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ARTICLE INFO ABSTRACT

Handling Editor: Professor H Madry Osteoarthritis (OA) is a significant global burden, affecting more than half a billion people across the world. It is

characterized by degeneration and loss of articular cartilage, synovial inflammation, and subchondral bone

Keywords: sclerosis, leading to pain and functional impairment. After age, obesity is a major modifiable risk factor for OA,
Osteoarthritis and it has recently been identified as a chronic disease by the World Health Organization (WHO). Obesity is
O,bem_y associated with high morbidity and mortality, imposing a significant cost on individuals and society. Obesity
Fibrosis . . . . . ..

A increases the risk of knee OA through increased joint loading, altered body composition, and elevated pro-
Adiposity . . . . L . . . ) . g
Immunometabolic alterations inflammatory adipokines in the systemic circulation. Moreover, obesity triggers fibrotic processes in different
Therapeutic organs and tissues, including those involved in OA. Fibrosis in OA refers to the abnormal accumulation of fibrous

tissue within and around the joints. It can be driven by increased adiposity, low-grade inflammation, oxidative
stress, and metabolic alterations. However, the clinical outcomes of fibrosis in OA are unclear. This review focuses
on the link between obesity and OA, explores the mechanism of obesity-driven fibrosis, and examines potential
therapeutic opportunities for targeting fibrotic processes in OA.

Weight management

1. Introduction

Osteoarthritis (OA) is the most common form of arthritis affecting
millions of people worldwide, negatively impacting their quality of life.!
By 2020, over 595 million people were affected by OA, with 41 million
new cases reported, an increase of 132.2% since 1990 [1]. The most
common risk factors for OA include age, obesity, gender, previous joint
injury, genetic predisposition, and anatomical variables such as mala-
lignment and atypical joint shape [2,3]. Disease progression in the gen-
eral population is slow, taking several decades to develop before
significant symptoms become noticeable. Progression is faster in people
with previous joint injuries, and those who are overweight and obese. As
the disease progresses, it goes through different stages, with inflamma-
tory and painful episodes and continued structural degeneration,
contributing to exacerbated symptoms. This can lead to increased pain,
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stiffness, swelling, reduced joint function, and overall deterioration in
the affected joint's condition [4].

The Osteoarthritis Research Society International (OARSI) defines OA
as a joint disorder caused by cell stress and extracellular matrix (ECM)
degradation, triggered by micro- and macro-injury. It triggers maladap-
tive repair responses within the innate immunity's pro-inflammatory
pathways. The first manifestations may include abnormal metabolism,
which is followed by anatomical and physiological abnormalities such as
osteophyte formation, cartilage degradation, bone restructuring, joint
inflammation, and loss of joint function [5] (see Fig. 1). The development
of OA is a complex process involving genetic predisposition, epigenetic
influences, biomechanical factors, diet, and lifestyle, all impacting mo-
lecular and metabolic variables [4,6]. Advancing age is the most signif-
icant risk factor for OA, as the natural structural changes in joint tissues
occurring over time contribute to degeneration [7]. Additionally, joint
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injuries, repetitive stress, and structural abnormalities can predispose
individuals to the development of OA earlier in the life course [7].

OA is a serious disease [8] and it is challenging to treat because there
are no effective drugs that have been approved by regulatory agencies.
Basic, translational and clinical research on causes, risk factors, and
pathophysiology is ongoing [9]. Current diagnostic procedures are
ineffective for detecting OA in its earliest stages, and current symptom-
atic treatments fail to control progression in all stages of the disease [10].
Exercise, weight loss, and education are now recommended in all the
recent treatment guidelines [11-14]. Non-steroidal anti-inflammatory
drugs are prescribed to decrease pain and inflammation, but they do not
target the pathogenic mechanisms in OA. Furthermore, they can have
significant side effects on the cardiovascular, renal, and gastrointestinal
systems if used for extended periods of time [15]. In OA there are no
treatments and the surgical procedures that are available for severe
late-stage cases, such as knee arthroplasty or high tibial osteotomy are
associated with the risk of failure [16,17].

