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Abstract
Metabolic syndrome (MetS), characterized by central obesity, insulin resistance, dyslipidemia, and hypertension, has been increasingly recognized as a significant contributor to the development and progression of colorectal cancer (CRC). This review comprehensively summarizes current evidence linking MetS to CRC risk and outcomes from mechanistic, epidemiological, and clinical perspectives. Mechanistic studies suggest that hyperinsulinemia, activation of the insulin-like growth factor axis, chronic systemic inflammation, and adipokine dysregulation create a tumor-promoting environment. Epidemiological data from large-scale cohort studies and meta-analyses consistently demonstrate a positive association between MetS and CRC incidence, with abdominal obesity and hyperglycemia identified as key components. Mendelian randomization studies further support a causal relationship between visceral adiposity and CRC risk. Clinically, MetS is associated with increased risk of recurrence and reduced overall and disease-free survival in CRC patients. Emerging evidence also indicates that persistent metabolic abnormalities may contribute to early-onset CRC. Interventions targeting metabolic health - including lifestyle modification and bariatric surgery - have shown potential in reducing CRC risk and improving outcomes. Despite these advances, heterogeneity in MetS definitions and a paucity of prospective interventional studies limit the generalizability of current findings. Further research is warranted to establish standardized diagnostic criteria, elucidate sex- and age-specific mechanisms, and integrate metabolic profiling into risk stratification frameworks for CRC prevention and management.
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Core Tip: This comprehensive review highlights the emerging role of metabolic syndrome (MetS) as a critical modifiable risk factor in colorectal cancer (CRC) initiation, progression, and prognosis. It synthesizes mechanistic evidence involving insulin resistance, chronic inflammation, and adipokine dysregulation, and consolidates global epidemiological data linking MetS - especially abdominal obesity and hyperglycemia - to increased CRC incidence and mortality. The review also discusses the adverse impact of MetS on CRC outcomes, including recurrence and survival, and evaluates the potential of lifestyle and surgical interventions in mitigating these risks. This article underscores the importance of integrating metabolic health assessment into personalized CRC prevention and management strategies.

INTRODUCTION
[bookmark: OLE_LINK2]Colorectal cancer (CRC) remains one of the leading causes of cancer-related morbidity and mortality worldwide. The increasing prevalence of metabolic syndrome (MetS) has drawn significant attention due to its potential contribution to colorectal carcinogenesis. MetS is characterized by a combination of risk factors, including abdominal obesity, insulin resistance, hyperglycemia, hypertension, and dyslipidemia, which collectively lead to systemic inflammation and metabolic disturbances[1,2]. According to widely accepted criteria, the diagnosis of MetS is established when three or more of these five components are present. The growing global burden of both CRC and MetS highlights the urgent need to explore the intersection of these two conditions, especially given that MetS affects 25%-40% of adults in developed countries[1,2].
Epidemiological studies have increasingly pointed to MetS as a significant risk factor for CRC, with its components, especially abdominal obesity and hyperglycemia, being closely linked to CRC initiation and progression[3]. This review aims to examine the molecular mechanisms, epidemiological associations, and clinical implications of MetS in CRC, while addressing existing controversies and knowledge gaps in the current literature[1,4].

MECHANISTIC INSIGHTS: LINKING METABOLIC DYSFUNCTION TO COLORECTAL TUMORIGENESIS
[bookmark: OLE_LINK1658][bookmark: OLE_LINK1659]The mechanisms by which MetS contributes to CRC development are multifactorial, with insulin resistance, chronic inflammation, and altered lipid metabolism representing key mechanistic pathways, whereas abdominal obesity and hyperglycemia are the major clinical phenotypes most consistently linked to CRC risk. Insulin resistance, commonly seen in MetS, leads to elevated levels of insulin and activation of the insulin-like growth factor pathway, promoting cellular proliferation and inhibiting apoptosis[1,5]. Additionally, chronic low-grade inflammation is a hallmark of MetS and contributes to CRC through increased secretion of pro-inflammatory cytokines such as tumor necrosis factor-α, interleukin-6, and C-reactive protein, which enhance tumor growth and survival[1,5].
Furthermore, adipokine dysregulation, particularly the imbalance between elevated leptin and reduced adiponectin levels, plays a significant role in CRC development[1,6]. Elevated leptin can stimulate cellular proliferation, angiogenesis, and pro-inflammatory signaling, while reduced adiponectin diminishes anti-inflammatory and pro-apoptotic pathways, thereby synergistically fostering a pro-tumorigenic environment. Dysregulated lipid metabolism, commonly seen in MetS, has also been shown to promote CRC by altering cell membrane dynamics and generating oxidative stress[1,6]. These mechanisms collectively create a tumor-promoting environment that enhances the risk of CRC in individuals with MetS (Figure 1).

