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Abstract 

Background: Metabolic syndrome (MetS) affects approximately 25-30% of adults worldwide and 

is traditionally associated with cardiovascular complications. However, emerging evidence 

suggests that MetS may also substantially increase the risk of musculoskeletal disorders, including 

osteoarthritis, sarcopenia, and osteoporosis. Objectives: This review synthesizes current evidence 

on the molecular and pathophysiological mechanisms connecting MetS to musculoskeletal 

disorders, with particular focus on chronic inflammation and insulin resistance as central mediators. 

Methods: A comprehensive literature search was conducted across PubMed and Google Scholar, 

focusing on publications from 2018-2026. Search terms included metabolic syndrome, chronic 

inflammation, insulin resistance, musculoskeletal disorders, adipokines, osteoarthritis, and 

sarcopenia. After reviewing and ranking for relevance, 40  high-impact studies were selected to 

form the evidence base for this review [40]. Results: The literature reveals that chronic 

inflammation in MetS, characterized by elevated pro-inflammatory cytokines (IL-6, TNF-α, IL-

1β) and dysregulated adipokines (leptin, adiponectin, resistin), creates a systemic inflammatory 
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environment that directly impacts musculoskeletal tissues. NLRP3 inflammasome activation drives 

IL-1β/IL-18 release and chronic metabolic inflammation. TNF-α and IL-6 suppress Wnt signaling 

in bone tissue, with TNF-α correlating positively with Wnt inhibitors and negatively with bone 

strength. Insulin resistance disrupts anabolic signaling in muscle, bone, and cartilage through 

impaired PI3K/Akt pathways. Meta-analytic data show increased odds of knee osteoarthritis in 

diabetic patients (OR 1.24) with mean OA prevalence among diabetics of  34.29%.                                                                    

Conclusions: Chronic inflammation and insulin resistance represent critical mechanistic links 

between MetS and musculoskeletal disorders. Interventions targeting inflammation and insulin 

sensitivity—including lifestyle modifications, omega-3 fatty acids, metabolic drugs (metformin, 

GLP-1 agonists), intermittent fasting, and inflammasome-targeting approaches—may offer 

benefits for both metabolic and musculoskeletal health. 

 

Keywords: metabolic syndrome; chronic inflammation; insulin resistance; musculoskeletal 

disorders; adipokines; osteoarthritis; sarcopenia. 

 

 

 

1. Introduction 

       The global burden of metabolic syndrome (MetS) has reached concerning levels, with 

prevalence estimates ranging from 20% to 35% across different populations [1]. Traditionally 

defined by clustering of central obesity, hypertension, dyslipidemia, and impaired glucose 

metabolism, MetS is well-established as a major risk factor for cardiovascular disease and type 2 

diabetes [1, 2]. However, emerging evidence indicates that the impact of MetS extends beyond 

cardiovascular and metabolic complications to significantly affect musculoskeletal health [2]. 

Recent meta-analytic evidence demonstrates strong epidemiological associations between MetS 

and musculoskeletal disorders [3, 4, 5]. Diabetic patients show increased odds of knee osteoarthritis 

(OR 1.24), with OA prevalence among diabetics reaching 34.29%, while diabetes prevalence 

among OA patients is 23.45% [3]. These associations persist even after adjusting for mechanical 

loading factors, suggesting that metabolic and inflammatory mechanisms play substantial 
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independent roles [4]. The mechanisms underlying the MetS-musculoskeletal connection appear 

to be multifactorial, involving chronic low-grade inflammation, insulin resistance, and adipokine 

dysregulation [5]. Understanding these mechanistic links is crucial for developing integrated 

therapeutic approaches that address both metabolic and musculoskeletal health [5]. This review 

synthesizes current evidence on how chronic inflammation and insulin resistance serve as key 

pathophysiological bridges between MetS and musculoskeletal disorders, with focus on 

osteoarthritis, sarcopenia, and osteoporosis. 

