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Novelty and Impact:

Evidence for the association between metabolic syndrome (MetS), and its components, and
prostate cancer (PCa) remains elusive. In this large, prospective study, we found that MetS is
not associated to PCa risk. However, glycated haemoglobin (HbAlc) is inversely associated with

PCa. When performing mediation analysis to examine potential hormonal and inflammatory



pathways, total testosterone (TT), C-reactive protein (CRP) and insulin-like growth factor 1 (IGF-1)

were identified as potential mediating factors for the association between HbAlc and PCa.



Abstract 250 (Max.) Adapted for Int J Can

We investigated the association between metabolic syndrome (MetS) and its components and
risk of prostate cancer (PCa) in a cohort of men enrolled in the UK Biobank.

Our study cohort included 220,622 PCa-free men with baseline measurements of triglycerides
(TG), HDL-cholesterol (HDL), glycated haemoglobin (HbAlc), blood pressure (BP), and waist
circumference (WC). Multivariable Cox proportional hazards regression was used to analyse
associations with PCa for: individual metabolic components (TG, HDL, HbAlc, BP, WC),
combinations of two and three components, and MetS overall (three or more components). We
conducted mediation analyses to examine potential hormonal and inflammatory pathways
(total testosterone (TT), C-reactive protein (CRP), insulin-like growth factor 1 (IGF-1)) through
which MetS components may influence PCa risk.

A total of 5,409 men in the study developed PCa during a median follow-up of 6.9 years. We
found no significant association between MetS and PCa risk (Hazard Ratio (HR): 0.99, 95%
Confidence Interval (Cl): 0.92-1.06). No associations were found with PCa risk and individual
measurements of TG, HDL, BP or WC. However, an inverse association was observed with

elevated HbA1c (=242 mmol/mol) (HR: 0.89, 95%Cl: 0.79-0.98). Consistent inverse associations
were observed between HbAlc and risk of PCa. Mediation analysis revealed TT, CRP and IGF-1 as
potential mediating factors for this association contributing 10.2%, 7.1% and 7.9% to the total effect,

respectively.



Overall MetS had no association with PCa risk. However, a consistent inverse association with
PCa risk was found for HbAlc. This association may be explained in part through hormonal and

inflammatory pathways.

Introduction

Metabolic syndrome (MetS), which refers to a collection of metabolic risk factors for
cardiovascular disease (CVD) and type 2 diabetes mellitus (T2DM), is a major cause of morbidity
and mortality worldwide (1). Depending on the definition used, with the American Diabetes
Association and National Cholesterol Education Program (NCEP ATP Ill) definition being the
most commonly used, MetS includes at least 3 of the following: central obesity, increased
serum triglyceride (TG) levels, decreased serum HDL cholesterol (HDL) levels, raised blood
pressure (BP), and impaired glucose regulation (IGR), including prediabetic and diabetic
glycaemic levels (2).

There is growing evidence suggesting that metabolic syndrome (MetS) may play a role in the
development and/or diagnosis of PCa (3). However, whether the risk of PCa is increased or
decreased and by what mechanism remains unclear. Several studies have focused on the
individual factors of MetS, but few have studied all 5 components combined (4-7).

A number of studies have linked obesity to PCa. In the World Cancer Research Fund
International (WCRF) 2014 report, body mass index (BMI) was positively associated with the
risk of aggressive PCa (Relative risk (RR): 1.08, 95% confidence interval (Cl): 1.04-1.12, per 5
kg/m?), but no association was found with overall incidence of PCa (8). Waist circumference
(WC) which is often used as proxy for abdominal (or central) obesity, has been linked to a

decreased risk of overall PCa (6, 9), but an increased risk of advanced disease (8).



Elevated glucose levels, including pre-diabetic and diabetic levels, have been consistently
shown to be associated with reduced PCa risk (10). However, there is evidence linking T2DM
with increased risk of high-grade PCa (Gleason score 8-10, or clinical stage >T3 or N1 or M1)
(112).

