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Abstract
Background  Although metabolic syndrome (MetS) is associated with an increased risk of various cancers, the 
combined impact of MetS and healthy lifestyle factors (HLF) on cancer risk is unclear. This study aimed to investigate 
the independent and combined effects of MetS and HLF on the risk of 16 site-specific cancers in a large community-
based cohort.

Methods  A total of 289,557 participants in the UK Biobank were analyzed. MetS was defined using a combination 
of metabolic factors, while HLF scores were evaluated based on lifestyle behaviors, such as smoking, alcohol 
consumption, physical activity, and diet. Cox proportional hazard models were used to investigate the relationship 
between MetS or HLF and cancer risk, adjusting for age, sex, ethnicity, education level, family history of cancer, and 
the Townsend Deprivation Index (TDI).

Results  During a median follow-up of 11.69 years, 11,190 individuals developed cancer. MetS was associated with an 
increased risk of 9 cancers in men and 7 cancers in women. Compared with participants with unfavorable lifestyles, 
regardless of metabolic status, HLF was significantly associated with decreased risk of overall cancer (without MetS: 
HR: 0.812; 95% CI: 0.745–0.886 for intermediate lifestyle and HR: 0.757; 95% CI: 0.669–0.855 for favorable lifestyle; 
with MetS: HR: 0.702; 95% CI: 0.572–0.862 for favorable lifestyle) and oesophagus, stomach, liver, lung, bronchus, 
trachea cancers in men and of lung, bronchus, trachea cancers in women. Our analysis demonstrated that the 
protective association between HLF and reduced cancer risk was confined to subgroups without MetS. Specifically, 
this association was observed for cancers of the lip, oral cavity, pharynx, colon, rectum, pancreas, kidney, bladder, and 
lymphoid leukemia in men, and for overall cancer in women(HR: 0.917; 95% CI: 0.862–0.975 for intermediate lifestyle 
and HR: 0.875; 95% CI: 0.817–0.938 for favorable lifestyle).

Conclusion  MetS elevates risks for multiple cancers, while adopting a healthy lifestyle reduces risks of oesophagus, 
stomach, and lung, bronchus, trachea cancers in men and lung, bronchus, trachea cancer in women, regardless of 
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Background
Metabolic syndrome (MetS) is a cluster of metabolic 
abnormalities, including abdominal obesity, insulin resis-
tance, hypertension, hyperglycemia, and hyperlipidemia 
[1, 2], which increase the risk of cardiovascular disease, 
type 2 diabetes, and other related disorders [3]. Several 
studies have shown that MetS is only associated with tra-
ditional cardiovascular diseases and the occurrence of 
various cancers, such as colon, rectum cancer, pancreas 
cancer, breast cancer, liver cancer, and endometrial can-
cer [4, 5]. Previous studies have demonstrated that MetS 
is significantly associated with various cancers, elucidat-
ing the mechanisms by which metabolic abnormalities, 
such as chronic inflammation [6], insulin resistance, lipid 
metabolism disorders, and oxidative stress [7, 8], contrib-
ute to tumorigenesis.

Although previous research showed that MetS is asso-
ciated with increased cancer risk, further systematic 
studies should assess the specific benefits of lifestyle 
interventions in reducing cancer risk among individuals 
with MetS [9]. Nonetheless, studies have shown that a 
healthy diet and physical activity can reduce the risk of 
cancer [10, 11], but the effects of these interventions in 
further reducing cancer risk in MetS patients have not 
been fully validated [12]. Therefore, further studies are 
needed to guide cancer prevention strategies for individ-
uals with MetS.

This study aimed to systematically assess the relation-
ship between MetS and the risk of 16 specific cancers and 
explore the potential moderating effect of a healthy life-
style on this association based on large-scale prospective 
cohort data. Therefore, this study may provide scientific 
evidence for the development of more effective cancer 
prevention measures.

Methods
Study population
The UK Biobank is a large-scale, prospective cohort study 
with over 500,000 participants recruited between 2006 
and 2010 from various regions, including England, Wales, 
and Scotland. The study design and data collection meth-
ods have been described in detail in previous publica-
tions [13]. Extensive baseline questionnaires, interviews, 
and physical measurements were used to obtain life-
style and other potentially health-related aspects of par-
ticipants. Ethical approval for the UK Biobank cohort 
was granted by the North West Multicenter Research 

Ethics Committee, and all participants provided written 
informed consent [13]. UK Biobank data are available for 
researchers after acceptance of a research proposal. The 
present study was conducted under application number 
92,668 of the UK Biobank resource.

