Interaction of dietary and genetic factors influencing body iron status and risk of type 2

diabetes within the EPIC-InterAct Study

Short title: Gene-Haem iron interactions and type 2 diabetes

Karina Meidtner PhD (1,2), Clara Podmore MD (3), Janine Krdger DrPH (1), Yvonne T van
der Schouw PhD (4), Benedetta Bendinelli PharmD (5), Claudia Agnoli MSc (6), Larraitz
Arriola MD, MSc (7,8,9), Aurelio Barricarte PhD (9,10,11), Heiner Boeing PhD (12),
Amanda J Cross PhD (13), Courtney Dow MPH (14,15,16), Kim Ekblom MD, PhD (17), Guy
Fagherazzi PhD (14,15,18), Paul W Franks PhD(19,20), Marc J Gunter PhD (21), José Maria
Huerta PhD (22,8), Paula Jakszyn PhD (23,24), Mazda Jenab PhD (21), Verena A Katzke
PhD (25), Timothy J Key DPhil (26), Kay Tee Khaw MBBChir, FRCP (27), Tilman Kihn
PhD (25), Cecilie Kyrg PhD (28), Francesca Romana Mancini PhD (14,15,18), Olle Melander
(19), Peter M Nilsson PhD (19), Kim Overvad PhD (29,30), Domenico Palli MD (5),
Salvatore Panico MD (31), J. Ramén Quiros MD (32), Miguel Rodriguez-Barranco PhD
(33,9), Carlotta Sacerdote PhD (34,35), Ivonne Sluijs PhD (4), Magdalena Stepien PhD (21),
Anne Tjonneland PhD, MD (28), Rosario Tumino MD (36,37), Nita G Forouhi FFPHM (3),
Stephen J Sharp MSc (3), Claudia Langenberg MD, PhD (3), Matthias B Schulze DrPH (1,2),

Elio Riboli MD (13), Nicholas J Wareham MD, PhD(3)

(1) Department of Molecular Epidemiology, German Institute of Human Nutrition Potsdam-
Rehbruecke, Germany (2) German Center for Diabetes Research (DZD), Germany, (3) MRC
Epidemiology Unit, University of Cambridge, Cambridge, United Kingdom, (4) University
Medical Center Utrecht, Utrecht, the Netherlands, (5) Cancer Research and Prevention

Institute (ISPO), Florence, Italy, (6) Epidemiology and Prevention Unit, Milan, Italy, (7)



Public Health Division of Gipuzkoa, San Sebastian, Spain, (8) Instituto BIO-Donostia,
Basque Government, San Sebastian, Spain, (9) CIBER Epidemiologia y Salud Pablica
(CIBERESP), Spain, (10) Navarre Public Health Institute (ISPN), Pamplona, Spain, (11)
Navarra Institute for Health Research (IdiSNA) Pamplona, Spain, (12) German Institute of
Human Nutrition Potsdam-Rehbruecke, Germany, (13) Department of Epidemiology and
Biostatistics, School of Public Health, Imperial College London, London, UK, (14) Inserm
U1018, CESP, Villejuif, France, (15) University Paris-Saclay, University Paris-Sud, Villejuif,
France, (16) Gustave Roussy, Villejuif, France, (17) Department of Medical Biosciences,
Clinical Chemistry, Umea University, Umed, Sweden, (18) Gustave Roussy Institute, F-
94800 Villejuif, France, (19) Department of Clinical Sciences, Lund University, Malmg,
Sweden, (20) Department of Public Health and Clinical Medicine, Umea University, Umea,
Sweden, (21) International Agency for Research on Cancer, Lyon, France, (22) Department of
Epidemiology, Murcia Regional Health Council, IMIB-Arrixaca, Murcia, Spain, (23) Cancer
and Nutrition Unit, Cancer Epidemiology Research Programme ,Catalan Institute of
Oncology (ICO), Barcelona, Spain, (24) Blanquerna Health Sciences Faculty , Universidad
Ramon Llull, Barcelona, Spain, (25) Division of Cancer Epidemiology, German Cancer
Research Center (DKFZ), Heidelberg, Germany, (26) University of Oxford, United Kingdom,
(27) University of Cambridge, Cambridge, UK, (28) Danish Cancer Society Research Center,
Copenhagen, Denmark, (29) Department of Public Health, Section for Epidemiology, Aarhus
University, Aarhus, Denmark, (30) Aalborg University Hospital, Aalborg, Denmark, (31)
Dipartimento di Medicina Clinica e Chirurgia, Federico Il University, Naples, Italy, (32)
Public Health Directorate, Asturias, Spain, (33) Escuela Andaluza de Salud Publica. Instituto
de Investigacién Biosanitaria ibs. GRANADA. Hospitales Universitarios de
Granada/Universidad de Granada, Granada, Spain, (34) Unit of Cancer Epidemiology, Citta'

della Salute e della Scienza Hospital-University of Turin and Center for Cancer Prevention



(CPO), Torino, Italy, (35) Human Genetics Foundation (HuGeF), Torino, Italy, (36) ASP

Ragusa, Italy, (37) AIRE - ONLUS, Ragusa, Italy

Corresponding author:

Matthias B. Schulze,

German Institute of Human Nutrition Potsdam-Rehbruecke,
Department of Molecular Epidemiology,
Arthur-Scheunert-Allee 114-116,

14558 Nuthetal,

Germany

e-mail: mschulze@dife.de

Tel: +49 33200 88 2434

Fax: +49 33200 88 2437

Word count abstract: 250

Word count text: 3996

Number of tables: 4

Number of figures: 0


mailto:mschulze@dife.de

Abstract

Objective: Meat intake has been consistently shown to be positively associated with incident
type 2 diabetes. Part of that association may be mediated by body iron status, which is
influenced by genetic factors. We aimed to test for interactions of genetic and dietary factors

influencing body iron status in relation to the risk of incident type 2 diabetes.

Research Design and Methods: The case-cohort comprised 9,347 cases and 12,301 subcohort
participants from eight European countries. SNPs were selected from genome-wide
association studies on iron status biomarkers and candidate gene studies. A ferritin related
gene score was constructed. Multiplicative and additive interactions of haem iron and SNPs as

well as the gene score were evaluated using Cox-proportional hazards regression.

Results: Higher haem iron intake (per 1 sd) was associated with higher ferritin levels (beta
(95% CI) =0.113 (0.082, 0.144)), but not with transferrin (-0.019 (-0.043, 0.006) or
transferrin saturation (0.016 (-0.006, 0.037)). Five SNPs located in four genes (rs1799945
(HFE H63D), rs1800562 (HFE C282Y), rs236918 (PCK7), rs744653 (SLC40A1), rs855791
(TMPRSS6 V736A)) were associated with ferritin. We did not detect an interaction of haem
iron and the gene score on the risk of diabetes in the overall study population (pa4¢=0.16,

Pmuit=0.21), but a trend towards a negative interaction in men (pagq=0.04, pmu=0.03).

Conclusions: We found no convincing evidence that the interplay of dietary and genetic
factors related to body iron status associates with type 2 diabetes risk above the level expected

from the sum or product of the two individual exposures.



A number of studies have shown a positive association of meat intake and incident type 2
diabetes (1-4). Haem iron from meat has been reported as the strongest dietary determinant of
plasma ferritin concentrations (5) and part of the effect of red meat on type 2 diabetes risk
seems mediated by ferritin (6). In accordance with this, biomarkers of body iron status i.e.
ferritin, transferrin and transferrin saturation (TSAT) have been linked with type 2 diabetes in
a number of studies, including the EPIC-Interact study (7-10). Ferritin is the major
intracellular iron storage protein and is directly associated with incident type 2 diabetes (7;
11). Transferrin is the iron transport protein in the circulation and its saturation with iron is
reflected by TSAT. Transferrin concentrations are inversely and TSAT directly correlated
with ferritin. Data on dietary determinants of transferrin and TSAT are scarce (12), but since
both markers are related to body iron status, a relation with meat intake, the major source of

dietary iron with a high bioavailability, seems plausible.

Genome-wide association studies have identified genetic variants associated with body iron
status (13-16). Most of them were located in genes functionally related to iron absorption,
transport and storage (13-16). We hypothesize that interactions between dietary and genetic
factors influencing body iron status and the risk for type 2 diabetes may exist. An interaction
of rs1799945 SNP (HFE H63D) and haem iron intake on the risk of type 2 diabetes has
previously been described in women (17). However, other studies on SNPs in TMPRSS6 and
TF genes as well as a genome-wide interaction analysis did not reveal significant interactions
with haem iron intake on the risk of type 2 diabetes (18; 19). Nevertheless, these studies were
limited in power by their sample size and it is therefore not possible to exclude interaction
effects of moderate size. Therefore, we aim to analyze interactions between genetic factors
influencing body iron stores and meat, a major dietary determinant of body iron stores, and

risk of type 2 diabetes in the large prospective EPIC-InterAct study.



Research Design and Methods

Study Population

The design and methods of the InterAct Study, nested within the European Prospective
Investigation into Cancer (EPIC) cohorts, hereafter called the *EPIC-InterAct Study’ are
described in detail elsewhere (20). Briefly, the sampling frame (n=340,234) included
participants from 26 centres in 8 out of 10 EPIC participating countries (France, Italy, Spain,
the UK, the Netherlands, Germany, Denmark and Sweden). Participants without stored blood
(n=109,625) or without information on diabetes (n=5821) were excluded. All ascertained and
verified incident type 2 diabetes cases between 1991 and 2007 (3.99 million person-years at
risk, n=12,403) comprised the ‘case’ group. A centre-stratified, representative subcohort of
16,835 individuals was selected as the comparison (“‘control’) group to assess the exposure
distribution in the cohort. Prevalent diabetes cases (n=548) and individuals with uncertain
diabetes status (n=133) were excluded from the subcohort, leaving 16,154 individuals for
analysis. Of the total 12,403 incident type 2 diabetes cases, a random set of 778 cases were

part of the subcohort as a result of the random selection of this group.

For the current analysis, we excluded participants with abnormal estimated energy intake (top
1% and bottom 1% of the distribution of the ratio of reported energy intake over basal
metabolic rate; Nsypconort=305; Ncases=339), Missing information on dietary intake
(Nsubcohort=51; Ncases=70), NO genetic data (including samples removed due to relatedness or
non-European ethnicity; Nsybconort=3,142; Ncases=2,389) and missing covariate data
(Nsubcohort=821; Ncases=723) leaving a sample of 9,347 cases and 12,301 subcohort participants,
including 577 cases in the subcohort (Supplementary Figure 1). Cross-sectional analyses for

biomarkers were carried out within the subcohort and additionally excluded samples with



missing biomarker measurement. Sample size varied between 10,657-11,576 individuals
between analyses, because ferritin on the one hand and transferrin and iron on the other were

measured in slightly different sample size (Supplementary Figure 1).

Case ascertainment

Ascertainment of incident type 2 diabetes involved a review of the existing EPIC datasets at
each centre using multiple sources of evidence including self-report, linkage to primary-care
registers, secondary-care registers, medication use (drug registers), hospital admissions and
mortality data. Information from any follow-up visit or external evidence with a date later
than the baseline visit was used. Cases in Sweden and Denmark were not ascertained by self-
report, but identified via local and national diabetes and pharmaceutical registers and hence
all ascertained cases were considered to be verified. To increase the specificity of the
definition for these cases, we sought further evidence including individual medical records
review in some centres. Follow-up was censored at the date of diagnosis, 31 December 2007

or the date of death, whichever occurred first.

