefly, a 3-mm-diameter cavity with intact dura matter (2.0-mm posterior from the bregma and 2.0-mm lateral to the sagittal suture) was used to rapidly inject saline at a regulated pressure into an unrestrained mouse utilizing an FPI device (Custom Design & Fabrication, Richmond, VA, USA), the pressure of percussion was manipulated at 1.9 ± 0.2 atm. The sham group received the same process except for the strike procedure. The sham group and TBI group were administered saline via the intragastric route, and the treatment group was administered abrocitinib via the intragastric route after TBI.




2.3. Bioinformatic Analysis


To identify the pathophysiological contributions in mouse brain tissue after TBI, we proceeded with transcriptome profiling in the TBI-treated brain tissues and those of the control group. The RNAseq datasets of the samples were divided into two groups correspondingly: The “control” group included five samples and the “TBI” group included five samples. Then, the differential expression of mRNA was investigated using the R package “DESeq2”. The threshold for mRNA differential expression screening was defined as “adjusted p-value < 0.05 and |log2 (fold change)| > 1”, and heatmaps and volcano plots were drawn accordingly. Using the R package “cluster profile”, the TBI-associated genes were screened, following that, gene ontology (GO) enrichment analysis (BP: Biological process; CC: Cellular component; MF: Molecular function) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were carried out. To enrich the functional categories and pathways, a cut-off value of p < 0.05 was used. To determine the significant functional difference between the two groups, a gene set enrichment analysis (GSEA) was performed using the R package “cluster profile”. Herein, we used the p-value and normalized enrichment score (NES) to organize the enriched pathways in each cluster. |NES| > 1 and p < 0.05 were considered to be significantly enriched gene sets. Furthermore, the analysis used CIBERSORT to assess the immune response of 25 types of immune cells in TBI to determine their correlation with survival and molecular subpopulation. Finally, we compared the data from the two groups and then used the data to generate a heatmap and a violin plot.




2.4. MRI


All MRI images were acquired using a 9.4 T Bruker BioSpec 94/30 USR MRI scanner (Bruker BioSpin GmbH, Ettlingen, Germany). On the 1st, 3rd, and 7th days after FPI induction, the animals were transferred to an MRI-compatible animal bed in the prone position and a mouth and nose mask was applied to deliver 1.5% isoflurane in oxygen at a delivery rate of 500 mL/min. A volume coil with an inner diameter of 86 mm was used for RF transmission, and a mouse brain surface coil was used to receive signals. After a localizer image was scanned to ensure the animal’s head was well positioned, a coronal T2WI was acquired with the following parameters: Repetition time = 2500 ms; echo time = 33 ms; number of averages = 2; slice thickness = 0.5 mm with 20 slices; field of view = 20 × 20 mm; matrix size = 256 × 256, yielding an imaging resolution of 0.078 × 0.078 mm; scanning time = 160 s. Sante Dicom Viewer and Image J were used to calculate the lesion volume.




2.5. Hematoxylin and Eosin (H&E) Staining and Nissl Staining


Anesthetized mice were perfused with PBS and paraformaldehyde on the 1st day after FPI. Brain tissues were collected, embedded in paraffin blocks, and cut into 5 μm slices. After dewaxing, according to the manufacturer’s instructions, hematoxylin and eosin staining kit (CAT#G1120, Solarbio, Beijing, China) was used to stain the paraffin sections. For Nissl staining, after dewaxing, the slices were soaked in three times distilled water for 5 min and stained with methyl violet staining solution (BP034, Biossci biotechnology Co.; Ltd., Wuhan, China) in a 56 °C incubator for 20 min. The sections were washed with distilled water and divided with 70% ethanol for 1 min. Then, 0.1% glacial acetic acid was used to distinguish the slides, and 100% ethanol solution and xylene were used to successively dehydrate and clear the slides, respectively. The slices were mounted with neutral glue and observed under a light microscope (BX46, Olympus Corporation, Tokyo, Japan) for the assessment of neuron numbers.




2.6. Evans Blue Dye Extravasation


To observe the FPI-induced vascular leakage and brain edema, through the tail vein, mice received 100 µL of 2% Evans blue (Sigma Aldrich, St. Louis, MO, USA). Two hours after injection, the mice were sacrificed and given PBS perfusions. After dissecting the brain, the horizontal and coronal planes of the tissues were observed under a stereoscope. After the removal of the cerebellum and olfactory bulb, the half-brains were weighed and homogenized in 1 mL formamide (Aladdin, Shanghai, China) before incubation at 60 °C overnight. For 30 min, the brain homogenates were centrifuged at 14,000 rpm. The Evans blue in the supernatant was transferred to a 96-well plate with 200 µL per well and set in a duplicate hole; then, the plate was measured at OD620 nm in a preheated microplate reader. A standard curve was defined using Evans blue solution with doubling dilution configurations (50, 25, 12.5, 6.25, 3.12, 1.56, 0.78, and 0 µg/mL), and the content of Evans blue (µg/mL) in the samples was calculated. Then, the content of Evans blue per gram of brain tissue (µg/g) was calculated as the content of Evans blue in the sample (µg/mL) × formamide volume (mL)/brain weight (g).




2.7. Cerebral Blood Flow


Cerebral cortical blood flow was monitored for 24 h post-TBI using a non-invasive laser speckle imager with a 70 mW built-in laser and a 1388 × 1038-pixel CCD camera (PeriCam PSI System, Perimed, Sweden) as recently described [23]. Briefly, mice were sedated with isoflurane and placed on a temperature-controlled stereotaxic frame (RWD Life Science, San Diego, CA, USA), with the skull exposed. The CCD camera was installed 10 cm above the skull to capture the CBF images in a scanning area of 2.0 × 2.0 cm. The ipsilateral cortical blood flow (perfusion unit, PU) was calculated and presented as mean perfusion values using the vendor-supplied PIMSoft software (version 1.5; Perimed, Jakobsberg, Sweden).




2.8. Modified Neurological Behavioral Tests


Prior to the induction of FPI, a modified neurological severity scores (mNSS) functional test was performed, and it was repeated on the 1st, 3rd, 5th, and 7th days after TBI. The procedures used were based on previous research [24]. All testers were well-trained and blinded to the experimental treatment assignment.




