CHALMERS

UNIVERSITY OF TECHNOLOGY

Association Between Dietary Intake and Blood Concentrations of
One-Carbon-Metabolism-Related Nutrients in European Prospective

Downloaded from: https://research.chalmers.se, 2025-09-25 11:16 UTC

Citation for the original published paper (version of record):

Park, J., Van Puyvelde, H., Regazzetti, L. et al (2025). Association Between Dietary Intake and
Blood Concentrations of One-Carbon-Metabolism-Related

Nutrients in European Prospective Investigation into Cancer and Nutrition. Nutrients, 17(12).
http://dx.doi.org/10.3390/nul17121970

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)




¥

D
¥

2 ’ 7
PNy /1utrients ﬂw\p\py

Article

Association Between Dietary Intake and Blood Concentrations of
One-Carbon-Metabolism-Related Nutrients in European
Prospective Investigation into Cancer and Nutrition

Jin Young Park 1, Heleen Van Puyvelde !'?, Lea Regazzetti !, Joanna L. Clasen 34{, Alicia K. Heath 30,
Simone Eussen %70, Per Magne Ueland 8, Mattias Johansson !, Carine Biessy !, Raul Zamora-Ros °{,
José Maria Huerta 191105, Maria-Jose Sanchez 111213140 Marga Ocke 1>(, Matthias B. Schulze 117

Catarina Schiborn 16
22,23

, Tonje Bjorndal Braaten 18, Guri Skeie 1807, Carlotta Sacerdote 1, Jestis Castilla 11.20-21

Therese Karlsson 2223, Ingegerd Johansson 240, Cecilie Kyre 2, Anne Tjonneland 2, Tammy Y. N. Tong 26(,

Verena Katzke 27, Rashmita Bajracharya 2’(, Cristina Lasheras (", @ivind Midttun 8, Stein Emil Vollset 2,

Paolo Vineis 3, Giovanna Masala 3%, Pilar Amiano 313233 Rosario Tumino 3*(", Ivan Baldassari 350,

Elisabete Weiderpass 17, Elio Riboli 2, Marc J. Gunter 13, Heinz Freisling !, Sabina Rinaldi !, David C. Muller 3,
Inge Huybrechts ! and Pietro Ferrari 1*

International Agency for Research on Cancer, 69366 Lyon, France; parkjy@iarc.who.int (J.Y.P.);

heleenvanpuyvelde@gmail.com (H.V.P.); learegazzetti@hotmail.fr (L.R.); biessyc@iarc.who.int (C.B.);

weiderpasse@iarc.who.int (E.W.); m.gunter@imperial.ac.uk (M.].G.); freislingh@iarc.who.int (H.E);

rinaldis@iarc.who.int (S.R.); huybrechtsi@iarc.who.int (I.H.)

Department of Public Health and Primary Care, Faculty of Medicine and Health Sciences, Ghent University,

9000 Ghent, Belgium; e.riboli@imperial.ac.uk

3 School of Public Health, Imperial College London, London W12 0BZ, UK; j.clasen18@imperial.ac.uk (J.L.C.);
a.heath@imperial.ac.uk (A.K.H.); p.vineis@imperial.ac.uk (P.V.); david.muller@imperial.ac.uk (D.C.M.)

4 Health Informatics Institute, University of South Florida, Tampa, FL 33612, USA

5 Department of Epidemiology, Maastricht University, 6229 HA Maastricht, The Netherlands;
simone.eussen@maastrichtuniversity.nl

6 Cardiovascular Research Institute Maastricht (CARIM), Maastricht University, 6211 LK Maastricht,

:I‘f;eé: : tfg; The Netherlands
7 Care and Public Health Research Institute (CAPHRI), Maastricht University, 6202 AZ Maastricht,
Academic Editor: Debasis Bagchi The Netherlands
Received: 10 April 2025 8 Bevital A/S, 5608 Bergen, Norway; per.ueland@uib.no (PM.U.); bjorn.midttun@uib.no (&.M.)
Revised: 3 June 2025 9 Unit of Nutrition and Cancer, Cancer Epidemiology Research Programme, Catalan Institute of Oncology,

Bellvitge Biomedical Research Institute (IDIBELL), 08908 L'Hospitalet de Llobregat, Spain;

Accepted: 5 June 2025 .
rzamora@idibell.cat

Published: 10 June 2025 10" Department of Epidemiology, Murcia Regional Health Council, IMIB-Arrixaca, 30008 Murcia, Spain;
Citation: Park,].Y,; Van Puyvelde, H.; jmhuerta.carm@gmail.com

Regazzetti, L.; Clasen, ].L.; Heath, A K ; 11 CIBER Epidemiologia y Salud Publica (CIBERESP), 28029 Madrid, Spain;

Eussen, S.; Ueland, PM.; Johansson, mariajose.sanchez.easp@juntadeandalucia.es (M.-].S.); jcastilc@navarra.es (J.C.)

12 Escuela Andaluza de Salud Publica (EASP), 18011 Granada, Spain

13 Instituto de Investigacin Biosanitaria (ibs. GRANADA), 18012 Granada, Spain

. 14 Department of Preventive Medicine and Public Health, University of Granada, 18071 Granada, Spain
and Blood Concentrations of One- 15 National Institute for Public Health and the Environment, 3721 MA Bilthoven, The Netherlands;
marga.ocke@rivm.nl

M.; Biessy, C.; Zamora-Ros, R.; et al.

Association Between Dietary Intake

Carbon-Metabolism-Related Nutrients

in European Prospective Investigation 16 Department of Molecular Epidemiology, German Institute of Human Nutrition Potsdam-Rehbruecke,

into Cancer and Nutrition. Nutrients 14558 Nuthetal, Germany; mschulze@mail.dife.de (M.B.S.)

2025,17,1970. https://doi.org/ 17 Institute of Nutritional Science, University of Potsdam, 14558 Nuthetal, Germany

10.3390/nu17121970 18 Department of Community Medicine, UiT The Arctic University of Norway, 9037 Tromse, Norway;
tonje.braaten@uit.no (T.B.B.); guri.skeie@uit.no (G.S.)

Copyright: ©2025by the authors. 19 Unit of Cancer Epidemiology, Citta della Salute e della Scienza University-Hospital, 10126 Turin, Italy;

Licensee MDPI, Basel, Switzerland. carlotta.sacerdote@cpo.it

This article is an open access article 20 Navarra Public Health Institute, 31003 Pamplona, Spain

distributed under the terms and 21 Navarra Institute for Health Research (IdiSNA), 31008 Pamplona, Spain

conditions of the Creative Commons 22 Department of Internal Medicine and Clinical Nutrition, University of Gothenburg, SE 40530 Gothenburg,

Attribution (CC BY) license » Sweden; therese.karlsson@gu.se

Department of Life Sciences, Chalmers University of Technology, SE 41296 Gothenburg, Sweden

(https:/ /creativecommons.org/ X . . .
Department of Odontology, Umea University, 901 87 Umed, Sweden; ingegerd.johansson@umu.se

licenses /by /4.0/).

24

Nutrients 2025, 17, 1970 https://doi.org/10.3390/nu17121970


https://doi.org/10.3390/nu17121970
https://doi.org/10.3390/nu17121970
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://orcid.org/0000-0003-2491-5099
https://orcid.org/0000-0003-4231-5740
https://orcid.org/0000-0001-6517-1300
https://orcid.org/0000-0003-0559-6838
https://orcid.org/0000-0002-6236-6804
https://orcid.org/0000-0002-9637-3869
https://orcid.org/0000-0003-4817-0757
https://orcid.org/0000-0003-1299-6135
https://orcid.org/0000-0002-0830-5277
https://orcid.org/0000-0002-9556-4540
https://orcid.org/0000-0003-2476-4251
https://orcid.org/0000-0002-8008-5096
https://orcid.org/0000-0002-6396-7265
https://orcid.org/0000-0002-9227-8434
https://orcid.org/0000-0002-9083-8960
https://orcid.org/0000-0003-4385-2097
https://orcid.org/0000-0002-0284-8959
https://orcid.org/0000-0002-2663-1367
https://orcid.org/0000-0003-0482-4229
https://orcid.org/0000-0002-5758-9069
https://orcid.org/0000-0003-2666-414X
https://orcid.org/0000-0002-8537-9691
https://orcid.org/0000-0003-2237-0128
https://orcid.org/0000-0001-9358-7338
https://doi.org/10.3390/nu17121970
https://www.mdpi.com/article/10.3390/nu17121970?type=check_update&version=2

Nutrients 2025, 17, 1970

20f19

%5 Danish Cancer Society Research Center, Danish Cancer Society, 2100 Copenhagen, Denmark;

ceciliek@cancer.dk (C.K.); annet@cancer.dk (A.T.)

Cancer Epidemiology Unit, Nuffield Department of Population Health, University of Oxford,

Oxford OX3 7LF, UK; tammy.tong@ndph.ox.ac.uk

Department of Cancer Epidemiology, German Cancer Research Center (DKFZ), 69120 Heidelberg, Germany;

v.katzke@dkfz-heidelberg.de (V.K.); rashmita.bajracharya@dkfz-heidelberg.de (R.B.)