Dietary assessment

Self- or interviewer-administered country-specific validated dietary questionnaires and/or diet
records (Sweden) were used to assess usual food intakes of participants (21; 22). Red meat
was calculated as the sum of the daily intake (in g) of unprocessed pork, beef, veal, mutton,
lamb, goat and horse as well as minced meat including that in hamburgers and meatballs.
Processed meat describes the sum of the daily intake (in g) of bacon-, ham- and liver-
containing items and all other processed meats such as black pudding, chorizo, sausages,
corned beef. Total meat was derived by summing up intakes of red meat, processed meat,

poultry and offal. Energy and nutrient (iron, calcium, vitamin C, fibre, alcohol) intakes were



estimated using the standardized EPIC Nutrient Database (ENDB) (23). The calculation of
haem iron was based on the proportion of haem iron on total iron content of the specific meat
item (65% beef, 39% pork, 52% remaining red meat and processed meat, 26% poultry and

fish, 21% offal) (24; 25).

Covariate assessment

Questionnaires were used to collect information on lifestyle factors and socioeconomic status
at baseline (26). For the current analysis, we used a four category physical activity index
reflecting occupational and recreational physical activity (27). Educational attainment was
categorized as none, primary school, technical school, secondary school and further education
including university degree. Smoking status was categorized as never, former, and current
smoker. Anthropometric measures including weight, height and waist circumference were

collected at baseline by standardized procedures and adjusted for clothing (28).

DNA extraction, genotyping and SNP selection

DNA extraction and genotyping procedures were published previously (29). Briefly,
participants were selected across all centres for genome-wide genotyping using the lllumina
660W-Quad BeadChip, Illumina HumanCoreExome-12v1 and the Illumina
HumanCoreExome-24v1 BeadArrays (Illumina, San Diego, CA, USA) at different points in
time. The number of individuals selected per centre was proportional to the percentage of
total cases in that centre. lllumina 660 and Core Exome datasets were separately quality
controlled and imputed to the dataset of the Haplotype Reference Consortium (30) using

IMPUTE?2 (31) at the Wellcome Trust Centre for Human Genetics in Oxford.



We selected candidate SNPs that were associated with iron status biomarkers in genome-wide
association studies for ferritin, transferrin, TSAT and soluble transferrin receptor and that
were known, by gene function, to be directly involved in iron metabolism (Supplementary
Table 1). For loci where several variants were described in different studies, the lead SNP of
the largest study (13) was used. Furthermore, we systematically searched Pubmed (32)
(Supplementary Table 2) for candidate genes functionally related to body iron metabolism
that were associated with type 2 diabetes (p<0.05). The search revealed two candidate SNPs
(rs3817672, rs17788379) in the Transferrin receptor-1 gene (TFRC) (33) and a microsatellite

polymorphism of the HMOX1 gene promoter (34).

All identified SNPs were available from genome-wide genotyping or imputation with a
confidence threshold >0.90 (Supplementary Table 1). The microsatellite polymorphism in
HMOX1 was not available from the genotyping chips. Therefore, haplotypes covering the
chromosomal location of the microsatellite were constructed using data from 55 genetic
variants (Supplementary Table 3)within the PHASE software version 2.1.1 (35). We observed

eight common haplotypes and used them in statistical analyses (Supplementary Table 3).

A weighted ferritin related gene score was constructed including all SNPs functionally related

to iron metabolism and associated with ferritin levels in GWAS (rs1799945, rs1800562,

rs744653, rs855791). Weights were based on the betas reported in literature (13).

Biomarker measurement

Samples were stored from collection in liquid nitrogen at —196°C in the coordinating centre at
the International Agency for Research into Cancer (IARC) in Lyon, France, or in liquid

nitrogen in local biorepositories with the exception of Umea, where —80°C freezers were



used. Samples from all centers were analyzed centrally at the SHL-Groep, Etten-Leur,
Netherlands. Ferritin, iron and transferrin were measured by Cobas® (Roche Diagnostics,
Mannheim, Germany) assays on a Roche Hitachi Modular P analyser in serum, except for
participants from Umea where only plasma samples were available and only ferritin was
measured (7). TSAT was calculated as follows: [iron(umol/L) x 100)] / [transferrin(g/L) x

22.75].

Statistical Analysis

Analysis strategy

Based on the hypothesis that dietary and genetic factors are more likely to interact when they
are related to a common biomarker, we selected specific dietary and biological factors for
interaction instead of testing all possible interactions. Starting from biomarkers of body iron
status (ferritin, transferrin and transferrin saturation) previously shown to be associated with
type 2 diabetes within the EPIC-InterAct study (7), we selected firstly dietary and secondly
genetic factors for our interaction analysis that were individually related to a common
biomarkers of body iron status and tested for their interaction in a third step. All analyses
were carried out stratified by sex, because of the differences in iron requirements and iron

stores between men and women.

Selection of dietary and genetic factors (cross-sectional analysis)

Association analyses of genetic and dietary exposures on concentrations of ferritin, transferrin
and TSAT used linear regression analysis, stratified by sex and country. Ferritin
concentrations were log10 transformed. All biomarkers were standardized (mean=0, SD=1)

based on the distribution in the subcohort.
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Dietary exposures (total meat, red meat, processed meat, red and processed meat, iron from
meat, haem iron defined as described above) were energy adjusted by the residual method
(36) and standardized based on the distribution in the subcohort. Linear regression models
with dietary exposures were adjusted for age, study centre, physical activity (4 categories),
total energy intake (kcal/day) and the intakes of fibre (g/day), alcohol (g/day), calcium
(mg/day), vitamin C (mg/day), tea (g/day) and coffee (g/day) because these dietary factors
may influence bioavailability of iron. Analyses of dietary exposures in women were
additionally adjusted for menopausal status (premenopausal, postmenopausal, perimenopausal

and surgical postmenopausal) and use of hormone replacement therapy (yes/no).

Association analyses of genetic exposures were adjusted for age, study centre, genotyping
chip, and eigenvalues of the first 10 coordinates from multidimensional scaling on common

and low-frequency variants (MAF>0.01).

Interaction analyses were only carried out for dietary and genetic exposures that showed a

significant association (p<0.05) in preceding analyses.

Interaction of dietary and genetic factors on biomarker levels

Interaction analyses were carried out by including a multiplicative interaction term of SNP
(0,1,2 coded) *dietary factor (continuous) adjusted for all covariates listed above. Subgroup
effects were calculated by the use of dummy variables based on cross-tabulation of genetic
and dietary exposure. The dietary exposure was split into low and high intake groups by the
sex-specific medians. The SNP variable was combined in two groups, with one group of
individuals homozygous for the allele associated with lower ferritin concentrations and the

second group comprising all carriers of the ferritin increasing allele.
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Analyses on type 2 diabetes

Association and interaction analyses of genetic and dietary exposures on the risk of diabetes
were carried out by Cox proportional hazard regression with Prentice weighting stratified by
sex and country. Age was used as the underlying time scale and the baseline hazard function
was stratified by centre and age at recruitment, truncated to full years. Analyses of genetic
exposures were adjusted for genotyping chip, eigenvalues of 10 coordinates, and BMI.
Interaction analyses of genetic and dietary exposures were carried out by including a
multiplicative interaction term of SNP (0,1,2-coded) *dietary factor (continuous) in the model
and were additionally adjusted for energy intake, education, smoking, physical activity,
alcohol intake and menopausal status (women only). Effect estimates and p-values of the
multiplicative interaction term are reported as measures of multiplicative interaction. In
addition, the relative excess risk due to interaction (RERI) as a measure of additive interaction
was calculated based on the same model by the method described by Li et al (37). Standard
errors of RERI were calculated using the delta method (37). Again, we calculated subgroup
effects based on the cross-tabulation of genetic and dietary exposure (described above) to

characterize the interaction.

Meta-analyses and multiple testing

Sex- and country-specific effect estimates of cross-sectional as well as longitudinal analyses
were combined by random-effects meta-analysis. Sex-specific and sex combined estimates are
reported. Differences between the sexes were assessed based on Cochran’s Q. Selection of
genetic and dietary factors for interaction analyses was based on association analyses of iron
status biomarkers. These analyses were not corrected for multiple testing in order to include

all possible relevant factors in the interaction analysis. In all other analyses, p—values were
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corrected for multiple testing using the linear step-up method of the false discovery rate from
Benjamini and Hochberg (38). Furthermore, associations of SNPs with diabetes from logistic
regression within the EPIC-InterAct study were combined with data from DIAGRAM by

meta-analysis. All analyses used the SAS Enterprise Guide 6.1, SAS 9.4 and R Version 3.1.2.

Results

Study population characteristics at baseline are displayed in Table 1. The analytical study
population was on average middle aged (median (25"-75"percentile): 52.7 (46.6-59.3) years),
comprised 61.6% women and had a median (25™-75"percentile) BMI of 25.5 (23.1-28.3)

kg/m?. Participants were followed up for a median of 12.5 years.

Selection of dietary factors

Intake of all analysed meat and iron items was directly associated with ferritin concentrations
(Table 2). The strongest association was observed for haem iron (beta (95%CI)=0.113

(0.082, 0.144) sd in ferritin/1 sd haem iron, p=1.3*10"?, Table 2). No significant associations
were detected for any of the analysed dietary factors with transferrin or TSAT (Table 2).
Differences in associations between men and women were not observed (psex _qifr>0.05). Based
on these results, the selection of SNPs for interaction analyses was restricted to those
associated with the biomarker ferritin. Subsequent interaction analyses were carried out with

haem iron.

Selection of genetic factors
Among the analysed SNPs, the previously reported association of rs1799945 (HFE H63D)
and rs1800562 (HFE C282Y), rs744653 (SLC40A1) and rs855791 (TMPRSS6 ) with ferritin

concentrations were replicated (Supplementary Table 4). The associations of rs1799945
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(HFE) and rs855791 (TMPRSS6) differed between sexes (psex_diff <0.05) and were stronger in
men than in women (Supplementary Table 4). Also, rs236918 (PCSK?7), primarily known for
its association with soluble transferrin receptor was associated with ferritin concentrations
beta (95%C1)=-0.037(-0.071;-0.003). None of the SNPs located in the transferrin (TF), the
transferrin receptor (TFRC, TFR2) and haem oxygenase 1 (HMOX1) genes were associated
with ferritin concentrations (Supplementary Table 4). The association of the gene score with
ferritin concentrations was also stronger in men than in women (men: beta =0.092
(0.068;0.117), women: beta =0.052 (0.031;0.072), p for heterogeneity between sexes = 0.01).
Based on the observed associations, further association and interaction analyses were

restricted to all SNPs associated with ferritin concentrations (see above), and the gene score.

Main effect of genetic determinants of ferritin on risk of type 2 diabetes

None of the ferritin related variants and gene score were significantly associated with risk of
diabetes in the EPIC-InterAct study taking multiple testing into account (Table 3). Meta-
analysis of results from EPIC-InterAct with those from DIAGRAM (39) indicated significant
positive associations of the ferritin increasing alleles of rs1799945 (HFE) with diabetes (OR
(95%C1)=1.06 (1.02;1.09), pror=0.02) and of rs744653 (SLC40A1) (OR (95%Cl)=1.05

(1.02;1.09), prpr=0.02; Table 3).