2. Metabolic Syndrome: Definition and Epidemiology                                                                         

Metabolic syndrome is clinically defined by the presence of at least three of the following criteria: 

central obesity (waist circumference ≥102 cm in men, ≥88 cm in women), elevated triglycerides 

(≥150 mg/dL), reduced HDL cholesterol (<40 mg/dL in men, <50 mg/dL in women), elevated 

blood pressure (≥130/85 mmHg), and elevated fasting glucose (≥100 mg/dL) [1]. The syndrome 

affects approximately one-quarter to one-third of adults in developed countries, with prevalence 

increasing with age and obesity rates [1]. The pathophysiology of MetS centers on insulin 

resistance and chronic inflammation, both of which have profound effects extending beyond 

traditional metabolic complications [1, 2]. Adipose tissue dysfunction, particularly visceral 

adiposity, drives systemic inflammation through secretion of pro-inflammatory cytokines and 

dysregulated adipokines [6, 7]. This creates a “meta-inflammatory” state that affects multiple organ 

systems, including musculoskeletal tissues [7]. 

3. Chronic Inflammation in Metabolic Syndrome 3.1 Inflammatory Cytokines and Systemic 

Inflammation                                                                                                                                                                     

Metabolic syndrome is characterized by chronic low-grade inflammation, marked by elevated 

circulating levels of pro-inflammatory cytokines including tumor necrosis factor-alpha (TNF-α), 

interleukin-6 (IL-6), and interleukin-1 beta (IL-1β) [7]. These cytokines originate primarily from 

dysfunctional adipose tissue, particularly visceral fat depots, which become infiltrated with pro-

inflammatory macrophages in obesity [7]. Recent evidence highlights the central role of the NLRP3 

inflammasome in driving metabolic inflammation [8]. The NLRP3 inflammasome, activated by 

metabolic stress signals including fatty acids, glucose, and reactive oxygen species, processes pro-

IL-1β and pro-IL-18 into their active forms [8]. This inflammasome-driven inflammation creates a 

feed-forward cycle that perpetuates insulin resistance and promotes tissue damage across multiple 
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systems, including musculoskeletal tissues [8].                                                                                                                                    

3.2 Wnt Signaling Disruption in Bone                                                                                                                                     

A critical mechanistic link between inflammation and bone pathology has been identified through 

effects on Wnt signaling [9]. Recent human tissue studies demonstrate that TNF-α and IL-6 are 

elevated in bone tissue from individuals with type 2 diabetes and obesity, and these inflammatory 

cytokines directly correlate with upregulation of Wnt pathway inhibitors including sclerostin 

(SOST) and secreted frizzled-related protein 5 (SFRP5) [9]. Simultaneously, canonical Wnt 

signaling components WNT10B and LEF-1 are downregulated [9]. Critically, TNF-α mRNA levels 

correlate positively with Wnt inhibitor expression and negatively with bone material strength, 

establishing a direct mechanistic link between inflammation, Wnt pathway suppression, and 

compromised bone quality [9]. This inflammatory suppression of Wnt signaling impairs osteoblast 

differentiation and bone formation, contributing to the increased fracture risk observed in MetS 

despite normal or even elevated bone mineral density [9].                                                                                                      

3.3 Effects on Cartilage and Joints                                                                                                                            

Systemic inflammation in MetS directly affects joint tissues through multiple mechanisms [10]. 

Pro-inflammatory cytokines infiltrate synovial fluid and cartilage, where they promote expression 

of matrix metalloproteinases (MMPs) and aggrecanases that degrade cartilage extracellular matrix 

[10]. IL-1β and TNF-α also suppress chondrocyte synthesis of type II collagen and proteoglycans 

while promoting chondrocyte apoptosis [10]. Additionally, advanced glycation end products 

(AGEs), which accumulate in hyperglycemic states, modify cartilage matrix proteins and stimulate 

receptor for AGE (RAGE) signaling in chondrocytes, amplifying inflammatory responses and 

oxidative stress [11]. This creates a “metabolic OA” phenotype distinct from purely mechanical 

osteoarthritis, characterized by systemic inflammatory drivers of joint degeneration [10, 11]. 

