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Abstract 

Osteoarthritis (OA) is a complex, whole-joint disorder that initially manifests within joint tissues, progressing 
to structural damage and loss of function. This is typically accompanied by clinical symptoms, including pain, and 
restricted mobility. The development of OA is influenced by factors like aging, metabolic disturbances, joint 
injury, and excessive physical activity. Among these, metabolic disturbances as a systemic alteration cause 
insidious and continuously progressive joint damage, compared with post‑traumatic OA with joint instability and 
acute inflammation. Meanwhile, with the rising prevalence of metabolic diseases, metabolic disturbances have 
emerged as a key driver of OA, contributing to a progressively younger age at onset in aging OA patients with 
metabolic disorders. Thus, metabolic syndrome-associated osteoarthritis (MetS-associated OA), which refers 
to OA occurring in the context of systemic metabolic disturbances associated with metabolic syndrome, is 
considered as a distinct phenotype. Investigating the role of metabolic dysfunction in the initiation and 
progression of MetS-associated OA is crucial for identifying early preventive measures and therapeutic targets. 
This review provides a comprehensive overview of the epidemiology, clinicopathological features, underlying 
mechanisms, and potential interventions for MetS-associated OA. We discuss the relationships between 
systemic metabolic dysregulation and joint degeneration, while identifying current challenges and future research 
directions. 
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Introduction 
Osteoarthritis (OA) is a chronic and progressive 

disease characterized by brief morning stiffness, joint 
pain, and exacerbation of pain during physical activity 
[1]. In adults over 70 years old, OA ranks as the 
seventh leading cause of disability, posing a 
substantial societal burden [2]. Driven by an aging 
population and the increasing prevalence of metabolic 
disorders, the global incidence of OA continues to rise 
[3]. Conservative estimates suggest that 
approximately 600 million individuals worldwide—
7.6% of the global population—are affected by the 
condition [2]. Established risk factors for OA include 

aging, metabolic disturbances, joint injury, and high-
intensity sports with sustained abnormal joint loading, 
such as marathon running, speed skating, and 
weightlifting. Notably, metabolic syndrome (MetS), 
particularly as induced by obesity, has been 
recognized as a key driver of OA onset [4]. 
Epidemiological data indicate that a high body mass 
index (BMI) accounts for 20.4% of OA cases, with each 
5-unit increase in BMI correlating with a 35% higher 
risk of developing OA [5]. Beyond obesity, the severity 
of hypertension as well as the presence of 
hyperglycemia or dyslipidemia is independently 
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linked to more severe functional impairment and 
advanced radiographic changes in OA joints [6-8]. 
Moreover, studies indicate that diabetes, 
hypertension, overweight, and obesity remain 
significantly associated with greater joint pain both 
pre- and post-intervention even after mutual 
adjustment for these factors [9]. In these subgroups, 
first-line interventions based on education and 
exercise also appear less effective [10]. Metabolic 
syndrome-associated osteoarthritis (MetS-associated 
OA) is increasingly recognized as a distinct clinical 
phenotype of OA, highlighting the contribution of 
systemic metabolic disturbances associated with MetS 
to disease pathogenesis [11]. In this review, we 
summarize current evidence regarding the 
epidemiology, clinical characteristics, pathogenic 
mechanisms, and therapeutic strategies of MetS-
associated OA. To facilitate a mechanistic 
understanding, we discuss how systemic metabolic 
disturbances contribute to OA progression across 
multiple joint tissues and highlight current knowledge 
gaps and future research directions. Furthermore, we 
outline emerging approaches involving biomarkers 
and imaging modalities to facilitate future 
personalized management strategies for MetS-
associated OA. 

1. Epidemiological evidence linking 
MetS to OA 

According to the 2005 International Diabetes 
Federation (IDF) criteria, MetS is diagnosed when 
waist circumference exceeds 94 cm in men or 80 cm in 
women, accompanied by at least two of the following 
conditions: (1) fasting glucose ≥ 5.6 mmol/L 
(100 mg/dL) or a diagnosis of type 2 diabetes; (2) high-
density lipoprotein-cholesterol (HDL)-C < 
1.0 mmol/L (40 mg/dL) in men or < 1.3 mmol/L 
(50 mg/dL) in women, or current treatment for 
reduced HDL-C; (3) triglycerides (TG) > 1.7 mmol/L 
(150 mg/dL) or treatment for hypertriglyceridemia; 
and (4) blood pressure ≥ 130/85 mmHg or 
antihypertensive therapy [12]. Numerous clinical 
studies report a strong association between metabolic 
abnormalities and OA onset and progression. 

Among the various metabolic derangements, 
dysfunction of lipid metabolism is strongly implicated 
in OA development and is also associated with more 
severe joint pain [13]. For instance, researchers 
observed a significant positive correlation between 
elevated total cholesterol levels and OA in a clinical 
cohort of patients with metabolic comorbidities [14]. 
Similarly, the study team employed a machine-
learning algorithm to construct a predictive model and 
identified serum total cholesterol as a significant risk 
factor for Kellgren–Lawrence grade progression in 

knee OA through cross-sectional analysis [15]. 
Additional studies also reported that serum low-
density lipoprotein (LDL) and TG levels are markedly 
higher in OA patients compared with non-OA controls 
[16], and elevated TG levels are specifically associated 
with hand OA [17, 18]. Additionally, a recent large-
scale cohort study reported that higher levels of HDL 
are inversely associated with the risk of developing 
knee OA and are further linked to the incidence of 
knee replacement surgery [19]. 

Beyond dysregulated lipid metabolism, glucose 
disturbances in diabetes—another major clinical 
metabolic disorder—are also implicated in OA 
development and progression. A comprehensive 
meta-analysis of 49 studies involving 1.19 million 
participants reported that the prevalence of OA among 
individuals with diabetes mellitus was 29.5%, 
compared with 14.4% in non-diabetic controls, 
representing a 46% higher risk of OA associated with 
diabetes [20]. Moreover, the expression of matrix 
metalloproteinases (MMPs) in synovial fluid has been 
shown to be significantly higher in diabetic OA than in 
non-diabetic OA or healthy controls, suggesting that 
diabetes may be a pivotal contributor to articular 
cartilage degeneration [21]. 

Hypertension represents another common 
comorbidity in OA. Clinical data indicate that 
hypertension is the most prevalent metabolic 
comorbidity among OA patients [22], and after 
adjusting for body mass index, it remains an 
independent risk factor for both radiographic and 
symptomatic knee OA [23, 24]. Elevated systolic and 
pulse pressures are linked to a higher incidence of 
radiographic knee osteoarthritis, whereas 
antihypertensive medication use is associated with a 
reduced incidence in OA patients [25]. 

Collectively, these metabolic abnormalities 
initiate and exacerbate OA-related functional 
structural damage and pain levels, as well as lead to 
worse clinical outcomes [9]. Further, elevated blood 
pressure, dyslipidemia, elevated fasting blood 
glucose, and central obesity are recognized as the 
primary risk factors for MetS. In 2009, both IDF and 
the American Heart Association/National Heart, 
Lung, and Blood Institute (AHA/NHLBI) reached a 
consensus that the presence of any three of these 
factors is sufficient to establish a diagnosis of MetS 
[26]. Thus, OA occurring in the context of systemic 
metabolic disturbances associated with MetS is 
referred to as MetS-associated OA. And a recent 
prospective cohort study by Yang et al. further 
reported that OA patients with a metabolically 
unhealthy status are associated with higher all-cause 
mortality [27]. In conclusion, each component of MetS, 
both independently and synergistically, contributes to 
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the initiation and progression of MetS-associated OA, 
ultimately affecting patient quality of life. 