Several underlying biological mechanisms have been suggested for the association between
MetS and risk of overall and aggressive Pca. These mechanisms include increased serum levels
of insulin-like growth factor 1 (IGF-1) (12) and chronic inflammation — which are both
commonly observed in patients with MetS and may lead to an uncontrolled proliferative
response and PCa carcinogenesis (13, 14). Conversely, MetS or its components, may lead to
modifications of sex steroid pathways resulting in increased sex hormone binding globulin
(SHBG), and decreased free and total testosterone levels which could lower PCa risk (15).
Additionally, some studies have proposed that the overall risk of PCa may be influenced by
lower prostate-specific antigen (PSA) levels, often seen in MetS and its individual components,
which mask the presence of PCa or delay its detection, leading to an apparent reduced risk (16).
The current study aimed to investigate the association between MetS components, both
separately and combined, with overall PCa risk in the prospective UK Biobank. We also aimed to
examine possible biological pathways through which the components identified may be

affecting PCa risk by conducting mediation analyses.

Materials and methods

Study population



Our study population consisted of participants enrolled in the UK Biobank, a prospective cohort
of over 500,000 men and women aged 40 to 69 years, registered with the UK National Health
Service (NHS) who were recruited between 2006 and 2010 (n=229,131 men). Participants were
invited to attend one of the 22 assessment centres across England, Wales, and Scotland, where
they were interviewed and underwent extensive physical examinations, and had biological
samples collected (17, 18).

Self-reported data were collected at baseline from participants, using touch-screen
guestionnaires, and verbal interviews with a trained nurse (including information on socio-
demographic factors, lifestyle characteristics, health-related factors, and prostate specific
factors). Baseline assessment also included anthropometric measures (BMI, WC), and collection
of biological samples (blood, urine and saliva). A more detailed description of the UK Biobank
cohort can be found elsewhere (17, 18).

Eligible participants in the current study were men aged 40 to 69 years at assessment who had
no record of prior PCa in national cancer registries. Men with no serum biomarker data
available were also excluded. Men diagnosed with PCa within the first year of assessment were
also excluded from the study cohort to reduce the possibility that findings were influenced by
reverse causation, resulting in a final study sample of 220,622 men (Supplementary Figure 1).
Data on history of any other prior cancer diagnosis (ever, never) was determined through
linkage with NHS Digital for participants residing in England and Wales, and the NHS Central

Register (NHSCR) for participants residing in Scotland.

Metabolic syndrome assessment



The main exposure variables considered into our analyses included each of the MetS indicators.
For these analyses, MetS components were categorized as continuous, quartiles and
dichotomized variables with clinical cut-offs in accordance with the NCEP ATP lll guidelines, as
these are the most commonly used guideline to define MetS (see Supplementary Table 1) (19)
(TG: = 1.7 mmol/L, HDL: £ 1.00 mmol/L, WC: > 102 cm, BP: > 130 mmHg (systolic) and/or > 85
mmHg (diastolic)). Since the percentage of participants with fasting glucose levels was low
(4.3%), we used the more stable measure of HbA1C, based on the World Health Organisation/
International Diabetes Federation (WHO/IDF) guidelines for use of glycated haemoglobin
(HbA1c) (20), with a clinical cut-off of > 42.0 mmol/mol for the IGR criteria in our analyses. We
defined overall MetS as the presence of any combination of three or more of the previously
mentioned criteria. HbAlc was measured via high-performance liquid chromatography analysis
on a Bio-Rad VARIANT Il Turbo; HDL-cholesterol was measured by enzyme inmunoinhibition
analysis on a Backman Coulter AU5800; Triglyceride levels were measured by GPO-POD analysis
on a Beckman Coulter AU5800. Additional details about assay methods and quality control
procedures are available online.