4. Insulin Resistance and Musculoskeletal Tissues 4.1 Insulin Signaling in Musculoskeletal 

Tissues Insulin plays crucial anabolic roles in muscle, bone, and cartilage beyond its glucose-

regulatory functions [12]. In skeletal muscle, insulin activates the PI3K/Akt pathway to stimulate 

glucose uptake, protein synthesis, and glycogen storage while suppressing protein degradation [12, 

11]. In bone, insulin signaling promotes osteoblast differentiation and bone formation [12]. In 

cartilage, insulin supports chondrocyte metabolism and matrix synthesis [12]. Insulin resistance, 

the hallmark of MetS, impairs these anabolic processes across all musculoskeletal tissues [12]. 

Reduced insulin signaling decreases glucose uptake and ATP production, compromising cellular 
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energy metabolism [12, 13]. Impaired Akt activation reduces mammalian target of rapamycin 

(mTOR) signaling, leading to decreased protein synthesis and increased protein degradation in 

muscle [13].                                                                                                                                                                                                        

Insulin resistance disrupts normal anabolic signaling across various musculoskeletal tissues, 

leading to distinct pathological changes in cartilage, bone, and muscle.                                                                                

Table 1. Mechanisms of Insulin Resistance Affecting Musculoskeletal Tissues 

Tissue Normal Insulin Signaling Impact of Insulin Resistance Pathological Outcome 

    

Skeletal 

Muscle 

Glucose uptake (GLUT-4), 

protein synthesis 

(mTOR/Akt pathway). 

Impaired PI3K/Akt signaling; 

mitochondrial dysfunction; 

increased ectopic fat. 

Sarcopenia, reduced 

muscle strength, and 

metabolic inflexibility. 

Cartilage Chondrocyte survival, 

synthesis of extracellular 

matrix (ECM). 

Shift towards catabolic 

pathways; increased oxidative 

stress in chondrocytes. 

Accelerated cartilage 

degradation and 

progression of OA. 

Bone Osteoblast differentiation, 

bone formation, and 

mineralization. 

Altered RANKL/OPG ratio; 

impaired osteoblast function; 

marrow adiposity. 

Reduced bone quality 

(fragility) and increased 

fracture risk. 

Tendon Tenocyte metabolism and 

collagen synthesis. 

Altered ECM composition; 

accumulation of Advanced 

Glycation End-products 

(AGEs). 

Tendinopathy, reduced 

mechanical strength, and 

impaired healing. 

Abbreviations: Akt = Protein Kinase B; ECM = Extracellular Matrix; GLUT-4 = Glucose 

Transporter Type 4; mTOR = Mammalian Target of Rapamycin; OA = Osteoarthritis; OPG = 

Osteoprotegerin; PI3K = Phosphoinositide 3-kinase; RANKL = Receptor Activator of Nuclear 

Factor κB Ligand. 

4.2 Cartilage and Bone Effects                                                                                                                                                   

In cartilage, insulin resistance promotes chondrocyte dysfunction through multiple pathways [11]. 

Hyperglycemia drives AGE accumulation in cartilage matrix, altering biomechanical properties 

and triggering RAGE-mediated inflammatory signaling [11]. Mitochondrial dysfunction and 

increased oxidative stress impair chondrocyte repair capacity and promote cellular senescence [11, 



 

7 

13]. In bone tissue, insulin resistance correlates with suppressed Wnt signaling and increased 

expression of Wnt inhibitors [9]. The combination of inflammatory cytokine elevation and insulin 

signaling impairment creates a catabolic environment that favors bone resorption over formation, 

contributing to bone fragility despite maintained bone mass [9].                                                                                                                                                             

4.3 Muscle Wasting and Sarcopenia                                                                                                                                                

Insulin resistance is a key driver of sarcopenia in MetS through multiple mechanisms [12]. 

