University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Dashti, SG;Viallon, V;Simpson, JA;Karahalios, A;Moreno-Betancur, M;English, DR;Gunter,
MJ;Murphy, N

Title:
Explaining the link between adiposity and colorectal cancer risk in men and
postmenopausal women in the UK Biobank: A sequential causal mediation analysis

Date:
2020-10-01

Citation:

Dashti, S. G., Viallon, V., Simpson, J. A., Karahalios, A., Moreno-Betancur, M., English, D.
R., Gunter, M. J. & Murphy, N. (2020). Explaining the link between adiposity and colorectal
cancer risk in men and postmenopausal women in the UK Biobank: A sequential causal
mediation analysis. International Journal of Cancer, 147 (7), pp.1881-1894. https://
doi.org/10.1002/ijc.32980.

Persistent Link:
https://hdl.handle.net/11343/275623



W) Check for updates

Dashti Seyedeh Ghazaleh (Orcid ID: 0000-0002-1399-7220)
Murphy Neil (Orcid ID: 0000-0003-3347-8249)

Explaining the link between adiposity and colorectal cancer risk in men and postmenopausal women
in the UK Biobank: a sequential causal mediation analysis

S Ghazaleh Dashtil?, Vivian Viallon?, Julie A Simpson?, Amalia Karahalios', Margarita Moreno-
Betancur*®, Dallas R English'®, Marc J Gunter?, Neil Murphy?

1 Centre for Epidemiology and Biostatistics, Melbourne School of Population and Global Health, The
University of Melbourne, Melbourne, Victoria, Australia

2 Section of Nutrition and Metabolism, International Agency for Research on Cancer (IARC), Lyon, France
3 School of Public Health and Preventive Medicine, Monash University, Melbourne, Victoria, Australia

4 Clinical Epidemiology and Biostatistics Unit, Murdoch Children's Research Institute, Melbourne,
Australia

5 Department of Pediatrics, The University of Melbourne, Melbourne, Victoria, Australia

6 Cancer Epidemiology and Intelligence Division, Cancer Council Victoria, Melbourne, Victoria, Australia

Corresponding author:

S Ghazaleh Dashti

Centre for Epidemiology and Biostatistics
Melbourne School of Population and Global Health
Level 3, 207 Bouverie Street

The University of Melbourne VIC 3010 Australia
Email: seyedeh.dashti@unimelb.edu.au

Short title: Explaining adiposity and colorectal cancer link

Key words: adiposity, colorectal cancer, causal mediation analysis, C-reactive protein, inflammation,
hemoglobin-Alc, insulin resistance, sex-steroid hormones, sex hormone-binding globulin, testosterone

Article category: Cancer Epidemiology
Abbreviations used:

CRC: colorectal cancer; CRP: C-reactive protein; HbAlc: hemoglobin-Alc; SHBG: sex hormone binding
globulin; NDE: natural direct effect; NIE: natural indirect effect; RR: risk ratio; Cl: confidence interval;
ICD: International Classification of Disease; 1QC: internal quality control; CV: coefficient of variation;
WHO: World Health Organization; GMR: geometric mean ratio; OR: odds ratio; TE: total effect; IPW:
inverse probability weights; MI: multiple imputation; HPFS: Health Professionals Follow-up Study; sOB-R:
soluble leptin receptor; HR: hazard ratio; TyG: triglyceride-glucose index

Novelty and Impact

Mechanisms underlying adiposity-colorectal cancer (CRC) association are not well understood. Here, we
used UK Biobank data and performed sequential mediation analysis to quantify mediating effects of C-
reactive protein, hemoglobin-Alc, sex-hormone-binding globulin and testosterone in this association in men
and postmenopausal women. Our results suggest pathways marked by these obesity-related factors may not
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explain a large proportion of this association and pathways other than those captured here may also be
important for understanding the adiposity-CRC link.
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Abstract

Mechanisms underlying adiposity-colorectal cancer (CRC) association are incompletely understood. Using
UK Biobank data, we investigated the role of C-reactive protein (CRP), hemoglobin-Alc (HbAlc), and
(jointly) sex hormone-binding globulin (SHBG) and testosterone, in explaining this association. Total effect
of obesity vs normal-weight (based on waist circumference, body mass index, waist-hip ratio) on CRC risk
was decomposed into natural direct (NDE) and indirect (NIE) effects using sequential mediation analysis.
After a median follow-up of 7.1 years, 2070 incident CRC cases (men=1280; postmenopausal women=790)
were recorded. For men, the adjusted risk ratio (RR) for waist circumference (>102 vs <94cm) was 1.37
(95% confidence interval (Cl),1.19-1.58). The RRsN'E were 1.08 (95%CI,1.01-1.16) through all biomarkers,
1.06 (95%Cl1,1.01-1.11) through pathways influenced by CRP, 0.99 (95%CI,0.97-1.01) through HbAlc
beyond [the potential influence of] CRP, and 1.03 (95%CI,0.99-1.08) through SHBG and testosterone
combined beyond CRP and HbA1c. The RRNPEwas 1.26 (95%Cl,1.09-1.47). For women, the RR for waist
circumference (>88 vs <80cm) was 1.27 (95%Cl,1.07-1.50). The RRsN'E were 1.08 (95%Cl,0.94-1.22)
through all biomarkers, 1.08 (95%CI1,0.99-1.17) through CRP, 1.00 (95%CI1,0.98-1.02) through HbAlc
beyond CRP, and 1.00 (95%CI;0.92-1.09) through SHBG and testosterone combined beyond CRP and
HbA1c. The RRNPE was 1.18 (95%CI1,0.96-1.45). For men and women, pathways influenced by CRP
explained a small proportion of the adiposity-CRC association. Testosterone and SHBG also explained a
small proportion of this association in men. These results suggest that pathways marked by these obesity-

related factors may not explain a large proportion of the adiposity-CRC association.
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Introduction

Globally, colorectal cancer (CRC) is the third most commonly diagnosed cancer among men and women 2.
There is a wide disparity in CRC incidence across the world regions. High-income countries have three
times higher incidence rate compared with low- and middle-income countries *, while the latter, especially
countries undergoing significant developments, have faced an increased burden of CRC more recently 2.
These patterns highlight the role that some of the consequences of a “Westernized’ lifestyle may have in

developing CRC .

Excess body fatness, a hallmark of “Westernized’ lifestyle, is an established risk factor for CRC, as well as
for 12 other cancers . Based on a recent meta-analysis, the relative risk (RR) of CRC for the highest vs
lowest category of waist circumference (a measure of central adiposity) was 1.48 (95% confidence interval
(Cl), 1.30-1.67) for men and 1.44 (95%Cl, 1.30-1.60) for women . Similar associations were reported for
BMI (obese vs normal), with a more evident difference in the strength of association for men (RR 1.47;

95%Cl, 1.36-1.58) compared with women (RR 1.15; 95%Cl, 1.08-1.23) “.