2. Obesity

Obesity is a major global health crisis, with over 1.9 billion adult
individuals overweight and 650 million obese worldwide [18]. Rates
have more than doubled in the past three decades, leading to numerous
chronic illnesses and high morbidity and high mortality rates, imposing
significant costs on individuals and society [19]. According to the World
Health Organization (WHO) ICD-11 for Mortality and Morbidity Statis-
tics, obesity is a chronic and complex disease, defined by excessive
adiposity that can impair health.? It is in most cases a multifactorial
disease due to obesogenic environments, psycho-social factors, and ge-
netic variants. In a subgroup of patients, single major etiological factors
can be identified (medications, diseases, immobilization, iatrogenic

2 https://icd.who.int/browse11/l-m/en.

structural alterations in the synovial tissue
associated with inflammation in OA. Image
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procedures, monogenic disease/genetic syndrome). Body mass index
(BMI) is a surrogate marker of adiposity calculated as weight
(kg)/height? (m?). The BMI categories for defining obesity vary by age
and gender in infants, children and adolescents. The WHO uses BMI to
categorize individuals as overweight (BMI >25), obese class I (BMI 30 to
35), obese class II (BMI 35 to 40), and obese class III (BMI >40) [20,21].

3. Obesity-induced low-grade inflammation

Obesity-related OA is a recognized subtype of the disease character-
ized by ongoing low-grade inflammation [20] and metabolic alteration.
It is significantly influenced by adipose deposition, insulin resistance,
and immune dysregulation [21]. Obese individuals have increased knee
adduction moments due to their larger stature and unique gait patterns,
altering loading on articular cartilage [22,23], which increases the
production of pro-inflammatory adipo-cytokines (adipokines) [24,25].

The accelerated progression of obesity-related OA is associated with
higher frequency and severity of synovial inflammation [26]. Inflam-
matory and catabolic processes in the synovial joint induce metabolic
alterations in ECM macromolecule biosynthesis and degradation, further
deteriorating cartilage integrity [27]. Weight gain worsens OA by
affecting the subchondral bone and cartilage, leading to pathological
alterations such as horizontal fissuring at the osteochondral junction,
cartilage degradation, persistent low-grade inflammation, microvessel
dysfunction, and microcapillary break [28]. Targeting metabolic pro-
cesses may offer effective treatment approaches to address the dysregu-
lation of proinflammatory adipokine production [29].

Persistent low-grade inflammation in white adipose tissue (WAT),
disrupts its normal function and promotes insulin resistance [30]. The
primary purpose of WAT is to store energy and secrete adipokines. In
obesity, WAT secretes signalling molecules that attract immune cells such
as macrophages, fueling pro-inflammatory processes and immunometa-
bolic alterations [19,31]. Obesity increases WAT mass and biological ac-
tivity, leading to fibrosis [19,32] and reduced elasticity, thus preventing
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fat mobilization. This abnormal lipid accumulation in WAT affects mul-
tiple organs, exacerbating metabolic dysfunction [33]. An organ impacted
by obesity-related inflammation is the liver, potentially causing
non-alcoholic fatty liver disease (NAFLD), and progressing to liver fibrosis
[34,35]. Additionally, lipid accumulation increases the risk of cardiovas-
cular diseases by promoting atherosclerosis and hypertension [36].

4. Role of inflammatory cells in adipose tissue

Adipose tissue, primarily composed of adipocytes, hosts various cell
types that contribute to its function and growth. Obesity induces significant
changes in the cellular composition of adipose tissue, including the
recruitment of macrophages, which are closely linked to systemic inflam-
mation and insulin resistance, representing a complex interplay between
adipose tissue, macrophages, and metabolic changes in obesity [37].

Inflammation of the synovium causes thickening and stiffening of the
synovial membrane, disrupting the physiological balance of synovial fluid
[38,39]. This reduction in flexibility impairs daily tasks such as walking,
bending, or climbing stairs [29]. Additionally, excessive body fat is linked to
higher concentrations of pro-inflammatory mediators such as C-reactive
protein (CRP) and interleukin-6 (IL-6), predictors for type 2 diabetes [40,
41]. Notably, interventions focused on decreasing these factors may lead to
improvements in pain, physical function, and reduced systemic inflamma-
tion, impacting cartilage structure [42]. Macrophage recruitment into adi-
pose tissue and synovium leads to a pro-inflammatory state in OA, through
CCL2 and CCR2 signaling [43]. Higher concentrations of these molecules in
synovial fluid are correlated with the severity of OA symptoms, including
pain and stiffness [43]. Active macrophages release signalling molecules
such as S100A8 and S100A9, which promote inflammation and tissue
restructuring in OA [44,45]. Maintaining the balance between
pro-inflammatory M1 and anti-inflammatory M2 macrophage activity is
crucial for the regulation of synovial joint inflammation [41,46,47].