Potential mediating factors considered in secondary analyses included baseline serum
concentrations of total testosterone (TT), calculated free testosterone (CFT), sex hormone-
binding globulin (SHBG), C-reactive protein (CRP), and IGF-1 (21). CFT levels were calculated
based on TT, albumin and SHBG concentration according to the method described by
Vermeulen et al (22), as follows: )/2N., where . Each of these factors was dichotomized as low

or high concentrations according to defined clinical cut-off points as follows: low TT < 8 nmol/L,



low CFT £0.255 nmol/L, low SHBG < 13 nmol/L, high IGF-1 < 10 nmol/L, and high CRP > 10 mg/L
(23-25).

Date of diagnosis of all incident PCa [International Classification of Diseases Tenth revision (ICD-
10)=C61] up until December 31, 2016 and any previous cancer diagnoses. Data were not

available for either stage or grade of disease.

Data analyses

Cox proportional hazards models were used to calculate hazard ratios (HRs) and 95% Cl for PCa
risk. Follow-up time was defined from one year after cohort entry until the date of PCa
diagnosis, the date of death or end of follow-up (December 31, 2016), whichever came first.
The following covariates (assessed at baseline) were included as confounders: Age at entry in
the UK Biobank cohort (40-49, 50-59, 60-69 years), ethnicity (Caucasian, Black, Asian, and mixed
and other); socioeconomic status (SES, Townsend Deprivation Score, from 1 (most affluent) to 5
(most deprived))(26), physical activity (Metabolic Equivalent of Task (METs) per week (>10, 10-
50, >50) based on self-reported walking, moderate and vigorous activity minutes per week)(27),
BMI, self-reported history of PSA testing (never tested, ever tested or not known/missing),
father diagnosed with PCa (no, yes, unknown), self-reported use of metformin (no, yes), self-
reported use of statins (no, yes), and smoking status (never, former, current). Guided by
directed acyclic graphs (DAG) to assess relationships between potential confounders
(Supplementary Figure 2) , we developed both a minimally adjusted model and a fully adjusted
model to examine relationships between MetS (and its components) and PCa risk. The

minimally adjusted model included: age at assessment, father with PCa, SES, and prior history



of PSA testing. The fully adjusted model was further adjusted for ethnicity, history of other
cancers, self-reported use of metformin, self-reported use of statins, BMI, physical activity, and
smoking status.

Each of the MetS components, was considered both individually and with simultaneous
adjustment for the other biomarkers. In order to determine which of the specific MetS
components, or combinations, had greatest impact on PCa risk we conducted further analyses
with different combinations of MetS components in separate models. These analyses were
undertaken, with both minimal and full adjustment.

We also performed a series of sensitivity analyses to assess the influence of reverse causation
and exclude associations potentially due to other cancers in relation to overall MetS and its
individual components. These included: 1) considering all PCa diagnoses after assessment,
including during the first year, 2) excluding PCa diagnoses within the first three years of follow-
up and 3) excluding men with another cancer diagnosis prior to entering the UK Biobank

Cohort.

Secondary Mediation Analyses

Due to consistent findings in our current study of an inverse association between levels of
HbA1C and risk of PCa, we conducted further analyses to examine potential biological pathways
that might explain this apparent protective effect. Firstly, we examined variations in the
concentrations of each potential mediating factor (TT, CFT, SHBG, CRP, and IGF-1) according to
HbAlc levels in the total cohort using multivariable ordinary least squares regression to

calculate geometric mean concentrations for each of these biomarkers. These analyses were
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made with a minimally adjusted model including: age, history of other cancers, ethnicity, and
SES; and a model additionally adjusted for father with PCa, prior history of PSA testing, smoking
status, use of metformin, use of statins, WC (quartiles), HDL (quartiles), and TG (quartiles),
physical activity, and BMI. We then conducted mediation analysis to determine the percentage
of the total effect that may be explained by each potential mediating factor adjusting for age,
history of other cancers, ethnicity, SES, history of father with PCa, prior history of PSA testing,
smoking status, use of metformin, use of statins, WC (low, high), HDL (low, high), and TG (low,
high). We performed these analyses using the “med4way” command in STATA (28).