Overweight and obesity already make a substantial contribution to the burden of CRC. In 2012, 13% (90%
confidence interval (CI), 11%-14%) of colon and 6% (90%CI, 5%-7%) of rectal cancer cases diagnosed in
men and 8% (90%Cl, 7%-8%) of colon and 4% (90%CI, 3%-4%) of rectal cancer cases diagnosed in
women were attributable to overweight and obesity (BMI >25 kg/m?) °. Globally, the prevalence of adults
living with obesity (BMI >30 kg/m?) has increased from ~3% in 1975 to ~11% in 2014 in men and from
~6% in 1975 to ~15% in 2014 in women . If these trends continue, by 2025, 18% of men and 21% of
women will have obesity ’. It can, therefore, be expected for obesity to make considerably larger

contributions to CRC burden in the future.
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Adiposity-induced chronic inflammation, dysregulation of insulin signaling and glucose homeostasis, and
sex-steroid hormones production are three interconnected pathways hypothesized to mediate the adiposity—
CRC association 8. Inflammation might exert its influence on CRC risk directly (through its angiogenic,
mitogenic, and antiapoptotic effects) & and through contributions to the development of insulin resistance
and dysregulated insulin signaling °® and sex-steroid hormones production pathways %1, Insulin resistance
may increase cancer risk through hyperglycemia and exposure to elevated levels of insulin which has
mitogenic and antiapoptotic effects  and its influences on insulin-like growth factor-1 2 13 and sex-steroid
hormones levels 1% 1114 The potential role of sex-steroid hormones in colorectal carcinogenesis is not well-
understood, but the higher incidence of CRC in men, a stronger adiposity-CRC association in men 8,
differences in the associations between adiposity and sex-steroid hormone levels in men and women
(inverse association with testosterone levels in men, positive association in women) *°, and the inverse
association between hormone therapy and CRC in women 6 are consistent with a role of sex-steroid
hormones in the etiology of CRC 8. Overall, however, the evidence for associations between sex-steroid

hormones and CRC risk in men and women is limited and inconclusive .

We used data from the UK Biobank to investigate the extent to which biomarkers of these three pathways
mediate the effect of adiposity (measured by waist circumference, BMI, and waist-hip ratio) on CRC risk in
men and postmenopausal women. A sequential causal mediation analysis approach was used to quantify the
mediating effects through the three pathways without assuming they acted independently ”. The assessed
biomarkers were high sensitivity C-reactive protein (CRP, a non-specific biomarker of systemic
inflammation), glycated hemoglobin (HbAlc, a biomarker of glycemic control and a correlate of insulin
resistance *8), and sex-hormone-binding globulin (SHBG) and testosterone (treated jointly to capture some

aspects of altered sex-steroid hormone levels in the obese state).

Methods
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The UK Biobank is a prospective cohort of 229,134 men and 273,402 women recruited between 2006 and
2010 following an invitation letter sent to about 9.2 million individuals (~5.5% response rate) *°. Invitees
were registered with the UK National Health Service, were mostly 40-69 years old, and lived within
approximately 25 miles of one of 22 assessment centers in England, Wales, and Scotland. Participants gave
informed consent, and the North West Multi-Centre Research Ethics committee, the National Information
Governance Board for Health and Social Care in England and Wales, and the Community Health Index
Advisory Group in Scotland approved the study. In 2004, the Ethics and Governance Council was
established to ensure adherence to the Ethics and Governance Framework

(http://www.ukbiobank.ac.uk/ethics/) of the study. This research was conducted using the UK Biobank

Resource under application number 25897.

The current study used data from all participants, with the outcome defined as CRC diagnosis between one

year after baseline (i.e. recruitment) and end of follow-up (see Follow-up and outcome assessment).

Data collection

At baseline, information on demographics, early life and lifestyle exposures, health history and medication
use were collected using a self-administered touchscreen questionnaire available at

http://www.ukbiobank.ac.uk/key-documents/. Weight, height, waist and hip circumference were measured

following prespecified protocols 2, and blood samples were collected, centrifuged, and stored at -80°C or

liquid nitrogen within ~24 hours after venipuncture 2.

Follow-up and outcome assessment

Incident cancer cases and cancer cases recorded first in death certificates were identified through linkage to

national cancer and death registries. Complete follow-up was available through 31 March 2016 for England
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and Wales and 31 October 2015 for Scotland. The 10th Revision of the International Classification of
Disease (ICD-10) was used to define CRC cases (C18, C19, and C20 for malignant neoplasms of colon,

rectosigmoid junction, and rectum respectively).

Selection of participants eligible for the study

Participants were ineligible for this study if they had withdrawn consent; had cancer diagnosed before
baseline; had less than one-year follow-up; were diagnosed with CRC within the first year after baseline;
were diagnosed with cancer of the appendix (ICD-10 C18.1; <1%); died (<2%) or were lost to follow-up
(<0.5%) before the end of follow-up; did not have body size measurements collected or had BM1<18.5
kg/m? at baseline; had unknown diabetes status, had diabetes or reported taking diabetes medication at
baseline (Figure 1la-1b). The last exclusion criterium was imposed because diabetes and diabetes medication
use may change the link between adiposity and insulin signaling 2. Additionally, women who, at baseline,
were premenopausal or <55 years old with unknown menopause status, who reported taking hormone
therapy, or hormonal contraceptives were ineligible (Figure 1b). We did not include premenopausal women
in this analysis because the mechanistic pathways, especially the sex-steroid hormones pathway, might be
different in pre- and postmenopausal women. Instead of multiply imputing missing confounder data (the
approach used to handle missing biomarker data), we also excluded participants with missing data for any of
the selected confounders (see Confounder selection) because they were a relatively small proportion (<10%)

of all the participants.

Biomarkers and laboratory methods

Descriptions of laboratory methods and protocols for measuring the biomarkers have been published 23 24,

We did not include estradiol in our analyses because most participants had poor quality data 2*.
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Measurements were performed in blood samples (red blood cells for HbAlc, serum for all other biomarkers)
collected at baseline (2006-2010) as part of the UK Biobank Biomarker Project. Immuno-turbidimetric
metric (Beckman Coulter AU5800) was used to measure CRP (with average within-laboratory coefficient of
variation (CV) of 2.3% for low and 1.7% for high internal quality control (IQC) samples); high-performance
liquid chromatography (Bio-Rad Variant Il Turbo) to measure HbAlc (CV 2.1% for low, 1.5% for high 1QC
samples); and chemiluminescent immunoassay (Beckman Coulter DXI1 800) to measure SHBG (CV 5.7%
for low, 5.2% for high 1QC samples), and testosterone (CV 8.3% for low, 4.2% for high 1QC samples) % 24,
An algorithm was developed to ensure each laboratory batch included a random selection of participants to
reduce the likelihood of any systematic differences in assay results between participants 2. When
applicable, the data we received had also been corrected for aliquot-dilution effect (SHBG, testosterone) and
date of the assay (HbAlc, SHBG, testosterone) 2. Free testosterone was calculated from measured
testosterone, SHBG, and albumin ?°. For a subgroup of participants, biomarker measurements were
additionally performed in blood samples collected at repeat assessment visit (2012-2013). Intraclass
correlation coefficients (ICC) were calculated using the two measurements to assess the reproducibility of

the measures (see Statistical analysis).