Impaired insulin signaling reduces muscle protein synthesis while inflammatory cytokines activate 

protein degradation pathways including the ubiquitin-proteasome system and autophagy-lysosome 

pathways [12, 13]. Additionally, insulin resistance impairs satellite cell function, reducing muscle 

regenerative capacity [12]. Intramuscular fat accumulation (myosteatosis) further compromises 

muscle quality and insulin sensitivity, creating a vicious cycle of metabolic-muscular dysfunction 

[14]. The interplay between skeletal muscle and adipose tissue becomes increasingly dysfunctional 

with age and metabolic disease, contributing to sarcopenic obesity [14, 18].                                                                                                         

5. Adipokine Dysregulation 5.1 Leptin                                                                                                                             

Leptin, secreted primarily by adipocytes in proportion to fat mass, is elevated in obesity and MetS 

[15, 16]. While leptin has important metabolic regulatory functions, hyperleptinemia in obesity is 

associated with leptin resistance and contributes to musculoskeletal pathology [15]. In joints, leptin 

promotes cartilage catabolism by stimulating chondrocyte production of MMPs and inflammatory 

mediators [15, 33]. Leptin also enhances synovial inflammation and has been implicated in 

osteoarthritis pain pathways [15, 19]. In bone, leptin has complex effects, acting through both 

central and peripheral pathways [16]. While some leptin signaling supports bone formation, chronic 

hyperleptinemia in obesity may contribute to bone quality impairment [16]. In muscle, leptin 

resistance may impair its normal role in supporting muscle protein synthesis and energy 

metabolism [14].                                                                                                                                                                                 

5.2 Adiponectin Adiponectin, an adipokine with anti-inflammatory and insulin-sensitizing 

properties, is paradoxically reduced in obesity and MetS despite increased fat mass [16]. Low 

adiponectin levels are associated with increased risk of MetS, type 2 diabetes, and cardiovascular 

disease [16]. In musculoskeletal tissues, adiponectin appears to have protective effects [9, 16]. In 

bone tissue from individuals with type 2 diabetes and obesity, adiponectin levels are reduced and 

correlate inversely with Wnt inhibitor expression, suggesting that loss of adiponectin’s protective 

signaling may contribute to Wnt pathway suppression and bone quality impairment [9]. In muscle, 
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adiponectin promotes fatty acid oxidation and insulin sensitivity, supporting metabolic health [14]. 

In joints, adiponectin has anti-inflammatory effects that may protect against osteoarthritis 

development [15, 33].                                                                                                                                                                      

5.3 Resistin and Visfatin                                                                                                                                                                                         

Resistin and visfatin are pro-inflammatory adipokines elevated in obesity and MetS [16, 17]. Both 

have been implicated in insulin resistance and inflammatory processes [17]. In osteoarthritis, 

resistin and visfatin levels correlate with disease severity, pain scores, and structural damage [17, 

33]. These adipokines stimulate production of pro-inflammatory cytokines and matrix-degrading 

enzymes in joint tissues [17]. Strategies that reduce adipose tissue dysfunction and normalize 

adipokine secretion may benefit both metabolic and musculoskeletal health [16, 17]. The systemic 

'meta-inflammatory' state characteristic of metabolic syndrome involves a complex array of 

signaling molecules.  

Table 2. Key Inflammatory Mediators in Metabolic Syndrome and Their Effects on 

Musculoskeletal Tissues 

Mediator Source Primary 

Function 

Effects on Musculoskeletal 

Tissues 

Clinical 

Relevance 

     

IL-6 Adipose tissue, 

immune cells, 

muscle 

Pro-

inflammatory 

signaling 

• Promotes cartilage degradation 

via MMP upregulation                                       

• Stimulates osteoclast activity 

(bone resorption)                                           

• Induces muscle protein 

catabolism                                                                                         

• Enhances synovial 

inflammation 

Elevated in OA 

and RA; 

correlates with 

disease severity 

 

 

TNF-α 

 

 

Adipose tissue, 

macrophages 

 

 

Pro-

inflammatory 

signaling, 

insulin 

resistance 

 

• Activates NF-κB pathway in 

chondrocytes                                           

• Increases RANKL expression 

(osteoclastogenesis)                                           