These analyses were allowed for the contribution of mediators including exposure-mediator
interactions to be assessed (29). This method decomposes the total effect (in this case between
HbAlc and PCa risk) into four components: controlled direct effect (CDE, the effect neither due
to the mediator nor to exposure- mediator interaction), reference interaction (INTref: the effect
only due to interaction), mediated interaction (INTmed: the effect due to interaction only active
when mediation is present) and the pure indirect effect (PIE: the effect due to mediation
alone), as explained in Supplementary Figure 3. The decomposition can be explained by the
following equation (29): . We fitted a Cox proportional hazards regression model for the
outcome (risk of PCa), and a logistic regression model for the mediators.

Analyses were performed using Stata version 15 (Stata Corporation, College Station, TX, USA).
All statistical tests were two sided, with p values <0.05 considered to be statistically significant.
Proportional hazard assumptions were tested via Schoenfeld residuals and found to be

satisfied.
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Results

A total of 5,409 men in the study developed PCa during a median follow-up time of 6.9 years.
Participant characteristics are shown in Table 1. Median levels of each of the metabolic markers
(TG, HDL, HbA1lc, WC, and BP) among men who did and did not develop MetS are shown in
Table 2.

Results of multivariable Cox proportional hazards regression examining the associations
between MetS, and its various components, and risk of PCa are shown in Table 3. Overall MetS
showed an inverse association in the minimally adjusted model (HR: 0.89, 95% Cl: 0.84-0.95)
which disappeared in the fully adjusted model (HR: 0.99, 95%Cl: 0.92-1.06). Further
examination of each of the individual MetS indicators did not reveal associations between any
individual components and PCa risk, with the exception of HbAlc, where a statistically
significant inverse association was found (HR: 0.87, 95%Cl: 0.79-0.97). Additionally, associations
between MetS individual components, as both continuous variables and categorized as
quartiles, and PCa are shown in Supplementary Table 2. Similarly, these findings remained
consistent in sensitivity analyses as shown in Supplementary Table 3.

Results of further analyses examining combinations of two and three specific MetS components
and risk of PCa are also shown in Table 3. The strongest associations were seen for
combinations that included HbA1C. For example, the combination of abnormal values of HbAlc
and HDL resulted in an HR of 0.73 (95% Cl: 0.59-0.91) and the combination of abnormal HbA1C
and TG in an HR of 0.82 (95%Cl: 0.71-0.96) as compared to men with normal values of each of

these components.
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For the three-component combinations, the three strongest associations were observed for
combinations of abnormal values of HbAlc-HDL-WC (HR: 0.77, 95%Cl: 0.57-1.02); HbAl1c-HDL-

TG (HR: 0.74, 95%Cl: 0.58-0.96); and HbA1c-HDL-BP (HR: 0.69, 95%Cl: 0.53-0.91).

Potential mediators of HbAlc-PCa associations

Serum levels for hypothesized mediating factors (expressed as adjusted geometric mean
concentrations) are shown in Table 4, according to whether men had high (>42.0 mmol/mol) or
normal HbAlc levels. After adjusting for age, ethnicity, and SES, we found lower concentrations
of TT, CFT, SHBG and IGF-1, and higher concentrations of CRP, in men with high HbAlc
compared to men with low HbAlc (Model 1). The mean difference between biomarker levels
was attenuated but remained after further adjustments (Model 2).

Results of mediation analyses are shown in Supplementary Table 4 and summarized in Figure 1.
These analyses identified TT, IGF-1 and CRP as potential mediators of the association between
impaired glucose regulation (l.e. high levels of HbAlc) and PCa risk, however, with varying
effects on the direction of the causal pathway. For example, participants with an increase in
HbAlc were associated with lower odds of having increased levels of TT and IGF-1 (odds ratio
(OR): 0.61, 95%Cl: 0.59-0.64 and OR: 0.38, 95%Cl: 0.34-0.43, respectively) and the proportion of
the total effect mediated by these factors were 10.2% and 7.7%, respectively. This means that
overall, these factors caused a decrease in the overall PCa risk compared to the effect when
these mediators were not considered. Conversely, patients with higher HbAlc levels were at
increased odds of having higher CRP levels (OR: 1.87, 95%Cl: 0.99-1.25) and this mediated the

total effect by 7.1%, thus increasing the overall PCa risk.
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Discussion