Statistical analysis

Waist circumference, BMI, and waist-hip ratio were used as measures of adiposity in separate analyses. For
BMI, we used the World Health Organization (WHQO) recommended cut-off values to compare participants
with obesity vs normal weight (>30 vs <25 kg/m?). For waist circumference, we also used the WHO
suggested cut-off values to compare participants defined as “at substantially increased risk of metabolic
complications” (referred to as with obesity hereafter) with normal (>102 vs <94 cm for men, >88 vs <80 cm

for women) 2. For waist-hip ratio, we used sex-specific quartiles to define with obesity (4™ quartile >0.98
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for men, >0.86 for women) vs normal (1% quartile <0.89 for men, <0.77 for women) because the WHO does
not have a suggested cut-off value for normal 26, We treated CRC diagnosis as a binary outcome because

methods for handling multiple mediators and survival outcome are not fully developed yet ’.

To calculate the ICCs for biomarker measurements, linear mixed-effects modelling was used to obtain

estimates of the between- and within-person variances.

Confounder Selection: The following variables were identified a priori and included as potential
confounders (i.e. common causes for exposure-outcome, mediator-outcome, or exposure-mediator
associations 28): age at baseline (fitted as splines), educational attainment, Townsend deprivation index,
first-degree relative history of CRC, physical activity, alcohol intake, smoking status, total red or processed
meat intake, regular aspirin or ibuprofen use; additionally for women number of live births, ever use of oral

contraceptive pill, and ever use of hormone therapy.

Adiposity-biomarker associations: For each biomarker, the geometric mean ratio (GMR; 95% CI) was
estimated in relation to adiposity measures (comparing with obesity vs normal) using linear regression

models fitted to the log-transformed biomarker variable adjusting for potential confounders.

Adiposity-CRC & Biomarker-CRC associations: Odds ratios (OR; 95% CI) for the adiposity-CRC and
biomarker-CRC associations were estimated using logistic regression models adjusted for confounders. For
each biomarker-CRC model, we additionally included waist circumference and other biomarkers that might
have confounded the association (i.e. CRP for HbaAlc-CRC model; and CRP and HbAlc for SHBG-CRC
and testosterone-CRC models, selected based on the hypothesized causal sequence — see Figure 2). The
linearity of the biomarker-CRC associations was investigated in models with biomarker variables fitted as

restricted cubic splines (2 degrees of freedom).
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Sequential mediation analysis: Using a causal mediation analysis approach %', the total adiposity-CRC
association (total effect Risk Ratio (RR)'F) was decomposed into a natural indirect effect (RRN'E; effect
explained by all the included biomarkers, i.e. CRP, HbAlc, SHBG, and testosterone) and a natural direct
effect (RRNPE; effect not explained by any of the included biomarkers) (see 28 for a formal definition of
NDE and NIE). Assuming that CRP levels might have also influenced HbAlc or biomarker of sex-steroid
hormone pathway ® !, and HbAlc might have influenced biomarker of sex-steroid hormone pathway 4,
but not vice versa, we took a sequential approach to further decompose the estimated NIE into the following
NIEs: i) through pathways influenced by CRP; ii) through HbA1c excluding the possible influence of CRP
on HbAlc; and iii) through SHBG and testosterone combined excluding the influences of CRP or HbAlc.

Figure 2 provides a schematic explanation of these effects and the sequential process used to estimate them

17

The mediation analysis involved calculating inverse probability weights (IPWs) based on the predicted
probabilities of being obese from logistic regression models for exposure conditional on confounders 17,
Then, under different counterfactual scenarios, potential outcomes weighted by the IPWs (to take
confounding into account) were estimated based on logistic regression models for the outcome conditional

on exposure, confounders, with and without the biomarkers . Potential outcomes were expressed as risks,

1

2 To accommodate non-linear biomarker-CRC
(1+exp(—log(odds)))

using the following formulae risk =

associations, relevant biomarker variables were included as restricted cubic splines. Outcome models used to

estimate each effect are presented in Figure 2.

Missing data: Missing biomarker data were handled using multiple imputation (MI) based on chained
equations with 20 iterations for men and 35 for women (18% of men and 35% of women had missing values

for at least one biomarker (Table 1)). For each adiposity measure, M1 was performed with separate

10
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imputation models for obese and non-obese individuals *. The imputation models included all variables in
the mediation analyses and the biomarker-biomarker and biomarker-CRC interaction terms (i.e. treating
these interactions as ‘just another variable’ with missing values) *°. Then, the obesity-biomarker interaction

terms were generated from the multiply imputed datasets *°.

Mediation analysis was performed for each imputed dataset and standard errors for TE, NDE, and NIEs
were estimated using 1000 bootstrap samples. Rubin’s rules were then applied to calculate the final Ml
estimates of effects and 95% Cls by pooling the estimated effects across the imputed datasets and deriving

the standard errors from the within- and between-imputation variances 3.

Additional Analyses: The following additional mediation analyses were performed: i) for the outcome
models, including an interaction term between the adiposity measure and each biomarker, as well as
between CRP-HbAlc, CRP-SHBG, CRP-testosterone, HbA1C-SHBG, HbA1C-testosterone, and SHBG-
testosterone; ii) using calculated free testosterone as the biomarker of sex-steroid hormone pathway (instead
of testosterone and SHBG combined); iii) excluding rectal cancer cases and limiting analyses to colon
cancer; and iv) excluding colorectal cancer cases diagnosed within the first two years of follow-up and non-

cases with follow-up <2 years.

All analyses were performed using Stata version 15 2,

Data availability

UK Biobank is an open-access resource. Bonafide researchers can apply to use the UK Biobank dataset by

registering and applying at http://ukbiobank.ac.uk/register-apply/.

Results
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Overall, 179,936 men and 136,578 women met the eligibility criteria for this analysis (Figure 1). Men with
waist circumference >102 vs <94 cm had higher median red or processed meat intake, and a higher
proportion had lower physical activity levels, were former smokers, and reported regular aspirin or
ibuprofen use. Similar differences were observed for women with waist circumference >88 vs <80 (Table 1;
see Supplementary Tables 1 and 2 for distributions of baseline characteristics by BMI and waist-hip ratio
categories respectively). During a median follow-up time of 7.1 years, 1,280 and 790 CRC cases were

diagnosed in men and postmenopausal women, respectively.

The ICCs (95% CI) for the biomarkers ranged from 0.56 (95%CI, 0.55-0.57) to 0.86 (95%Cl, 0.86-0.87) for
CRP and SHBG respectively in men and 0.67 (95%CI, 0.66-0.68) to 0.81 (95%Cl, 0.80-0.82) for CRP and

SHBG respectively in women (Supplementary Table 3).