2. Clinical features and etiological factors 
of MetS-associated OA 

Imaging of MetS-associated OA commonly 
displays the common MRI signs of OA, such as joint-
space narrowing accompanied by reduced tibial 
cartilage thickness. However, due to the presence of 
systemic metabolic disturbances, MetS-associated OA 
exhibits more severe degeneration across various joint 
tissues, accompanied by distinctive manifestations 
[28]. Those with MetS-associated OA tend to have 
higher cartilage damage scores and more pronounced 
osteophytes compared with OA patients with normal 
metabolism [29]. And accumulating evidence 
indicates that synovitis is one of the typical 
pathological manifestations of MetS-associated OA 
patients [30], characterized by synovial hypertrophy 
and joint effusion that impair mobility, induce 
swelling and pain, and ultimately reduce functional 
scores [31, 32]. Recent studies have found that 
increased MRI signal intensity of the infrapatellar fat 
pad (IPFP) in OA patients correlates with tibiofemoral 
cartilage structural defects and bone marrow lesions 
(BMLs) [33]. Furthermore, three-dimensional textural 
analysis of the IPFP provides more predictive and 
reliable assessments of knee OA progression than 
traditional clinical MRI scores [34]. These findings 
highlight the potential of MRI-detected IPFP 
characteristics as enhanced biomarkers for monitoring 
disease advancement. In obese patients, elevated 
circulating levels of leptin and resistin have been 
shown to accelerate OA progression and exacerbate 
joint pain, correlating with more severe radiographic 
changes in advanced disease [35]. And the increased 
incidence of joint replacement associated with 
diabetes and high BMI is also linked to a poorer 
prognosis in OA patients, which may be partly 
attributable to non-metabolic confounders such as 
increased surgical complexity, higher perioperative 
infection rates, and suboptimal adherence to 
rehabilitation [36, 37]. 

Therefore, MetS not only increases susceptibility 
to OA and accelerates its progression but also gives 
rise to distinct clinical manifestations, primarily driven 
by systemic metabolic disturbances affecting the joints 
(Figure 1). Comprehensive investigation of these 
etiological factors may deepen our understanding of 
MetS-associated OA and inform early prevention and 
targeted intervention strategies aimed at slowing or 
even halting disease progression. 

2.1 Role of systemic metabolic factors 
Metabolic disturbances induce systemic 

alterations that can reach the joint through blood 
circulation, thereby exerting pathogenic effects that 
contribute to both the onset and progression of OA. 
The following sections detail the clinical and 
biochemical evidence supporting the role of these 
metabolic factors in MetS-associated OA [38].  

Dysregulated lipid metabolism in MetS, marked 
by triglycerides and cholesterol accumulation, leads to 
elevated circulating TG and LDL-C, alongside reduced 
HDL-C, thereby promoting OA initiation and 
progression [39, 40]. Clinical studies have reported 
that reduced HDL-C levels in both serum and synovial 
fluid of patients with OA are inversely correlated with 
cartilage damage and symptom severity, suggesting a 
potential protective role for HDL-C in OA 
pathogenesis [41-43]. At the mechanistic level, 
cholesterol reverse transport (CRT) is the process by 
which cholesterol effluxes from peripheral cells and is 
transported to the liver for metabolic clearance [44]. 
The preclinical study demonstrated that impaired CRT 
in chondrocytes results in intracellular cholesterol 
accumulation, inducing hypertrophic differentiation 
and subsequent ossification [45]. Furthermore, LDL 
primarily transports cholesterol from the liver to 
peripheral tissues [46], and elevated LDL levels may 
also result in excessive cholesterol accumulation 
within chondrocytes. In obese individuals, excessive 
TG storage in adipose tissue also disrupts lipid 
homeostasis and impairs the anti-lipolytic function of 
adipocytes, resulting in the hydrolysis of TG into 
glycerol and free fatty acids (FFAs) [47-49]. These FFAs 
subsequently reach the joint via systemic circulation, 
where elevated synovial FFAs levels have been 
strongly associated with OA development in obese 
mice [50].  

Insulin resistance (IR) underlies the development 
of type 2 diabetes and exerts a more pronounced effect 
on knee OA severity in diabetic patients compared to 
non-diabetic individuals with KOA [51, 52]. Insulin 
receptors are widely expressed in the synovium of 
both healthy humans and mice [53], mediating 
insulin’s inhibitory effects on synovial inflammation 
and catabolic activity. However, insulin resistance in 
diabetic patients [54] impairs this protective signaling 
pathway, resulting in pronounced synovitis or 
synovial hypertrophy that directly accelerates OA 
progression [55, 56]. Concurrently, clinical studies 
report significantly elevated levels of advanced 
glycation end-products (AGEs) in the cartilage, 
synovium, and subchondral bone of MetS-associated 
OA patients relative to healthy controls [55, 57]. 
Persistent hyperglycemia associated with MetS 
promotes excessive intra-articular glucose 
accumulation, thereby intensifying AGEs formation 
and deposition [58]. The accumulated AGEs amplify 
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inflammatory signaling and facilitate collagen 
degradation within articular cartilage, indirectly 
increasing the OA risk [59, 60]. 

Articular cartilage is avascular and aneural, 
limiting chondrocyte access to oxygen and glucose 
[49]. More than 50% of chondrocytes’ requirements for 
glucose, oxygen, and water are supplied by the 
subchondral vasculature [61, 62]. Studies have 
demonstrated that hypertensive rats exhibit more 
severe subchondral bone damage compared to 
normotensive controls. Hypertension-induced 
impairment of subchondral blood flow disrupts 
nutrient and gas exchange within articular cartilage, 
which may be a primary contributor to subchondral 
bone injury and subsequent cartilage lesions [63-65]. 
Moreover, ischemia in the subchondral bone can 
induce metabolic dysfunction in osteoblasts, increase 
osteoclastic resorption, and trigger osteocyte 

apoptosis, ultimately compromising subchondral 
bone structure and function. This leads to diminished 
mechanical support for the overlying cartilage and 
accelerates OA progression [66-68]. 

2.2 Role of adipose tissue-derived adipokines 
Beyond the impact of systemic metabolic 

disturbances, local adipose tissue in obese individuals 
also releases systemic factors that act on joints, 
triggering and exacerbating OA [69, 70]. Adipose 
tissue produces diverse bioactive molecules 
collectively termed adipokines. In obesity or MetS, 
adipokines secretion is upregulated, and these factors 
can promote OA development both through systemic 
circulation and local joint effects. Key adipokines 
implicated include leptin, adiponectin, resistin, among 
others.  

 

 
Figure 1. Etiological factors of MetS-associated OA. Metabolic Syndrome-Associated Osteoarthritis (MetS-associated OA) arises from the complex interplay of systemic 
and local factors. Metabolic disturbances, including obesity, hyperlipidemia, hyperglycemia, and hypertension, establish a pro-degenerative milieu. Adipokines such as leptin, 
resistin, visfatin, and adiponectin, secreted by adipose tissue, regulate cartilage metabolism and joint inflammation. Pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) further 
amplify synovial inflammation and extracellular matrix degradation. Moreover, abnormal mechanical loading and malalignment exacerbate cartilage stress and structural damage. 
Collectively, these factors synergistically contribute to the onset and progression of MetS-associated OA.  
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Table 1. Comprehensive overview of metabolic exposures and mechanistic evidence in MetS-associated osteoarthritis 

Metabolic exposure Evidence Pathological features Mechanisms Limitations References 
Obesity/MetS 
 

HFD animal models, 
chondrocytes in vitro 

Cartilage degeneration, 
subchondral bone 
calcification 

Lipotoxicity, inflammatory 
activation 

Primarily focused on single molecular 
targets and established inflammatory 
pathways 

[30, 109, 
113, 116] 

HFD animal models, 
chondrocytes in vitro 

Cartilage degeneration Lipotoxicity, lipid 
metabolism dysregulation, 
epigenetic regulation, ECM 
degradation 

Most mechanistic evidence is derived from 
HFD-DMM models potentially limiting 
their applicability to MetS-associated OA 

[119] 

HFD animal models, 
chondrocytes in vitro 

Cartilage degeneration, 
osteophyte formation, 
synovial lesion, and pain 
sensitivity 

Lipotoxicity, inflammatory 
activation, mitochondrial 
dysfunction, ECM 
degradation 

The upstream metabolic drivers of 
mitochondrial dysfunction remain 
incompletely understood 