5. Adipocytokines in obesity-induced inflammation

WAT in obesity is a source of inflammatory adipokines, such as leptin
and adiponectin, contributing to low-grade inflammation [41,48], and in
turn increases catabolic activity in the joint [49-53].

Leptin is linked to an increased risk of obese individuals developing
OA, correlating with cartilage degeneration and OA-related symptoms
[41,48]. A high-fat diet significantly raises leptin levels, correlated with
osteophyte formation, cartilage damage, and increased infrapatellar fat
pad (IFP) size [54]. Leptin directly promotes inflammation and catabo-
lism in cartilage and other joint tissues due to elevated levels of inter-
leukin-1p, matrix metalloproteinases (MMP)-9, and MMP-13, responsible
for cartilage degradation [55]. Leptin can also stimulate the expression of
ADAMTS-4, -5, and -9 in healthy chondrocytes via activating NF-KB and
mitogen-activated protein kinase (MAPK) signalling pathways [56].

Adiponectin plays a complex role in OA [57]. Plasma adiponectin
levels are associated with clinical and radiographic severity in knee OA,
suggesting its potential as a biomarker [58]. Higher synovial fluid adi-
ponectin levels in nonobese women with knee OA have been linked to
increased clinical severity and local inflammation markers [59]. Adipo-
nectin levels in synovial fluid are positively correlated with IL-6 and
TGF-B, implicating its involvement in metabolic alterations in OA [59].
Serum adiponectin levels in knee OA patients are greater than in healthy
controls, and they are associated with knee pain and physical function.
Conversely, studies have found adiponectin levels are negatively corre-
lated with BMI and decrease as joint deterioration progresses [60]. In
obese knee OA patients, adiponectin levels decline, which correlates with
increased pain and more severe structural damage [61].

6. Fibrosis and fibrotic events in the skin and vital organs

Fibrosis is an extension of wound-healing responses [62], character-
ized by excessive ECM deposition that usually follows tissue damage or
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inflammation during the healing phase of a lesion [63]. Dysfunctional
fibrosis is linked to several diseases, including cirrhosis, chronic kidney
disease, hepatitis, nonalcoholic steatohepatitis (NASH), myocardial
infarction, idiopathic pulmonary fibrosis (IPF), heart failure, diabetes,
and scleroderma [64].

Scleroderma research has highlighted an important role for myofi-
broblasts in fibrosis [65]. These cells transform from fibroblasts and
other mesenchymal cells through the overexpression of pro-fibrotic cy-
tokines like fibroblast growth factors (FGFs) and platelet-derived growth
factors (PDGFs) [66]. During normal healing processes, active myofi-
broblasts (contractile, a-smooth muscle actin-positive cells) are removed
from the wound site in the skin and other internal organs by apoptosis
[67]. However, throughout the fibrotic process, myofibroblasts persist,
leading to an excessive buildup of ECM [68]. This buildup hampers ox-
ygen delivery, driving hypoxia and further stiffening of the scar tissue,
which impairs tissue homeostasis and cell function [38]. Additionally,
parenchymal cell dysfunction, dysregulated cell-cell interaction and
abnormal vascular endothelial cell function, contribute to fibrosis [69].
Also, a known factor that contributes to fibrosis is adiposity which con-
tributes to increased production of profibrotic factors that stimulate
collagen production by fibroblasts [70]. Studies on liver fibrosis have
consistently shown that weight loss significantly improves hepatic
function and reduces fibrosis in patients with NASH [71]. Visceral fat is
metabolically active, and is linked to a high risk of developing car-
diometabolic complications and inducing fibrosis compared to subcu-
taneous fat [72]. Furthermore, a 10% weight loss has been associated
with significant histological improvements in NASH and NAFLD,
including fibrosis regression [73], and even reduce liver fat and inflam-
mation [74]. Additionally, following gastric bypass surgery for weight
loss has been associated with fibrosis reduction within adipose tissue
[75], and has been associated with improvements in liver fibrosis for
patients post-surgery [76].