Adiposity-biomarker associations: For men with waist circumference >102 vs <94 ¢cm, an inverse
association was observed for SHBG (GMR 0.79; 95%Cl, 0.79-0.79) and testosterone (GMR 0.83; 95%(Cl,
0.82-0.83); a positive association for CRP (GMR 2.00; 95%Cl, 1.97-2.02); and a weak positive association
for HbAlc (GMR 1.04; 95%CIl, 1.04-1.05). For women with waist circumference >88 vs <80 cm, an inverse
association was observed for SHBG (GMR 0.63; 95%Cl, 0.63-0.63); a positive association for CRP (GMR
2.64; 95%Cl, 2.60-2.67); and weak positive associations for testosterone (GMR 1.08; 95%Cl, 1.07-1.09)
and HbAlc (GMR 1.04; 95%CI, 1.04-1.04) (Table 2). The associations were similar for BMI and waist-hip

ratio in both men and women. (See Supplementary Table 4 for complete case analysis).

Adiposity-CRC & Biomarker-CRC associations: The adjusted OR for CRC risk for men with waist
circumference >102 vs <94 cm was 1.38 (95% CI, 1.20-1.59). Similar associations were observed for BMI
and waist-hip ratio. A positive association was observed for CRP after adjusting for confounders and waist

circumference (OR per doubling concentration 1.07; 95% CI, 1.02-1.11), and there was suggestion for an
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inverse association for SHBG (OR 0.92; 95% CI, 0.82-1.03) and testosterone (OR 0.92; 95% ClI, 0.81-1.05)
after additionally adjusting for CRP, and HbA1c. There was no evidence for an association between HbAlc
and CRC risk (OR additionally adjusted for CRP 0.82; 95% ClI, 0.58-1.14) (Table 3 multiple imputation

analysis; Supplementary Table 5 complete case analysis). No strong evidence for departure from linearity

for adiposity-CRC or biomarker-CRC associations was observed (Table3).

For women with waist circumference >88 vs <80 cm, the adjusted OR for CRC was 1.28 (95% ClI, 1.08-
1.51). A weaker association was observed for BMI (=30 vs <25 kg/m?, OR 1.11; 95% CI, 0.91-1.36) and a
stronger association for waist-hip ratio (>0.89 vs <0.77, OR 1.33; 95% ClI, 1.07-1.65). The point estimates
and 95% CI were suggestive of weak-to-null associations between biomarkers and CRC (adjusted OR per
doubling CRP 1.03; 95%CI, 0.98-1.09; HbA1C 1.06; 95% ClI, 0.66-1.71; SHBG 1.03, 95%Cl, 0.90-1.18;
testosterone 1.00; 95%CIl, 0.88-1.13) (Table 3 multiple imputation analysis; Supplementary Table 5
complete case analysis). There was evidence for a non-linear SHBG-CRC association for women.

Therefore, in the models for mediation analysis for women, SHBG was included as restricted cubic splines.

Sequential mediation analysis: For men with waist circumference >102 vs <94 cm, the RRN'E was 1.08
(95% ClI, 1.01-1.16) through all the biomarkers, 1.06 (95% CI, 1.01-1.11) through CRP and pathways
influenced by CRP, 0.99 (95% CI, 0.97-1.01) through HbA1c excluding the influence of CRP on HbAlc
levels, and 1.03 (95% ClI, 0.99-1.08) through SHBG and testosterone combined excluding the influences of
CRP and HbA1c on SHBG and testosterone levels. The RRNPE not through any of the included biomarkers
was 1.26 (95% CI, 1.09-1.47). Similar patterns of mediation were observed for BMI and waist-hip ratio

(Table 4, see Supplementary Table 6 for complete case analysis).

For women, the RRN'Ewas 1.08 (95% CI, 0.95-1.22) through all the biomarkers, 1.08 (95% CI, 0.99-1.17)

through pathways influenced by CRP, 1.00 (95% CI, 0.98-1.02) through HbA1c excluding the influence of
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CRP, and 1.00 (95% CI, 0.92-1.09) through SHBG and testosterone combined excluding the influences of
CRP and HbA1c. The RRNPE not through any of the included biomarkers was 1.18 (95% ClI, 0.96-1.45).
Similar mediation effects were observed for waist-hip ratio. We did not attempt to perform mediation
analysis for BMI, because no total effect of BMI on CRC was observed in the multiple imputation (Table

or complete case analyses (Supplementary Table 6).

Additional analyses

Patterns of mediation were similar in analyses that included all possible adiposity-mediator and mediator-
mediator interaction terms (Supplementary Table 7), when calculated free testosterone was used as the
biomarker of sex-steroid hormone pathway (Supplementary Table 8), in analyses limited to colon cancer
cases (Supplementary Table 9), and in analyses limited to colorectal cancer cases diagnosed after two

years of follow-up and non-cases with more than two years of follow-up (Supplementary Table 10).

Potential influence of missing data

We had missing biomarker data for 18% of men and 35% of women. Baseline characteristics were
comparable for men with and without missing biomarker data. A slightly larger proportion of women with
missing biomarker data had waist circumference <80 cm (41% vs 39%) or BMI<25 kg/m? (40% vs 37%)

compared with women with complete biomarker data (Supplementary Table 11).

For all analyses, results from complete case analyses are presented (Supplementary Table 4 to 11).
Multiple imputation and complete case analyses yielded similar results but the 95%CIs from multiple

imputation analyses were slightly narrower.

Discussion
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For men and postmenopausal women, the effect of adiposity on CRC not explained by the included
biomarkers was larger than the estimated indirect effect through all biomarkers. Pathways originating with
CRP explained a small proportion of the adiposity-CRC association. In men, a small part of the adiposity-

CRC association was explained by adiposity-induced reduced levels of SHBG and testosterone.

To our knowledge, this is one of the first and largest studies that has attempted to quantify the mediating
effects of multiple pathways on the adiposity-CRC association, while allowing for correlation between
mediators and interrelation between pathways 7. The causal mediation analysis approach was able to handle
non-linear mediator-outcome associations and exposure-mediator or mediator-mediator interactions '
These are important advantages over other statistical methods that have traditionally been used to assess
mediation 2. The path-specific indirect effects were estimated using a sequential approach. An unverifiable
assumption required by this approach is that the prespecified causal ordering of the pathways is true 1’. For
this analysis, based on current evidence, we assumed that inflammatory and insulin signaling pathways
preceded and possibly influenced SHBG and testosterone levels, while inflammatory pathway preceded

dysregulated insulin signaling and glucose homeostasis % 4.

We made use of all the relevant biomarkers in the UK Biobank, but measurements were available for only a
limited number of biomarkers, which was perhaps the most important limitation of this study. The observed
mediating role for the pathways, or lack thereof, would have depended on how well the available biomarkers
captured the biological characteristics of each pathway. For all participants, we used measurements for the
biomarkers at one time point only. The differences in temporal variability and measurement quality of the
biomarkers may have introduced varying degrees of information bias into our estimated associations and
influenced the strength of the observed indirect effects. Overall, however, the biomarker measurements were
of high quality (all CVs <9%) 212324 and, uniquely, were available in nearly all cohort participants.