[114, 127, 
128] 

HFD mice, chondrocytes 
in vitro 

Cartilage degeneration Lipotoxicity, mitochondrial 
structural impairment, 
autophagy inhibition 

The mechanisms linking metabolic stress-
induced mitochondrial structural 
impairment to ECM degradation remain 
unclear 

[123, 126] 

HFD mice Cartilage degeneration, 
synovitis 

Synovial macrophage 
activation, synovial immune 
cell remodeling 

Experimental synovial immune landscapes 
may not fully recapitulate spontaneous 
MetS-associated OA 

[131] 

HFD rats, chondrocytes in 
vitro 

Cartilage degeneration Adipokine imbalance, 
inflammatory activation 

Single adipokine effects may not fully 
represent the metabolic complexity of 
MetS-associated OA 

[110] 

Clinical trial, IPFP tissues 
in vitro 

Cartilage degeneration, IPFP 
hypertrophy, intercellular 
fibrosis and angiogenesis 

Adipose tissue heterogeneity, 
IPFP dysfunction, 
inflammation 

The functional contribution of depot-
specific adipose alterations to OA 
progression remains to be determined 

[143, 145, 
146, 150] 

HFD mice, osteoclasts and 
osteoblast in vitro 

Cartilage degeneration, 
subchondral bone thickening 
and sclerosis 

Osteoblast differentiation, 
osteoclast differentiation, 
subchondral bone 
remodeling 

The interactions among bone-resident cells 
remain incompletely understood 

[106, 153, 
155] 

HFD mice, MSCs and 
endothelial progenitor 
cells in vitro 

Cartilage degeneration, 
subchondral bone sclerosis 
and type H vessel formation 

Adipokine-mediated 
signaling, aberrant 
osteogenesis and 
angiogenesis 

The link between aberrant angiogenesis 
and bone remodeling under metabolic 
dysregulation remains poorly understood 

[156, 157] 

Clinical trial, HFHC-fed 
mice, BMAds in vitro 

Subchondral BMAd size was 
positively correlated with 
BMI in hand OA. MAT 
expansion, bone formation 

Bone MAT remodeling, 
complement-mediated 
metabolic signaling, 
osteogenesis  

The mechanisms linking bone marrow 
adipose tissue remodeling to coordinated 
osteochondral remodeling have not been 
fully elucidated 

[154, 166] 

Dyslipidemia Clinical trial, high-
cholesterol diet (HCD) 
mice, chondrocytes in 
vitro 

Elevated serum total 
cholesterol and LDL levels in 
OA patients with a higher 
BMI. 
Cartilage degeneration 

Cholesterol metabolism, LRP 
family-mediated signaling, 
ECM degradation 

Cholesterol-loading models typically 
evaluate isolated lipid abnormalities and 
may not fully represent the complex 
metabolic environment of MetS-associated 
OA 

[16, 120] 

Type 2 diabetes 
mellitus / 
Hyperglycemia 

Clinical trial, 
hyperglycemic OA mice 
model, synovial 
macrophage and FLSs in 
vitro 

More severe synovial 
hyperplasia and synovitis in 
patients with diabetic OA. 
Cartilage degeneration, 
synovitis 

Synovial metabolic 
reprogramming, synovial 
immunometabolic 
inflammation 

The crosstalk between synovial 
immunometabolic reprogramming and 
other joint tissues remains unclear 

[134, 138] 

Hypertension Clinical trial Cartilage degeneration, 
subchondral bone 
remodeling 

Subchondral vascular 
dysfunction, hemodynamic 
stress, microcirculatory 
impairment 

Limited mechanistic studies [160-162] 

Metabolic stressors 
(SFAs, adipokine, 
AGEs, insulin)  

Chondrocytes in vitro Chondrocyte apoptosis, 
cartilage degeneration 

Lipotoxicity, ER stress, 
apoptosis, adipokine 
imbalance, inflammatory 
activation 

Validation in in vivo OA models is limited [107, 108, 
139, 219] 

 
 
Leptin is the most extensively studied adipokine 

in OA. In patients with MetS-associated OA, leptin 
concentrations in both serum and synovial fluid are 
higher than those in non-MetS-associated OA patients 
[71], which has been well documented as being 
positively associated with disease severity and pain 
intensity. [72, 73]. The researchers reported that leptin-
deficient mice developed morbid obesity but did not 
exhibit systemic inflammation or knee OA [74]. 
Conversely, implantation of leptin-containing fat pads 
into lipodystrophic (LD) mice induces both structural 
OA and pain [75], further underscoring the pivotal 
role of leptin in OA pathogenesis and its potential 

utility as a biomarker. 
Adiponectin is the most abundant adipokine in 

human plasma and is primarily secreted by white 
adipose tissue. Early studies reported reduced 
adiponectin levels in the synovial fluid of OA patients, 
suggesting a negative correlation with synovial 
inflammation [76, 77]. However, a cross-sectional 
study by Orellana et al. demonstrated that, compared 
to synovial leptin, synovial adiponectin exhibits a 
stronger positive correlation with the severity of KOA 
in women [78]. Evidence shows that adiponectin levels 
correlate with patient BMI and correspond to OA 
severity. Interestingly, adiponectin levels do not 
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increase further when OA patients damage becomes 
more severe [79]. More recent investigations have 
revealed increased adiponectin expression in OA joint 
synovial cells, IPFP, osteophytes, cartilage, and bone 
tissue in OA rats [80]. The current body of research on 
adiponectin remains controversial, potentially due to 
variations in detection methods, stages of OA 
progression, and sampling sites in patients across 
studies. 

Resistin also has been demonstrated to exert 
effects on OA development comparable to those of 
leptin. Studies have reported a positive correlation 
between resistin levels and elevated BMI in OA 
patients [35]. Clinical investigations further indicate 
that resistin concentrations are positively correlated 
with OA severity, synovitis, and joint structural 
abnormalities [81-83]. Mechanistically, resistin may 
promote OA progression by upregulating pro-
inflammatory cytokines and inducing MMPs 
synthesis in human chondrocytes and synovial cells 
[84]. 

Visfatin is an adipokine predominantly secreted 
by visceral adipose tissue and is known to promote B-
cell maturation [85]. Clinical studies have reported 
that visfatin signaling is highly expressed in the hip 
synovial tissue of obese OA patients, co-localizing 
with regions of cartilage damage [86], and is also 
present in OA-associated osteophytes [87], indicating 
its potential involvement in multiple pathogenic 
processes in OA [88]. However, the association 
between elevated visfatin levels and the presence of 
MetS or increased BMI in OA still warrants further 
in‑depth investigation.  

2.3 Role of low-grade inflammation 
Studies have demonstrated that obese OA 

patients exhibit systemic low-grade inflammation, 
characterized by elevated levels of pro-inflammatory 
cytokines such as interleukin (IL)-1, tumor necrosis 
factor (TNF)-α, and IL-6 in the synovial fluid, 
synovium, subchondral bone, and cartilage of affected 
joints [89]. Furthermore, animal studies have shown 
that OA mice fed a high-fat diet (HFD) present 
significantly increased serum levels of IL-1β and TNF-
α compared to controls, accompanied by more severe 
cartilage degeneration [90, 91]. Collectively, both 
clinical and preclinical evidence underscores the 
critical role of inflammatory mediators in MetS-
associated OA pathogenesis. 

The mechanisms underlying obesity-induced 
systemic low-grade inflammation, beyond alterations 
in adipokine profiles, also involve macrophage 
activation. Activated macrophages enhance the 
expression and secretion of inflammatory cytokines in 
both human tissues and animal models of OA, thereby 

driving systemic chronic inflammation. These 
inflammatory mediators subsequently act locally 
within the joint, increasing the catabolic activity of 
chondrocytes, accelerating extracellular matrix (ECM) 
degradation, and ultimately contributing indirectly to 
OA pathogenesis [92-94]. Hyperglycemia-induced 
reactive oxygen species (ROS) production promotes 
macrophages polarization toward the M1 pro-
inflammatory phenotype during diabetes onset and 
progression, further promoting chronic inflammation 
[95]. Moreover, Sun et al. demonstrated that a HFD 
increases macrophage infiltration into the synovium, 
with a pronounced shift toward the M1 phenotype, 
thereby exacerbating synovitis and promoting OA 
progression [96]. 

