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ABSTRACT

Rheumatoid arthritis (RA) is a chronic autoimmune disease that causes long-term destruction of cartilage and leads to
irreversible arthritis. Pro-inflammatory messengers such as interleukin-1 beta (IL-1 beta), tumour necrosis factor-alpha
(TNF alpha), interleukin-6 (IL-6), and interleukin-17 (IL-17)—drive this destructive process by targeting cells in joint
tissue. Once released, these signals activate known pathways within chondrocytes and synovial fibroblasts, like NF-kappa
B, MAPKs, and JAK-STAT, prompting these cells to produce destructive enzymes such as matrix metalloproteinases
(MMPs) and aggrecans (ADAMTS). Because the production of these enzymes exceeds tissue repair, the cartilage
structure—a mesh of type II collagen and aggrecan—begins to break down, leading to pain and disability. Additionally,
cytokine-mediated chondrocyte apoptosis and phenotypic changes contribute to impaired cartilage repair and ongoing
inflammation. Epigenetic modifications, including DNA methylation (DNAme) and microRNA (miRNA)-mediated
regulation, influence cytokine functions in chondrocytes and may serve as therapeutic targets. Current RA treatments
include TNF inhibitors, IL-6 receptor blockers, and JAK inhibitors that aim to block cytokine signalling pathways to slow
disease progression. In addition, the development of targeted therapies, such as selective inhibitors of ADAMTS-5 and
epigenetic regulators, offers hope for improved cartilage protection in RA. Understanding this complex network of
cytokines, signalling pathways, and effector enzymes involved in cartilage destruction is essential for developing new
disease-modifying strategies for RA.
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1. INTRODUCTION

Rheumatoid arthritis (RA) is a chronic, systemic autoimmune disorder that primarily affects synovial joints and leads to
progressive destruction of articular cartilage and bone.l Affecting approximately 0.5-1% of the global population, RA
remains a significant cause of disability, reduced quality of life, and increased mortality worldwide.2 While advances in
early diagnosis and biologic therapies have improved patient outcomes, irreversible joint damage continues to occur in a
substantial proportion of individuals, highlighting a critical need to understand the molecular basis of tissue destruction.3
Cartilage degradation in RA is a hallmark of disease progression and a major determinant of long-term functional
impairment.4 Unlike osteoarthritis, where cartilage damage results from mechanical wear, RA-related cartilage loss is
driven by immune-mediated inflammatory responses originating in the synovium.5 The formation of an invasive pannus—
comprising hyperplastic synovial fibroblasts, immune cells, and neo-vasculature—establishes a destructive
microenvironment that promotes degradation of the cartilage extracellular matrix (ECM).6

Among the most prominent mediators of joint damage in RA are pro-inflammatory cytokines such as interleukin-1f (IL-
1B), tumour necrosis factor-a (TNF-a), interleukin-6 (IL-6), and interleukin-17 (IL-17).7 These cytokines act
synergistically to stimulate the production of cartilage-degrading enzymes, modulate intracellular signalling pathways
(including NF-kB, MAPKs, and JAK-STAT), and alter chondrocyte phenotype and survival.8 Moreover, emerging
evidence suggests that epigenetic changes, including DNA methylation and non-coding RNA regulation, further
exacerbate cytokine-driven joint destruction.9

Despite significant therapeutic advances, the molecular intricacies underlying cytokine-induced cartilage breakdown
remain incompletely understood.10 There is increasing interest in targeting not only upstream cytokines but also the
downstream signalling molecules and effector enzymes—such as matrix metalloproteinases (MMPs) and aggrecanases
(ADAMTS)—that mediate ECM degradation.11 Understanding the integrated signalling networks and feedback loops
that drive cartilage pathology is essential to inform the development of more effective, disease-modifying strategies.12
This review aims to comprehensively examine the molecular mechanisms through which pro-inflammatory cytokines
mediate cartilage destruction in RA. We begin by discussing the role of individual cytokines and their downstream
signalling pathways, then by exploring the proteolytic enzymes responsible for ECM degradation. We also examine the
role of chondrocyte apoptosis and epigenetic regulation in cartilage pathology and conclude with an overview of current
and emerging therapeutic approaches. By synthesising recent discoveries and identifying critical gaps in the literature, we
aim to provide a timely and clinically relevant resource for researchers and clinicians in the field of rheumatology and
molecular pharmacology. Figure 1 illustrates the complex cellular interactions and cytokine networks involved in RA
pathogenesis.

2. Role of cytokines in rheumatoid arthritis:

Cytokines are crucial to the development and progression of rheumatoid arthritis (RA), which is characterised by long-
lasting autoimmune inflammation. These local proteins act as mediators in numerous important biological functions such
as inflammation, immunity, cell growth, and differentiation.13 In RA, pro-inflammatory cytokines such as tumour
necrosis factor (TNFa), interleukin 1 (IL-1), and interleukin 6 (IL-6) are overexpressed, leading to synovial inflammation,
destruction of cartilage tissues, and erosion of bones.14 These cytokines activate synovial fibroblasts along with other
cells like chondrocytes and osteoclasts, which trigger the production of matrix-degrading enzymes and other inflammatory
mediators.15 Additionally, interferon-gamma (IFNy) and interleukin 2 (IL-2) cytokines help to stimulate T-cell activation
along with their proliferation, contributing towards the autoimmune reaction.16 Grasping the intricate relationship
between various cytokines in RA has made it possible to develop biologic treatments such as TNF-a inhibitors, which
have improved management strategies for patients, along with their outcomes.17
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Figure 1: Cellular crosstalk and cytokine networks in the pathogenesis of rheumatoid arthritis. [Summarises the cellular
interactions believed to be of importance in the pathogenesis of RA and describes the interaction among macrophages, T
cells, B cells, and non-hematopoietic cells (fibroblasts, connective tissue cells, and bone) 12. These interactions are
facilitated by the actions of cytokines released from the activated cells that then, through both autocrine (feedback on the
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same cell) and paracrine (via other cell types) mechanisms, induce the production of other pro-inflammatory cytokines,
which together contribute to the pathogenesis of this disease.]