Additionally, for all biomarkers, the ICCs calculated for the subgroup of participants who had measurements

15
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available for two time points (approximately four years apart) were >0.55, suggesting that single
measurements provided a reasonable estimate of longer-term exposures. In the UK Biobank, height, weight,
waist and hip circumference were measured following a published protocol to reduce measurement error 2,
In addition to BMI, we used waist circumference and waist-hip ratio as measures of adiposity, which may
perform better in identifying individuals with obesity 3. Our study did not provide evidence for an
association between BMI and colorectal cancer risk in women, which was similar to a previous analysis of
the UK Biobank data (hazard ratio (HR) for highest vs lowest quintile 1.11; 95%Cl, 0.89-1.38)*, but
inconsistent with the results of a recent meta-analysis of studies investigating the association between BMI
and colorectal cancer (summary RR for women per 5 kg/m? 1.05; 95%ClI, 1.02-1.08)%® . It is unclear why we
found no association between BMI and colorectal cancer for women. One possibility is that a longer
duration of follow-up and a larger number of cases may be required to detect the expected weaker
(compared with men) BMI and colorectal cancer association. In support of this supposition, in the European
Prospective Investigation into Cancer and Nutrition (EPIC) study after an average of 6.1 years of follow-up
(n=1570 cases), no association was found between BMI and colorectal cancer for women®®. However, in a
more recent EPIC study that included data after an average of 14.9 years of follow-up (n=6291 cases), the

expected positive association between BMI and colorectal cancer for women was observed 7.”

The sequential mediation analysis relied on assumptions of no unmeasured confounding of exposure-
outcome, mediator-outcome, exposure-mediator, and mediator-mediator relations . We had data on several
potential confounders and took those into account in our analyses, but due to the observational nature of this
study, residual confounding due to unmeasured or mismeasured confounders cannot be ruled out. For the

adiposity-biomarker associations, this study was cross-sectional and, thus, prone to reverse causation. We
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excluded CRC cases diagnosed within the first year of follow-up to reduce the possibility of outcome having

influenced adiposity or biomarker measurements.

Using causal mediation analysis in a nested case-control study within the Health Professionals Follow-up
Study (HPFS), it was observed that a large proportion of the BMI-CRC association (OR per 3.6 kg/m? 1.40;
95%Cl, 1.14-1.73) was explained by all inflammatory (CRP, interleukin-6, tumour necrosis factor receptor
2, and macrophage inhibitory cytokine-1) and metabolic (adiponectin, C-peptide, and soluble leptin receptor
(SOB-R)) biomarkers (ORN'E 1.26; 95%CI, 0.97-1.52) %8, The authors repeated the mediation analysis
separately for the two biomarker groups, assuming that the pathways were independent. Although the HPFS
included more inflammatory biomarkers compared with ours, similar to our results, the observed indirect
effect through inflammation was small (ORN'E 1.05; 95%Cl, 0.96-1.14) 38, Also, in a nested case-control
study within the European Investigation into Cancer and Nutrition, adjusting for CRP only changed the RR
for waist circumference-CRC association from 1.33 (95%CI, 1.26-1.41) per 10 cm increment to 1.31
(95%Cl, 1.24-1.39) in men and from 1.20 (95%Cl, 1.14-1.25) to 1.19 (95%Cl, 1.14-1.25) in women %,
Additional studies with a wider range of inflammatory biomarkers are needed to further explore the

mediating role of inflammation in adiposity-CRC association.

The HPFS nested case-control study found a larger ORN'E for the metabolic biomarkers (ORN'E 1.24;
95%Cl, 0.92-1.55), which was mainly driven by adiponectin and sOB-R 3. When the causal mediation
analysis was repeated for individual biomarkers, weak to no mediating effect was observed for C-peptide (a
biomarker for insulin signaling; ORN'E 1.05; 95%CI, 0.91-1.18) %, In a cohort study with 4,032 colon and
2,430 rectal cancer cases, the total BMI-colon (HR per 5 kg/m? 1.14; 95%Cl, 1.10-1.19) and -rectal cancer
(HR 1.09; 95%Cl, 1.03-1.15) associations were weakly mediated by triglyceride-glucose index (TyG; a
proxy for insulin resistance) (HRN'E 1.03; 95%CI, 1.01-1.04 for colon and HRN'E 1.03; 95%Cl, 1.01-1.05 for

rectal cancer) . The strength of the mediating effect was similar in men and women, and after excluding
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participants who did not have diabetes °. In our study, we did not observe any mediating effect through
HbA1c. The observed indirect effect through TyG in the study by Fritz et al. may have been overestimated
because the analysis did not allow for potential confounding by the preceding inflammatory pathway “°. In
our study, the estimated indirect effect through HbA1c excluded the possible influence of CRP on HbALc,
thus removed the confounding effect of CRP Y'. This issue, however, is unlikely to fully explain the null
indirect effect for HbAlc we observed. In our study of men and postmenopausal women who at baseline did
not have diabetes and did not report taking diabetes medication, there was no evidence for an association
between HbAlc and CRC, regardless of adjustment for CRP. Similarly, a recent Mendelian randomization
analysis found no evidence of an effect between genetically-predicted HbAlc concentration and colorectal
cancer risk (OR per genetically determined 1 standard deviation (SD) increment 1.02; 95%Cl, 0.85 — 1.22)
“1_ Fritz et al. observed an association between TyG and colon (HR per 1 SD 1.07; 95% Cl, 1.03-1.10) and
rectal (HR 1.09; 95% Cl, 1.04-1.14) cancers “°. Although HbA1c is an established long-term biomarker of
glucose and insulin metabolism %2, it may not be the ideal biomarker of dysregulated insulin signaling on its

own.