Assessment of healthy lifestyle factors
We used data on smoking, physical activity and diet to 
calculate adherence scores. Food Frequency Question-
naire (FFQ) data were used to assess adherence to “Eat 
a diet rich in wholegrains, vegetables, fruit, and beans”, 
“Limit consumption of red and processed meat” and 
“Limit alcohol consumption”. Self-reported time spent 
in Moderate to Vigorous Physical Activity (MVPA), col-
lected via the short form of the International Physical 
Activity Questionnaire (IPAQ) [14], was used to assess 
adherence with the physical activity guidelines. We cal-
culated adherence scores using data on smoking, physical 
activity, and diet. Details on the physical training, limit 
alcohol consumption and diet score construction and 
cutoff values used are described in Supplementary Table 
S1 and were elaborated earlier by Romaguera and col-
leagues [15].

The participants were assigned scores for smoking, 
alcohol consumption, physical activity and consumption 
of red and processed meat as follows: 1 points for opti-
mal behaviors, 0.5 points for moderate behaviors, and 
0 points for unhealthy behaviors. For sub-components 
(“Eat a diet rich in fibre” and “Eat a diet rich in fruits and 
vegetables”), 0.5 points for optimal behaviors, 0.25 points 
for moderate behaviors, and 0 points for unhealthy 
behaviors. The final score ranged from 0 to 5.

Assessment of metabolic status
MetS was defined according to a consensus criteria, 
incorporating five key metabolic abnormalities: elevated 
blood pressure (systolic blood pressure (BP) ≥ 130  mm 
Hg, diastolic BP ≥ 85 mm Hg, or both), hypertriglyceride-
mia (≥ 1.7 mmol/L), low high-density lipoprotein choles-
terol (HDL-C) levels (male: < 1.0 mmol/L; female: < 1.3 
mmol/L), increased waist circumference (male: ≥ 102 cm; 
female: ≥ 88 cm for European populations), and hypergly-
cemia (fasting glucose ≥ 100  mg/dL) [16]. Two measure-
ments of systolic and diastolic blood pressure (BP) were 
taken and averaged for further analysis. Waist circumfer-
ence was measured at the natural indent (or umbilicus if 
the natural indent could not be located) using a Seca 200 

metabolic status. However, MetS counteracts lifestyle-mediated protection against specific cancers—including lip, 
oral cavity, pharynx, colon, rectum, pancreas, kidney, and bladder cancers in men, as well as pancreas and breast 
cancers in women. These findings underscore the necessity to develop metabolic status-stratified management 
strategies and implement proactive prevention of MetS.
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tape measure. Enzyme immunoinhibition and glycerol-
3-phosphate-peroxidase methods were used to deter-
mine serum triglyceride and HDL-C concentrations. 
Glycated hemoglobin (HbA1c) was utilized to assess 
hyperglycemia instead of fasting glucose levels, as most 
participants in the UK Biobank had non-fasting glucose 
measurements. A cutoff value of ≥ 42.0 mmol/mol was 
applied to indicate impaired glucose regulation [17, 18]. 
MetS was diagnosed when participants exhibited any 
three of the aforementioned components.

Outcome ascertainment
Incident cancer cases in the UK Biobank were identi-
fied through electronic linkage with the National Health 
Service (NHS) central registers and death registries for 
England, Wales, and Scotland. For England and Wales, 
the Cancer Registry data was up to December 31, 2020; 
and November 30, 2021 for Scotland. The cancers were 
classified according to the International Classification of 
Diseases, 10th Revision (ICD-10). Herein, we focused on 
cancers diagnosed post-UK Biobank recruitment, spe-
cifically targeting 16 cancers for which MetS or healthy 
lifestyle factors (HLF) is considered an etiological factor: 
lip, oral cavity, pharynx (C00–C14), oesophagus (C15), 
stomach (C16), colon, rectum(C18–C20), liver (C22), 
pancreas (C25), lung, bronchus, trachea (C33–C34), skin 
melanoma (C43), breast (C50), corpus uteri (C54–C55), 
ovary (C56), kidney (C64), bladder (C67), brain and cen-
tral nervous system (C70–C72), multiple myeloma (C90), 
and lymphoid leukemia (C91). Participants were cen-
sored if they were diagnosed with cancer at other sites 
(excluding non-melanoma skin cancer) before the diag-
nosis of the target cancer.