2.1. Proinflammatory Cytokines in Cartilage Destruction

Rheumatoid arthritis (RA) is driven by an excess of proinflammatory cytokines that promote cartilage matrix
breakdown.18 Key cytokines include interleukin-1p (IL-1f), tumour necrosis factor-a (TNF-a), IL-6, and IL-17, which
are produced by activated macrophages, synovial fibroblasts, and T cells in the inflamed joint.19 These cytokines bind
receptors on chondrocytes and synovium to trigger signalling cascades that upregulate degradative enzymes and
inflammatory mediators, creating a vicious feedback loop of tissue damage.20 For example, IL-1PB potently induces
synovial cells to secrete matrix metalloproteinases (MMPs) and aggrecanases, and stimulates chondrocytes to release
nitric oxide (NO) and prostaglandin E:> (PGE-), inhibiting matrix synthesis.21 TNF-a likewise activates NF-kB and
MAPKSs to increase MMP and ADAMTS aggrecanase production, and stimulates chondrocytes to release IL-6 and IL-
8.22 IL-6 contributes by activating JAK/STAT3 signalling in cartilage and synovium, promoting MMP expression and
chondrocyte apoptosis.23 IL-17, mainly from Th17 cells in RA synovium, synergises with IL-1 and TNF to amplify MMP
production and inflammation; IL-17-stimulated chondrocytes show elevated catabolic mediators leading to rapid
proteoglycan loss.24 Together, these cytokines orchestrate ECM degradation and chondrocyte dysfunction (Table 1).
24,25

The inflamed synovial environment in RA involves macrophage-like (MLS) and fibroblast-like (FLS) synoviocytes
interacting with T and B cells. 26 Activated synoviocytes secrete IL-1p, TNF-a, and IL-6, driving chondrocytes to produce
matrix-degrading enzymes (MMPs, ADAMTS) that cause cartilage breakdown and bone erosion.27 Immune cells (Thl,
Th17) produce IFN-y, IL-17, and other factors that further amplify this destructive cycle. Synovial hyperplasia and pannus
formation also contribute to cartilage invasion. 28

2.2 Interleukin 1§ (IL-1p)

IL-1p is a master regulator of cartilage catabolism in RA. Produced by macrophages and synoviocytes via inflammasome
activation, IL-1p binds to IL-1R1, triggering NF-kB and MAPK pathways in chondrocytes and fibroblasts. This causes
robust upregulation of MMPs (especially collagenases) and aggrecanases, leading to collagen and proteoglycan
breakdown.29 IL-1f also induces chondrocytes to generate NO and PGE-, which suppress collagen II and aggrecan
synthesis. 30 In addition, IL-1p amplifies inflammation by promoting the expression of TNF-a, IL-6, and IL-17 in the
joint. Blocking IL-1 signalling (e.g., with anakinra) has shown moderate benefits in slowing erosion, highlighting IL-1f’s
role in structural damage. 31

2.2 Tumour Necrosis Factor a (TNF-0)

TNF-a is a central effector in RA that synergises with IL-1p. Secreted mainly by macrophages and fibroblasts, TNF-a
engages TNFR1 on chondrocytes to activate NF-kB and JNK/p38 MAPK pathways. This drives production of MMP-1,
MMP-3, and ADAMTS enzymes, as well as IL-6 and chemokines 32. TNF-a can also induce chondrocyte apoptosis at
high levels and inhibit chondrogenic differentiation via p38 signalling 33. Clinically, TNF inhibitors (etanercept,
infliximab, adalimumab) dramatically reduce joint erosion and MMP levels in RA patients 34. Mechanistically, anti-TNF
treatment decreases synovial MMP/ADAMTS production, preserving cartilage integrity 34.
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Figure 2: Pleiotropic Inflammatory Effects of TNF-a Released from Activated Macrophages
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The presentation of major inflammatory responses mediated by TNF-alpha, which is a major cytokine secreted by
macrophages after activation, is well demonstrated in the diagram. When macrophages are activated, TNF-alpha activates
various downstream effects, including the production of proinflammatory cytokines (IL-1, IL-6, IL-23 and GM-CSF),
which then initiate various effects, including activation of the acute phase response by hepcidin. It seizes bone resorption
through the stimulation of osteoclasts, triggers the production of PGE2, which leads to pain and inflammation, and
stimulates chondrocytes, which, after that, cannot resist cartilage degradation with the help of metalloproteinases.
Furthermore, TNF-alpha helps to release more chemokines such as RANTES, MCP-1, IL-8 and SDF-1, which help attract
more immune cells toward the inflamed site. It activates adhesion molecules (e-selectin and VCAM-1) of the endothelial
cells to amplify migration of leukocytes, and it causes leukocyte accumulation and activation by increasing HLA -class 11
levels. Moreover, TNF-o promotes angiogenesis that delivers nutrients and immune cells to the affected tissue. In general,
the diagram is a well-founded explanation of the multidimensional role of TNF-alpha in the mechanisms of inflammation
and immune modulation in the pathological processes, especially chronic inflammatory diseases.

