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Abstract: Knee fibrosis is characterized by the presence of excessive connective tissue due to dysregulated fibroblast activation following
local or systemic tissue damage. Knee fibrosis constitutes a major clinical problem in orthopaedics due to the severe limitation in the knee
range of motion that leads to compromised function and patient disability. Knee osteoarthritis is an extremely common orthopedic condition
that is associated with patient disability and major costs to the health-care systems worldwide. Although knee fibrosis and osteoarthritis
(OA) have traditionally been perceived as two separate pathologic entities, recent research has shown common ground between the
pathophysiologic processes that lead to the development of these two conditions. The purpose of this review was to identify the
pathophysiologic pathways as well as key molecules that are implicated in the development of both knee OA and knee fibrosis in order
to understand the relationship between the two diagnoses and potentially identify novel therapeutic targets.
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Introductions

Historically, knee fibrosis and knee osteoarthritis (OA) have been perceived as distinct diseases with unique pathophy-
siologies. Knee fibrosis, or knee arthrofibrosis, classically arises following injury or surgery to the knee and is
characterized by excessive scar formation and restricted range of motion of the joint.! This development of knee fibrosis
is thought to be caused by dysregulated fibroblasts that produce excessive extracellular matrix.” Knee OA results of
chronic mechanical stress of the knee joint and an age-related decreased in proteoglycans, proteins that function to absorb
shock and mediate load distribution.” Over time, the joint cartilage loses its elasticity and increased friability leads to
degeneration of the joint and narrowing of the joint space with concurrent sclerosis.’

While fibrosis has not historically been considered a pre-requisite for osteoarthritis, recent studies have shown that it is a
hallmark characteristic of OA that may play an essential role.>* The fact that fibrotic processes such as synovial fibrosis are
triggered as a result of osteoarthritic cartilage damage shows that the inflammatory cascades that are involved in osteoarthritis
include many molecules that are commonly seen in fibrosis pathways as well.> When articular cartilage degrades in
osteoarthritis, the damaged cartilage secretes a variety of molecules that initiates an inflammatory cascade.* These molecules
cause the release of cytokines that help trigger synovitis, the initiation of the de-differentiation of articular chondrocytes into
chondrocytes that have a fibroblastic phenotype, and synovial fibrosis in over half of osteoarthritis patients.*® In osteoarthritis
progression, inflammatory cells and the de-differentiated chondrocytes and their secretory products which include fibrocar-
tilage then secrete other cytokines, thereby triggering further synovitis and cartilage damage.*

Although there are clear similarities between the inflammatory pathways of knee fibrosis and OA, these relationships
have not been previously well documented. The purpose of this review was to identify the pathophysiologic pathways as
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well as key molecules that are implicated in the development of both knee OA and knee fibrosis in order to understand
the relationship between the two diagnoses and potentially identify novel therapeutic targets.

Collagen Related Molecules

Normal articular cartilage contains organized layers of ECM surrounding mature chondrocytes that produce primarily
type 1I collagen (>90%), as well as type IX collagen and type XI collagen linked together by proteoglycans such as
aggrecan.’ In pathological states such as osteoarthritis, post-traumatic remodeling of the extracellular matrix (ECM) with
abnormal subtypes of collagen is an established finding, contributing to pathophysiology by damaging the integrity and
stability of the ECM.”* The breakdown of type II collagen is a key feature of OA and is thought to be vital pathway for
the loss of cartilage integrity.”” Chondrocytes in OA display a hypertrophic, dedifferentiated phenotype involving the

7,10,11

production of new collagens, the most commonly reported being type I collagen, type III collagen,”'? and excessive

type X collagen, all of which contrast with the normal phenotype seen in healthy articular tissue.’

Mechanisms Implicated in Collagen Pathways in Osteoarthritis and Fibrosis

Development

Accumulation of excess collagen within articular cartilage is a hallmark of knee fibrosis.® The collagen subtypes
expressed in knee OA are also regular markers of fibrosis in other organs such as the liver or skin.'*'* In patients
with arthrofibrosis following total knee arthroplasty, the genes controlling collagen types I, III, and VI (COL1Al,
COL3Al, and COL6A1) have been reported to be particularly upregulated.'> Given these findings, the molecular
pathways that lead to degradation of cartilaginous collagens (Type II, IX, XI) and the production of fibrous collagens
(Type 1, 111, VI) are a valuable area of study. Furthermore, cartilage oligomeric matrix protein and Coll2-1 are also related
to knee osteoarthritis and are often studied biomarkers of cartilage degeneration that are also involved in liver fibrosis
and idiopathic pulmonary fibrosis.'®!”

Medication development to alter this process is complicated as collagen subtypes implicated in OA and fibrosis also
play a role in healthy cartilage. For example, Type VI Collagen is involved in mechanotransduction in the pericellular
matrix of cartilage,'® and site-specific developmental roles throughout the body,'® but Li et al found that COL6A1 and
COLG6A3 play a pathogenic role in OA and Fibrosis through focal adhesion pathways.'’