Assessment of covariates
Sociodemographic data, including sex, ethnicity, and 
family history of cancer, were collected through a self-
reported touchscreen questionnaire during the baseline 
assessment at the recruitment centers. Age was calcu-
lated based on the reported date of birth. The TDI, an 
area-based measure of socioeconomic deprivation incor-
porating factors, such as unemployment, overcrowding, 
non-car ownership, and non-home ownership, was cal-
culated using each postcode at the time of recruitment 
based on data from the most recent national census [19]. 
Education level, a key indicator of socioeconomic sta-
tus, was self-reported during the baseline assessment 
and categorized according to the highest level of educa-
tion attained. All models were adjusted for age, ethnic-
ity, family history of cancer, TDI, and education since 
these covariates influence both cancer risk and health 
behaviors.

Statistical analysis
Cancer risk among UK Biobank participants was 
assessed from baseline until the earliest occurrence of 
cancer diagnosis, death, loss to follow-up, or the end of 
the follow-up period. The associations between MetS/
HLF scores and cancer incidence were assessed using 
multivariable Cox proportional hazards regression mod-
els, with hazard ratios (HRs) and 95% confidence inter-
vals (CIs). The Cox regression models were adjusted for 
age at inclusion, ethnicity, education, family history of 
cancer, and the Townsend Deprivation Index (TDI). For 
female-specific cancers (breast, corpus uteri, and ovary), 
additional adjustments were made for menopausal sta-
tus, use of oral contraceptives, hormone replacement 
therapy, age at menarche, age at first birth, and parity. 
The participants were categorized into favorable (high-
est tertile), intermediate (middle tertile), and unfavor-
able (lowest tertile) lifestyle groups based on their HLF 
scores. The cross-product terms between metabolic sta-
tus (with/without MetS) and lifestyle groups (favorable/ 
intermediate/ unfavorable lifestyle) were incorporated 
into the Cox regression models. Interaction significance 
was evaluated using the likelihood ratio test (LRT), com-
paring models with and without interaction terms. Sub-
group analyses stratified by metabolic status groups were 
also performed. Missing data for any covariates were 
addressed using multiple imputation. Incident cancer 
cases occurring within the first year after baseline were 
excluded from the joint analysis. All statistical tests were 
two-sided. P-values < 0.05 were considered statistically 
significant. R software (version 4.3.2, R Project for Statis-
tical Computing) was used for statistical analyses.

Results
Baseline characteristics of the study population
A total of 289,557 UK Biobank participants were 
included in this study. The characteristics of the partici-
pants are described in Table 1. A total of 11,190 partici-
pants developed cancer, including 3,733 males and 7,457 
females, during a median follow-up of 11.69 years (IQR: 
10.93–12.45).

The association between metabolic status and site-specific 
cancer risk
We included 16 predefined site-specific cancers for anal-
ysis. MetS was associated with an increased risk of overall 
cancer in both men (HR:1.315;95%CI:1.228–1.407) and 
women (HR:1.181;95%CI:1.120–1.247) after adjusting for 
some factors, including age, ethnicity, family history of 
cancer, TDI, and education (Table 2). Additionally, MetS 
was significantly associated with oesophagus, stomach, 
colon, rectum, pancreas, lung, bronchus, trachea, breast, 
corpus uteri, kidney cancer, multiple myeloma, and lym-
phoid leukemia.
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Specifically, colon, rectum cancer (Men: HR:1.241; 
95%CI:1.125–1.369; Women: HR:1.227; 95% CI: 1.083–
1.391), liver cancer (Men: HR:2.261; 95%CI:1.744–2.931; 
Women: HR:1.799; 95% CI: 1.199–2.699), pancreas 
cancer (Men: HR:1.321; 95%CI:1.069–1.632; Women: 
HR:1.543; 95%CI:1.204–1.976), lung, bronchus, trachea 

cancer (Men: HR:1.141; 95% CI: 1.006–1.293; Women: 
HR:1.407; 95% CI: 1.222–1.621), and kidney can-
cer (Men: HR:1.480; 95% CI: 1.230–1.779; Women: 
HR:2.326; 95% CI: 1.783–3.035) were significantly 
associated with MetS in both men and women. Nota-
bly, MetS was significantly associated with oesophagus 