• Impairs muscle protein 

synthesis                                                  

• Promotes synovial proliferation 

 

 

Key target for 

anti-

inflammatory 

therapy in 

arthritis 
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Mediator Source Primary 

Function 

Effects on Musculoskeletal 

Tissues 

Clinical 

Relevance 

     

IL-1β Macrophages, 

adipocytes 

Pro-

inflammatory 

signaling 

• Induces MMP and ADAMTS 

expression in cartilage                              

• Inhibits collagen type II 

synthesis                                                    

• Activates osteoclasts                                                                     

• Contributes to muscle wasting 

Central 

mediator in OA 

pathogenesis 

 

 

Leptin 

 

 

Adipose tissue 

(proportional to 

fat mass) 

 

 

Energy 

homeostasis, 

appetite 

regulation 

 

• Stimulates chondrocyte 

catabolism                                           • 

Promotes pro-inflammatory 

cytokine production                                        

• Modulates bone remodeling 

(complex effects)                                                     

• May impair muscle insulin 

sensitivity 

 

 

Elevated in 

obesity; direct 

effects on 

cartilage 

 

 

Adiponect

in 

 

 

Adipose tissue 

(inversely related 

to fat mass) 

 

 

Anti-

inflammatory, 

insulin 

sensitizing 

 

• Generally protective for 

cartilage                                                           

• Promotes bone formation                          

• Enhances muscle insulin 

sensitivity                                                                  

• Anti-inflammatory effects on 

synovium 

 

 

Decreased in 

MetS; potential 

therapeutic 

target 

 

 

Resistin 

 

 

Adipose tissue, 

immune cells 

 

 

Pro-

inflammatory 

signaling 

 

• Induces IL-6 and TNF-α in 

synovial tissue                                                         

• Promotes cartilage degradation                                             

• Associated with insulin 

resistance                                                       

• Correlates with OA severity 

 

 

Emerging 

biomarker for 

metabolic OA 

Abbreviations: ADAMTS = A Disintegrin and Metalloproteinase with Thrombospondin Motifs; 

IL = Interleukin; MetS = Metabolic Syndrome; MMP = Matrix Metalloproteinase; NF-κB = 

Nuclear Factor kappa B; OA = Osteoarthritis; RA = Rheumatoid Arthritis; RANKL = Receptor 

Activator of Nuclear Factor κB Ligand; TNF = Tumor Necrosis Factor. 
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6. Specific Musculoskeletal Disorders                                                                                                                                           

The clinical impact of metabolic syndrome on the musculoskeletal system is evidenced by a 

significantly higher prevalence of various disorders compared to the general population.                                                                                                                       

Table 3. Musculoskeletal Disorders Associated with Metabolic Syndrome: 

Epidemiological Evidence 

Disorder Prevalence 

in MetS 

Key Associations Proposed Mechanisms Clinical 

Implications 

     

Osteoarthritis 

(OA) 

2–3× 

increased 

risk  

Obesity (mechanical + 

metabolic), insulin 

resistance, systemic 

inflammation  

Adipokine-mediated 

cartilage damage, chronic 

inflammation, oxidative 

stress  

Metabolic control 

may slow OA 

progression 

independent of 

weight loss  

 

 

Sarcopenia 

 

1.5–2.5× 

increased 

risk  

 

Insulin resistance, 

chronic inflammation, 

physical inactivity  

 

Impaired protein synthesis, 

mitochondrial dysfunction, 

reduced muscle 

regeneration  

 

Exercise and insulin 

sensitizers are 

critical to preserve 

muscle mass  

 

 

Osteoporosis 

 

1.3–1.8× 

increased 

risk  

 

Insulin resistance, 

chronic inflammation, 

Vitamin D deficiency  

 

Impaired osteoblast 

function, enhanced 

osteoclastogenesis, reduced 

bone quality  

 

Metabolic control is 

vital for bone health 

despite potentially 

higher BMI  

 

 

Tendinopathy 

 

Increased 

prevalence  

 

Diabetes/insulin 

resistance, 

dyslipidemia, obesity  

 