There are several pathways resulting in pathologic imbalance of collagen deposition and breakdown. As will be
discussed later in this paper, TGF-p induces a well-studied pathway resulting in type 2 collagen degradation, type 1/3
collagen production, myofibroblast transition, and persistent fibrosis. While investigating OA-related fibrosis induced by
TGF-B and collagenase, Remst et al found increased levels of lysyl hydroxylase 2 (LH2) and pyridinoline cross-linked
type 1 collagen in murine OA fibrotic joints.’® They propose that TGF-B induces LH2, resulting in a higher amount of
cross-linked type I collagen, which is resistant to degradation by proteinases.®?® LH2 is universally upregulated in
fibrosis and is encoded by procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2b (PLOD2), which may be targeted in drug
development to prevent persistent fibrosis by blocking cross-link formation, and resulting in reversible fibrosis.?' TGF-p
is the top of the fibrotic cascade but has many functions and cannot be blocked without negative health effects. As such,
LH2 is an attractive medication target as it is not shown to be involved in other healthy processes.’’ Reduction of
pyridinoline cross-linked type 1 collagen is also desirable as it is mechanically inferior in human joints.*?

The NOTCH pathway has been identified as a regulator of cartilage homeostasis, cartilage development, and
development of post-traumatic OA.>*** Liu et al reported joint fibrosis and osteoarthritic pathology in a mouse model
with genetically induced sustained NOTCH signaling. The mechanism of fibrosis induction was shown to be through the
IL-6-STAT3 signaling pathway, which may be shared with the mechanism of NOTCH-induced OA.**

The Wnt/B-catenin pathway (Figure 1) is typically quiescent in adults but upregulated in response to injury and is
associated with fibrotic repair. Wnt signaling has also been linked to osteoarthritis in previous studies.?® This pathway is
activated following traumatic injury in mice and elevated levels of Wnt are seen in load-induced fibrosis in OA mice.***’
Inhibition of this pathway in murine joints has been shown to reduce OA severity, reduce type 1 collagen levels, and
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Figure | Wnt/B-catenin signaling pathway.
Note: Figure reproduced from Shang X, Boker KO, Taheri S, Hawellek T, Lehmann WV, Schilling AF. The Interaction between microRNAs and the Wnt/B-Catenin Signaling
Pathway in Osteoarthritis. International Journal of Molecular Sciences. 2021; 22(18):9887. 10.3390/ijms22189887.'°'

reduce proliferation of synovial fibroblasts. In human chondrocytes, the addition of Wnt decreased COL2A1 mRNA
expression levels, but was rescued via Wnt inhibition.”¢

The PI3K/AKT signaling pathway offers another opportunity for prevention of fibrosis and OA. Liu et al has shown
that inhibition of the PI3K/AKT signaling pathway via phosphorylation of AMPK in OA-induced rat-joints results in
preservation of type 2 collagen and histologically preserved cartilage.”® Additionally, markers of enhanced fibrosis
(COL-1, -SMA) and chondrocyte hypertrophy (COL-X, MMP-13, and Runx2) were reduced in the treatment arm
compared to control.?® The PI3K/AKT pathway is not fully understood, with some conflicting studies on its effect
upon chondrocyte hypertrophy.””~® However, in a recent study analyzing the gene expression of early-stage fibrosis
development in OA-associated mice, the PI3K pathway was the most robustly expressed in the 2 weeks following
fibrosis induction, indicating its importance as a potential therapeutic target.?’

Zhang et al recently found that the HIF1-/NLRP3 inflammatory pathway aggravates synovitis and fibrosis in Murine
osteoarthritic knees.*' Zhang et al later reported that inhibition of this pathway resulted in decreased type 1 collagen
deposition and other pro-fibrotic factors.>?

Nidogens and Laminins are macromolecules associated with the basement membrane and pericellular matrix of
articular cartilage. Schminke et al have shown that an increase laminin expression in cultured cells results in increased
collagen type II synthesis and decreased collagen type I synthesis.”* Nidogen-2 was shown to increase the expression of
SOX9 (SRY-type high-mobility group box-9),** which is commonly found to be decreased in OA and has been explored
as a regenerative target of OA treatment.** Interestingly, SOX9 expression was greatly increased in fibrosis compared
to control in the previously mentioned study analyzing the gene expression of early-stage fibrosis development in OA-
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associated mice.?” These findings support the previously reported regulatory function of SOX9,%**® in cartilage function
and present an opportunity for targeted research.

Peroxisome proliferator activated receptor gamma (PPARg) plays a key role in a range of pathophysiological
processes and has been identified a therapeutic target for OA because PPARg agonists can reduce production of
inflammatory factors involved in OA.?” Vasheghani et al studied cartilage-specific PPARg knockout mice and showed
increased synovial inflammation and fibrosis when compared to control, as well as increased type II collagen
breakdown.?’ Additionally, a recent study demonstrated a protective effect against synovial fibrosis using a PPARg
agonist combined with a glucocorticoid.*®

Endothelin-1 (ET-1) is an inflammatory cytokine mediator involved in bone formation and implicated in fibrosis of
various organs.”” ET-1 is elevated in OA and cooperates with TGF-B to induce the fibrotic cascade.® As such, it may
play a role in the overproduction of collagen type 1 seen in OA fibrosis.

