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Osteoarthritis (OA) is a chronic degenerative joint disease where the main characteristics include cartilage degeneration

and synovial membrane inflammation. 
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1. Introduction

Osteoarthritis (OA) is a common joint disease where the primary risk factors include traumatic joint injury or the

mechanical disruption of joint tissues due to accumulated external forces. The etiology is multifactorial, and both

environmental and genetic factors are thought to contribute to triggering the pathogenesis and progression of OA .

Critical hallmarks of OA include cartilage degeneration, osteophyte formation, and fibrosis in the joint tissue . When left

untreated, the defected joint eventually requires total joint replacement.

Tissue fibrosis occurs in various tissues, including the liver, kidney, heart, and others, and it eventually leads to organ

failure. Fibrosis also occurs in the articular joint during the progression of OA and plays a critical role in OA pathogenesis

and progression as well as cartilage destruction . Joint fibrosis is characterized by the excessive accumulation of

connective tissue, which eventually contributes to joint stiffness that results in intense pain during joint movement .

While the articular cartilage is unable to repair itself, affected chondrocytes often undergo de-differentiation and convert

into fibrotic chondrocytes. Then, fibrotic chondrocytes secrete proteins that are similar to fibrocartilage, which is stiffer and

mechanically inferior compared to the original hyaline cartilage . Then, the cartilage defect recovers with fibrocartilage-

like tissue that lacks its original function and even worsens the symptoms of OA . This process also occurs in the cells

(e.g., primary chondrocytes, mesenchymal stem cells) that are applied for OA therapy . Synovitis caused by hyperplasia

in the synovial membrane is also thought to be related to fibrosis .

2. Fibrosis and OA

Fibrosis is usually a wound healing process . The classic wound healing process results in cell proliferation,

differentiation, ECM production, and remodeling. However, an abnormal wound healing process can lead to the excessive

secretion and deposition of ECM proteins in the tissue, followed by excessive fibrosis, which eventually results in scar

formation, inflammation, and even damage in the tissue .

Fibrosis that occurs during OA induces joint stiffness and pain. As mentioned earlier, fibrosis is found in two events related

to OA: (1) the generation of fibrotic cartilage during cartilage repair or OA progression (Figure 1A) and (2) synovial fibrosis

during the onset and progression of OA (Figure 1B).
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Figure 1. Fibrosis in synovial and cartilage tissue. (A) The normal joint consists of a smooth layer of articular cartilage and

a smooth layer of synovial membrane on the side that maintains the synovial fluid in the synovial cavity. In the joint of a

patient with osteoarthritis (OA), the increased proliferation of synovial cells induces synovial fibrosis that results in joint

swelling, stiffness, and pain. The increasing levels of synovium eventually affect the cartilage and bone tissue, inducing

further degradation of the cartilage tissue and bone erosion. (B) The normal articular cartilage has a smooth extracellular

matrix (ECM) that is mostly composed of aggrecan and collagen type II. Normally, chondrocytes remain in small spaces

called lacunae. However, chondrocytes in a defected cartilage lesion undergo abnormal proliferation that leads to their de-

differentiation into fibroblast-like fibrotic chondrocytes. Then, these chondrocytes secrete ECM proteins such as collagen

type I instead of aggrecan or collagen type II. These changes lead to a stiffer type of cartilage and eventually completely

change the characteristics of the articular cartilage.

3. Fibrosis-Related Markers in OA

Two main factors that are critical for fibrotic disease, namely TGFβ and connective tissue growth factor (CTGF), are also

elevated in OA and are the main candidates for the development of joint fibrosis. The overexpression of CTGF in the joints

of mice induced synovial fibrosis . CTGF expression can be induced by TGFβ; however, it can also function

independently . Scharstuhl et al. showed that TGFβ plays an important role in synovial thickening by fibrosis in

experimental OA, and also that blocking this pathway prevented this process . TGFβ promotes the formation of ECM

by inducing collagen and fibronectin synthesis . TGFβ also plays a critical role in fibrosis in various organs and is

known to control cell proliferation, differentiation, immunity, and wound healing . While TGFβ plays a critical role in

cartilage fibrosis in patients with OA, blocking this molecule is not a treatment option since it is also a critical factor

necessary for chondrogenesis. High levels of TGFβ exist in healthy cartilage, while low levels are found in OA cartilage

. Adequate levels of TGFβ even had protective effects on cartilage in animal models of arthritis; however, an excessive

amount of this growth factor had adverse effects . It is also reported that high concentrations of TGFβ exist in OA

synovial fluids, which is produced by synoviocytes . The administration of 20 ng of TGFβ was enough to increase the

number of synovial lining cells by inducing fibroblast proliferation, along with collagen deposition . The delivery of TGFβ

by injection or transfection also resulted in increased synovial hyperplasia and osteophyte formation . High levels of