Table 1  Baseline characteristics of participants
Overall (N = 289557) Non-incident Cancer (N = 278367) Incident Cancer (N = 11190) P value

Age (years) 56.1 (8.1) 56.0 (8.1) 58.6 (7.5) < 0.001
Sex
  Men 140,725 (48.6%) 136,992 (49.2%) 3733 (33.4%) < 0.001
  Women 148,832 (51.4%) 141,375 (50.8%) 7457 (66.6%)
Townsend deprivation index
  1 (Least deprived) 58,123 (20.1%) 55,860 (20.1%) 2263 (20.2%) 0.0252
  2–4 173,523 (59.9%) 166,722 (59.9%) 6801 (60.8%)
  5 (Most deprived) 57,911 (20.0%) 55,785 (20.0%) 2126 (19.0%)
Educational qualifications
  College or above 101,746 (35.1%) 98,092 (35.2%) 3654 (32.7%) < 0.001
  High school or equivalent 145,977 (50.4%) 140,400 (50.4%) 5577 (49.8%)
  Less than high school 41,834 (14.4%) 39,875 (14.3%) 1959 (17.5%)
Ethnicity
  Non-White 14,723 (5.1%) 14,372 (5.2%) 351 (3.1%) < 0.001
  White 274,834 (94.9%) 263,995 (94.8%) 10,839 (96.9%)
Family history of cancer
  Yes 88,408 (30.5%) 84,674 (30.4%) 3734 (33.4%) < 0.001
  No 201,149 (69.5%) 193,693 (69.6%) 7456 (66.6%)
HLF scores 2.751 (0.823) 2.751 (0.823) 2.758 (0.820) 0.417
Met status
  Without MetS 211,402 (75.9%) 219,466 (75.8%) 8064 (72.1%) < 0.001
  With MetS 66,965 (24.1%) 70,091 (24.2%) 3126 (27.9%)
Data are presented as means and standard deviation in brackets (SD) for total score and age. Data for sex, Townsend deprivation index, education, ethnicity, family 
history of cancer and Met status are presented as number of participants (n) and percentage in brackets (%)

Table 2  Association between metabolic status and site-specific cancer risk
ICD10 Cancer site Men Women

Hazard Ratio (95%CI) P-value Hazard Ratio (95%CI) P-value
C00-C14 Lip, Oral Cavity, Pharynx 1.029 [0.815, 1.299] 0.812 0.990 [0.681, 1.439] 0.957
C15 Oesophagus 1.446 [1.186, 1.764] < 0.001 0.907 [0.599, 1.375] 0.646
C16 Stomach 1.503 [1.173, 1.926] 0.001 1.418 [0.958, 2.099] 0.081
C18-C20 Colon, Rectum 1.241 [1.125, 1.369] < 0.001 1.227 [1.083, 1.391] 0.001
C25 Pancreas 1.321 [1.069, 1.632] 0.01 1.543 [1.204, 1.976] 0.001
C33-C34 Lung, Bronchus, Trachea 1.141 [1.006, 1.293] 0.04 1.407 [1.222, 1.621] < 0.001
C43 Skin Melanoma 0.993 [0.854, 1.154] 0.923 0.966 [0.808, 1.156] 0.706
C50 Breast 1.141 [1.069, 1.217] < 0.001
C54-C55 Corpus Uteri, Nos 2.235 [1.932, 2.586] < 0.001
C56 Ovary 1.078 [0.878, 1.325] 0.472
C64 Kidney 1.480 [1.230, 1.779] < 0.001 2.326 [1.783, 3.035] < 0.001
C67 Bladder 1.175 [0.972, 1.420] 0.095 1.215 [0.831, 1.778] 0.315
C70-C72 Brain, Central Nerves 0.988 [0.747, 1.306] 0.932 0.853 [0.587, 1.240] 0.405
C90 Multiple Myeloma 1.276 [1.005, 1.621] 0.046 1.076 [0.776, 1.490] 0.661
C91 Lymphoid Leukaemia 1.376 [1.070, 1.768] 0.013 1.193 [0.828, 1.717] 0.343