Denatured Collagen types I and 1II that are taken orally have been found to be anti-inflammatory and chondropro-

tective in OA, though the mechanism by which they act is not fully understood.**!

Interleukins

The initiation and progression of both knee fibrosis and osteoarthritis involve pro-inflammatory cascades often involving
multiple pathways regulated by various cytokines. Interleukins (IL) are one of the most prominent types of cytokines and
can have either pro-inflammatory or anti-inflammatory effects, with both types being implicated in fibrosis and OA.
Interleukins are often secreted by cells of the immune system in response to event prompting and acute inflammatory
reaction. Among these cells, macrophages are responsible for a large proportion of interleukin release in knee osteoar-
thritis and synovial fibrosis, and are often found in large amounts in the intima of the synovium.**** M1 macrophages are
responsible for secreting pro-inflammatory interleukins including IL-1, IL-6, IL-8, and IL-18, while M2 macrophages

typically secrete anti-inflammatory interleukins IL-10 and IL-13.%**

Mechanisms Implicated in Promoting Macrophage Interleukin Secretion in

Osteoarthritis

Inflammasomes are protein complexes found in cells like macrophages that are activated by cellular stress that can
initiate cascades that promote cell death and release IL-1p and IL-18.*> During osteoarthritis when there is stress
produced by cartilage damage and the production of molecules like uric acid, these inflammasome complexes are
triggered, particularly the inflammasome NLRP3 which is a NOD-like receptor.** NLRP3 stimulation in macrophages
leads to the activation of caspase proteins which triggers cell death in a process known as pyroptosis which is caspase-
induced cell death in a pro-inflammatory environment.**

Pyroptosis of these macrophages leads to large releases of IL-1B and IL-18 which trigger not only large-scale
cartilage degeneration through MMP and aggrecanase-related pathways, but also stimulation of pro-fibrotic pathways as
well that can cause further synovial fibrosis.** Synovial macrophage pyroptosis inhibition in knee osteoarthritis has been
found to reduce not only fibrosis, but the effects of osteoarthritis as well.** It can be deduced that this effect is largely due
to the fact that preventing cell death of macrophages helps reduce the quantity of IL-1fB and IL-18 that is released. These
conclusions are further supported by the fact that inhibition of the NLRP3 inflammasome complex with a compound
called vanillic acid and thus the release of IL-1J and IL-18 not only reduced the progression of osteoarthritis but fibrosis
as well.*® IL-1p and IL-18 are both prominently involved in fibrosis and osteoarthritis which shows a significant overlap
between these two processes.

A member of the IL-1 family, IL-18 is another interleukin that has been shown to play a role in knee osteoarthritis.
IL-18 upregulates MMP’s and the molecule PGE, which causes cartilage damage in the knee.*”** PGE, has been found
to be a stimulator of both IL-6.*° IL-18 expression has been found to cause an increased release of IL-6 from
chondrocytes through its impact on PGE, in osteoarthritic knees.>® There seems to be a potential connection between
IL-18 and knee fibrosis through its ability to impact PGE, expression and thus IL-6 expression.
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Pro-Inflammatory Cytokines Involved in Osteoarthritis and Fibrosis

Experimental studies of osteoarthritic knee joints have revealed increased expression of IL-6 and IL-1B.%" IL-1pB, which is
primarily produced by macrophages in inflammatory processes, is also prominently involved in fibrosis and is a key
regulator of other pro-fibrotic factors such as PDGF and TGF-B.” IL-1f also activates matrix metalloproteinases and
promotes the migration of cells that are responsible for fibrotic processes.>>* These matrix metalloproteinases (MMP) are
also pivotal in the progression of osteoarthritis as they facilitate the breakdown of type II collagen and aggrecan in
hyaline cartilage.* In osteoarthritis IL-1p stimulates the activation and release of MMP-1, MMP-3, and MMP-13, of
which MMP-13 is the most prominent.***> Additionally, in osteoarthritis, IL-1f release in the synovium stimulates
synovial fibroblasts which contain IL-1p receptors IL-1RI and IL-1RII.>* The stimulation of the synovial fibroblasts leads
to the production of fibrotic tissue, often resembling pannus tissue typically observed in rheumatoid arthritis.”*>* IL-1p’s
dual role in both promoting knee cartilage degeneration and fibrotic tissue formation demonstrates a potential shared
pathway for joint fibrosis and development of OA.

