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Background: Rheumatoid Arthritis (RA) is a chronic multifactorial inflammatory autoimmune disease of the synovial joint with 
unknown etiology. In our previous study, we identified Alpha-Taxilin (α-Taxilin) as one of the upregulated proteins in RA and 
validated it in different biological samples such as tissue, synovial fluid, and blood cells. Here we further investigated its mechanistic 
role in RA pathophysiology.
Methods: The α-Taxilin was validated in a larger cohort (n = 106) of RA plasma by Enzyme-linked Immunosorbent Assay (ELISA). 
Interacting proteins were identified by co-immunoprecipitation followed by mass spectrometry, and in silico analyses were done to 
identify protein-protein interactions and involved pathways. The in vitro knockdown studies were performed on SW982 cells and 
Rheumatoid Arthritis Fibroblast-like Synoviocyte (RAFLS) to investigate the molecular mechanism of α-Taxilin involved in RA via 
Western Blot, quantitative real-time polymerase chain reaction (qRT-PCR), and confocal microscopy, which was further validated by 
in vivo studies via collagen-induced arthritis (CIA) rat model.
Results: The plasma level of α-Taxilin was found to be significantly increased in plasma samples from patients with RA compared to 
osteoarthritis (OA), systemic lupus erythematosus (SLE), and healthy controls (HC). The α-Taxilin was found to be positively 
correlated with anti-citrullinated peptide antibody (ACPA) levels and DAS score in patients with RA. Seventeen interacting proteins 
were identified with α-Taxilin, and in silico study suggested that glycolysis and gluconeogenesis pathways are the most affected 
pathways regulated by α-Taxilin. The in vitro knockdown studies of α-Taxilin resulted in decreased levels of pro-inflammatory 
cytokines, p65, reactive oxygen species (ROS), and toll-like receptors (TLRs). It also improved macroscopic arthritic score, paw 
edema, and inflammation in CIA rats.
Conclusion: α-Taxilin has been found to be associated with glycolysis and gluconeogenesis. This may lead to a metabolic shift in 
synovial cells, ROS generation, and TLR activation. Therefore, α-Taxilin can be targeted for its diagnostic and therapeutic potential in 
RA along with other parameters.
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Introduction
Rheumatoid arthritis (RA) is the most common chronic, systemic inflammatory autoimmune disease of joints, affecting 
around 1% of the population worldwide.1 It stood at 42nd ranks among 291 contributors to the disability index and 
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contributed to modest global disability.2 The risk factors affect the immune cells to produce self-antigens, which enables 
the production of autoantibodies and anti-citrullinated protein antibodies (ACPA), causing inflammation and joint 
destruction.1

Despite many efforts, the etiology of RA is still not understood well.1 Manifestation of RA is marked by inflammation 
of the synovial membrane and articular tissue caused by the participation of immune cells (T cells, B cells, dendritic cells, 
macrophages, neutrophils) and non-immune cells (fibroblasts and chondrocytes). Secretion of pro-inflammatory cyto-
kines such as Interleukin-6 (IL-6), Tumor Necrosis Factor-alpha (TNF-α), and Interleukin-1β (IL-1β) by activation of 
signaling pathways3 majorly Nuclear Factor kappa B (NF-κB) and a mitogen-activated protein kinase (MAPK)4 in the 
osteoclasts. Currently, anti-cyclic citrullinated peptide (anti-CCP), and rheumatoid factor (RF) are used to diagnose the 
disease. However lack of specificity makes the diagnosis critical, leading to irreversible joint damage.5,6 Symptomatic 
treatment mainly involves nonsteroidal anti-inflammatory agents (NSAIDs), disease-modifying anti-rheumatic drugs 
(DMARDs), and biologics in coalition with proper rest, exercise, and, in severe cases, surgery improves the lifestyle of 
patients.7 However, continuous consumption of these drugs over a long period of time causes side effects such as renal 
failure, liver toxicity, and cytopenia.8 Thus, novel and more precise diagnostic tools are essentially needed. Although 
tremendous effort has been made to identify a few marker proteins using biological samples such as plasma,9 synovial 
fluid (SF),10 and synovium,11 clinical diagnosis of RA remains challenging due to the lack of specificity.

Synovitis is the main pathological feature of RA and fibroblast-like synoviocyte (FLS) is the most important 
component of the inflamed synovial membrane.12 Recent evidence suggests that these FLS exhibit significant alteration 
in glucose, lipid, and amino acid metabolism before synovitis onset. It suggests that, activation of immune cells and 
cytokines promotes these FLS into metabolic abnormality and pro-inflammatory phenotype.13 The dysregulated blood 
vessels in inflamed synovium and increased demand for oxygen by infiltrating immune cells leads to the switching of 
FLS to a highly metabolically active state, which further exacerbates the inflammatory response.13 Further, metabolomics 
study shows that glucose metabolism and glycolytic intermediates are associated with a phenotypic change in FLS, as 
well as early-stage disease onset.14 Studies also show improvement by targeting metabolic shift not only in FLS 
aggressive phenotype, but also in bone and cartilage degradation in various animal models suggesting an important 
role of a metabolic shift in FLS in mediating inflammation in RA.14 Previous studies suggest that fibroblast present in SF 
closely resemble the pathological sub-lining layer of FLS subset in terms of surface protein expression, leukocyte cross- 
talk, and cytokine production in RA inflammation.15 In our previous study, we focused our investigation on synovial fluid 
cells and identified a novel potential disease-associated protein α-Taxilin, known as Interleukin-14-alpha (IL-14α) or 
Taxilin-α having gene symbol “TXLNA”, significantly upregulated in RA using a proteomic approach.16 It has a long 
coiled-coil region in its C-terminal half and shares a homologous coiled-coil structure with β-Taxilin and γ-Taxilin.17

The α-Taxilin is linked to renal cell carcinoma, hepatitis B, autoimmunity, and intracellular vesicle trafficking.17,18 

Interestingly, α-Taxilin also interacts with the syntaxin family such as Syntaxin-3 (STX3) and Syntaxin-4 (STX4),19 

which are involved in pro-inflammatory cytokines through activation of Toll-like receptor-2 (TLR-2) and Toll-like 
receptor-4 (TLR-4) in immune cells.17,20 Reports showed that α-Taxilin, also known as a high molecular B cell growth 
factor, is secreted by activated T cells. The stimulation of α-Taxilin results in increased cyclic adenosine monophosphate 
(cAMP), which is well established as a potent regulator of innate and adaptive immune cell function.21 The study shows 
α-Taxilin also contributes to B cell memory in humans and extended B-cell populations in animals correlating with 
increased serum antibodies and susceptibility to autoimmune disease.22 However, there is a lack of clear understanding of 
its mechanistic involvement in inflammation and autoimmune disease. Strong expression of α-Taxilin was also detected 
in proliferating neuro-epithelial cells during embryonic development and found to be correlated with cell proliferation,23 

and RA is broadly diagnosed by proliferated synovial tissue, extending over the articular cartilage to the subchondral 
bone.24 The inflammatory and immune responses to RA are also associated with extensive dramatic metabolic rewiring 
due to increased oxygen consumption, leading to the generation of reactive nitrogen and oxygen intermediates.25 The 
above report thus led us to speculate that the upregulation of α-Taxilin in SF cells may have a potential diagnostic and 
therapeutic effect. Therefore, we investigated the molecular mechanism of α-Taxilin and its effects on pathways involved 
in mediating inflammation. We also investigated the possible utilization of α-Taxilin for diagnostic purposes and 
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validated its role via an in vitro study using rheumatoid arthritis fibroblast-like synoviocyte (RAFLS) cells and an in vivo 
study using a collagen-induced arthritis (CIA) rat model.