2.9. IHC Staining


Anesthetized mice were sacrificed on the 1st day after injury and their brain tissues were embedded in paraffin blocks and cut into 5-μm slices according to the standard procedures. After a series of dewaxing and hydration, the slides were boiled for 30 min in sodium citrate buffer (0.01 mol/L, pH 6.0) (C1010, Solarbio, Beijing, China) for antigen retrieval. Then, the slides were blocked using PBS, which contains 0.3% Triton X-100 (#T8200 Solarbio, China) and 3% albumin bovine V (A6020 Biotopped, Beijing, China) for 1.5 h at room temperature to inhibit nonspecific binding before the sections were incubated overnight at 4 °C with primary antibodies against Iba-1 (1:800 #17198 Cell signaling, Danvers, MA, USA), MPO (1:200 ab65871 Abcam, Cambridge, UK), and GSDMD (1:200 ab219800 Abcam, Cambridge, UK). The slides were washed with PBS and then incubated with a secondary antibody (GK500705 Gene Tech, Shanghai, China) for 1 h. After washing with PBS, 3,3-diaminobenzidine (1:500 DAB GK500705 Gene Tech, Shanghai, China) was added for the horseradish peroxidase reaction. Then, the sections were re-stained with hematoxylin (#g1120 Solarbio, Beijing, China), dehydrated, and cleared using gradient ethanol and xylene. Finally, the slides were observed under an u-lhledc microscope (BX46, Olympus Corporation, Tokyo, Japan) after being sealed with neutral glue. The ImageJ software (version 1.53, National Institutes of Health, Bethesda, MD, USA) was used to analyze the IHC images.




2.10. TUNEL Staining


As previously described [25], frozen 6-μm-thick tissue sections were prepared. After 24 h in 4% paraformaldehyde, the brain tissues were dehydrated in 15% sucrose until they sank to the bottom. Then, the tissues were dehydrated in 30% sucrose until they sank to the bottom. After 10 min of immersion in the OCT compound (4583 SAKURA, Torrance, CA, USA), the tissues were frozen with liquid nitrogen. Thereafter, the brain tissues were embedded in frozen blocks cut into 6-μm sections. Bovine serum albumin (3%) in phosphate-buffered saline (PBS) with 0.3% Triton X-100 was used to block the sections. TUNEL staining was performed by incubating the sections in TUNEL (C1088 Beyotime, Shanghai, China) for 1 h at room temperature. After three washes with PBS, a mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI) was applied to the sections. Then, the slices were sealed with a coverslip. Finally, fluorescent signals were discovered using a fluorescence microscope (Olympus BX61, Tokyo, Japan). The IF images were analyzed using ImageJ software (version 1.53, National Institutes of Health, USA).




2.11. Cell Culture, LPS Model, Experimental Design, and Drug Administration


DMEM/F-12 medium (Gibco, New York, USA) supplemented with 5% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA) and 1% penicillin-streptomycin (Hyclone, Logan, UT, USA) was used to culture mouse BV2 microglial cells (American Type Culture Collection, Manassas, VA, USA). The cells were incubated at 37 °C in a humidified 5% carbon dioxide atmosphere with the medium changed every 2 days. The cells were exposed to LPS to mimic cerebral neuroinflammation after TBI in vitro. To evaluate its effects on microglial polarization, abrocitinib (100 nM, 500 nM, or 1 µΜ; Selleck, Houston, TX, USA) was added to the culture medium for the management of LPS (10 µg/mL; Tocris Bioscience, Bristol, UK). The treated BV2 cells were collected after 6 h of LPS irritation for further immunofluorescence (IF) staining.




2.12. Immunofluorescence Staining


For IF staining, a sterile round glass slide (18 mm) was placed on a 12-well plate and coated with 1× poly-lysine overnight. BV2 cells were seeded into the 12-well plate at a concentration of 1 × 105/cells the next day. Following the intervention, the treated cells were fixed for 20 min in precooled 4% PFA and permeabilized for 20 min at room temperature with 0.1% Triton X-100 (#T8200 Solarbio, Beijing, China). The fixed cells were blocked for 30 min at 37 °C with 3% bovine serum albumin (A6020 Biotopped, Beijing, China) and the sections were incubated overnight at 4 °C with primary antibodies against Iba-1 (1:800 #17198 Cell signaling, Danvers, MA, USA), iNOS (1:500 ab210823, Abcam, Cambridge, UK), and Arg-1(1:200 ab239731, Abcam, Cambridge, UK). Then, the sections were rinsed three times with PBS for 5 min before incubation for 1 h at room temperature with Alexa Fluor 488 goat anti-rabbit IgG (1:500, a-11008, Thermo Fisher Science, Waltham, MA, USA) and Alexa Fluor 555 donkey anti-mouse IgG (1:500, a-31570, Thermo Fisher science, MA, USA). Prior to the addition of DAPI, the sections were washed three times with PBS and then sealed with a coverslip. A fluorescence microscope (Olympus BX61, Tokyo, Japan) was used to observe the signals. The IF images were analyzed using ImageJ software (version 1.53, National Institutes of Health, USA).




2.13. Routine Analysis of Blood


Blood was collected from the apex of the heart in 400 µL aliquots (n = 8/group) on the 1st day after injury. The blood was stored in anticoagulant tubes containing EDTAK2. Then, the samples were sent to a clinical laboratory where they were counted using an automatic blood analyzer (BC-2800Vet MINDRAY, Shenzhen, China).




2.14. Enzyme-Linked Immunosorbent Assay (ELISA)


The brain samples were homogenized according to the manufacturer’s protocol. Inflammatory factors were detected in the brain samples using ELISA kits for TNF-α, IL-1β, IL-6, and IL-18 (RK00027, RK00006, RK00008, RK00104, Abclonal, Wuhan, China). The measured OD values were converted into concentration values.




2.15. Western Blot


WB was carried out in the manner previously described [26]. Total proteins from each group’s brain tissues were extracted using lysis buffer containing protease and phosphatase inhibitors (P1260 Solarbio, Beijing, China). The tissue was ground up, and the protein was then gathered in the supernatant and measured with the bicinchoninic acid technique. Specific primary antibodies were incubated with the PVDF membranes overnight at 4 °C. The primary antibodies used were as follows: Primary rabbit monoclonal against JAK1 (1:1000, A11963; Abclonal, Wuhan, China); phospho-JAK1 (1:1000, AP0530; Abclonal, Wuhan, China); STAT1 (1:1000, A19563; Abclonal, Wuhan, China); phospho-STAT1 (1:1000, AP0054; Abclonal, Wuhan, China); phospho-NF-κB p65 (1:1000, #3033; Cell Signaling, Danvers, MA, USA); ASC (1:1000, NBP1-78977; NOVUS, Colorado, USA); caspase-1 (1:1000, A0964; Abclonal, Wuhan, China); GSDMD (1:1000 A20728, Abclonal, Wuhan, China); NRLP3 (1:1000, A5652; Abclonal, Wuhan, China); and primary mouse polyclonal anti-GAPDH (1:1000, #97166; Cell Signaling, Danvers, MA, USA). The membranes were washed three times after incubation. Then, the membranes were incubated at room temperature for 1 h with goat anti-rabbit (1:5000; Zhongshan Golden Bridge, Beijing, China) and goat anti-mouse IgG antibodies (1:5000; Zhongshan Golden Bridge, Beijing, China). Finally, the membranes were exposed to the ChemiDoc Touch Imaging System (Bio-Rad, Hercules, CA, USA) after incubation with enhanced chemiluminescence. ImageJ was used to perform the densitometric analysis on protein bands.