7. Hypoxia, immunometabolic stress and oxidative stress in
cartilage and fibrotic events

Articular cartilage, an avascular connective tissue, relies on oxygen
and nutrient diffusion from synovial fluid [69]. In healthy conditions,
chondrocytes maintain metabolic homeostasis primarily through
glycolysis, with only 25% reliance on oxidative phosphorylation [77].
However, if injured, or if the loading is abnormal, this balance is dis-
rupted causing an immunometabolic shift [78], resulting in dysregula-
tion of the glycolytic cascade, lactate buildup, and acidification of the
local microenvironment. Consequently, ECM production is disrupted,
ATP synthesis impaired, limiting cell activity and survival, playing a role
in triggering or exacerbating fibrotic processes [79]. When cartilage is
injured or stressed, chondrocytes undergo a metabolic shift increasing
reactive oxygen species (ROS) and oxidative stress [80]. AMPK activation
has been shown to inhibit pulmonary fibrosis by promoting catabolic
pathways and reducing inflammatory responses [81], whereas mTOR
signalling dysregulation is closely associated with pulmonary fibrosis by
stimulating anabolic pathways, including protein synthesis and cell
proliferation, which may contribute to tissue remodelling, fibrosis and
cell survival [82]. Interestingly, these protective pathways not only aid in
cellular survival, but also have implications for fibrosis. While chon-
drocytes can resist and recover from temporal metabolic changes,
persistent disruption may lead to cellular dysfunction. By protecting
cartilage, reducing symptoms, and fostering repair and regeneration,
these molecular pathways could provide potential therapeutic targets for
treating joint diseases involving cartilage [83].

8. Fibrosis in obesity-related OA
In obesity, fibrosis may disrupt ECM remodelling, hindering the

joint's ability to repair and regenerate. It is well known that fibrotic
changes occur in OA, which involve decreased type II collagen and
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increased type I collagen, weakening the structural integrity of cartilage
[84,85]. Peri-articular ligaments also undergo fibrotic changes in OA
induced by obesity, leading to reduced elasticity and stability in joints
[86]. Subchondral bone fibrosis, caused by microfractures and increased
bone density, disrupts the cross-talk between subchondral bone and
cartilage, worsening joint pain, and stiffness [87]. Additionally, the
synovium and joint capsule in obese individuals with OA often exhibit
fibrosis. This synovial fibrosis contributes to synovitis, characterized by
synovial thickening and inflammation, consequently, joint pain and
dysfunction [88]. Similarly, capsular fibrosis reduces the range of motion
and joint flexibility, compounding the functional limitations experienced
by individuals with obesity-related OA [89].

Subgroups within the OA population with specific metabolic condi-
tions, such as insulin resistance or dyslipidemia, may potentially be more
susceptible to developing obesity-related fibrosis. Although there is no
published evidence for this in OA, there is a link between metabolic
conditions and the development of fibrosis in NASH [81,84]. Although
the severity varies, fibrosis is a typical characteristic in most OA patients.
It is not yet associated with a particular identified grouping, although
several conditions may make it more prevalent. The degree of fibrosis
and the severity of OA appear to be correlated, and this relationship may
be particularly pronounced in joints like the knee. Patients with higher
levels of synovial fibrosis tend to have reduced range of motion, before
undergoing total knee arthroplasty (TKA) [90]. Currently, there is no
definitive diagnostic for fibrosis. MRI scans and sonography can also
assist detect synovial thickness, which may be an indicator of fibrosis
[91]. Additionally, inflammation causes swelling, and discomfort in the
joint, and the result from the scar-like tissue formation, leads to stiffness,
and diminished flexibility [92]. Also, joint lining thickening can irritate
surrounding nerves, leading to pain [89].

9. Mechanisms and cellular mediators of fibrosis

Obesity-related OA leads to a series of molecular and cellular mech-
anisms that accelerate joint tissue deterioration [29]. Key factors include
altered gene expression, disrupted cell interaction, and dysregulated
signalling pathways. Excessive fibrosis in this context leads to altered
ECM architecture, specifically collagens, proteoglycans, and other
collagenous and non-collagenous macromolecules [21]. Accumulated
and crosslinked collagens reduce ECM flexibility, impeding joint
mobility, while disturbed proteoglycans affect water retention and shock
absorption [93]. Matricellular proteins, although less common, aid in
signalling and cell-matrix interactions during fibrosis [94].