Overall Cancer 1.265 [1.179, 1.358] < 0.001 1.173 [1.111, 1.238] < 0.001
Hazard ratios (HRs) and 95% confidence intervals (CIs) from Cox proportional hazards regression models, adjusted for age, ethnicity, family cancer history, Townsend 
deprivation index, and education. For female-specific cancers (breast, corpus uteri, and ovary cancers), the models were further adjusted for menopausal status, use 
of oral contraceptives, use of hormone replacement therapy, age at menarche, age at first birth, and parity
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cancer (HR:1.446; 95%CI:1.186–1.764), stomach can-
cer (HR:1.503 95%CI:1.173–1.926), multiple myeloma 
(HR:1.276; 95%CI:1.005–1.621), and lymphoid leukemia 
(HR:1.376; 95%CI:1.070–1.768) in men; while breast 
cancer (HR:1.141; 95%CI:1.069–1.217) and corpus uteri 
cancer (HR:2.235; 95%CI:1.932–2.586) were signifi-
cantly associated with MetS in women. Liver cancer in 
Men (HR:2.261; 95%CI:1.744–2.931) and kidney cancer 
in women (HR:2.326; 95%CI:1.783–3.035) exhibited the 
highest hazard ratios within each sex group.

The association between Lifestyle factors and site-specific 
cancer risk
Overall cancer risk was associated with smoking, physical 
activity, meat intake and fibre intake in males, and with 
smoking, physical activity, and fiber intake in females 
(Additional file 1: Supplementary Table S2). Notably, in 
males, the most significant reduction in overall cancer 
risk was associated with never smoking (HR:0.638; 95% 
CI: 0.577–0.705), while in females, it was associated with 
sufficient fiber intake (HR:0.802; 95% CI: 0.647–0.995). 
A comprehensive HLF score was derived by aggregat-
ing individual lifestyle scores. When the HLF score was 
treated as a continuous variable, each one-point increase 
in the lifestyle score was associated with a decrease in 
overall cancer risk (Men: HR: 0.875; 95% CI: 0.840–0.910; 
Women: HR: 0.936; 95% CI: 0.909–0.963) (Additional file 
1: Supplementary Table S3).

Participants were categorized into favorable (highest 
score tertile), intermediate (middle score tertile), and 
unfavorable lifestyles groups (lowest score tertile). The 
HRs for participants with intermediate and favorable 
lifestyles, compared to those with an unfavorable life-
style, are presented in Supplementary Table S4 for men 
and Supplementary Table S5 for women. Compared to 
participants maintaining unfavorable lifestyles in model 
2, in men, those adopting intermediate lifestyles dem-
onstrated a statistically significant reduction in overall 
cancer risk (HR: 0.865; 95%CI: 0.807–0.927), with pro-
nounced protective effects notably observed for cancers 
of the lip, oral cavity, pharynx (HR: 0.647; 95%CI: 0.510–
0.819), oesophagus(HR: 0.581; 95%CI: 0.468–0.722), 
colon, rectum(HR: 0.827; 95%CI: 0.749–0.914), liver 
(HR: 0. 666; 95%CI: 0. 504–0.879), pancreas(HR: 0.789; 
95%CI: 0.636–0.979), lung, bronchus, trachea(HR: 0.442; 
95%CI: 0.385–0.509), and bladder cancers(HR: 0.725; 
95%CI: 0.595–0.882). Notably, the protective effects 
intensified and broadened with progression to favorable 
lifestyles. Compared to participants maintaining unfa-
vorable lifestyles in model 2, in men, those maintaining 
favorable lifestyles exhibited further reduced risks for 
all cancers combined (HR: 0.769; 95%CI: 0.691–0.855) 
and specific cancers: lip, oral cavity, pharynx(HR: 0.517; 
95%CI: 0.357–0.748), oesophagus (HR: 0.516; 95%CI: 

0.369–0.720), stomach (HR: 0.511; 95%CI: 0.328–0.796), 
colon, rectum (HR: 0.643; 95%CI: 0.551–0.751), pan-
creas (HR: 0.508; 95%CI: 0.353–0.731), liver (HR: 0. 238; 
95%CI: 0. 129–0. 441), lung, bronchus, trachea (HR: 
0.218; 95%CI: 0.164–0.291), kidney (HR: 0.637; 95%CI: 
0.470–0.864), and bladder cancers (HR: 0.742; 95%CI: 
0.561–0.983) (Supplementary Table S4).