2.16. Statistical Analysis


All data were expressed as mean ± standard deviation (SD). An F-test was performed to evaluate the homogeneity of variance and the Kolmogorov-Smirnov test was used for quantitative data to determine whether the data were normally distributed. If the distribution was normal and the variance was homogeneous, a one-way or repeated measures analysis of variance (ANOVA) test was used among the groups, and Tukey’s test was used as a post-hoc test. Otherwise, a Kruskal-Wallis test was used among the groups. The Statistical Package for the Social Sciences (SPSS) software version 26.0 (IBM Corporation, Armonk, NY, USA) was used to conduct the statistical analysis. A p-value less than 0.05 was considered significant.





3. Results


3.1. Sequence-to-Function Analysis via Next-Generation Sequencing (NGS)


We started by analyzing the genes that showed differential expression in mice after TBI and the sham operation using the transcriptome profiling database. According to the generated volcano plot (Figure 1A) and heatmap (Figure 1B), there were 436 differentially expressed genes in mice from the two groups, including 359 upregulated genes and 77 downregulated genes. The expressions of TNF-α, IL-1β, IL-6, NLRP3, and ASC were found to be significantly higher in the TBI group (Figure 1C). Following the analysis of differentially expressed genes in the aforementioned database, we performed a GO and KEGG analysis of the 359 upregulated and 77 downregulated genes. The results of the GO analysis (Figure 1D) showed that TBI has important roles in cytokine activity, the inflammasome complex, the acute inflammatory response, and neutrophil migration. The results of the KEGG analysis showed that TBI has important roles in cytokine-cytokine receptor interaction, the NF-κB signaling pathway, the JAK-STAT signaling pathway, and the NOD-like receptor signaling pathway (Figure 1E). Additionally, the GSEA results showed that the GO items apoptotic process, cytokine activity, inflammatory response, innate immune response, and neutrophil migration showed significantly differential enrichment in the TBI group based on the NES and p-value (Figure 1F), while the KEGG items apoptosis, cytokine-cytokine receptor interaction, NF-κB signaling pathway, JAK-STAT signaling pathway, and NOD-like receptor signaling pathway were shown to be significantly differentially enriched in the TBI group based on the NES and p-value (Figure 1G). These results indicate that the acute inflammatory response plays a major role in the early stage after TBI in mice. We used an established computational resource (CIBERSORT) to explore the gene expression profiles of our dataset to infer the density of 25 types of immune cells. Figure 1H shows the proportions of the 25 species of subpopulations of immune cells in each sample from the two groups. Neutrophil cells and M1 macrophages were the main immune cells affected by TBI, as indicated by an increase in the TBI group compared to the control group (Figure 1I).




3.2. Abrocitinib Ameliorated Brain Injury and Improved Neurological Outcomes after TBI


Through dynamic MRI observation on the 1st, 3rd, and 7th day after TBI, we found that the size of the trauma focus was gradually reduced in the first 7 days after TBI. Compared to the TBI group, the abrocitinib treatment significantly controlled the size of the trauma focus and enhanced the absorption of the hematoma (Figure 2A,B). The Evans blue dye extravasation test was performed on the 1st day after TBI. In the acute phase after TBI, the damage to the blood-brain barrier caused by TBI was significantly ameliorated by abrocitinib (Figure 2D,E). Moreover, drawing support from the results obtained using the non-invasive laser speckle imager, abrocitinib treatment significantly increased cortical cerebral blood flow (CBF) when compared to mice receiving saline (Figure 2F,G). On the one hand, all mice with TBI had severe unilateral sensorimotor deficits. On the other hand, a tendency for the mNSS to decrease over time after TBI was revealed. However, abrocitinib induced a significant decrease in the mNSS on the 3rd day after treatment when compared to the animals treated with saline, which indicated that the neurological function was apparently improved by the abrocitinib treatment (Figure 2C).




3.3. Abrocitinib Promoted the Survival of Neurons and Reduced Apoptosis


First, from the H&E staining, there was an intuitive sense of the degree of damage to the cortex. The H&E staining indicated that the abrocitinib treatment shrunk the trauma focus, which was in agreement with the MRI results discussed above (Figure 3A). Nissl staining was employed to determine the number of neurons in the peripheral areas of the trauma focus. In both experimental groups where TBI was induced, the number of neurons decreased significantly. However, the number of neurons in the abrocitinib treatment group was significantly higher than the TBI group (Figure 3B,D). Moreover, TUNEL fluorescent staining was performed to measure the change in apoptosis around the trauma focus. We found that TBI induced significant apoptosis around the wound focus. Abrocitinib reduced the number of apoptotic cells on the 1st day after TBI (Figure 3C,E). Therefore, it was clear that abrocitinib played an anti-apoptotic and neuroprotective role.




3.4. Abrocitinib Significantly Inhibited Activation of JAK1/STAT1


A Western blot was used to determine the expression of JAK1/STAT1 and p-JAK1/p-STAT1. The results showed that after TBI, there was a significant decrease in the total content of JAK1 and STAT1. After abrocitinib treatment, the expressions of p-JAK1 and p-STAT1 increased dramatically in the TBI group. In addition, this phenomenon could be remarkably restrained by abrocitinib. Based on the expressions of p-JAK1 and p-STAT1, JAK1 and STAT1 were significantly activated on the 1st day after TBI. After abrocitinib treatment, the levels of p-JAK1 and p-STAT1 declined significantly, which meant that abrocitinib effectively depressed the activation of JAK1 and STAT1 (Figure 4).




3.5. Abrocitinib Did Not Change Blood Counts after TBI


To observe whether abrocitinib had effects on the hematopoietic system, peripheral blood counts were measured. As shown in Table 1, the numbers of white blood cells, red blood cells, platelets, and hemoglobin did not change evidently among the three groups. However, compared to the sham group, the number of neutrophils and the percentage of neutrophils were significantly increased in the TBI and TBI + abrocitinib groups.