Methods
Sample Collection
All patients and healthy volunteers included in the study signed written consent before sample collection. A detailed 
demography has been provided in the supplementary data (Supplementary Table ST1). The study protocol complied with 
the Declaration of Helsinki and was approved by the Ethical Committee of the Council of Scientific & Industrial 
Research Institute of Genomics & Integrative Biology (CSIR-IGIB), New Delhi, India, and All India Institute of Medical 
Science (AIIMS), and New Delhi, India (CSIR-IGIB/IHEC/2017-18 Dt. 08.02.2018). Whole venous blood samples (≈ 
4ml) from patients with RA (n = 106), Osteoarthritis (OA) (n = 96), systemic lupus erythematosus (SLE) (n = 8), and 
Healthy Control (HC) (n = 30) were collected in sterile ethylenediaminetetraacetic acid (EDTA)-coated vials (P-Tech, 
India). Biopsy synovium was collected from RA patients (n = 15) in Dulbecco’s modified Eagle’s medium (DMEM) 
(HiMedia, India) supplemented with 10% fetal bovine serum (FBS)(Gibco, USA) and 1% antibiotic solution (HiMedia, 
India). All patients included in the study fulfilled the American College of Rheumatology criteria for the diagnosis of 
RA. Patients with other comorbidities along with RA were excluded.

Enzyme-Linked Immunosorbent Assay
Plasma samples were separated by centrifuging blood samples at 1500×g for 5 minutes (min) at 4 degree Celsius 
(°C). The level of α-Taxilin was measured in RA (n = 106), OA (n = 96), HC (n = 30), and SLE (n = 8) patients 
using an enzyme-linked immunosorbent assay (ELISA) kit (Elabscience, USA), and the level of ACPA in plasma 
samples in patients with RA (n = 18) was measured using the ACPA ELISA kit (Fine test, USA). Plasma samples 
(8:2 dilution) were incubated for 3 hours (h), at 37°C, washed with wash buffer, incubated again (2h, 37°C) with 100 
microliter (μl) biotinylated α-Taxilin/anti-ACPA (1:100 dilution) primary antibody, washed again, and incubated 
(1h, 37°C) with 100μL (1:100 dilution) Horseradish Peroxidase (HRP)-conjugated secondary antibody. The sub-
strate was then added and incubated (15min at 37°C), the reaction was stopped with stop solution, and absorbance 
was measured at 462 nanometer (nm) using a Spectra Max plus 384 (Molecular devices, USA).26 The concentration 
of α-Taxilin was measured in RA, OA, HC, and SLE using the standard curve generated by pure α-Taxilin 
concentration with respect to optical density as per the protocol (Provided). The receiver operating characteristic 
(ROC) curve, area under curve (AUC), and coefficient of correlation (r) were generated using Prism software 
(GraphPad, USA).

SW982 Synovial Sarcoma Cell Culture Treatment and in vitro Knockdown of α-Taxilin
The synovial sarcoma cell line SW982 is a widely used synovial cell line used to mimic the RA-like inflammation 
in vitro, purchased from the American Type Culture Collection (ATCC), and maintained for five passages. Cells were 
cultured in six-well plates (Nunc, USA), incubated (5% CO2, 37°C), supplemented with 10% Fetal bovine serum (FBS) 
(Gibco, USA) and 1% antibiotic solution (HiMedia, India). Inflammation was induced with different doses of recombi-
nant TNF-α (1, 5, 10, 20, and 40 nanogram (ng)/milliliter (ml) (Gibco, USA), and α-Taxilin expression levels were 
checked.27,28 The knockdown effect of α-Taxilin was further evaluated on inflammatory parameters after transfection 
with 25 nanomolar (nM) α-Taxilin siRNA (siTaxilin, Santa Cruz Biotechnology, USA) using lipofectamine RNAiMAX 
(Thermo Fisher, USA) to knockdown α-Taxilin.21 The α-Taxilin siRNA is a pool of 3 target-specific 19–25 nucleotide 
siRNAs, designed to knockdown α-Taxilin. After knockdown, the cells were induced with 20ng/ml TNF-α for 3h to 
mimic the RA-like in vitro conditions.29 In this experiment, different combinations of treatment in SW982 were; VC: 
treatment with only transfection reagent; NS+TNF: 25nM non-targeted siRNA pool + recombinant TNF (20ng/ml); 
siTaxilin + TNF: 25nM siRNA (siTaxilin) + recombinant TNF (20ng/ml); VC+ TNF: treatment with only transfection 
reagent + recombinant TNF (20ng/ml).
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Cell Proliferation Assay
To evaluate the cytotoxicity of recombinant TNF-α, and α-Taxilin, the 3-[4, 5-dimethylthiazol-2-yl]-2, 5 diphenyl 
tetrazolium bromide (MTT) (Roche, USA) assay was performed using RAFLS and SW982 cells. Both cell lines 
(RAFLS and SW982) were cultured in 96-well culture plates and treated with different doses of TNF-α (1, 5, 10, 20, 
and 40ng/ml)/α-Taxilin (0, 6.25, 12.5, 25, 50, and 100ng/ml). The positive control group was incubated (3h) with 5% 
dimethyl sulfoxide (DMSO) (Sigma, USA), MTT 10 microliter (µl) (2mg/ml solution) was then added to each well, 
incubated (2h), and the absorbance was measured at 570nm.30

Isolation of RA Primary Cells from Biopsy Synovium and Treatment
The RA biopsy synovium (≈ 4–5 grams) was washed, finely chopped, treated with collagenase (0.5mg/g), and incubated 
for 12–18h in 30 ml complete media to obtain RAFLS. The undigested tissue was passed through a cell strainer having 
100 micron (µ) pore size (BD Biosciences, USA), centrifuged at 500 ×g for 5min, and cultured in a T-75 tissue culture 
flask (Nunc, USA) in complete media. The cells were used in 3rd to 5th passages. The RAFLS cells were validated by 
morphological observation, vimentin expression, and p65 protein level (Supplementary data Figure S1). The cells were 
then treated with different doses (0, 6.25, 12.5, 25, 50, and 100ng/ml) of recombinant α-Taxilin (Aprest antigen, USA) to 
determine the effective dose of α-Taxilin on the NF-kB p65 (Santa Cruz Biotechnology, USA) level. The different 
combinations of treatment in RAFLS were; UT: untreated cells; NS: 25nM non-targeted siRNA pool; siTaxilin: 25nM 
siRNA (siTaxilin); VC+ α-Taxilin: treatment with only transfection reagent + recombinant α-Taxilin protein; VC+ TNF: 
treatment with only transfection reagent + recombinant TNF (20ng/ml).

