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ABSTRACT

 

Background:

 

Tumour 

necrosis 

factor-alpha 

(TNF-

α) 

and 

nuclear 

factor 

kappa 

B 

(NF

-

κB

) 

signalling 

pathways 

are 

responsible for initiating and driving inflammatory responses in arthritis progression. The pathophysiology of arthritis 

involves the regulation of cytokine secretion, immune cell activation, and joint tissue degradation. Extensive studies have 

resulted in a scattered understanding of natural product effectiveness in modulating molecular mechanisms and emerging 

therapeutic strategies corresponding to this signalling axis.  

Objectives:

  This systematic review aimed to synthesise and evaluate current knowledge on TNF-

α–

NF-

κB signalling in 

arthritis progression while identifying research gaps and highlighting potential directions for therapeutic targets.  

Methodology:

 The PRISMA framework was utilised with advanced search strategies across Scopus and PubMed with the 

keywords “arthritis,” “TNF

-

α,” and “NF

-

κB.” Following screening and eligibility inclusion, 82 primary studies published 

between 2025 and 2026 were included for analysis from a large dataset. The findings were systematically categorised into 

three major themes.  

Results:

 Theme 1 explores the role of natural products, traditional medicine, and bioactive compounds on TNF-

α/NF

-

κB

 signalling. The second theme addresses molecular mechanisms, demonstrating complex regulatory networks that drive 

arthritis pathogenesis. While theme 3 focuses on emerging therapeutic strategies comprising targeted drug delivery systems, 

bioinformatics-driven target identification, and predictive screening approaches to enhance treatment precision.  

Conclusion:

 Therefore, this review highlights the significance of TNF-

α–

NF-

κB

 signalling as a key interplay between 

inflammation, tissue degeneration, and therapeutic intervention in arthritis. By integrating current mechanistic evidence, it 

provides an updated framework that enhances understanding of arthritis pathogenesis and supports the development of 

targeted therapeutic strategies. 
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INTRODUCTION

Arthritis is a chronic musculoskeletal disorder, notably chronic and progressive nature of arthritis. TNF-α

rheumatoid arthritis (RA) and osteoarthritis (OA), that activates NF-κB, which subsequently promotes the

contribute to global disability and healthcare burden. It transcription of TNF-α and other pro-inflammatory

is characterised by persistent joint inflammation, cytokines, thereby establishing a continuous feedback

progressive cartilage degeneration, and structural joint loop.7,14 Although targeting this pathway has shown

damage that led to mobility impairment and poor life therapeutic effectiveness, systemic inhibition may cause

quality.1 Arthritis pathogenesis is mediated by complex adverse effects due to its essential roles in normal

molecular signalling networks, with the tumour necrosis immune function.15 Additionally, arthritis involves

factor-alpha (TNF-α) and nuclear factor kappa B (NF- multiple interacting pathways, including mitogen-

κB) signalling axis recognised as a major regulatory activated protein kinase (MAPK) and toll-like receptor 4

pathway.2,3 TNF-α is a key pro-inflammatory cytokine, (TLR4) signalling,16,17 making targeted therapy

and NF-κB operates as a central transcriptional regulator development challenging.18

controlling genes associated with immune responses, Advances in bioinformatics, systems biology, and high-

inflammation, and tissue remodelling.4 Their interaction throughput screening may enhance understanding of

forms a self-amplifying loop that sustains chronic this complex signalling pathway and facilitate the

inflammation, promotes synovial membrane development of personalised therapies.19 Overall, this

proliferation, and worsens cartilage and bone review aims to understand TNF-α and NF-κB

destruction.2,5 interactions by identifying and synthesising evidence for

TNF-α signalling cascade initiates and sustains determining research gaps and highlighting potential

inflammatory responses through binding to TNF directions for therapeutic targets. The conceptual

receptors (TNFR1 and TNFR2), activating multiple mapping in Figure 1 illustrates the interrelationship

downstream pathways that regulate cellular survival, between TNF-α and NF-κB signalling pathways and

apoptosis, and cytokine secretion.6 In RA, excessive their roles in arthritis pathogenesis, molecular

TNF-α stimulates the release of other pro-inflammatory mechanisms, and therapeutic strategies.