3.6. Abrocitinib Reduced the Infiltration of Inflammatory Cells and the Activation of Microglia, Inhibited M1 Polarization and Promoted M2 Polarization, and Further Decreased Pro-Inflammatory Cytokines


To observe the infiltration of inflammatory cells, IHC staining was performed to distinguish neutrophils and microglia (Figure 5A–D). The results of the IHC staining indicated that the number of neutrophils and microglia increased significantly in the acute phase after TBI. After abrocitinib intervention, the numbers of both types of inflammatory cells decreased significantly. Moreover, using surface markers specific for M1 and M2 in vitro, the state of microglial/macrophage polarization was detected. After abrocitinib treatment, the number of activated microglia/macrophages (Iba-1+) that expressed the M1 marker iNOS after LPS irritation markedly reduced, while the expressed M2 marker Arg-1 increased, indicating an M1-to-M2 transition. Moreover, this phenomenon became more apparent with the increasing dosage of abrocitinib (Figure 5E). TBI caused elevated pro-inflammatory factors in the brain tissue. We measured the levels of IL-6 and TNF-α in the brain tissues to investigate the role of the inflammatory response after TBI. When compared to the sham group, the ELISA results showed that TBI induced the secretion of these pro-inflammatory cytokines. On the other hand, abrocitinib could reverse the increased levels of IL-6 and TNF-α after TBI (Figure 5F,G).




3.7. Abrocitinib Induced Significant Anti-Inflammatory Effects and Decreased Pyroptosis in Brain Tissue after TBI by Restraining the NF-κB Pathway


NF-κB is still recognized as a predominant transcription factor in the regulation of pro-inflammatory mediators after TBI [27]. TBI increases the levels of pro-inflammatory factors in brain tissue, some of which, such as IL-1β and IL-18, are important in the process of pyroptosis. Moreover, the NF-κB-related signaling pathway was determined to investigate the role of the inflammatory response and pyroptosis after TBI. The WB results revealed that following TBI, the content of p-NF-κB evidently increased, as did the levels of NLRP3, ASC, caspase-1, and GSDMD, which are the downstream factors of NF-κB (Figure 6A). In addition, the contents of IL-1β and IL-18 were drastically increased after TBI (Figure 6D,E). All factors not only led to an excessive inflammatory response, but also exacerbated pyroptosis, which was investigated using GSDMD IHC staining (Figure 6B,C). Conversely, abrocitinib treatment significantly reduced the levels of NF-κB and its downstream factors. Therefore, the pyroptosis induced by those factors lessened, which was verified by WB results and GSDMD IHC staining (Figure 6).





4. Discussion


Due to cell death and neuronal dysfunction in the surrounding and remote brain areas, secondary craniocerebral trauma, which includes calcium excess, glutamatergic excitotoxicity, oxidative stress, and the inflammatory response, can cause functional loss and have a negative prognosis [3,28,29,30]. Recently, increasing evidence from human and animal studies has indicated that persistent and excessive secondary injuries are averse to the recovery of neural function after TBI [31,32]. In addition, excessive neuroinflammation which is capable of initiating neuronal cell death and BBB disruption, is considered to be an important molecular and cellular characteristic of TBI [6,9,33]. Under normal circumstances, microglia remain in a quiescent state and perform surveillance functions in the CNS. However, under pathological conditions, microglial cells are rapidly activated, leading to the release of cytokines, chemokines, reactive oxygen/nitrogen species (ROS/RNS), and prostaglandins. Furthermore, cytokines, chemokines, ROS, and several proteases discharged by activated microglia can aggravate their neurotoxic effects [34,35,36]. In summary, a sterile immune response that comprises local signaling in neurons, glia, and recruited peripheral immune cells is established and triggers an inflammatory cascade within minutes of TBI [37]. Although balanced inflammation is required for cellular debris removal and tissue remodeling, persistent and excessive inflammation can worsen neuronal apoptosis and neurological damage following TBI [38,39]. As a result, effectively controlling excessive neuroinflammation promotes neuroprotection and neural function recovery, potentially improving TBI prognosis.



In our experiments, the NGS results reflected that inflammation-related pathways, including JAK/STAT, NF-κB, etc., were activated in the early stage of TBI. By analyzing inflammatory cells, we found that microglia and neutrophils were significantly activated in the early period post-TBI. In addition, these results, which were generated using NGS, were verified in subsequent experiments. It has been noted in the literature that in the initial stages following TBI, microglia are activated and release proinflammatory cytokines, such as TNF-α, IL-1β, IL-18, and IL-6, which results in a local neuroinflammatory response. Furthermore, these inflammatory mediators may mobilize immune cells to the injury regions, resulting in additional neuroinflammatory reactions [40]. In our experiments, microglia content was dramatically increased, as were the levels of proinflammatory cytokines including TNF-α, IL-1β, IL-18, and IL-6. Subsequently, neutrophils were recruited to the periphery of the wound focus, leading to a severe inflammatory reaction. Moreover, JAKs can be activated by the extracellular interaction of cytokines with the appropriate membrane receptors, as having two JAK proteins in adjacent proximity permits phosphorylation to take place [41]. Some cytokines, for example, IL-6, possess the ability to activate JAK1. P-JAK1 is a significant upstream protein for STAT1. After phosphorylation by p-JAK1, STAT1 dimerizes and transmigrates to the nucleus and then transactivates genes that respond to STAT1 [14,42]. Following this, P-STAT1 stimulates the transcription of M1-associated genes, which ultimately leads to the creation of inflammatory cytokines [43]. IL-1β, IL-6, TNF-α, and IL-18 are cytokines that are generated when microglia are activated, and induce neuroinflammation and neurodegeneration [44]. Therefore, the inflammatory response is greatly influenced by the JAK1/STAT1 signaling pathway [45]. In the process of secondary brain injury, a positive feedback loop develops that may cause neuroinflammation to be more pronounced. If some factors in this loop could be suppressed, the neuroinflammation could possibly be attenuated to some extent. Here, we used abrocitinib, a JAK1 inhibitor, to achieve the goal of breaking this vicious cycle and reducing excessive neuroinflammation. From the results of our experiments, we found that after abrocitinib treatment, there was no effect on the hematopoietic system. Furthermore, brain edema was effectively controlled, the speed of hematoma absorption was enhanced, local blood flow around the wound focus improved, the numbers of microglia and neutrophils and contents of inflammatory cytokines decreased, neuronal apoptosis decreased, and neurological recovery was facilitated. Moreover, in our in vitro experiments, abrocitinib inhibited the activation of M1 microglia and promoted their transformation to M2 microglia, resulting in an attenuated inflammatory response. In summary, abrocitinib effectively restrained the activation of JAK1. As a result, the contents of p-JAK1 and p-STAT1 decreased significantly, the levels of activated microglia decreased and the M1-to-M2 transition increased, and the subsequent infiltration of neutrophils and production of inflammatory factors lessened. Finally, the excessive inflammatory reaction sequentially decreased.