IL-6 is another interleukin with overlap in both knee fibrosis and osteoarthritis. Primarily secreted from macrophages,
IL-6's release is promoted by other molecules like PGE,, TGF-B, IL-1B and TNFa.’*> In osteoarthritis of the knee, IL-6
induces MMP-1 and MMP-13 release which promotes cartilage degeneration.’® IL-6 also is involved in osteoclast
activation, bone resorption, and thus changes in the subchondral bone.>® The NOTCH signaling pathway is significantly
involved in IL-6 downstream expression.>* This pathway and family of cell receptors is prominently found both in adult
hyaline cartilage including cartilage of developing growth plates.* While occasional NOTCH signaling is necessary for
cartilage and joint maintenance, continuous and abnormal activation of this pathway can result in both osteoarthritic and
fibrotic processes.”* A significant proportion of the NOTCH pathway’s contribution to both knee fibrosis and cartilage
destruction in osteoarthritis is through its upregulation of the IL-6-STAT3 pathway.>* IL-6 has downstream effects when
expressed as a result of activated STAT3, a transcription factor.>* It has been found that IL-6 is significantly upregulated
in knee joints with fibrosis and osteoarthritis compared to joints without fibrosis and osteoarthritis.>* IL-6 was found in
the largest quantity in regions of cartilage with the most severe fibrosis, which shows IL-6 role in both osteoarthritic and
fibrotic processes.>* The inflammation of the infrapatellar fat pad also contributes to increased IL-6 release in
osteoarthritis.’” Compared to adipose tissue that is subcutaneous, the adipose tissue in the infrapatellar fat pad in
osteoarthritic patients has higher levels of IL-6 production and also greater tissue fibrosis.”>>” Also, in general, higher
levels of IL-6 in the infrapatellar fat pad have been associated with a greater degree of synovial fibrosis.**® It has been
found that a prostaglandin, PGE,, that is produced by the infrapatellar fat pad is key in inducing the production of not
only IL-6 but IL-8 as well.*’

IL-17 is another pro-inflammatory cytokine that has been found to be correlated with increased levels of knee
osteoarthritis severity.’® Secreted primarily from mast cells and TH17 cells, IL-17 not only results in an increased
expression of MMPs but also inhibits chondrocyte proteoglycan formation.>® This interleukin also plays a role in the
upregulation of various molecules and cytokines such as PGE, IL-6, and IL-18.°° IL-17 in the knee has been found to
increase both the survival of fibroblasts in the synovium but also other inflammatory cells.*® Synovial fibroblasts are
central in the process of synovial fibrosis.* While it has not been studied yet, IL-17 seems to have a direct impact on
fibrotic processes not only in its impact on synovial fibroblast survival but also in its stimulatory effects on molecules like
PGE, IL-6, and IL-1f. IL-17 in other tissues in the body has been found to have a direct impact on fibrosis with some
effects including the increase of type I collagen production and also the upregulation of the expression of MMPs.>¢!
More research needs to be done to clearly elucidate IL-17's impact on knee fibrosis because it seems to have clear
influence on multiple fibrotic processes and factors.

IL-11 is a prominent interleukin that is part of the IL-6 cytokine family. IL-11 is essential in bone formation in healthy
joints.®? Decreased amounts of IL-11 are correlated with an earlier onset of osteoarthritis and the large increase in IL-11
in osteoarthritic patients occurs due to the chondrocytes and joint’s effort to attempt to reverse degenerative damage that
has taken place.®> While IL-11's role in knee fibrosis has yet to be clearly elucidated, it is well known that IL-11 plays a
large role in fibrosis in multiple tissues and organs in the body and is upregulated by TGF-B.” Further research needs to
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be done to elucidate the fibrotic pathways of IL-11 to see if there is any overlap with its molecular pathogenesis in
osteoarthritis.

When articular cartilage degrades in osteoarthritis, the damaged cartilage secretes a variety of molecules that initiates
an inflammatory cascade.” These molecules cause the release of cytokines that help trigger synovitis, the initiation of the
de-differentiation of articular chondrocytes into chondrocytes that have a fibroblastic phenotype, and synovial fibrosis in
over half of osteoarthritis patients.* ® The fact that fibrotic processes such as synovial fibrosis are triggered as a result of
osteoarthritic cartilage damage shows that the inflammatory cascades that are involved in osteoarthritis include many
molecules that are commonly found in fibrosis pathways as well.> In osteoarthritis progression, inflammatory cells and
the de-differentiated chondrocytes and their secretory products which include fibrocartilage then secrete other cytokines,
thereby triggering further synovitis and cartilage damage.”

IL-8 is another interleukin that has potential overlapping roles in both fibrosis and osteoarthritis. In osteoarthritis
patients, the infrapatellar fat pad releases several cytokines including IL-8 that are associated with increased synovial
fibrosis.*” PGE, is a key factor in the stimulation and release of not only IL-8 from the infrapatellar fat pad.*’ In
osteoarthritis, IL-8 is known to cause pathological effects by activating MMP-3 which causes cartilage damage.®*
Furthermore, MMP-3 is a marker of synovial inflammation, and high values are associated with progression of cartilage
injury in patients with knee OA.%>°° The MMPs play a large role in fibrosis as well. Future studies need to look into IL-
8's specific molecular role in synovial fibrosis to see whether there is any similarity with its pathological effect in knee
osteoarthritis. For example, studies can look into if there is any involvement of MMPs in IL-8's impact on synovial
fibrosis or if molecules like PGE, are implicated in knee fibrosis.