Functional Biology Department, University of Oviedo, 33003 Oviedo, Spain; lasheras@uniovi.es

Department of Health Metrics Sciences, Institute for Health Metrics and Evaluation, University of

Washington School of Medicine, Seattle, WA 98195, USA; vollset@uw.edu

30 Institute for Cancer Research, Prevention and Clinical Network (ISPRO), 50141 Florence, Italy;
g.masala@ispro.toscana.it

31 Ministry of Health of the Basque Government, Sub Directorate for Public Health and Addictions of Gipuzkoa,

20013 San Sebastian, Spain; maripi.amiano@gmail.com

Epidemiology of Chronic and Communicable Diseases Group, Biodonostia Health Research Institute,

20014 San Sebastian, Spain

33 Spanish Consortium for Research on Epidemiology and Public Health (CIBERESP), Instituto de Salud Carlos
111, 28029 Madrid, Spain

3 Hyblean Association for Epidemiological Research (AIRE-ONLUS), 97100 Ragusa, Italy;

rtuminomail@gmail.com

Department of Epidemiology and Data Science, Fondazione IRCCS Istituto Nazionale dei Tumori,

20133 Milano, Italy; ivan.baldassari@istitutotumori.mi.it

*  Correspondence: ferrarip@iarc.who.int

26
27

28
29

32

35

Abstract: Background/Objectives: We examined the association between dietary intake
and blood concentrations of one-carbon metabolism (OCM)-related nutrients in the Euro-
pean Prospective Investigation into Cancer and Nutrition (EPIC). Methods: Blood concen-
trations and dietary intake of the vitamins riboflavin (B2), Pyridoxal 5'-phosphate (PLP and
B6), folate (B9), B12, and methionine, concentrations of homocysteine, and dietary intake of
betaine, choline, and cysteine were pooled from 16,267 participants in nine EPIC nested
case—control studies. Correlation analyses between dietary intakes and blood concentra-
tions were carried out. Principal component (PC) analysis identified latent factors in the
two sets of measurements. Results: Pearson correlations between dietary intakes and blood
concentrations ranged from 0.08 for methionine to 0.12 for vitamin B2, 0.15 for vitamin
B12, 0.17 for vitamin B6, and 0.19 for folate. Individual dietary intakes showed higher
correlations (ranging from —0.14 to 0.82) compared to individual blood concentrations
(from —0.31 to 0.29). Correlations did not vary by smoking status, case—control status,
or vitamin supplement use. The first PC of dietary intakes was mostly associated with
methionine, vitamin B12, cysteine, and choline, while the first PC of blood concentrations
was associated with folate and vitamin B6. Conclusions: Within this large European study,
we found weak to moderate associations between dietary intakes and concentrations of
OCM-related nutrients.

Keywords: blood B-vitamin concentrations; dietary B-vitamins; one-carbon metabolism;
nutrients; partial least square path modeling; principal component analysis; EPIC

1. Introduction

One-carbon metabolism (OCM) is crucial for the synthesis and methylation of DNA,
an epigenetic mechanism to regulate gene expression [1]. Attention has been paid to the
key role of folate, also referred to as vitamin B9, in this metabolic network, which produces
S-adenosylmethionine as the universal methyl group donor for most biological methylation
reactions. However, other water-soluble B-vitamins, including riboflavin (vitamin B2),
pyridoxal 5’-phosphate (PLP and vitamin B6), and cobalamin (vitamin B12), nutrients
such as choline and betaine, and the amino acids methionine, cysteine, and homocysteine,
are also involved in OCM [1-3]. An altered status of these nutrients can contribute to
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disruption of the OCM pathway and, therefore, interfere with DNA replication and DNA
repair, affect normal gene expression patterns or alter genome stability, and ultimately
might be related to the development of various cancers [4].

An accurate assessment of B-vitamin status and that of related nutrients is important
in investigating the role of OCM in disease risk [5]. Self-reported dietary intake measured
through food frequency questionnaires (FFQs), diet diaries, or 24 h dietary recalls (24-HDR)
is prone to measurement errors. Nutritional biomarkers measured in biological specimens
(e.g., plasma or serum B-vitamins and erythrocyte folate) have become an additional
method to objectively assess the dietary intake of specific nutrients [6]. An additional
advantage of using biomarker measurements is that they also reflect inter-individual
variation due to differences in absorption, metabolism, and differential exposures to lifestyle
(e.g., smoking) and dietary (e.g., nutrient-nutrient interaction) factors [5,7].

There have been few attempts to compare self-reported dietary estimates of OCM
nutrients, primarily folate and vitamin B12, with blood concentrations, and the majority of
these studies have aimed to validate dietary intakes [8-12]. In the context of folate, valida-
tion studies tend to be limited in size and show heterogeneous correlation coefficients in the
range from 0.05 to 0.54 [9]. Validity is mostly inferred from correlation coefficients between
the assessment instrument, such as FFQs, 24-HDR, or food records, and biomarker concen-
trations [5,6]. Comparisons of validation studies are challenging, even within Europe, due
to different study populations, diverse biological samples, and varying analytical method-
ologies employed [9]. Importantly, B-vitamins and other nutrients related to OCM are
challenging factors to investigate, mainly because their bio-availability and activity are not
only dependent on their intake levels, but also depend on their complex mutual interactions
and on their interactions with genetic factors and other dietary components [13,14].

Past studies have primarily focused on comparisons between the blood concentrations
and dietary intakes of single nutrients, with a focus on folate intake [9,15]. Newer statistical
approaches to identify biological patterns integrating complex interrelationships may be a
complementary strategy to better understand the complex interrelationships among the
different nutrients involved in OCM.

In this study, data from nine nested case-control studies within the European Prospec-
tive Investigation into Cancer and Nutrition (EPIC) were pooled to evaluate the associations
between the blood concentrations and dietary intakes of B-vitamins and other OCM-related
nutrients. Patterns of associations were described in univariate and multivariate analy-
ses to elucidate the complex interrelationships among OCM variables across populations
involved in a large European multicenter study.

2. Materials and Methods

Study population. The rationale and methods of the EPIC study have been previ-
ously described in detail [16-18]. In short, EPIC consists of 23 sub-cohorts across 10 Eu-
ropean countries, with a wide range of cancer rates, lifestyles, and dietary habits. Be-
tween 1992 and 2000, country-specific dietary and lifestyle questionnaires were completed
and blood samples were collected [16]. The present cross-sectional study used pooled
data from nine existing nested matched case—control studies within EPIC on stomach [19]
(n =797), colorectal [20] (n = 3016), lung [21] (n = 2209), pancreatic [22] (n = 821), breast [23]
(n =4928), kidney [24] (n = 1055), upper aerodigestive tract [25] (UADT, n = 1533), and prostate
cancer [26,27] (n = 911 and n = 997 in each project), as described in Table 1. The samples used
in this study were from France, Italy, Spain, the United Kingdom, the Netherlands, Germany,
Sweden, Denmark, and Norway. Samples from Oxford were subject to different shipping
conditions (1 = 888), and a sensitivity analysis was conducted excluding these samples. Cases
and controls were matched for sex, year of birth, study center, and date of blood collection
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(all studies), and additionally for time of blood collection and fasting status in the pancreatic
cancer study. As outlined in Supplementary Tables S1 and S2, in this study, blood concen-
trations of riboflavin, PLP, folate, cobalamin, methionine, and homocysteine were examined,
together with dietary intakes of riboflavin, vitamin B6, folate, cobalamin, methionine, cysteine,
betaine, and choline in 16,267 participants. All blood concentrations were measured in all
studies, except for in the study on breast cancer [23] and the first study on prostate cancer,
where only folate and cobalamin were available, and the second prostate cancer study, where
only riboflavin, PLP, folate, and cobalamin were available [26,27] (Table 1).

Blood sampling and laboratory analyses. In each of the recruitment centers, fasting or
non-fasting blood samples of at least 30 mL were drawn at baseline and stored at 5-10 °C,
protected from light, and transported to local laboratories for processing and aliquoting
according to a standardized protocol [16,17,28]. In all countries, except Denmark and
Sweden, which joined EPIC at a later stage, blood was separated into 0.5 mL aliquots
(serum, plasma, red cells, and buffy coat for DNA extraction) and stored in plastic CBS

straws™

, which were subsequently heat sealed and stored in liquid nitrogen (—196 °C).
Half of the aliquots were stored at the local study center and the other half were stored in
the central EPIC biorepository at the International Agency for Research on Cancer (IARC;
Lyon, France). In Denmark, aliquots of 1.0 mL were stored locally at —150 °C under
nitrogen vapor. In Sweden, samples were stored at —80 °C.

Laboratory analyses of different B-vitamin species have previously been described
in detail [28]. All biochemical analyses were carried out in the laboratories of Bevital
AS (www.bevital.no). This study included B-vitamins, i.e., riboflavin (vitamin B2), pyri-
doxal 5’-phosphate (PLP, vitamin B6), folate (vitamin B9), and cobalamin (vitamin B12),
as well as amino acids, i.e., total homocysteine (tHcy) and methionine. The concentra-
tion levels of riboflavin (B2) and PLP (B6) were determined by LC-MS/MS [29,30], and
amino acid concentrations were determined by GC-MS/MS based on methylchlorofor-
mate derivisation [31,32]. Cobalamin (B12) was determined with a Lactobacillus leichmannii
microbiological method [33] and plasma folate was determined with a Lactobacillus casei
microbiological method, both adapted to a microtiter plate format, and analysis was car-
ried out on a robotic workstation (Micro-lab AT plus 2; Hamilton Bonaduz AG, Bonaluz,
Switzerland) [34]. The within- and between-day coefficients of variation were 3-20% for
folate [34], 3.1-13.2% for riboflavin [29], 2.6-7.4% for PLP [29], and <5% for cobalamin and
tHcy [32,33], and <5% for methionine [31,32].

Lifestyle and dietary assessment. Lifestyle factors, including anthropometry, smoking
history, physical activity, educational level, and dietary supplement use, were collected
at baseline through standardized lifestyle questionnaires [16,35-38]. Daily energy intake
and alcohol intake were estimated at enrolment using validated country or center-specific
FFQs, designed to capture geography-specific diet at the individual level. Nearly all
countries used self-administered FFQs, except in Spain and Italy (Naples and Ragusa),
where questionnaires were administered by interviewers [39].

The intake of nutrients, including folate, choline, betaine, cysteine, and methionine,
was estimated using the methyl group donors database (MGDB), while vitamins B2, B6, and
B12 were estimated from the USDA National Nutrient Database for Standard Reference [40].
A new MGDB was compiled by matching the dietary assessment data of the EPIC cohort to
four food composition databases (FCDBs), i.e., the U.S. FCDB, Canadian FCDB, German
FCDB, and Danish FCDB, using standardized operating procedures. Folate intake was
available in the EPIC nutrient database (ENDB) and was used for quality control [41]. A
strong correlation (r = 0.81) was shown between the calculated dietary folate intakes of the
new MGDB and the earlier ENDB, supporting good matching with the FCDB data [40].
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Table 1. Characteristics of the cancer site-specific case-control studies included in the pooled analysis.