Previous studies have shown that inflammatory signaling pathways, such as NF-κB and JAKs/STATs, can interact with one another and play critical roles in triggering, promoting, and regulating inflammatory responses [46]. NF-κB can induce STAT1 synthesis and promote STAT1 activation. In fact, multiple studies have demonstrated that the regulation of IFN-γ-induced inflammatory genes involves interactions between NF-κB and STAT1 signaling pathways [47,48,49]. In this investigation, we also demonstrated that abrocitinib could significantly reduce the elevated NF-κB content caused by TBI. NF-κB is a key transcription factor that plays a role in inflammatory responses that occur after neuroinflammatory disorders [50]. NF-κB signaling could be activated by hypoxia, reactive oxygen species, and several inflammatory mediators [51]. Once activated, NF-κB can cause the production of proinflammatory cytokines, such as IL-1β, IL-6, and TNF-α, as well as the activation of NLRP3 inflammasome [5,52]. Additionally, some inflammatory cytokines, such as IL-1 and TNF-α, can activate NF-κB further, creating a positive feedback loop that exacerbates the inflammatory response [19,53]. Inflammasomes are multimeric protein complexes composed of an inflammasome sensor molecule, an apoptosis-associated speck-like protein containing a CARD (ASC) and caspase-1 [54]. Inflammasomes activate caspase-1 and cause the release of IL-1β, IL-18, and gasdermin D (GSDMD), which promotes pyroptosis [55,56]. Infections of the central nervous system, cell death, brain injury, and neurodegenerative disease all rely on IL-1β and IL-18. IL-1β and IL-18 concentrations are higher in various neurodegenerative disorders [57]. In our study, after treatment with abrocitinib, the content of NF-κB decreased, which resulted in a reduction in the levels of NLRP3 and other inflammatory cytokines. In addition, the decrease in NLRP3 resulted in low expressions of ASC, caspase-1, and GSDMD, which suggested that the pyroptosis process after TBI was significantly inhibited. The high survival rate of neurons and decrease in apoptotic cells would be beneficial to the recovery of nerve function, which means the prognosis of TBI can be greatly improved. Indeed, our research also has some unresolved issues. One day after TBI we established the observation window according to the NGS results. If we increased the dosage and prolonged the time of administration of abrocitinib, what impacts would it have on long-term rehabilitation after TBI? These problems are urgent and should be solved in future research.



In summary, based on FPI models, we confirmed that in the early period post-TBI, abrocitinib not only modulated the release of inflammatory cytokines, but also promoted the shrinkage of brain edema and hematoma and improved neural functions in the mice with TBI. The therapeutic results of abrocitinib treatment might be partially ascribed to the normalization of the inflammatory reaction and the effects of restraining JAK1/STAT1/NF-κB pathways. Abrocitinib may be a promising candidate for the treatment of secondary brain injury. Further rigorous clinical evaluations must still be conducted.







Author Contributions


Conceptualization, T.L., L.L., R.P., and H.H.; methodology, Y.G.; resources, C.W. and F.C.; software, F.L.; supervision, H.Z., S.Z., and J.Z.; validation, X.L.; writing—original draft, T.L.; writing—review and editing, T.L. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by funding from the National Natural Science Foundation of China (grant number 81971176) and funded by the Tianjin Key Medical Discipline (Specialty) Construction Project.




Institutional Review Board Statement


All experimental animal protocols were reviewed and approved by the Animal Care and Use Committee of Tianjin Medical University General Hospital, Tianjin, China, on 20 January 2020 (approval No. IRB2020-DW-19) and conducted in strict accordance with international laws and National Institutes of Health policies, including the Guide for the Care and Use of Laboratory Animals (8th ed., 2011).




Informed Consent Statement


Not applicable.




Data Availability Statement


All data generated or analyzed during this study are included in this published article.




Acknowledgments


We would like to acknowledge Li Liu, Weiyun Cui, Xiao Liu, Guili Yang, and Lei Zhou for their assistance with the technical aspects of experiments and data interpretation.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Menon, D.K.; Schwab, K.; Wright, D.W.; Maas, A.I.; Demographics, I. Clinical Assessment Working Group of the, I. Interagency Initiative toward Common Data Elements for Research on Traumatic Brain, and H. Psychological, Position statement: Definition of traumatic brain injury. Arch. Phys. Med. Rehabil. 2010, 91, 1637–1640. [Google Scholar] [CrossRef]

	



Mollayeva, T.; Mollayeva, S.; Colantonio, A. Traumatic brain injury: Sex, gender and intersecting vulnerabilities. Nat. Rev. Neurol. 2018, 14, 711–722. [Google Scholar] [CrossRef]

	



Dinet, V.; Petry, K.G.; Badaut, J. Brain-Immune Interactions and Neuroinflammation After Traumatic Brain Injury. Front. Neurosci. 2019, 13, 1178. [Google Scholar] [CrossRef]

	



Humble, S.S.; Wilson, L.D.; Wang, L.; Long, D.A.; Smith, M.A.; Siktberg, J.C.; Mirhoseini, M.F.; Bhatia, A.; Pruthi, S.; Day, M.A.; et al. Prognosis of diffuse axonal injury with traumatic brain injury. J. Trauma Acute Care Surg. 2018, 85, 155–159. [Google Scholar] [CrossRef]

	



Cai, L.; Gong, Q.; Qi, L.; Xu, T.; Suo, Q.; Li, X.; Wang, W.; Jing, Y.; Yang, D.; Xu, Z.; et al. ACT001 attenuates microglia-mediated neuroinflammation after traumatic brain injury via inhibiting AKT/NFkappaB/NLRP3 pathway. Cell Commun. Signal 2022, 20, 56. [Google Scholar] [CrossRef]

	



Capizzi, A.; Woo, J.; Verduzco-Gutierrez, M. Traumatic Brain Injury: An Overview of Epidemiology, Pathophysiology, and Medical Management. Med. Clin. N. Am. 2020, 104, 213–238. [Google Scholar] [CrossRef]

	



Shively, S.B.; Priemer, D.S.; Stein, M.B.; Perl, D.P. Pathophysiology of Traumatic Brain Injury, Chronic Traumatic Encephalopathy, and Neuropsychiatric Clinical Expression. Psychiatr. Clin. N. Am. 2021, 44, 443–458. [Google Scholar] [CrossRef]

	



Simon, D.W.; McGeachy, M.J.; Bayir, H.; Clark, R.S.B.; Loane, D.J.; Kochanek, P.M. The far-reaching scope of neuroinflammation after traumatic brain injury. Nat. Rev. Neurol. 2017, 13, 572. [Google Scholar] [CrossRef]

	



Loane, D.J.; Kumar, A. Microglia in the TBI brain: The good, the bad, and the dysregulated. Exp. Neurol. 2016, 275 Pt 3, 316–327. [Google Scholar] [CrossRef]

	



Donat, C.K.; Scott, G.; Gentleman, S.M.; Sastre, M. Microglial Activation in Traumatic Brain Injury. Front. Aging Neurosci. 2017, 9, 208. [Google Scholar] [CrossRef]