Anti-Inflammatory Cytokines Involved in Osteoarthritis and Fibrosis

Unlike other interleukins discussed previously, IL-10 is unique because it has been found to have anti-inflammatory
effects in joint osteoarthritis.’® IL-10 helps reduce secretion of MMPs, prevents cell death of chondrocytes, and helps
promote the formation of both aggrecan type II collagen.’® Lower levels of IL-10 have been correlated with increased
patient predisposition to knee osteoarthritis development.®” These protective effects are partly thought to be the result of
IL-10’s induction of the production of IL-1p antagonist and also MMP inhibitors.’® While IL-10 has been found to have
an impact in also reducing fibrosis, more research needs to be done on IL-10's impact on knee fibrosis specifically.” If IL-
10 is indeed involved in knee fibrosis, its antagonistic effects on IL-1 and MMPs might provide a link between the
osteoarthritic and fibrotic process of the knee.

Transforming Growth Factor-§

The TGF-B superfamily is comprised of more than 40 members and plays a fundamental role in regulating cell
proliferation, differentiation, immune responses, and tissue repair in the knee.” In the primary pathways, TGF- binds
to a type II TGF B transmembrane receptor before recruiting activin receptor-like kinase 5 (ALKS) and/or ALK1
(Figure 2). ALKS recruitment results in phosphorylation of SMAD2 or SMAD3 while ALK1 prompts phosphorylation of
SMADI, SMADS5, or SMADS.® These phosphorylated SMADs bind to SMAD4 and translocate to the nucleus where
they control downstream gene transcription with the help of other co-activators and repressors.”” TGF-B generally signals
via ALKS to maintain articular cartilage homeostasis and upregulation through the ALK1 pathway occurs during
progression of OA and fibrosis.”” We will focus on these primary pathways; however, there are other SMAD and non-
SMAD pathways as well.”!

Mechanisms Implicated in TGF-B Dysregulation in Osteoarthritis and Fibrosis
Articular cartilage is normally composed of chondrocytes dispersed in a dense extracellular matrix (ECM) and has no
intrinsic vasculature or lymphatic supply. These chondrocytes are typically quiescent and produce matrix proteins such as
aggrecan as well as primarily type II collagen. The process of chondrocyte maturation and homeostasis is largely
controlled by the TGF-B/SMAD pathway which also counteracts catabolic processes.’”

Other subgroups of chondrocytes may undergo de-differentiation into a more “fibroblastic” phenotype. This is
characterized by increased cell clustering and the production of a lower quality cartilage with decreased type II collagen
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and increased expression of fibrotic/lOA markers such as type I and III collagen as well as a-SMA."? Articular cartilage is
also unique as its maintenance depends on joint loading as this is responsible for increased TGF-p signaling.®® This
increased signaling blocks chondrocyte hypertrophy and stimulates the expression of latent TGFB1 and ALKS while
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downregulating the expression of ALK1 to ensure proper cartilage homeostasis. However, studies in bovine cartilage
have revealed an age-related, loading-associated loss of protective SMAD2-SMAD3 signaling which makes articular
cartilage more vulnerable to OA development in older than in young individuals.®” Overall, we see that in young healthy
cartilage, TGF-P exerts a protective affect as it predominantly acts through the ALKS pathway. With age and other
changes to the knee microenvironment, TGF- can become an inducer of fibrotic/OA symptoms as the catabolic ALK
pathway begins to take over.®”

There are multiple ways that this signaling pathway can be disrupted: OA chondrocytes can become insensitive to
TGFB with age and/or changes in the microenvironment such as injury or inflammation which is accompanied by
decreased expression of TGFp type II receptor on these chondrocytes.®” This compromises chondrocyte function,
including the ability to produce aggrecan which is associated with a loss of ALK5 signaling.°® This loss of ALK5
signaling and concomitant increase in ALK signaling sets off a chain reaction of events because TGF is more anabolic
when signaling through ALKS5 and catabolic through ALK1.%®
pathway, articular chondrocytes undergo changes. This may include the departure from a quiescent state and the

Following subsequent cartilage degradation via the ALK 1

acquisition of a hypertrophic phenotype which participates in ECM matrix calcification/degradation signified by the
upregulation of type X collagen, MMP-13, and Runx2.*