Study Size Case-Control Status Country
Study Age Range Blood Biomarkers ! Number of United Th
Biomarkers Men  Women Cases Controls  France Italy Spain Ki nite 3 € Germany Sweden Denmark Norway
ingdom Netherlands

Stomach 36-75 B2,B6,B9,B12,H,M 6 797 471 326 293 504 9 189 130 85 59 132 128 65 -
Breast 26-77 B9, B12 2 4928 - 4928 2499 2429 801 1301 432 812 640 680 262

Kidney 36-75 B2, B6,B9,B12, H, M 6 1055 576 479 559 496 26 174 104 130 88 238 64 223 8

Lung 34-77 B2,B6,B9,B12,H,M 6 2209 1333 876 858 1351 3 389 382 521 329 438 147 - -

Pancreas 30-76 B2,B6,B9,B12,H,M 6 821 395 426 449 372 18 78 73 85 71 103 225 164 4
CRC? 30-77 B2,B6,B9,B12,H,M 6 3016 1384 1632 1191 1825 75 435 354 611 431 447 533 116 14

UADT? 34-76 B2,B6,B9,B12,H,M 6 1533 1095 438 808 725 2 139 198 232 142 195 76 545 4

Prostate I 44-77 B9, B12 2 911 911 488 423 110 158 284 43 314 2 - -

Prostate IT 40-77 B2, B6, B9, B12, 4 997 997 508 489 157 202 325 36 277 - - -
Total 16,267 7162 9105 7653 8614 934 2972 2033 3085 1839 2824 1175 1113 292

1 B2: riboflavin; Bé: pyridoxal 5’-phosphate (PLP); B9: folate; B12: cobalamin; H: homocysteine; M: methionine. Concentrations of betaine and choline were also available in the studies
on stomach, kidney, colorectal, and UADT cancers, but these measurements were not examined in this study. 2 CRC: colorectal cancer; UADT: upper aero-digestive tract cancers;
3 1 = 443 health conscious, and 7 = 2642 general population.
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The most chemically stable folate form is synthetic folic acid, which is not costly to
produce and, therefore, is used for dietary supplements and food fortification. The bioavail-
ability of food folate is commonly estimated at 50% of folic acid bioavailability [42]. To
consider differences in bioavailability between food folate and folic acid used for fortifica-
tion, we also assessed folate intake as dietary folate equivalents (DFEs).

Statistical analysis. Blood concentrations and dietary intakes were log-transformed to
improve symmetry and approximate the normality of distributions, by using the loge(x + 1)
function to avoid negative values. Blood concentrations that were recorded as being below
the limit of detection were excluded from the analysis (n = 17). To account for missing
values in blood concentrations and dietary intakes, as described in Supplementary Table S3,
a multiple imputation algorithm was implemented to impute missing log-transformed
values [43]. Missing values were imputed with the Multiple Imputation by Chained
Equations (MICE) method in the R package ‘mice” with a burn-in of 20 iterations. The
imputation model included all OCM-related nutrient variables, as well as all adjustment
factors, as detailed in the following paragraph. As the main objective of the study was to
examine the main sources of variation and describe the correlation patterns of OCM-related
nutrients rather than performing statistical inference, only the first imputed dataset was
retained for statistical analyses.

To identify major sources of variability in concentration and dietary OCM nutrient mea-
surements, each concentration and dietary variable was, in turn, regressed on a predefined
list of covariates, including age at recruitment (continuous), alcohol intake (continuous),
energy intake (continuous), BMI (continuous), case—control indicator (dichotomous), sex
(dichotomous), country (categorical), smoking status (never, former, or current), and study
(categorical). Models for blood concentrations also included the corresponding dietary
variable (continuous) and the laboratory batch (categorical) modeled as a nested effect
within the study. Partial-R? statistics, expressed as percentages, were computed for each
covariate as the amount of variability explained, conditional on all other covariates in
the model.

To control for variability attributed to specific factors, residuals of concentration and
dietary OCM-related nutrients were computed [44]. Each concentration variable was
linearly regressed on country, sex, study (categorical), batch (modeled with random effects
nested within study), and case—control status (categorical), while dietary variables were
regressed on country, sex (categorical), case—control status (categorical), and energy intake
(continuous), as displayed in Tables 2 and 3.

Pearson correlation coefficients were computed for residual values of concentra-
tion and dietary variables. Heatmap plots were generated overall and according to
smoking status (never, former, or current smokers), educational level (‘None/Primary’,
‘Secondary /Technical / Professional’, or ‘University degree’), and physical activity (‘In-
active/moderately inactive’ versus ‘Moderately active/active’). Specific heatmaps were
produced according to geographic region (Southern Europe: France, Italy, and Spain; Mid-
dle Europe: UK, the Netherlands, and Germany; and Northern Europe: Denmark, Sweden,
and Norway) and case—control status using residuals computed in models that did not
include, in turn, country or case—control status, in order to avoid over-adjustment.
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Table 2. Partial R? values (R? expressed as percentages, %) and associated p-value ! for OCM-related blood concentration measurements in relation to an a priori
defined list of determinants. Concentration values were log-transformed.

) Riboflavin (B2) PLP (B6) Folate (B9) Cobalamin (B12) Methionine Homocysteine
df
R2? (%) p-Value R? (%) p-Value R? (%) p-Value R2? (%) p-Value Partial R? (%)  p-Value R? (%) p-Value
Age at recruitment 1 0.1 0.001 0.2 <0.001 0.2 <0.001 <0.1 0.556 0.2 <0.001 0.8 <0.001
Alcohol intake 1 <0.1 0.002 14 <0.001 0.5 <0.001 <0.1 0.002 <0.1 0.112 0.6 <0.001
BMI 1 <0.1 0.048 1 <0.001 <0.1 <0.001 <0.1 0.131 <0.1 0.323 <0.1 0.193
Case—control status 1 <0.1 0.247 0.4 <0.001 <0.1 <0.001 <0.1 0.646 0.2 <0.001 0.2 <0.001
Country 8 2.9 <0.001 2 <0.001 2.6 <0.001 1.6 <0.001 2.5 <0.001 7.7 <0.001
Energy intake 1 0.5 <0.001 1.8 <0.001 2 <0.001 0.6 <0.001 0.1 0.003 0.3 <0.001
Dietary intake 3 1 1.5 <0.001 2.9 <0.001 3.7 <0.001 22 <0.001 0.5 <0.001 - -
Sex 1 0.5 <0.001 <0.1 0.076 0.3 <0.001 0.3 <0.001 1.8 <0.001 2.7 <0.001
Smoking status 3 19 <0.001 3.1 <0.001 1.5 <0.001 0.2 <0.001 0.8 <0.001 0.7 <0.001
Study -2 14 <0.001 2 <0.001 0.2 <0.001 22 <0.001 2.3 <0.001 1.1 <0.001
Study /batch -2 7.5 <0.001 3.1 <0.001 43 <0.001 43 <0.001 3.7 <0.001 4.6 <0.001
1 p-Values were obtained from F-test on type-III sum of squares; 2 d4f: degree of freedom; for the variables ‘Study” and ‘Batch within Study’, the df reflects the availability of samples in
each study and batch, and is equal to 6 and 159 for riboflavin, 6 and 158 for PLP, 8 and 218 for folate and cobalamin, 5 and 150 for methionine, and 5 and 155 for homocysteine; 8 Dietary
intake of the corresponding nutrient; BMI, body mass index; OCM, one-carbon metabolism; PLP, pyridoxal 5’-phosphate.
Table 3. Partial R? values (R2 expressed as percentages, %) and associated p-value 1 for OCM-related dietary intakes in relation to a predefined list of determinants.
Dietary values were log-transformed.
df? Riboflavin (B2) PLP (B6) Folate (B9) Cobalamin (B12) Methionine Cysteine Betaine Choline
R?(%) p-Value R2?2(%) p-Value R2(%)  p-Value R?(%)  p-Value RZ?(%) p-Value R>?(%) p-Value R?*(%) p-Value R?(%) p-Value
Age at recruitment 1 <0.1 0.31 <0.1 0.215 <0.1 <0.001 <0.1 0.034 <0.1 0.98 0.4 <0.001 <0.1 0.068 <0.1 0.69
Alcohol intake 1 2.8 <0.001 0.6 <0.001 1.8 <0.001 0.2 <0.001 2.5 <0.001 4.1 <0.001 0.7 <0.001 0.5 <0.001
BMI 1 0.4 <0.001 0.5 <0.001 <0.1 0.121 1.1 <0.001 1.7 <0.001 1.6 <0.001 <0.1 0.005 1.1 <0.001
Case—control status 1 <0.1 0.352 <0.1 0.217 <0.1 0.021 <0.1 0.835 <0.1 0.109 <0.1 0.302 <0.1 0.411 <0.1 0.633
Country 8 28.4 <0.001 33.8 <0.001 25.1 <0.001 10.1 <0.001 13.6 <0.001 19.2 <0.001 66.6 <0.001 26.8 <0.001
Energy intake 1 54.2 <0.001 48.5 <0.001 53.4 <0.001 25.9 <0.001 52.1 <0.001 60.1 <0.001 25.2 <0.001 57.2 <0.001
Study 8 <0.1 0.148 <0.1 0.254 <0.1 0.297 <0.1 0.612 0.1 0.007 0.2 <0.001 0.2 <0.001 0.1 0.017
Sex 1 0.6 <0.001 <0.1 0.02 0.4 <0.001 0.1 <0.001 <0.1 <0.001 <0.1 0.016 0.2 <0.001 0.1 <0.001
Smoking status 3 0.3 <0.001 0.2 <0.001 0.3 <0.001 0.3 <0.001 <0.1 0.002 <0.1 0.041 <0.1 0.212 0.2 <0.001

1 p-Values were obtained from F-test on type-III sum of squares; % df: degree of freedom; BMI, body mass index; OCM, one-carbon metabolism; PLP, pyridoxal 5'-phosphate.
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For folate measurements, a sensitivity analysis was performed comparing the correla-
tions between concentration levels and total dietary folate (as pug/day) intakes versus DFE
(ug of DFE/day). In addition, principal component (PC) analyses of, in turn, concentration
and dietary residuals, were performed using the correlation matrices. Upon visual inspec-
tion of the scree plots, three PCs were retained. Last, a partial least square-path modeling
(PLS-PM) analysis was performed [45], where a latent factor of the six concentration vari-
ables was identified and linearly regressed on the latent factor of the eight dietary variables,
with the association estimated.