EPIDEMIOLOGICAL ASSOCIATIONS: A CONSISTENT AND GLOBAL RISK PATTERN
Epidemiological data consistently show that MetS is a major risk factor for CRC (Table 1). Meta-analyses and large cohort studies have demonstrated that individuals with MetS have a 25%-70% increased risk of developing CRC compared to those without MetS, with risk rising proportionally to the number of MetS components present[7,8]. Among the components of MetS, abdominal obesity and hyperglycemia have emerged as the most influential factors in CRC risk, with several studies identifying visceral fat as a key contributor[3].
Despite methodological variations across studies, abdominal obesity and hyperglycemia consistently emerge as the strongest predictors of CRC risk in diverse populations, including Asian, European, and United States cohorts. For example, large cohort studies from Europe and the United States have reported similar associations between abdominal obesity and CRC risk, even though the definitions of MetS components and measurement techniques varied[2]. This consistency across different populations and study designs highlights the robustness of these risk factors and underscores the need for targeted prevention strategies.
Mendelian randomization studies have provided causal evidence supporting the role of abdominal obesity in increasing CRC risk, reinforcing the need to target abdominal fat in CRC prevention strategies[9,10]. Furthermore, early-onset CRC, which is becoming increasingly prevalent, is also associated with MetS, highlighting the importance of addressing metabolic health in younger populations[11,12].

PROGNOSTIC IMPLICATIONS: METS AND CLINICAL OUTCOMES IN CRC
In addition to increasing CRC risk, MetS has a significant impact on CRC prognosis. Studies have shown that MetS is associated with higher recurrence rates and poorer overall survival in CRC patients, particularly those with liver-specific recurrence after surgical resection[13]. The adverse effect of MetS on prognosis is independent of traditional oncological factors such as tumor stage and grade, underscoring the importance of managing metabolic dysfunction in CRC care[3].
For instance, several studies have shown that metformin, a commonly used medication for managing hyperglycemia in diabetic patients, improves survival outcomes in CRC patients with diabetes[14]. Specifically, metformin has been associated with reduced CRC recurrence and improved overall survival in patients with coexisting diabetes, suggesting its potential as an adjunctive treatment in MetS-related CRC management. Furthermore, weight reduction through bariatric surgery has been shown to significantly reduce the incidence of CRC in patients with severe obesity. Bariatric surgery, by improving metabolic health and reducing visceral fat, has led to favorable long-term outcomes in terms of both metabolic control and cancer prevention.
Lifestyle factors, such as obesity, smoking, and sedentary lifestyle and poor dietary patterns affecting glucose metabolism, are significant contributors to survival outcomes in MetS patients with CRC, suggesting that interventions targeting MetS components could improve long-term survival[3,14]. Furthermore, the integration of inflammatory markers, such as CRP, into MetS assessment may help identify high-risk individuals for CRC recurrence and poor prognosis[15].

COMPONENT-SPECIFIC EFFECTS: THE CENTRAL ROLE OF OBESITY AND HYPERGLYCEMIA
Among the individual components of MetS, abdominal obesity and hyperglycemia consistently show the strongest associations with CRC risk. Numerous studies have found that abdominal obesity, measured by waist circumference or waist-to-hip ratio, is a robust predictor of CRC risk, with combined obesity and hyperglycemia marking the highest risk for CRC[16-18]. In addition, evidence from European cohorts has demonstrated that these associations are not limited to Asian male populations; for example, Stocks et al[16] reported that abdominal obesity and hyperglycemia significantly increased CRC risk in both men and women, although the effect sizes varied between sexes. This indicates that while men may experience higher absolute risks, abdominal obesity and hyperglycemia are also important determinants of CRC risk in women.
Other components of MetS, such as hypertension and dyslipidemia, have also been implicated in CRC risk, although their associations are less consistent across studies[6,8]. Studies suggest that the combination of obesity and hyperglycemia with hypertension and dyslipidemia significantly amplifies CRC risk, even though the individual effects of hypertension and dyslipidemia may be weaker. These interactions highlight the complex nature of MetS and its contribution to CRC risk, suggesting that multi-component MetS profiles, rather than individual components, are more strongly associated with poor prognosis and higher CRC incidence[7,17].

CLINICAL AND PREVENTIVE IMPLICATIONS
The strong association between MetS and CRC highlights the need for incorporating metabolic health into CRC prevention strategies. Given the modifiable nature of MetS, interventions aimed at improving metabolic function, such as weight loss, increased physical activity, and dietary changes, are crucial in reducing CRC risk[14,19]. Pharmacological treatments, including metformin for glucose control and statins for dyslipidemia, may also contribute to reducing CRC risk and improving outcomes in MetS patients[14].
Bariatric surgery has also emerged as a promising intervention for MetS-related CRC prevention, particularly in individuals with severe obesity[20]. Given the rising incidence of both MetS and CRC, integrating metabolic health assessments into CRC screening protocols could significantly improve early detection and personalized treatment strategies[3].