2.4 Role of mechanical loading factors 
In obese individuals, muscle weakness, joint 

malalignment, and postural alterations contribute to 
slower walking speeds, shorter and wider strides, and 
prolonged stance phases compared with individuals 
of normal weight, leading to abnormal mechanical 
joints loading and an increased OA risk [97, 98]. 
Clinically, even a modest weight loss of 5 kg or a 5% 
reduction in body weight in obese patients has been 
associated with a 90% lower probability of knee 
damage over a six-year period [99]. Furthermore, 
excess weight leads to joint malalignment and 
abnormal joint mechanics, particularly knee 
malalignment and hyperextension, which further 
increase mechanical stress and accelerate cartilage 
degeneration, ultimately leading to OA [100, 101]. 

Although obesity-induced excessive mechanical 
loading contributes to OA development, altered 
biomechanics alone cannot fully account for the 
increased OA risk observed in non-weight-bearing 
joints such as the hands and wrists [102, 103]. This 
suggests that mechanical stress represents only one 
component of OA pathogenesis in obesity, and the 
development of MetS-associated OA must also involve 
systemic factors such as metabolic dysfunction. 

3. Pathological features and underlying 
mechanisms of MetS-associated OA 

Regarding OA pathological features, articular 
cartilage displays early degenerative changes 
characterized by surface fibrillation, reduced and 
eventually lost safranin O staining intensity, and focal 
fissures [104]. The team of Zheng observed 
characteristic histomorphological changes of 
horizontal fissures at the osteochondral interface 
between the tibial plateau articular cartilage and 
subchondral bone in patients with grade III obesity 
[105]. In addition, tissue inflammation, fibrosis, and 
vascularization are hallmark pathological changes 
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observed in the synovium and IPFP of MetS-
associated OA animal models. Micro-computed 
tomography (micro-CT) analyses reveal a rapid 
increase in subchondral bone plate and trabecular 
thickness, accompanied by elevated bone mineral 
density [106]. Overall, elucidating the pathogenesis of 
MetS-associated OA is crucial for uncovering the 
origins of its distinct pathological alterations and may 
provide a scientific foundation for identifying 
potential therapeutic targets and developing precision 
treatments (Figure 2). 

3.1 Articular cartilage degeneration in MetS-
associated OA 

Chondrocyte apoptosis is a hallmark feature of 
articular cartilage degeneration. Palmitic acid (PA), 
one of the saturated fatty acids (SFAs), has been 
reported to induce endoplasmic reticulum (ER) stress 
by activating the protein kinase RNA-like ER kinase 
(PERK) pathway, which subsequently upregulates ER 
stress markers such as activating transcription factor 4 
(ATF4) and C/EBP homologous protein (CHOP). This 

cascade further modulates the expression of nuclear 
protein 1 (Nupr1), ultimately triggering chondrocyte 
apoptosis via ER stress mechanisms, thereby leading 
to cartilage degeneration [107, 108]. 

In addition to this, chronic inflammation is a 
critical pathological hallmark of MetS-associated OA. 
Recent studies have demonstrated that PA and n-6 
polyunsaturated fatty acids (n-6 PUFA) facilitate the 
interaction between Toll-like receptor 4 (TLR4) and 
myeloid differentiation-2 (MD-2), activating TLR4 
indirectly. This subsequently triggers the nuclear 
factor κB (NF-κB) signaling within chondrocyte nuclei, 
thereby contributing to inflammatory responses [50, 
109]. Additionally, the adipokine leptin can activate 
the Janus kinase 2-signal transducer and activator of 
transcription 3 (JAK2-STAT3) signaling pathway in 
chondrocytes by binding to its receptor (leptin 
receptor, LepR) in HFD-fed animal models, thereby 
modulating TLR4 expression [110]. Similarly, via 
binding to the cell‑surface receptor RAGE, AGEs 
produced under chronic hyperglycemia can also 
activate the NF-κB signaling pathway, triggering 

 

 
Figure 2. Underlying mechanisms of MetS-associated OA. Excessive lipid metabolic by-products, adipokines, diabetes-related advanced glycation end products, and 
hyperinsulinemia induce pathological changes in articular chondrocytes, synovium, the infrapatellar fat pad (IPFP) and subchondral bone. These metabolic disturbances trigger 
chondrocyte apoptosis, extracellular matrix degradation, chronic inflammation, synovial immune cell activation, and IPFP remodeling, thereby fostering local inflammation, 
fibrosis, altered bone remodeling and angiogenesis, and ultimately driving osteoarthritis progression.  
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inflammatory responses in human chondrocytes [111, 
112]. Additional studies have demonstrated that PA 
and n-6 PUFA also induce inactivation of AMP-
activated protein kinase alpha (AMPKα), which 
subsequently activates the NOD-like receptor protein 
3 (NLRP3) inflammasome in chondrocytes. This 
activation leads to the production of IL-1β and IL-18 
via the NLRP3/caspase-1/GSDMD signaling 
pathway, resulting in pyroptosis of human 
chondrocytes and increased severity of OA in HFD 
mice [113, 114]. 

Conversely, the study team compared the effects 
of PA and oleic acid (OLA), a monounsaturated fatty 
acid (MUFA), demonstrating that PA induces human 
chondrocyte matrix degradation and pro-
inflammatory responses, whereas OLA does not [115]. 
MUFAs and n-3 polyunsaturated fatty acids (n-3 
PUFA) have been reported to inhibit activation of both 
the TLR4/NF-κB signaling pathway and the NLRP3 
inflammasome, thereby mitigating the pro-
inflammatory responses in both chondrocytes in vitro 
and in obesity‑related PTOA mice [113, 116]. As noted 
above, the chronic inflammatory milieu resulting from 
metabolic dysregulation promotes chondrocyte 
senescence, thereby accelerating articular cartilage 
degeneration as well as the onset and progression of 
osteoarthritis [117]. 

Studies have shown that metabolic 
dysregulation, particularly disturbances in lipid 
metabolism, can also influence the process of cellular 
senescence [118]. Therefore, latest studies have 
investigated lipid metabolic dysfunction within 
chondrocytes from OA cartilage of obese individuals, 
revealing that excess FFAs increase fatty acid 
oxidation (FAO) in chondrocytes. Excessive FAO leads 
to the accumulation of acetyl-CoA, which in turn 
further promotes FAO activity to inhibit AMPK 
activity, induce SRY-box transcription factor 9 (SOX9) 
degradation, thereby impairing cartilage ECM 
anabolism. On the other hand, acetyl-CoA coordinates 
epigenetic regulation, affecting the MMP13 and 
ADAMTS7 transcriptional activation, ultimately 
contributing to chondrocyte senescence and OA 
development [119]. As a metabolic intermediate, 
acetyl‑CoA serves both as a key substrate in lipid 
metabolism and as an acetyl donor for epigenetic 
modifications such as histone acetylation, highlighting 
its potential as an emerging therapeutic target in MetS-
associated OA. Cao et al. reported that elevated 
cholesterol levels in both high-cholesterol diet (HCD)-
fed mice and human cartilage explants downregulate 
the low-density lipoprotein receptor-related protein 3 
(LRP3) expression in chondrocytes, disrupting 
cartilage ECM metabolism and promoting OA 
cartilage degeneration via the cholesterol-LRP3-SDC4 

signaling axis [16]. Additionally, the study 
demonstrated that cholesterol treatment significantly 
decreases LRP3 and LRP4 expression while increasing 
LRP5 and LRP6 expression in chondrocytes. These 
findings align with prior research on the LDL receptor-
related protein (LRP) family’s involvement in OA 
progression [120], underscoring the crucial role of 
LRPs in cholesterol metabolism within OA 
chondrocytes and offering new insights for future 
investigations [121]. 

