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Predictive value of metabolic syndrome for prostate cancer risk is not clear. We aimed to assess the
association between metabolic syndrome and its components with prostate cancer incidence. The
primary outcome was prostate cancer incidence, i.e., incidence rate ratios and adjusted cumulative
incidence curves derived from flexible parametric survival models. Adjusted cumulative incidence
curves were derived using a flexible survival parametrical modeling framework. We analysed UK
Biobank data including 242,349 adult males, recruited during 2006-2010 and followed up until 2021,
during which 6,467 (2.7%) participants were diagnosed with prostate cancer. Our findings indicate
that metabolic syndrome, as a whole, was not associated with prostate cancer risk (incidence rate
ratios, 1.07; 95% confidence interval, 0.94-1.22). However, specific components such as hypertension
and obesity increased the risk (incidence rate ratios, 1.22; 95% confidence interval, 1.03-1.44 and
incidence rate ratios, 1.24; 95% confidence interval, 1.05-1.46, respectively). Other components, such
as prediabetes/diabetes and low cholesterol, were associated with a reduced risk (incidence rate ratios,
0.80; 95% confidence interval, 0.67-0.94 and incidence rate ratios, 0.82; 95% confidence interval,
0.69-0.97, respectively), while hyperlipidaemia showed no significant effect (incidence rate ratios,
1.07; 95% confidence interval, 0.93-1.24). Further research is needed to understand the underlying
mechanisms behind these relationships. Prostate cancer prevention strategies might benefit from
targeting modifiable risk factors, particularly hypertension and obesity.
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Prostate cancer is the fourth most commonly diagnosed cancer worldwide and is the eighth leading cause of
cancer-related deaths among men globally'. In the UK, the prostate cancer incidence rates have risen since the
1990s, increasing notably from around age 45 and peaking in the 75-79 age group?. During the last decade
(between 2007-2009 and 2017-2019), age-standardised prostate cancer incidence rates increased by 9% in
the UKZ This aligns with increasing trends observed in other high-income regions, including the US, Canada,
Europe, and Australasia; with a steady rate of average increase of 2% per year globally, since 1990°.

The rising incidence underscores the need to re-examine potential risk factors for prostate cancer and
develop effective preventive strategies. Established non-modifiable risk factors include older age, ethnicity, Black
race, family history of prostate cancer, and certain genetic polymorphisms*°. Conversely, metabolic syndrome
is considered a modifiable risk factor®. Although the extent to which it can be effectively managed or reversed
depends on individual factors such as overall health and lifestyle changes.

Metabolic syndromeisa cluster of interconnected anthropometricaland biochemical risk factors and metabolic
diseases, including hypertension, high triglyceride, central obesity, low high-density lipoprotein-cholesterol,
and prediabetes/diabetes’. Given the current lifestyle trends leading to increasing obesity®, hypertension®, and
prediabetes/diabetes!?, the prevalence of metabolic syndrome is projected to continue to rise, especially in most
developed countries and some developing countries' 1. Previous studies often considered metabolic syndrome
as a combined entity due to the frequent co-occurrence and interdependence of its individual components,
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and the resulting synergistic effect on health outcomes!*-!8. This approach, however, potentially overlooks the
differential impact each component might have on the prostate cancer risk.

Findings about the role of metabolic syndrome in prostate cancer risk are limited and contradictory,
with variations observed across different geographic regions, races/ethnicities, and definitions of metabolic
syndrome'$-2!. Furthermore, the separate, additive, or non-linear associations of the individual metabolic
components with prostate cancer risk have seldom been investigated in depth. For example, some studies
have found diabetes to be associated with an increased incidence of prostate cancer?? while others have
found no significant association, or even a protective effect??>?*, This discrepancy points to the importance
of disentangling the influence of individual metabolic syndrome components on prostate cancer risk, which
this study aimed to do. Therefore, our aim was to assess the association between metabolic syndrome and its
components with prostate cancer incidence.

Methods and materials

Study population and case definition

We used the UK Biobank, a prospective biomedical cohort database containing deidentified, individual-level
health information from about half a million UK participants aged 40-69 years when recruited to the study
during 2006-2010. It combines extensive and precise baseline assessment of exposures with comprehensive
follow-up and assessment of many different health-related outcomes?. Detailed information was gathered at
baseline via a self-completed touch-screen questionnaire and computer-assisted interview, anthropometric
and functional measures, and collection of blood and other biological samples as appropriate?®. The inclusion
criteria for our prospective study were adult (> 18 year old) men, without records of prostate cancer at baseline.
Participants were excluded if they had any cancer diagnosis prior to recruitment, except for non-melanoma skin
cancer (International Classification of Diseases Tenth edition [ICD-10]: C44) or had missing data on measures
of all five components of metabolic syndrome. The cancer data were determined via record linkage to the
NHS Digital for participants residing in England and Wales, until the administrative censor date July 31, 2019
respectively®®. The UK Biobank study was approved by the Northwest Multi-Centre Research Ethics Committee
(application number 48860); all participants have provided written informed consent for data collection, data
analysis, and record linkage.