Western Blot
For Western-Blot (WB) cells (SW982 and RAFLS) were washed with phosphate buffer saline (PBS), and lysed with 
radioimmunoprecipitation assay (RIPA) (Thermo, USA) lysis buffer containing 1% (v/v) protease and phosphatase 
inhibitor cocktail (Gibco, USA), and incubated (1h at 4°C). The lysate was centrifuged (15,000 × g, 4°C, 30 min), and 
protein 40 microgram (µg) estimated by bicinchoninic acid assay (BCA) (G-biosciences, USA) was run on sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose membrane (NC) 
(G-biosciences, USA) using a semi dry transfer unit (Bio-Rad, USA). The membranes were then incubated (4°C overnight) 
with 5% Bovine Serum Albumin (BSA), followed by washing and incubation (overnight at 4°C) separately with diluted 
(1:3000) primary antibodies; Anti-p-65 (Santa Cruz, USA), anti-α-Taxilin (Santa Cruz, USA), anti- glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH) (Santa Cruz, USA), anti-STX-3 (Santa Cruz, USA), anti-STX-4 (Santa Cruz, 
USA), anti-TLR-4 (Cloud-Clone, USA), and anti-TLR-2 (Cloud-Clone, USA). Each NC membrane was then incubated 
for 3h at room temperature (RT) except for TLR-2 and TLR-4 antibodies, which were incubated overnight at 4°C as 
standardized.31 The membrane was washed and incubated (1h, RT) with HRP-conjugated anti-mouse secondary antibody 
(1:6000) (Jackson ImmunoResearch, USA), developed with an enhanced chemiluminescence reagent (Cyanogen, USA) 
obtained from Chemidoc MP (Bio-Rad, USA), and analyzed using Image Lab software (Bio-Rad, USA).16

Ribose Nucleic Acid Isolation and Quantitative Reverse Transcription Polymerase 
Chain Reaction
For quantitative reverse transcription polymerase chain reaction (qRT-PCR), the cells were lysed with 500µl TRIzol 
(G-bioscience, USA), incubated (5min, RT), added 200µl chloroform (MercUSA), and then centrifuged (15min, 
11,000 × g, 4°C). The top layer was aspirated, mixed with chilled isopropanol, and incubated on ice (10min), followed 
by centrifugation (15min at 11,000 × g at 4°C). Ribose nucleic acid (RNA) pellets thus obtained were washed with 
75% ethanol thrice, dissolved in nuclease-free water, and concentration was measured using a NanoDrop spectro-
photometer (Thermo, USA). Complementary deoxyribose nucleic acid (cDNA) was then synthesized22 using kit (G 
Bioscience, USA), used for amplification of TNF-α, IL-1β, IL-6, and TXLNA using the respective primers and 
EvaGreen master mix (G Bioscience, USA).32–34 Polymerase chain reaction (PCR) was run for 40 cycles using 
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a light cycler-480 system (Roche, USA) and analyzed by the Δct method. The primer sequences used were provided in 
tabular form (Table 1).

Co-Immunoprecipitation and Protein Identification by Liquid 
Chromatography-Tandem Mass Spectrometry
SW982 cells were grown in T-25 culture flasks (Thermo Fisher Scientific, USA) and treated with TNF-α (20ng, 3h). The 
α-Taxilin was co-immunoprecipitated by affinity chromatography with other interacting proteins using a Pierce Co- 
immunoprecipitation (Co-IP) Kit (Thermo Fisher Scientific, USA). The cells were lysed and centrifuged (30min, 11,000 
× g, 4°C), and the supernatant was allowed to pass through control agarose beads. The antibody (α-Taxilin) was 
immobilized (3h, RT) on agarose beads,28 washed, and eluted in native elution buffer (provided). Proteins (10µg) 
were digested with trypsin (1µg trypsin/20µg protein) (Promega, USA) and subjected to Liquid chromatography-tandem 
mass spectrometry (LC-MS/MS),35 acquired MS/MS scans in the mass range 100–1,500m/z. The filling time for the 
isolation window used for MS scans was 250 milliseconds, and for MS/MS, the time set was 100 ms.26

Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Enrichment Analysis 
of Screened α-Taxilin Interacted Proteins
The interacting protein of α-Taxilin were screened based on score and p-value and were then uploaded in STRING 12.0 
software. The retrieved protein-protein interaction network was then exported to Cytoscape (version 3.8.1) for enrichment 
analysis.26 Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of the interacting 
proteins were retrieved, by selecting “ Retrieve functional enrichment” in Cytoscape 3.8.1 to elucidate the GO and KEGG 
signaling pathways associated with α-Taxilin and its interacting proteins. The GO and KEGG pathways were filtered on the 
basis of p-value (≤0.05) and number of genes, and the top 10 GO, and KEGG pathways were plotted by using Graph pad 8. 
Cytoscape is an open software for projecting the interaction of biomolecule networks with high-throughput expression data 
and is used to unify the conceptual framework of the involved biological pathways.36 The pathways (GO, and KEGG) were 
sorted on the basis of the lowest p-values (p≤0.05) and the highest number of genes involved in each pathway.

Table 1 List of Primer Sequence and Their Gene Names

S No. Gene Symbol Primer Sequence

1 IL-6 5ʹ-GGTACATCCTCGACGGCATCT-3ʹ
5ʹ-GTGCCTCTTTGCTGCTTTC AC-3ʹ

2 TNF-α 5ʹ-CCCCAGGGACCTCTCTCTAATC-3ʹ
5ʹ-GGTTTGCTACAACATGGG CTACA-3ʹ

3 IL-1β 5ʹ-GACCTCTGCCCTCTGGATG-3ʹ
5ʹ-AGGTGCTCAGGTCATTCTCC-3ʹ

4 GAPDH 5ʹ-GAAGGTGAAGGTCGGAGTC-3ʹ
5ʹ-GAAGATGGTGATGGGA TTTC-3ʹ

5 LDHA 5ʹ-ATCTTGACCTACGTGGCTTGGA-3ʹ
5ʹ-CCATACAGGCACACTGGAATCTC-3ʹ

6 PKM 5ʹ-CGAGCCTCAAGTCACTCCAC-3ʹ
5ʹ-GTGAGCAGACCTGCCAGACT-3ʹ

7 ALDOA 5ʹ-GTTATCAAATCCAAGGGCGGTGTT-3ʹ
5ʹ-AGTCAGCTCCGTCCTTCTTGTAC-3ʹ

8 TXLNA 5ʹ-GGTTTGGGGAAGGAGATCACG-3ʹ
5ʹ-GGAGCTTCATCTGCTTCTGTG-3ʹ
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Immunofluorescence and Confocal Microscopy
The RAFLS cells were grown on coverslips (Thermo Fisher Scientific) in 6 well plates. Cells were treated as; NS – 
transfected with non-specific siRNA pool, siTaxilin – cells transfected with 25nM siTaxilin, α-Taxilin – cells treated with 
recombinant α-Taxilin pure protein. After treatment, coverslip was washed, fixed with 4% paraformaldehyde (PFA) 
(Merck, USA), added quenched buffer (1% glycine for 5min), permeabilized with 0.1% Triton-X (Sigma, USA), blocked 
with 3% Bovine serum albumin (BSA) (Sigma, USA), and incubated overnight (4°C). The coverslip was then washed 
and incubated (1.5h) with diluted (1:300) primary antibodies; anti-TLR-2 and anti-TLR-4 (Santa Cruz Biotechnology, 
USA). After incubation, the coverslip was washed and incubated with Alexa Fluor 546 secondary antibody (Thermo 
Fisher, USA) along with 4′, 6-diamidino-2-phenylindole (DAPI). The coverslip was then washed, and mounted on a glass 
slide with mounting media (Life Technology, USA). Images were acquired at 100X magnification using a Leica SP8 
microscope (Leica, Germany) with gated excitation/emission (DAPI: 359/461 nm, Alexa Fluor: 561/572nm) in scanning 
mode and exported using LAS-X software (Leica Germany version 3.7.4) after background subtraction. The average 
intensity was measured using Image J software after converting to an 8-bit image format, and the average intensity was 
used to generate the graph using GraphPad Prism software.37