Pro-inflammatory mediators (i.e. interleukins, TNF-a), adipokines
(i.e. adiponectin) and fibroblast growth factors (i.e. basic FGF) are found
to be highly expressed in OA patients with obesity, increasing immune
cell and fibroblast-like cell activity, and ECM remodelling leading to
excessive fibrosis and compromised joint function [95,96]. Weight
reduction strategies are well-established for OA management. Even
though weight loss strategies have not been proven to reverse fibrosis
they create a more favorable environment for the joint by reducing
inflammation and stress, offering significant benefits in terms of pain
reduction, improved mobility, and potentially slowing down the overall
disease process.

10. Molecular crosstalk between inflammation and fibrosis

Obesity-related OA and fibrosis share a complex and closely related
mechanistic interaction between inflammatory and fibrotic pathways.
Inflammatory mediators, such as TNF-a, IL-1p, and IL-6, play a crucial
role in the activation of fibroblasts, which produce collagen and other
ECM components [97]. MMPs are produced in response to the inflam-
matory microenvironment, while inflammatory mediators block tissue
inhibitors of metalloproteinases (TIMPs), which regulate ECM remodel-
ling. This imbalance favors fibrosis and feeds tissue alterations caused by
inflammation [98]. Inflammation produces reactive oxygen species
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(ROS), which activate pathways that promote fibroblast activation and
differentiation, accelerating fibrotic processes [99]. Inflammatory signals
can induce epigenetic modifications in fibroblasts and promote fibrotic
responses [100]. The thickening ECM and enhanced collagen deposition
in fibrotic tissues provide a hypoxic microenvironment, increasing
inflammation and fibrotic tissue alterations in OA caused by obesity [88].

11. Single cell profiling

Single-cell profiling has revealed the presence of distinct synovial
fibroblast subgroups, indicating variations in pain incidence and disease
phases. Early OA displayed diverse fibroblast subsets, while end-stage OA
showed a shift toward a more concise fibroblast pathotype associated
with OA. These fibroblasts in end-stage OA expressed genes linked to
cartilage breakdown, stress response, and inflammatory pain, high-
lighting the complexity of synovial changes in OA progression [101].

In a murine study investigating progenitor fibroblast responses in the
synovium following joint damage, growth/differentiation factor 5
(GDF5)-lineage cells linked to inflammatory arthritis, were identified.
The study distinguished synovial lining cells expressing proteoglycan 4
(PRG4) (lubricin) and fibroblast-like synoviocytes (FLS) as distinct
groups, revealing FLS expansion driven by proliferating PRG4-expressing
progenitors. Transcription factors SOX5, FOXO1, and CREB5 were
identified as critical for maintaining the FLS phenotype. Additionally,
fibroblasts near blood vessels exhibited phenotypic plasticity, assuming a
facultative progenitor role under joint degeneration stress [102].

Using an anterior cruciate ligament rupture-based post-traumatic OA
(PTOA) preclinical model, distinct synovial fibroblast subpopulations
were identified in both healthy and injured joints. Subpopulations
included osteochondral progenitors, *SMA-+ myofibroblast-like cells, IL-
6+ immune-interacting synovial fibroblasts, and DPP4+ mesenchymal
progenitors. The Wnt/p-catenin agonist R-spondin 2 (RSPO2) released by
lining synovial fibroblasts was linked to PTOA promotion, emphasizing
the significance of canonical Wnt/p-catenin signalling and cell speciation
in PTOA. The study also unveiled a DPP4+ progenitor pool contributing
to RSPO2-expressing lining synovial fibroblasts, offering insights into the
regulation of synovial hyperplasia in PTOA [103].

Tyrosine 814 (Y814) in GP130 was identified as a key cellular stress
sensor influencing disease progression. Mice with constitutively inacti-
vated Y814 showed resistance to surgically induced OA, reduced syno-
vitis, and fibrosis. Targeting Y814 upstream of SRC and MAPK pathways
with R805, a small chemical, protected injured tissues. Single-cell
sequencing data indicated that genetic and pharmacological regula-
tion of Y814 reduced inflammatory gene signatures in skin and joint
tissues. Targeting Y814 may enhance wound repair processes, reduce
chronic inflammation, and boost intrinsic regeneration capacity in
various tissues [104].