Interaction of dietary and genetic factors

With regard to the risk of type 2 diabetes, neither multiplicative nor additive interactions
between dietary and genetic factors related to body iron status were observed in the overall
study population (Table 4), when taking multiple testing into account. A nominally significant
negative interaction of haem iron intake and rs855791 was detected in sex-combined analyses

on the multiplicative scale (Pmui_raw=0.046, Table 4). In women, a statistically significant

14



positive interaction of rs744653 (SLC40A1) and haem iron was detected (Pmuit_raw=0.002,
Padd_raw=0.02, Table 4). Further nominally significant interactions were observed for rs236918
(PCK7) and haem iron in women (Pmuit_raw=0.01, Padd_raw=0.04), rs1799945 (HFE) and haem
iron in men (Pmuit_raw=0.01, Padd_raw=0.02) and the gene score and haem iron in men
(Pmutt_raw=0.03, Padd_raw=0.04, Table 4). Significant differences between sexes were observed
for the interaction of rs1799945 (HFE) and rs744653 (SLC40A1) (psex gitr <0.05). The

observed interaction effects were negative except for rs744653 (Table 4).

Interaction of rs855791 and haem iron

For the negative interaction of rs855791 and haem iron, we observed a HR (95%Cl) of 1.11
(0.87; 1.42) in participants carrying one or two ferritin raising alleles with low haem intake, a
HR of 1.28 (1.01; 1.61) in participants with high haem intake and no ferritin raising allele
and a HRof 1.20 (0.98; 1.46) in participants having both a high haem intake and at least one
ferritin raising allele compared to participants having a low haem intake and no ferritin raising

allele (Table 4).

Interaction of rs744653 and haem iron in women

With regard to the positive interaction of rs744653 and haem iron in women, we observed no
increase in diabetes risk for women carrying the ferritin raising allele with low haem intake
(HR (95%CIl): 0.97 (0.78;1.21)), a slightly increased risk for women with high haem intake,
but no ferritin raising alleles (1.07 (0.93;1.24)) and a moderate increased risk in women with
high haem intake carrying ferritin raising alleles (1.21 (0.97;1.52)) compared to women

carrying no ferritin raising alleles with low haem intake (Table 4).

Interaction of rs1799945 (HFE H63D) and haem iron in men
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Cross-tabulation of diabetes risk by rs1799945 and haem intake in men revealed similar
raised diabetes risk for all subgroups: a HR (95%CIl) of 1.22 (1.05;1.41) in men carrying the
ferritin raising allele with low haem intake, a HR of 1.23 (1.09;1.38) in men with high haem
intake, but no ferritin raising allele and a HR of 1.22 (1.01;1.48) in men having both a high
haem intake and at least one ferritin raising allele compared to men having a low haem intake

and no ferritin raising allele (Table 4).

Interaction of gene score and haem iron in men

The interaction of the gene score and haem iron (Table 4, Suppl. Figure 2) in men can be
characterized as follows. The diabetes HR among men with a high haem intake was slightly
higher in the group of men with a low gene score (HR (95%CI1)=1.33 (1.12;1.59)) than that of
men with a high gene score (HR=1.26 (1.10;1.45)). Among men with a low haem iron intake,
the HR was higher when the gene score was high (HR =1.20 (0.97;1.47)) compared to when it

was low (reference category)..

Based on these results, we tested if we could also observe a tendency for interactions of haem

iron and genetic factors on ferritin levels in a cross-sectional analysis. However, we did not

find any indication that such interactions exist (Supplementary Table 5).
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Conclusions

We studied the interaction of ferritin related genetic variants and haem iron intake on the risk
of diabetes. After correction for multiple testing, we did not identify interactions in the entire
study population, neither for the ferritin-related gene score nor for single variants. However,
we observed a nominally significant interaction of rs855791 and a trend towards a few sex-
specific interactions, e.g. for the gene score. In addition, we identified stronger associations in
men than in women for rs1799945 (HFE), rs855791 (SLC40A1) and the gene score with

ferritin concentrations .

The EPIC-InterAct study is a large, prospective cohort study and as such it provides major
advantages with regard to power and temporality of the observed associations and
interactions. Still, we were not able to identify a convincing interaction of haem iron intake
and several genetic variants influencing body iron stores. This may imply, that either no such
interactions exist or that despite the large sample size, our power was insufficient to detect
them. Indeed, main effects on risk of type 2 diabetes for two of the analysed SNPs were only
detected when pooling our data with data from large scale meta-analysis. Therefore, it can be

assumed that even larger sample size will be required to be able to detect interaction effects.

The EPIC-InterAct study includes participants from eight European countries and therefore
provides a high external validity within European populations. Within the different EPIC
countries baseline information has been collected in a standardized way, and large efforts
have been taken to integrate, in particular, dietary information from the distinct countries (23).
Still, measurement error in dietary intake variables derived from self-reports is inevitable and
will attenuate interaction effects (40). With our study design we have carefully selected

candidates for the interaction analysis with the aim to reduce multiple testing penalties.
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However, this procedure will overlook potential interactions of dietary and genetic factors

that are not individually associated with biomarkers of body iron status.

The sex-specific effects we observed in our analysis maybe caused by differences in iron
requirements and iron stores between men and women. However, they could also originate
from residual confounding in women, despite adjustment for menopausal status or from the
smaller numbers in the sex-specific analysis that make results generally more prone to chance

findings.

We did observe direct associations of some (rs1799945, rs744653), but not all ferritin
associated genetic variants and overall no association of the gene score and risk of type 2
diabetes. Both SNPs showed some interaction effects, rs1799945 in men and rs744653 in

women, but not in the overall study population.

The detected interaction of rs744653 and haem iron intake on risk of type 2 diabetes in
women has not been described before and requires further confirmation. An interaction of
HFE variants and haem iron intake has been described before in the female participants of the
Nurses’ Health Study (17) with a linear trend for the association of haem iron intake and type
2 diabetes in carriers of the hemochromatosis associated alleles of the HFE variants
rs1799935 (H63D) and rs1800562 (C282Y), only. We observed a similar trend in female
carriers of the HFE D63 allele, but this interaction did not reach statistical significance in our
analysis. In contrast, we observe a nominally significant negative interaction of rs1799945 in
men. Another study, in contrast to ours, didn’t find evidence for an interaction of TMPRSS6
variant rs855791 and haem iron (18). It can be assumed, that our larger samples size allowed

us to identify this nominally significant interaction, which requires further replication.
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Besides analysing interaction effects of various single SNPs, we additionally analysed the
interaction of a ferritin related gene score and haem iron. We detected no statistically
significant interaction within the overall study population, but a tendency towards a negative
interaction in men. The analysis shows that individuals genetically predisposed to increased
ferritin levels, who have a high haem iron intake, are indeed at a higher risk for type 2
diabetes, but maybe lower than expected from the sum or product of the two individual

exposures.

Iron homeostasis is mainly controlled at the level of absorption by a negative feedback
mechanism via hepcidin (41). Still normal-range, elevated ferritin concentrations as a
consequence of genetic variation might therefore downregulate iron absorption from the diet,
thus protecting from additional iron accumulation and from a further increase in diabetes risk
by nutritional determinants of body iron stores. This biological mechanism may potentially
explain the observed negative interactions. However, we did not detect interactions between

haem iron and genetic variants with ferritin concentrations.

In summary, we found no convincing evidence that the interplay of dietary and genetic factors
related to body iron status associates with risk of type 2 diabetes above the level expected
from the sum or product of the two individual exposures. Large-scale studies of several
cohorts will be required to examine the trend observed that the diabetes risk may be even

lower than expected from the sum or product of the two individual exposures.

Acknowledgments

All authors declare that there are no conflicts of interest.

19



We thank all EPIC participants and staff for their contribution to the study. We thank N.
Kerrison (MRC Epidemiology Unit, Cambridge, UK) for managing the data for the InterAct
Project.

Authors contribution: KM conceptualized the project, wrote the analysis plan, conducted
statistical analysis, and drafted the manuscript. KM had access to all data for this study and
take responsibility for the manuscript contents. CP, JK, YTvdS, BB and MBS revised the
analysis plan and helped with data interpretation and writing of the manuscript. CA, LA, AB,
AJC, CD, KE, GF, PWF, MJG, JMH, PJ, MJ, VAK, TIK, KTK, TK, CK, FRM, OM, PMN,
TFO, DP, SP, JRQ, MRB, CS, IS, AMWS, MS, AT, RT, NGF, SJS, CL, ER, NJW
contributed to the conception and design of the study, interpretation of the data, critical
revision of the article for important intellectual content, All authors approved the final
version.

Funding Funding for the InterAct project was provided by the EU FP6 programme (grant no.
LSHM_CT_2006_037197). In addition, InterAct investigators acknowledge funding from the
following agencies: MBS & KM: Supported by a Grant from the German Federal Ministry of
Education and Research (BMBF) to the German Center for Diabetes Research (DZD) and the
State of Brandenburg; YTvdS: EPIC Bilthoven and Utrecht acknowledge the Dutch Ministry
of Public Health, Welfare and Sports (VWS), Netherlands Cancer Registry (NKR), LK
Research Funds, Dutch Prevention Funds, Dutch ZON (Zorg Onderzoek Nederland), World
Cancer Research Fund (WCRF), Statistics Netherlands. In EPIC Utrecht verification of the
Dutch diabetes cases was additionally funded by NL Agency (grant IGE05012) and an
Incentive Grant from the Board of the UMC Utrecht.; LA: We thank the participants of the
Spanish EPIC cohort for their contribution to the study as well as to the team of trained nurses
who participated in the recruitment; PWF: Swedish Research Council, Novo Nordisk,

Swedish Diabetes Association, Swedish Heart-Lung Foundation; JMH: Health Research Fund

20



of the Spanish Ministry of Health; Murcia Regional Government (N° 6236); PJ: The Health
Research Funds - RD12/0036/0018 and AGAUR, Generalitat de Catalunya (exp. 2014 SGR
726).; VAK: German Cancer Aid, Federal Ministry of Education and Research (BMBF); TJK:
Cancer Research UK; KTK: Medical Research Council UK, Cancer Research UK; TK:
German Cancer Aid, German Cancer Research Center (DKFZ), German Federal Ministry of
Education and Research (BMBF); PMN: Swedish Research Council; SP: Compagnia di San
Paolo; JRQ: Regional Government of Asturias; IS: Dutch Ministry of Public Health, Welfare
and Sports (VWS), Netherlands Cancer Registry (NKR), LK Research Funds, Dutch
Prevention Funds, Dutch ZON (Zorg Onderzoek Nederland), World Cancer Research Fund
(WCRF), Statistics Netherlands; Verification of diabetes cases in EPIC-NL was additionally
funded by NL Agency grant IGE05012 and an Incentive Grant from the Board of the UMC
Utrecht.; AT: Danish Cancer Society; RT: EPIC Ragusa acknowledges for funding SICILIAN
REGIONAL GOVERNMENT and AIRE-ONLUS RAGUSA. EPIC Ragusa acknowledges
for their participation blood donors of AVIS RAGUSA (local blood donors association); ER:
Imperial College Biomedical Research Centre; CP is funded by the Wellcome Trust (grant