Statistical tests were two-sided, and p-values lower than 5% were considered to
be statistically significant. Analyses were carried out with the ‘nlme’, ‘mice’, ‘corrplot’,
‘ggplot2’, ‘car’, ‘rsq’, and ‘plspm’ packages in R 4.2.1 [46].

3. Results

Pre-diagnostic blood concentrations and dietary intakes of the OCM-related nutrients
from 16,267 participants (56% women) in nine nested case—control studies were pooled
in this study, including 7653 cases and 8614 matched controls (Table 1). Linear regression
models and partial-R? values were assessed to evaluate the extent to which variability
in the blood concentrations and dietary intake of B-vitamins and OCM metabolites was
explained by several covariates. As shown in Table 2 for concentration variables, sex (range
of R? values, %: <0.1-2.7), country (1.6-7.7), dietary intake (0.5-3.7), study (0.2-2.3), and
batch effect (3.1-7.5) were the strongest predictors, despite a lower explained variability
with variations across nutrients, whereas for dietary variables, country (10.1-66.6), alcohol
intake (0.5-4.1), and energy intake (25.2-60.1) explained the largest amount of variability
(Table 3).

Pairwise correlation coefficients between blood concentrations and corresponding
dietary variables ranged from 0.06 for methionine to 0.15 for vitamin B2, 0.15 for vitamin
B12, 0.18 for vitamin B6, and 0.19 for folate (Figure 1). When excluding 888 samples from
Oxford, the correlation coefficients did not change.

Comparing individual dietary components, the coefficients ranged from —0.14 between
betaine and cysteine to 0.82 between methionine and cysteine. Overall, individual blood
concentrations showed lower correlations among them, i.e., from —0.31 between folate
and homocysteine to 0.29 between PLP and folate (Figure 1). As displayed in Figure 2, the
correlation values between OCM-related concentration and dietary variables were consistent
by smoking status, i.e., in never smokers (1 = 6929), former smokers (1 = 5154), and current
smokers (1 = 3965), and were similar to values observed in the overall study population. As
reported in Supplementary Figure S1, the correlations between blood and dietary variables
ranged from 0.07 for methionine to 0.19 for folate among supplement users, and from
0.06 for methionine to 0.20 for folate among non-users. The correlations between intake and
concentration were slightly weaker for folate, PLP (B6), and riboflavin in northern Europe
compared to central and southern Europe. In addition, there were positive correlations
in central Europe for dietary betaine with dietary riboflavin and B6, while inverse or
no correlations were found in northern and southern Europe (Supplementary Figure S2).
Correlation patterns were similar by case—control status, education level, and physical
activity, as displayed in Supplementary Figures S3-S5, respectively. Similar correlations were
shown between folate blood concentration and total dietary folate and DFE (Supplementary
Figure S6).

The first three blood concentration PCs explained about 65.5% of the total observed
variability (Table 4). The first PC (31.8% of the total variance) was positively associated
with blood folate, PLP, riboflavin, and vitamin B12 and negatively with homocysteine,
with a factor loading equal to —0.42. PC2 (17.6%) was mainly driven by blood methionine
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and homocysteine, while PC3 (16.1%) was positively related to riboflavin and negatively
related to vitamin B12 (—0.50) and methionine (—0.59). The first three dietary intake PCs
of OCM-related nutrients cumulatively explained 70.7% of the total variance. The first
PC explained 43.3% of the total variability, and was positively associated with dietary
methionine, cysteine, vitamin B12, choline, riboflavin, and vitamin B6, listed in descending
order according to their factor loadings. The second PC (16.8%) was mainly driven by
folate (0.67) and betaine (0.56), while the third PC (10.7%) was positively related to betaine
(0.78) and negatively related to folate (—0.44). The pairwise correlation coefficients between
the first three concentration and dietary PCs ranged from —0.08 for the majority of the
comparisons to 0.18 between the first PC of the concentration and dietary variables, as
displayed in Figure 3. The correlation coefficient of the PLS-PM latent factors of dietary
intake and blood concentration was 0.18 (Figure 4).
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Figure 1. Heatmap of OCM-related blood concentrations and dietary intakes (1 = 16,250).



Nutrients 2025, 17, 1970

10 of 19

blood folate

blood vitamin B12
blood riboflavin
blood PLP

blood methionine
blood homocysteine
dietary folate
dietary vitamin B12
dietary riboflavin
dietary vitamin B6
dietary methionine
dietary cysteine
dietary betaine
dietary choline

Never (n = 6929)

0.28 0.17 0.31
0.030.120.09 0.15
-0.27-0.20 0.00-0.060.01
0.18 0.01 0.08 0.12 0.01-0.0;
0.04 0.16 0.07 0.04 0.02-0.080.06
0.06 0.13 0.16 0.06 0.04-0.060.35 ‘10.52
0.16 0.07 0.08 0.18 0.03-0.050.40 0.38 0.27
0.000.15 0.06 0.04 0.05 -0.12-0.02. .46 0.39!
0.000.09 0.000.05 0.05-0.120.09 0.45 0.29 0.42
0.00 0.00-0.01-0.020.02 0.02 0.19-0.07-0.020.02 -0.11
0.06 0.09 0.06 0.07 0.05-0.060.16 0.49 0.49 0.42.0.49-0,0

Q.e» & Yoo &
Q' Q 'bA\Q Q\Q-@\o ©\ A\ QQ \?} ‘D\Q
‘x\oo‘x\b@%‘&oo‘&\ QRO
obq,&\‘o\o°§°°<ﬁ$&§°®‘°\° N ©
~0\°4'{*°b‘ ~°b & &?}4\ d‘ &@ PP
da® S S
RS O Ob & & \‘b \“b b
> ¢ ® [SERS

Figure 2. Heatmap of OCM-related blood concentrations and dietary variables by smoking status.

Former (n=5154)

blood folate

blood vitamin B12
blood riboflavin
blood PLP

blood methionine
blood homocysteine -0.33-0.23-0.06-0.090.01
dietary folate 0.180.010.050.090.01-0.0
dietary vitamin B12 0.040.14 0.07 0.04 0.04-0.080.08
dietary riboflavin 0.070.130.14 0.04 0.04-0.070.42 051
dietary vitamin B6 0.130.07 0.06 0.17 0.04-0.040.39 0.38 0.28
dietary methionine -0.010.17 0.06 0.03 0.09 -0.100.05.0.46 0.40)
dietary cysteine 0.010.120.02 0.04 0.08-0.100.17 047 0.31 0.42

0.010.07 0.10 0.15

dietary betaine -0.03-0.02-0.02-0.07 0.000.02 0.17-0.070.01 0.05
dietary choline 0.090.09 0.05 0.07 0.06-0.070.19 0.50 0.46 0.44.0.48-0.0

Y S F T P
&e\?@g‘be\) 0\ ge‘bq’ > '6&0& & P
PN R A

S IFE S q,dfb&go-@ &
FLF PV LG EF LTS
dAF SN TS A F
OV oD % 2
O © F S T R
AS) ‘0\ N
Pearson -
Correlation

-1.0 -0.5 0.0 05 1.0

Current (n = 3965)

blood folate

blood vitamin B12
blood riboflavin
blood PLP

blood methionine

0.020.09 0.11 0.14
blood homocysteine -0.35-0.22-0.11-0.10-0.02
dietary folate 0.190.030.050.07 0.03-0.0
dietary vitamin B12 0.050.130.09 0.000.01-0.040.06
dietary riboflavin 0.040.110.14-0.010.03-0.070.32 0.50
dietary vitamin B6 0.180.100.07 0.17 0.03-0.070.31 0.36 0.26
dietary methionine -0.010.130.06 0.000.05-0.07006.0.49 0.41
dietary cysteine 0.010.08 0.02-0.010.05-0.090.18 0.43 0.32 0.40
dietary betaine -0.02-0.01-0.02-0.050.05-0.010.22-0.050.03 0.04-0.02-0.0
dietary choline 0.110.08 0.07 0.10 0.02-0.050.17 0.48 0.45 0.46 0.51 0.38 0.01

RN & Yo 2.9.L8.8
FGRY oo S Q\ 3 Q,’QQ@‘Q F
SFAOEISY SSERG
SIS & \dq, ¥ \‘b ©Q
SO S OO A
S° e°ot>\Q e b‘ P FYY
N \0\0



Nutrients 2025, 17, 1970

11 of 19

Table 4. Factor loadings of the first three principal components of OCM-related blood concentrations

and dietary intakes.

Concentration Variable PC1 PC2 PC3
Folate (B9) 0.50 —-0.27 0.27
Cobalamin (B12) 0.37 —0.18 —0.50
Riboflavin (B2) 0.43 0.33 0.36
PLP ! (B6) 0.47 0.33 0.29
Methionine 0.17 0.66 —0.59
Homocysteine —0.42 0.50 0.32
Proportion of explained variance (%) 31.8 17.6 16.1
Cumulative explained variance (%) 31.8 494 65.5
Dietary Variable PC1 PC2 PC3
Folate (B9) 0.17 0.67 —0.44
Cobalamin (B12) 0.41 —-0.13 0.21
Riboflavin (B2) 0.36 0.20 0.02
PLP ! (B6) 0.34 0.26 —0.32
Methionine 0.46 —0.25 0.19
Cysteine 0.42 -0.21 —0.03
Betaine —0.04 0.56 0.78
Choline 0.40 0.01 0.10
Proportion of explained variance (%) 43.3 16.8 10.7
Cumulative explained variance (%) 433 60.1 70.7
L PLP, pyridoxal 5'-phosphate.
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Figure 3. Correlation heatmap of OCM-related concentration and dietary principal components.

PCs Blood indicate principal components from concentration variables. PCs Diet indicate principal

components from dietary variables.
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Figure 4. Partial least square path modeling (PLS-PM) analysis of OCM-related dietary intakes (Diet)
and blood concentrations (Blood). Loading factors for dietary (Ax) and concentration (Ay) variables
indicate the correlation level between each variable and the estimated latent factors (in blue and
red circles for dietary intakes and blood concentrations of nutrients, respectively). The estimated
regression coefficient (3) between dietary and concentration latent factors is also reported. The
estimate of B also expresses their correlation coefficient. PLP: Pyridoxal 5'-phosphate.