Chronic inflammation, oxidative stress, and 
defective autophagy in OA are now recognized to 
exert pleiotropic effects on mitochondrial structure 
and function, thereby contributing significantly to 
chondrocyte degeneration [122]. As a critical signaling 
hub, Mitochondria convert upstream metabolic stress 
signals into structural damage in chondrocytes, 
underscoring their centrality in MetS-associated OA 
pathogenesis. 

Mitochondrial structural impairment is tightly 
linked to autophagy activity. Lipid overload in 
chondrocytes can also suppress autophagic activity, 
thereby reducing STING1 degradation. The 
consequent STING1 accumulation activates the 
STING1–TBK1–IRF3 and STING1–TBK1–MAP2K3–
MAPK14 signaling cascades, ultimately driving 
extracellular matrix degradation [123]. In addition, in 
vitro studies have demonstrated that cholesterol and 
palmitic acid increase cytosolic mtDNA levels while 
impairing mitochondrial coupling efficiency, maximal 
respiratory capacity, and spare respiratory capacity, 
all of which are essential for ATP production [124-126]. 
These observations suggest that lipotoxicity directly 
induces mitochondrial structural impairment and 
bioenergetic dysfunction, ultimately leading to 
chondrocyte injury.  

Moreover, Sirtuin 3 (Sirt3), a mitochondrial 
deacetylase, has been found to promote chondrocyte 
fatty acid oxidation in HFD‑induced obese mice, 
thereby aggravating mitochondrial oxidative stress 
and driving MetS-associated OA progression via 
metabolic dysregulation of glycolysis and oxidative 
phosphorylation (OXPHOS). Of note, this pathogenic 
effect contrasts with the previously documented 
chondroprotective role of Sirt3 in PT‑OA and 
aging‑associated OA [127]. By contrast, semaglutide 
has recently been shown to attenuate OA progression 
in obese mice through local modulation of the 
"GLP‑1R–AMPK–PFKFB3" axis in joints. This axis 
redirects chondrocyte metabolism toward OXPHOS, 
ensuring adequate mitochondrial ATP production and 
thereby ameliorating metabolic dysfunction in 
cartilage [128].  

A synthesis of current studies on the mechanistic 
framework of chondrocyte degeneration reveals that 
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systemic metabolic dysregulation drives abnormal 
lipid signals that act on local chondrocytes, such as 
FFAs, LDL, adipokines, and AGEs. These signals 
release lipotoxic mediators, which in turn trigger 
inflammatory stress and cell injury cascades, 
culminating in ECM degradation and cartilage 
degeneration. 

3.2 Synovial macrophage infiltration and 
fibroproliferation in MetS-associated OA 

Synovitis is characterized by synovial cells 
proliferation and aggregation, intimal lining 
hyperplasia, and fibrosis within the subintimal layer 
[129, 130]. Harasymowicz NS and colleagues 
demonstrated that obesity in mice with joint injury 
reduces the number of synovial patrolling monocytes, 
thereby disrupting immune homeostasis and 
promoting the infiltration of pro-inflammatory 
macrophages. Furthermore, obesity impedes the 
restoration of barrier-forming lining macrophages 
during the late stages of OA, exacerbating disease 
progression [131]. The polarization of synovial 
macrophages toward a pro-inflammatory M1-like 
phenotype underlies the chronic synovial 
inflammation in OA [132]. This shift is characterized 
by a metabolic reprogramming from OXPHOS to 
aerobic glycolysis, a phenomenon known as the 
Warburg effect [133]. Studies have shown that 
hyperglycemia enhances macrophage glycolysis and 
impairs synovial macrophage generation through 
CD11b lactylation, thereby exacerbating inflammation 
and accelerating OA progression [134]. Metabolic 
products associated with MetS activate pattern 
recognition receptors (PRRs) on the synovial surface, 
including Toll-like receptors (TLRs) and the receptor 
for advanced glycation end-products (RAGE), which 
serve as key mediators driving synovial macrophage 
polarization and activation [135-137]. 

Additionally, Yang et al. employed single-cell 
RNA sequencing (scRNA-seq) to identify eight distinct 
synovial cell clusters in humans, revealing a 
significantly elevated proportion of macrophages in 
the synovium of patients with diabetic osteoarthritis 
(DOA). They attributed this increase primarily to 
diabetes-induced glycolysis regulation in fibroblast-
like synoviocytes (FLSs), which leads to intercellular 
adhesion molecule-1 (ICAM-1) release. In both DOA 
patients and db/db diabetic OA mouse models, 
ICAM-1 further facilitates M1-polarized synovial 
macrophages infiltration and drives late-stage FLSs 
fibroproliferation [138]. Similarly, the adipokine 
visfatin enhances synovial ICAM-1 production, 
thereby promoting macrophage infiltration and FLS 
fibroproliferation [139]. Moreover, findings reported 
that elevated insulin levels in diabetes activate the 

PI3K/Akt/mTOR and NF-κB signaling pathways in 
the synovium, inhibit FLS autophagy, and promote 
macrophage infiltration [140]. However, further 
studies are warranted to validate these proposed 
mechanisms in human DOA and further elucidate 
their relevance to disease progression. 

3.3 Hypertrophy, fibrosis, and angiogenesis of 
IPFP in MetS-associated OA 

Alterations in the IPFP are a hallmark 
pathological feature in both patients and animal 
models of MetS-associated OA [141, 142]. Biochemical 
markers in IPFP of obese OA patients exhibit markedly 
elevated levels of IL-6, IL-1β, and TNF-α [143], which 
are closely associated with the pronounced activation 
of NF-κB, p38 MAPK, and ERK1/3 signaling 
pathways in human primary chondrocytes induced by 
IPFP [144, 145]. Moreover, adipocytes within the IPFP 
exhibit characteristic hypertrophy, along with 
prominent intercellular fibrosis and angiogenesis in 
obese models [146, 147]. These findings suggest that 
the IPFP may serve as a predictive indicator of MetS-
associated OA related inflammatory activation. 

IPFP and the posterior synovium are widely 
recognized as an integrated anatomical and functional 
unit [148]. Tang et al. reported that these two tissues 
share a highly similar immune cell composition [149]. 
Inflammatory cytokines secreted by the IPFP are 
thought to drive inflammation and fibrosis in the 
adjacent synovium in knee OA via paracrine 
mechanisms [150, 151], while elevated vascular 
endothelial growth factor (VEGF) levels in the IPFP are 
positively associated with increased synovial 
vascularity [152]. Collectively, MRI characteristics and 
biochemical profiles position IPFP as a potentially 
valuable biomarker for OA diagnosis and prevention, 
and its crosstalk with the synovium in MetS-associated 
OA warrants further investigation. 

3.4 Abnormal remodeling of subchondral 
bone in MetS-associated OA 

Subchondral bone pathology is not merely a 
secondary feature of OA, but a critical factor in OA 
pathogenesis and severity. Studies have shown that 
MetS-associated OA mice exhibit abnormal bone 
remodeling characterized by subchondral bone 
thickening and sclerosis prior to articular cartilage 
degeneration, accompanied by aberrant angiogenesis 
and bone marrow adiposity [153, 154]. 

MetS-associated OA subchondral bone exhibits 
high‑turnover bone metabolism, in which the dynamic 
balance between bone resorption and formation is 
disrupted. During obesity in both humans and mice, 
myeloid‑derived suppressor cells (MDSCs) increase 
and undergo reprogramming to enhance 
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osteoclastogenic capacity, leading to increased 
osteoclast numbers in the subchondral bone and 
exacerbating OA in obese mice [155]. And a study has 
demonstrated that subchondral osteoclasts in MetS-
associated OA mice undergo senescence at the pre‑OA 
or early OA stage. The preosteoclast secretome 
promotes osteoblast differentiation while suppressing 
osteoclast differentiation via COX2‑PGE2 signaling, 
thereby accelerating subchondral plate and trabecular 
thickening [106]. These findings indicate that 
metabolic disturbances drive rapid osteoclast 
reprogramming and uncouple resorption from 
formation, resulting in abnormal bone remodeling. In 
addition, fatty acid binding protein 4 (FABP4) and 
leptin have been reported to drive the osteogenic 
differentiation of bone marrow mesenchymal stem 
cells (MSCs) through PI3K/Akt signaling, while 
knockout of these genes significantly attenuates 
subchondral bone sclerosis and H‑type vessel 
formation in HFD‑fed mice [156, 157]. Currently, it is 
recognized that increased H‑type vessel formation in 
the subchondral bone can further allow the 
penetration of sensory nerve endings and sympathetic 
nerves [158], thereby generating pain. However, 
whether distinct mechanisms exist in metabolic 
disturbances to mediate vascular‑neural coupling 
remains to be further explored. 