	



Mishra, A.; Bandopadhyay, R.; Singh, P.K.; Mishra, P.S.; Sharma, N.; Khurana, N. Neuroinflammation in neurological disorders: Pharmacotherapeutic targets from bench to bedside. Metab. Brain Dis. 2021, 36, 1591–1626. [Google Scholar] [CrossRef] [PubMed]

	



Owen, K.L.; Brockwell, N.K.; Parker, B.S. JAK-STAT Signaling: A Double-Edged Sword of Immune Regulation and Cancer Progression. Cancers 2019, 11, 2002. [Google Scholar] [CrossRef] [PubMed]

	



Hebenstreit, D.; Horejs-Hoeck, J.; Duschl, A. JAK/STAT-dependent gene regulation by cytokines. Drug News Perspect. 2005, 18, 243–249. [Google Scholar] [CrossRef] [PubMed]

	



Stephanou, A.; Scarabelli, T.M.; Brar, B.K.; Nakanishi, Y.; Matsumura, M.; Knight, R.A.; Latchman, D.S. Induction of apoptosis and Fas receptor/Fas ligand expression by ischemia/reperfusion in cardiac myocytes requires serine 727 of the STAT-1 transcription factor but not tyrosine 701. J. Biol. Chem. 2001, 276, 28340–28347. [Google Scholar] [CrossRef] [PubMed]

	



Tsutsui, H.; Nishiguchi, S. Importance of Kupffer cells in the development of acute liver injuries in mice. Int. J. Mol. Sci. 2014, 15, 7711–7730. [Google Scholar] [CrossRef] [PubMed]

	



O’Shea, J.J.; Schwartz, D.M.; Villarino, A.V.; Gadina, M.; McInnes, I.B.; Laurence, A. The JAK-STAT pathway: Impact on human disease and therapeutic intervention. Annu. Rev. Med. 2015, 66, 311–328. [Google Scholar] [CrossRef]

	



Hu, X.; Li, J.; Fu, M.; Zhao, X.; Wang, W. The JAK/STAT signaling pathway: From bench to clinic. Signal Transduct. Target. Ther. 2021, 6, 402. [Google Scholar] [CrossRef]

	



Gan, Z.S.; Wang, Q.Q.; Li, J.H.; Wang, X.L.; Wang, Y.Z.; Du, H.H. Iron Reduces M1 Macrophage Polarization in RAW264.7 Macrophages Associated with Inhibition of STAT1. Mediators Inflamm. 2017, 2017, 8570818. [Google Scholar] [CrossRef]

	



Huang, X.P.; Ding, H.; Lu, J.D.; Tang, Y.H.; Deng, B.X.; Deng, C.Q. Effects of the Combination of the Main Active Components of Astragalus and Panax notoginseng on Inflammation and Apoptosis of Nerve Cell after Cerebral Ischemia-Reperfusion. Am. J. Chin. Med. 2015, 43, 1419–1438. [Google Scholar] [CrossRef]

	



Rosa, J.M.; Farre-Alins, V.; Ortega, M.C.; Navarrete, M.; Lopez-Rodriguez, A.B.; Palomino-Antolin, A.; Fernandez-Lopez, E.; Vila-Del Sol, V.; Decouty, C.; Narros-Fernandez, P.; et al. TLR4 pathway impairs synaptic number and cerebrovascular functions through astrocyte activation following traumatic brain injury. Br. J. Pharmacol. 2021, 178, 3395–3413. [Google Scholar] [CrossRef]

	



Han, J.W.; Shim, D.W.; Shin, W.Y.; Kim, M.K.; Shim, E.J.; Sun, X.; Koppula, S.; Kim, T.J.; Kang, T.B.; Lee, K.H. Juniperus rigida Sieb. extract inhibits inflammatory responses via attenuation of TRIF-dependent signaling and inflammasome activation. J. Ethnopharmacol. 2016, 190, 91–99. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Cai, W.; Zhao, Z.; Hilton, T.; Wang, M.; Yeon, J.; Liu, W.; Zhang, F.; Shi, F.D.; Wu, X.; et al. Lactadherin promotes microvesicle clearance to prevent coagulopathy and improves survival of severe TBI mice. Blood 2018, 131, 563–572. [Google Scholar] [CrossRef]

	



Xu, X.; Wang, C.; Wu, Y.; Houck, K.; Hilton, T.; Zhou, A.; Wu, X.; Han, C.; Yang, M.; Yang, W.; et al. Conformation-dependent blockage of activated VWF improves outcomes of traumatic brain injury in mice. Blood 2021, 137, 544–555. [Google Scholar] [CrossRef]

	



Li, T.; Wang, D.; Tian, Y.; Yu, H.; Wang, Y.; Quan, W.; Cui, W.; Zhou, L.; Chen, J.; Jiang, R.; et al. Effects of atorvastatin on the inflammation regulation and elimination of subdural hematoma in rats. J. Neurol. Sci. 2014, 341, 88–96. [Google Scholar] [CrossRef]

	



Wu, H.; Wu, T.; Han, X.; Wan, J.; Jiang, C.; Chen, W.; Lu, H.; Yang, Q.; Wang, J. Cerebroprotection by the neuronal PGE2 receptor EP2 after intracerebral hemorrhage in middle-aged mice. J. Cereb. Blood Flow Metab. 2017, 37, 39–51. [Google Scholar] [CrossRef]

	



Gu, J.; Bao, Y.; Chen, J.; Huang, C.; Zhang, X.; Jiang, R.; Liu, Q.; Liu, Y.; Xu, X.; Shi, W. The Expression of NP847 and Sox2 after TBI and Its Influence on NSCs. Front. Cell Neurosci. 2016, 10, 282. [Google Scholar] [CrossRef] [PubMed]

	



Mincheva-Tasheva, S.; Soler, R.M. NF-kappaB signaling pathways: Role in nervous system physiology and pathology. Neuroscientist 2013, 19, 175–194. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, H.; Yang, X.; Wang, Y.; Zhou, C. Vitamin D Protects against Traumatic Brain Injury via Modulating TLR4/MyD88/NF-kappaB Pathway-Mediated Microglial Polarization and Neuroinflammation. Biomed. Res. Int. 2022, 2022, 3363036. [Google Scholar] [CrossRef]

	



Villapol, S.; Byrnes, K.R.; Symes, A.J. Temporal dynamics of cerebral blood flow, cortical damage, apoptosis, astrocyte-vasculature interaction and astrogliosis in the pericontusional region after traumatic brain injury. Front. Neurol. 2014, 5, 82. [Google Scholar] [CrossRef]

	