097451/Z/11/Z), JQR: Government of Principality of Asturias

21



References

1. InterAct Consortium, Benedinelli B, Palli D, Masala G, Sharp SJ, Schulz MB, Guevara M,
van der AD, Sera F, Amiano P, Balkau B, Barricarte A, Boeing H, Crowe FL, Dahm CC,
Dalmeijer G, de Lauzon-Guillain B, Egeberg R, Fagherazzi G, Franks PW, Krogh V,
Huerta JM, Jakszyn P, Khaw KT, Li K, Mattiello A, Nilsson PM, Overvad K, Ricceri F,
Rolandsson O, Sanchez MJ, Slimani N, Sluijs I, Spijkerman AM, Teucher B, Tjonneland
A, Tumino R, van den Berg SW, Forouhi NG, Langeberg C, Feskens EJ, Riboli E,
Wareham NJ: Association between dietary meat consumption and incident type 2
diabetes: the EPIC-InterAct study. Diabetologia 2013;56:47-59

2. Pan A, Sun Q, Bernstein AM, Schulze MB, Manson JE, Willett WC, Hu FB: Red meat
consumption and risk of type 2 diabetes: 3 cohorts of US adults and an updated meta-
analysis. Am J Clin Nutr 2011;94:1088-1096

3. Schulze MB, Manson JE, Willett WC, Hu FB: Processed meat intake and incidence of
Type 2 diabetes in younger and middle-aged women. Diabetologia 2003;46:1465-1473

4. Feskens EJ, Sluik D, van Woudenbergh GJ: Meat consumption, diabetes, and its
complications. Current diabetes reports 2013;13:298-306

5. Liu J-M, Hankinson SE, Stampfer MJ, Rifai N, Willett WC, Ma J: Body iron stores and
their determinants in healthy postmenopausal US women. The American Journal of
Clinical Nutrition 2003;78:1160-1167

6. Wittenbecher C, Muhlenbruch K, Kroger J, Jacobs S, Kuxhaus O, Floegel A, Fritsche A,
Pischon T, Prehn C, Adamski J, Joost HG, Boeing H, Schulze MB: Amino acids, lipid
metabolites, and ferritin as potential mediators linking red meat consumption to type 2
diabetes. Am J Clin Nutr 2015;101:1241-1250

7. Podmore C, Meidtner K, Schulze MB, Scott RA, Ramond A, Butterworth AS, Di

Angelantonio E, Danesh J, Arriola L, Barricarte A, Boeing H, Clavel-Chapelon F, Cross

22



AJ, Dahm CC, Fagherazzi G, Franks PW, Gavrila D, Grioni S, Gunter MJ, Gusto G,
Jakszyn P, Katzke V, Key TJ, Kuhn T, Mattiello A, Nilsson PM, Olsen A, Overvad K,
Palli D, Quiros JR, Rolandsson O, Sacerdote C, Sanchez-Cantalejo E, Slimani N, Sluijs I,
Spijkerman AM, Tjonneland A, Tumino R, van der AD, van der Schouw YT, Feskens EJ,
Forouhi NG, Sharp SJ, Riboli E, Langenberg C, Wareham NJ: The Association of
Multiple Biomarkers of Iron Metabolism and Type 2 Diabetes: The EPIC-InterAct Study.
Diabetes Care 2016;

8. Fumeron F, Pean F, Driss F, Balkau B, Tichet J, Marre M, Grandchamp B, Insulin
Resistance Syndrome Study G: Ferritin and transferrin are both predictive of the onset of
hyperglycemia in men and women over 3 years: the data from an epidemiological study
on the Insulin Resistance Syndrome (DESIR) study. Diabetes Care 2006;29:2090-2094

9. Bao W, Rong Y, Rong S, Liu L: Dietary iron intake, body iron stores, and the risk of type 2
diabetes: a systematic review and meta-analysis. BMC Medicine 2012;10:119

10. Zhao Z, Li S, Liu G, Yan F, Ma X, Huang Z, Tian H: Body Iron Stores and Heme-Iron
Intake in Relation to Risk of Type 2 Diabetes: A Systematic Review and Meta-Analysis.
PLoS ONE 2012;7:e41641

11. World Health Organization, Centers for Disease Control and Prevention: Indicators of
iron status of populations: ferritin. In Assessing the iron status of populations, 2nd ed.,
2007

12. Cross AJ, Sinha R, Wood RJ, Xue X, Huang W-Y, Yeager M, Hayes RB, Gunter MJ: lron
Homeostasis and Distal Colorectal Adenoma Risk in the Prostate, Lung, Colorectal, and
Ovarian Cancer Screening Trial. Cancer Prevention Research 2011;4:1465-1475

13. Benyamin B, Esko T, Ried JS, Radhakrishnan A, Vermeulen SH, Traglia M, Gogele M,
Anderson D, Broer L, Podmore C, Luan J, Kutalik Z, Sanna S, van der Meer P, Tanaka

T, Wang F, Westra HJ, Franke L, Mihailov E, Milani L, Haldin J, Winkelmann J,

23



Meitinger T, Thiery J, Peters A, Waldenberger M, Rendon A, Jolley J, Sambrook J,
Kiemeney LA, Sweep FC, Sala CF, Schwienbacher C, Pichler I, Hui J, Demirkan A,
Isaacs A, Amin N, Steri M, Waeber G, Verweij N, Powell JE, Nyholt DR, Heath AC,
Madden PA, Visscher PM, Wright MJ, Montgomery GW, Martin NG, Hernandez D,
Bandinelli S, van der Harst P, Uda M, Vollenweider P, Scott RA, Langenberg C,
Wareham NJ, InterAct C, van Duijn C, Beilby J, Pramstaller PP, Hicks AA, Ouwehand
WH, Oexle K, Gieger C, Metspalu A, Camaschella C, Toniolo D, Swinkels DW,
Whitfield JB: Novel loci affecting iron homeostasis and their effects in individuals at risk
for hemochromatosis. Nat Commun 2014;5:4926

14. Pichler I, Minelli C, Sanna S, Tanaka T, Schwienbacher C, Naitza S, Porcu E, Pattaro C,
Busonero F, Zanon A, Maschio A, Melville SA, Grazia Piras M, Longo DL, Guralnik J,
Hernandez D, Bandinelli S, Aigner E, Murphy AT, Wroblewski V, Marroni F, Theurl I,
Gnewuch C, Schadt E, Mitterer M, Schlessinger D, Ferrucci L, Witcher DR, Hicks AA,
Weiss G, Uda M, Pramstaller PP: Identification of a common variant in the TFR2 gene
implicated in the physiological regulation of serum iron levels. Human Molecular
Genetics 2011;20:1232-1240

15. Tanaka T, Roy CN, Yao W, Matteini A, Semba RD, Arking D, Walston JD, Fried LP,
Singleton A, Guralnik J, Abecasis GR, Bandinelli S, Longo DL, Ferrucci L: A genome-
wide association analysis of serum iron concentrations. Blood 2010;115:94-96

16. Oexle K, Ried JS, Hicks AA, Tanaka T, Hayward C, Bruegel M, Gégele M, Lichtner P,
Muiller-Myhsok B, Doéring A, Illig T, Schwienbacher C, Minelli C, Pichler I, Fiedler GM,
Thiery J, Rudan I, Wright AF, Campbell H, Ferrucci L, Bandinelli S, Pramstaller PP,
Wichmann H-E, Gieger C, Winkelmann J, Meitinger T: Novel association to the
proprotein convertase PCSK7 gene locus revealed by analysing soluble transferrin

receptor (STfR) levels. Human Molecular Genetics 2011;20:1042-1047

24



17

18

19

20

21

22

23

. Qi L, Meigs J, Manson JE, Ma J, Hunter D, Rifai N, Hu FB: HFE Genetic Variability,
Body Iron Stores, and the Risk of Type 2 Diabetes in U.S. Women. Diabetes
2005;54:3567-3572

. He M, Workalemahu T, Manson JE, Hu FB, Qi L: Genetic Determinants for Body Iron
Store and Type 2 Diabetes Risk in US Men and Women. PLoS ONE 2012;7:e40919

. Pasquale LR, Loomis S, Aschard H, Kang JH, Cornelis MC, Qi L, Kraft P, Hu F:
Exploring genome-wide - dietary heme iron intake interactions and the risk of type 2
diabetes. Front Genet 2013;4:7

. InterAct Consortium: Design and cohort description of the InterAct Project: an
examination of the interaction of genetic and lifestyle factors on the incidence of type 2
diabetes in the EPIC Study. Diabetologia 2011;54:2272-2282

. Riboli E, Kaaks R: The EPIC Project: rationale and study design. European Prospective
Investigation into Cancer and Nutrition. Int J Epidemiol 1997;26 Suppl 1:56-14

. Kaaks R, Riboli E: Validation and calibration of dietary intake measurements in the EPIC
project: methodological considerations. European Prospective Investigation into Cancer
and Nutrition. Int J Epidemiol 1997;26 Suppl 1:S15-25

. Slimani N, Deharveng G, Unwin I, Southgate DA, Vignat J, Skeie G, Salvini S, Parpinel
M, Moller A, Ireland J, Becker W, Farran A, Westenbrink S, Vasilopoulou E, Unwin J,
Borgejordet A, Rohrmann S, Church S, Gnagnarella P, Casagrande C, van Bakel M,
Niravong M, Boutron-Ruault MC, Stripp C, Tjonneland A, Trichopoulou A, Georga K,
Nilsson S, Mattisson I, Ray J, Boeing H, Ocke M, Peeters PH, Jakszyn P, Amiano P,
Engeset D, Lund E, de Magistris MS, Sacerdote C, Welch A, Bingham S, Subar AF,
Riboli E: The EPIC nutrient database project (ENDB): a first attempt to standardize
nutrient databases across the 10 European countries participating in the EPIC study. Eur J

Clin Nutr 2007;61:1037-1056

25



24. Balder HF, Vogel J, Jansen MC, Weijenberg MP, van den Brandt PA, Westenbrink S, van
der Meer R, Goldbohm RA: Heme and chlorophyll intake and risk of colorectal cancer in
the Netherlands cohort study. Cancer Epidemiol Biomarkers Prev 2006;15:717-725

25. Cross AJ, Harnly JM, Ferrucci LM, Risch A, Mayne ST, Sinha R: Developing a heme
iron database for meats according to meat type, cooking method and doneness level.
Food and nutrition sciences 2012;3:905-913

26. Riboli E, Hunt KJ, Slimani N, Ferrari P, Norat T, Fahey M, Charrondiere UR, Hemon B,
Casagrande C, Vignat J, Overvad K, Tjonneland A, Clavel-Chapelon F, Thiebaut A,
Wahrendorf J, Boeing H, Trichopoulos D, Trichopoulou A, Vineis P, Palli D, Bueno-De-
Mesquita HB, Peeters PH, Lund E, Engeset D, Gonzalez CA, Barricarte A, Berglund G,
Hallmans G, Day NE, Key TJ, Kaaks R, Saracci R: European Prospective Investigation
into Cancer and Nutrition (EPIC): study populations and data collection. Public Health
Nutr 2002;5:1113-1124