Ethical considerations

All analyses were performed in accordance with the relevant guidelines and regulations, including the
Declaration of Helsinki. The study was approved by the Northwest Multi-Centre Research Ethics Committee
(application number 48860).

Definition of exposure and covariables

Metabolic syndrome was defined following the modified National Cholesterol Education Program Adult
Treatment Panel (NCEP ATP) Il criteria®’. The presence of any three of the five factors is required for a diagnosis of
metabolic syndrome: (1) abdominal obesity (increased waist circumference > 102 cm; (2) hypertriglyceridaemia
(triglycerides > 1.7 mmol/L); (3) low high-density lipoprotein cholesterol (<1.03 mmol/L); (4) high blood
pressure (systolic blood pressure>130 mmHg or diastolic blood pressure>85 mmHg or on antihypertensive
medications); and/or (5) impaired fasting glucose (fasting plasma glucose > 5.6 mmol/L). As most subjects in UK
Biobank had non-fasting blood for glucose, we used a more stable measure of blood glucose level, the glycated
haemoglobin (HbAlc), based on the World Health Organisation/International Diabetes Federation guidelines,
with a clinical cut-off of>42 mmol/mol (=6.0%) and =48 mmol/mol (=6.5%) for the diagnosis of prediabetes
and diabetes respectively?®. We categorised the individual conditions as dichotomised variables with the clinical
cut-off values according to the above criteria.

Statistical analysis

Descriptive statistics for participants’ sociodemographic, clinical, and behavioral characteristics and follow-up
period were compared between the whole cohort of men and men who developed prostate cancer. The primary
outcome was the incidence of prostate cancer, defined as the first diagnosed case of malignancy (excluding non-
melanoma skin cancer [ICD-10: C44]) during the follow-up period. Person-years were calculated from the date
of UK Biobank assessment to the date of cancer registration, death, or the administrative censoring date (July
31, 2019), whichever occurred first. Time since the patients’ baseline UK Biobank measurements served as the
time scale in all analyses.

As for the exposure model, the main exposure of interest was metabolic syndrome (yes/no). In univariate
analysis, we fitted flexible parametric Piecewise Exponential models to derive unadjusted incidence rate ratios
to assess the association of all the variables at baseline, including the metabolic syndrome, with the incidence
of prostate cancer”. We selected the candidate variables in the analysis considering their statistical and clinical
relevance: age, ethnicity, Townsend Deprivation index, cigarette smoking, processed meat intake’, fruit intake®!,
physical activity, body mass index, ever had a prostate-specific antigen test, family history of prostate cancer
among first degree relative, C-reactive protein level, testosterone, and insulin-like growth factor-I*2. A directed
acyclic graph revealing the relationships between potential confounders is shown in Figure S1. We then derived
adjusted incidence rate ratios for each of the individual components of metabolic syndrome on the risk of
prostate cancer®®. Furthermore, we also modelled each of the individual metabolic conditions as separate binary
exposure variables: prediabetes/diabetes mellitus, hypertension, hyperlipidaemia, low HDL-C level, and obesity.

We used a flexible survival parametric modelling framework to study the associations between metabolic
syndrome components and prostate cancer risk over time. They allow for more flexibility in modeling time-
dependent effects®. Unlike the traditional Cox regression model, which assumes proportional hazards, flexible
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parametric models can accommodate varying hazard rates, providing a more detailed understanding of the
associations between metabolic syndrome components and prostate cancer risk over time>*.

Finally, we derived adjusted prostate cancer cumulative incidence curves by components of metabolic
syndrome using the augmented inverse probability of treatment weights estimator. We used a flexible parametric
survival modeling approach to compute the nuisance models. We plotted the prostate cancer cumulative
incidence standardised to the distribution of confounders included in the analysis (using the Stata command
standsurv)®>%. The standardisation was applied by obtaining the average of individual estimates across all study
participants. The predictors were the same covariates described in our final multivariate survival model (Table
S1). In sensitivity analysis we assessed for positivity violations via the overlap of the propensity score (i.e.,
positivity) for metabolic syndrome and all of its individual components®.

Finally, we directly compared the age-specific incidence rates of prostate cancer within the UK Biobank to
those reported by Cancer Research UK for the general UK population?, allowing us to assess the generalisability
of our results to the broader UK prostate cancer population.

We adhered to the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) checklist
in the design, analysis, and reporting of this study.*® The checklist guided our approach to describing the study
population, statistical methods, and presentation of results, ensuring clarity, reproducibility, and completeness.
We used Stata v.18 (Stata Corp, College Station, TX, USA) for statistical analysis. All data analysis and results for
reproducibility are available in a GitHub repository: https://github.com/migariane/Prostate_Cancer_UK-48860.