In model 2, participants adopting intermediate life-
styles showed reduced all cancers combined risk (HR: 
0.917; 95%CI:0.870–0.967) in women, particularly for 
pancreas (HR: 0.674; 95%CI:0.516–0.880) and lung, 
bronchus, trachea cancers (HR: 0.473; 95%CI:0.409–
0.548), with modest breast cancer protection (HR: 0.912; 
95%CI:0.857–0.971). Progression to favorable lifestyles 
amplified protection, yielding stronger reductions for 
all cancers (HR: 0.878; 95%CI: 0.828–0.932) and specific 
cancers: pancreas (HR: 0.693; 95%CI: 0.517–0.930), lung, 
bronchus, trachea (HR: 0.308; 95%CI: 0.254–0.375) and 
breast cancers (HR: 0.833; 95%CI: 0.775–0.894) (Supple-
mentary Table S5).

Joint effect of lifestyle factors and metabolic status on 
overall cancer risk
In further stratification analyses by metabolic status with 
unfavorable lifestyles as the reference group, based on the 
model 2, we confirmed that among participants without 
metabolic syndrome, healthy lifestyles were significantly 
associated with a decreased risk of overall cancer (HR: 
0.812; 95% CI: 0.745–0.886 for intermediate lifestyle and 
HR: 0.757; 95% CI: 0.669–0.855 for favorable lifestyle) in 
men (Table 3). However, among participants with meta-
bolic syndrome, significant cancer risk reduction was 
observed only in those maintaining a favorable lifestyle 
(HR: 0.702; 95% CI: 0.572–0.862) in men. In subsequent 
analyses, we confirmed that in model 2, regardless of 
metabolic status, participants with healthier lifestyles had 
a reduced risk of oesophagus, stomach, liver, lung, bron-
chus, trachea cancers compared to those with unfavor-
able lifestyles in men. Notably, our analysis revealed that 
the protective associations between healthier lifestyles 
and reduced risks were exclusively observed in the sub-
group without metabolic syndrome, compared to partici-
pants with unfavorable lifestyles, for cancers of the lip, 
oral cavity, pharynx (HR: 0.508; 95% CI: 0.380–0.679 for 
intermediate lifestyle and HR: 0.463; 95% CI: 0.303–0.709 
for favorable lifestyle), colon, rectum (HR: 0.789; 95% CI: 
0.698–0.891 for intermediate lifestyle and HR: 0.574; 95% 
CI: 0.475–0.694 for favorable lifestyle), pancreas (HR: 
0.812; 95% CI: 0.745–0.886 for intermediate lifestyle and 
HR: 0.723; 95% CI: 0.553–0.945 for favorable lifestyle), 
kidney (HR: 0.645; 95% CI: 0.446–0.933 for favorable life-
style), bladder (HR: 0.688; 95% CI: 0.541–0.874 for inter-
mediate lifestyle and HR: 0.664; 95% CI: 0.472–0.933 for 
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favorable lifestyle), and lymphoid leukaemia (HR: 0.679; 
95% CI: 0.481–0.957 for intermediate lifestyle).

HLF demonstrated protective effects in lung, bronchus, 
trachea cancers in women irrespective of metabolic sta-
tus. However, in women we only observed an association 
between a healthy lifestyle and a reduced risk of overall 
cancer combined (HR: 0.917; 95% CI: 0.862–0.975 for 
intermediate lifestyle and HR: 0.875; 95% CI: 0.817–0.938 
for favorable lifestyle) with pancreas (HR: 0.709; 95% 
CI: 0.510–0.985 for intermediate lifestyle), and breast 
cancers(HR: 0.910; 95% CI: 0.844–0.981 for intermediate 
lifestyle and HR: 0.837; 95% CI: 0.769–0.912 for favorable 
lifestyle) in participants without MetS, but no such effect 
was detected in participants with MetS (Table 4).