Another common ground of fibrosis and OA lies in the synovium. The synovium refers to the synovium membrane
lining the inside of the joint. The synovium, which is well innervated by a blood and nerve supply, also produces synovial
fluid which provides nutrients and oxygen to articular cartilage. Due to the structure of the synovium, it is a common area
for not only fibrosis and hyperplasia but also vascularization, inflammation, and osteophyte formation.”® Synovial fibrosis
is defined by excess fibroblast proliferation and an imbalance between collagen synthesis and breakdown. Surprisingly,
while a lack of TGF-J is responsible for the pathology of articular cartilage, it is the abundance of TGF-f in the synovial
tissues that is responsible for the synovial inflammation, fibrosis, and synovial hyperplasia seen in OA.” TGF-p acts as a
chemotactic molecule to recruit fibroblasts and induces production of inflammatory mediators in the synovium.””
Furthermore, as high TGF-f results in flux through the SMADI1/5/8, this also increases fibrogenic differentiation
which induces the observed synovial fibrosis and osteophyte formation. Increased TGF-B3 via the SMAD1/5/8 pathway
also increased expression of a CEMIP protein which is considered to play an important role in the pro-fibrotic cascade.’”
It does so by regulating de-differentiation of chondrocytes into “chondro-myo-fibroblasts” expressing 0-SMA and type
IIT collagen. While TGF-B results in a more persistent version of fibrosis and is needed for its onset, TGF can also
potentiate the effects of a more transient fibrosis induced by connective tissue growth factor (CTGF).* This fibrosis
results in greater expression of key fibrotic and OA markers such as PLOD2 and TIMP1. As mentioned, PLOD2 results
in pyrinadoline crosslinks that promote collagen stiffness, accumulation, and resistance to breakdown. At the same time,
TIMP1 is an inhibitor of MMPs and therefore TIMP upregulation also results in collagen accumulation and together
these elements downstream of TGF-P contribute greatly to the synovial fibrosis seen in OA.”> Although less studied,
biomolecules such as urotensin II, ADAM12, and PGF2a are also receiving more attention as pro-fibrotic factors that are
upregulated in the synovium of OA patients and may be augmented by TGF-B.”®

The subchondral bone is the last key region pertaining to OA that we will focus on. Although its role in fibrosis is less
pronounced, new research has shown that the articular cartilage and subchondral bone act in concert as one unit
controlled by TGF-B.”® Similar to the synovium, an excess of active TGF-B in the osteoblastic cells of subchondral
bone is associated with abnormal bone structure and degeneration. This rise of TGF-f in the subchondral bone is, among
other factors, a response to abnormal mechanical loading due to aging, injury, or obesity. In response to this abnormal
loading, there is an increase in osteoclast activity and bone resorption which leads to release of TGF-§ into the bone
marrow.”® This occurs at the beginning stage of OA and can be accompanied by the aggregation of mesenchymal stem
cells and osteogenic progenitors. This leads to high levels of angiogenesis as well as the formation of osteoid islets and
lesions.”® As subchondral bone becomes remodeled and unable to properly distribute mechanical loads, there is reduced
support for the overlying articular cartilage leading to its breakdown.

Besides the cartilage, synovium, and subchondral bone, the infrapatellar fat pad (IPFP) has recently gained con-
sideration as an extension of the synovium which also plays a role in fibrosis and OA. The role of the IPFP is to distribute
synovial fluid and mechanical force throughout the knee. Although one group has shown that TGF-B is not directly

8 https: Open Access Journal of Sports Medicine 2022:13

Dove!


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

Dove Bolia et al

implicated in the IPFP fibrosis that occurs with OA, they did imply an indirect role of TGF-P as other downstream targets
of TGF-B are involved. The group found that the IPFP can contribute to synovial fibrosis of OA tissue by increasing
collagen synthesis, PLOD2 expression, cell migration, and cell proliferation.® The extent of collagen and PLOD2
upregulation was correlated with the amount of PGF2 whereas inhibition of TGF-B had no effect. Another group
investigated the IPFP 2 weeks following surgery which revealed upregulation of TGF-p, which further implies a role
in the high arthrofibrosis rates after surgery.”> Therefore, while the crosstalk between the IPFP and TGF- requires
further exploration, it should not be overlooked in these pathologies.

Vascular Epithelial Growth Factor (VEGF)

Vascular epithelial growth factor (VEGF) family is a group of growth factors that play the primary role in controlling
angiogenesis in the human body.”””® The expression of VEGF is highly connected with tissue hypoxia.”” Expression of
VEGEF is increased by hypoxia-inducible transcription factors (HIFs) which act as transcription promoters for VEGF
genes. Other cytokines, including those previously discussed like TGF-f, increase VEGF expression. Fibroblasts are the
primary cells involved in the production and release of VEGF.

The VEGF family contains VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-D, and placental growth factor. The best
studied of these growth factors, VEGF-A, is directly implicated in several roles including stimulating endothelial
replication and survival, increasing vascular permeability, and increasing the expression of pathways that lead to ECM
degradation allowing for endothelial cell migration to the site of angiogenesis. These pathways include activation of
urokinase plasminogen activator, tissue plasminogen activator, matrix metalloproteinases and collagenases.®*®?
Additionally, VEGF has been shown to increase inflammatory cell migration and ECM deposition.** The role of
VEGEF in fibrogenesis has previously been examined hepatic fibrosis, demonstrating increased actions of metallopro-
teases and resulting matrix stiffness due to VEGF actions.®* Increasing levels of fibrosis conflicts with VEGF’s role in
normal wound healing through revascularization.””** This may indicate that VEGF’s contribution to the development of
fibrosis and osteoarthritis may be due to its dysregulation rather than overexpression.