mediators, including interleukin-1β (IL-1β) and

interleukin-6 (IL-6), which contribute to cartilage

degradation and joint damage.7 TNF-α also promotes

osteoclast differentiation through NF-κB activation,

leading to bone resorption.8 Clinical and experimental

evidence demonstrates that TNF-α inhibition can reduce

disease severity and improve outcomes, highlighting its

therapeutic importance.9

Generally, NF-κB activation occurs in response to

various stimuli, including cytokines, pathogens, and

cellular stress.4,10,11 Following activation, the NF-κB

translocates to the nucleus and regulates gene

transcription for immunological responses, cell

proliferation, and apoptosis.4,5 Activating NF-κB in

fibroblast-like synoviocytes (FLSs) in RA leads to

acquire aggressive phenotype characterised by increased

proliferation, resistance to apoptosis, and enhanced

production of matrix-degrading enzymes such as matrix Figure 1: A schematic representation of TNF-α and NF-


	metalloproteinases		(MMPs),	contributing		to	cartilage	κB				

	destruction. NF-	κB	also promotes		pannus	formation,		Shows signal	in arthritis, highlighting		three	major

	angiogenesis,	and	immune	cell	infiltration,		further	domains: (i)	pathogenesis	of arthritis,	including	

	amplifying	joint	inflammation		and		disease	osteoarthritis,	rheumatoid	arthritis,	and	bone



progression.12,13 destruction; (ii) molecular mechanisms, encompassing

The interaction between TNF-α and NF-κB signalling Toll-like receptor 4, mitogen-activated protein kinase,

pathways represents a key mechanism underlying the and IL-23/IL-17/NF-κB signalling pathways; and (iii)
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therapeutic approaches, including antirheumatic agents relevant medical studies. This dual-database strategy


	and novel therapeutic agents targeting inflammatory	enhanced the depth and specificity of evidence on

	signalling cascades.	inflammatory signalling in arthritis.



Relatively higher number of records identified indicates

MATERIAL AND METHODS the extensive research activity surrounding TNF-α and

Identification: According to PRISMA framework, the NF-κB signalling pathways in arthritis pathogenesis.

identification phase ensures transparency and Moreover, this identification spans mechanistic studies,

comprehensiveness in systematic literature reviews. A therapeutic explorations, and translational research.

structured keyword strategy combining “arthritis,” “NF- However, an intensive screening and eligibility

κB,” and “TNF-α,” retrieved 1,440 records from Scopus assessment are required to refine the dataset and ensure

(n=1,403) and PubMed (n=37). The higher record high-quality, relevant studies. Overall, the identification

volume in Scopus reflects its broader indexing coverage phase demonstrates the maturity of this research field

of diverse journals, conference proceedings, and and the importance of systematic filtering for evidence-

interdisciplinary publications whereas, PubMed provides based conclusions. The search strings used in this study

a focused biomedical literature emphasising clinically are presented in Table 1.

Table 1: The Search Strings

Database Search strings

Scopus TITLE-ABS-KEY ( ( "arthritis" OR "arthrit*" OR "rheumatoid arthritis" OR "osteoarthritis"

OR "inflammatory arthritis" ) AND ( "tnf-alpha" OR "tumor necrosis factor alpha" OR

"TNF" ) AND ( "nf-kB" OR "nuclear factor kappa-light-chain-enhancer of activated B cells"

OR "nuclear factor kappa B" ) ) AND ( LIMIT-TO ( DOCTYPE , "ar" ) ) AND ( LIMIT-

TO ( LANGUAGE , "English" ) ) AND ( LIMIT-TO ( PUBSTAGE , "final" ) ) AND (

LIMIT-TO ( SUBJAREA , "MEDI" ) OR LIMIT-TO ( SUBJAREA , "PHAR" ) OR LIMIT-

TO ( SUBJAREA , "IMMU" ) OR LIMIT-TO ( SUBJAREA , "BIOC" ) OR LIMIT-TO (

SUBJAREA , "NEUR" ) ) AND PUBYEAR > 2025 AND PUBYEAR < 2026

Date of Access: May 2026

PubMed (("arthritis"[All Fields] OR "arthrit*"[All Fields] OR "rheumatoid arthritis"[All Fields] OR

"osteoarthritis"[All Fields] OR "inflammatory arthritis"[All Fields]) AND ("tnf-alpha"[All

Fields] OR "tumor necrosis factor alpha"[All Fields] OR "TNF"[All Fields]) AND ("nf-

kB"[All Fields] OR "nuclear factor kappa-light-chain-enhancer of activated B cells"[All Fields]

OR "nuclear factor kappa B"[All Fields])) AND ((ffrft[Filter]) AND (fha[Filter]) AND

(clinicaltrial[Filter] OR randomizedcontrolledtrial[Filter]) AND (fft[Filter]) AND