4. Discussion

Leveraging sizeable sets of data from a large European cohort with diverse dietary
and lifestyle habits, the correlation patterns between the blood concentrations and dietary
intakes of OCM-related nutrients were comprehensively examined with a high precision.
Pre-diagnostic biomarker concentrations measured in cancer site-specific nested case—
control studies and dietary data were pooled and compared by the means of pairwise
correlation coefficients. Using a holistic analysis via multivariate statistical techniques by
the means of PCA and PLS-PM, we identified linearly related latent factors in the following
two sets of measurements: blood concentrations and dietary intake.

In this study, the correlation coefficients between dietary intakes and blood concentra-
tions were weak to moderate. The highest pairwise correlation coefficient, 0.19, was found
between dietary and blood folate, a value similar to most observations in previous studies,
in which weak to moderate correlations ranging from 0.05 to 0.54 were reported [7,9-12]. In
general, higher correlations were found in studies where information on food fortification
and supplement use with quantitative intake data was available. This may be due to the
higher bioavailability of folic acid in participants taking supplements and/or fortified
foods compared to naturally occurring dietary folate [47]. In this study, no heterogeneity of
correlations by dietary supplement use was observed.

In addition, the pairwise correlation values between dietary intake and blood con-
centrations were similar by smoking status, separately among never, former, and current
smokers. Existing evidence suggests that smoking is associated with lower concentrations
of several vitamins, including B-vitamins [48], whereas dietary intakes of B vitamins do not
vary significantly according to smoking status [49,50]. Studies have found that compared
with never smokers, current smokers tend to have lower concentrations of PLP [51], folate,
and vitamin B12 and higher concentrations of homocysteine [52]. Among the reasons ex-
plaining the short-term effects of smoking on biomarker concentrations, smoking-induced
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oxidative stress and inflammatory changes have been suggested to trigger an increased
turnover and/or breakdown of these nutrients [53]. In this study, PLP, riboflavin, vitamin
B12, and folate concentration levels were, respectively, 15%, 22%, 5%, and 20% lower in
current smokers than never smokers, while dietary intakes were similar between current
and never smokers. Our results are in line with previous observations that smoking reduces
the bioavailability of B-vitamins, especially with the suggestion of less PLP availability,
decreased B6 function, and increased catabolism in current smokers compared with never
smokers [51]. The correlation values were not affected by smoking habits.

Studies comparing the dietary intakes and blood concentrations of B-vitamins largely
consider comparisons of single nutrients, mainly in the context of validation studies [9,54,55]. To
quantitatively investigate the complex network of OCM, with several interrelated biochemical
reactions [56], latent factors of dietary intakes and biomarker levels were identified with PCA.
Three PCs of blood and dietary variables explained 65.5% and 70.7% of the total variability,
respectively. A correlation of 0.18 was observed between the first dietary PC and the first
concentration PC.

In the current study, the correlation patterns between the OCM-related biomarker
concentrations and dietary variables did not vary by education or physical activity levels,
while some differences across regions were noticed. Correlations between intake and
concentration were slightly weaker for folate, PLP (B6), and riboflavin in northern Europe
compared to the rest of Europe. In a previous EPIC analysis of control participants included
in four nested case—control studies on stomach, colorectal, lung, and pancreatic cancers,
a decreasing north-to-south gradient in the plasma levels of vitamins B2 and B6 and an
increasing north-to-south gradient of folate (in women) and in several amino acids involved
in OCM were observed [28]. The study highlighted that geographical heterogeneity in the
concentrations of OCM-related biomarkers might have implications for the incidence of
major chronic diseases in western Europe.

To our knowledge, this is the largest cross-sectional study that has described the
level of agreement between the blood concentrations and dietary intakes of OCM-related
nutrients, both as individual nutrients and using an integrated analytical approach to
account for the complex interrelationships of OCM. The large sample size and availability
of harmonized epidemiological lifestyle and dietary data allowed for an extensive list of
informative comparisons to be evaluated. In EPIC, blood samples were processed with
standardized protocols [16], stored in liquid nitrogen, and assayed in the same laboratory
at Bevital in Bergen, Norway (http://www.bevital.no) [57]. These procedures possibly
maintained the long-term integrity of biological samples and minimized inter-laboratory
variability that can be substantial, at least for folate concentration [58]. However, the
present study pooled concentration data acquired from case-control studies that took place
at different points in time, potentially introducing systematic between-study variability
affecting concentrations. Two analytical strategies were implemented to address this.
An R-squared analysis was carried out for each concentration variable to quantify the
amount of variability attributable to several key factors, including the participants’ age,
BMI, sex, and country, as well as relevant design variables, such as study and batch within
study. This evaluation highlighted that once the role of other factors was accounted for,
variables like country (with an R-squared value ranging from 1.6% to 7.7% of the total
variability explained) and batch within study (from 3.1% to 7.5%) were the strongest
predictors. Interestingly, the dietary counterparts of specific concentration nutrients and
smoking status explained a limited proportion of variability, with R-squared values in the
range from 0.5% to 3.7% and from 0.2% to 3.1%, respectively. Then, on the basis of these
observations and capitalizing on the experience we accumulated in pooling molecular data


http://www.bevital.no

Nutrients 2025, 17, 1970

14 of 19

across studies [59], residual values were computed in separate linear models to control for
the variability in concentrations due to design variables.

Our study had limitations. First, as blood concentrations of the OCM-related nutrients
were based on a single blood sample per study participant, it was not possible to assess
within-person variability. However, a study examining the over-time stability of several
biomarkers found that the reproducibility of B-vitamin concentrations was sufficient with
one sample collection per study participant [60]. The stability of samples in long-term stor-
age was another factor which could have influenced concentration levels, yet EPIC samples
were stored in liquid nitrogen to maintain their integrity. Second, although biomarker blood
concentrations are considered as objective measures of the diet that do not suffer from recall
bias or exposure misclassification [6] and provide informative comparisons with dietary
intakes [7,10,61], circulating concentrations reflect endogenous processes related to their
metabolism, also involving bacteria in the gastro-intestinal tract [62], as well as lifestyle
factors [10] and ultimately dietary intakes. Nonetheless, the objective of the study was a
comprehensive evaluation of OCM-related nutrients, describing the patterns of associations
between intake and concentration values to elucidate the complex interrelationships of
OCM variables in the EPIC study population, rather than a validation study of intake
data. Third, within the EPIC cohort, dietary intakes were estimated using self-administered
FFQs [16], which are prone to measurement errors due to study participants’ inability
to accurately recall their past diet [63]. Errors may have also originated from the use of
inaccurate food composition tables, although the use of country-specific food composition
tables was compared in EPIC, showing good correlations between nutrient intakes derived
from different tables [40,64]. Fourth, it is worthwhile to note that low correlations could
reflect the inherent difference in the time frame of exposure windows covered by concen-
tration levels versus dietary assessments. While plasma or serum concentrations reflect
recent dietary exposure over the previous days to months [65], dietary intakes assessed by
FFQs mostly cover habitual diet over the year preceding their administration. It is worth
highlighting the importance of assessing dietary intake over time, as well as of collecting
longitudinal biological samples to appreciate changes in exposure throughout the lifetime
of study participants. In addition, information on the type and dose of dietary supplement
used was not available and did not contribute to the estimation of study participants’
dietary nutrient intake. Nevertheless, at the time of data collection, mostly between 1990
and 2000 [16], B-vitamin-containing supplements were not the most frequently consumed
types of supplements among those 35.5% of supplement users reported in the EPIC co-
hort [66], nor was folic acid fortification a common practice in Europe, with the exception
of specific population groups, such as pregnant women. Also, the correlations observed in
our study did not vary by reported supplement use. Another limitation is that many EPIC
study populations were not representative of the general populations. However, under the
assumption that observed correlations were linear beyond the (log-transformed) ranges
of exposure variability, the correlation patterns observed in this study can still inform on
the level of agreement between concentration and dietary measurements in the general
population and EPIC study population. Lastly, it is important to note that approximately
30-40% of concentration data for PLP, riboflavin, methionine, and homocysteine were
missing in our study, while other variables had less than 1.5% of missing data, and those
missing values were imputed using a multiple imputation algorithm.

5. Conclusions

In summary, the correlations between OCM-related dietary intake and concentrations,
as well as the correlations between corresponding data-driven blood and dietary latent
factors, were weak to moderate, suggesting that dietary intake and concentration levels are
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not interchangeable and possibly express different quantities. Leveraging an unprecedented
large dataset of existing dietary and biomarker data, this study provides relevant individual-
level information on nutrients of OCM within a unique international setting of the EPIC
cohort. The results of this study will inform future association studies between OCM-
related nutrients and the risk of specific diseases, which might guide clinical practice and
public health policy.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nu17121970/s1, Table S1. OCM-related concentration and dietary
B-vitamins included in the study, 5th percentile (P5), median (P50), geometric mean (GM), 90th and
99th percentiles. Table S2. Information on the type of the blood samples by cancer site-specific
study: plasma, serum or a mixture of the two. Table S3. Frequency of missing values in blood
concentrations and dietary intakes of OCM-related nutrients. Figure S1. Heatmap of OCM-related
blood concentrations and dietary intakes by vitamin supplement use. Figure S2. Heatmap of OCM-
related blood concentrations and dietary intakes by geographical region. Figure S3. Heatmap of
OCM-related blood concentrations and dietary intakes by case-control status. Figure S4. Heatmap
of OCM-related blood concentrations and dietary intakes by physical activity. Figure S5. Heatmap
of OCM-related blood concentrations and dietary intakes by education level. Figure S6. Heatmap
of OCM-related blood concentrations and dietary intakes — comparison between total dietary folate
(left) and dietary folate equivalent, DFE (right).