27. Wareham NJ, Jakes RW, Rennie KL, Schuit J, Mitchell J, Hennings S, Day NE: Validity
and repeatability of a simple index derived from the short physical activity questionnaire
used in the European Prospective Investigation into Cancer and Nutrition (EPIC) study

d0i:10.1079/PHN2002439. Public Health Nutrition 2003;6:407-413

28. Haftenberger M, Lahmann PH, Panico S, Gonzalez CA, Seidell JC, Boeing H,
Giurdanella MC, Krogh V, Bueno-de-Mesquita HB, Peeters PH, Skeie G, Hjartaker A,
Rodriguez M, Quiros JR, Berglund G, Janlert U, Khaw KT, Spencer EA, Overvad K,
Tjonneland A, Clavel-Chapelon F, Tehard B, Miller AB, Klipstein-Grobusch K, Benetou
V, Kiriazi G, Riboli E, Slimani N: Overweight, obesity and fat distribution in 50- to 64-
year-old participants in the European Prospective Investigation into Cancer and Nutrition

(EPIC). Public Health Nutr 2002;5:1147-1162

26



29. Langenberg C, Sharp SJ, Franks PW, Scott RA, Deloukas P, Forouhi NG, Froguel P,
Groop LC, Hansen T, Palla L, Pedersen O, Schulze MB, Tormo MJ, Wheeler E, Agnoli
C, Arriola L, Barricarte A, Boeing H, Clarke GM, Clavel-Chapelon F, Duell EJ,
Fagherazzi G, Kaaks R, Kerrison ND, Key TJ, Khaw KT, Kroger J, Lajous M, Morris
AP, Navarro C, Nilsson PM, Overvad K, Palli D, Panico S, Quiros JR, Rolandsson O,
Sacerdote C, Sanchez MJ, Slimani N, Spijkerman AM, Tumino R, van der A DL, van der
Schouw YT, Barroso I, McCarthy MlI, Riboli E, Wareham NJ: Gene-lifestyle interaction
and type 2 diabetes: the EPIC interact case-cohort study. PLoS Med 2014;11

30. McCarthy S, Das S, Kretzschmar W, Delaneau O, Wood AR, Teumer A, Kang HM,
Fuchsberger C, Danecek P, Sharp K, Luo Y, Sidore C, Kwong A, Timpson N, Koskinen
S, Vrieze S, Scott LJ, Zhang H, Mahajan A, Veldink J, Peters U, Pato C, van Duijn CM,
Gillies CE, Gandin I, Mezzavilla M, Gilly A, Cocca M, Traglia M, Angius A, Barrett JC,
Boomsma D, Branham K, Breen G, Brummett CM, Busonero F, Campbell H, Chan A,
Chen S, Chew E, Collins FS, Corbin LJ, Smith GD, Dedoussis G, Dorr M, Farmaki AE,
Ferrucci L, Forer L, Fraser RM, Gabriel S, Levy S, Groop L, Harrison T, Hattersley A,
Holmen OL, Hveem K, Kretzler M, Lee JC, McGue M, Meitinger T, Melzer D, Min JL,
Mohlke KL, Vincent JB, Nauck M, Nickerson D, Palotie A, Pato M, Pirastu N, Mclnnis
M, Richards JB, Sala C, Salomaa V, Schlessinger D, Schoenherr S, Slagboom PE, Small
K, Spector T, Stambolian D, Tuke M, Tuomilehto J, Van den Berg LH, Van Rheenen W,
Volker U, Wijmenga C, Toniolo D, Zeggini E, Gasparini P, Sampson MG, Wilson JF,
Frayling T, de Bakker PI, Swertz MA, McCarroll S, Kooperberg C, Dekker A, Altshuler
D, Willer C, lacono W, Ripatti S, Soranzo N, Walter K, Swaroop A, Cucca F, Anderson
CA, Myers RM, Boehnke M, McCarthy MI, Durbin R, Haplotype Reference C: A
reference panel of 64,976 haplotypes for genotype imputation. Nat Genet 2016;48:1279-

1283

27



31.

32.

33.

34.

35.

36.

37.

38.

39.

Howie BN, Donnelly P, Marchini J: A Flexible and Accurate Genotype Imputation
Method for the Next Generation of Genome-Wide Association Studies. PLOS Genetics
2009;5:1000529

Available from www.pubmed.org.

Fernandez-Real JM, Mercader JM, Ortega FJ, Moreno-Navarrete JM, Lopez-Romero P,
Ricart W: Transferrin receptor-1 gene polymorphisms are associated with type 2 diabetes.
European Journal of Clinical Investigation 2010;40:600-607
Bao W, Song F, Li X, Rong S, Yang W, Wang D, Xu J, Fu J, Zhao Y, Liu L: Association
Between Heme Oxygenase-1 Gene Promoter Polymorphisms and Type 2 Diabetes
Mellitus: A HUGE Review and Meta-Analysis. American Journal of Epidemiology
2010;172:631-636

Stephens M, Smith NJ, Donnelly P: A new statistical method for haplotype reconstruction
from population data. American journal of human genetics 2001;68:978-989

Willett WC, Howe GR, Kushi LH: Adjustment for total energy intake in epidemiologic
studies. Am J Clin Nutr 1997;65:1220S-1228S; discussion 1229S-1231S
Li R, Chambless L: Test for additive interaction in proportional hazards models. Ann
Epidemiol 2007;17:227-236
Benjamini Y, Hochberg Y: Controlling the False Discovery Rate - a Practical and
Powerful Approach to Multiple Testing. J Roy Stat Soc B Met 1995;57:289-300
DIAbetes Genetics Replication Meta-analysis Consortium,

Asian Genetic Epidemiology Network Type 2 Diabetes Consortium,

South Asian Type 2 Diabetes Consortium, Consortium MATD, Consortium TDGEbN-
gsim-ES, Mahajan A, Go MJ, Zhang W, Below JE, Gaulton KJ, Ferreira T, Horikoshi M,
Johnson AD, Ng MCY, Prokopenko I, Saleheen D, Wang X, Zeggini E, Abecasis GR,

Adair LS, Almgren P, Atalay M, Aung T, Baldassarre D, Balkau B, Bao Y, Barnett AH,

28



Barroso I, Basit A, Been LF, Beilby J, Bell GI, Benediktsson R, Bergman RN, Boehm
BO, Boerwinkle E, Bonnycastle LL, Burtt N, Cai Q, Campbell H, Carey J, Cauchi S,
Caulfield M, Chan JCN, Chang L-C, Chang T-J, Chang Y-C, Charpentier G, Chen C-H,
Chen H, Chen Y-T, Chia K-S, Chidambaram M, Chines PS, Cho NH, Cho YM, Chuang
L-M, Collins FS, Cornelis MC, Couper DJ, Crenshaw AT, van Dam RM, Danesh J, Das
D, de Faire U, Dedoussis G, Deloukas P, Dimas AS, Dina C, Doney ASF, Donnelly PJ,
Dorkhan M, van Duijn C, Dupuis J, Edkins S, Elliott P, Emilsson V, Erbel R, Eriksson
JG, Escobedo J, Esko T, Eury E, Florez JC, Fontanillas P, Forouhi NG, Forsen T, Fox C,
Fraser RM, Frayling TM, Froguel P, Frossard P, Gao Y, Gertow K, Gieger C, Gigante B,
Grallert H, Grant GB, Groop LC, Groves CJ, Grundberg E, Guiducci C, Hamsten A, Han
B-G, Hara K, Hassanali N, Hattersley AT, Hayward C, Hedman AK, Herder C, Hofman
A, Holmen OL, Hovingh K, Hreidarsson AB, Hu C, Hu FB, Hui J, Humphries SE, Hunt
SE, Hunter DJ, Hveem K, Hydrie ZI, Ikegami H, Illig T, Ingelsson E, Islam M, Isomaa
B, Jackson AU, Jafar T, James A, Jia W, Jockel K-H, Jonsson A, Jowett JBM, Kadowaki
T, Kang HM, Kanoni S, Kao WHL, Kathiresan S, Kato N, Katulanda P, Keinanen-
Kiukaanniemi SM, Kelly AM, Khan H, Khaw K-T, Khor C-C, Kim H-L, Kim S, Kim
YJ, Kinnunen L, Klopp N, Kong A, Korpi-Hyovalti E, Kowlessur S, Kraft P, Kravic J,
Kristensen MM, Krithika S, Kumar A, Kumate J, Kuusisto J, Kwak SH, Laakso M,
Lagou V, Lakka TA, Langenberg C, Langford C, Lawrence R, Leander K, Lee J-M, Lee
NR, Li M, Li X, Li Y, Liang J, Liju S, Lim W-Y, Lind L, Lindgren CM, Lindholm E, Liu
C-T, Liu JJ, Lobbens S, Long J, Loos RJF, Lu W, Luan Ja, Lyssenko V, Ma RCW,
Maeda S, Magi R, Mannisto S, Matthews DR, Meigs JB, Melander O, Metspalu A,
Meyer J, Mirza G, Mihailov E, Moebus S, Mohan V, Mohlke KL, Morris AD, Muhleisen
TW, Muller-Nurasyid M, Musk B, Nakamura J, Nakashima E, Navarro P, Ng P-K, Nica

AC, Nilsson PM, Njolstad I, Nothen MM, Ohnaka K, Ong TH, Owen KR, Palmer CNA,

29



Pankow JS, Park KS, Parkin M, Pechlivanis S, Pedersen NL, Peltonen L, Perry JRB,
Peters A, Pinidiyapathirage JM, Platou CGP, Potter S, Price JF, Qi L, Radha V, Rallidis
L, Rasheed A, Rathmann W, Rauramaa R, Raychaudhuri S, Rayner NW, Rees SD,
Rehnberg E, Ripatti S, Robertson N, Roden M, Rossin EJ, Rudan I, Rybin D, Saaristo
TE, Salomaa V, Saltevo J, Samuel M, Sanghera DK, Saramies J, Scott J, Scott LJ, Scott
RA, Segre AV, Sehmi J, Sennblad B, Shah N, Shah S, Shera AS, Shu XO, Shuldiner AR,
Sigursson G, Sijbrands E, Silveira A, Sim X, Sivapalaratnam S, Small KS, So WY,
Stancakova A, Stefansson K, Steinbach G, Steinthorsdottir V, Stirrups K, Strawbridge
RJ, Stringham HM, Sun Q, Suo C, Syvanen A-C, Takayanagi R, Takeuchi F, Tay WT,
Teslovich TM, Thorand B, Thorleifsson G, Thorsteinsdottir U, Tikkanen E, Trakalo J,
Tremoli E, Trip MD, Tsai FJ, Tuomi T, Tuomilehto J, Uitterlinden AG, Valladares-
Salgado A, Vedantam S, Veglia F, Voight BF, Wang C, Wareham NJ, Wennauer R,
Wickremasinghe AR, Wilsgaard T, Wilson JF, Wiltshire S, Winckler W, Wong TY,
Wood AR, Wu J-Y, Wu Y, Yamamoto K, Yamauchi T, Yang M, Yengo L, Yokota M,
Young R, Zabaneh D, Zhang F, Zhang R, Zheng W, Zimmet PZ, Altshuler D, Bowden
DW, Cho YS, Cox NJ, Cruz M, Hanis CL, Kooner J, Lee J-Y, Seielstad M, Teo YY,
Boehnke M, Parra EJ, Chambers JC, Tai ES, McCarthy MI, Morris AP: Genome-wide
trans-ancestry meta-analysis provides insight into the genetic architecture of type 2
diabetes susceptibility. Nat Genet 2014;46:234-244