(2025:3000/12/12[pdat]) AND (english[Filter]))

Date of Access: May 2026

Screening

Screening phase in a systematic literature review narrows down the initial search wide pool into a targeted and

methodologically precise dataset. In this study, 1,295 studies were excluded based on the pre-defined eligibility criteria,

including non-English publications, studies published before 2025, non–peer-reviewed formats (conference proceedings,

books, and review articles), in-press articles, and subject areas outside the core biomedical scope. Following this detailed

screening process, 145 records from Scopus were retained, while no eligible PubMed studies or duplicate records were

identified. This screening process ensured dataset refinement by prioritising novelty, disciplinary relevance, and empirical

accuracy. The inclusion and exclusion criteria are tabulated in Table 2.
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Table 2: The Selection Criteria in Screening Phase

Criterion Inclusion Exclusion

Language English Non-English

Time line 2025-May 2026 < 2025

Literature type Journal (Article) Conference, Book, Review Publication Stage Final In Press

Subject Medicine; Pharmacology, Toxicology Except for Medicine; Pharmacology, and Pharmaceuticals, Immunology Toxicology and Pharmaceuticals, and Microbiology; Biochemistry, Immunology and Microbiology; Genetics and Molecular Biology; Biochemistry, Genetics and Molecular Neuroscience Biology; Neuroscience 

Eligibility

During the eligibility phase, 145 screened records were evaluated for relevance and scientific suitability. Following the predefined criteria, 63 articles were excluded due to lack of full-text accessibility, non-specific titles, failure to meet the primary research purpose, and misalignment with the study field. The remaining 82 studies were identified as eligible and included in the qualitative synthesis, resulting in a consistent evidence base with scientific precision, accessibility, and applicability.

Data Abstraction and Analysis

An integrative analysis was performed to identify key themes and subthemes linked to the role of TNF-α and NF-κB signalling in arthritis pathogenesis. Data were extracted from 82 selected articles (Figure 2), followed by critical analysis of research procedures, findings, and outcomes. Although no quality-appraisal or risk of bias assessment tool was applied, the methodological characteristics and limitations of the included studies were considered during the interpretation and synthesis of the findings. The authors collaboratively developed thematic categories based on the evidence, maintained an audit trail of analytical decisions and interpretations, and compared findings to resolve inconsistencies through consensus discussions. The finalised themes were verified for validity and consistency by three experts from physiology and biomedical science to ensure relevance, conceptual strength, followed by necessary revisions. The themes were developed based on the following research questions:

1. How do natural products, traditional medicines, and bioactive compounds modulate TNF-α/NF-κB signalling in

arthritis pathogenesis?

2. How do TNF-α/NF-κB signalling contribute to inflammatory progression, synovial activation, and cartilage and bone

destruction in arthritis?

3. How do emerging therapeutic platforms, drug delivery strategies, and computational approaches improve targeting

of TNF-α/NF-κB signalling in arthritis research?
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Record identify Record identify

through Scopus through PubMed

searching searching

(n = 1403) (n = 37)


	Records after screened Scopus (n= 145), PubMed (n=0) Duplicate record removed	(Total = 145) (n = 0)	Conference, Book, Review	Records excluded:	Non-English (n = 1295)	< 2025 In Press

	Article access for eligibility	(n = 145)	Abstract not related on the	Full text excluded: Title not significantly objective of the study No Full text access.	Out of field	(n= 63)



Studies included in qualitative

analysis

(n =82)

Figure 2: The PRISMA Flow Diagram of This Systematic Literature Review.

RESULTS AND DISCUSSION target efficacy.21,23,24 According to Shabeer et al. 24,

Natural Products, Traditional Medicine, and pulegone was also reduced arthritic lesions and

Bioactive Anti-Arthritic Agents inflammatory gene expression, including IL-1β, TNF-α,

Most articles in the theme indicate that anti-arthritic interleukin-1 receptor-associated kinase (IRAK), and

activity is primarily associated with inhibition of TNF-α, NF-κB. These findings emphasise the anti-arthritic

NF-κB, IL-1β, IL-6, cyclooxygenase-2 (COX-2), and effects of natural compounds through the coordinated

other inflammatory mediators. Alternanthera paronychioides regulation of multiple cytokines and inflammatory

reduces arthritic severity, pain responses, histological pathways, rather than targeting a single molecular

and radiographic damage by downregulating TNF-α, IL- mediator.