Furthermore, local microvascular function plays 
a pivotal role in subchondral bone remodeling, with 
hypertension constituting a significant factor as a 
systemic vascular disorder [159]. Mechanistically, 
hypertension disrupts joint homeostasis through both 
biomechanical and biochemical pathways [160]. 
Elevated intraosseous perfusion pressure and altered 
hemodynamics can modify subchondral bone mineral 
density, inducing a rod-to-plate transition in 
subchondral trabecular bone prior to cartilage 
degeneration [161]. This remodeling disrupts the 
homogeneous stiffness distribution at the 
osteochondral interface and impairs normal vascular 
nutrient supply, thereby promoting degeneration of 
the overlying articular cartilage matrix [162, 163].  

Beyond this, bone marrow adipose tissue 
(BMAT) is considered the only tissue that closely links 
adipocytes and bone cells, and is therefore particularly 
relevant in the context of metabolic disturbances [164, 
165]. A study analyzing BMAT explants from clinical 
OA patients found that increased lipolysis in BMAT 
promotes fatty acid oxidation and potentially 
regulates bone remodeling via osteoblast activity, a 
process modulated by BMI [166]. And recent evidence 
has demonstrated that a high‑fat diet drives robust 
ESRRA estrogen-related receptor α (ESRRA) 
expression in murine bone marrow adipose tissue 
(BMAT), which in turn enhances the transcription of 

BMAT‑derived complement factor D (CFD). In concert 
with component 3 (C3) derived from steatotic liver, 
CFD activates the alternative complement pathway, 
facilitating ERK1/2 phosphorylation and 
mitochondrial dysfunction, which culminate in 
chondrocyte senescence and catabolism [154]. The 
uniqueness of BMAT highlights its promising 
potential as an emerging regulator of subchondral 
bone remodeling and OA pathogenesis. 

4. Therapeutic strategies and 
interventions for MetS-associated OA 
4.1 Mechanism-based interventions and 
targeted therapies for MetS-associated OA 

Diet and lifestyle modifications represent the 
most specific and effective early strategies for MetS-
associated OA intervention and management [167]. A 
network meta-analysis by Shahid et al. demonstrated 
that the combination of psychology (P), diet (D), and 
exercise (E) yields the greatest efficacy in weight 
reduction. When overweight/obese patients lose more 
than 7% of their body weight, pain and physical 
function impairment caused by OA are improved 
[168]. Consistently, animal studies in HFD models 
have shown that dietary normalization or increased 
physical activity can gradually restore body 
composition and metabolic homeostasis, thereby 
slowing OA progression [169, 170]. 

Glucagon-like peptide-1 receptor agonists (GLP-
1RAs), which mimic the action of the natural incretin 
hormone glucagon-like peptide-1(GLP-1), include 
semaglutide, whereas tirzepatide is a dual glucose-
dependent insulinotropic polypeptide (GIP)/GLP-1 
receptor agonist. These agents are currently among the 
most effective, safe, and well-tolerated anti-obesity 
medications (AOMs) that can improve nearly all 
adverse health consequences associated with obesity 
[171, 172]. In a multi-country, multicenter clinical trial 
conducted by Copenhagen University Hospital, 
weekly administration of semaglutide over 68 weeks 
led to substantial reductions in both mean body 
weight and pain severity in patients with obesity-
associated knee OA [173]. For individuals at risk of 
joint replacement, treatment with semaglutide or 
tirzepatide can delay or even eliminate the need for 
surgery by reducing body weight [174]. Beyond 
weight loss, GLP-1RAs have demonstrated anti-
inflammatory activity [175] and the capacity to 
mitigate ECM degradation by inhibiting AGEs [176]. 
These findings suggest that GLP-1RAs-mediated knee 
OA symptoms may be partly due to anti-inflammatory 
effects and ECM degradation inhibition, rather than 
merely due to reduced joint loading. 

Besides pharmacological interventions targeting 
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MetS-associated OA, correcting the underlying 
metabolic disturbances of MetS can disrupt OA 
progression at its source. Metformin, the first-line 
therapy for type 2 diabetes, has been shown to reduce 
OA incidence in diabetic patients [177] and to 
attenuate cartilage loss as well as lower joint 
replacement rate in individuals with concurrent type 2 
diabetes and OA [178, 179]. Emerging evidence further 
indicates that metformin can promote weight 
reduction in obese individuals [180] and alleviate knee 
pain and stiffness while improving joint function in 
overweight or obese patients with symptomatic knee 
OA [181, 182]. Although gastrointestinal side effects 
may occur, these typically diminish with continued 
use [183]. Overall, metformin appears to be an 
effective and well-tolerated option for both MetS-
associated OA prevention and management. 

Lipid-lowering agents are a class of medications 
that reduce circulating triglyceride and cholesterol 
levels. Statins, the first-line therapy in this class, are 
widely prescribed for the management of 
hypercholesterolemia and coronary artery disease 
(CAD) [184]. Experimental studies have demonstrated 
that statins not only decrease serum triglyceride and 
cholesterol concentrations in mice fed a HCD but also 
markedly attenuate synovial inflammation and 
cartilage degeneration [185]. In vitro, statins have been 
shown to substantially mitigate chondrocyte damage 
under high-glucose culture conditions [186, 187]. 
Thus, in patients with OA complicated by 
hypercholesterolemia and diabetes, statins may offer 
considerable therapeutic benefit. Nevertheless, clinical 
evidence also suggests that statin use may increase the 
risk of developing type 2 diabetes [188], highlighting 
the need for careful patient stratification and treatment 
planning based on individual patient circumstances. 

Finally, as previously noted, n-3 PUFAs exert 
inhibitory effects on the development of MetS-
associated OA, and their anti-inflammatory and 
antioxidant properties may help prevent or attenuate 
cartilage loss [189]. In a randomized clinical trial, Hill 
et al. reported that OA patients receiving low-dose n-
3 PUFA supplementation (fish oil) experienced greater 
improvements in pain and physical function after two 
years of treatment compared with controls [190]. 
Nevertheless, the use of n-3 PUFAs remains 
controversial due to potential adverse effects, 
including gastrointestinal discomfort and possible 
increased risks of cancer and cardiovascular disease. 
Determining the optimal balance between n-3 PUFA 
selection and the ideal anti-inflammatory dosage still 
requires further investigation [191]. These 
interventions and targeted therapies are summarized 
in Table 2 and Figure 3, which outlines their 
mechanisms of action, potential roles in OA, and 

adverse reactions reported in clinical trials or basic 
research. 

4.2 Targeted therapies for MetS-associated 
OA based on the pathogenesis of joint 
degeneration 

Given that intracellular damage and metabolic 
reprogramming within the joint have already occurred 
by the time most OA patients with MetS develop 
articular symptoms, it is also necessary to 
simultaneously target local degenerative mechanisms 
for therapeutic intervention, in order to delay 
irreversible structural and functional damage. Nupr1 
knockdown suppresses metabolic dysregulation-
induced activation of ER stress-mediated pro-
apoptotic pathways [107, 108], suggesting that 
targeting Nupr1 or aberrant ER stress signaling may 
represent a potential strategy for alleviating 
chondrocyte apoptosis in MetS-associated OA.  