40. Wong MY, Day NE, Luan JA, Chan KP, Wareham NJ: The detection of gene-
environment interaction for continuous traits: should we deal with measurement error by
bigger studies or better measurement? Int J Epidemiol 2003;32:51-57

41. von Drygalski A, Adamson JW: Iron Metabolism in Man. Journal of Parenteral and

Enteral Nutrition 2013;37:599-606

30



Table 1: Baseline characteristics of EPIC-InterAct study population based on the

subcohort (n=12,301)

Characteristic Missing All (n=12,301) Men (n=4,726) Women (n=7,575)
Data (%)
Age (y) 0 52.7 (46.5 - 59.3) 53.2 (47.3-59.4) 52.4 (46.1 - 59.2)
BMI (kg/m’) 0 25.5(23.1-28.3) 26.2 (24.2 - 28.6) 24.9 (22.5-28.0
Smoking 0
Never 5,683 (46.2) 1,518 (32.1) 4,165 (55.0)
Former 3,354 (27.3) 1,722 (36.4) 1,632 (21.5)
Current 3,264 (26.5) 1,486 (31.4) 1,778 (23.5)
Education 0
None 873 (7.1 238 (5.0 635 (8.4)
Primary 4,008 (32.6) 1,565 (33.1) 2,443 (32.3)
Technical 3,008 (24.4) 1,106 (23.4) 1,902 (25.1)
Secondary 1,814 (14.8) 610 (12.9) 1,204 (15.9)
Further Education 2,598 (21.1) 1,207 (25.5) 1,391 (18.4)
Cambridge Index of 0
Physical Activity
Inactive 2,793 (22.7) 851 (18.0) 1,942 (25.6)
Moderately Inactive 4,139 (33.7) 1,456 (30.8) 2,683 (35.4)
Moderately active 2,835 (23.0) 1,220 (25.8) 1,615 (21.3)
Active 2,534 (20.6) 1,199 (25.4) 1,335 (17.6)
Country 0
France 302 (2.5) 0(0.0) 302 (4.0)
Italy 1,448 (11.8) 497 (10.5) 951 (12.6)
Spain 2,487 (20.2) 927 (19.6) 1,560 (20.6)
UK 894 (7.3) 348 (7.4) 546 (7.2)
Netherlands 1,096 (8.9) 184 (3.9) 912 (12.0)
Germany 1,773 (14.4) 729 (15.4) 1,044 (13.8)
Sweden 2,416 (19.7) 1,034 (21.9) 1,382 (18.2)
Denmark 1,885 (15.3) 1,007 (21.3) 878 (11.6)
Biomarker
Ferritin (pmol/L) 5.9 188.7 (89.9 - 357.3) | 330.3(184.3-548.3) | 132.6 (65.2 - 242.7)
Transferrin (g/L) 12.3 2.7(25-3.0) 2.6(24-2.9) 2.8(25-3.0)
TSAT (%) 12.3 27.0(20.8 - 33.7) 28.7 (23.0 - 36.0) 25.8 (19.6 - 32.3)
Dietary Intake
Total meat (g/day) 0 98.6 (65.6 - 137.6) | 123.9(85.4 - 169.9) 85.6 (57.5 - 117.5)
Red meat (g/day) 0 38.1(18.6 - 65.6) 49.7 (25.0 - 81.7) 32.9(16.3-55.4)
Processed meat (g/day) 0 28.9 (15.1-50.1) 39.3(21.9-64.2) 23.5(12.6 - 41.2)
Poultry (g/day) 0 15.6 (6.8 - 29.6) 16.4 (7.9-32.2) 14.4 (6.1 - 27.3)
Fish (g/day) 0 28.5(14.8 - 50.9) 33.9(16.8 - 58.8) 26.2 (13.1-46.1)
Haem iron (g/day) 0 1.2 (0.7-1.7) 1.5(1.0-2.1) 1.0(0.7-1.4)
Menopausal status
Premenopausal 2,460 (32.5)
Postmenopausal 3,643 (48.1)
Perimenopausal 1,232 (16.3)
Surgical postmenopausal 240 (3.2)
Use of hormones for 1,120 (15.4)
menopause
Prevalent stroke 8.7 98 (0.9) 52 (1.2) 46 (0.7)
Prevalent myocardial 1.7 173 (1.4) 127 (2.8) 46 (0.6)

infarction

Given is median (25" - 75" percentile) or n (%)
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Table 2: Cross-sectional association of meat and iron intake with ferritin, transferrin and TSAT in the subcohort of the EPIC-Interact

study
Ferritin (n=11,291) Transferrin (n=10,657) TSAT (n=10,657)

Dietary Intakes (per | beta (95%Cl) p- I°[% | beta (95%CIl) p- I°[% | beta (95%C]l) p- 1°[%

sd) value |] value |] value |]

Iron from meat 0.099 (0.071, 51E- |63.4 |-0.011(-0.031, 0.26 0.0 0.012 (-0.009, 0.26 0.0
0.127) 12 0.008) 0.033)

Haem Iron 0.113 (0.082, 1.3E- |70.1 |-0.019 (-0.043, 0.14 26.9 | 0.016 (-0.006, 0.15 0.0
0.144) 12 0.006) 0.037)

Red meat 0.080 (0.058, 6.4E- | 439 |-0.001(-0.027, 0.97 48.4 | 0.012 (-0.008, 0.24 0.0
0.102) 13 0.026) 0.031)

Processed meat 0.066 (0.044, 4.7E- |40.5 |-0.005 (-0.024, 0.58 0.0 0.007 (-0.013, 0.50 0.0
0.088) 09 0.013) 0.027)

Red & processed meat 0.103 (0.081, 3.7E- |41.8 |-0.006 (-0.031, 0.64 37.7 | 0.014 (-0.007, 0.19 0.0
0.126) 20 0.019) 0.034)

Total meat 0.105 (0.087, 4.7E- | 234 |-0.009 (-0.034, 0.50 39.9 | 0.007 (-0.016, 0.58 20.7
0.124) 28 0.017) 0.030)

Effect estimates are given for a change in standardized (and in case of ferritin log transformed) biomarker per standard deviation in dietary intake.

Exposures and outcomes were standardized to a mean of 0 and a standard deviation of 1. Ferritin was log-transformed prior to standardization.

Effect estimates, p-values and measures of heterogeneity (1%) were derived from random-effects meta-analysis from country- and sex-specific linear

regression models. Linear regression models were adjusted for age, centre, physical activity (4 categories), total energy intake (kcal/day) and the

32




intakes of fibre (g/day), alcohol (g/day), calcium (mg/day), vitamin C (mg/day), tea (g/day) and coffee (g/day). Analyses in women were
additionally adjusted for menopausal status and usage of hormone replacement therapy. No significant (p<0.05) heterogeneity between sexes was

observed. Therefore, sex-combined estimates were reported, only.
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Table 3:Association of ferritin associated genetic variants and type 2 diabetes

EPIC-InterAct (HR (95%

gene score

1.01 (0.85, 1.20)

ALlA, Ch)* DIAGRAM (OR (95% ClI)) Meta-analysis (OR (95% CI)) '
(n12p=26,488; (n12p=35,282;

SNP (N120=8,794; N¢ontro1s=11,032) Ncontrols=83,964) Ncontrols=94,996) Praw ProrR
ferritin related SNPs

HFE rs1799945 G/IC 1.06 (0.99, 1.14) 1.06 (1.02; 1.11) 1.06 (1.02; 1.09) 0.002 0.02
HFE rs1800562 AIG 0.90 (0.79, 1.03) 1.02 (0.94; 1.11) 1.01 (0.94; 1.08) 0.812 0.81
PCK7 rs236918 G/C 0.94 (0.85, 1.03) 0.97 (0.94; 1.00) 0.97 (0.95; 1.00) 0.037 0.10
SLC40A1 rs744653 CIT 1.07 (0.98, 1.16) 1.05 (1.01; 1.09) 1.05 (1.02; 1.09) 0.005 0.02
TMPRSS6 rs855791 G/A 1.00 (0.94, 1.06) 0.99 (0.97; 1.02) 0.99 (0.97; 1.02) 0.523 0.70

* Cox proportional hazard regression with age as the underlying time scale and adjusted for genotyping chip, eigenvalues of 10 coordinates, and BMI (kg/m°).

" Results from the EPIC-InterAct study and the DIAGRAM consortium (looked up using the PhenoScanner webpage: http://www.phenoscanner.medschl.cam.ac.uk/) were

combined by fixed effects meta-analysis after alignment of the reference alleles on the odds ratio scale. Odds ratios in the InterAct study were calculated in a case/noncase design
using logistic regression within the EPIC-InterAct study. Logistic regression models were adjusted for age, sex, BMI, genotyping source, principal components and study centre.

Country-specific estimates were combined by random-effects meta-analysis within InterAct. Participants from the EPIC centre Norfolk were excluded from the analysis within

InterAct, since EPIC-Norfolk was part of the DIAGRAM consortium
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Table 4: Prospective analysis of interactions of ferritin related SNPs and haem iron intake on the risk of type 2 diabetes in the EPIC-