1β, NF-κB, and COX-2, while increasing IL-4.20 A second cluster of studies focused on upstream

Similarly, hesperidin and syringic acid were reported to inhibition of TNF-α/NF-κB signalling in RA. Quercetin

suppress paw swelling, oxidative stress, and pro- from Periploca forrestii inhibited nuclear factor of kappa

inflammatory mediators in Complete Freund’s Adjuvant light polypeptide gene enhancer in B-cells inhibitor

(CFA)-induced RA, with docking data supporting multi- alpha (IκBα), p65 phosphorylation and translocation, as
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well suppressing COX-2, inducible nitric oxide synthase The latest studies indicate that regulation of oxidative

(iNOS), IL-6, and IL-1β expression.25 Moreover, stress and activation of nuclear factor erythroid 2-related

emodin directly bound to TNF-α, disrupted TNF-α– factor 2 (Nrf2), serve as a complementary mechanism to

TNFR1 interaction, and reduced downstream NF-κB NF-κB inhibition in attenuating arthritic pathogenesis. A

activation.26 According to Che et al. 27, 3,4- study on carnosic acid demonstrated a shift in

dihydroxybenzoic acid methyl ester from Vespa velutina macrophage polarisation, reduced TNF-α and IL-6,

auraria reduced TNF-α, immunoglobulin G (IgG), protected chondrocytes from oxidative injury, and

prostaglandin E2 (PGE-2), IL-17, IL-1β, IL-6, and NF- improved extracellular matrix (ECM) balance through

κB phosphorylation while promoting synovial cell Nrf2/NF-κB regulation.36 Alpha-lipoic acid reduced

apoptosis. The Eleutherococcus trifoliatus extract and arthritis score, IL-17A, TNF-α, MMP-3, T helper 17

pimaradienic acid were shown to suppress synoviocyte (Th17) cells, and NF-κB p65-positive CD4+ T cells,

proliferation, migration, invasion, IL-1β, vascular while regulating NFκB1, signal transducer and activator

endothelial growth factor (VEGF), MMPs, and NF-κB of transcription 3 (STAT3), GATA binding protein 3

activity.28 Lutein treatment reduced TNF-α-induced (GATA3), T-box transcription factor 21 (TBX21), and

MAPK/NF-κB activation, MMP, FLS migration, RAR-related orphan receptor C (RORC).37 Similarly,

synovial inflammation, and joint damage.29 Collectively, Bacillus subtilis and maslinic acid also improved paw

these findings highlight the TNF-α/NF-κB signalling oedema, antioxidant capacity, activated Nrf2 and

axis as a common mechanistic target underlying the anti- supressed deoxyribonucleic acid (DNA) damage, TNF-

RA effects of diverse natural bioactive compounds. α, IL-1β, NF-κB, IL-6, VEGF, intracellular adhesion

Recent studies have demonstrated that traditional herbal molecule (ICAM)), and apoptotic markers.38,39

formulations exert anti-arthritic effects by modulating According to Abo-Zalam et al. 40, acetyl-11-keto-beta-


	multiple	inflammatory				and		signalling			pathways.	boswellic	acid		protected		OA		cartilage			through

	According	to	Lu	et	al. 30	,	Juanbi		Lijieqing		decoction	HMGB1/TLR4/NF-			κB	suppression,				Nrf2/		Heme

	relieved	acute		gouty	arthritis			(GA)		by	increasing	oxygenase-1		(HO-1)	activation,				and		necroptosis	

	peroxisome		proliferator-activated						receptor		gamma	regulation.		Amygdalin			reduced			IL-	1β	-induced

	(PPARγ)	and		suppressing			TLR4/NF			- κB	signalling,	inflammation,		oxidative		stress,	and		ECM		degradation	

	resulting	in reduced			TNF-		α, IL	- 1β,	IL	-6,	uric acid,	through Nrf2			activation		and	NF-	κB		inhibition.	41

	swelling,	and	pain.		Baihu	Guizhi			decoction		similarly	Thereby,	these		findings	suggest		that		redox		balance



reduced ankle swelling, inflammation, TLR4, myeloid restoration is correlated with inhibition of cytokines and

differentiation factor 88 (MyD88), and NF-κB through the NF-κB pathway.

miR-17-5p regulation.31 While, Wuwei Ganlu medicinal GA studies primarily focused on urate-related

bath granules reduced arthritis scores, synovial inflammation, inflammasome activation, and

hyperplasia, cartilage erosion, TNF-α, IL-1β, IL-18, NF- TLR4/NF-κB regulation. Potentilla freyniana and

κB, TLR4, nod-like receptor protein containing pyrin 3 tangeretin reduced gouty inflammation through