Comparative analysis of synovial tissue from individuals with obesity
and normal weight revealed significant effects on the inflammatory
environment of synovial fibroblasts. Four molecular endotypes with
functional roles were identified, with obesity influencing immune cell
control, fibroblast activation, and inflammatory signalling. Specific pat-
terns in the OA synovium of obese patients, including overexpression of
markers such as CXCL12, CFD, and CHI3L1, has implicated obesity as a
major factor determining synovial fibroblast behavior. The study
proposed MYC and FOS as driving factors for different endotypes, high-
lighting CHI3L1 and INBHA as potential indicators for patient stratifi-
cation in targeted treatments [105].

Single-cell RNA sequencing was also applied to analyze IFPs and
synovium in healthy and OA-affected joints. A recent study identified a
distinct mesenchymal progenitor cell population leading to mature adi-
pocytes in IFPs and fibroblasts in the synovium. Specific localization of
subpopulations was observed, with DPP4+ MPCs residing predominantly
in the synovial sublining layer. The study highlighted the involvement of
intermediate fibroblasts and synovial lining layer fibroblasts in driving
fibrosis in OA and addressed the inflammatory component, revealing an
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Table 1
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Repurposing drugs for the treatment of obesity induce fibrosis in the context of AO.

Target Drug Name Health Condition Mechanism of Action
TGF-p Pirfenidone IPF, Myelofibrosis Inhibits the synthesis and activation of TGF-fs, reducing fibroblast activation, collagen synthesis,
and ECM deposition. Clinical trials have shown that it reduces lung function decline, decreases
mortality, and improves overall survival of IPF patients and is FDA-approved.
Luspatercept Myelofibrosis-associated A recombinant fusion protein that binds TGF-f ligands to reduce Smad2/3 signaling. Clinical studies
Anemia in myelofibrosis-associated anemia patients have shown increases in hemoglobin levels.
Hydronidone Potential therapeutic Clinical studies have demonstrated that in Chinese participants in good health, it is readily absorbed and
efficacy for hepatic fibrosis well tolerated. Its effectiveness for HBV-induced liver fibrosis is being investigated in a phase III trial.
p-catenin PRI-724: Liver Diseases, HCV-induced Modulates p-catenin/CBP transcription, reducing ECM deposition and hepatic inflammation; studied
cirrhosis in liver diseases.
ASK-1 Selonsertib NASH with bridging fibrosis ASK1 inhibitor, with demonstrated efficacy in reducing collagen deposition, fibrosis stage, steatosis,
or compensated cirrhosis and inflammation in a phase 2 study, but its phase III clinical trial was terminated, due to the lack of
significant effects on fibrosis.
PPARs Pemafibrate NAFLD PPARa modulator regulating lipid and glucose metabolism, shown to improve insulin resistance,
inhibit hepatocyte ballooning degeneration, decrease NAFLD score, and reduce myeloid cell recruitment
in high-risk NAFLD patients.
FXR Obeticholic acid NASH PPARa modulator regulating lipid and glucose metabolism; reduced liver stiffness and ALT levels
in patients. In phase 3 trials, there was no difference in NASH. Patients usually stop or reduce their
dosage due to severe pruritus.
Cilofexor hepatic steatosis Non-steroidal FXR agonist; improved bile acid metabolism and hepatic steatosis but had no significant
effect on fibrosis.
EDP-305 NASH Effective FXR agonist with minimal cross-reaction with other nuclear receptors, effectively inhibiting
HSCs activation, reducing MCD-induced steatohepatitis and liver fibrosis, and reducing liver fat and
ALT levels in NASH patients.
Tropifexor NASH Non-steroidal FXR agonist, significantly reduced steatohepatitis and fibrosis in a pre-clinical NASH model.
GIP and GLP-1 Tirzepatide NASH Dual GIP and GLP-1 receptor agonist; reduced NASH-related biomarkers in patients with type 2 diabetes;
phase III trials for NASH in progress.
Cotadutide NASH Dual receptor agonist of GIP and GLP-1 has shown safety and tolerability in reducing hepatic lipid
content, inflammation, steatosis, and NAS score in a mouse model of NASH.
Semaglutide NASH GLP-1 receptor agonist; improved NASH-related biomarkers in NASH patients without worsening fibrosis.
TLR4 JKB-121: NAFLD Nonselective opioid TLR4 antagonist that effectively reduces liver inflammation and inhibits hepatic
stellate cell activation in models of NAFLD.
RTKs Nintedanib IPF Inhibitor of receptor tyrosine kinases that target growth factor pathways including FGFRs, VEGFRs,

and PDGFRs. Acts by reducing lung inflammation and fibrosis in IPF by decreasing collagen,
chemokines, and pro-fibrotic factors.