2.3 Interleukin 6 (IL-6)

IL-6, produced by synoviocytes and infiltrating cells, signals through gp130/JAK/STAT3 in chondrocytes and synovium.
IL-6 stimulates expression of MMPs and catabolic factors in cartilage and promotes osteoclastogenesis via RANKL
induction. In vitro, IL-6 increases chondrocyte MMP secretion and apoptosis 35. IL-6 also drives Th17 differentiation,
indirectly boosting IL-17 levels.36 Clinically, IL-6 receptor blockade (tocilizumab, sarilumab) slows cartilage loss and
reduces bone erosion, underscoring IL-6’s destructive role.37 Figure 2 illustrates the pleiotropic inflammatory effects of
TNF-a released from activated macrophages.

2.4 Interleukin 17 (IL-17)

IL-17A from Th17 cells is abundant in RA joints and intensifies cartilage damage. IL-17R signalling activates NF-xB and
MAPKSs in chondrocytes, upregulating IL-6, IL-8, and MMPs (e.g. MMP-13)38. IL-17 synergises with TNF-a and IL-1
to amplify catabolic gene expression in synovium and cartilage39. Though IL-17 inhibitors are more effective in
spondylarthritis, IL-17 contributes to RA cartilage destruction by driving inflammatory mediator release and ECM
degradation 40.

Table 1. Key proinflammatory cytokines and their effects on RA cartilage. Major roles are compiled from recent
studies 41-45.

Cytokine | Source Cells Cartilage Effects References
IL-1p Macrophages, synovial | 1 MMPs/ADAMTS, 1 NO/PGE: (| matrix | [41], [42]
fibroblasts synthesis), T TNF/IL-6/IL-17

T MMPs/ADAMTS, 1 IL-6/IL-8 from | [43], [44]
chondrocytes, chondrocyte apoptosis
Synoviocytes, macrophages, and | JAK/STAT3 activation — MMP expression, | [45]
T cells RANKL induction, chondrocyte apoptosis

) T MMPs (esp. MMP-13), 1 chemokines, | [43], [42]
IL-17A Th17 cells, others synergise with TNF/IL-1 for cartilage erosion

TNF-a Macrophages, fibroblasts

IL-6

3. Intracellular Signalling Pathways
Cytokine receptors on synovial and chondrocyte surfaces trigger classical intracellular cascades that mediate inflammation
and catabolism. Three major pathways are NF-kB, MAPK (p38, INK, ERK), and JAK/STAT.46-48

3.1 NF-xB Pathway

The NF-«B pathway is a master regulator of inflammatory gene transcription in RA. Stimulation by TNF-a, IL-1p, or
TLR ligands leads to IKK complex activation, degradation of IkBa, and nuclear translocation of NF-«kB (p65/p50)49. In
the nucleus, NF-kB upregulates numerous proinflammatory genes, including TNF-a, IL-1B, IL-6, COX2, and MMPs 50.
Pathological NF-kB activation in RA synovium and cartilage perpetuates cytokine production and MMP expression,
driving cartilage breakdownS51. Excessive NF-kB signalling also promotes chondrocyte apoptosis and synovial
hyperplasia. Inhibiting NF-«kB (via IKK inhibitors or cytokine blockade) reduces MMP-1, -3, -9, and -13, and cartilage
degradation52.

3.3 JAK/STAT Signalling

The JAK/STAT pathway transduces signals from cytokines like IL-6, IL-2, IL-15, and interferons. In RA, IL-6 binding
IL-6R/gp130 activates JAK1/JAK2 to phosphorylate STAT356. Phospho-STAT3 dimerises and induces transcription of
target genes involved in survival, proliferation, and inflammation (e.g., SOCS3, RANKL). Dysregulated JAK/STAT
signalling is strongly associated with RA synovitis and cartilage destruction57. In chondrocytes, JAK/STAT3 can
upregulate MMPs and promote apoptosis under cytokine exposure. The clinical success of JAK inhibitors (tofacitinib,
baricitinib) in reducing synovitis and bone erosion underscores the pathway’s importance in RA pathology 58. Table 2
summarises these major pathways, their activators, and downstream effects.
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Table 2. Major signalling pathways in RA chondrocytes, activators, and downstream effects. Key outcomes are
summarised from recent studies 59-61.

Pathway Activated by Downstream Effects Referenc
es
TNF-a, IL-1B, TLR | 1 Proinflammatory cytokines (TNF, IL-1, IL-6) and MMPs; | [59]
NF-xB . . ;
ligands chronic inflammation

Activation of AP-1; 1 MMPs (e.g., MMP-1, MMP-13), cytokines, | [60]
and chondrocyte apoptosis
IL-6, IL-2 family, | STAT3 activation; 1 inflammatory gene expression (e.g., | [61]
GM-CSF RANKL, IL6); synovial hyperplasia

MAPK TNF-a, IL-1B, IL-17

JAK/STAT

3.2 MAPK Cascades

MAPK pathways (p38, JNK, ERK) are activated by cytokines and stress in RA chondrocytes. IL-1B and TNF-a strongly
activate p38 and JNK, leading to phosphorylation of AP-1 transcription factors (c-Jun/c-Fos)53. AP-1 then drives
expression of MMPs and inflammatory cytokines in cartilage. For example, IL-1p—induced MMP-13 in chondrocytes is
MAPK-dependent54. ERK signalling (often via TNF-a) can also regulate both anabolic and catabolic genes through EGR-
1 and other transcription factors 55. Overall, MAPKs amplify cytokine signals to boost degradative enzyme production
and block cartilage repair.