Interact study
SNP Sex| G=0|E=0* G=1|E=0* G=0|E=1* G=1|E=1* Prutt raw | RERIg* Padd raw’
Gene N HR N  HR(95% CI) N  HR (95% CI) N  HR(95% CI)
weighted  all |1693/4302  1|2385/5669 1.08(0.90;1.29)| 2244/4746 1.19 (1.01;1.41)|3025/6354 1.17 (1.00; 1.36) 0.21| -0.09 (-0.22; 0.03) 0.16
gene d | 823/1835  1[1222/2441 1.20(0.97; 1.47)| 1114/2070 1.33(1.12; 1.59) | 1521/2779 1.26 (1.10; 1.45) 0.03| -0.23 (-0.46; -0.01) 0.04
score Q | 870/2467 1|1163/3228 0.98 (0.74;1.30)| 1130/2676 1.09 (0.84; 1.40) | 1504/3575 1.12 (0.85; 1.48) 0.68| 0.04 (-0.20; 0.27) 0.66
rs1799945° all |2923/7186  1|1155/2785 1.11(0.97;1.26)| 3732/7903 1.15 (1.03; 1.27) | 1537/3197 1.26 (1.13; 1.40) 0.32| -0.06 (-0.17; 0.06) 0.29
HFE d |1460/3102 1| 585/1174 1.22(1.05;1.41)| 1865/3447 1.23(1.09;1.38)| 770/1402 1.22(1.01;1.48) 0.01 -0.16 (-0.29; -0.02) 0.02
(G/IC) 9 |1463/4084 1| 570/1611 1.02(0.82;1.28)| 1867/4456 1.07 (0.92;1.25)| 767/1795 1.27 (1.10; 1.46) 0.49| 0.08 (-0.05; 0.20) 0.40
rs1800562 all |3702/9028 1| 376/943 0.86 (0.73;1.01)|4762/10048 1.13 (1.04; 1.24)| 507/1052 1.03 (0.84; 1.27) 0.91| -0.03 (-0.10; 0.05) 0.50
HFE Jd |1854/3867 1| 191/409 0.83(0.63;1.08)| 2364/4370 1.15(1.01;1.32)| 271/479 1.09 (0.72; 1.64) 0.99| -0.04 (-0.19; 0.11) 0.60
(A/G)  Q [1848/5161 1| 185/534 0.89(0.71;1.11)| 2398/5678 1.12(0.99;1.26)| 236/573 0.98 (0.80; 1.21) 0.99| -0.04 (-0.20; 0.11) 0.52
rs236918' all | 809/2032  1|3269/7939 1.00 (0.87;1.15)| 1069/2163 1.33 (1.07; 1.65) | 4200/8937 1.10 (0.94; 1.28) 0.09| -0.08 (-0.23;0.07) 0.34
PCK7 3 404/875  1|1641/3401 0.94 (0.71;1.24)|  523/951 1.26 (0.83;1.91) | 2112/3898 1.06 (0.79; 1.42) 0.79| -0.01(-0.21; 0.19) 0.91
(GIC) 9 | 405/1157 1|1628/4538 1.05(0.89;1.24)| 546/1212 1.36 (1.11;1.67)|2088/5039 1.10 (0.93; 1.31) 0.01] -0.21 (-0.39; -0.02) 0.04
rs744653%" all |2991/7360  1|1087/2611 1.09 (0.94; 1.25)| 3909/8257 1.12 (1.03;1.23)|1360/2843 1.28 (1.10; 1.48) 0.26| 0.02 (-0.04; 0.09) 0.33
SLC40A1 & |1481/3135 1| 564/1141 1.22 (1.05;1.42)| 1977/3643 1.18 (1.06;1.32)| 658/1206 1.36 (1.13;1.64) 0.44| -0.02 (-0.11; 0.06) 0.56
(CIT) Q |1510/4225 1| 523/1470 0.97 (0.78;1.21)| 1932/4614 1.07 (0.93;1.24)| 702/1637 1.21(0.97;152)| 0.002| 0.12(0.00; 0.23) 0.02
rs855791 all | 735/1866  1|3343/8105 1.11(0.87;1.42)| 986/2061 1.28 (1.01;1.61)|4283/9039 1.20 (0.98;1.46)|  0.046| -0.04 (-0.09; 0.00) 0.08
TMPRSS6 & 354/799  1]1691/3477 1.33(0.96;1.86)|  500/897 1.53 (1.19;1.97)|2135/3952 1.38 (1.08; 1.77) 0.17| -0.03 (-0.09; 0.02) 0.24
(GIA) Q@ | 381/1067 1|1652/4628 0.94(0.67;1.33)| 486/1164 1.07 (0.76; 1.52) | 2148/5087 1.04 (0.77; 1.41) 0.19| -0.07 (-0.15; 0.02) 0.14

“G=0 refers to the homozygotes with the lowest ferritin concentrations (reference category); G=1 refers to all heterozygote and homozygote carriers of the ferritin increasing
allele; E=0 refers to the group with intake values below the sex-specific median, E=1 refers to the group with intake values above the sex-specific median; Cox models with
dummy variables as exposures were stratified by centre and age and adjusted for genotyping chip, BMI (kg/m?), energy intake, education, smoking, physical activity (4

categories) and alcohol intake (g/day). Country and sex-specific estimates were combined by random effects meta-analysis.
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Tp-value of the multiplicative interaction term; Cox models were stratified by centre and age and adjusted for genotyping chip, BMI (kg/m?), energy intake (kcal/day), education
(5 categories), smoking (3 categories), physical activity (4 categories), alcohol intake (g/day) and menopausal status (4 categories). Country- and sex specific effect estimates

were combined by random-effects meta-analysis.
*RERI (relative excess risk due to interaction) = exp (betagye + betag + betag)-exp(betag) —exp( betag)+1 ; country- and sex specific effect estimates were combined by random-

effects meta-analysis
§p for heterogeneity between sexes < 0.05.

||Due to allele frequency distribution of rs236918, G=0 refers to the homozygotes with the lowest ferritin levels and heterozygotes; G=1 refers to homozygote carriers of the

ferritin raising allele of rs236918.
f p-value corrected for multiple testing < 0.05 (linear step-up method of Benjamini and Hochberg (38) was used to correct for multiple testing)

36



Supplementary Tables

Supplementary Table 1: SNP characteristics in the EPIC-InterAct study

gene variant function | coded/ | allele | puwe | confidence reference
non- fre- threshold of
coded quency imputed
allele variants'
HMOX1 | haplotype 1 1/- 0.37 [1]
HMOX1 | haplotype 24 1/- 0.05
HMOX1 | haplotype 52 1/- 0.05
HMOX1 | haplotype 84 1/- 0.05
HMOX1 | haplotype 129 1/- 0.05
HMOX1 | haplotype 139 1/- 0.05
HMOX1 | haplotype 207 1/- 0.10
HMOX1 | haplotype 237 1/- 0.19
HFE rs1799945 H63D G/IC 0.15 0.16 | 0.997/- [2-4]
HFE rs1800562 C282Y AlIG 0.05 0.56 | - [2-8]
PCSK7 rs236918 CIG 0.10 0.43 | 0.997/- [8]
SLC40AL | rs744653 TIC 0.86 | 0.05 | -/0.990 [4]
TF rs1799852 T/IC 0.11 |0.47 |- [2,4,6]
TF rs3811647 AIG 032 [0.04 - [2.357]
TFR2 rs7385804 A/C 0.63 | 0.13 | 0.994/- [3.4]
TFRC rs17788379 T/IC 0.10 1.00 | 0.988/0.937 | [9]
TFRC rs3817672 S142G | T/IC 055 [0.02 |- [9]
TFRC rs9990333 T/C 0.46 0.99 | -/0.985 [4]
TMPRSS6 | rs855791 A736V | GIA 057 |0.68 |- [2,4,5,8,10]

1 £_¢

indicates no imputation, number before slash indicates imputation score in individuals

genotyped with Illumina Human Quad 660 chip, number after slash indicates imputation score
in individuals genotyped with Illumina HumanCoreExome chip

Supplementary Table 2: Search strategy for identification of candidate genes®

("Diabetes Mellitus, Type 2"[Mesh] OR “type 2 diabetes mellitus” OR T2D OR
diabetes)

AND

(polymorphism* OR SNPs OR SNP)

AND

iron

lassessed at the 23.11.2015




Supplementary Table 3: HMOX1 haplotypes
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Supplementary Table 4: Adjusted Means and regression coefficients for cross-sectional association of SNPs and ferritin in the EPIC-InterAct study

SNP Sex genotype A1/A; genotype A4/A, genotype A,/A, betayy (95% CI) p
n Mean (95% CI) [pmol/l] | n Mean (95% CI) [pmol/l] | n Mean (95% CI) [pmol/l]
HFE rs1799945* men 3186 | 296.7 (288.0, 305.7) 1110 | 323.3 (307.4, 340.0) 110 | 372.4 (317.3, 437.0) 0.097 (0.050, 0.145) 0.0001
(G/C) women | 5123 | 120.4 (117.5, 123.3) 1864 | 119.6 (114.9, 124.6) 183 | 126.1(110.9, 143.4) 0.029 (-0.010, 0.068) | 0.1455
overall 0.056 (0.026, 0.085) 0.0003
HFE rs1800562 men 3983 | 301.0 (293.2, 309.1) 415 | 336.1(309.5, 365.0) 8 1,183.7 (654.8, 2,139.7) | 0.188 (0.110, 0.266) 2.08E-06
(A/G) women | 6487 | 118.8 (116.3, 121.4) 666 | 133.7 (125.0, 142.9) 17 223.6 (146.9, 340.3) 0.149 (0.087, 0.212) 3.08E-06
overall 0.165 (0.116, 0.213) 3.81E-11
PCSK7 rs236918 men 3514 | 305.5 (297.0, 314.3) 838 | 302.6 (285.5, 320.7) 54 302.3 (240.5, 379.9) -0.024 (-0.079, 0.030) | 0.3802
(CIG) women | 5781 | 121.3(118.5, 124.1) 1311 | 116.5 (111.1, 122.2) 78 115.2 (94.7, 140.2) -0.047 (-0.092, -0.002) | 0.0423
overall -0.037 (-0.072, -0.003) | 0.0337
SLC40A1 rs744653 men 82 424.6 (352.8, 511.0) 1031 | 312.8 (296.9, 329.6) 3293 | 300.0 (291.4, 308.9) -0.069 (-0.146, 0.007) | 0.0764
(T/C) women | 166 | 124.1(108.5, 141.9) 1706 | 127.2 (122.0, 132.6) 5298 | 118.1 (115.3, 120.9) -0.047 (-0.091, -0.002) | 0.0387
overall -0.055 (-0.095, -0.015) | 0.0070
TMPRSS6 rs855791* | men 840 | 285.9 (269.8, 303.0) 2132 | 302.2 (291.4, 313.4) 1434 | 320.9 (307.0, 335.5) 0.057 (0.023, 0.091) 0.0010
(G/IA) women | 1341 | 120.3 (114.7, 126.1) 3526 | 119.0 (115.5, 122.5) 2303 | 122.5(118.1, 127.0) 0.013 (-0.014, 0.041) | 0.3452
overall 0.031 (0.009, 0.052) 0.0058
weighted gene score* | men 1424 | 286.2 (273.8, 299.2) 1402 | 301.2 (288.0, 315.0) 1580 | 326.4 (312.9, 340.4) 0.092 (0.068, 0.117) 1.03E-13
(thirds) women | 2317 | 115.4 (111.3, 119.7) 2219 | 118.4 (114.1, 122.8) 2634 | 126.5 (122.3, 130.9) 0.052 (0.031, 0.072) 9.57E-07
overall 0.067 (0.049, 0.086) 1.96E-12
HMOX1 ht 1 men 1682 | 312.9 (300.3, 325.9) 2128 | 297.1 (286.5, 308.2) 596 | 311.1(290.4, 333.3) -0.014 (-0.050, 0.021) | 0.43
HMOX1 ht 1 women | 2899 | 120.0 (116.2, 123.9) 3211 | 121.8 (118.1, 125.6) 1060 | 116.7 (110.7, 123.1) 0.005 (-0.028, 0.039) | 0.75
overall -0.003 (-0.025, 0.020) | 0.80
HMOX1 ht 129 men 3972 | 305.2 (297.2, 313.4) 422 | 302.1(278.4, 327.9) 12 315.8 (194.4, 512.9) -0.013 (-0.091, 0.065) | 0.74
HMOX1 ht 129 women | 6419 | 120.0 (117.5, 122.7) 723 | 123.0 (115.4,131.2) 28 115.9 (83.5, 160.8) 0.052 (-0.009, 0.112) | 0.09
overall 0.028 (-0.020, 0.075) | 0.25
HMOX1 ht 139 men 3953 | 305.1 (297.1, 313.4) 445 | 303.6 (280.4, 328.8) 8 274.7 (151.7, 497.6) -0.014 (-0.137,0.110) | 0.83
HMOX1 ht 139 women | 6397 | 120.8 (118.3, 123.5) 748 | 116.5(109.4, 124.2) 25 104.3 (73.7, 147.5) -0.040 (-0.117,0.036) | 0.30
overall -0.026 (-0.092, 0.041) | 0.45
HMOX1 ht 207 men 3579 | 304.6 (296.2, 313.3) 792 | 307.7 (289.8, 326.6) 35 278.9 (209.9, 370.5) 0.014 (-0.051, 0.079) | 0.67
HMOX1 ht 207 women | 5775 | 120.0 (117.3, 122.8) 1323 | 121.2 (115.6, 127.1) 72 126.8 (103.3, 155.5) -0.012 (-0.060, 0.037) | 0.63
overall -0.002 (-0.040, 0.036) | 0.93
HMOX1 ht 237 men 2862 | 302.3 (292.9, 311.9) 1368 | 308.1 (294.4, 322.4) 176 | 324.7 (286.1, 368.5) 0.023 (-0.020, 0.065) | 0.29
HMOX1 ht 237 women | 4725 | 121.5(118.5, 124.6) 2189 | 116.9 (112.6, 121.3) 256 | 129.5(116.2, 144.3) -0.011 (-0.046, 0.023) | 0.52
overall 0.002 (-0.024, 0.029) | 0.86
HMOX1 ht 24 men 3932 | 305.3 (297.2, 313.6) 462 | 301.0(278.3, 325.5) 12 353.0 (217.3,573.3) -0.002 (-0.075, 0.072) | 0.96