IPF - Idiopathic pulmonary fibrosis; NAFLD - Non-alcoholic fatty liver disease; NASH - nonalcoholic fatty liver disease. Adapted from Zhao, M. et al. Targeting fibrosis:
mechanisms and clinical trials. Signal Transduction and Targeted Therapy 2022 7:1 7, 1-21 (2022).

increase in inflammatory macrophages. The study also explored the role
of apolipoprotein E (APOE) in OA, indicating its potential as a thera-
peutic target for OA therapy [106].

12. Therapeutic approaches

Current OA therapies that are in clinical development lack the
required safety and efficacy profiles for regulatory approval. Total knee
arthroplasty (TKA) is the last option, revealing a gap in joint-preserving
treatments [20]. Cartilage tissue engineering shows promising for OA
treatment, but obesity-induced OA presents unique challenges, due to
coexisting health conditions such as diabetes and cardiovascular dis-
eases, low-grade inflammation, compromised wound healing, altered
joint stability, and even accelerated wear and tear of the prosthetic
components, making it more prone to intraoperative and postoperative
complications [107].

Obesity-related fibrosis in OA worsens patient outcomes. Repurpos-
ing existing anti-fibrotic drugs or developing novel interventions, tar-
geting PI3/AKT/mTOR pathway, TGF-§ signalling, epidermal growth
factor receptors (EGFR), Toll-like receptors (TLRs), and proinflammatory
cytokines could slow disease progression and enhance patient quality of
life. Targeting immune dysregulation with immunosuppressants or im-
munomodulators may prevent tissue damage and reduce scarring.
Emerging therapies focused on restoring normal cell function by target-
ing epigenetic modifications or genetic mutations associated with fibrosis
offer potential opportunities for intervention. Synovial fibrosis is closely
associated with joint pain, hyperalgesia, and stiffness in OA [108],
highlighting the benefits of therapies targeting fibrosis. Small molecule
inhibitors targeting for example MMPs, ADAMTS, IL-1f, TNF-a, WNT,
and NF-KB, have shown positive effects on OA [109]. Repurposing drugs
provides an efficient approach for expediting fibrosis treatment

development, potentially delivering effective therapies to patients more
swiftly than traditional methods.

Multiple anti-fibrotic drugs have been tested for treating fibrotic
diseases, targeting different molecular pathways implicated in fibro-
genesis, including TGF-f, apoptosis signal-regulating kinase 1 (ASK-1),
angiotensin receptor blockers (ARBs), peroxisome proliferator-activated
receptors (PPARs), toll-like receptor 4 (TLR4), and receptor tyrosine ki-
nases (RTKs), offering potential alternative therapeutic intervention for
obesity-related fibrosis. Pirfenidone and nintedanib, in preclinical and
clinical studies, have demonstrated efficacy in conditions such as IPF
[110]. Additionally, GLP-1 receptor agonists like semaglutide and dual
GIP/GLP-1 receptor agonists such as tirzepatide and cotadutide have
shown potential in mitigating fibrosis and inflammation in conditions
like NASH (Table 1) [111].

13. GLP-1 analogs

GLP-1 receptor agonists (GLP-1RAs) are recognized for treating type 2
diabetes [112], and weight management [113], with exenatide, sem-
aglutide, liraglutide, and dulaglutide being designated biological drugs
[114]. GLP-1 exhibits beneficial activities in different organs (see Fig. 2),
including the heart, brain, and lung, promoting metabolic control and
exerting anti-inflammatory actions [115]. GLP-1 agonism demonstrates
anti-apoptotic, anti-autophagic, and anti-senescence effects, influencing
subchondral bone remodelling and adipokine synthesis. In the context of
OA, GLP-1 agonism exhibits anti-inflammatory, anti-catabolic, anabolic,
and anti-oxidative stress properties. It hinders catabolic processes, pro-
moting cell proliferation, differentiation, maturation, migration, and
autophagy, impacting even the adipogenic processes [116]. Given the
documented anti-inflammatory properties of GLP-1 and the presence of
GLP-1R in joint tissues, GLP-1 analogs emerge as promising therapeutic
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candidates for treating OA. Beyond addressing cartilage loss [116],
GLP-1RAs may contribute to OA management by leveraging their
anti-inflammatory activities, making them versatile options for multi-
faceted OA treatments [117].