Mechanisms Implicated in VEGF Dysregulation in Osteoarthritis and Fibrosis

Multiple studies have examined how VEGF dysregulation is related to the development of fibrosis and osteoarthritis of
the knee joint. Results from studies examining fibrosis have been mixed. In a study of patient undergoing total knee
arthroplasties, Malahias et al examined whether excess scar formation was related to excessive inflammatory responses.
When comparing levels of VEGF in synovial fluid and blood plasma between patients with and without knee stiffness,
there were significantly higher levels of VEGF in the non-stiff group by post-operative day 2.*> Conversely, Sakamoto
et al utilized a mouse-model to study molecular mechanisms of joint stiffness following immobilization and found that
VEGF was substantially upregulated after 1 and 2 weeks of immobilization.*® They then examined whether inhibition of
VEGF expression through a blockade of HIF signaling, and found that decreased expression of VEGF was correlated
with increased range of motion of the knee joint. Emami et al utilized bevacizumab, a monoclonal IgG1 antibody
directed at VEGF, to examine the effects of VEGF suppression on range of motion, macroscopic adhesion, and
microscopic histopathology following knee surgery in rabbits.®” The low-dose bevacizumab group showed significantly
less fibroblasts and ECM deposition while the high dose also demonstrated improved range of motion and decreased
macroscopic adhesion.

It has been postulated that the seemingly disparate effects of VEGF on fibrosis are due to differing effects at low and
high VEGF concentrations. Yan et al examined the effect of fibroblast suppression on rates of scar adhesion following
knee surgery in rabbits. Fibroblast activation was inhibited through the use of the anti-neoplastic hydroxycamptothecin
(HCPT).*® They found that VEGF levels were lowest in the high dose HCPT treatment groups and this correlated with
decreased scar adhesion; however, they also found that in the high dose HCPT groups, decreased angiogenesis due to low
VEGF may have impact the knee’s ability to heal and recover from surgery.

Studies have also examined the effect of VEGF on the development of osteoarthritis in the knee. A study of the
effects of knocking out VEGF expression through microRNA injections in mice found that decreasing VEGF resulted in
less excessive synovial angiogenesis and fibrosis.*> They hypothesized that this would delay joint destruction in these

Open Access Journal of Sports Medicine 2022:13 https: 9

Dove:


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

Bolia et al Dove

mice. An additional study found that in patients with known osteoarthritis, synovial analysis demonstrated that VEGF
level was positively correlated with more severely graded osteoarthritis.”® These results were backed by a recent
systematic review that found 7 studies examining correlation between VEGF levels in synovial fluid and osteoarthritis
severity. In 6 of the 7 studies, there was a significantly positive correlation between osteoarthritis severity and VEGE.”'

The relationship between VEGF and OA severity may be due to expression of VEGF in the infrapatellar fat pad
(IFP). The IFP has been implicated in the development of OA through other molecular pathways in this paper. When
specifically examining VEGF, studies show that patients with OA have larger, more highly vascularized IFPs compared
to non-OA patients.’®? As VEGF is the primary agent for angiogenesis, it is assumed that VEGF is the cause of
hypervascularization of the IFP in these patients.

Other studies have examined the effect of blocking VEGF’s actions on the development of knee OA. Agnuside, a
small molecule with anti-inflammatory effects, was shown to decrease HIF expression in rat synovial fluid.** This
triggered decreased VEGF expression and was correlated with decreased inflammatory and fibrotic markers.

Other Molecules

Many other molecules and molecular pathways have been studied in the pathophysiology of fibrosis and osteoarthritis of
the knee. However, the literature on many of these molecules is limited currently. A selection of these molecules have
demonstrated promising early results and will be discussed briefly in this section.

Tumor Necrosis Factors
Tumor necrosis factor alpha (TNF-a) is synthesized by macrophages and T cells and was first noted for its ability to lyse
tumor cells.”® More recently, TNF-a has been recognized for the role it plays in the stimulation of inflammatory cytokine
cascade and the migration of leukocytes to sites of inflammation.”* TNF-a plays a significant role in the development of
rheumatoid arthritis, as high levels lead to the inflammation of the joint and proliferation of fibroblasts and deposition of
granulation tissue.” The role of TNF-a in RA is so significant that TNF-a inhibitors have become a common treatment
for persistent severe disease that fails conventional therapy.”® However, little evidence exists that supports its use for OA.
Recent research has examined the potential effects of TNF-a inhibition in knee fibrosis. Salib et al explored the
possible role of dysregulation of the inflammatory cascade in the development of fibrosis.”” They found that use of
celecoxib, a selective COX-2 inhibitor, decreased expression of inflammatory cytokines including TNF-a and led to
increased knee range of motion and decreased collagen expression in rabbits following knee surgery. Furthermore, a case
study of a patient with pigmented villonodular synovitis found that use of the TNF-a inhibitor, adalimumab, resulted in
decreased knee pain with movement and increased range of flexion.”®

Prostaglandins

Prostaglandins, a class of inflammatory cytokines derived from phospholipids and fatty acids, are key products of the
cyclooxygenase pathways (COX). Prostaglandins have a variety of physiologic effects, including modulation of vascular
constriction and dilation, platelet aggregation, and recruitment of leukocytes to sites of inflammation.”® Many of the
current medications used to treat osteoarthritis, including nonsteroidal anti-inflammatory drugs (NSAIDs), inhibit the
COX pathways, leading to decreased levels of inflammation through decreased prostaglandins.'® Several studies have
examined the role that prostaglandins play in the pathophysiology of fibrosis and osteoarthritis.