Impaired collagen 

synthesis, altered tendon 

structure, reduced healing 

capacity  

 

Metabolic control 

may improve tendon 

health and reduce 

injury risk  

 

 

Gout 

 

Strong 

association  

 

Hyperuricemia, insulin 

resistance, obesity, 

hypertension  

 

Reduced renal uric acid 

excretion, increased uric 

acid production  

 

Weight loss and 

metabolic control 

significantly reduce 

gout attacks  

Abbreviations: BMI = Body Mass Index; MetS = Metabolic Syndrome; OA = Osteoarthritis. 
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 6.1 Osteoarthritis                                                                                                                                                                       

Osteoarthritis (OA) is increasingly recognized as having a strong metabolic component, with MetS 

substantially increasing OA risk independent of mechanical loading effects [1, 5, 38]. The concept 

of “metabolic OA” describes a phenotype driven by systemic inflammation, insulin resistance, and 

adipokine dysregulation rather than purely mechanical factors [5, 10]. Obesity-related OA exhibits 

distinct features including greater systemic inflammation, higher synovial fluid levels of 

inflammatory mediators, and more rapid progression compared to non-metabolic OA [6, 5]. The 

“fat to flame” paradigm describes how dysfunctional adipose tissue stokes the fires of joint 

inflammation through secretion of inflammatory cytokines and adipokines that directly damage 

cartilage and promote synovial inflammation [6]. Recent evidence suggests that sarcopenic obesity 

may be particularly detrimental for OA risk, with insulin resistance (measured by TyG index) 

potentially mediating this relationship [18]. The role of adipose tissue dysfunction extends beyond 

systemic effects to include local impacts of infrapatellar fat pad inflammation and dysfunction in 

knee OA [19].                                                                                                                                                                                               

6.2 Sarcopenia                                                                                                                                                                           

Sarcopenia, the age-related loss of muscle mass and function, is accelerated in MetS through the 

combined effects of insulin resistance, chronic inflammation, and hormonal changes [12, 39]. The 

association between sarcopenia and diabetes is bidirectional: insulin resistance promotes muscle 

loss, while sarcopenia worsens insulin resistance through reduced glucose disposal capacity [12]. 

Inflammatory cytokines including TNF-α and IL-6 directly promote muscle protein degradation 

while impairing protein synthesis [12, 20]. Adipokine dysregulation, particularly low adiponectin 

and high leptin, contributes to muscle metabolic dysfunction [14, 16]. Mitochondrial dysfunction 

and increased oxidative stress impair muscle energy metabolism and promote myocyte damage 

[13]. Sarcopenic obesity is associated with greater disability, higher mortality, and increased risk 

of metabolic complications compared to either sarcopenia or obesity alone [18, 27].                                                                                               

6.3 Osteoporosis and Bone Fragility                                                                                                                                                         

While MetS and type 2 diabetes are sometimes associated with normal or elevated bone mineral 

density (BMD), bone quality and fracture resistance are often impaired, a phenomenon termed 

“diabetic bone disease” [2, 31]. The mechanisms involve inflammatory suppression of Wnt 

signaling, AGE accumulation in bone matrix, and impaired bone material properties [9, 11]. 

Inflammatory cytokines suppress canonical Wnt signaling through upregulation of Wnt inhibitors 
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including sclerostin, impairing osteoblast function and bone formation [9]. AGE accumulation in 

bone collagen alters its mechanical properties, reducing bone toughness and increasing fragility 

despite maintained bone mass [11]. Additionally, insulin resistance may impair the anabolic effects 

of insulin on bone formation [12, 31]. This highlights the need for assessment of bone quality and 

fracture risk beyond traditional densitometry [2]. 