In addition, lipotoxic products derived from 
systemic metabolic dysregulation drive chronic 
inflammatory responses in joints by broadly activating 
the TLR4/NF‑κB signaling pathway and the 
AMPK/NLRP3 axis. Peroxisome proliferator-
activated receptor γ (PPARγ) has been demonstrated 
to reduce circulating TG, TC, and LDL-C levels while 
also acting as a critical anti-inflammatory transcription 
factor in OA [192, 193]. Studies have demonstrated 
that the PPARγ agonist pioglitazone attenuates AGEs-
induced human chondrocyte apoptosis through 
inhibition of MAPK and NF-κB activation [194]. And 
Xanthohumol attenuates mitochondrial dysfunction 
through AMPK activation and inhibits NLRP3 
inflammasome-mediated inflammation and cartilage 
matrix degradation in palmitic acid-treated human 
chondrocytes [114]. Chronic inflammation is also a key 
driver of synovitis. One study used clodronate‑loaded 
liposomes (CL) to deplete activated macrophages in 
the synovium of HFD‑fed PTOA mice, thereby 
alleviating persistent synovial inflammation [195]. In 
addition, intra-articular administration of GAS6 
restores macrophage efferocytosis in obese mice and 
prevents MetS-associated OA development [196]. 
Although many potential therapeutic agents remain at 
the preclinical stage, they hold considerable promise 
as anti-inflammatory strategies for MetS-associated 
OA treatment. 

Systemic metabolic dysregulation affects joint 
tissues not only by indirectly activating inflammatory 
and cellular stress responses but also by directly 
driving intracellular metabolic reprogramming to 
facilitate local adaptation to metabolic perturbations. 
Previous studies have demonstrated that metabolic 
dysregulation-driven FAO activation contributes to 
OA pathogenesis, whereas cartilage-targeted delivery 
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of the FAO inhibitor trimetazidine alleviates cartilage 
degeneration in metabolically challenged PTOA mice 
[119]. Furthermore, a novel nanocomplex (P-T-M) 
enables efficient chondrocyte-targeted delivery of 
miR-34a-5p inhibitors, which preserves articular 
cartilage homeostasis in HFD-fed rats by modulating 
lipid metabolism and suppressing chondrocyte 
ferroptosis [197]. 

4.3 Therapies for MetS-associated OA based 
on late-stage care 

Finally, once irreversible joint damage has 
developed in advanced MetS-associated OA, 
metabolic and anti-inflammatory therapies may have 
limited efficacy. Therefore, management should shift 
toward alleviating pain, preserving function, and 
improving quality of life. Metformin alleviates 
cartilage damage in high-fat diet-induced MetS-
associated OA by reducing subchondral bone 

macrophage accumulation and prostaglandin 
production. In addition, metformin mitigates aberrant 
osteogenesis and pain responses in MetS-associated 
OA through the regulation of osteoprogenitor cells 
and type H vessel formation [198]. Selective COX-2 
inhibitors have been shown to mitigate pathological 
subchondral bone remodeling and OA progression in 
MetS-associated OA mice by targeting osteoclast 
senescence [106], while also alleviating pain responses 
through suppression of PGE2 production [199]. 
However, despite their therapeutic potential, 
currently available COX-2 inhibitors increase the risk 
of cardiovascular events during OA treatment and 
exhibit a less favorable risk–benefit profile in patients 
with pre-existing MetS [200, 201]. Conversely, studies 
have also shown that the EP4 antagonist HL-43 
attenuates OA progression and pain in mice by 
suppressing COX-2-derived PGE2/EP4 signaling-
mediated subchondral bone angiogenesis and sensory 
nerve innervation [202]. 

 

 
Figure 3. Therapeutic strategies and interventions for MetS-associated OA. Therapeutic approaches include (4.1) systemic metabolic management targeting obesity, 
insulin resistance, dyslipidemia, and related metabolic disturbances; (4.2) mechanism-based targeted therapies addressing downstream processes linking metabolic dysregulation 
to OA progression, including immunometabolic inflammation, lipotoxic stress, oxidative stress, and other metabolic stress responses within joint tissues; and (4.3) late-stage 
care for symptom relief and functional improvement. This framework highlights the mechanistic alignment between metabolic abnormalities, joint pathogenesis, and therapeutic 
strategies. 
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Table 2. Therapeutic strategies and interventions for MetS-associated OA 

Preventions and 
treatments 

Targets of action Type of 
study 

Potential roles in OA 
 

Representative 
drugs 

Adverse reactions References 

Non-
pharmacological 
interventions 

Lose weight Clinical 
trial 

Effectively enhances joint function and reduces pain 
in individuals with OA 

Exercise (E) NA [220] 

Clinical 
trial 

Significantly enhance joint mechanical efficiency 
during gait, 6-minute walk test (6MWT) distance, 
and balance for obese OA patients; Alleviate joint 
pain, improve joint function, and enhance physical 
and mental health-related quality of life (HRQoL) in 
OA patients 

Diet + Exercise 
(D+E) 

[221, 222] 

Clinical 
trial 

A weight loss of at least 7% can improve pain and 
physical function in overweight/obese individuals 

Psychology, Diet + 
Exercise (PDE) 

[168] 

Basic 
research 

Both aerobic and endurance training can alleviate 
joint damage in high-fat/high-sucrose (HFS) rats 

Exercise (E) [169] 

GLP-1RAs Lose weight Clinical 
trial 

Markedly reduce cartilage loss and pain in knee 
joints of obese patients; Delay or cancel joint 
replacement surgery 

Tirzepatide, 
Semaglutide 

Increase in 
gastrointestinal events, 
eating disorders, and the 
risk of 
depression/suicidal 
ideation 

[173, 223-
226] 

Metabolic 
reprogramming from 
glycolysis to OXPHOS 

Basic 
research 

Attenuate cartilage degeneration, osteophyte 
formation, synovial pathology, and pain sensitivity 
in obese mice 

Semaglutide [128] 

Reduce levels of 
inflammatory factors and 
inhibit the effects of 
AGEs 

Basic 
research 
 

Improves the deterioration of cartilage ECM 
components 

Dulaglutide [176] 

Biguanide 
antidiabetic 
drugs 

Lose weight Clinical 
trial 

Alleviates joint pain and improves joint function in 
overweight or obese patients 

Metformin 
 

Gastrointestinal 
symptoms are common 
and tend to decrease 
over time 

[178, 181, 
182] 

Reduce glycemic levels Clinical 
trial 

The rate of joint replacement in patients with DOA 
decreased over a period of 10 years. 

[179] 

Clinical 
trial 

Reduces the risk of OA development in diabetic 
patients and prevent OA 

[177] 

Inhibit oxidative stress 
and inflammatory 
responses 

Basic 
research 
 

Protects diabetic rats from secondary articular 
cartilage damage 

[227, 228] 

Regulate osteoprogenitor 
cells and type H vessel 
formation 

Basic 
research 

Mitigates aberrant osteogenesis and pain responses [198] 

Statins 
 

Reduce serum cholesterol 
and triglyceride 
concentrations 
 

Clinical 
trial 

Significantly reduces the risk of knee pain in patients 
with OA. Mitigates the longitudinal progression of 
femorotibial joint bone marrow lesion (BML) volume 

Atorvastatin (ATO), 
Simvastatin 
 

Increase the risk of 
developing type 2 
diabetes in the general 
population 

[188, 229, 
230] 

Basic 
research 
 

In mice with dyslipidemia, the thickening of the 
synovium and the degeneration of cartilage were 
significantly alleviated 

[185, 231, 
232] 

Basic 
research 
 

Significantly reduces chondrocyte inflammation 
induced by high glucose (HG) and prevent cartilage 
degradation 

[186, 187] 

n-3-PUFA Inhibit oxidative stress 
and inflammatory 
responses 

Clinical 
trial 

Improve joint pain, stiffness, and physical function in 
patients with OA 

Fish oil, Krill oil Gastrointestinal events, 
and increased incidence 
of infections, cancers, 
and 
cardiocerebrovascular 
diseases 

[190, 191, 
233] 

Basic 
research 
 

Reduces the number and infiltration of pro-
inflammatory synovial macrophages, thereby 
improving synovitis and cartilage degeneration in 
obese OA mice 