We are not aware of other studies that have investigated the mediating role of sex-steroid hormones in the
adiposity-CRC association. We were also limited in exploring the role of this pathway fully because we did
not have measures for estrogens. Our results provided evidence for a small role of adiposity-induced
reduced levels of SHBG and testosterone in explaining the increased CRC risk in men with obesity. This
observation is in line with the existing evidence on the potential protective role of androgens on CRC
development “3, It may also partly explain the stronger adiposity-CRC association observed in men because
as found in ours and previous studies, adiposity is associated with reduced testosterone levels in men, but

not in women %,
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In summary, increased CRP and reduced SHBG and testosterone levels explained a small proportion of the
effect of adiposity on CRC in men. Increased CRP also had a small mediating effect on the association in
postmenopausal women, comparable to the mediating effect observed in men. We did not observe any
mediating effect for HbAlc. A large proportion of the effect of adiposity on CRC was not explained by the
included biomarkers. These results suggest that pathways other than those captured here may also be
important for understanding the mechanisms linking adiposity and CRC and for identifying targets for CRC
prevention in individuals with obesity. Future studies with a wider range of biomarkers reflecting
inflammatory status, impaired insulin signaling and hyperinsulinemia, and altered sex-steroid hormone
levels in the obese state are needed to perform a comprehensive evaluation of the role of these pathways in
explaining the effect of adiposity on CRC link. Proper causal mediation analysis approaches would allow

such investigation, while appropriately accounting for correlations between biomarkers.
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Tables

Table 1 - Baseline Characteristics of men and women eligible for the study by categories of waist circumference

Men Women
Waist circumference, cm <94 >94 - <102 >102 <80 >80 - <88 >88
N=83,940 N=51,228 N=44,768 N=54,339 N=35,820 N=46,419
Colorectal cancer
affected - yes, n (%) 478 (1) 402 (1) 400 (1) 288 (1) 174 (0) 328 (1)

Age at recruitment,
median (25th - 75th
percentiles)

56.0 (48.0-62.0)

58.0 (50.0-63.0)

59.0 (51.0-64.0)

60.0 (56.0-64.0)

61.0 (57.0-65.0)

61.0 (57.0-65.0)

Age at cancer diagnosis
or the end of follow up,
median (25th - 75th
percentiles)

63.3 (55.4-69.4)

65.2 (57.5-70.5)

65.7 (58.5-70.6)

67.4 (63.2-71.0)

68.2 (64.3-71.8)

68.2 (64.4-71.8)

Follow-up time - years,
median (25th - 75th

percentiles) 7.1(6.5-7.7) 7.2 (6.4-7.8) 7.1(6.4-7.7) 7.1(6.5-7.7) 7.1(6.4-7.7) 7.1(6.4-7.7)
Highest educational
attainment, n (%)
None of the below 10,106 (12) 8,040 (16) 8,674 (19) 9,026 (17) 7,609 (21) 11,596 (25)
CSEs/O-levels/GCSEs
or equivalent 20,321 (24) 11,739 (23) 10,056 (22) 14,853 (27) 9,648 (27) 11,801 (25)
NVQ/HND/HNC/A-
levels or equivalent 16,959 (20) 10,607 (21) 9,456 (21) 6,667 (12) 4,461 (12) 6,277 (14)
Other professional
qualifications. (e.g.
nurse/teacher) 24,048 (29) 14,462 (28) 11,878 (27) 17,327 (32) 10,530 (29) 12,928 (28)
College/university
degree 12,506 (15) 6,380 (12) 4,704 (11) 6,466 (12) 3,572 (10) 3,817 (8)
Townsend deprivation
index at recruitment -
quintiles, n (%)
1 (least degree of
deprivation) 18,372 (22) 11,232 (22) 8,861 (20) 12,886 (24) 7,751 (22) 8,605 (19)
2 17,559 (21) 10,944 (21) 8,758 (20) 12,218 (22) 7,824 (22) 9,144 (20)
3 16,739 (20) 10,443 (20) 8,943 (20) 11,392 (21) 7,736 (22) 9,369 (20)
4 16,157 (19) 9,772 (19) 9,184 (21) 10,152 (19) 7,005 (20) 9,669 (21)
5 (highest degree of
deprivation) 15,113 (18) 8,837 (17) 9,022 (20) 7,691 (14) 5,504 (15) 9,632 (21)
First degree relative
history of colorectal
cancer - yes, n (%) 8,923 (11) 6,041 (12) 5,441 (12) 6,316 (12) 4,383 (12) 5,680 (12)
Physical activity - MET
hr/wk, n (%)
<10 13,575 (16) 10,941 (21) 12,768 (29) 9,968 (18) 7,964 (22) 14,117 (30)
10-<20 13,279 (16) 9,006 (18) 8,094 (18) 9,513 (18) 6,678 (19) 8,771 (19)
20-<40 20,937 (25) 12,163 (24) 9,805 (22) 13,531 (25) 8,840 (25) 10,257 (22)
40-<60 12,273 (15) 6,546 (13) 4,739 (11) 7,739 (14) 4,530 (13) 5,088 (11)
60+ 23,876 (28) 12,572 (25) 9,362 (21) 13,588 (25) 7,808 (22) 8,186 (18)
Alcohol intake, n (%)
never 4,431 (5) 2,522 (5) 2,537 (6) 4,340 (8) 2,884 (8) 5,091 (11)
Current occasionally to
1-3 times/month 12,412 (15) 7,200 (14) 7,668 (17) 12,576 (23) 9,328 (26) 14,923 (32)
1-2 times/week 21,613 (26) 13,007 (25) 11,956 (27) 13,647 (25) 9,239 (26) 11,637 (25)
3-4 times/week 23,358 (28) 14,520 (28) 11,335 (25) 12,790 (24) 7,724 (22) 8,101 (17)
daily or almost daily 22,126 (26) 13,979 (27) 11,272 (25) 10,986 (20) 6,645 (19) 6,667 (14)
Smoking status, n (%)
Never 47,086 (56) 24,891 (49) 19,373 (43) 33,719 (62) 20,990 (59) 25,575 (55)
Former 26,615 (32) 20,485 (40) 20,250 (45) 16,693 (31) 12,151 (34) 17,221 (37)
Current 10,239 (12) 5,852 (11) 5,145 (11) 3,927 (7) 2,679 (7) 3,623 (8)
26
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Total red and processed
meat intake - times/week,
median (25th - 75th

percentiles) 3.5 (2.5-5.0) 4.0 (2.5-5.0) 4.5 (2.5-5.5) 2.5 (2.0-4.0) 2.5 (2.0-4.5) 3.0 (2.0-4.5)

Regular aspirin or

ibuprofen use - yes, n (%) 18,700 (22) 14,187 (28) 14,657 (33) 10,656 (20) 8,427 (24) 12,954 (28)

Number of live births,

median (25th - 75th

percentiles) - - - 2.0 (1.0-2.0) 2.0 (1.0-3.0) 2.0 (1.0-3.0)
27
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Table 1 - Baseline Characteristics of men and women eligible for the study by categories of waist circumference