TGFβ activate the SMAD1-5-8 pathway instead of the SMAD2-3 pathway. The activation of the SMAD1-5-8 pathway

upregulates genes related to fibrogenic differentiation and hypertrophy, and eventually induces synovial fibrosis and

osteophyte formation . However, it is reported that the difference between the two major growth factors is that fibrosis

induced by TGFβ is relatively persistent, while CTGF-induced fibrosis is relatively temporary (about 28 days) . Moreover,

the viral delivery of TGFβ increased COL1A1 expression, but CTGF overexpression did not .
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Collagen type I is also a well-known marker for fibrosis and has been detected in various fibrosis-related diseases,

including OA . Collagen type I and alpha-smooth muscle actin (α-SMA) are key markers of both fibrocartilage

formation and synovial fibrosis . Remodeled cartilage in the defects of osteoarthritic cartilage show fibrotic

characteristics such as increased levels of collagen type I and α-SMA . Collagen type I is a major marker of

unfavorable fibrocartilage and chondrocyte de-differentiation . As mentioned earlier, in vitro de-differentiated

chondrocytes express the OA-related de-differentiation marker collagen type I. Articular chondrocytes that undergo longer

expansion times with multiple passages in monolayer culture end up in chondrocyte de-differentiation . During the de-

differentiation process, chondrocytes go through morphological and phenotypical changes and become fibroblastic,

eventually producing collagen type I . The compositional changes in the ECM also affect the chondrogenicity of MSCs

. MSCs cultured in collagen type II hydrogels showed higher expression of chondrogenic markers, which might indicate

chondrocyte de-differentiation caused by collagen type I . During OA progression, residential chondrocytes producing

collagen type I might affect the subsequent chondrogenesis of MSCs . Collagen type I is the major marker for fibrotic

de-differentiated hyaline cartilage, but collagen type III is also thought to be related to the de-differentiation process, which

suggests that it could also be a marker for the fibroblast-like phenotype. TGFβ1 markedly increased the SMA content in

chondrocytes . The secretion of α-SMA by OA chondrocytes has been verified and was observed to significantly

increase in OA cartilage, along with collagen type III .

The de-differentiated chondrocytes and fibrocartilage formed in the articular cartilage lesion produce pro-inflammatory

mediators that further induce cartilage degeneration and synovial inflammation. IL-1β has been identified as the most

prevalent cytokine in OA, which is involved in cell proliferation, differentiation, and apoptosis . IL-1β also interferes with

the production of hyaline cartilage structural proteins, collagen type II, and aggrecan by altering chondrocyte

characteristics.

Proteases are actively involved in the pathogenesis of OA. Proteases, including matrix metallopeptidases (MMPs),

disintegrin and metalloproteinase with thrombospondin motifs (ADAMTSs), mainly degrade the main hyaline cartilage

ECM proteins aggrecan and collagen type II . MMPs are a zinc-dependent enzyme family that degrades ECM proteins

in the articular cartilage. Various types of MMPs exist and can be categorized into several groups: collagenases,

gelatinases, stromelysins, metalloelastases, and more. Of all the MMPs, MMP13 is considered to be the most important

agent for collagen degradation that leads to OA, as it degrades collagen type II . Some MMPs have also been

proposed to regulate ADAMTS activity . ADAMTSs eventually circulate in a vital cycle between the degenerated

chondrocyte and other cells near it, such as synoviocytes in the synovial membrane. These proteases are also reported to

be related to fibrosis in several diseases including idiopathic pulmonary fibrosis, liver fibrosis, and others . Therefore,

they are also thought to be related to joint fibrosis; however, there is currently little information on the direct relationship

between the two factors.

Other markers such as procollagen lysine, 2-oxoglutarate 5-dioxygenase 2 (PLOD2), and tissue inhibitor of

metalloproteinase 1 (TIMP1) are reported to increase in OA-related fibrosis and are also considered fibrotic markers .

PLOD2 is an enzyme related to collagen crosslinking that induces pyrodinoline crosslink formation . Pyrodinoline

crosslinks make collagen fibers resistant to collagen degradation, which makes them more rigid and results in collagen

accumulation in fibrotic tissues . Collagen accumulation is induced by reduced levels of collagen degradation, inducing

increased pyridinoline crosslinks per collagen triple helix . Remst et al. confirmed the presence of increased levels of

PLOD2 and an increased pyridinoline crosslink/collagen ratio in OA synovium, and this expression increased along with

the severity of OA. While the presence of fibrosis in OA patients was unknown, it is expected that PLOD2 may have

higher expression in the subpopulation of OA patients with fibrosis. Ueki et al. confirmed that the knockout of PLOD2

inhibited the tumorigenesis role of integrin β1 in tumor cells . While it is still controversial, integrins are reported to be

closely related to the pathogenesis of OA, and the confirmation of this process in OA might suggest a new candidate for

OA treatment . TIMP1 is an inhibitor of matrix metallopeptidases (MMPs), which are well known for their role in OA.

The elevation of TIMP1 expression was confirmed in various fibrotic diseases, including synovial fibrosis in OA . TIMP1

elevation in fibrotic tissue is induced by elevated levels of TGFβ, and TIMP1 induces fibrosis via the downregulation of

MMPs . The relationship between hypoxia and synovial fibrosis has been also shown by observing the expression of

HIF-1α; the expression of TGFβ, COL1A1, PLOD2, and TIMP1 was downregulated by the inhibition of HIF-1α in rat

models of OA .
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