GLP-1R signaling in chondrocytes prevents apoptosis, exhibits anti-
inflammatory activity, and protects ECM [118,119]. GLP-1R activation
diminishes NF-KB pathway activity, reducing the secretion of inflamma-
tory mediators, including IL-6, CCL2, and TNF-a [120]. Primary mouse
chondrocytes treated with liraglutide showed reduced mRNA expression
of iNOS, MMP-13, and ADAMTS5, and decreased release of inflammatory
markers such as prostaglandin E2, IL-6, and nitric oxide (NO), through the
PKA/CREB signaling pathway in the mono-iodoacetate (MIA) rat model.
Intra-articular injection of liraglutide alleviated pain-related behavior in
the in vivo MIA OA mouse model, which was probably driven by the
GLP-1R-mediated anti-inflammatory activity [121]. The anti-catabolic
activity of GLP-1 analogs is evident in their ability to reduce MMP-3,
MMP-13, ADAMTS4, and ADAMTS5 mRNA expression in
TNF-a-stimulated human chondrocytes, associated with increased levels
of aggrecan and type II collagen proteins [122]. In the ACL transection
(ACLT) rat model, subcutaneous administration of liraglutide for 3 or 6
weeks significantly lowered the OARSI score [121,122].

GLP-1-based therapies influence macrophage activity, promoting a
shift from pro-inflammatory M1 to anti-inflammatory M2 in inflamed
synovium [123]. GLP-1 effects on adipogenesis vary: stimulation en-
hances pre-adipocyte differentiation while suppressing GLP-1R expres-
sion in pre-adipocytes reduces proliferation, induces apoptosis and
modulates by PKC signalling pathway [124]. From human-derived
mesenchymal stem cells, GLP-1 inhibits early adipocyte differentiation
and promotes the proliferation of differentiated cells [125]. The dual pro-
and anti-adipogenic activities of GLP-1 depend on the tissue milieu, cell
type, and differentiation stage [116]. While studies have explored
GLP-1/GLP-1R expression in adipose tissues, notably in white or brown

adipose tissue, there remains a knowledge gap concerning their presence
in IFP, in which further studies should be considered.

In a recent clinical study, the Shanghai Osteoarthritis Cohort suggested
that with adequate treatment duration, GLP-1RA therapies could poten-
tially modify the disease course for knee OA patients with type 2 diabetes,
potentially influenced in part by weight reduction. Also, in November
2023, Novo Nordisk's STEP 9 trial demonstrated the effectiveness of
semaglutide 2.4 mg in reducing WOMAC pain scores and body weight in
knee osteoarthritis patients with obesity. Compared to placebo, semaglu-
tide exhibited superior results, with a significant treatment difference in
both pain scores and body weight [126]. These findings show a promising
impact of semaglutide and highlight its potential role in managing knee
OA symptoms since they also seem to be safe and well-tolerated [127].
Nevertheless, additional research is necessary to comprehensively
comprehend the impact of GLP-1RA on the disease progression, integrity
of joints, and outcomes reported by patients in OA [128].

14. Conclusions

The increasing incidence of obesity and the progression of OA are
global concerns, and it is increased by a growing aged and obese popu-
lation. While fibrosis in OA may initially appear as a secondary conse-
quence, it is imperative to recognize its substantial impact beyond being
merely an epiphenomenon. Fibrosis, in joints and in other tissues, adds
another layer of complexity at the cellular and molecular level and in-
creases the burden of patients to perform daily tasks. Obesity-related
fibrosis also presents itself as an opportunity for therapeutic interven-
tion and drug repositioning using candidate anti-fibrotic agents. By
targeting fibrotic pathways, there is potential to not only alleviate
symptoms but also modify disease progression, offering hope for
improved patient outcomes. It is important to recognize fibrosis as a
significant contributor to the pathogenesis of OA and therefore continue
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further research. It is essential to understand the biological mechanisms
involved in fibrosis and identify upstream regulators of the process and
thus develop novel therapeutic approaches for the treatment of an
important facet of OA in an increasingly elderly population.
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