Men Women
Ever use of oral
contraceptive pill - yes, n
(%) - - - 43,179 (79) 28,021 (78) 35,539 (77)
Ever use of hormone
therapy - yes, n (%) - - - 24,233 (45) 17,395 (49) 22,551 (49)
Adiposity measures
Waist Circumference -
cm, median (25th - 75th 88.0 98.0 108.0 75.0 84.0 96.0
percentiles) (84.0-92.0) (96.0-100.0) (105.0-114.0) (71.0-78.0) (82.0-86.0) (92.0-102.0)
Body Mass Index -
kg/m2, n (%)
>18.5-<25 44,047 (52) 3,134 (6) 93 (0) 41,836 (77) 9,267 (26) 1,213 (3)
>25-<30 38,951 (46) 39,700 (77) 12,529 (28) 12,243 (23) 23,690 (66) 17,688 (38)
>30 942 (1) 8,394 (16) 32,146 (72) 260 (0) 2,863 (8) 27,518 (59)
Body Mass Index -
kg/m2, median (25th - 249 27.9 31.6 23.3 26.4 30.9
75th percentiles) (23.3-26.3) (26.6-29.3) (29.7-34.0) (21.8-24.8) (24.9-28.0) (28.5-34.0)
Waist-Hip Ratio, n (%)
<0.89 M; <0.77 W 44,766 (53) 3,681 (7) 409 (1) 27,045 (50) 3,140 (9) 874 (2)
>0.89 - <0.98 M; >0.77
-<0.86 W 37,589 (45) 37,444 (73) 16,277 (36) 26,254 (48) 25,958 (72) 18,284 (39)
0.98 M; >0.86 W 1,585 (2) 10,103 (20) 28,082 (63) 1,040 (2) 6,722 (19) 27,261 (59)
Waist-Hip ratio, median
(25th - 75th percentiles) 0.9 (0.9-0.9) 0.9 (0.9-1.0) 1.0 (1.0-1.0) 0.8 (0.7-0.8) 0.8 (0.8-0.9) 0.9 (0.8-0.9)
Biomarkers, median
(25th - 75th percentiles)
C-reactive protein - mg/L 0.9 (0.5-1.7) 1.3(0.8-2.4) 2.0(1.1-3.6) 0.8 (0.4-1.6) 1.4 (0.8-2.6) 2.5(1.4-4.7)
C-reactive protein
missing value - yes, n
(%) 4,369 (5) 2,633 (5) 2,601 (6) 3,053 (6) 2,049 (6) 2,943 (6)

Glycated hemoglobin-

nmol/mol

Glycated hemoglobin-
missing value - yes, n

(%)

Sex Hormone Binding

Globulin - nmol/L

Sex Hormone Binding
Globulin missing value -

34.4 (32.1-36.6)

4,731 (6)

40.8 (31.3-52.4)

35.0 (32.6-37.4)

2,844 (6)

35.2 (27.0-45.3)

36.0 (33.4-38.6)

2,643 (6)

32.9 (24.9-42.6)

35.2 (33.2-37.3)

3,284 (6)

67.5 (52.4-85.7)

35.7 (33.6-37.9)

2,277 (6)

53.1 (40.3-68.8)

36.6 (34.3-39.1)

3,134 (7)

42.1 (31.3-55.9)

yes, n (%) 11,043 (13) 6,543 (13) 5,843 (13) 8,083 (15) 5,256 (15) 6,986 (15)
Testosterone - pmol/L 12.7 (10.5-15.2) 11.4(9.4-13.7) 10.4 (8.5-12.6) 0.9 (0.7-1.3) 1.0 (0.7-1.3) 1.0(0.7-1.4)
Testosterone missing

value - yes, n (%) 4,882 (6) 2,897 (6) 2,895 (6) 13,080 (24) 8,261 (23) 10,116 (22)
Missing for any of the

biomarkers - yes, n (%) 15,223 (18) 9,074 (18) 8,130 (18) 18,919 (35) 12,077 (34) 15,121 (33)

CSE Certificate of Secondary Education; GCSE General Certificate of Secondary Education; NVQ National VVocational Education; HND
Higher National Diploma; HNC Higher National Certificate; MET Metabolic Equivalent of Task; W women; M men
Baseline Characteristics of men and women eligible for the study by categories of body mass index and waist-hip ratio are presented in
Supplementary Table 1 and Supplementary Table 2 respectively.
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Table 2 - Association between adiposity measures and biomarkers; multiple imputation analyses excluding women in the
middle category of each adiposity measure

Ratio of geometric means (95% confidence interval)

Waist circumference Waist-Hip Ratio
>102 vs. <94 M Body Mass Index >0.98 vs. B9 M
Biomarker >88 vs. <80 F >30 vs. <25 kg/m2 >0.86 vs. <77F
N=128,708 N=88,756 N=88,626
CRP 2.00 (1.97t0  2.02) 2.31 (2.28t0 2.34) 2.10 (2.07t0 2.13)
c
§ HbA1C 1.04 (1.04to 1.05) 1.05 (1.05t0 1.05) 1.05 (1.05t0 1.05)
SHBG 0.79 (0.79t0  0.79) 0.72 (0.72t0  0.73) 0.77 (0.76to  0.77)
Testosterone 0.83 (0.82to 0.83) 0.80 (0.80to  0.80) 0.83 (0.83to0 0.84)
N=100,758 N=82,957 N=66,082
s _CRP 2.64 (2.60to  2.67) 3.19 (3.15t0 3.24) 2.19 (2.16t0  2.23)
g HbA1C 1.04 (1.04t0  1.04) 1.04 (1.04t0 1.04) 1.05 (1.05t0  1.05)
= SHBG 0.63 (0.63to0  0.63) 0.61 (0.60to  0.61) 0.63 (0.62to  0.63)
Testosterone 1.08 (1.07to  1.09) 1.12 (1.11t0  1.13) 1.04 (1.03to 1.04)

Results from complete case analysis are provided in Supplementary Table 5.

Abbreviations: CRP C-reactive protein; HbAlc glycated hemoglobin; SHBG sex-hormone-binding globulin

Missing biomarker data were multiply imputed (complete case analysis results are presented in Supplementary Table 4).
Models were adjusted for age at recruitment, education, Townsend deprivation index at recruitment, first-degree relative
history of colorectal cancer, physical activity, alcohol intake, smoking status, red and processed meat intake, and regular
use of aspirin or ibuprofen. Models for women were additionally adjusted for the number of live births, ever use of oral
contraceptive pill, and ever use of hormone therapy.
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Table 3 - Estimated odds ratios and 95% confidence intervals for the association between adiposity measures (exposure) or
biomarkers (mediators) and colorectal cancer (outcome) in men and women; multiple imputation analysis

Men Women
Waist Circumference, cm >102 vs <94 >88 vs <80
OR (95% CI) 1.38 (1.20to 1.59) 128 (1.08to0 1.51)
Body Mass Index, kg/m? >30 vs <25 >30 vs <25
OR (95% CI) 1.37 (1.16to0 1.62) 1.11 (0.91to 1.36)
Waist-Hip ratio >0.98 vs <0.89 >0.86 vs <0.77

OR (95% Cl)

142 (119to 1.70)

133 (1.07t0 1.65)

P value P value
for for
evidence evidence
Per doubling against Per doubling against
Biomarker concentration linearity concentration linearity
CRP
Model 1 1.07 (1.02t0 1.11) 0.02 1.03 (0.98to 1.09) 0.75
HbA1C
Model 1 0.85 (0.61to 1.19) 1.08 (0.67to 1.75)
Model 2
(additionally adjusted for CRP) 0.82 (0.58t0 1.14) 0.15 1.06 (0.66t0 1.71) 0.75
SHBG
Model 1 092 (0.82to0 1.02) 1.01 (0.89t0 1.15)
Model 2
(additionally adjusted for CRP and HbA1c) 0.92 (0.82to 1.03) 0.20 1.03 (0.90to 1.18) 0.00
Testosterone
Model 1 091 (0.80to 1.04) 1.00 (0.88t0 1.13)
Model 2
(additionally adjusted for CRP and HbA1c) 0.92 (0.81to 1.05) 0.56 1.00 (0.88t0 1.13) 0.19

Results from complete case analysis are provided in Supplementary Table 6.