Dichlorodihydrofluorescein Diacetate Cellular Reactive Oxygen Species Measurement
RAFLS cells were grown and treated as mentioned above. Additionally one more group of RAFLS cells was treated with 
recombinant pure TNF-α (20ng/ml) for 3h. Cells (1 x 106) were then incubated (30 min) with 10μM 
Dichlorodihydrofluorescein diacetate (DCFDA) (Abcam, USA) solution, washed, and fluorescence images were obtained 
using a ZOE Fluorescent Cell Imager (Bio-Rad, USA), which corresponds to the cellular Reactive Oxygen Species 
(ROS) level. Fluorescence intensity was analyzed using ImageJ software and normalized to cell count.38

Development of a Collagen-Induced Arthritis Model and Treatment
Female Wistar rats of 4–6 weeks (80 g) were obtained from the Indian Council of Medical Research (ICMR), National 
Institute of Nutrition (NIN), Hyderabad, India. The rats were acclimatized for 2 weeks and fed a standard rodent chow 
diet and water. The experimental design was approved by the Institutional Animal Ethics Committee (lGIB/IAEC/3/3/ 
Mar 2023). Four groups were created consisting of six rats per group: 1) untreated group/HC, 2) CIA, 3) treated with 
non-specific Si-RNA+ CIA (NS+CIA), and 4) treated with siTaxilin, siTaxilin+CIA (siTaxilin+CIA). To induce CIA, 
collagen (Type II, 2mg/ml) from chicken (Sigma, USA) was mixed (1:1) with complete adjuvant (Sigma, USA) and 
injected into the rats (1 µg/g of the body weight) subcutaneously proximal to the base of the tail on 1st and 14th day. 
siRNA (100ng/g) was then injected intraperitoneal (IP) 2 days prior to the induction of CIA and thereafter every 
7th day till the 24th day with the help of in vivo fectamine.39,40 Rats were euthanized on the 28th day using 
a Thiopentone and Xylazine (3:1) cocktail (Sigma, USA). Blood and synovial tissue samples were collected for 
further analysis.

Paw Volume Measurement and Macroscopic Arthritis Score Calculation
The hind paw volumes of rats were measured on 1st, 7th, 14th, 21st, and 28th day using a plethysmometer (Harvard 
Apparatus, USA). The arthritic score was calculated based on the macroscopic observations of swelling, edema, and 
redness in all four paws of each rat. The scores were given on a scale of 1–4: severity, 1: no visible edema, swelling, and 
redness; 2: moderately involved joints; 3: highly involved joints with edema, redness, and swelling; and 4: joints severely 
affected by edema, swelling, and redness.41

Pro-Inflammatory Cytokines Level Detection in Rat Plasma
ELISA was performed (ELK Biotechnology, China), and the levels of cytokines (IL-6, TNF-α, and IL-1β) were measured 
in rat plasma. Briefly, 100µl of plasma sample was added to the pre-coated ELISA plate (provided) along with the 
standard and incubated for 120min at 37°C. The plate was then washed and incubated (90min at 37°C) with 
a biotinylated primary antibody (anti-IL-6, anti-TNF-α, and anti-IL-1β), followed by incubation at 37°C (40min). HRP- 

https://doi.org/10.2147/JIR.S465051                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2024:17 10032

Sarkar et al                                                                                                                                                           Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


conjugated secondary antibody was added to wells, incubated for 30min, washed after incubation and cytokine detection 
was performed using a chromophore substrate solution (provided). Absorbance was measured at 462 nm using 
a spectrometer (Molecular Devices).

Hematoxylin and Eosin Staining and Image Processing
Rat synovium was fixed in 10% formalin, dehydrated, and embedded in paraffin blocks. The blocks were cut into 5µ 
thicknesses using a microtome, mounted on slides, deparaffinized, and stained with hematoxylin (1min). Slides were then 
decolorized, counter-stained with alcoholic eosin for 30 seconds (s), mounted with xylene on the slide, covered with 
a coverslip, and viewed using a Nikon ECLIPSE 90i microscope (Nikon, Japan).42 The Hematoxylin and Eosin (H&E) 
stained slide images were analyzed by Image-J (version 1.53t) software.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism software (version 8.4.3). Student’s t-tests were used to 
compare variables between two groups, and one-way Analysis of Variance (ANOVA) was used to compare variables 
among multiple groups. All bar graphs represent mean ± standard deviation (SD), and data were obtained from at least 
three independent experiments.43 The methods applied in the study have been summarized in a flow chart given in the 
supplementary data (Supplementary data Figure S2).

Results
Correlation of α-Taxilin with ACPA, and DAS Score in RA
The ELISA results revealed significantly upregulated (≈200pg/ml) concentrations of α-Taxilin in the RA (n = 106), 
compared to OA (100pg/ml), HC (≈ 100pg/ml), and SLE (≈ 80pg/ml) patient plasma samples (Figure 1A). The ROC 
curve of the ELISA indicates 90.63 specificity at 91.67 sensitivity with an AUC value of 0.97 for the ROC curve, which 
confirms that α-Taxilin level could be a potential diagnostic target (Figure 1B). Similar results were obtained using 
indirect ELISA (Supplementary Figure S3). The 2-fold increased concentration of α-Taxilin in RA patients compared to 
OA and SLE patients revealed that α-Taxilin is specifically upregulated by 2.22-fold, 3.566-fold, and 2.36-fold in RA 
compared to other inflammatory diseases such as OA, SLE, and HC, respectively. The results were further strengthened 
by conducting the correlation analysis of ACPA concentration in RA patients’ plasma samples (n = 18), and Disease 
Activity Score (DAS) with the concentration of α-Taxilin, revealed a positive correlation for ACPA (coefficient of 
correlation, r = 0.63), and DAS (coefficient of correlation, r = 0.66) respectively in RA patients (Figure 1C and D).

TNF-α Induction Leads to Upregulation of α-Taxilin
Recombinant TNF-α was used to mimic RA-like conditions using the SW982 cell line. The WB results showed that α- 
Taxilin expression was increased with the increase in TNF-α doses (1–40ng/ml). At 20ng/ml of TNF-α, the maximum 
level of α-Taxilin expression was observed (Figure 2A), represented by densitometric analysis (Figure 2B). Furthermore, 
the effective time (3h) of TNF-α induction was selected based on the effective upregulation of mRNA level of α-Taxilin 
(Supplementary Figure S4A), pro-inflammatory cytokines IL-1β, TNF-α, IL-6 (Supplementary Figure S4B–D respec-
tively), and NF-kB p65 protein expression (Supplementary Figure S4E and F). We then measured the cytotoxicity level 
based on the cell proliferation assay using MTT for different doses of TNF-α (1, 5, 10, 20, and 40ng/ml) and α-Taxilin (0, 
6.25, 12.5, 25, 50, and 100ng/ml) in RAFLS, which revealed no significant cell death at any given dose (Supplementary 
Figure S5A and B). Hence the 20ng/ml dose of TNF-α for 3h was selected for further study.