In our prospective study of 220,622 men, we found no significant association between MetS
and risk of PCa. We also found no associations with WC, HDL, TG and BP, as individual
components and PCa risk. However, there was an inverse association between HbAlc and PCa
risk, which was also consistently seen in combinations with one or two other MetS
components. Mediation analyses to identify potential pathways that might explain the inverse
association between HbAlc and PCa risk, identified TT, IGF-1 and CRP as potential mediators.
Results of prior studies of overall MetS and PCa risk have been inconsistent. A recent meta-
analysis by Gacci et al (13), which included 24 prospective studies that assessed the role of
MetS in PCa risk and aggressiveness, found a positive association between MetS and overall
PCa (Odds ratio (OR): 1.17, 95% Cl: 1.00-1.36) and between MetS and high grade PCa (OR: 1.89,
95% Cl: 1.50-2.38). Another meta-analysis reported a similar slight increase in overall PCa risk
(10). On the other hand, our findings are in line with two cohort studies which reported no
association between MetS and risk of total, advanced and high-grade PCa (9, 30).

Despite most studies showing null or weak positive associations between elevated glucose
levels (including T2DM) and risk of any cancer (31), in the context of overall PCa risk most
studies have reported an inverse association in the context of overall PCa (32). A recent
systematic review of 15 prospective studies showed an inverse association between elevated
glucose levels and PCa risk (pooled relative risk (RR) of 0.88, 95%Cl: 0.78-0.98) (33), while
another meta-analysis of 19 prospective studies found an inverse association between T2DM

and PCa (RR: 0.84, 95%Cl: 0.76-0.93)(34). Our findings support of an inverse association
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between impaired glucose regulation, assessed by HbAlc levels, and risk of PCa are inconsistent
with most epidemiological studies.

While we found a decreased risk of overall PCa among men with some combinations including
HbAlc and HDL, low serum levels of HDL assessed as an individual risk factor were not
associated with PCa risk. Several epidemiological studies suggest that dyslipidaemia is involved
in the development of PCa (35). In a prospective cohort study of 69,735, Van Hemelrijck et al.
(36) found that HDL was inversely associated with PCa risk (HR 0.79, 95%Cl: 0.68-0.92), when
comparing the highest with the lowest quartile. Mondul et al. (37) also found that men with
higher HDL had a decreased risk of overall and advanced PCa. Hence, our finding of lower PCa
risk in men with low HDL combined with high HbAlc is somewhat inconsistent with these
previous reports. On the other hand, our finding of no association between TG and PCa risk, is
in line with other studies (38).

Central obesity, has been independently associated with a decreased risk of overall PCa and an
increased risk of advanced disease (6, 8, 9). However, we found no associations between WC
(the measure of central obesity most commonly used to define MetS) and risk of PCa.

The most commonly hypothesised pathways by which impaired glucose regulation (including
T2DM) may affect PCa risk or aggressiveness, are through influences on sex steroid hormone
levels, inflammatory pathways, or effects on growth factors (e.g.IGF-1). Low total testosterone,
free testosterone and sex hormone-binding globulin serum levels are frequently seen in men
with impaired glucose level (39).Therefore, low levels of sex steroid hormones could be

contributing to the inverse association between hyperglycemia and PCa risk (40). Our mediation
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analysis, however, suggests that only total testosterone mediates the association between
impaired glucose regulation (HbAlc levels) and PCa (explaining 10.2% of the total effect).