Carron, S.F.; Alwis, D.S.; Rajan, R. Traumatic Brain Injury and Neuronal Functionality Changes in Sensory Cortex. Front. Syst. Neurosci. 2016, 10, 47. [Google Scholar] [CrossRef]

	



Stoica, B.A.; Faden, A.I. Cell death mechanisms and modulation in traumatic brain injury. Neurotherapeutics 2010, 7, 3–12. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.; Gao, W.; Cheng, S.; Yin, D.; Li, F.; Wu, Y.; Sun, D.; Zhou, S.; Wang, D.; Zhang, Y.; et al. Anti-inflammatory and immunomodulatory mechanisms of atorvastatin in a murine model of traumatic brain injury. J. Neuroinflamm. 2017, 14, 167. [Google Scholar] [CrossRef] [PubMed]

	



Jassam, Y.N.; Izzy, S.; Whalen, M.; McGavern, D.B.; El Khoury, J. Neuroimmunology of Traumatic Brain Injury: Time for a Paradigm Shift. Neuron 2017, 95, 1246–1265. [Google Scholar] [CrossRef] [PubMed]

	



Nimmerjahn, A.; Kirchhoff, F.; Helmchen, F. Resting microglial cells are highly dynamic surveillants of brain parenchyma in vivo. Science 2005, 308, 1314–1318. [Google Scholar] [CrossRef] [PubMed]

	



Davalos, D.; Grutzendler, J.; Yang, G.; Kim, J.V.; Zuo, Y.; Jung, S.; Littman, D.R.; Dustin, M.L.; Gan, W.B. ATP mediates rapid microglial response to local brain injury in vivo. Nat. Neurosci. 2005, 8, 752–758. [Google Scholar] [CrossRef]

	



Garden, G.A. Epigenetics and the modulation of neuroinflammation. Neurotherapeutics 2013, 10, 782–788. [Google Scholar] [CrossRef]

	



Corps, K.N.; Roth, T.L.; McGavern, D.B. Inflammation and neuroprotection in traumatic brain injury. JAMA Neurol. 2015, 72, 355–362. [Google Scholar] [CrossRef]

	



Shi, H.; Wang, H.L.; Pu, H.J.; Shi, Y.J.; Zhang, J.; Zhang, W.T.; Wang, G.H.; Hu, X.M.; Leak, R.K.; Chen, J.; et al. Ethyl pyruvate protects against blood-brain barrier damage and improves long-term neurological outcomes in a rat model of traumatic brain injury. CNS Neurosci. Ther. 2015, 21, 374–384. [Google Scholar] [CrossRef]

	



Lee, J.; Costantini, T.W.; D’Mello, R.; Eliceiri, B.P.; Coimbra, R.; Bansal, V. Altering leukocyte recruitment following traumatic brain injury with ghrelin therapy. J. Trauma Acute Care Surg. 2014, 77, 709–715. [Google Scholar] [CrossRef]

	



Dixon, K.J. Pathophysiology of Traumatic Brain Injury. Phys. Med. Rehabil. Clin. N. Am. 2017, 28, 215–225. [Google Scholar] [CrossRef]

	



Yeh, C.H.; Shih, H.C.; Hong, H.M.; Lee, S.S.; Yang, M.L.; Chen, C.J.; Kuan, Y.H. Protective effect of wogonin on proinflammatory cytokine generation via Jak1/3-STAT1/3 pathway in lipopolysaccharide stimulated BV2 microglial cells. Toxicol. Ind. Health 2015, 31, 960–966. [Google Scholar] [CrossRef] [PubMed]

	



Morris, R.; Kershaw, N.J.; Babon, J.J. The molecular details of cytokine signaling via the JAK/STAT pathway. Protein Sci. 2018, 27, 1984–2009. [Google Scholar] [CrossRef] [PubMed]

	



Yang, F.; Cai, H.; Zhang, X.; Sun, J.; Feng, X.; Yuan, H.; Zhang, X.; Xiao, B.; Li, Q. An active marine halophenol derivative attenuates lipopolysaccharide-induced acute liver injury in mice by improving M2 macrophage-mediated therapy. Int. Immunopharmacol. 2021, 96, 107676. [Google Scholar] [CrossRef]

	



Becher, B.; Spath, S.; Goverman, J. Cytokine networks in neuroinflammation. Nat. Rev. Immunol. 2017, 17, 49–59. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Z.; Bu, G. Attenuating oxidized low density lipoprotein (ox-LDL)-induced macrophages damage via inhibiting C-type lectin domain family 2 (CLEC2) expression through janus kinase 1 (JAK1)/signal transducers and activators of transcription-1 (STAT1) pathway. Bioengineered 2022, 13, 6440–6449. [Google Scholar] [CrossRef]

	



Luan, X.; Cong, Z.; Anastassiades, T.P.; Gao, Y. N-Butyrylated Hyaluronic Acid Achieves Anti-Inflammatory Effects In Vitro and in Adjuvant-Induced Immune Activation in Rats. Molecules 2022, 27, 3267. [Google Scholar] [CrossRef]

	



Piaszyk-Borychowska, A.; Szeles, L.; Csermely, A.; Chiang, H.C.; Wesoly, J.; Lee, C.K.; Nagy, L.; Bluyssen, H.A.R. Signal Integration of IFN-I and IFN-II With TLR4 Involves Sequential Recruitment of STAT1-Complexes and NFkappaB to Enhance Pro-inflammatory Transcription. Front. Immunol. 2019, 10, 1253. [Google Scholar] [CrossRef]

	



Platanitis, E.; Decker, T. Regulatory Networks Involving STATs, IRFs, and NFkappaB in Inflammation. Front. Immunol. 2018, 9, 2542. [Google Scholar] [CrossRef]

	



Barbosa Lima, L.E.; Muxel, S.M.; Kinker, G.S.; Carvalho-Sousa, C.E.; da Silveira Cruz-Machado, S.; Markus, R.P.; Fernandes, P. STAT1-NFkappaB crosstalk triggered by interferon gamma regulates noradrenaline-induced pineal hormonal production. J. Pineal Res. 2019, 67, e12599. [Google Scholar] [CrossRef]

	



Hayden, M.S.; Ghosh, S. Shared principles in NF-kappaB signaling. Cell 2008, 132, 344–362. [Google Scholar] [CrossRef]

	



Ridder, D.A.; Schwaninger, M. NF-kappaB signaling in cerebral ischemia. Neuroscience 2009, 158, 995–1006. [Google Scholar] [CrossRef] [PubMed]

	



Wu, G.; McBride, D.W.; Zhang, J.H. Axl activation attenuates neuroinflammation by inhibiting the TLR/TRAF/NF-kappaB pathway after MCAO in rats. Neurobiol. Dis. 2018, 110, 59–67. [Google Scholar] [CrossRef] [PubMed]