Author Contributions: Conceptualization: ].Y.P., PF. and L.H.; methodology: PF. and D.C.M.; formal
analysis: L.R. and C.B.; data curation: C.B.; writing—original draft preparation: J.Y.P.,, H.V.P. and PF,;
writing—review and editing: all authors; data visualization: C.B. and L.R. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by a WCRF International award (IARC-2012-10-10-03, PI: Pietro
Ferrari). The coordination of EPIC-Europe is financially supported by International Agency for
Research on Cancer (IARC) and also by the Department of Epidemiology and Biostatistics, School of
Public Health, Imperial College London which has additional infrastructure support provided by the
NIHR Imperial Biomedical Research Centre (BRC). The national cohorts are supported by: Danish
Cancer Society (Denmark);Ligue Nationale Contre le Cancer, Institut Gustave Roussy, Mutuelle
Générale de I’Education Nationale (MGEN), Institut National de la Santé et de la Recherche Médicale
(INSERM), French National Research Agency (ANR, reference ANR-10-COHO-0006), French Ministry
for Higher Education (subsidy 2102918823, 2103236497, and 2103586016) (France); German Cancer
Aid, German Cancer Research Center (DKFZ), German Institute of Human Nutrition Potsdam-
Rehbruecke (DIfE), Federal Ministry of Education and Research (BMBF) (Germany); Associazione
Italiana per la Ricerca sul Cancro-AIRC-Italy, Italian Ministry of Health, Italian Ministry of University
and Research (MUR), Compagnia di San Paolo (Italy); Dutch Ministry of Public Health, Welfare and
Sports (VWS), the Netherlands Organisation for Health Research and Development (ZonMW), World
Cancer Research Fund (WCRF), (The Netherlands); UiT The Arctic University of Norway; Health
Research Fund (FIS)—Instituto de Salud Carlos III (ISCIII), Regional Governments of Andalucia,
Asturias, Basque Country, Murcia and Navarra, and the Catalan Institute of Oncology—ICO (Spain);
Swedish Cancer Society, Swedish Research Council and County Councils of Skane and Vasterbotten
(Sweden); Cancer Research UK (C864/A14136 to EPIC-Norfolk; C8221/A29017 to EPIC-Oxford),
Medical Research Council (MR/N003284/1, MC-UU_12015/1 and MC_UU_00006/1 to EPIC-Norfolk
(DOI 10.22025/2019.10.105.00004); MR/Y013662/1 to EPIC-Oxford) (United Kingdom). Previous
support has come from “Europe against Cancer” Programme of the European Commission (DG
SANCO).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the IARC Ethics Committee, 10 May 2017.

Informed Consent Statement: Informed consent was obtained from all individual participants
included in the study.


https://www.mdpi.com/article/10.3390/nu17121970/s1
https://www.mdpi.com/article/10.3390/nu17121970/s1

Nutrients 2025, 17, 1970 16 of 19

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials, further inquiries can be directed to the corresponding author.

Acknowledgments: This paper is dedicated to the memory our of colleague Bas Bueno-de-Mesquita,
who contributed his ideas, enthusiasm and scientific knowledge to this work.

Conflicts of Interest: Authors Per Magne Ueland and Jivind Midttun were employed by the
company Bevital A/S. The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

IARC Disclaimer: Where authors are identified as personnel of the International Agency for Research
on Cancer/World Health Organization, the authors alone are responsible for the views expressed in
this article and they do not necessarily represent the decisions, policy or views of the International
Agency for Research on Cancer/World Health Organization.

References

1. Friso, S.; Udali, S.; De Santis, D.; Choi, S.W. One-carbon metabolism and epigenetics. Mol. Asp. Med. 2017, 54, 28-36. [CrossRef]
[PubMed]

2. Jiménez-Chillarén, J.C.; Diaz, R.; Martinez, D.; Pentinat, T.; Ramén-Krauel, M.; Ribé, S.; Plosch, T. The role of nutrition on
epigenetic modifications and their implications on health. Biochimie 2012, 94, 2242-2263. [CrossRef] [PubMed]

3.  Anderson, O.S,; Sant, K.E.; Dolinoy, D.C. Nutrition and epigenetics: An interplay of dietary methyl donors, one-carbon metabolism
and DNA methylation. . Nutr. Biochem. 2012, 23, 853-859. [CrossRef] [PubMed]

4.  Newman, A.C.; Maddocks, O.D.K. One-carbon metabolism in cancer. Br. |. Cancer 2017, 116, 1499-1504. [CrossRef]

5. Kuhnle, G.G. Nutritional biomarkers for objective dietary assessment. J. Sci. Food Agric. 2012, 92, 1145-1149. [CrossRef]

6. Jenab, M.; Slimani, N.; Bictash, M.; Ferrari, P; Bingham, S.A. Biomarkers in nutritional epidemiology: Applications, needs and
new horizons. Hum. Genet. 2009, 125, 507-525. [CrossRef]

7. Hedrick, V.E.; Dietrich, A.M.; Estabrooks, P.A.; Savla, ].; Serrano, E.; Davy, B.M. Dietary biomarkers: Advances, limitations and
future directions. Nutr. J. 2012, 11, 109. [CrossRef]

8.  Henriquez-Sanchez, P.; Sdnchez-Villegas, A.; Doreste-Alonso, J.; Ortiz-Andrellucchi, A.; Pfrimer, K.; Serra-Majem, L. Dietary
assessment methods for micronutrient intake: A systematic review on vitamins. Br. J. Nutr. 2009, 102 (Suppl. S1), S10-S37.
[CrossRef]

9. Park, J.Y.; Vollset, S.E.; Melse-Boonstra, A.; Chajes, V.; Ueland, PM.; Slimani, N. Dietary intake and biological measurement of
folate: A qualitative review of validation studies. Mol. Nutr. Food Res. 2013, 57, 562-581. [CrossRef]

10. Yuan, C; Spiegelman, D.; Rimm, E.B.; Rosner, B.A.; Stampfer, M.].; Barnett, ].B.; Chavarro, J.E.; Rood, ].C.; Harnack, L.].; Sampson,
L.K,; et al. Relative Validity of Nutrient Intakes Assessed by Questionnaire, 24-Hour Recalls, and Diet Records as Compared With
Urinary Recovery and Plasma Concentration Biomarkers: Findings for Women. Am. |. Epidemiol. 2018, 187, 1051-1063. [CrossRef]

11. Baart, A.M,; Balvers, M.G.].; de Vries, ] H.M.; Ten Haaf, D.S.M.; Hopman, M.T.E.; Klein Gunnewiek, ]. M.T. Relationship between
intake and plasma concentrations of vitamin B12 and folate in 873 adults with a physically active lifestyle: A cross-sectional study.
J. Hum. Nutr. Diet. 2021, 34, 324-333. [CrossRef] [PubMed]

12.  Ostan, R.; Guidarelli, G.; Giampieri, E.; Lanzarini, C.; Berendsen, A.A.M.; Januszko, O.; Jennings, A.; Lyon, N.; Caumon, E.;
Gillings, R.; et al. Cross-Sectional Analysis of the Correlation Between Daily Nutrient Intake Assessed by 7-Day Food Records
and Biomarkers of Dietary Intake Among Participants of the NU-AGE Study. Front. Physiol. 2018, 9, 1359. [CrossRef] [PubMed]

13.  Nijhout, H.F; Reed, M.C.; Anderson, D.E; Mattingly, ].C.; James, S.]J.; Ulrich, C.M. Long-range allosteric interactions between the
folate and methionine cycles stabilize DNA methylation reaction rate. Epigenetics 2006, 1, 81-87. [CrossRef] [PubMed]

14. Reed, M.C.; Nijhout, H.F,; Neuhouser, M.L.; Gregory, ].F,, 3rd; Shane, B.; James, S.J.; Boynton, A.; Ulrich, C.M. A mathematical
model gives insights into nutritional and genetic aspects of folate-mediated one-carbon metabolism. J. Nutr. 2006, 136, 2653-2661.
[CrossRef]

15. Marchetta, C.M.; Devine, O.].; Crider, K.S.; Tsang, B.L.; Cordero, A.M.; Qi, Y.P,; Guo, J.; Berry, R.J.; Rosenthal, ].; Mulinare, J.; et al.
Assessing the association between natural food folate intake and blood folate concentrations: A systematic review and Bayesian
meta-analysis of trials and observational studies. Nutrients 2015, 7, 2663-2686. [CrossRef]

16. Riboli, E.; Hunt, K.J.; Slimani, N.; Ferrari, P.; Norat, T.; Fahey, M.; Charrondiere, U.R.; Hemon, B.; Casagrande, C.; Vignat, J.; et al.
European prospective investigation into cancer and nutrition (EPIC): Study populations and data collection. Public Health Nutr.
2002, 5, 1113-1124. [CrossRef]

17.  Riboli, E.; Kaaks, R. The EPIC Project: Rationale and study design. European Prospective Investigation into Cancer and Nutrition.

Int. J. Epidemiol. 1997, 26, S6. [CrossRef]


https://doi.org/10.1016/j.mam.2016.11.007
https://www.ncbi.nlm.nih.gov/pubmed/27876555
https://doi.org/10.1016/j.biochi.2012.06.012
https://www.ncbi.nlm.nih.gov/pubmed/22771843
https://doi.org/10.1016/j.jnutbio.2012.03.003
https://www.ncbi.nlm.nih.gov/pubmed/22749138
https://doi.org/10.1038/bjc.2017.118
https://doi.org/10.1002/jsfa.5631
https://doi.org/10.1007/s00439-009-0662-5
https://doi.org/10.1186/1475-2891-11-109
https://doi.org/10.1017/S0007114509993126
https://doi.org/10.1002/mnfr.201200105
https://doi.org/10.1093/aje/kwx328
https://doi.org/10.1111/jhn.12814
https://www.ncbi.nlm.nih.gov/pubmed/32955764
https://doi.org/10.3389/fphys.2018.01359
https://www.ncbi.nlm.nih.gov/pubmed/30327612
https://doi.org/10.4161/epi.1.2.2677
https://www.ncbi.nlm.nih.gov/pubmed/17998813
https://doi.org/10.1093/jn/136.10.2653
https://doi.org/10.3390/nu7042663
https://doi.org/10.1079/PHN2002394
https://doi.org/10.1093/ije/26.suppl_1.S6

Nutrients 2025, 17, 1970 17 of 19

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Bingham, S.; Riboli, E. Diet and cancer—the European Prospective Investigation into Cancer and Nutrition. Nat. Rev. Cancer 2004,
4,206-215. [CrossRef]