Results

Table 1 shows the socio-demographic, clinical and behavioral characteristics of the whole cohort of men
(N'=242,349) and the cohort of men diagnosed with prostate cancer (N =6,467). Most men were white (95.8%
vs. 2.1% black), and mean age at diagnosis was 75 years (standard deviation, 5 years). As of July 31, 2019, the
median follow-up time was 12.0 years (interquartile range, 11.3-12.7 years), providing 2,861,933 person-years
of follow-up. The median interval to prostate cancer incidence from date of baseline assessment was 3.9 years
(interquartile range, 2.0-5.5 years). The incidence rate of prostate cancer was 226 (95% confidence interval,
220-232) per 100,000 person-years.

In our univariate analysis utilising piecewise exponential regression to estimate the incidence rate ratios, we
found that the relationship between the number of metabolic syndrome components and prostate cancer risk
was non-linear (Table 2). While the incidence rate ratios initially increase with the number of components—
from 1.39 (95% confidence interval, 1.22-1.57) for one component to 1.58 (95% confidence interval, 1.40-1.79)
for three components—there is a decrease to 1.29 (95% confidence interval, 1.13-1.47) when four to five
components are present.

Metabolic syndrome was not associated with the risk of prostate cancer in the final multivariate adjusted
model (incidence rate ratio, 1.07; 95% confidence interval, 0.94-1.22), which was consistent across models.
Table 3 shows prostate cancer incidence rate ratios in relation to individual metabolic syndrome components.
Inverse associations with prostate cancer incidence were observed for prediabetes/diabetes (incidence rate ratio,
0.80; 95% confidence interval, 0.67-0.94) and low high-density lipoprotein-cholesterol (incidence rate ratio,
0.82; 95% CI, 0.69-0.97); while hypertension (incidence rate ratio, 1.22; 95% confidence interval, 1.03-1.44) and
obesity (incidence rate ratio, 1.24; 95% confidence interval, 1.05-1.46) were positively associated with prostate
cancer. There was no association between hyperlipidaemia and prostate cancer (incidence rate ratio, 1.07; 95%
confidence interval, 0.93-1.24). Figure 1 illustrates the cumulative incidence curves for prostate cancer stratified
by metabolic syndrome status, while Figures S2-S6 depict the cumulative incidences for prostate cancer
corresponding to each individual component of metabolic syndrome. Table S2 presents Models 1-4 adjusted
for the individual components of metabolic syndrome rather than metabolic syndrome as a whole components.

The comparison of age-specific incidence rates between the UK Biobank cohort and Cancer Research UK
data revealed that, except for the 50-59 age group, the incidence of prostate cancer was consistently higher in the
UK Biobank cohort (Table S3).

Discussion

Key results

We found no strong evidence of an association between the incidence of prostate cancer and metabolic syndrome
taken as a full cluster. However, individual components of metabolic syndrome were associated with a higher
(hypertension and obesity) or lower prostate cancer risk (prediabetes/diabetes and low HDL-C level). Most
previous studies investigated the total effect of all metabolic syndromes, often finding a mixed results—either
negative'®!72! or positive association!3-%,