Knockdown of α-Taxilin Ameliorates Pro-Inflammatory Cytokines
To determine the involvement of α-Taxilin in the inflammatory response, α-Taxilin was knocked down using 25nM 
siTaxilin (Santa Cruz, USA) in SW982 cells, and 62% inhibition was achieved (Figure 2C), based on densitometric 
analysis of WB (Figure 2D). The results showed that TNF-α induction led to an increase in the level of α-Taxilin; 
however, after α-Taxilin knockdown, TNF-α induction failed to reverse the level of α-Taxilin, suggesting that α-Taxilin 
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knockdown inhibits the effect of TNF-α (Figure 2E). Furthermore, mRNA levels of pro-inflammatory cytokines (TNF-α, 
IL-6, and IL-1β) were significantly decreased by 0.42-fold, 0.85-fold, and 0.70-fold, respectively, in the knockdown 
group compared to those in the TNF-α-treated group (Figure 2F–H).

To validate the role of α-Taxilin, primary cells (RAFLS) were treated with different doses of recombinant α-Taxilin, and NF- 
kB p65 levels were assessed using WB. The expression level of p65 was found to be increased with increasing doses of α-Taxilin, 
and the maximum expression was found at 50ng/ml (Figure 3A, upper panel), represented by densitometric analysis (Figure 3B), 
indicating that α-Taxilin induction leads to the activation of the inflammatory response, as p65 is the major downstream marker 
for NF-kB activation. WB showed that the p65 level was significantly decreased in the siTaxilin-treated group compared to that 
of NS (Figure 3A, lower panel, and 3C), and increased significantly when cells were treated with TNF-α or α-Taxilin 
recombinant proteins (Figure 3A, lower panel, and 3C).

Our findings were further revealed that the knockdown of α-Taxilin in RAFLS reduced the mRNA levels of pro- 
inflammatory cytokines (IL-6, TNF-α, and IL-1β) (Figure 3D–F), whereas the induction of recombinant α-Taxilin (50ng/ 

Figure 1 Concentration of α-Taxilin in RA compared to OA, SLE, and HC. (A) Graph showing the concentration of α-Taxilin in RA (n=106) compared to OA (n= 96), SLE 
(n=8), and HC (n=30) patients plasma samples. (B) The ROC curve shows the sensitivity and specificity of ELISA of α-Taxilin to distinguish RA from OA, SLE, and HC 
patients. (C) The graph represents the correlation of α-Taxilin concentration with ACPA level which shows a 0.63 Pearson coefficient indicating a positive correlation 
between ACPA and α-Taxilin in the RA (n=18) patient’s plasma sample. (D) The graph represents the correlation of α-Taxilin concentration with DAS score in RA (n=18) 
which shows a 0.66 Pearson coefficient indicating a positive correlation between DAS and α-Taxilin.(**** P ≤0.0001). 
Abbreviations: RA, rheumatoid arthritis; OA, osteoarthritis; HC, healthy control; SLE, systemic lupus erythematosus; ROC, Receiver Operating Characteristic; r, 
correlation coefficient; ns, Non-significant; DAS, Disease Activity Score; ACPA, anti-citrullinated peptide antibody.
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ml) and TNF-α (20ng/ml) for 3 hours increases the expression levels of pro-inflammatory cytokines (IL-6, TNF-α, and 
IL-1β) in primary RAFLS (Figure 3D–F).

Identification of α-Taxilin Interacting Proteins by Co-Immunoprecipitation
To identify the interacted protein associated with α-Taxilin in inflammatory conditions, various proteins co-immunoprecipitated 
with α-Taxilin were identified using the Co-IP technique followed by mass spectrometry analysis after cells were treated with 
TNF-α. The workflow is shown in a diagram along with a WB image showing the expression level of α-Taxilin in Elute, Wash, 
IgG control, and flow-through in Co-IP samples (Figure 4A). Seventeen unique proteins were identified in the TNF-α-induced 
group using LC-MS/MS after comparing the identified proteins with those in the untreated (UT) group (Table 2). The majority 
of the proteins identified in the Co-IP technique were associated with glycolysis pathways along with key enzyme presence such 
as Fructose-bisphosphate aldolase A, ATP synthase subunit beta, L-lactate dehydrogenase A, L-lactate dehydrogenase, and 
Pyruvate kinase among the identified proteins. Other proteins identified were Alpha-actinin-4, Myosin-9, Tubulin beta chain, 
and Tropomyosin alpha-1 chain, and Myosin regulatory light polypeptide 9 associated with the regulation of actin cytoskeleton.

Figure 2 TNF-α induction upregulates α-Taxilin and inflammation in SW982 synovial cells. (A) The upper panel showing WB images of α-Taxilin after cells were treated with 
different doses (1, 5, 10, 20, and 40ng/ml) of TNF-α along with its respective GAPDH loading control (lower panel). (B) The graph represents the fold change of α-Taxilin 
based on the normalized densitometric value of WB upon different doses of TNF-α. (C) The panel showing WB images of α-Taxilin after transfection with different doses 
(25nM and 50nM) of Si-RNA along with GAPDH loading control (lower panel). (D) The bar graph represents the fold change of α-Taxilin expression based on densitometric 
values of WB after knockdown using 25nM and 50nM Si-RNA induction and 20ng/ml TNF-α induction along with non-specific Si-RNA control. (E) The α-Taxilin mRNA 
levels were calculated based on qRT-PCR and represented as a bar graph, α-Taxilin was found to be significantly downregulated when transfected with 25nM/ml siTaxilin. (F) 
The graph showing the fold change of TNF-α mRNA expression in different treated groups. (G) The graph showing fold change of IL-6 mRNA expression in different treated 
groups. (H) The graph showing fold change of IL-1β mRNA expression in different treated groups. (* P ≤0.05, ** P ≤0.01, *** P ≤0.001, **** P ≤0.0001). 
Abbreviations: WB, Western-blot; ns, Non-significant; NS, non-specific siRNA; TNF-α, Tumor necrosis factor-α; IL-6, Interleukin-6; IL1β, Interleukin-1-β; VC, Vehicle 
Control; UT, Untreated; kDa, kilo Dalton; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; nM, Nano molar; ng, Nano gram; mL, milliliter.

Journal of Inflammation Research 2024:17                                                                                          https://doi.org/10.2147/JIR.S465051                                                                                                                                                                                                                       

DovePress                                                                                                                      
10035

Dovepress                                                                                                                                                           Sarkar et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


In silico Analysis Predict Glycolysis and Gluconeogenesis Pathway Involved in RA Like 
Inflammation
Advanced computer-based analytic tools have led in silico methods for evaluating and predicting pathways based on 
available databases.44 The list of proteins (Table 2) was subjected to GO and KEGG pathway enrichment analysis, and 
a list of associated pathways was retrieved (Figure 4B). The top ten signaling pathways are shown in the graph, among 
which the glycolysis/gluconeogenesis and pyruvate metabolism pathways have the highest number of genes (Figure 4C). 
The genes involved were pyruvate kinase (PKM), fructose-bisphosphate aldolase A (ALDOA), and L-lactate dehydro-
genase-A chain (LDHA) (Table 2), indicating that α-Taxilin might play a major role in regulating glycolytic metabolism 
during RA via these interacting proteins, which may lead to a metabolic shift.