Eussen, S.J.P.M.; Vollset, S.E.; Hustad, S.; Midttun, &.; Meyer, K.; Fredriksen, A.; Ueland, PM.; Jenab, M.; Slimani, N.; Ferrari,
P; et al. Vitamins B2 and B6 and Genetic Polymorphisms Related to One-Carbon Metabolism as Risk Factors for Gastric
Adenocarcinoma in the European Prospective Investigation into Cancer and Nutrition. Cancer Epidemiol. Biomark. Prev. 2010, 19,
28-38. [CrossRef]

Eussen, S.].PM.; Vollset, S.E.; Hustad, S.; Midttun, O.; Meyer, K.; Fredriksen, A.; Ueland, PM.; Jenab, M.; Slimani, N.; Boffetta, P;
et al. Plasma Vitamins B2, B6, and B12, and Related Genetic Variants as Predictors of Colorectal Cancer Risk. Cancer Epidemiol.
Biomark. Prev. 2010, 19, 2549-2561. [CrossRef]

Johansson, M; Relton, C.; Ueland, PM.; Vollset, S.E.; Midttun, O.; Nygard, O.; Slimani, N.; Boffetta, P.; Jenab, M.; Clavel-Chapelon,
F; et al. Serum B vitamin levels and risk of lung cancer. JAMA 2010, 303, 2377-2385. [CrossRef] [PubMed]

Chuang, S.C.; Stolzenberg-Solomon, R.; Ueland, PM.; Vollset, S.E.; Midttun, O.; Olsen, A.; Tjonneland, A.; Overvad, K.; Boutron-
Ruault, M.C.; Morois, S.; et al. A U-shaped relationship between plasma folate and pancreatic cancer risk in the European
Prospective Investigation into Cancer and Nutrition. Eur. |. Cancer 2011, 47, 1808-1816. [CrossRef] [PubMed]

Matejcic, M.; de Batlle, J.; Ricci, C.; Biessy, C.; Perrier, F.; Huybrechts, I.; Weiderpass, E.; Boutron-Ruault, M.C.; Cadeau, C.; His,
M.; et al. Biomarkers of folate and vitamin B12 and breast cancer risk: Report from the EPIC cohort. Int. ]. Cancer 2017, 140,
1246-1259. [CrossRef] [PubMed]

Johansson, M.; Fanidi, A.; Muller, D.C.; Bassett, ].K.; Midttun, &.; Vollset, S.E.; Travis, R.C.; Palli, D.; Mattiello, A.; Sieri, S.; et al.
Circulating Biomarkers of One-Carbon Metabolism in Relation to Renal Cell Carcinoma Incidence and Survival. JNCI . Natl.
Cancer Inst. 2014, 106, dju327. [CrossRef]

Fanidi, A.; Relton, C.; Ueland, PM.; Midttun, &.; Vollset, S.E.; Travis, R.C.; Trichopoulou, A.; Lagiou, P.; Trichopoulos, D.;
Bueno-de-Mesquita, H.B.; et al. A prospective study of one-carbon metabolism biomarkers and cancer of the head and neck and
esophagus. Int. |. Cancer 2015, 136, 915-927. [CrossRef]

Price, A.].; Travis, R.C.; Appleby, PN.; Albanes, D.; Barricarte Gurrea, A.; Bjorge, T.; Bueno-de-Mesquita, H.B.; Chen, C.; Donovan,
J.; Gislefoss, R.; et al. Circulating Folate and Vitamin B(12) and Risk of Prostate Cancer: A Collaborative Analysis of Individual
Participant Data from Six Cohorts Including 6875 Cases and 8104 Controls. Eur. Urol. 2016, 70, 941-951. [CrossRef]

Travis, R.C.; Crowe, EL.; Allen, N.E.; Appleby, PN.; Roddam, A.W,; Tjenneland, A.; Olsen, A.; Linseisen, ].; Kaaks, R.; Boeing, H.;
et al. Serum vitamin D and risk of prostate cancer in a case-control analysis nested within the European Prospective Investigation
into Cancer and Nutrition (EPIC). Am. J. Epidemiol. 2009, 169, 1223-1232. [CrossRef]

Eussen, S.J.; Nilsen, RM.; Midttun, O.; Hustad, S.; IJssennagger, N.; Meyer, K.; Fredriksen, A.; Ulvik, A.; Ueland, PM.; Brennan, P;
et al. North-south gradients in plasma concentrations of B-vitamins and other components of one-carbon metabolism in Western
Europe: Results from the European Prospective Investigation into Cancer and Nutrition (EPIC) Study. Br. |. Nutr. 2013, 110,
363-374. [CrossRef]

Midttun, O.; Hustad, S.; Solheim, E.; Schneede, J.; Ueland, PM. Multianalyte quantification of vitamin B6 and B2 species in the
nanomolar range in human plasma by liquid chromatography-tandem mass spectrometry. Clin. Chem. 2005, 51, 1206-1216.
[CrossRef]

Midttun, O.; Hustad, S.; Ueland, PM. Quantitative profiling of biomarkers related to B-vitamin status, tryptophan metabolism
and inflammation in human plasma by liquid chromatography/tandem mass spectrometry. Rapid Commun. Mass Spectrom. 2009,
23,1371-1379. [CrossRef]

Ueland, PM.; Midttun, O.; Windelberg, A.; Svardal, A.; Skalevik, R.; Hustad, S. Quantitative profiling of folate and one-carbon
metabolism in large-scale epidemiological studies by mass spectrometry. Clin. Chem. Lab. Med. 2007, 45, 1737-1745. [CrossRef]
[PubMed]

Windelberg, A.; Arseth, O.; Kvalheim, G.; Ueland, P.M. Automated assay for the determination of methylmalonic acid, total
homocysteine, and related amino acids in human serum or plasma by means of methylchloroformate derivatization and gas
chromatography-mass spectrometry. Clin. Chem. 2005, 51, 2103-2109. [CrossRef] [PubMed]

Kelleher, B.P,; Broin, S.D. Microbiological assay for vitamin B12 performed in 96-well microtitre plates. J. Clin. Pathol. 1991, 44,
592-595. [CrossRef]

Molloy, A.M.; Scott, ]. M. Microbiological assay for serum, plasma, and red cell folate using cryopreserved, microtiter plate
method. Vitam. Coenzymes Pt K 1997, 281, 43-53.

Slimani, N.; Kaaks, R.; Ferrari, P.; Casagrande, C.; Clavel-Chapelon, F.; Lotze, G.; Kroke, A.; Trichopoulos, D.; Trichopoulou, A;
Lauria, C.; et al. European Prospective Investigation into Cancer and Nutrition (EPIC) calibration study: Rationale, design and
population characteristics. Public Health Nutr. 2002, 5, 1125-1145. [CrossRef]

Friedenreich, C.; Cust, A.; Lahmann, PH.; Steindorf, K.; Boutron-Ruault, M.C.; Clavel-Chapelon, F.; Mesrine, S.; Linseisen, J.;
Rohrmann, S.; Boeing, H.; et al. Anthropometric factors and risk of endometrial cancer: The European prospective investigation
into cancer and nutrition. Cancer Causes Control. 2007, 18, 399-413. [CrossRef]


https://doi.org/10.1038/nrc1298
https://doi.org/10.1158/1055-9965.EPI-08-1096
https://doi.org/10.1158/1055-9965.EPI-10-0407
https://doi.org/10.1001/jama.2010.808
https://www.ncbi.nlm.nih.gov/pubmed/20551408
https://doi.org/10.1016/j.ejca.2011.02.007
https://www.ncbi.nlm.nih.gov/pubmed/21411310
https://doi.org/10.1002/ijc.30536
https://www.ncbi.nlm.nih.gov/pubmed/27905104
https://doi.org/10.1093/jnci/dju327
https://doi.org/10.1002/ijc.29051
https://doi.org/10.1016/j.eururo.2016.03.029
https://doi.org/10.1093/aje/kwp022
https://doi.org/10.1017/S0007114512004990
https://doi.org/10.1373/clinchem.2005.051169
https://doi.org/10.1002/rcm.4013
https://doi.org/10.1515/CCLM.2007.339
https://www.ncbi.nlm.nih.gov/pubmed/17963453
https://doi.org/10.1373/clinchem.2005.053835
https://www.ncbi.nlm.nih.gov/pubmed/16123148
https://doi.org/10.1136/jcp.44.7.592
https://doi.org/10.1079/PHN2002395
https://doi.org/10.1007/s10552-006-0113-8

Nutrients 2025, 17, 1970 18 of 19

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Haftenberger, M.; Lahmann, P.H.; Panico, S.; Gonzalez, C.A.; Seidell, J.C.; Boeing, H.; Giurdanella, M.C.; Krogh, V.; Bueno-de-
Mesquita, H.; Peeters, PH.M.; et al. 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. [CrossRef]

Haftenberger, M.; Schuit, A.].; Tormo, N.; Boeing, H.; Wareham, N.; Bueno-de-Mesquita, H.B.; Kumle, M.; Hjartaker, A.; Chirlaque,
M.D.; Ardanaz, E.; et al. Physical activity of subjects aged 50-64 years involved in the European Prospective Investigation into
Cancer and Nutrition (EPIC). Public Health Nutr. 2002, 5, 1163-1177. [CrossRef]

Slimani, N.; Deharveng, G.; Unwin, I.; Southgate, D.A.; Vignat, J.; Skeie, G.; Salvini, S.; Parpinel, M.; Moller, A.; Ireland, J.; et al.
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. [CrossRef]

Van Puyvelde, H.; Versele, V.; De Backer, M.; Casagrande, C.; Nicolas, G.; Clasen, J.L.; Julidn, C.; Skeie, G.; Chirlaque, M.-D.;
Mahamat-Saleh, Y.; et al. Methodological approaches to compile and validate a food composition database for methyl-group
carriers in the European Prospective Investigation into Cancer and Nutrition (EPIC) study. Food Chem. 2020, 330, 127231.
[CrossRef]

Van Puyvelde, H.; Papadimitriou, N.; Clasen, J.; Muller, D.; Biessy, C.; Ferrari, P; Halkjeer, J.; Overvad, K.; Tjenneland, A.; Fortner,
R.T; et al. Dietary Methyl-Group Donor Intake and Breast Cancer Risk in the European Prospective Investigation into Cancer and
Nutrition (EPIC). Nutrients 2021, 13, 1843. [CrossRef] [PubMed]

U.S. Centers for Disease Control and Prevention. Water-Soluble Vitamins & Related Biochemical Compounds. In Second National
Report on Biochemical Indicators of Diet and Nutrition in the US Population 2012; National Center for Environmental Health: Atlanta,
GA, USA, 2012. Available online: http://www.cdc.gov/nutritionreport (accessed on 30 March 2025).