(NLRP3), apoptosis-associated speck-like protein MAPK/NF-κB/NLRP3 inhibition, lowering IL-1β,

containing a CARD (ASC), and caspase-1.32 Danggui TNF-α, and IL-18.42 Quercetin reduced uric acid, ankle

Buxue decoction inhibited RA-FLS proliferation and swelling, TNF-α, IL-1β, IL-6, oxidative stress, and

migration, reduced paw swelling and bone destruction, NLRP3/NF-κB activation in hyperuricemia-associated

and downregulated phosphorylated IκBα, p65, IKKα, GA.43 Furthermore, Berchemia kulingensis leaves extract

and NLRP3.33 Wuwei Leze powder improves also reduced TNF-α, IL-1β, IL-6, COX-2, NLRP3,

inflammatory metabolic diseases and bone damage by TLR4, p65, p-IKKα/β, and STAT3, whilst increasing

regulating Wnt/RANKL/NF-κB signalling.34 Wutou IκBα and inhibiting xanthine oxidase.44 Gouty

decoction also attenuated RA via SIRT1-mediated inflammation was also suppressed through

suppression of high mobility group box 1 PPARγ/TLR4/NF-κB and miR-17-

(HMGB1)/NF-κB acetylation.35 Hence, traditional 5p/TLR4/MyD88/NF-κB regulation.30,31 Overall, these

herbal formulations exert therapeutic effects that findings imply that natural and traditional agents affect

regulate multiple pathways, especially TLR4/NF-κB, various phases of the inflammatory cascade, impacting

NLRP3, HMGB1/NF-κB, and bone remodelling urate-mediated initiation and downstream cytokine

pathways. signalling pathways.
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OA-related studies reported that natural-based agents acid alleviated arthritis by suppressing NF-κB/MAPK

mainly protect cartilage by mitigating inflammation, activation and reducing TNF-α, IL-6, IL-1β, and

oxidative stress, apoptosis, matrix degradation, and iNOS.55,56 Reynoutria japonica also improved CFA-

chondrocyte injury. Kaempferia galanga extract was also induced arthritis by regulating inflammatory, oxidative

found to reduce IL-1β, NF-κB, TNF-α, and MMP-13 stress, and NF-κB-related genes.57 Furthermore,

while increasing type II collagen, and aggrecan.46 inflammation, oxidative stress, lipid abnormalities, and

Moreover, the bu gan jian xi fang and dehydrocorydaline joint destruction were reduced with acacia gum

reduced NF-κB p65, TNF-α, IL-1β, IL-6, cartilage treatment in combination with methotrexate.58

structural damage, and inflammatory infiltration.47 Therefore, TNF-α and NF-κB act as central molecular

Whereas, the perillaldehyde has been reported to protect integrators of synovitis, macrophage activity,

chondrocytes by regulating arachidonate 5-lipoxygenase chondrocyte injury, oxidative imbalance,

(ALOX5)/NF-κB signalling, decreasing NLRP3, TNF- osteoclastogenesis, and structural joint damage.

α, IL-6, IL-8, apoptosis, and cartilage injury.48 These Molecular Mechanisms of Arthritis Pathogenesis

findings indicate that OA-focused natural therapies and Inflammatory Signalling

share inflammatory targets with RA and GA, while Within the theme of molecular mechanisms underlying

emphasising cartilage matrix preservation. arthritis pathogenesis and inflammatory signalling,

Network pharmacology, metabolomics, docking, and evidence identifies NF-κB as a central regulator. It

molecular verification strengthened the interpretation of integrates multiple pathological processes, including

multi-target mechanisms in anti-arthritic therapies. cytokine secretion, inflammasome activation,

According to Du et al. 33, Danggui Buxue decoction pyroptosis, ferroptosis, apoptosis, synovial invasion, and

regulated NF-κB-driven inflammation through joint destruction. Methyl canthin-6-one-2-carboxylate

integrated bioinformatics, serum pharmacochemistry, reduced IL-1β, IL-6, TNF-α, and COX2 by suppressing

metabolomics analyses, and validation using collagen- NLRP3 inflammasome activation and enhancing Nrf2

induced arthritis (CIA) and TNF-α-stimulated RA-FLS expression.59 Systemic lupus erythematosus aggravated

models. Jiawei Xuanbi decoction acted through AKT arthritis by elevating IL-1β, TNF-α, IL-6, NLRP3, and

serine/threonine kinase 1 (AKT1), STAT3, chondrocyte pyroptosis.60 Kallikrein-related peptidase 8

phosphoinositide 3-kinase-Akt (PI3K-Akt), TNF, NF- also promoted cartilage degradation, inflammation, and