Resolvin D1 (RvD1) [195] 

Lipotoxicity-
targeted 
therapies 

Inhibit ER stress-
mediated cell death 

Basic 
research 
 

Attenuate palmitic acid-induced chondrocyte 
apoptosis 

Target Nupr1 or 
aberrant ER stress 
signaling 

Many potential 
therapeutic agents 
remain at the preclinical 
stage, and their long-
term efficacy for MetS-
associated OA requires 
further investigation 

[107, 108] 

Suppress aberrant FAO 
activation 

Basic 
research 

Alleviates cartilage degeneration in metabolically 
challenged PTOA mice 

FAO inhibitor 
trimetazidine 

[119] 

Modulating lipid 
metabolism and 
suppressing chondrocyte 
ferroptosis 

Basic 
research 

Preserves articular cartilage homeostasis in HFD-fed 
rats 

miR-34a-5p 
inhibitors 

[197] 

Anti-
inflammatory 
immune-
metabolic 
therapy 
 

Inhibition of MAPK and 
NF-κB activation 

Basic 
research 

Attenuates AGEs-induced human chondrocyte 
apoptosis 

PPARγ agonist 
pioglitazone 

[194] 

Inhibit CDK5-mediated 
PPARγ/NF-κB 
activation 

Basic 
research 

Reverse M1 macrophage polarization and 
chondrocyte apoptosis in vitro and alleviate cartilage 
damage in obese mice in vivo 

PPARγ agonist 
rosiglitazone 

[234] 

Inhibit NLRP3 
inflammasome and 
activate AMPK  

Basic 
research 

Attenuates inflammation and cartilage matrix 
degradation in palmitic acid-treated human 
chondrocytes 

Xanthohumol [114] 

Reduce synovial 
macrophage infiltration 

Basic 
research 

Alleviate persistent synovitis in obese mice Clodronate-loaded 
liposomes (CL), 
GAS6 

[195] 

PGE₂ pathway-
targeted 
therapies 

Suppress PGE₂ synthesis 
or block EP4-mediated 
signaling 

Basic 
research 

Alleviating pain responses in MetS-associated OA 
mice 

Imrecoxib, HL-43 Increase the risk of 
cardiovascular events 
during OA treatment 

[106, 202] 
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Taking together, a combination of systemic 
metabolic correction, joint-specific intervention, and 
symptomatic management may represent a rational 
therapeutic framework for MetS-associated OA. Early 
intervention targeting upstream metabolic 
abnormalities may help limit metabolic stress and 
delay joint degeneration, whereas patients with 
established local tissue damage may require joint-
specific therapies in combination with metabolic 
management and symptomatic treatment. 

5. Summary and future prospects 
Taken together, MetS induces systemic metabolic 

disturbances, which subsequently act on local joint 
tissues to cause OA, thereby forming the MetS-
associated OA phenotype characterized by distinct 
clinical manifestations and pathological features. 
Recent studies suggest that meniscal hypertrophy, 
extrusion, and tears are also recognized contributors 
to structural progression and disease severity in knee 
OA [203]. Longitudinal clinical data demonstrated that 
medial meniscus volume and extrusion in overweight 
and obese patients were associated with the incidence 
of radiographic knee OA at 30 months [204, 205]. 
Concurrently, preliminary MRI and micro‑CT 
observations in HFD‑fed mice revealed more marked 
reductions in meniscal density and an increased 
fragmentation rate [206]. Thus, the meniscus may 
serve as a key imaging‑based target for early detection 
and intervention in asymptomatic MetS-associated 
OA [207].  

Previous studies have demonstrated that 
metabolic dysregulation can drive macrophage 
infiltration and M1 polarization within the synovium 
through mechanisms such as inducing glycolytic 
reprogramming of FLS and upregulating the 
OA‑associated protease HtrA1 [138, 208]. In addition, 
recent investigations have identified RCAN1+IL1α+ 
senescent synovial fibroblasts within the OA synovial 
lining layer, which secrete excessive SFAs that act on 
cartilage to accelerate chondrocyte senescence and 
ECM degradation [209]. Meanwhile, it has become 
increasingly recognized that subchondral bone lesions 
in MetS-associated OA may precede cartilage 
degeneration [142, 153]. Such crosstalk may involve 
the reciprocal exchange of inflammatory mediators, 
adipokines, lipid metabolites, extracellular vesicles, 
and vascular and neural signals, thereby creating a 
feed-forward network that links systemic metabolic 
stress to multi-tissue joint degeneration. Thus, beyond 
focusing on the dysfunctional mechanisms of 
individual joint tissues in MetS-associated OA, it is 
essential to recognize that, given its nature as a 
whole‑joint disease, the cellular crosstalk within and 
across joint tissues may play a pivotal role in driving 

its initiation and progression. This broader perspective 
may ultimately allow us to intervene at the very root 
of the disease process. Moreover, when other 
pathogenic factors of OA are superimposed on MetS, 
the specific alterations in systemic and local joint 
metabolism, as well as their synergistic contributions 
to OA development, remain incompletely understood. 
The ambiguity regarding whether metabolic 
dysregulation serves as an initiating factor or a 
contributing factor has hindered both a 
comprehensive understanding of MetS-associated OA 
and the development of effective targeted 
interventions. 

Patients with MetS-associated OA frequently 
experience exacerbated joint pain, representing a 
significant clinical concern. A large-scale cross-
sectional cohort study in South Korea demonstrated a 
positive correlation between elevated cholesterol 
levels in MetS and knee OA pain [14]. Dyslipidemia-
induced increases in sphingomyelin 34:1 also have 
been shown to elicit arthritic pain in murine models 
[210]. And sphingomyelin is hydrolyzed to ceramide 
by acid sphingomyelinase. Studies have found that 
palmitic acid treatment induces ceramide 
accumulation in human chondrocytes, potentially 
contributing to OA development through 
dysregulation of ECM catabolism [211]. Subchondral 
bone ischemia resulting from hypertension is also 
implicated as a risk factor for joint pain [23, 212, 213]. 
Furthermore, the coexistence of diabetes, 
hypertension, and obesity with OA is associated with 
heightened joint pain severity [9]. Collectively, 
components of MetS may independently or 
synergistically lower pain thresholds and exacerbate 
joint pain severity [214, 215]. The pathogenesis of joint 
pain in MetS-associated OA is likely mediated by 
various metabolic factors and adipokines circulating 
in the blood that act on macrophage-rich regions such 
as the synovium and IPFP, promoting the 
accumulation of inflammatory mediators and 
triggering inflammatory responses [216-218], but the 
precise mechanisms remain to be fully elucidated. A 
comprehensive understanding of pain etiology and 
pathogenesis is essential for facilitating early 
intervention and effective pain management. 

Research has demonstrated the critical role of 
biomarkers in osteoarthritis research, clinical trials, 
and therapeutic development. However, validated 
indicators for early and targeted screening or 
longitudinal monitoring of MetS-associated OA 
remain scarce. Nevertheless, although bioinformatic 
and machine learning analyses have identified a 
limited number of peripheral blood–based diagnostic 
gene signatures for MetS-associated OA, their 
functional relevance to local joint pathology has not 
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yet been experimentally confirmed. Consequently, 
there is an urgent need to establish a comprehensive 
monitoring framework that integrates biomarkers 
reflecting systemic metabolism, cellular senescence, 
and local joint alterations. Such an integrated 
approach would provide a robust foundation for the 
development of effective strategies for early detection, 
risk stratification, and targeted intervention in MetS-
associated OA. Therefore, future research should more 
actively leverage advanced technologies such as 
genomics, proteomics, and metabolomics to 
comprehensively investigate characteristic 
pathological alterations in MetS-associated OA and 
their interplay with OA driven by other endotypes. 
Such efforts can substantially enhance our 
understanding of OA pathogenesis and allow MetS-
associated OA research to transition from 
phenomenological description to a new phase 
characterized by mechanism driven insights and 
precision targeted interventions to facilitate the 
development of more targeted therapeutic strategies. 
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