Abbreviations: CRP C-reactive protein; HbAlc glycated hemoglobin; SHBG sex-hormone-binding globulin
Missing biomarker data were multiply imputed (complete case analysis results are presented in Supplementary Table 5).
Models were adjusted for age at recruitment, education, Townsend deprivation index at recruitment, first-degree relative history
of colorectal cancer, physical activity, alcohol intake, smoking status, red and processed meat intake, and regular use of aspirin
or ibuprofen. Models for women were additionally adjusted for the number of live births, ever use of oral contraceptive pill,

and ever use of hormone therapy. Model 1 for biomarkers were additionally adjusted for waist circumference.
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Table 4- Estimated natural direct and indirect effects using sequential mediation analysis for the association between adiposity
measures and colorectal cancer for men and women, analyses exclude participants categorized as overweight and do not include
any interaction terms between adiposity measures and biomarkers (exposure-mediator interactions) or biomarkers (mediator-
mediator interactions) - multiple imputation analysis

Risk Ratio (95% CI)

Effect Men Women
No. Colorectal Cancer affected/ No. unaffected 878/127,830 616/100,142
Total effect 137 (1.19to 1.58) 1.27 (1.07to 1.50)
Natural indirect effect through all the mediators 1.08 (1.01to 1.16) 1.08 (0.95t0 1.22)
Waist Natural ind!rect effect through CRP _ 1.06 (1.01to 1.11) 1.08 (0.99t0 1.17)
Circumference Natgral indirect effect through HbA1C, excluding
the influence of CRP 0.99 (0.97to 1.01) 1.00 (0.98to 1.02)

>102vs. <94 cm M

Natural indirect effect through SHBG and

> .< F . .
88 vs. <80 em testosterone, excluding the influence of CRP and

HbAlc 1.03 (0.99to 1.08) 1.00 (0.92to 1.09)
Natural direct effect not through any of the
mediators 1.26 (1.09to 1.47) 1.18 (0.96to0 1.45)
No. Colorectal Cancer affected/ No. unaffected 614/88,142 451/82,506
Total effect 1.36 (1.15to 1.60) 1.12 (0.92to 1.38)
Natural indirect effect through all the mediators 1.11 (1.00to 1.22) - - -
Natural indirect effect through CRP 1.06 (0.99t0 1.13) - - -
Natural indirect effect through HbA1C, excluding

Body Mass Index %11 ience of CRP 099 (0.96t0 1.02) : : ;

> <
=30 vs. <25 kg/m2 Natural indirect effect through SHBG and

testosterone, excluding the influence of CRP and

HbAlc 1.05 (0.99t0 1.12) - - -
Natural direct effect not through any of the
mediators 1.23 (1.02to 1.48) - - -
No. Colorectal Cancer affected/ No. unaffected 600/88,026 378/65,704
Total effect 1.31 (1.09to 1.58) 1.33 (1.06to 1.66)
Natural indirect effect through all the mediators 1.12 (1.03to 1.23) 1.10 (0.96to0 1.26)
Natural indirect effect through CRP 1.07 (1.00to 1.14) 1.09 (1.00to 1.19)
Waist-Hip Ratio  Natural indirect effect through HbA1C, excluding
>0.98 vs. <0.89 M the influence of CRP 0.99 (0.96to 1.02) 1.01 (0.97to 1.05)

>0.86 vs. <0.77F  Natural indirect effect through SHBG and
testosterone, excluding the influence of CRP and

HbAlc 1.06 (1.01to 1.11) 1.00 (091to 1.11)
Natural direct effect not through any of the
mediators 1.17 (0.95t0 1.44) 1.20 (0.92to 1.57)

Results from complete case analysis are provided in Supplementary Table 7.

Abbreviations: CRP C-reactive protein; HbAlc glycated hemoglobin; SHBG sex-hormone-binding globulin

Models were adjusted for age at recruitment, education, Townsend deprivation index at recruitment, first-degree relative history
of colorectal cancer, physical activity, alcohol intake, smoking status, red and processed meat intake, and regular use of aspirin or
ibuprofen. Models for women were additionally adjusted for the number of live births, ever use of oral contraceptives, and ever
use of hormone therapy.
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Figure Legends

Figure 1a- Flow diagram demonstrating the selection process of men in the UK Biobank for the present
study

Figure 1b- Flow diagram demonstrating the selection process of women in the UK Biobank for the present
study

Figure 2 - Schematic interpretation of the estimated total, natural direct, and natural indirect effects

In this study, C-reactive protein (CRP) was used as a general marker for inflammation, HbA1C as a marker
for glycemic control and a correlate of insulin resistance, and sex-hormone-binding globulin (SHBG) and
testosterone treated jointly as makers of the sex-steroid hormone pathway. Waist circumference, BMI, and
waist-hip ratio were used as proxy measures for adiposity in separate sets of analyses. In each provided
outcome model needed to estimate the effects, y is the outcome (colorectal cancer incidence), a is the
exposure (each adiposity measure comparing obese vs normal), ¢ confounders, m1 CRP, m2 HbAlc, m3a

SHBG, and m3b testosterone.
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Figure 2 — Schematic interpretation of the estimated total, natural direct, and natural indirect effects
In this study, C-reactive protein (CRP) was used as a general marker for inflammation, HbA1C as a marker for glycemic control and a correlate of insulin resistance, an
sex-hormone-binding globulin (SHBG) and testosterone treated jointly as makers of the sex-steroid hormone pathway. Waist circumference, BMI, and waist-hip ratio
were used as proxy measures for adiposity in separate sets of analyses. In each provided outcome model needed to estimate the effecgs,is the outcome (colorectal
cancer incidence),a is the exposure (each adiposity measure comparing obese vs normal)¢ confounders, mI CRP, m2 HbAlc, m3a SHBG, and m3b testosterone.
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Novelty & Impact Statement: 1JC-20-0035.R1

Mechanisms underlying the association between adiposity and colorectal cancer (CRC) are not well
understood. Here, using UK Biobank data and sequential mediation analysis, the authors quantified the
effects of C-reactive protein, hemoglobin-Alc, sex-hormone-binding globulin (SHBG), and
testosterone on the adiposity-CRC association in men and postmenopausal women. Analyses show that,
in both men and women, increased CRP had small mediating effects on adiposity and CRC. In men, a
small proportion of the effect was further explained by reduced SHBG and testosterone levels. The
results suggest that pathways other than those captured in the study are important for understanding the
adiposity-CRC link.
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