	κB, and	osteoclast		differentiation			pathways,		with	pyroptosis	by		activating	NF-	κB	and	NLRP3	

	docking and		molecular	dynamics		supporting		stable		inflammasome		pathways.	61 Triptolide			also	alleviated	

	interactions of active compounds.				49	Theobromine and				inflammation		by	inhibiting	NLRP3		inflammasome		

	thiazolidine-4-one			derivative exerted			analgesic,		anti-	components and regulating Wnt/β					-catenin and NF-			κB

	inflammatory,		and	anti-arthritic	effects			by targeting		signalling. 62	These		reports	indicate		a significant		

	TLR4, NF-	κB, COX		-2, p38, ERK, TNF-				α, and IL	- 1β,	correlation between inflammasome activity and NF-								κB -



with docking evidence for strong target binding.50,51 The mediated cytokine secretion in arthritis progression.

Huberantha luensis and Ancistrocladus tectorius extracts FLSs have emerged as key cellular mediators in RA

reduced TNF-α, IL-1β, IL-6, NF-κB, and MAPK pathogenesis, with abnormal activation sustaining

phosphorylation.52 Although Vitex negundo demonstrates synovial inflammation and structural joint damage.

multi-target regulation of COX, TNF-α, IL-1β, and NF- Circular RNA_0001715 promoted RA-FLS proliferation

κB pathways, further clinical validation and and inflammation through the miR-326/TLR4/NF-κB

standardisation are required.53 pathway, while its knockdown suppresses inflammation

Collectively, the evidence indicates that natural products, and increases apoptosis.63 The TWEAK receptor Fn14

traditional herbal medicine formulas, probiotics, bee intensified TNF-α-induced inflammation in RA synovial

venom, and bioactive compounds alleviate arthritis by fibroblasts, increasing chemokines, adhesion molecules,

targeting TNF-α/NF-κB-centred inflammation. Bee and kinase activation.64 L-selectin further enhanced RA-

venom and femtosecond laser reduced TNF-α, NF-κB, FLS migration, invasion, and TNF-α, IL-1β, and IL-6

IL-6, oxidative injury, and DNA damage while secretion through NF-κB signalling.65 While, Roquin-1

regulating PI3K/AKT/mTOR and JAK/STAT interacted with Regnase-1 to suppress fibroblast growth

pathways.54 Additionally, curcumin activated Nrf2 and factor 2 (FGF2) expression, thereby reducing FLS

inhibited cGAS-STING-NF-κB signalling, while vanillic proliferation, migration, inflammation, and NF-κB
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activation.66 The ribonucleotide reductase subunit M2 IL-6, MMP-13, ADAMTS-5, and ECM degradation.78

(RRM2) also promoted pathogenic FLS behaviour by Nicotine acts to activate α7nAChR and inhibit

activating NF-κB and inhibiting ferroptosis.67 These HMGB1/TLR4/NF-κB signalling, decreasing IL-1β,

studies highlight that irregular synoviocyte activation TNF-α, and MMP.79 NR4A1 overexpression reduced

sustains local inflammation and drives structural NF-κB expression, inflammatory cytokines,

damage. chondrocyte apoptosis, and cartilage degeneration80,

Bone destruction and osteoclastogenesis in arthritis are while imeglimin suppressed NF-κB, and reduced IL-6,

driven by the interplay of TNF-α, receptor activator of IL-1β, TNF, MMP13, and OA severity.81 Conversely,

nuclear factor κB ligand (RANKL), and NF-κB dead-box polypeptide (DDX5) deficiency enhanced

signalling pathways. Collagen-binding integrin α11β1 TNF-induced NF-κB signalling and accelerated

increased FLS attachment, cartilage invasion, proteolytic temporomandibular joint OA, whereas DDX5

degradation, and joint destruction in arthritic human overexpression reduced inflammation, cartilage

tumour necrosis factor transgenic (hTNFtg) mice.68 degradation, and subchondral bone loss.82 Collectively,

According to Guo et al. 69, NF-κB inhibition reduced IL- these findings demonstrate that metabolic signalling,

1β, MMP-1, TNF-α, MMP-9, tartrate-resistant acid receptor-mediated pathways, transcriptional control,

phosphatase (TRAP), cathepsin K (CtsK), and β3- and RNA-associated regulatory mechanisms converge

integrin, leading to lower inflammatory bone destruction on NF-κB-centred signalling to drive arthritis

and osteoclastogenesis. In addition, IgG enhanced pathogenesis.