4. Extracellular Matrix Degrading Enzymes

4.1 Matrix Metalloproteinases (MMPs)

MMPs are zinc-dependent proteases that cleave collagen and other ECM proteins. In RA, chondrocytes and synovial
fibroblasts overexpress MMP-1, -3, -13, and others under cytokine stimulation 62,63. MMP-13 (collagenase-3) is
especially potent against type II collagen in cartilage. Pro-inflammatory signals (IL-1, TNF, IL-17) upregulate MMP gene
transcription via NF-kB/AP-1. Active MMPs degrade the collagen II network, leading to irreversible cartilage erosion.
Clinical studies show elevated MMP levels correlate with joint damage in RA. Inhibition of MMPs (e.g., by TIMPs or
synthetic inhibitors) can partly protect cartilage in vitro, highlighting their central role.

4.2 ADAMTS Aggrecanases

ADAMTS-4 and ADAMTS-5 are the main aggrecanases that degrade aggrecan, the cartilage proteoglycan. IL-13 and
TNF-a strongly induce ADAMTS expression in chondrocytes and fibroblasts64. ADAMTS-mediated aggrecan cleavage
yields aggrecan fragments that elicit further inflammation 65. Loss of aggrecan renders cartilage susceptible to collagen
breakdown by MMPs. In RA joints, elevated ADAMTS activity is evident and contributes to cartilage thinning. Selective
ADAMTS inhibitors are under investigation, as broad MMP inhibitors proved too toxic. Combined, MMPs and ADAMTS
drive the bulk of cytokine-induced ECM destruction in RA cartilage 66.

5. Chondrocyte Fate and Phenotypic Alterations

5.1 Apoptosis

Unlike synovial cells, RA chondrocytes often undergo apoptosis. TNF-a, IL-1p and IL-17 can directly trigger death
pathways in chondrocytes via caspase-8 and mitochondrial routes. For example, TNF-a, (with IFN-y) reduces chondrocyte
viability67. Elevated chondrocyte apoptosis is observed in human RA cartilage and animal models68. Inflammatory
mediators (FasL, nitric oxide) also sensitise chondrocytes to apoptosis. Loss of chondrocytes leads to insufficient matrix
maintenance and repair. Conversely, some studies note resistance to apoptosis in synovial fibroblasts in RA, highlighting
a paradox of hyperplasia in the joint lining versus chondrocyte death in cartilage 69.

5.2 Molecular Reprogramming

RA chondrocytes acquire a pro-inflammatory, catabolic phenotype. Under cytokine exposure, they not only release MMPs
and ADAMTS, but also produce cytokines and chemokines themselves 70. For instance, IL-1f activation of chondrocytes
induces IL-6 and IL-8 production via IKK/NF-kB pathways. Synovial signals upregulate IKKf and inflammatory genes
in chondrocytes 71. This “reprogramming” means chondrocytes become active participants in joint inflammation,
contributing to a self-amplifying loop of cartilage damage. At the molecular level, chronic inflammation triggers
epigenetic changes (below) and alters transcription factor profiles in chondrocytes, shifting the balance from anabolic to
catabolic gene expression. Thus, chondrocytes in RA emerge as effector cells that perpetuate matrix degradation 72.

6. Epigenetic and Post-transcriptional Regulation

Epigenetic mechanisms modulate cytokine-driven pathways in RA. Aberrant DNA methylation patterns have been
reported in RA, affecting the expression of cytokines and degradative enzymes 73. For example, hypomethylation of
inflammatory gene promoters can sustain their overexpression. Non-coding RNAs, especially microRNAs, also regulate
cartilage catabolism. Specific miRNAs are dysregulated in RA chondrocytes: miR-23a normally suppresses IL-17—
induced inflammation (by targeting IKKa), and is downregulated in RA, leading to heightened NF-«B signalling 74. miR-
26a is decreased in RA cartilage; its restoration reduces chondrocyte apoptosis and inflammation (pmc.ncbi.nlm.nih.gov).
miR-27b-3p levels drop in RA, and overexpressing it suppresses pro-apoptotic factors in chondrocytes 75. Other miRNAs
(e.g., miR-146a, miR-155) influence the cytokine signalling systemically 76. These epigenetic and post-transcriptional
changes fine-tune chondrocyte responses to cytokines and are potential therapeutic targets.
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7. Therapeutic Implications

Blocking cytokine pathways can protect cartilage in RA. Biologic DMARDs that target TNF-a (etanercept, infliximab,
adalimumab) or IL-6R (tocilizumab, sarilumab) dramatically slow radiographic progression 77,78. TNF inhibitors reduce
synovial MMP and ADAMTS production, preserving cartilage 79,80. IL-1 blockade with anakinra has only modest
effects, likely because redundant cytokines compensate 81 (Table 3 summarises major approved agents.) JAK inhibitors
(tofacitinib, baricitinib, upadacitinib) interrupt the signalling of IL-6 and other cytokines and are effective in reducing
erosion and inflammation. MMP/ADAMTS inhibitors have been explored: broad-spectrum MMP inhibitors failed
clinically due to toxicity, but selective ADAMTS-5 inhibitors are under development. Other novel approaches include
GM-CSF inhibitors (mavrilimumab) and strategies to modulate epigenetic regulators. Overall, targeting these molecular
pathways can greatly mitigate cartilage destruction in RA82.