7. Clinical Implications and Therapeutic Strategies 7.1 Lifestyle Interventions                                     

Lifestyle modifications remain the cornerstone of MetS management [1, 21, 30]. Weight loss 

through caloric restriction improves insulin sensitivity, reduces systemic inflammation, and 

decreases mechanical loading on joints [1, 10]. Exercise interventions provide benefits beyond 

weight loss, including improved insulin sensitivity, reduced inflammation, and enhanced muscle 

mass and strength [21, 30]. Both aerobic exercise and resistance training offer metabolic and 

musculoskeletal benefits [30]. Exercise-induced muscle-fat crosstalk involves secretion of 

myokines including irisin and other factors that improve metabolic health and may protect 

musculoskeletal tissues [20].                                                                                                                                                             

7.2 Nutritional Strategies                                                                                                                                                                          

Omega-3 polyunsaturated fatty acids (n-3 PUFAs) have anti-inflammatory properties and may 

benefit both metabolic and musculoskeletal health [21]. N-3 PUFAs reduce production of pro-

inflammatory cytokines and eicosanoids while promoting resolution of inflammation [21]. 

Intermittent fasting (IF) represents an emerging nutritional strategy that improves insulin 

sensitivity, reduces systemic inflammation, and activates cellular stress resistance pathways 

including autophagy [22]. IF has shown benefits for joint health through reduction of inflammation 

and activation of autophagy in chondrocytes [22]. Additionally, Mediterranean diet patterns have 

shown promise in managing metabolic-musculoskeletal health [29].                                                                                                                    

7.3 Pharmacological Approaches                                                                                                                                                     

Metformin has anti-inflammatory effects beyond its glucose-lowering actions, potentially 

protecting cartilage through AMPK activation [23]. Observational studies suggest that metformin 

use may be associated with reduced OA progression [23]. GLP-1 receptor agonists offer potential 

benefits for musculoskeletal health through weight loss, improved insulin sensitivity, and direct 

anti-inflammatory effects [2, 23]. Given the role of NLRP3 inflammasome activation, 

inflammasome-targeted therapies represent a rational approach for addressing MetS manifestations 

[8, 28]. IL-1β antagonists and specific NLRP3 inhibitors are in development and may benefit 
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metabolic OA [8, 15].                                                                                                                                                                         

7.4 Biomarkers for Early Detection and Monitoring                                                                                                                

Metabolic biomarkers including elevated total cholesterol and uric acid have been associated with 

early knee OA [24]. Inflammatory biomarkers including CRP and IL-6 may help identify 

individuals at high risk for musculoskeletal complications [7, 24]. Tissue-specific biomarkers 

including circulating sclerostin may reflect bone quality impairment [9, 25]. The triglyceride-

glucose (TyG) index has shown promise as a predictor of sarcopenic obesity and its association 

with OA [18]. Multi-omic approaches may ultimately provide more comprehensive assessment 

[25]. 

 8. Future Directions                                                                                                                                                                             

Clinical trials are needed to test whether interventions targeting inflammation and insulin resistance 

can prevent or slow musculoskeletal disease progression [2, 5]. Clarification of the relative 

contributions of systemic versus local metabolic-inflammatory processes is required to guide 

targeted interventions [6, 19]. Furthermore, identifying individual metabolic-inflammatory 

phenotypes could enable more precise therapeutic targeting [1, 13, 21]. Finally, understanding the 

interactions between aging, MetS, and musculoskeletal disease may reveal age-specific therapeutic 

opportunities [13, 26, 39]. 

9. Conclusions                                                                                                                                                                                                                        

Chronic inflammation and insulin resistance serve as critical mechanistic links between metabolic 

syndrome and musculoskeletal disorders [1, 2, 5]. The inflammatory milieu of MetS, driven by 

adipose tissue dysfunction, directly impacts musculoskeletal tissues [6, 7]. NLRP3 inflammasome 

activation and inflammatory suppression of Wnt signaling represent key mechanistic pathways 

connecting metabolic and bone disease [8, 9]. Insulin resistance impairs anabolic signaling in 

muscle, bone, and cartilage while promoting catabolic processes [12, 13]. An integrated approach 

to managing metabolic syndrome should include consideration of musculoskeletal health, and 

conversely, management of musculoskeletal disorders should address underlying metabolic 

dysfunction [5, 23].                                                                                                                                                                                
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