TNF-α-induced osteoclastogenesis through Immune regulation and neuroinflammatory mechanisms

TNFR1/NF-κB activation.70 Gushu pills and total highlight that arthritis pathogenesis extends beyond

glucosides of white paeony protected bone and cartilage local joint damage. The Echinococcus granulosus laminated

by restoring OPG/RANKL balance and inhibiting NF- layer decreased TNF-α, IL-17A, MMP9/2, iNOS, and

κB signalling.71,72 These findings indicate that NF-κB while increased IL-10 and TGF-β1 in peripheral

inflammatory signalling pathways directly disrupt bone blood mononuclear cells (PBMCs) from active RA

remodelling homeostasis, resulting in pathological bone patients.83 Similarly, estradiol-primed macrophages

destruction in arthritis. increased regulatory mediators while mitigating arthritis

The findings on OA pathogenesis are characterised by severity, C-reactive protein, IL-1, TNF-α, RANKL, and

chondrocyte apoptosis, ferroptosis, and ECM MMP-9.84 Besides, manual acupuncture reduced RA

degradation, with NF-κB serving as a key regulatory pain by inhibiting NF-κB/STAT3 signalling and spinal

pathway. The NFKB1 and ICAM1 were found to be microglia activation, while denosumab reduced synovitis

apoptosis-related hub genes with diagnostic and and OA progression through RANK/TRAF6/FSTL1

therapeutic potential.73 ALOX5 and annexin A1 protein signalling in animal models and knee OA patients.45,85

mimetic peptide (Ac2-26) reported to decrease IL-6, Study by Li et al.further reported that Ednrb-driven ET-

TNF-α, oxidative stress, MMP, ADAMTS5 whereas 1/RXFP1 signalling promoted tranexamic acid (TXA)-


	NF- κB	suppression	restored GPX4, SLC7A11,	and		associated	post-traumatic	osteoarthritis			through

	collagen	II. 74,75 Besides,	relaxin-2 diminished TNF-		α -	increased p-NF-	κB, p	-AKT, IL-	1β, TNF	- α, IL	-6, and

	induced	ferroptosis,	lipid peroxidation, IL- 1β,	IL	-6,	MMP-13. 86	Overall,	this theme	suggests	that	arthritis



MMP-13, and collagen II degradation through pathogenesis involves complex interactions among

Nrf2/NF-κB regulation.76 Study performed by Gu et immune cells, stromal cells, cartilage cells, bone-

al.77, revealed that kruppel-like factor 9 (KLF9) remodelling pathways, and pain-related

suppressed IL-1β-induced inflammation, apoptosis neuroinflammation.

markers, and ECM loss through NF-κB-related Emerging Therapeutic Platforms, Drug Delivery,

regulation. These findings support that OA is driven by Bioinformatics, and Predictive Screening

both degenerative and inflammatory molecular Approaches

pathways mediated by NF-κB signalling. Emerging therapeutic approaches within this research

Several studies have identified upstream regulatory theme demonstrate a shift from descriptive pathway

mechanisms that focus on NF-κB and related analysis towards the targeted regulation of TNF-α/NF-

inflammatory pathways in arthritis. AM1241 activated κB-mediated arthritis mechanisms. Periplogenin

Nrf2/HO-1 and suppressed NF-κB, reducing TNF-α, inhibited TNF-α–induced inflammation, apoptosis, and
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	metabolic dysregulation in chondrocytes, with	mechanically	induced knee OA through	Piezo1-

	ribonucleic acid (RNA) sequencing identifying NF- κB	mediated Ca²	⁺ signalling and regulation of PI3K	– AKT

	suppression as the primary mechanism. 87 Cell-free fat	and NF- κB pathways.	96 These studies reflect a paradigm	



extract was shown to protect temporomandibular joint shift toward data-driven therapeutic discovery

cartilage by regulating the ATF3/ABLIM1/NF-κB integrating computational prediction, molecular

signalling pathway, while reducing M1 macrophage modelling, and high-throughput sequencing.

polarisation and IL-1β/TNF-α expression.88 In addition, Across this thematic area, the evidence indicates that

BC-1 improved collagen-induced arthritis by decreasing emerging therapeutic platforms target arthritis through

the levels of TNF-α, IL-1β, IL-6, PGE2, and COX-2, as three interconnected mechanisms, comprising of

well as inhibiting IgD-mediated B cell receptor (BCR)– inflammatory pathway inhibition, immune-cell