Table 3. Therapeutic interventions targeting cytokine-mediated joint damage. Clinical agents and their

molecular targets are listed (examples and key effects on cartilage).
Therapy Target Examples Effect on Cartilage References
TNF inhibitors TNF-q Etan;rcept, Infliximab, | | MMP/ADAMTS release; halt 831, [84]
Adalimumab erosions
IL-6R inhibitors | IL-6 receptor Toc.lhzumab, l 1nﬂammat10n . and [84]
Sarilumab osteoclastogenesis; slow erosion
e Anakinra, Moderate reduction in inflammation;
IL-IR inhibitors | IL-1 receptor Canakinumab modest bone/cartilage protection [85]
JAK inhibitors TAKL/2/3 Tofa01t1.n.1b., Baricitinib, i STATS’—.medlated catabolism; [84]
Upadacitinib improve cartilage markers
MMP/ADAMTS | MMPs I (none approved) Preclinical ADAMTS-5 inhibitors [84]
inhibitors ADAMTS-5 PP aim to prevent aggrecan loss
. Various  (e.g., | Mavrilimumab (anti— | Under study: potential to reduce
Emerging/Future GM-CSF) GM-CSF), others cytokine cascades and tissue damage [84]

Future Perspectives: Understanding of cytokine cross-talk and intracellular networks continues to grow. Novel approaches
such as dual cytokine blockade, cell-based therapies, and targeting miRNAs or epigenetic enzymes are in development.
The ultimate goal is to precisely interrupt the molecular switches of cartilage destruction to achieve remission of RA
without structural damage.
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A Disintegrin and Metalloproteinase with Thrombospondin motifs

ADAMTS (aggrecanases / ADAMTS family)

ADAMTS-4 A Disintegrin and Metalloproteinase with Thrombospondin motifs 4

ADAMTS-5 A Disintegrin and Metalloproteinase with Thrombospondin motifs 5

AP-1 Activator protein-1 (transcription factor)

c-Fos Component of AP-1 transcription factor

c-Jun Component of AP-1 transcription factor

caspase-8 Initiator caspase involved in apoptosis

CcOXx2 Cyclooxygenase-2

DMARDs Disease-modifying antirheumatic drugs

DNAme DNA methylation

ECM Extracellular matrix

ERK Extracellular signal-regulated kinase (a MAPK)

FasL Fas ligand (apoptosis mediator)

FLS Fibroblast-like synoviocytes

GM-CSF Granulocyte—macrophage colony-stimulating factor

gpl130 Glycoprotein 130 (IL-6 signal transducer)

IFN-y Interferon-gamma

IKK IxB kinase complex (activates NF-kB)

IL-1 Interleukin-1 (general form)

IL-17 Interleukin-17

IL-17R Interleukin-17 receptor

IL-1R1 Interleukin-1 receptor type 1

IL-1pB Interleukin-1 beta

IL-2 Interleukin-2

IL-6 Interleukin-6

IkBa Inhibitor of kB alpha (NF-kB inhibitor)

JAK-STAT Japus 1.<inase — signal transducer and activator of transcription
(signalling pathway)

JAK1 Janus kinase 1

JAK2 Janus kinase 2

INK c-Jun N-terminal kinase (a MAPK)

MAPKs Mitogen-activated protein kinases

miR-146a microRNA-146a

miR-155 microRNA-155

miR-23a microRNA-23a

miR-26a microRNA-26a

miR-27b-3p microRNA-27b-3p

miRNA MicroRNA (post-transcriptional regulators)

MLS Macrophage-like synoviocytes

MMP-1 Matrix metalloproteinase-1

MMP-13 Matrix metalloproteinase-13 (collagenase-3)

MMP-3 Matrix metalloproteinase-3

MMPs Matrix metalloproteinases (ECM-degrading enzymes)

NF-xB Nuclear factor-kappa B (inflammatory transcription factor)

NO Nitric oxide

p38 p38 MAP kinase (a MAPK)

p50 NF-kB p50 subunit

p65 NF-kB p65 (RelA) subunit

PGE: Prostaglandin E»

RA Rheumatoid arthritis

RANKL Receptor activator of nuclear factor-kB ligand (osteoclastogenic factor)

SOCS3 Suppressor of cytokine signaling 3

STAT3 Signal transducer and activator of transcription 3

Thl7 T helper 17 cells (IL-17-producing T cell subset)

TIMPs Tissue inhibitors of metalloproteinases

TNF Tumor necrosis factor

TNF-a Tumor necrosis factor-alpha

TNFR1 Tumor necrosis factor receptor 1

TNFa Tumor necrosis factor-alpha (alternate notation)

Genetics and Molecular Research 25 (17s): 2026 7




REFERENCES

1.
2.

3.
4.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.
31.
32.
33.

34.

35.

Firestein GS, Mclnnes IB. 2017. Immunopathogenesis of theumatoid arthritis. Nat. Rev. Immunol. 17:761-768.
Myasoedova E, Crowson CS, Kremers HM. 2010. The prevalence of rheumatoid arthritis in the world. Arthritis
Rheum. 62:1583-1590.

Smolen JS, Aletaha D, Mclnnes IB. 2016. Rheumatoid arthritis. Lancet 388:2023-2038.

Goldring MB, Goldring SR. 2004. Eating away at arthritis: catabolism of the cartilage matrix. Arthritis Rheum.
50:3411-3423.

Weyand CM, Goronzy JJ. 2021. The immunology of rheumatoid arthritis. Nature 592:10-21.

Feldmann M, Maini RN. 2008. Role of cytokines in rheumatoid arthritis: an education in pathophysiology and
therapeutics. Immunol. Rev. 223:7-19.