Alpha-Taxilin Knockdown Leads to Decreased Levels of LDHA and PKM
The results of Co-IP, followed by protein identification by LC-MS/MS, revealed the upregulation of three major 
glycolytic enzymes, namely LDHA, PKM, and ALDOA. Knockdown of α-Taxilin revealed a significant reduction in 
the mRNA expression of LDHA and PKM in the siTaxilin-treated group compared to that in the NS group and an increase 

Figure 3 α-Taxilin ameliorated inflammation in primary RAFLS. (A) Upper panel showing WB image of NF-kB p65 band along with GAPDH in different doses of α-Taxilin (1: 
0ng/ml, 2: 6.25ng/ml, 3: 12.5ng/ml, 4: 25ng/ml, 5: 50 ng/ml, 6: 100ng/ml) induction, and the lower panel shows p-65 level along with GAPDH after knockdown of α-Taxilin 
(25nM) and induction of pure protein of α-Taxilin (50ng/ml) and TNF-α (20ng/ml). (B) Bar graph represents the densitometric values of p-65 level after different doses (1: 
0ng/ml, 2: 6.25ng/ml, 3: 12.5ng/ml, 4: 25ng/ml, 5: 50ng/ml, 6: 100ng/ml) of α-Taxilin. (C) The bar graph represents p-65 level after knockdown of α-Taxilin and pure protein 
induction of TNF-α and α-Taxilin. (D) The bar graph represents IL-6 mRNA level after knockdown of α-Taxilin and pure protein induction of TNF-α and α-Taxilin along with 
control groups. (E) The bar graph represents TNF-α mRNA level after knockdown of α-Taxilin and pure protein induction of TNF-α and α-Taxilin along with control groups. 
(F) The bar graph represents IL-1β mRNA level after knockdown of α-Taxilin and pure protein induction of TNF-α and α-Taxilin along with control groups. (* P ≤0.05, ** 
P ≤0.01, *** P ≤0.001). 
Abbreviations: WB, Western blot; ns, non-significant; NS, non-specific Si-RNA; TNF-α, tumor necrosis factor-α; VC, vehicle control; UT, untreated; kDA, kilo Dalton; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Il-6, Interleukin-6; IL1β, Interleukin-1-β; nM, Nano molar; ng, Nano gram; mL, milliliter.
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in the mRNA expression of LDHA and PKM by 2-fold and 1.3-fold respectively in pure recombinant α-Taxilin treated 
group in RAFLS (Figure 4D and E). However, we did not observe any changes in ALDOA mRNA levels (Figure 4F).

Alpha-Taxilin Induces STX3, STX4, TLR-2, and TLR-4 Expression
The α-Taxilin, also known as a syntaxin-binding protein, binds STX3 and STX4 and activates toll-like receptors (TLR-2 
and TLR-4). To determine the pathway involved, the expression of STX3, STX4, TLR-4, and TLR-2 was evaluated after 
the induction of RAFLS with α-Taxilin recombinant pure protein. Increased expression of STX3, STX4, TLR-4, and 
TLR-2 with increasing doses of α-Taxilin was revealed by WB analysis (Figure 5A). Densitometric analysis of WB after 
normalization to GAPDH showed increased levels of STX3 (Figure 5B), STX4 (Figure 5C), TLR-4 (Figure 5D), and 
TLR-2 (Figure 5E). However, the fold change expression level (2.1-fold) of TLR-2 was observed to be highest at lower 
doses (6.25ng/ml) and decreased the expression (0.62-fold) as the dose of α-Taxilin increased to 100ng compared to 
6.25ng, and it remained significantly upregulated through all the doses compared to the untreated group (0ng/ml) 
(Figure 5E).

Figure 4 Involvement of α-Taxilin interacting proteins in glycolysis. (A) Image depicting a flow chart for protein identification using Co-IP technique where the WB image 
depicts α-Taxilin expression in flow-through and elution of Co-IP samples in UT and TNF-α treated cell lysate. (B) Graph showing the Gene-Ontology enrichment process, 
function, and pathway based on the identified proteins. (C) Graph showing KEGG pathway enrichment based on the identified protein where glycolysis/gluconeogenesis and 
pyruvate metabolism are the most affected pathways. (D) Expression of LDHA mRNA level in the siTaxilin treated group compared to NS and recombinant pure α-Taxilin 
group. (E) Expression of PKM mRNA level in the siTaxilin treated group compared to NS and recombinant pure α-Taxilin group. (F) Expression of ALDOA mRNA level in the 
siTaxilin treated group compared to NS and the recombinant pure α-Taxilin group. (* P ≤0.05, *** P ≤0.001). 
Abbreviations: WB, Western blot; ns, non-significant; NS, non-specific siRNA; UT, untreated; Co-IP, co-immunoprecipitation; TNF, Tumor Necrosis Factor; IgG, 
Immunoglobulin; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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To further validate our results, activation of TLRs (TLR-2 and TLR-4) was observed by confocal microscopy, and their 
localization in RAFLS was confirmed. The confocal image indicated that the expression of TLR-2 (Figure 6A) and TLR-4 
(Figure 6B) both decreased significantly in the siTaxilin group (indicated in yellow) and both (TLR-2, and TLR-4) increased 
significantly (1.4-fold) when the RAFLS were treated with α-Taxilin as demonstrated by the densitometric graph using image 
analysis based on fluorescence intensity (Figure 6C and D).

Knockdown of α-Taxilin Reduces Dichlorodihydrofluorescein Diacetate Cellular, 
Reactive Oxygen Species in RAFLS
ROS production is one of the hallmarks of RA synovial inflammation, which leads to physiological and metabolic 
changes in cells. Since the activation of TLRs leads to inflammation and results in the generation of cellular ROS due to 
the metabolic shift of inflamed cells during disease conditions, DCFDA and cellular ROS generation was estimated.45 

The ROS production leading to increased oxidative stress is represented by the green color in the cells (Figure 6E). The 
level of fluorescence signal was analyzed by densitometric analysis (Figure 6F) and increased intracellular ROS 
production in TNF-α- and α-Taxilin-induced cells compared to that in NS control cells (2.1- and 1.96-fold, respectively) 
was observed. The siTaxilin-treated group showed significantly reduced (3.8-fold) ROS levels compared to the NS group 
(Figure 6F), indicating the role of α-Taxilin in intracellular ROS production.