For instance, Tande et al. (ARIC Study) and Blanc-Lapierre et al. (Montreal Case-Control Study) reported
an inverse association between metabolic syndrome and prostate cancer risk!®!”. Tande et al. hypothesised
that reduced prostate cancer risk might be linked to lower bioavailable testosterone levels among men with
metabolic syndrome particularly diabetes!”. Similarly, Blanc-Lapierre et al. found a significant protective effect
of metabolic syndrome (odds ratio, 0.70; 95% confidence interval, 0.60-0.82), with a decreased risk observed
with the number of metabolic syndrome components'. Contrastingly, the Uppsala Study, which focused on
competing risks and conditional probabilities, found a modestly higher cumulative incidence of prostate cancer
among men with metabolic syndrome, with abdominal obesity showing a nonsignificant trend toward increased
risk!?. Similarly, the Kailuan Study reported a significant association between metabolic syndrome and prostate
cancer risk (hazard ratio, 1.47; 95% confidence interval, 1.04-2.07), with central obesity also being significantly
associated with an increased risk of prostate cancer (hazard ratio, 1.68; 95% CI, 1.18-2.40)°.
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Men without
metabolic
Men with prostate cancer | Men with metabolic syndrome
Characteristics Whole cohort (N=242,349) | (n=6,467) syndrome (n=89,961) | (n=152,388)
Metabolic Syndrome, n (%) 89,961 (37.1) 2464 (38.1) - -
Hypertension, n (%) 195,022 (80.5) 5,423 (83.9) 84,185 (93.6) (1712_’%37
Hyperlipidemia, n (%) 157,381 (64.9) 4,349 (67.3) 85,307 (94.8) 72,074 (47.3)
Reduced HDL-C, n (%) 46,131 (19.0) 1,136 (17.6) 38,271 (42.5) 7,860 (5.2)
Prediabetes/diabetes, n (%) 47,578 (19.6) 1,230 (19.0) 39,498 (43.9) 8,080 (5.3)
Obesity/overweight, n (%) 79,004 (32.6) 2,102 (32.5) 63,601 (70.7) 15,403 (10.1)
Number of metabolic syndrome components*
0, n (%) 15,706 (6.5) 294 (4.6) 0 15,706 (10.3)
1, n (%) 59,110 (24.4) 1,527 (23.6) 0 59,110 (38.8)
2,n (%) 77,572 (32.0) 2,182 (33.7) 0 77,572 (50.9)
3,n (%) 55,780 (23.0) 1,641 (25.4) 55,780 (62.0) 0
4-5,1 (%) 34,181 (14.1) 823 (12.7) 34,181 (38.0) 0
Key demographic
Age at recruitment (years), mean (SD) 70 (8) 75 (5) 71 (8) 69 (8)
Body mass index (kg/m2), mean (SD) 28.0 (4.4) 27.7 (4.0) 30.9 (4.6) 26.3(3.3)
Waist circumference (cm), mean (SD) 97.5 (11.8) 97.6 (10.9) 106.1 (11.4) 92.5 (8.7)
Have a wife or partner, n (%) 180,630 (74.5) 5,071 (78.4) 65,198 (72.5) (171;’3)32
Black ethnicity, n (%) 3,537 (1.5) 135 (2.1) 1,270 (1.4) 2,267 (1.5)
Townsend Deprivation Index in quintiles
Ist quintile (most affluent) 48,354 (20.0) 1,4130 (21.9) 16,139 (17.9) 32,215 (21.1)
2nd quintile 48,535 (20.0) 1,451 (22.4) 16,797 (18.7) 31,738 (20.8)
3rd quintile 48,451 (20.0) 1,432 (22.1) 17,656 (19.6) 30,795 (20.2)
4th quintile 48,451 (20.0) 1,191 (18.4) 18,667 (20.8) 29,784 (19.5)
5th quintile (most deprived) 48,241 (20.0) 977 (15.1) 20,576 (22.9) 27,665 (18.2)
Cigarette smoke, n (%)
Current smoker 33,335 (13.8) 639 (9.9) 12,991 (14.4) 20,344 (13.4)
Ex-smoker 94,067 (38.8) 2,892 (44.7) 40,128 (44.6) 53,939 (35.4)
Never 113,321 (46.8) 2,894 (44.8) 35,964 (40.0) 77,357 (50.8)
Lifestyle and physical activities
Processed meat intake, n (%)**
Low 63,552 (26.2) 1,732 (26.8) 21,001 (23.3) 42,551 (27.9)
Moderate 161,327 (66.6) 4,298 (66.5) 61,900 (68.8) 99,427 (65.3)
High 16,194 (6.7) 414 (6.4) 6,396 (7.1) 9,798 (6.4)
Portions of fruit, n (%)
<5 portions per day 223,760 (92.3) 5,973 (92.4) 82,018 (91.2) (1;‘31.’5)42
>5 portions per day 16,494 (6.8) 449 (6.9) 6,902 (7.7) 9,592 (6.3)
Level of physical activity, n (%)
Low 40,176 (16.6) 950 (14.7) 18,903 (21.0) 21,273 (14.0)
Moderate 77,165 (31.9) 2,179 (33.7) 28,390 (31.6) 48,775 (32.0)
High 84,008 (34.6) 2,234 (34.5) 24,710 (27.5) 59,298 (38.9)
Prostate specific factors prior to recruitment
Ever had a PSA test, n (%) 66,837 (27.6) 2,754 (42.8) 25,224 (28.0) 41,613 (27.3)
Father had prostate cancer, n (%) 15,412 (6.4) 636 (9.8) 5,225 (5.8) 10,187 (6.7)
Siblings had prostate cancer, n (%) 2,940 (1.2) 224 (3.5) 1,208 (1.3) 1,732 (1.1)
Increased C-reactive protein (>1.00 mg/dL), n (%) 137,562 (56.8) 3,721 (57.5) 60,822 (67.6) 76,740 (50.4)
Testosterone (above mean of 12.0 nmol/L), n (%) 120,426 (49.7) 3,171 (49.0) 33,987 (37.8) 86,439 (56.7)
Insulin-like growth factor-I (above mean of >21.7 nmol/L), n (%) | 127,993 (52.7) 3,269 (50.6) 44,232 (49.2) 83,761 (55.0)
Missing or prefer not to answer, n (%)
Cigarette smoke 1,626 (0.7) 42 (0.7) 878 (1.0) 748 (0.5)
Portions of fruit 2,095 (0.9) 45 (0.7) 1,041 (1.2) 1,054 (0.7)
Level of physical activity 41,000 (16.9) 1,104 (17.1) 17,958 (20.0) 23,042 (15.1)
Townsend Deprivation Index 317 (0.1) 3(0.1) 126 (0.1) 191 (0.1)
Continued
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Men without
metabolic
Men with prostate cancer | Men with metabolic syndrome
Characteristics ‘Whole cohort (N=242,349) | (n=6,467) syndrome (n=89,961) | (n=152,388)
Processed meat 1,276 (0.5) 3(0.4) 664 (0.7) 612 (0.4)
Ever had a PSA test 14,327 (5.9) 325 (5.0) 6,478 (7.2) 7,849 (5.2)
C-reactive protein 16,205 (6.7) 452 (7.0) 8,728 (9.7) 7,477 (4.9)
Testosterone 17,582 (7.3) 494 (7.6) 9,197 (10.2) 8,385 (5.5)
Insulin-like growth factor-I 16,723 (6.9) 459 (7.1) 8,833 (9.8) 7,890 (5.2)