Mclnnes IB, Schett G. 2007. Cytokines in the pathogenesis of rheumatoid arthritis. Nat. Rev. Immunol. 7:429-442.
Nakano M, Whitaker JW, Boyle DL, Wang W, Firestein GS. 2013. DNA methylome signature in rheumatoid
arthritis. Ann. Rheum. Dis. 72:1587-1593.

Vincenti MP, Brinckerhoff CE. 2002. Transcriptional regulation of collagenase (MMP13). Crit. Rev. Eukaryot. Gene
Expr. 12:149-164.

Smolen JS, Aletaha D. 2015. Rheumatoid arthritis therapy reappraisal: strategies, opportunities and challenges. Nat.
Rev. Rheumatol. 11:276-289.

Dinarello CA. 2009. Immunological and inflammatory functions of the interleukin-1 family. Annu. Rev. Immunol.
27:519-550.

Kinne RW, Stuhlmiiller B, Burmester GR. 2007. Cellular and molecular mechanisms in rheumatoid arthritis.
Autoimmun. Rev. 7:84-89.

Zhu J, Yamane H, Paul WE. 2010. Differentiation of effector CD4+ T cell populations. Annu. Rev. Immunol.
28:445-489.

Tracey D, Klareskog L, Sasso EH, Salfeld JG, Tak PP. 2008. Tumor necrosis factor antagonist mechanisms of action:
a comprehensive review. Pharmacol. Ther. 117:244-279.

Simmonds RE, Foxwell BM. 2008. Signalling, inflammation and arthritis: NF-kB and its relevance to arthritis and
inflammation. Rheumatology (Oxford) 47:584-590.

Nishimoto N, Kishimoto T. 2006. Interleukin-6: from bench to bedside. Nat. Clin. Pract. Rheumatol. 2:619-626.
Kotake S, Udagawa N, Takahashi N. 1999. IL-17 in synovial fluids from patients with rheumatoid arthritis is a potent
stimulator of osteoclastogenesis. J. Clin. Invest. 103:1345-1352.

Bottini N, Firestein GS. 2013. Duality of fibroblast-like synoviocytes in RA: inflammatory mediators and matrix
destruction. Nat. Rev. Rheumatol. 9:24-31.

Weyand CM, Goronzy JJ. 2003. The immunology of rheumatoid arthritis. Nat. Rev. Immunol. 3:391-403.
Bresnihan B, Alvaro-Gracia JM, Cobby M. 1998. Treatment of rheumatoid arthritis with anakinra, a recombinant
human interleukin-1 receptor antagonist, in combination with methotrexate: results of a multicenter, randomized,
double-blind, placebo-controlled trial. Arthritis Rheum. 41:2196-2204.

Bradley JR. 2008. TNF-mediated inflammatory disease. J. Pathol. 214:149—-160.

Li Y, Duan Z, Wu P. 2001. Tumor necrosis factor-alpha induces chondrocyte apoptosis via p38 MAPK.
Rheumatology (Oxford) 40:1077—-1085.

Dorner T, Burmester GR. 2010. Therapeutic anti-TNF strategies in rtheumatoid arthritis. Nat. Rev. Rheumatol.
6:539-547.

Fujii T, Matsumoto T, Saito T. 2002. Interleukin-6 upregulates matrix metalloproteinases and induces apoptosis in
human chondrocytes. J. Immunol. 169:3878—3883.

Bettelli E, Korn T, Oukka M, Kuchroo VK. 2006. Induction and effector functions of Th17 cells. Nature 441:231—
234,

Chabaud M, Durand JM, Buchs N, Fossiez F, Page G, Frappart L. 1999. Human interleukin-17: a T cell-derived
proinflammatory cytokine produced by the rheumatoid synovium. Arthritis Rheum. 42:963-970.

Beringer A, Noack M, Miossec P. 2016. IL-17 in chronic inflammation: from discovery to targeting. Trends Mol.
Med. 22:230-241.

Hayden MS, Ghosh S. 2011. NF-kB in immunobiology. Cell Res. 21:223-244.

Kim EK, Choi EJ. 2010. Pathological roles of MAPK signaling pathways in human diseases. Biochim. Biophys.
Acta 1802:396—405.

Ghoreschi K, Laurence A, O'Shea JJ. 2009. Janus kinases in immune cell signaling. Immunol. Rev. 228:273-287.
Tak PP, Firestein GS. 2001. NF-kB: a key role in inflammatory diseases. J. Clin. Invest. 107:7-11.

Bondeson J, Brennan FM, Foxwell BM, Feldmann M. 1999. Effective adenoviral suppression of NF-«xB activity in
human rheumatoid synovial tissue. J. Immunol. 162:2935-2942.

Kaminska B. 2005. MAPK signalling pathways as molecular targets for anti-inflammatory therapy—from molecular
mechanisms to therapeutic benefits. Biochim. Biophys. Acta 1754:253-262.

Mengshol JA, Vincenti MP, Coon CI, Barchowsky A, Brinckerhoff CE. 2000. Interleukin-1 induction of collagenase
3 (matrix metalloproteinase 13) gene expression in chondrocytes requires p38, c-Jun N-terminal kinase, and nuclear
factor kB: differential regulation of collagenase 1 and collagenase 3. Arthritis Rheum. 43:801-811.

Yan C, Lu D, Hai T. 2001. Synergistic activation of the human matrix metalloproteinase-1 promoter by p300 and
MAPK signaling pathways. J. Biol. Chem. 276:40964—40972.

Genetics and Molecular Research 25 (17s): 2026 8



36.

37.

38.

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.
66.

67.