Knockdown of α-Taxilin Results in Improved RA-Like Symptoms in CIA Rats
To mimic RA-like conditions, a widely used in vivo model of RA (CIA rat model) was generated. The hind paw volume 
was measured weekly from days 1 to 28, and a representative image taken on day 28 is shown in figure (Figure 7A, upper 

Table 2 List of Identified Unique Protein Co-Immunoprecipitated (Co-IP) with α-Taxilin Upon Given TNF-α 
Induction

S No Protein Name Accession %COV Peptides

1 Myosin-9 sp|P35579|MYH9_HUMAN 39.8 50

2 Pyruvate kinase PKM sp|P14618|KPYM_HUMAN 51.04 17

3 Alpha-actinin-4 tr|H7C144|H7C144_HUMAN 18.65 10

4 Putative elongation factor 1-alpha sp|Q5VTE0|EF1A3_HUMAN 34.42 10

5 Elongation factor 1-alpha 1 tr|A0A7I2V659|A0A7I2V659_HUMAN 34.64 10

6 Tubulin beta chain sp|P07437|TBB5_HUMAN 32.66 10

7 60 kDa heat shock protein, mitochondrial sp|P10809|CH60_HUMAN 15.01 6

8 14-3-3 protein zeta/delta sp|P63104|1433Z_HUMAN 30.2 6

9 Fructose-bisphosphate aldolase A sp|P04075|ALDOA_HUMAN 28.57 6

10 ATP synthase subunit beta, mitochondrial sp|P06576|ATPB_HUMAN 21.55 5

11 Tropomyosin alpha-1 chain (Fragment) tr|H0YKX5|H0YKX5_HUMAN 38.03 5

12 Glutathione S-transferase P sp|P09211|GSTP1_HUMAN 36.67 5

13 Heat shock protein HSP 90-beta sp|P08238|HS90B_HUMAN 14.36 4

14 L-lactate dehydrogenase A chain sp|P00338|LDHA_HUMAN 18.07 4

15 L-lactate dehydrogenase tr|A0A5F9ZHM4|A0A5F9ZHM4_HUMAN 14.96 3

16 40S ribosomal protein S18 tr|Q5GGW2|Q5GGW2_HUMAN 44.12 2

17 Myosin regulatory light polypeptide 9 sp|P24844|MYL9_HUMAN 55.81 6
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panel). Paw swelling began on day 7 (Figure 7B). The paw volume was significantly increased on the 21st day in the CIA 
group compared to the HC group, and the group treated with siTaxilin showed a decreased paw volume compared to the 
CIA (Figure 7B) and NS+CIA groups. To strengthen our findings, the infiltration of immune cells into the synovium was 
also validated by histological analysis using H&E staining (cytosol in pink, and nucleus in blue) (Figure 7A, lower 
panel). Analysis of the H&E score indicated a significantly decreased number of infiltrated immune cells in siTaxilin- 
treated synovium compared to CIA and NS+CIA rat synovium (Figure 7C). The macroscopic arthritis score was also 
calculated and found to be decreased in the siTaxilin-treated group compared to that in the CIA and NS+CIA groups 
(Figure 7D). The inflammatory parameters were further validated by measuring pro-inflammatory cytokines by ELISA, 
and decreased levels of TNF-α (Figure 7E, 0.76-fold), IL-6 (Figure 7F, 0.58-fold), and IL-1β (Figure 7G, 0.62-fold) were 
found in the plasma of rats in the siTaxilin group compared to those in the CIA group.

Discussion
The etiology of RA remains challenging owing to the complexity of the disease and the lack of knowledge. Exploring 
a less-studied biological sample or using a new technique for re-analysis can increase the possibility of finding novel 
biomolecules.46 Previously we identified a novel disease-associated protein, α-Taxilin, from SF cells, which was found to 

Figure 5 Effect of α-Taxilin on TLR receptor activation in RAFLS. (A) WB image showing a significant increase of STX3, STX4, TLR-2, and TLR-4 level dose-dependently 
upon induction with pure α-Taxilin. (B) The bar graph represents the densitometric values of WB for STX3, upregulated as we increase the dose of α-Taxilin. (C) The bar 
graph shows that the STX4 protein level increased as we increased the dose of α-Taxilin based on the densitometric value. (D) Increased level of TLR-4 expression in dose- 
dependent manner. (E) The graph represents the expression level of TLR-2 expression upon α-Taxilin induction. (* P ≤0.05, ** P ≤0.01, *** P ≤0.001, **** P ≤0.0001). 
Abbreviations: WB, Western blot; kDa, kilo Dalton; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; STX3, syntaxin-3; STX4, syntaxin-4; TLR-2, toll-like receptor-2; 
TLR-4, toll-like receptor-4; ng, Nano gram; mL, milliliter.
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be upregulated in RA patients, suggesting their possible involvement in disease pathology. α-Taxilin plays various roles, 
such as regulation of exocytosis in immune cells, regulation of the release of hepatitis virus, allograft rejection, and 
autoimmunity in transgenic mice.17,18,47 Studies have also suggested that the transcription level of α-Taxilin increases 
after alloantigen stimulation in organ rejection,48 interaction with the syntaxin family, and regulation of TLRs activation, 
leading to the secretion of pro-inflammatory cytokines.19 To explore α-Taxilin for diagnostic purposes, we studied its 
concentration and found a 2-fold upregulated in RA compared to other similar inflammatory diseases (OA, and SLE) 
(Figure 1A) and was found to be correlated with ACPA levels, and DAS in RA patients (Figure 1C); thus, α-Taxilin was 
therefore explored for its role in RA pathogenesis.

The activation of the NF-kB pathway is known to involve majorly in the manifestation of RA leading to an increase 
in pro-inflammatory cytokines mRNA (IL-6, TNF-α, and IL-1β).49 Cells were therefore induced with TNF-α, found up- 
regulation of α-Taxilin in a dose-dependent manner, and, upon siRNA treatment, a significant reduction of cytokines 
mRNA level compared to the TNF-α treated group in SW982 (Figure 2F–H) as well as in RAFLS (Figure 3D–F), also 
supported by the reduction of NF-kB p65 level by WB (Figure 3C).

Figure 6 Effect of α-Taxilin knockdown on TLR’s expression. (A) The confocal microscopy image shows TLR-2 expression (yellow) and nucleus (blue) in RAFLS. (B) The 
confocal microscopy image shows TLR-4 expression (yellow) and nucleus (blue) in RAFLS. (C) The bar graph shows the fluorescence intensity of TLR-2 expression in RAFLS 
after knockdown of α-Taxilin compared to the α-Taxilin and NS group. (D) The bar graph shows the fluorescence intensity of TLR-4 expression in RAFLS after the 
knockdown of α-Taxilin compared to the α-Taxilin and NS group. (E) The image shows fluorescence (green) of DCFDA cellular ROS production in RAFLS after knockdown 
of α-Taxilin, and treatment with pure recombinant α-Taxilin and the NS group. (F) The bar graph shows the relative fluorescence of DCFDA ROS production in the different 
treated groups (* P ≤0.05, ** P ≤0.01, *** P ≤0.001, **** P ≤0.0001). 
Abbreviations: TLR-2, toll-like receptor-2; TLR-4, toll-like receptor-4; DCFDA, dichlorodihydrofluorescein diacetate; NS, non-specific Si-RNA; ROS, reactive oxygen 
species; TNF-α, Tumor Necrosis Factor-α; DAPI, 4ʹ,6-diamidino-2-phenylindole; RAFLS, Rheumatoid arthritis fibroblast like synoviocytes.
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The joint inflammation of RA is closely related to the infiltration of various immune cells such as lymphocytes, mast 
cells, and activated macrophages in the synovium, and SF plays a central role in inflammation.50 The increased 
lymphocyte infiltration in SF is correlated with increased chemokine expression.51 Natural immune cells, such as 
neutrophils and mast cells, contribute to the development of synovitis. Additionally, synovial tissue macrophages are 
involved in the immune regulation in RA, indicating possible involvement of α-Taxilin in the activation of immune cells 
and secretion of pro-inflammatory cytokines in RA as α-Taxilin has been found linked with activation of macrophage 
leads to inflammation.52 To find the pathways mediated by α-Taxilin in the inflammatory response, interacted proteins of 
α-Taxilin were co-immunoprecipitated using the Co-IP technique. The 17 proteins were identified (Table 2) by Co-IP 
followed by mass spectrometry. Among those many key enzymes, Fructose-bisphosphate aldolase A, ATP synthase 
subunit beta, L-lactate dehydrogenase A, L-lactate dehydrogenase, and Pyruvate kinase were found to be associated with 
glucose metabolism.53 The GO and KEGG in-silico pathway enrichment was performed with identified interacted 
proteins. The GO enrichment indicated that cell activation, exocytosis, leukocyte-mediated immunity, and neutrophil 
degranulation are the molecular functions involved (Figure 4B). The GO enrichment of the biological process indicated 