Statistically significant interactions were observed 
between metabolic status and lifestyle groups in relation 
to the risk of overall cancer (p for interaction = 0.003), 
lip, oral cavity, pharynx (p for interaction = 0.010), 
stomach (p for interaction = 0.002), colon, rectum (p 
for interaction = 0.037), lung, bronchus, trachea (p for 
interaction = 0.007), lymphoid leukaemia (p for interac-
tion = 0.010) in men. No statistically significant interac-
tion effects were observed in the aforementioned cancers 
in women.

Exceptions were seen for skin melanoma, lip, oral cav-
ity, pharynx, and corpus uteri cancer. Participants with 
MetS and intermediate lifestyle exhibited significantly 
elevated risks of skin melanoma in men, lip, oral cavity, 
pharynx cancer in women without MetS, and corpus 
uteri cancer in women with MetS.

Discussion
MetS and HLF jointly influence cancer risk. In this 
study, we systematically assessed the individual and joint 
effects of metabolic status and HLF on 16 cancer types 
through sex-stratified analyses in a large community-
based cohort. Results indicated that MetS was associated 
with an increased risk of 9 cancers in men and 7 cancers 
in women. A healthy lifestyle demonstrated generalized 
protective effects, showing significant risk reduction for 
overall, oesophagus, stomach, liver, and lung, bronchus, 
trachea cancers in men, as well as lung, bronchus, tra-
chea cancer in women, irrespective of metabolic status. 
Notably, the protective associations against overall, lip, 
oral cavity, pharynx, colon, rectum, pancreas, kidney, 
bladder and lymphoid leukaemia cancers in men, and 
against overall, lip, oral cavity, pharynx, pancreas and 
breast cancers in women were exclusively observed in 
participants without MetS. Regardless of sex, partici-
pants without MetS demonstrated stronger inverse asso-
ciations between HLF adherence and reduced cancer risk 
compared to those with MetS.

With growing understanding of metabolic health and 
disease pathogenesis, increasing attention has focused 

on the relationship between MetS and cancer risk [20–
23]. Our research has established associations between 
MetS and elevated risks of various cancers. MetS dem-
onstrates significant correlations with site-specific cancer 
risk elevation, particularly for cancers of the oesophagus, 
colon, rectum, pancreas, lung, breast, uterine corpus, 
and kidney, as well as lymphoid leukaemia and multiple 
myeloma. These findings align with previous studies [4, 
5, 24–33]. Previous research by Harding J reported no 
association between MetS and elevated overall cancer 
risk [34]. Similarly, Bitzur R’s study found no significant 
correlation between MetS and overall cancer risk in 
age- and sex-adjusted models [35]. In this study, we not 
only evaluated the independent and joint effects of MetS 
across 16 cancer types but additionally performed sex-
stratified assessments for each individual malignancy [4, 
34, 35]. Our findings confirm and expand prior evidence 
that MetS elevates cancer susceptibility, with systematic 
demonstration of its differential effects between sexes. 
These insights enhance individual awareness of MetS-
associated cancer predisposition and reinforce proactive 
prevention strategies [23, 36].

Previous studies indicate that approximately 40% of 
cancers in the UK (United Kingdom) could be prevented 
annually through lifestyle modifications [37]. Studies by 
Marino and Malcomson have demonstrated that HLF 
adherence confers cancer-protective effects, with our 
results showing concordance with them [11, 38]. Further 
sex-stratified analyses showed that a healthy lifestyle was 
associated with a reduced risk of lip, oral cavity, pharynx 
cancer, oesophagus cancer, stomach cancer, colon can-
cer, rectal cancer, and kidney cancer, specifically in men. 
Additionally, a healthy lifestyle was related to a reduced 
risk of pancreas cancer, lung, bronchus, trachea cancer, 
and bladder cancer in men and women. The associations 
between HLF and cancer risk, exhibiting differential 
effects across sexes, may reflect the different relative dis-
tribution of the chosen cancers and the varying contribu-
tions of lifestyle factors across them [39].