Heinrich PC, Behrmann I, Haan S, Hermanns HM, Miiller-Newen G, Schaper F. 2003. Principles of interleukin (IL)-
6-type cytokine signalling and its regulation. Biochem. J. 374:1-20.

O'Shea JJ, Kontzias A, Yamaoka K, Tanaka Y, Laurence A. 2013. Janus kinase inhibitors in autoimmune diseases.
Ann. Rheum. Dis. 72:111-115.

Schwartz DM, Kanno Y, Villarino A, Ward M, Gadina M, O'Shea JJ. 2017. JAK inhibition as a therapeutic strategy
for immune and inflammatory diseases. Nat. Rev. Drug Discov. 16:843-862.

Tortorella MD, Burn TC, Pratta MA. 1999. Purification and cloning of aggrecanase-1: a member of the ADAMTS
family of proteins. Science 284:1664—1666.

Fosang AJ, Rogerson FM. 2010. Identifying the human aggrecanase. Osteoarthritis Cartilage 18:1109-1116.
Glasson SS, Askew R, Sheppard B. 2005. Deletion of active ADAMTSS prevents cartilage degradation in a murine
model of osteoarthritis. Nature 434:644—648.

Hashimoto M, Nakasa T, Hikata T, Asahara H. 2008. Molecular network of cartilage homeostasis and osteoarthritis.
Med. Res. Rev. 28:464-48]1.

Kusakabe M, Sakai T, Ebina K. 2004. Chondrocyte apoptosis in rheumatoid arthritis: a histologic study using
caspase-3 immunostaining. Arthritis Rheum. 50:3118-3125.

Blanco FJ, Guitian R, Vazquez-Martul E, de Toro FJ, Galdo F. 1998. Osteoarthritis chondrocytes die by apoptosis:
a possible pathway for osteoarthritis pathology. Arthritis Rheum. 41:284-289.

Lefévre S, Knedla A, Tennie C. 2009. Synovial fibroblasts spread rheumatoid arthritis to unaffected joints. Nat. Med.
15:1414-1420.

Liacini A, Sylvester J, Li WQ, Zafarullah M. 2002. Inhibition of interleukin-1-stimulated MAP kinases, AP-1 and
NF-kB transcription factors down-regulates matrix metalloproteinase gene expression in articular chondrocytes.
Matrix Biol. 21:251-262.

Haseeb A, Haqqi TM. 2013. Immunopathogenesis of osteoarthritis. Clin. Immunol. 146:185-196.

Nakano K, Whitaker JW, Boyle DL, Wang W, Firestein GS. 2013. DNA methylome signature in rheumatoid arthritis.
Ann. Rheum. Dis. 72:110-117.

Zhang L, Wu H, Zhao M. 2015. Down-regulation of miR-23a contributes to IL-17—induced activation of fibroblast-
like synoviocytes in rheumatoid arthritis. Arthritis Res. Ther. 17:1-11.

Meng Q, Qiu B, Yang J. 2019. MicroRNA-26a suppresses inflammation and cartilage destruction in rheumatoid
arthritis through the modulation of interleukin-6. Cell. Physiol. Biochem. 52:375-385.

Chen C, Zhang C, Zhang W. 2020. miR-27b-3p alleviates chondrocyte apoptosis and inflammation in rheumatoid
arthritis by targeting CHI3L1. J. Cell. Mol. Med. 24:1439-1448.

Smolen JS, Landewé R, Bijlsma JWJ. 2020. EULAR recommendations for the management of rheumatoid arthritis
with synthetic and biological disease-modifying antirheumatic drugs: 2019 update. Ann. Rheum. Dis. 79:685—699.
Kremer JM, Blanco R, Brzosko M. 2011. Tocilizumab inhibits structural joint damage in rheumatoid arthritis patients
with inadequate responses to methotrexate: the LITHE study. Arthritis Rheum. 63:609—621.

Tak PP, Kalden JR. 2011. Advances in rheumatology: new targeted therapeutics. Arthritis Res. Ther. 13:S5.
Brennan FM, Mclnnes IB. 2008. Evidence that cytokines play a role in rheumatoid arthritis. J. Clin. Invest.
118:3537-3545.

Cohen SB, Moreland LW, Cush JJ. 2004. A multicentre, double-blind, randomized, placebo-controlled trial of
anakinra (Kineret), a recombinant interleukin-1 receptor antagonist, in patients with rheumatoid arthritis treated with
background methotrexate. Arthritis Rheum. 50:1412-1421.

van der Heijde D, Strand V, Tanaka Y. 2015. Tofacitinib in combination with methotrexate reduced radiographic
progression in rheumatoid arthritis: results from a Phase 3 trial. Arthritis Rheumatol. 67:609-621.

Schwartz DM, Kanno Y, Villarino A, Ward M, Gadina M, O’Shea JJ. JAK inhibition as a therapeutic strategy for
immune and inflammatory diseases. Nat Rev Drug Discov. 2017;16(12):843—862.

Tak PP, Firestein GS. NF-«kB: a key role in inflammatory diseases. J Clin Invest. 2001;107(1):7-11.

Kaminska B. MAPK signalling pathways as molecular targets for anti-inflammatory therapy—from molecular
mechanisms to therapeutic benefits. Biochim Biophys Acta. 2005;1754(1-2):253-262.

O'Shea JJ, Kontzias A, Yamaoka K, Tanaka Y, Laurence A. Janus kinase inhibitors in autoimmune diseases. Ann
Rheum Dis. 2013;72 Suppl 2:iil1 11-il15.