Table 1. Baseline characteristics of men in the UK Biobank Cohort (N =242,349) stratified by metabolic
syndrome status, recruited during 2006-2010, followed up until 2019. HDL-C high-density lipoprotein-
cholesterol, PSA prostate-specific antigen, SD standard deviation. *Metabolic comorbid conditions included
obesity/ overweight, hypertension, reduced HDL-C, hyperlipidemia, and prediabetes/diabetes. **Low intake:
never or less than once a week; moderate intake: once a week or 2-4 times a week; high intake: 5-6 times a
week or once or more daily.

Variables ‘ N ‘ Person-time at risk | Incidence rate* Incidence rate ratios | P-value

Metabolic syndrome

No 4,002 | 1,796,128 222.8 (216.0-229.8) | 1 (ref)

Yes 2,464 | 1,065,805 231.2(222.2-240.5) | 1.04 (0.99-1.10) 0.095
Prediabetes/diabetes mellitus

No 5,236 | 2,297,328 227.9 (221.8-234.2) | 1 (ref)

Yes 1,230 | 564,605 217.9 (206.0-230.4) | 0.96 (0.90-1.02) 0.211
Hypertension

No 1,044 | 557,999 187.1 (176.1-198.8) | 1 (ref)

Yes 5,422 | 2,303,934 235.3 (229.2-241.7) | 1.26 (1.18-1.35) <0.001
Hyperlipidemia

No 2,118 | 10,020,801 211.2 (202.4-220.4) | 1 (ref)

Yes 4,348 | 1,859,131 233.9 (227.0-240.9) | 1.11 (1.05-1.17) <0.001
Low high-density lipoprotein-cholesterol level

No 5,330 | 2,314,922 230.2 (224.1-236.5) | 1 (ref)

Yes 1,136 | 547,011 207.7 (195.9-220.1) | 0.91 (0.85-0.97) 0.002
Obesity

No 4,364 | 1,928,359 226.3(219.7-233.1) | 1 (ref)

Yes 2,102 | 933,574 225.2 (215.7-235.0) | 1.00 (0.95-1.05) 0.870
Metabolic syndrome components**

0 294 185,554 158.4 (141.3-177.6) | 1 (ref)

1 1,527 | 697,457 218.9 (208.2-230.2) | 1.39 (1.22-1.57) <0.001
2 2,181 | 913,117 238.9 (229.0-249.1) | 1.51 (1.34-1.71) <0.001
3 1,641 | 659,460 248.8 (237.1-261.2) | 1.58 (1.40-1.79) <0.001
4-5 823 406,345 202.5(189.2-216.9) | 1.29 (1.13-1.47) <0.001

Table 2. Prostate cancer incidence rate ratios by metabolic syndrome and individual components in the UK
Biobank cohort (N =242,349), recruited during 2006-2010 with follow up to 2021. *Per 100,000 person-
year. **Metabolic comorbid conditions included obesity/ overweight, hypertension, reduced HDL-C,
hyperlipidemia, and prediabetes/type 2 diabetes.

These results suggest that while the overall metabolic syndrome may not be predictive of prostate cancer,
specific components of this syndrome play a critical role. Our results highlight the need for more granular,
component-based considerations when investigating the role of metabolic syndrome in prostate cancer risk. We
advise against using a metabolic syndrome as a full cluster in prediction of prostate cancer risk.