IGF-1 is a peptide involved in the regulation of cell proliferation, differentiation and apoptosis.
Several studies, including two meta-analyses, have found high concentrations of IGF-1 were
associated with an increased risk of PCa (41, 42). IGF-1’s bioavailability is regulated by insulin-
like growth factor binding proteins (IGFBPs) and circulating levels of insulin (43). Insulin
increases IGF-1 synthesis and decreases levels of IGFBP-1 and -2, and as a result, bioavailability
of IGF-1 is increased. Therefore, hypoinsulinaemia, which may develop over time in diabetic
patients, would have the inverse effect, reducing the bioavailability of IGF-1. In addition, there
are studies that have shown that diabetic patients have lower levels of IGF-1. Results from our
mediation analysis provide some support for the hypothesis that IGF-1 mediates the association
between high levels of HbAlc and PCa risk (explaining 7.9% of the total effect) by decreasing
PCa risk.

However, it should be noted that our analyses included patients with both prediabetic and
diabetic HbA1lc levels and insulin levels were not available for this study.

In addition, accumulating data support the hypothesis that chronic inflammation contributes to
prostate carcinogenesis through oxidative stress, DNA damage and altered gene expression
(14). However, several recent studies have found no association between markers of
inflammation (including CRP) and PCa. Unlike the other mediating factors investigated, CRP
showed a positive association between high levels of HbAlc and PCa, therefore implying that
CRP would influence the direction of the total effect towards an increased PCa risk. This is

consistent with previous studies that have found a clear association between insulin resistance
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and the chronic activation of pro-inflammatory signaling pathways (44). However, the net effect
of HbAlc and PCa risk is negative when accounting for all the proposed mediating factors
studied here. It should be noted that since the mediators tested in this paper only account for a
small proportion of the total effect, there are likely to be other unidentified factor or pathways
through which high HbA1c levels affect PCa risk.

In addition to the above proposed biological mechanisms, it has also been hypothesised that
detection bias due to lower serum PSA levels, often seen in diabetic men (45), may mask the
presence of PCa or delay its detection, leading to an apparent reduced risk (46), in men with
impaired glucose regulation (including diabetes). Additionally, several studies have shown that
serum testosterone levels are positively associated with PSA levels (47, 48). Thus our findings
could also reflect a reduced detection of PCa in men with higher HbAlc levels, rather than any
actual reduced risk of PCa development.

Strengths of our study include the large number of participants and reliable outcome data
prospectively collected through linkage with national registries. Also, a comprehensive physical
examination and questionnaire on measures of lifestyle was completed at cohort entry,
allowing us to adjust analyses for several important confounders that have not always been
available in other studies (family history, previous PSA testing).

One of the major limitations of our study was the lack of data on tumour stage and grade for
PCa, which prevented the assessment of associations between MetS components and PCa
severity. Also, the relatively short follow-up (7yrs) was a limitation in relation to assessing PCa
risk, especially given the cohort was quite young at enrolment (mean age 56yrs). Another

limitation was that exposure variables, along with important covariates, were measured only
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once at cohort entry, so potential changes over time could not be accounted for. In addition,
measures on other more specific inflammatory biomarkers were not included in the biomarker
assessments undertaken in the UK Biobank cohort and anti-inflammatory medications were not
taken into account in our analyses. This may have limited our findings when examining
mediation via inflammatory pathways, since CRP can fluctuate in relation to various acute
conditions causing inflammation (49, 50). Also, the “med4way” command in STATA only
allowed us to analyse each mediating factor separately and not as an overall mediating effect.
Finally, the homogeneous ethnic background of our cohort population (>94% Caucasian) may

limit the generalizability of our finding to other ethnic groups.

Conclusion

Our findings suggest that there is no significant association between overall MetS and risk of
PCa. In addition, HbAlc, alone or combined with other MetS components, was consistently
associated with a lower risk of PCa. Our mediation analyses indicate that sex steroid hormones
and inflammation may be part of the underlying biological mechanisms for this observation.
However, we cannot rule out detection bias due to effects of lower testosterone on PSA levels
as an explanation for lower PCa risk in men with impaired glucose regulation. Future studies

should further explore the role of these potential mechanisms, especially in the context of PCa.
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