HMOX1 ht 24 women | 6487 | 120.1 (117.5, 122.7) 662 | 123.0(114.9, 131.5) 21 107.2 (73.4, 156.5) 0.002 (-0.060, 0.064) | 0.95
overall 0.000 (-0.047, 0.048) | 0.99
HMOX1 ht 52 men 3962 | 303.5 (295.5, 311.7) 430 | 315.6(291.1, 342.2) 14 421.2 (268.9, 659.7) 0.020 (-0.064, 0.105) | 0.64
HMOX1 ht 52 women | 6458 | 120.2 (117.7, 122.9) 697 | 120.5(112.8,128.7) 15 153.4 (98.0, 239.9) 0.002 (-0.060, 0.064) | 0.96
overall 0.006 (-0.042, 0.054) | 0.81
HMOX1 ht 84 men 4029 | 304.7 (296.8, 312.9) 364 | 305.7 (280.0, 333.9) 13 353.2 (221.7, 562.8) 0.015 (-0.066, 0.095) | 0.72
HMOX1 ht 84 women | 6489 | 119.5(117.0, 122.1) 668 | 127.4(119.1, 136.2) 13 170.7 (105.5, 276.0) 0.061 (-0.007, 0.128) | 0.08
overall 0.044 (-0.006, 0.094) | 0.08
TF rs1799852 men 3476 | 304.1 (295.6, 312.9) 868 | 307.1(290.1, 325.2) 62 321.4 (259.6, 397.9) 0.007 (-0.047, 0.060) | 0.81
(T/C) women | 5642 | 120.3 (117.6, 123.1) 1438 | 121.2 (115.8, 126.9) 90 107.9 (89.9, 129.5) 0.006 (-0.036, 0.049) | 0.77
overall 0.007 (-0.027, 0.040) | 0.70
TF rs3811647 men 2030 | 298.4 (287.4, 309.7) 1915 | 310.2 (298.5, 322.3) 461 | 312.7 (289.2, 338.2) 0.024 (-0.032, 0.080) | 0.40
(A/G) women | 3340 | 120.7 (117.2, 124.4) 3049 | 120.0 (116.3, 123.9) 781 | 119.7 (1125, 127.4) -0.011 (-0.047,0.026) | 0.56
overall 0.004 (-0.028, 0.035) | 0.83
TFRC rs3817672 men 953 | 302.8 (286.8, 319.7) 2134 | 309.6 (298.6, 321.1) 1319 | 299.0 (285.5, 313.1) -0.010 (-0.066, 0.045) | 0.71
(T/C) women | 1467 | 120.9 (115.5, 126.5) 3491 | 121.3 (117.8, 124.9) 2212 | 118.5(114.2,122.9) -0.014 (-0.048, 0.019) | 0.40
overall -0.012 (-0.041, 0.018) | 0.44
TFRC rs9990333 men 1270 | 314.0 (299.5, 329.1) 2224 | 302.1 (291.5, 313.0) 912 | 299.6 (283.4, 316.7) -0.030 (-0.065, 0.004) | 0.08
(T/C) women | 2097 | 122.1 (117.6, 126.8) 3540 | 119.0 (115.6, 122.5) 1533 | 121.0 (115.8, 126.5) -0.008 (-0.035, 0.020) | 0.59
overall -0.016 (-0.038, 0.005) | 0.13
TFR2 rs7385804 men 605 | 304.6 (284.4, 326.1) 2037 | 302.3 (291.2, 313.7) 1764 | 308.2 (296.1, 320.8) 0.001 (-0.036, 0.039) | 0.95
(A/C) women | 999 | 117.8 (111.5, 124.4) 3257 | 119.3 (115.8, 123.0) 2914 | 122.3 (118.5, 126.3) 0.027 (-0.002, 0.055) | 0.06
overall 0.016 (-0.006, 0.038) | 0.15

Means were adjusted for age, centre and genotyping chip. Effect estimates and p-values were derived from random-effects meta-analysis from country- and sex-specific linear

regression models. Linear regression models were adjusted for age, centre, genotyping chip and principal components. Effect estimates are given for a change in standardized log

transformed ferritin per allele;

* p for heterogeneity between sexes < 0.05




Supplementary Table 5: Cross-sectional analysis on interaction of ferritin related SNPs and haem iron on ferritin levels in the EPIC-InterAct study

SNP Sex G=0|E=0" G=1|E=0" G=0|E=1! G=1|e=1! Interaction

N beta N beta (95% CI) N beta (95% CI) N beta (95% CI) betagy (95% CI) P Prar 1> Dy gift

weighted gene score | all 2150 O (Ref) | 3489  0.06 (0.01;0.11) | 2196  0.14 (0.09; 0.18) | 3456 0.20 (0.16; 0.25) -0.001 (-0.016; 0.014) 0.88 0.94 10% 0.15
men 826 0 (Ref) | 1379 0.11(0.04;0.18) | 864 0.13(0.05;0.20) | 1337 0.25(0.17;0.32) 0.006 (-0.010; 0.021) 0.47 0.94
women | 1324 0 (Ref) | 2110 0.03 (-0.04;0.09) | 1332 0.14 (0.08;0.20) | 2119 0.18 (0.12; 0.23) -0.016 (-0.041; 0.009) 0.22 0.94

HFE rs1799945 all 4076 0 (Ref) | 1578 0.05(0.00; 0.11) | 4024 0.14 (0.10;0.18) | 1613 0.19 (0.15;0.24) -0.003 (-0.032; 0.025) 0.81 0.94 0% 0.47
(GIC) men 1605 O(Ref) | 593  0.13(0.05;0.20) | 1581 0.16 (0.08;0.23) | 627 0.23(0.13;0.34) -0.012 (-0.048; 0.024) 052 0.94
women | 2471 O (Ref) | 985 0.00 (-0.06; 0.06) | 2443 0.13(0.09;0.18) | 986 0.18(0.12;0.24) 0.010 (-0.037;0.057) 0.67 0.94

HFE rs1800562 all 5112 0 (Ref) 542 0.16 (0.09; 0.23) | 5106 0.15(0.11; 0.18) 531 0.27 (0.20; 0.35) -0.004 (-0.054;0.047) 0.89 094 12% 0.14
(A/G) men 1989 0 (Ref) | 209 0.16 (0.03; 0.28) | 1994 0.14 (0.07;0.22) | 214 0.30(0.19;0.41) 0.019 (-0.031;0.070) 0.45 0.94
women | 3123 O (Ref) | 333  0.16(0.07;0.25) | 3112 0.15(0.11;0.19) | 317 0.25(0.13; 0.36) -0.054 (-0.138; 0.030) 0.21 0.94

PCK7 rs2369182 all 1166 0 (Ref) | 4488 0.03(-0.02;0.08) | 1065 0.13(0.07;0.20) | 4572 0.17 (0.12; 0.22) 0.014 (-0.021; 0.050) 0.42 0.94 0% 0.67
(GIC) men 458 0 (Ref) | 1740 0.03(-0.07;0.13) | 434 0.16(0.03;0.29) | 1774 0.16 (0.08; 0.24) 0.007 (-0.045; 0.059) 0.78 0.94
women | 708 O(Ref) | 2748 0.03(-0.04;0.10) | 631 0.13 (0.04;0.21) | 2798 0.18 (0.11; 0.25) 0.024 (-0.030; 0.078) 0.39 0.94

SLC40A1 rs744653 | all 4174 0 (Ref) | 1480 0.01 (-0.05;0.08) | 4194 0.12(0.08; 0.16) | 1443 0.22 (0.15; 0.29) 0.006 (-0.042;0.054) 0.81 0.94 52% 0.75
(cIm men 1629 O (Ref) | 569  0.04 (-0.07;0.14) | 1664 0.13 (0.05;0.21) | 544 0.22 (0.08; 0.37) 0.017 (-0.041; 0.075) 057 0.94
women | 2545 O (Ref) | 911 0.00 (-0.08; 0.08) | 2530 0.12(0.08;0.17) | 899 0.22(0.15;0.28) 0.001 (-0.079;0.081) 0.98 0.98

TMPRSS6 rs855791 | all 1080 O (Ref) | 4574  0.05(-0.01; 0.10) | 1050 0.14 (0.07;0.21) | 4587 0.18 (0.13; 0.24) -0.008 (-0.029; 0.013) 0.48 0.94 0% 0.17
(G/IA) men 437 0 (Ref) | 1761 0.08 (-0.01;0.16) | 403 0.13(0.00;0.26) | 1805 0.21 (0.12;0.29) 0.005 (-0.023;0.032) 0.73 0.94
women | 643 0 (Ref) | 2813  0.03(-0.05;0.10) | 647 0.15(0.07;0.24) | 2782 0.17 (0.09; 0.25) -0.025 (-0.058; 0.008) 0.13 0.94

1G=0 refers to the homozygotes with the lowest ferritin levels; G=1 refers to all heterozyte and homozygote carriers of the ferritin raising allele; E=0 refers to the group with intake values below the
sex-specific median, E=1 refers to the group with intake values above the sex-specific median; country and sex-specific estimates were combinded by random effects meta-analysis, beta is given per

standard deviation of log transformed ferritin and refers to estimated ferritin levels of the named subgroup compared to the G=0|E=0 group.

2 Due to allele frequency distribution of rs236918, G=0 refers to the homozygotes with the lowest ferritin levels and heterozygotes; G=1 refers to homozygote carriers of the ferritin raising allele of

rs236918.
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Supplementary Figure 1: Deviation of the analytical study population
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Supplementary Figure 2: Hazard ratios of incident type 2 diabetes according to haem iron intake and GRS levels

G=0 refers to GRS below median; G=1 refers to GRS equal or above median; E=0 refers to the group with intake values below the sex-specific median, E=1 refers to the group
with intake values above the sex-specific median; Cox models with dummy variables as exposures were stratified by centre and age and adjusted for genotyping chip, BMI
(kg/m?), energy intake, education, smoking, physical activity (4 categories) and alcohol intake (g/day). Country and sex-specific estimates were combined by random effects
meta-analysis. e refers to HR in the overall study population, o refers to HR in men and m to HR in women
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