Interpretations

The association of hypertension and increased incidence risk of prostate cancer is controversial*+*? People with
hypertension may have a heightened activity of the sympathetic nervous system that can lead to androgen-
mediated stimulation of prostate cancer cell growth*!. Furthermore, abdominal obesity may be associated with
hyperinsulinaemia®?, leading to raised circulating levels of insulin-like growth factor-I, increasing the risk of

prostate cancer®>.
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Model 1:
Adjusted | Model 2: Model 3: Model 4: Model 5: Model 6:
Unadjusted IRR (95% | Adjusted IRR | Adjusted IRR Adjusted IRR Adjusted IRR Adjusted IRR
Variables IRR (95% CI) CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)
. 1.21 1.14
Metabolic syndrome (yes vs. no) 1.90 (1.19-3.04) (0.88-1.66) | (0.85-1.51) 1.02 (0.90-1.16) | 1.04 (0.92-1.18) | 1.07 (0.94-1.22) | -
Prediabetes/ diabetes mellitus (yes vs. no) 1.38 (0.92-2.07) | - - - - - 0.80 (0.67-0.94)
Hypertension (yes vs. no) 1.41(0.94-2.12) | - - - - - 1.22 (1.03-1.44)
Hyperlipidemia (yes vs. no) 11(1.14-3.91) | - - - - - 1.07 (0.93-1.24)
Low HDL-C level (yes vs. no) 1.47 (1.00-2.16) | - - - - - 0.82 (0.69-0.97)
Obesity (yes vs. no) 0.46 (0.26-0.80) | — - - - - 1.24 (1.05-1.46)
Age at recruitment, year
8.08 (5.69— 8.78 (6.29- | 8.45
81 to 90 vs. 50 to 65 11.48) 12.24) (6.03-11.84) 6.25(4.44-8.79) | 5.13(3.59-7.33) | 6.73 (4.59-9.88) | 6.27 (4.24-9.27)
76 to 80 vs. 50 to 65 9.14 (5.80~ (127211— 10.65 9.87 (7.03-13.84) | 7.74 (5.44-11.02) | 9.60 (6.56-14.05) 9.02 (6.14~
. 14.40) 15' 55) (7.24-15.66) : : : : : ! : : : 13.26)
8.26 (5.23— 8.94 (5.69- | 8.91 7.42 (4.72-
71 to 75 vs. 50 to 65 13.05) 14.06) (5.73-13.86) 7.60 (4.75-12.16) | 6.42 (4.14-9.95) | 7.85 (5.01-12.30) 11.65)
1.04 1.13
66 to 70 vs. 50 to 65 0.88 (0.40-1.96) (0.48-2.24) | (0.57-2.26) 1.58 (0.69-3.61) 1.51 (0.70-3.25) 1.97 (0.91-4.28) 1.94 (0.91-4.12)
Ethnicity
Black vs. white 261 (1.53-4.44) | 104 3.95 406 (2.63-6.27) | 3.88 (2.54-5.91) | 3.45(2.19-545) | 3.74 (2.36-5.92)
: : ) : (2.75-5.93) | (2.60-6.00) : : : : : : : : : : : :
Asians including Chinese vs. white 0.88 (0.53-1.47) 0.86 0.84 0.71 (0.46-1.09) | 0.72 (0.44-1.16) | 0.81 (0.48-1.37) | 0.92 (0.54-1.54)
. . . . (0.60-124) | (0.58-121) . . . . . . . . . . . .
Mixed/ other vs. white 2.58 (1.02-6.54) 3.64 3.51 3.27(1.31-8.12) 3.63 (1.47-8.98) 3.40 (1.29-8.93) 3.66 (1.37-9.72)
: : ) : (1.53-8.64) | (1.47-8.36) : : : : ! : : ) : : : !
Townsend Deprivation index in quintiles
1st (most deprived) vs. 5th quintile (least 1.56
deprived) 0.67 (0.32-1.37) (0.91-2.69) 1.22(0.78-1.89) 1.22 (0.76-1.94) 1.32(0.82-2.14) 1.33 (0.82-2.16)
2nd vs. 5th quintile (least deprived) 0.42 (0.19-0.94) (1(')1;3571 84) 0.98 (0.69-1.37) 1.03 (0.75-1.42) | 0.99 (0.72-1.37) 1.00 (0.72-1.38)
3rd vs. 5th quintile (least deprived) 2.13 (1.32-3.47) ?isél toags) | 219(145-330) | 202(139-294) | 175 (116-2.64) | 1.74(1.16-261)
4th vs. 5th quintile (least deprived) 1.34 (0.96-1.88) (1i7179_2 62) 1.36 (1.11-1.67) 1.37 (1.11-1.69) 1.34 (1.09-1.64) 1.33 (1.09-1.63)

Smoking

Current smoker vs. non-smoker

2.10 (1.20-3.68)

Ex-smoker vs. non-smoker

2.03 (1.14-3.61)

1.02 (0.77-1.34)

0.98 (0.75-1.29)

1.03 (0.77-1.37)

1.04 (0.78-1.39)

1.08 (0.80-1.46)

1.03 (0.76-1.39)

1.00 (0.73-1.37)

1.00 (0.73-1.36)