Lifestyle patterns—including physical inactivity, 
tobacco use, alcohol consumption, and suboptimal 
dietary habits—constitute key modifiable drivers of obe-
sity, type 2 diabetes mellitus, dyslipidemia, and MetS [40, 
41]. In alignment with this evidence base, authoritative 
organizations including the American Cancer Society 
(ACS) and the World Cancer Research Fund/American 
Institute for Cancer Research (WCRF/AICR) have estab-
lished evidence-based guidelines to mitigate cancer bur-
den through population-level behavioral modification 
[42, 43]. Prior investigations have established associations 
between HLF and both overall and organ-specific cancers 
risks in MetS populations [44]. Consistent with this evi-
dence base, our study found no association between HLF 
adherence and breast cancer risk reduction in women 
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with MetS. However, within the MetS subgroup, HLF 
protective effects against overall cancer risk were exclu-
sively observed in men, with no detectable association in 
women. We further conducted a separate analysis of site-
specific cancers to clarify their association with HLF. Our 
findings revealed metabolic status dependency in the 
inverse associations between HLF adherence and reduced 
cancer risk. A healthy lifestyle demonstrated generalized 
protective effects, showing significant risk reduction for 
overall, oesophagus, stomach, liver, and lung, bronchus, 
trachea cancers in men, as well as lung, bronchus, tra-
chea cancer in women, irrespective of metabolic status. 
Intriguingly, we observed that the association between 
HLF adherence and reduced cancers incident risk dem-
onstrated metabolic state specificity. We exclusively 
observed significant risk reductions in men without MetS 
for cancers of the lip, oral cavity, pharynx, colon, rec-
tum, pancreas, kidney, bladder, and lymphoid leukemia, 
along with analogous protective effects in women with-
out MetS for overall cancer combined with pancreas, and 
breast cancers, whereas no such protective associations 
were detected in participants with MetS. Intriguingly, 
within the aforementioned results, we identified signifi-
cant interaction effects between HLF adherence and met-
abolic status for lip, oral cavity, pharynx, colon, rectum, 
lung, bronchus, trachea, and lymphoid leukaemia cancers 
in men, whereas in women this interaction was restricted 
to lung, bronchus, trachea cancer. These findings dem-
onstrate that MetS attenuates the cancer risk-reduction 
benefits conferred by HLF adherence, thereby necessitat-
ing methods to identify individual risks and develop met-
abolic status-stratified management strategies.

Collectively, our findings and prior evidence not only 
elucidate the oncogenic effects of metabolic syndrome 
but also reveal differential protective effects of healthy 
lifestyles across site-specific cancers and between sexes. 
These observations provide novel perspectives for cancer 
risk assessment and offer insights into potential inter-
actions between metabolic dysregulation and lifestyle 
factors in carcinogenesis. Ultimately, our findings pro-
vide actionable evidence for population-level behavioral 
modifications to reduce lifestyle-attributable cancer 
risks, thereby supporting global cancer burden mitigation 
efforts.

Strengths and limitations
To our knowledge, this is the first study to comprehen-
sively investigate the independent and joint associations 
of MetS and HLF adherence with site-specific cancer risk 
across 16 cancer types, employing a sex-stratified design 
to thoroughly characterize sex-specific effects. The major 
strengths of this study include: the large sample size, the 
prospective design of the UK Biobank study, and the 
additional sensitivity analyses for female-specific cancers. 

However, this study has some limitations. First, some fac-
tors, such as sleep, social interactions, and sugar intake, 
were not included as covariates. Second, some lifestyle 
factors were self-reported, which may have led to mis-
classification of lifestyle-related risk levels. Third, these 
findings may not be generalizable to other racial or eth-
nic groups due to the limitations of the UK Biobank.

Conclusions
MetS elevates risks for multiple cancers, while adopting 
a healthy lifestyle reduces risks of oesophagus, stomach, 
lung, bronchus, trachea and liver cancers in men and 
lung, bronchus, trachea cancer in women, regardless of 
metabolic status. However, MetS counteracts lifestyle-
mediated protection against specific cancers—including 
lip, oral cavity, pharynx, colon, rectum, pancreas, kidney, 
and bladder cancers and lymphoid leukaemia in men, 
as well as pancreas and breast cancers in women. These 
findings underscore the necessity to develop metabolic 
status-stratified management strategies and implement 
proactive prevention of MetS.
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