White, I.R.; Royston, P.; Wood, A.M. Multiple imputation using chained equations: Issues and guidance for practice. Stat. Med.
2011, 30, 377-399. [CrossRef] [PubMed]

Willett, W.; Stampfer, M.]. Total energy intake: Implications for epidemiologic analyses. Am. ]. Epidemiol. 1986, 124, 17-27.
[CrossRef] [PubMed]

Sanchez, G. PLS Path Modeling with R; Trowchez Editions: Berkeley, CA, USA, 2013.

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2019.

Caudill, M.A. Folate bioavailability: Implications for establishing dietary recommendations and optimizing status. Am. J. Clin.
Nutr. 2010, 91, 14555-1460S. [CrossRef]

Ulvik, A.; Ebbing, M.; Hustad, S.; Midttun, &.; Nygard, O.; Vollset, S.E.; Benaa, K.H.; Nordrehaug, J.E.; Nilsen, D.W.; Schirmer, H.;
et al. Long- and short-term effects of tobacco smoking on circulating concentrations of B vitamins. Clin. Chem. 2010, 56, 755-763.
[CrossRef]

Park, J.Y.; Nicolas, G.; Freisling, H.; Biessy, C.; Scalbert, A.; Romieu, I.; Chajes, V.; Chuang, S.-C.; Ericson, U.; Wallstrém, P.
Comparison of standardised dietary folate intake across ten countries participating in the European Prospective Investigation
into Cancer and Nutrition. Br. . Nutr. 2012, 108, 552-569. [CrossRef]

Olsen, A.; Halkjaer, J.; van Gils, C.H.; Buijsse, B.; Verhagen, H.; Jenab, M.; Boutron-Ruault, M.C.; Ericson, U.; Ocké, M.C.; Peeters,
PH.; et al. Dietary intake of the water-soluble vitamins B1, B2, B6, B12 and C in 10 countries in the European Prospective
Investigation into Cancer and Nutrition. Eur. J. Clin. Nutr. 2009, 63 (Suppl. S4), S122-5149. [CrossRef]

Clasen, J.L.; Heath, A.K,; Van Puyvelde, H.; Huybrechts, I.; Park, J.Y.; Ferrari, P.; Johansson, M.; Scelo, G.; Ulvik, A.; Midttun, @.;
etal. A comparison of complementary measures of vitamin B6 status, function, and metabolism in the European Prospective
Investigation into Cancer and Nutrition (EPIC) study. Am. J. Clin. Nutr. 2021, 114, 338-347. [CrossRef]

Pfeiffer, C.M.; Sternberg, M.R.; Schleicher, R.L.; Rybak, M.E. Dietary supplement use and smoking are important correlates of
biomarkers of water-soluble vitamin status after adjusting for sociodemographic and lifestyle variables in a representative sample
of U.S. adults. J. Nutr. 2013, 143, 9575-965S. [CrossRef]

Yanbaeva, D.G.; Dentener, M.A.; Creutzberg, E.C.; Wesseling, G.; Wouters, E.EM. Systemic Effects of Smoking. Chest 2007, 131,
1557-1566. [CrossRef]

Iso, H.; Moriyama, Y.; Yoshino, K.; Sasaki, S.; Ishihara, J.; Tsugane, S. Validity of the self-administered food frequency questionnaire
used in the 5-year follow-up survey for the JPHC Study to assess folate, vitamin B6 and B12 intake: Comparison with dietary
records and blood level. J. Epidemiol. 2003, 13, S98-5101. [CrossRef] [PubMed]

Rubingh, C.M.; Kruizinga, A.G.; Hulshof, K.F.; Brussaard, J.H. Validation and sensitivity analysis of probabilistic models of
dietary exposure to micronutrients: An example based on vitamin B6. Food Addit. Contam. 2003, 20 (Suppl. S1), S50-S60.
[CrossRef] [PubMed]

Mason, ].B. Biomarkers of nutrient exposure and status in one-carbon (methyl) metabolism. J. Nutr. 2003, 133 (Suppl. S3),
9415-947S. [CrossRef]


https://doi.org/10.1079/PHN2002396
https://doi.org/10.1079/PHN2002397
https://doi.org/10.1038/sj.ejcn.1602679
https://doi.org/10.1016/j.foodchem.2020.127231
https://doi.org/10.3390/nu13061843
https://www.ncbi.nlm.nih.gov/pubmed/34071317
http://www.cdc.gov/nutritionreport
https://doi.org/10.1002/sim.4067
https://www.ncbi.nlm.nih.gov/pubmed/21225900
https://doi.org/10.1093/oxfordjournals.aje.a114366
https://www.ncbi.nlm.nih.gov/pubmed/3521261
https://doi.org/10.3945/ajcn.2010.28674E
https://doi.org/10.1373/clinchem.2009.137513
https://doi.org/10.1017/S0007114511005733
https://doi.org/10.1038/ejcn.2009.78
https://doi.org/10.1093/ajcn/nqab045
https://doi.org/10.3945/jn.112.173021
https://doi.org/10.1378/chest.06-2179
https://doi.org/10.2188/jea.13.1sup_98
https://www.ncbi.nlm.nih.gov/pubmed/12701636
https://doi.org/10.1080/0265203031000134965
https://www.ncbi.nlm.nih.gov/pubmed/14555357
https://doi.org/10.1093/jn/133.3.941S

Nutrients 2025, 17, 1970 19 of 19

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

Zuo, H.; Ueland, PM.; Midttun, @.; Vollset, S.E.; Tell, G.S.; Theofylaktopoulou, D.; Travis, R.C.; Boutron-Ruault, M.C.; Fournier,
A.; Severi, G.; et al. Results from the European Prospective Investigation into Cancer and Nutrition Link Vitamin B6 Catabolism
and Lung Cancer Risk. Cancer Res. 2018, 78, 302-308. [CrossRef]

Gunter, EEW,; Bowman, B.A.; Caudill, S.P,; Twite, D.B.; Adams, M.].; Sampson, E.J. Results of an international round robin for
serum and whole-blood folate. Clin. Chem. 1996, 42, 1689-1694. [CrossRef]

Van Roekel, E.H.; Trijsburg, L.; Assi, N.; Carayol, M.; Achaintre, D.; Murphy, N.; Rinaldi, S.; Schmidt, J.A.; Stepien, M.; Kaaks,
R.; et al. Circulating Metabolites Associated with Alcohol Intake in the European Prospective Investigation into Cancer and
Nutrition Cohort. Nutrients 2018, 10, 654. [CrossRef]

Midttun, O.; Townsend, M.K.; Nygard, O.; Tworoger, S.S.; Brennan, P; Johansson, M.; Ueland, PM. Most blood biomarkers related
to vitamin status, one-carbon metabolism, and the kynurenine pathway show adequate preanalytical stability and within-person
reproducibility to allow assessment of exposure or nutritional status in healthy women and cardiovascular patients. J. Nutr. 2014,
144, 784-790. [CrossRef]

Bingham, S.A. Biomarkers in nutritional epidemiology. Public Health Nutr. 2002, 5, 821-827. [CrossRef]

Peterson, C.T.; Rodionov, D.A.; Osterman, A.L.; Peterson, S.N. B Vitamins and Their Role in Immune Regulation and Cancer.
Nutrients 2020, 12, 3380. [CrossRef]

Shaw, P.A ; Deffner, V.; Keogh, R.H.; Tooze, ].A.; Dodd, K.W.; Kiichenhoff, H.; Kipnis, V.; Freedman, L.S. Epidemiologic analyses
with error-prone exposures: Review of current practice and recommendations. Ann. Epidemiol. 2018, 28, 821-828. [CrossRef]
Van Puyvelde, H.; Perez-Cornago, A.; Casagrande, C.; Nicolas, G.; Versele, V.; Skeie, G.; B Schulze, M.; Johansson, I.; Maria
Huerta, J.; Oliverio, A.; et al. Comparing Calculated Nutrient Intakes Using Different Food Composition Databases: Results from
the European Prospective Investigation into Cancer and Nutrition (EPIC) Cohort. Nutrients 2020, 12, 2906. [CrossRef] [PubMed]
Bailey, L.B.; Stover, PJ.; McNulty, H.; Fenech, M.E,; Gregory, J.E,, 3rd; Mills, J.L.; Pfeiffer, C.M.; Fazili, Z.; Zhang, M.; Ueland, PM.;
et al. Biomarkers of Nutrition for Development-Folate Review. J. Nutr. 2015, 145, 16365-1680s. [CrossRef] [PubMed]

Skeie, G.; Braaten, T.; Hjartdker, A.; Lentjes, M.; Amiano, P; Jakszyn, P.; Pala, V.; Palanca, A.; Niekerk, E.; Verhagen, H. Use of
dietary supplements in the European Prospective Investigation into Cancer and Nutrition calibration study. Eur. J. Clin. Nutr.
2009, 63, S226-5238. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1158/0008-5472.CAN-17-1923
https://doi.org/10.1093/clinchem/42.10.1689
https://doi.org/10.3390/nu10050654
https://doi.org/10.3945/jn.113.189738
https://doi.org/10.1079/PHN2002368
https://doi.org/10.3390/nu12113380
https://doi.org/10.1016/j.annepidem.2018.09.001
https://doi.org/10.3390/nu12102906
https://www.ncbi.nlm.nih.gov/pubmed/32977480
https://doi.org/10.3945/jn.114.206599
https://www.ncbi.nlm.nih.gov/pubmed/26451605
https://doi.org/10.1038/ejcn.2009.83
https://www.ncbi.nlm.nih.gov/pubmed/19888276

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