Processed meat intake

High vs. low 0.82 (0.60-1.14) 1.03 (0.35-3.06) | 1.17 (0.41-3.37) | 1.26 (0.43-3.67) | 1.27 (0.44-3.64)
Moderate vs. low 0.31 (0.07-1.45) 0.96 (0.81-1.15) | 0.94 (0.78-1.13) | 0.90 (0.75-1.08) | 0.91 (0.76-1.09)
Fruit (=5 vs. <5 portions per day) 0.60 (0.31- 1.14) 0.47 (0.26-0.84) | 0.48 (0.28-0.84) | 0.46 (0.25-0.85) | 0.48 (0.26-0.88)
Body mass index, per 1 kg/m? increase 0.94 (0.91-0.97) 0.96 (0.93-1.00) | 0.95(0.92-0.99) | 0.96 (0.92-1.00) | 0.95 (0.91-0.99)

Level of physical activity

High vs. low

2.38 (1.04- 5.47)

Moderate vs. low

2.02 (0.84- 4.88)

1.35(0.71-2.58)

1.24 (0.68-2.26)

1.31 (0.70-2.48)

1.33 (0.71-2.49)

1.42 (0.86-2.36)

1.29 (0.84-2.00)

1.25 (0.79-1.95)

1.26 (0.81-1.95)

Medication use

Cholesterol lowering medication vs no

2.34(1.73-3.15)

Blood pressure medication vs no

Insulin vs no

1.30 (0.52-3.27)

1.14 (0.97-1.34)

1.19 (1.02-1.40)

1.24 (1.02-1.49)

1.30 (1.07-1.58)

2.01 (1.45-2.78)

1.96 (1.46-2.62)

1.95 (1.45-2.62)

1.89 (1.41-2.53)

1.06 (0.42-2.67)

1.35 (0.54-3.41)

1.41 (0.56-3.57)

1.69 (0.67-4.30)

Ever had an PSA test (yes vs. no)

(

1.14 (0.43-3.01)
(
(

3.20
5.28)

1.940-

1.54 (1.16-2.06)

1.41 (1.05-1.90)

1.40 (1.04-1.88)

Continued
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Model 1:
Adjusted | Model 2: Model 3: Model 4: Model 5: Model 6:
Unadjusted IRR (95% | Adjusted IRR | Adjusted IRR Adjusted IRR Adjusted IRR Adjusted IRR

Variables IRR (95% CI) CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)
Father had prostate cancer (yes vs. no) 0.82 (0.29-2.29) 1.82(1.29-2.58) | 1.76 (1.21-2.56) | 1.76 (1.22-2.56)
Sibling had prostate cancer (yes vs. 826 (4.45- 3.09 (2.09-455) |2.85(1.92-4.23) | 2.78 (1.87-4.11)
no) 15.34)
C-reactive protein level (>1 mg/L vs.<1 mg/L) | 0.59 (0.39- 0.91) 1.03 (0.88-1.21) | 1.02 (0.87-1.19)
Testosterone, per 1 nmol/L increase 1.05 (0.99-1.11) 1.01 (0.98-1.04) | 1.01 (0.98-1.04)
f;‘i;’elg‘;ehke growth factor-1, per 1 nmol/L 1.06 (1.05-1.08) 1.04 (1.03-1.05) | 1.04 (1.03-1.05)

Table 3. Prostate cancer specific risk by metabolic syndrome and its components in the UK Biobank cohort
(N'=242,349), recruited during 2006-2010 with follow up to 2021. HDL-C, high-density lipoprotein-
cholesterol; PSA, prostate-specific antigen; RR, relative risk. Model 1: metabolic syndrome +age + ethnicity.
Model 2: model 1 + deprivation index. Model 3: model 2 + smoking + alcohol intake + fruit intake + processed
meat intake + body mass index + medications + exercise level. Model 4: model 3 + ever had prostate-specific
antigen test + father had prostate cancer + sibling had prostate cancer. Model 5: model 4 + C-reactive protein
level + testosterone + Insulin-like growth factor-I. Model 6: model 5 but individual metabolic syndrome
components instead of metabolic syndrome.

0.03 Metabolic Syndrome
No Metabolic Syndrome

8
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(7]
o
o
£
o
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0 5 10 15
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Fig. 1. Cumulative incidence curves for prostate cancer stratified by metabolic syndrome status. UK Biobank
(N'=6,467). The bands represent the 95% confidence intervals.

The relationship between HDL-C levels and the risk of prostate cancer remains contradictory**>. HDL-C
has known anti-inflammatory and anti-proliferative properties*. The reason why low HDL-C level (as one of
the criteria of metabolic syndrome) was associated with a decreased risk of prostate cancer in the present study
is not clear. Further research is required to explore this, and to determine whether HDL-C is a therapeutic target
to modify prostate cancer risk.