CONTROVERSIES AND KNOWLEDGE GAPS
Although growing evidence supports the association between MetS and CRC, important controversies and gaps remain. The lack of uniform diagnostic criteria for MetS leads to heterogeneity in prevalence estimates and complicates cross-study comparisons. Moreover, the potential influence of sex-specific and age-specific factors is insufficiently understood, as some studies suggest stronger associations in men and younger adults, yet results remain inconsistent. In addition, prospective interventional studies directly addressing whether control of MetS components reduces CRC risk or improves prognosis are scarce. Finally, the integration of metabolic and inflammatory profiling into CRC risk stratification frameworks is still in its early stages, requiring further validation.

FUTURE DIRECTIONS
The association between MetS and CRC underscores the need for personalized approaches to prevention and treatment. Future research should focus on metabolic profiling and biomarker discovery to better understand the unique metabolic signatures that contribute to CRC development in MetS patients. These efforts could enable the identification of novel biomarkers for early detection, risk stratification, and treatment selection in CRC patients with metabolic abnormalities.
In addition, precision prevention approaches that tailor interventions based on an individual’s metabolic profile, genetic background, and environmental factors could hold great promise in reducing CRC risk. Personalized treatment strategies, such as the use of pharmacological agents (e.g., metformin) or lifestyle interventions (e.g., bariatric surgery), could be optimized based on metabolic and genetic assessments, leading to more effective outcomes in patients with MetS.
Moreover, addressing sex-specific and age-specific mechanisms in MetS-related CRC is critical. Subgroup analyses, including those focused on early-onset CRC, could offer valuable insights into the differential impact of MetS components across different populations. Integrating multi-omics technologies, including genomics, proteomics, and metabolomics, could further refine personalized prevention and treatment strategies.

CONCLUSION
MetS is a significant and modifiable risk factor for CRC, with compelling evidence linking its components, particularly abdominal obesity and hyperglycemia, to increased CRC risk and poorer clinical outcomes. Mechanistically, MetS promotes CRC development through insulin resistance, chronic inflammation, and adipokine imbalance. Epidemiological studies consistently show a higher risk of CRC in individuals with MetS, especially those with multiple metabolic disturbances. Clinically, MetS is associated with higher CRC recurrence rates and reduced survival, underscoring the importance of managing metabolic health in CRC prevention and treatment. Lifestyle interventions and pharmacological treatments targeting MetS components may help mitigate CRC risk and improve outcomes. Future research should focus on refining MetS definitions, identifying metabolic biomarkers for CRC prediction, and evaluating the effectiveness of interventions to reduce CRC risk in MetS patients.
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Figure 1 Mechanisms linking metabolic syndrome components to colorectal cancer. MetS: Metabolic syndrome; CRC: Colorectal cancer.

Table 1 Summary of key epidemiological studies evaluating the association between metabolic syndrome components and colorectal cancer risk
	Ref.
	Year
	Study design/population
	MetS definition/components analyzed
	Main findings on CRC risk

	Han et al[2]
	2021
	Systematic review and meta-analysis (17 studies)
	[bookmark: OLE_LINK6]NCEP ATP III/multiple components
	MetS associated with approximately 30% increased CRC incidence; abdominal obesity and hyperglycemia strongest drivers

	Shen et al[4]
	2021
	Systematic review and meta-analysis (25 cohorts)
	Mixed definitions
	MetS increased CRC risk (RR approximately of 1.37); stronger effect in men; heterogeneity by region

	Zhan et al[7]
	2024
	Meta-analysis (31 cohorts + MR)
	Standardized criteria
	MetS and abdominal obesity causally linked to CRC; hyperglycemia consistently associated

	Wang et al[8]
	2024
	Prospective cohort, China (number approximately 100000)
	Chinese criteria
	MetS significantly increased CRC incidence; abdominal obesity main contributor

	Yuan et al[9]
	2024
	Mendelian randomization
	Genetic instruments for MetS
	Causal effect of abdominal obesity on CRC risk confirmed

	Stocks et al[13]
	2008
	Prospective cohort, Europe (number approximately 560000; men and women)
	MetS components separately analyzed
	Abdominal obesity and hyperglycemia increased CRC risk in both sexes; stronger in men

	Bhome et a[14]
	2021
	Prospective cohort, United Kingdom (n = 1006 CRC patients)
	Clinical diagnosis of MetS
	MetS predicted higher recurrence risk, especially liver-specific recurrence


MR: Mendelian randomization; CRC: Colorectal cancer; MetS: Metabolic syndrome; NCEP: National Cholesterol Education Program; ATP III: Adult Treatment Panel III; RR: Relative risk.
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