	



Hess, S.; Methe, H.; Kim, J.O.; Edelman, E.R. NF-kappaB activity in endothelial cells is modulated by cell substratum interactions and influences chemokine-mediated adhesion of natural killer cells. Cell Transplant. 2009, 18, 261–273. [Google Scholar] [CrossRef]

	



Schroder, K.; Tschopp, J. The inflammasomes. Cell 2010, 140, 821–832. [Google Scholar] [CrossRef] [PubMed]

	



Lamkanfi, M.; Dixit, V.M. Mechanisms and functions of inflammasomes. Cell 2014, 157, 1013–1022. [Google Scholar] [CrossRef]

	



Shi, J.; Gao, W.; Shao, F. Pyroptosis: Gasdermin-Mediated Programmed Necrotic Cell Death. Trends Biochem. Sci. 2017, 42, 245–254. [Google Scholar] [CrossRef] [PubMed]

	



Broz, P.; Dixit, V.M. Inflammasomes: Mechanism of assembly, regulation and signalling. Nat. Rev. Immunol. 2016, 16, 407–420. [Google Scholar] [CrossRef]








[image: Cells 11 03588 g001 550] 





Figure 1. Gene expression analysis for TBI and control mice. Volcano plot of differential analysis (A). Heatmap of differential analysis (B). Comparison of TNF-α, IL-1β, IL-6, NLRP3, and ASC expression between TBI group and control group (C) (n = 5, Kruskal-Wallis test). Bubble chart of BP, CC, and MF analysis (D). Bubble chart of KEGG analysis (E). Enrichment plots for GO and KEGG items from gene set enrichment analysis (GSEA) (F,G). Heatmap of immune infiltration in sham and TBI groups (H). Violin plot of immune infiltration in sham and TBI groups (I). All data are shown as mean ± SD. * p < 0.05, ** p < 0.01. 
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Figure 2. Effects of abrocitinib on hematoma absorption, the results of behavioral tests, cerebral edema, and cerebral cortical blood flow. Changes in trauma focus were dynamically observed with the help of MRI (A,B) (n = 6, repeated measures ANOVA with Tukey’s post-hoc test). In addition, neural function was evaluated using mNSS scores (C) (n = 6, repeated measures ANOVA with Tukey’s post-hoc test). FPI-induced vascular leakage was measured via Evans blue dye extravasation (D,E) (n = 4, Kruskal-Wallis test) and cerebral cortical blood flow (F,G) (n = 5–6, one-way ANOVA with Tukey’s post-hoc test) was also monitored on the 1st day after TBI. All data are shown as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 3. Changes in pathological morphology. Morphological changes were observed using H&E staining (A). The number of surviving neurons (B,D) and the changes in apoptotic cells around the wound focus were observed via Nissl staining and TUNEL staining, respectively (DAPI—blue; TUNEL—red) (C,E) (n = 6, one-way ANOVA with Tukey’s post-hoc test). All data are shown as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 4. Effects of abrocitinib on the JAK1/STAT1 pathway. On the 1st day after TBI, JAK1 and STAT1 showed a dramatic increase in activation. After abrocitinib treatment, the activated JAK1 and STAT1 were significantly decreased, as shown in the WB results above and can be displayed through WB (n = 5–9, one-way ANOVA with Tukey’s post-hoc test). All data are shown as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 5. Changes in the infiltration of inflammatory cells and the activation of microglia. From the IHC staining, the increased neutrophils and microglia around the trauma focus caused by TBI were attenuated by abrocitinib (A–D) (n = 6 Kruskal-Wallis test). The effect of abrocitinib on LPS-mediated BV2 microglial polarization was also observed in vitro (E). M1-phenotype: iNOS + (red) and Iba-1 + (green); M2-phenotype: Arg-1 + (red) and Iba-1 + (green). Scale bar = 20 μm (n = 6 one-way ANOVA with Tukey’s post-hoc test). The changes in inflammatory cytokines (IL-6 and TNF-α) after brain injury and the effects of abrocitinib were determined with the help of ELISA (F–G) (n = 5–9 one-way ANOVA with Tukey’s post-hoc test). All data are shown as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 6. Effects of abrocitinib on NFκB-related inflammation and pyroptosis pathways. On the 1st day after TBI, NFκB-related inflammation and the activation of pyroptosis pathways were dramatically increased. After abrocitinib treatment, the indicators of NFκB-related inflammation and pyroptosis pathways were significantly decreased, as can be seen from the WB (n = 5–9 one-way ANOVA with Tukey’s post-hoc test) and GSDMD IHC staining (A–C) (n = 6 Kruskal-Wallis test). From the ELISA results, the changes in inflammatory cytokines (IL-1β and IL-18) after brain injury and the effects of abrocitinib were precisely revealed (D,E) (n = 5–6 one-way ANOVA with Tukey’s post-hoc test). All data are shown as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 






Figure 6. Effects of abrocitinib on NFκB-related inflammation and pyroptosis pathways. On the 1st day after TBI, NFκB-related inflammation and the activation of pyroptosis pathways were dramatically increased. After abrocitinib treatment, the indicators of NFκB-related inflammation and pyroptosis pathways were significantly decreased, as can be seen from the WB (n = 5–9 one-way ANOVA with Tukey’s post-hoc test) and GSDMD IHC staining (A–C) (n = 6 Kruskal-Wallis test). From the ELISA results, the changes in inflammatory cytokines (IL-1β and IL-18) after brain injury and the effects of abrocitinib were precisely revealed (D,E) (n = 5–6 one-way ANOVA with Tukey’s post-hoc test). All data are shown as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Table 1. Routine analysis of blood, except for changes in neutrophils, the blood counts of the TBI mice receiving abrocitinib or saline remained stable after treatment initiation (p > 0.05). Eight samples were included in each group (Kruskal-Wallis test). * p < 0.05, ** p < 0.01.
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	Sham
	TBI + Vehicle
	TBI + Abrocitinib





	Number of White Blood Cells (×109/L)
	2.41 ± 1.36
	2.50 ± 1.28
	2.81 ± 0.99



	Number of Neutrophils (×109/L)
	0.33 ± 0.09
	0.58 ± 0.24 *
	0.57 ± 0.23 *



	Number of Red Blood Cells (×1012/L)
	8.27 ± 0.53
	8.22 ± 0.97
	8.28 ± 0.49



	Number of Platelets (×109/L)
	659.14 ± 180.31
	687.88 ± 118.02
	716.71 ± 84.52



	Percentage of Neutrophils (%)
	12.77 ± 3.05
	24.93 ± 9.44 **
	20.45 ± 3.09 *



	Hemoglobin (g/L)
	121.0 ± 5.88
	125.25 ± 6.16
	118.86 ± 6.47
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