Vincenti MP, Brinckerhoff CE. Transcriptional regulation of collagenase (MMP-13) in arthritis: integration of
complex signaling pathways for the recruitment of gene-specific transcription factors. Arthritis Res. 2002;4(3):157—
164.

Mengshol JA, Vincenti MP, Brinckerhoff CE. IL-1 induces collagenase-3 (MMP-13) promoter activity in human
chondrocytes by a mechanism involving p38 and JNK MAPKs and AP-1 transcription factors. J Biol Chem.
2001;276(10):790-796.

Tortorella MD, Burn TC, Pratta MA, et al. Purification and cloning of aggrecanase-1: a member of the ADAMTS
family of proteins. Science. 1999;284(5420):1664—1666.

Fosang AJ, Rogerson FM. Identifying the human aggrecanase. Osteoarthritis Cartilage. 2010;18(9):1109—1116.
Glasson SS, Askew R, Sheppard B, et al. Deletion of active ADAMTSS prevents cartilage degradation in a murine
model of osteoarthritis. Nature. 2005;434(7033):644—648.

Hashimoto M, Nakasa T, Hikata T, Asahara H. Molecular network of cartilage homeostasis and osteoarthritis. Med
Res Rev. 2008;28(3):464-481.

Genetics and Molecular Research 25 (17s): 2026 9



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

83.

84.

85.

Kusakabe M, Sakai T, Ebina K, et al. Chondrocyte apoptosis in rheumatoid arthritis: a histologic study using caspase-
3 immunostaining. Arthritis Rheum. 2004;50(10):3118-3125.

Blanco FJ, Guitian R, Vazquez-Martul E, de Toro FJ, Galdo F. Osteoarthritis chondrocytes die by apoptosis: a
possible pathway for osteoarthritis pathology. Arthritis Rheum. 1998;41(2):284-289.

Lefévre S, Knedla A, Tennie C, et al. Synovial fibroblasts spread rheumatoid arthritis to unaffected joints. Nat Med.
2009;15(12):1414-1420.

Liacini A, Sylvester J, Li WQ, Zafarullah M. Inhibition of interleukin-1-stimulated MAP kinases, activating protein-
1 (AP-1) and nuclear factor kB (NF-kB) transcription factors down-regulates matrix metalloproteinase gene
expression in articular chondrocytes. Matrix Biol. 2002;21(3):251-262.

Haseeb A, Haqqi TM. Immunopathogenesis of osteoarthritis. Clin Immunol. 2013;146(3):185-196.

Nakano K, Whitaker JW, Boyle DL, Wang W, Firestein GS. DNA methylome signature in rheumatoid arthritis. Ann
Rheum Dis. 2013;72(1):110-117.

Zhang L, Wu H, Zhao M, et al. Down-regulation of miR-23a contributes to IL-17—-induced activation of fibroblast-
like synoviocytes in rheumatoid arthritis. Arthritis Res Ther. 2015;17(1):1-11.

Meng Q, Qiu B, Yang J, et al. MicroRNA-26a suppresses inflammation and cartilage destruction in rheumatoid
arthritis through the modulation of interleukin-6. Cell Physiol Biochem. 2019;52(2):375-385.

Chen C, Zhang C, Zhang W, et al. miR-27b-3p alleviates chondrocyte apoptosis and inflammation in rheumatoid
arthritis by targeting CHI3L1. J Cell Mol Med. 2020;24(2):1439—-1448.

Smolen JS, Landewé R, Bijlsma J, et al. EULAR recommendations for the management of rheumatoid arthritis with
synthetic and biological disease-modifying antirheumatic drugs: 2019 update. Ann Rheum Dis. 2020;79(6):685-699.
Kremer JM, Blanco R, Brzosko M, et al. Tocilizumab inhibits structural joint damage in rheumatoid arthritis patients
with inadequate responses to methotrexate: the LITHE study. Arthritis Rheum. 2011;63(3):609—-621.

Tak PP, Kalden JR. Advances in rheumatology: new targeted therapeutics. Arthritis Res Ther. 2011;13(Suppl 1):S5.
Brennan FM, Mclnnes IB. Evidence that cytokines play a role in rheumatoid arthritis. J Clin Invest.
2008;118(11):3537-3545.

Cohen SB, Moreland LW, Cush JJ, et al. A multicentre, double-blind, randomized, placebo-controlled trial of
anakinra (Kineret), a recombinant interleukin-1 receptor antagonist, in patients with rheumatoid arthritis treated with
background methotrexate. Arthritis Rheum. 2004;50(5):1412—-1421.

van der Heijde D, Strand V, Tanaka Y, et al. Tofacitinib in combination with methotrexate reduced radiographic
progression in theumatoid arthritis: results from a Phase 3 trial. Arthritis Rheumatol. 2015;67(3):609-621.

Tak PP, Kalden JR. Advances in rheumatology: new targeted therapeutics. Arthritis Res Ther. 2011;13(Suppl 1):S5.
Smolen JS, Landew¢ R, Bijlsma JWJ, et al. EULAR recommendations for the management of rheumatoid arthritis
with synthetic and biological disease-modifying antirheumatic drugs: 2019 update. Ann Rheum Dis.
2020;79(6):685-699.

Cohen SB, Moreland LW, Cush JJ, et al. A multicentre, double-blind, randomized, placebo-controlled trial of
anakinra (Kineret), a recombinant interleukin-1 receptor antagonist, in patients with rheumatoid arthritis treated with
background methotrexate. Arthritis Rheum. 2004;50(5):1412—1421

Genetics and Molecular Research 25 (17s): 2026 10