In the same study described in the “TNF-a” section, the use of the selective COX-2 inhibitor, celecoxib, resulted in a
decrease in prostaglandins in synovial fluid, which was positively correlated with a decrease in collagen expression in the
knee joint and increased range of motion.”” This indicates that reduction of prostaglandins may help prevent knee
fibrosis; however, there are limited data examining the individual effects of these cytokines.

For knee OA, a study of cultured synoviocytes from the infrapatellar fat pad examined whether inhibitors of the
prostaglandin PGF2a had an effect on collagen production and migration and proliferation of synoviocytes, key features
of synovial fibrosis.” They found that use of the PGF2a inhibitor resulted in decreased collagen production and cross-
linking, while results for synoviocyte migrations were non-significant.
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Conclusion

Review of the molecular mediators involved in OA and fibrosis on the knee highlights the similar pathophysiology of
each disease process. Indeed, when reviewing the literature on these subjects, it is difficult to separate the two diseases.
Many of the same molecular mediators that increase ECM deposition and scar adhesions in knee fibrosis share pathways
with the chronic inflammatory state seen in knee osteoarthritis. By inhibiting and/or modifying the chemical cascade of
these physiologic processes, physicians may make breakthroughs in the prevention and treatment of these diseases.
Recent studies examining pharmaceuticals that target the molecules in this review have shown promising results,
particularly in the in vitro setting.

For collagens and collagen-related molecules, there is clear evidence of their role in the pathology of fibrosis and
osteoarthritis. Different pathways, molecules, and receptors have been identified as common targets for modifying
collagen remodeling in fibrosis and OA including the lysyl hydroxylase 2 (LH2) enzyme, NOTCH pathway, Wnt/B-
catenin pathway, and PI3K/AKT signaling pathway. In in vitro studies, knock-out or alteration of these pathways have
been successful in reducing excess or abnormal collagen deposition. However, more research is needed in human trials to
identify beneficial therapies.

Research on interleukins in fibrosis and osteoarthritis has provided encouraging data to show that either inhibiting
pro-inflammatory or activating anti-inflammatory interleukins may greatly reduce or halt disease develop and progres-
sion. IL-1B, IL-6 and IL-8's promotion of knee cartilage degeneration and fibrotic tissue formation make them a potential
target for future therapeutics for both OA and fibrosis, while, IL-18, IL-17 and IL-11 appear to better target OA alone.
Conversely, given IL-10 anti-inflammatory properties, isolated activation of this interleukin may also have therapeutic
benefit.

The cytokine TGF-f, both directly and indirectly, plays a crucial role in the development of OA and fibrosis. Due to
the importance of TGF-f in cartilage maintenance, it would be extremely difficult to inhibit it as there would be severe
side effects. Therefore, researchers have turned to downstream elements of TGF- as therapeutic targets. Therapies to
alleviate OA and fibrosis at this level may aim to stimulate the ALKS pathways or inhibit those that act via ALK1. Other
inhibitors, such as Asiatic acid, may look to reduce the hypertrophic/fibrotic phenotype switch seen in chondrocytes.
Unlike the articular cartilage, the development of OA and fibrosis in the synovium is the result of excessive TGF-
stimulation. Therefore, therapies in this region could focus on increasing TGF-f in the cartilage while inhibiting it in the
synovium to prevent its fibrotic side effects. The feasibility of this has been previously shown by administering TGF-f
into the cartilage with simultaneous overexpression of the TGF-f inhibitors SMAD6, SMAD7, and LAP in the synovium.
Another potential therapy of synovial fibrosis in OA which would also address IPFP pathology would be to block
PLOD2. While there are currently no inhibitors for LH2b, the protein product of PLOD?2, this is an active area of
research.

The growth factor VEGF is well known for its angiogenic properties, though its role in development of OA and
fibrosis appears to be more closely due to its effects on metalloproteinases and fibroblasts. The data on VEGFs effect on
knee fibrosis are mixed, with many studies showing that increased VEGF is correlated with increased fibrosis, while
others show the opposite. This contrast seems to be a product of varying VEGF concentrations and should be a point of
future study. For knee OA however, the relationship between elevated VEGF and worsening OA is clear and may be a
reasonable therapeutic target.

The results of studies on other molecules, such as TNF-a and prostaglandins are limited, but the existing data are
promising that these molecules and their pathways may have value in the treatment of OA and fibrosis. Future research
should continue to assess the impact these molecules have on the pathogenesis of OA and fibrosis.
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