Figure 7 Alpha-Taxilin ameliorates RA-like symptom in CIA rats. (A) The upper panel shows a paw image taken on 28th day in HC, CIA, NS+CIA, and siTaxilin+CIA groups 
where the redness and swelling can be observed, whereas the lower panel shows histological evidence of cell infiltration in the synovium of respective groups. (B) Line graph 
indicating increased paw volume due to onset of inflammation and edema in CIA rats measured on day 1 to day 28 with intervals of 1 week. (C) The bar graph represents 
the infiltration of cells in the synovium of different rat groups after induction of collagen, based on calculated H&E score. (D) The bar graph shows macroscopic arthritis 
score based on macroscopic observation in rats, a decreased level of macroscopic arthritis score in the siTaxilin group compared to the CIA group was observed. (E) The 
bar graph showing TNF-α concentration in the rat’s plasma sample measured by ELISA, found downregulated in the knockdown group. (F) The bar graph showing IL-6 
concentration in rat’s plasma sample measured by ELISA, found downregulated in the knockdown group. (G) The bar graph showing IL-1β concentration in rat’s plasma 
sample measured by ELISA, found downregulated in the knockdown group using siTaxilin. (* P ≤0.05, ** P ≤0.01, *** P ≤0.001, **** P ≤0.0001). 
Abbreviations: HC, healthy control; NS, non-specific Si-RNA; CIA, collagen induced arthritis; H&E, Hematoxylin and Eosin; H&E, Hematoxylin and eosin staining; ns, Non- 
significant.
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a major histocompatibility complex (MHC) class II protein binding complex, while cellular component enrichment 
indicated extracellular exosome and secretory granule by the associated proteins (Figure 4B). Further, the KEGG 
pathway analysis revealed “Glycolysis” and “Pyruvate metabolism”, the two major pathways (Figure 4C) associated 
with α-Taxilin. However, STRING analysis of the identified proteins (Supplementary data Figure S6) did not show the 
involvement of α-Taxilin in regulating glycolysis, indicating that α-Taxilin has not been studied in metabolic disorder- 
associated diseases earlier, as there is no evidence targeting the molecular mechanism of α-Taxilin related to metabolic 
disorders. Therefore, in order to understand its role, the mRNA expression of major glycolytic enzymes such as PKM, 
LDHA, and ALDOA identified by Co-IP and LC-MS/MS were validated in RAFLS. It was found that PKM and LDHA 
levels were upregulated in the recombinant α-Taxilin treated group (Figure 4D and E), and may be one of the factors 
responsible for the active metabolic shift, which is one of the crucial changes that take place in RAFLS during RA 
inflammation. Reports suggest that this metabolic shift onset occurs before the cell enters an inflammatory response.34,54 

Various studies show that autoimmune Cluster of Differentiation-8 (CD8), and T-cells rely on increased LDHA activity 
in mediating pro-inflammatory profile in RA and aerobic glycolysis,34 whereas PKM contributes TLR-mediated 
inflammation and autoimmunity by promoting Pyk2 activation.54 Targeting immune metabolism for anti-inflammatory 
strategy, these glycolytic enzymes are gaining attention because of their involvement in autoimmune diseases.55 The 
elevated activity of these enzymes leads to cellular ROS generation and TLR activation.56,57 The cellular ROS level was 
thus evaluated, and it was revealed that there is a significantly decreased level of ROS in the siTaxilin group while both 
α-Taxilin and TNF-α induction led to increased ROS generation in RAFLS (Figure 6F), indicating the onset of 
inflammation. Another report showed that α-Taxilin binds to the syntaxin family (STX3 and STX4), which may lead 
to TLR-2 and TLR-4, resulting in the secretion of pro-inflammatory cytokines. Therefore, we evaluated the effect of α- 
Taxilin on STX3 and STX4 levels and observed a significant increase in the expression of STX3 and STX4 (Figure 5B 
and C). Furthermore, the increased expression of TLR-2 and TLR-4 levels was also confirmed by confocal microscopy, 
as these are the most common receptors associated with RA-like inflammation (Figure 6A and B). These results led us to 
speculate that the increased levels of α-Taxilin may mediate LDHA and PKM glycolytic enzymes, leading to a metabolic 
shift, this may be a factor leading to the activation of TLRs (TLR-2 and TLR-4) by mediating STX3 and STX4, thus 
leading to the exocytosis of pro-inflammatory cytokines. Therefore, we strengthened our findings by generating CIA rat 
models and validating our results by the knockdown of α-Taxilin (Supplementary Figure S7). The results obtained 
showed a clear improvement in the macroscopic arthritis score (Figure 7D) in the siTaxilin-treated group compared to the 
NS+CIA group, supported by paw volume, redness measurement (Figure 7A, B, upper panel), and pro-inflammatory 
cytokine measurement, showing decreased levels of cytokines in the siTaxilin-treated group (Figure 7E–G). The 
infiltration of immune cells in the synovium is also considered a major symptom of RA,58 similar trends were observed 
in our study (Figure 7C). This significant change in inflammatory markers, along with immune response-related 
symptoms due to α-Taxilin, indicated that α-Taxilin could be targeted for its therapeutic potential. The study also has 
some limitations, such as non-consideration of seronegative RA patients, non-inclusion of early RA patients, in vitro 
studies attempted only in fibroblast (RAFLS and SW982), and not with immune cells (Macrophages) in our study. 
Further study on immune cells may significantly improve the understanding of the role played by α-Taxilin in RA 
pathology. Further, the evaluation of α-Taxilin levels in other inflammatory diseases, such as lupus and juvenile arthritis, 
along with a correlation study with disease severity, may further strengthen its diagnostic potential. Although animal 
experiments based on the CIA model significantly mimic RA-like symptoms, however, the actual pathological symptom 
may significantly vary from that of human RA onset. The study can be strengthened further by doing more studies using 
other animal models such as proteoglycan-induced arthritis (PGIA) and collagen antibody-induced arthritis (CAIA) for 
further validation.59

Conclusion
This study suggested that α-Taxilin plays a vital role in RA-like inflammation by mediating glycolytic enzymes. The 
decreased paw volume and macroscopic score, along with pro-inflammatory cytokines in CIA rats, indicated that α- 
Taxilin is one of the factors that plays a major role in mediating inflammation, which may have potential therapeutic 
targets to ameliorate RA-like disease progression.
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