The reduced prostate cancer risk among diabetic participants corroborates findings from other cohort
studies?”*8. There could also be potential anti-carcinogenic properties of the anti-diabetic medications*. Our
analysis carefully adjusted for the baseline circulating insulin-like growth factor-I and testosterone, which were
linked with prostate cancer risk®-2.,

Metabolic syndrome, largely influenced by lifestyle factors, is a modifiable condition, highlighting its
relevance to prostate cancer from a public health perspective®. Preventative interventions may range from
lifestyle modifications to specific medical treatments, depending on individual metabolic conditions®. For
instance, interventions for patients with hypertension may include dietary adjustments to decrease salt
consumption, alcohol and caffeine intake, stress reduction programs such as meditation®, complemented by
medications, where needed, to manage blood pressure. Obese patients might benefit from healthier diet and
increased physical activity levels®>>°.

Our results confirm an increased prostate cancer risk with advancing age, particularly for individuals over
75, and significant ethnic disparities, with Black patients facing over three times the risk compared to Whites.
We found a complex relationship between socio-economic status and prostate cancer risk, with middle quintiles
showing particularly increased risk. Future interventions may benefit from targeting the elderly and ethnic
minority groups; thereby, prioritising high-risk demographics.

To our knowledge, our study is the most comprehensive UK cohort study on prostate cancer and metabolic
syndrome. Using generalised standardisation, we adjusted CI and RRs for confounding and to avoid paradoxical
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findings. Many key metrics, like blood pressure or blood tests, were assessed by specialised clinics or certified
labs, solidifying data quality.

Generalisability

Prostate cancer incidence in the UK Biobank cohort was found to be higher than national statistics reported by
Cancer Research UK across most age groups. This discrepancy may reflect differences in diagnostic practices,
such as a higher likelihood of prostate-specific antigen testing among UK Biobank participants, leading to earlier
and more frequent diagnoses rather than a “healthy volunteer effect”. Participants in the UK Biobank cohort
may represent a more health-conscious population, with greater access to healthcare and higher engagement
with cancer screening programs, potentially leading to increased prostate cancer detection rates. These findings
underscore the importance of considering cohort-specific diagnostic practices when interpreting incidence
data®”8,

Our sample is broadly representative of the UK population, although certain characteristics within the sample
may not fully reflect the population distribution®. For example, lower socioeconomic status is underrepresented
(16% sample vs. 33% the UK population)®. However, the cohort includes a sufficient number of individuals to
allow robust investigations of socio-economic deprivation and disease risk of bias with high internal validity.
Cancer incidence rates in the UK Biobank are generally lower than those in the broader UK population, although
this varies by cancer type®. Consequently, the UK Biobank should not be used to estimate cancer prevalence
or incidence rates for the population at large, but it is suitable for assessing etiological associations between
exposures and cancer outcomes.

Increased prostate-specific antigen testing has led to higher detection rates of prostate cancer, including cases
of early-stage and less aggressive forms that might otherwise remain undiagnosed®>*’. Variations in prostate-
specific antigen screening practices over time could contribute to case-mix variations observed in our study.

We presented prostate cancer incidence and prevalence rates in our study to facilitate comparisons between
our less socio-economically deprived population sub-group and the general population. These targeted insights
may help inform cancer policy and practice, identifying specific needs of different population sub-groups.

Limitations

Possible limitations of our study include unmeasured confounders, such as intricate dietary patterns, a family
history of all cancers, environmental exposure data including environmental toxins and occupational exposure.
Some data, such as physical activity levels, had missing values that could potentially bias interpretations.
Information on tumour stage and grade was not available. Therefore, we are unable to provide a complete
assessment of the links between metabolic syndrome and cancer severity. We could not factor in the potential
escalating risk of prostate cancer with increasing metabolic syndrome components or their specific combinations.
Furthermore, we evaluated metabolic syndrome at a single point, overlooking the potential relevance of disease
duration or progression over time. Since disease progression is inherently a time-varying process, the duration
for which an individual has had a particular condition, or the changes in the conditions over time, may be crucial.
Finally, given prostate cancer’s slow progression, our follow-up period may not have been ideal. Future studies
with extended follow-ups or dynamic metabolic syndrome assessments might warrant a better understanding of
how metabolic conditions influence prostate cancer risk over time.

Conclusions

The relationship between metabolic syndrome and prostate cancer is intricate, with our evidence indicating
that specific components, such as obesity and hypertension, potentially play significant roles in the onset
and progression of prostate cancer. The precise mechanisms underlying these associations remain elusive,
highlighting a critical gap in our current understanding that necessitates further exploration.

Our findings underscore that metabolic syndrome, as a single entity, is not associated with prostate cancer
risk, and should not be used as a prognostic marker. The distinct impact of metabolic syndrome’s individual
components on prostate cancer underscores the importance of dissecting these relationships more finely in
future research. This approach is vital, not only for elucidating the pathophysiological mechanisms at play but
also for refining risk stratification, and developing screening protocol and targeted interventions, ultimately
improving patient outcomes and public health.

Data availability
Data analysis and results for reproducibility are shared in a GitHub repository available at: https://github.com/
migariane/Prostate_Cancer_UK-48860.
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