NF-κB signalling in B cells.89 These studies suggest that regulation, and joint tissue preservation. Nitazoxanide

emerging anti-arthritic therapeutic agents target both alleviated CFA-induced arthritis symptoms, including

structural joint cells and immune-driven signalling inflammatory cytokines, and histopathological damage,

networks. by modulating STAT3 and NF-κB pathways.97 Besides,

Drug delivery and formulation-based approaches have cartilage was also protected through the inhibition of

improved the translational potential in arthritis research NF-κB-associated apoptosis, extracellular matrix

by enhancing local delivery, reducing systemic toxicity, degradation, and synovial inflammation.88,96

and prolonging pharmacological activity. For instance, Subsequently, advanced formulation strategies enhance

TP-P1-loaded thermosensitive hydrogel significantly localised therapeutic efficacy, limiting systemic exposure

reduced paw swelling, pro-inflammatory cytokine and adverse effects.91,92 Future studies should focus on

expression, oxidative stress, and TLR4/NF-κB developing precise therapeutic platforms to efficiently

activation without hepatorenal toxicity.90 Intra-articular deliver, and modulate TNF-α/NF-κB-centered arthritic

diacerein-loaded solid lipid nanoparticles exerted anti- pathways, rather than merely identifying anti-

inflammatory and cartilage-protective effects in OA rats inflammatory drugs.

by suppressing TNF-α, IL-6, and NF-κB signalling.91

Meanwhile, sodium alginate-encapsulated Colchicum CONCLUSION

nanoparticles enhanced macrophage viability and This systematic literature review aims to understand the

inhibited TNF-α and NF-κB activity compared to free recent evidence on the role of TNF-α and NF-κB

extracts.92 The ectoine combined with leflunomide also signalling in arthritis pathogenesis based on the studies

reduced systemic and joint inflammation, downregulated published most recently in the Scopus and PubMed

NF-κB-p65, TNF-α, RANKL, and alleviated databases. PRISMA framework was utilised with an

leflunomide-associated colonic toxicity.93 Hence, advanced search approach to ensure comprehensive

advanced delivery systems enhance the therapeutic identification and screening of relevant literature.

efficacy and improve safety profiles in arthritis Precisely, this review addresses key research questions

management. related to molecular mechanisms, therapeutic

modulation, and emerging technologies targeting this

Bioinformatics, predictive modelling, and computational signalling axis by synthesising evidence from 82 eligible

design also emerged as important strategies for studies.

identifying and optimising anti-arthritic candidates.

Primarily, NfκBin, a machine-learning tool developed to Based on the previous studies, TNF-α/NF-κB signalling

screen TNF-α-induced NF-κB inhibitors, achieving is a key regulatory route in arthritis progression.

moderate predictive performance and identifying food Systematic analysis of this signalling defines three major

and drug administration (FDA)-approved drugs with emerging themes. Firstly, natural products, traditional

known inhibitory effects.94 Mohammadi et al. 95 designed medicine, and bioactive compounds have been shown to

a multi-epitope peptide vaccine targeting TNF-α and attenuate inflammatory responses by modulating

RANKL through in silico approaches, demonstrating oxidative stress, cytokine production, and downstream

stability, immunogenicity, and predicted humoral signalling pathways. Secondly, studies on molecular

immune responses. Transcriptomic analyses have also mechanisms have shown that TNF-α/NF-κB interacts

shown that the Gubi Zhitong formula modulates with multiple cellular processes, including
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inflammasome activation, apoptosis, pyroptosis, department, faculty and colleagues for their guidance

ferroptosis, and FLS proliferation, resulting in bone and feedback, which greatly improved this systematic

remodelling imbalance and cartilage degradation. Lastly, review.

emerging novel therapeutic platforms, including drug Funding: This study was funded by Grant No.

delivery systems, bioinformatics analyses, and predictive UniSZA/2025/DPU2.0/03 (Project ID: RD133) from

screening models, are gaining interest for developing Universiti Sultan Zainal Abidin, Malaysia.

enhanced targeted intervention strategies and improving Conflicts of Interest: The authors declare that they

treatment precision. have no conflicts of interest to report regarding the

This review integrates fragmented evidence into a present study.

structured thematic framework that provides an Disclosure in AI use: Generative AI was not used in

enhanced conceptual insight into TNF-α/NF-κB the development, analysis, interpretation, or reporting of

signalling across diverse biological and technological this manuscript, as these processes were independently

contexts. It highlights emerging research directions, conducted by the authors. Scopus AI was only used to

especially the application of computational tools and support the literature search.
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