Clinical Nutrition 60 (2026) 106619

Contents lists available at ScienceDirect

CLINICAL
NUTRITION _

Clinical Nutrition

journal homepage: http://www.elsevier.com/locate/clnu

Original article

Associations between dietary exposure to dioxins and R |
polychlorinated biphenyls (PCBs) and Longitudinal changes in weight | %
and waist circumference— an EPIC study

Xuan Ren?, Genevieve Nicolas ”, Matthias B. Schulze ©¢, Vittorio Simeon ¢,

Maria Dolores Chirlaque Lopez .2 Lisa Padroni”, Eunate Abilleira®"J, Antonio Agudo kI
Sara Grioni ™, Lene Mellemkjer ", Julie Munk Andersen ™", Charlotte Le Cornet?®,
Verena Katzke °, Josu Delfrade #" 9, Christina C. Dahm,

Anne Kristine Lundgard Christensen’, Elisabete Weiderpass °, Maria-José Sanchez &"",
Giovanna Masala", Fanny Artaud ?, Pauline Frénoy?, Chloé Marques?, Jeroen Berden ™,
Gianluca Severi *", Inge Huybrechts b Francesca Romana Mancini®”

2 Université Paris-Saclay, UVSQ, Inserm, Gustave Roussy, CESP, Villejuif, France

b Nutrition and Metabolism Branch, International Agency for Research on Cancer, Lyon, France

©Department of Molecular Epidemiology, German Institute of Human Nutrition Potsdam-Rehbruecke, Nuthetal, Germany
9dInstitute of Nutritional Science, University of Potsdam, Nuthetal, Germany

€ Medical Statistics Unit, University of Campania "L. Vanvitelli", Naples, Italy

fDepartment of Epidemiology, Murcia Regional Health Council, IMIB, Murcia, Spain

& Centro de Investigacion Biomédica en Red de Epidemiologia y Salud Piiblica (CIBERESP), Spain

" Department of Clinical and Biological Science, University of Turin, Regione Gonzole 10, Orbassano 10043, Italy

i Ministry of Health of the Basque Government, Directorate for Public Health and Addictions, Public Health Laboratory in Gipuzkoa, San Sebastidn, Spain
I BioGipuzkoa Health Research Institute, Epidemiology of Chronic and Communicable Diseases Group, San Sebastian, Spain
K Unit of Nutrition and Cancer, Catalan Institute of Oncology - ICO, L'Hospitalet de Llobregat, Spain

'Nutrition and Cancer Group, Bellvitge Biomedical Research Institute - IDIBELL, L'Hospitalet de Llobregat, Spain

™ Epidemiology and Prevention Unit, Fondazione IRCCS Istituto Nazionale dei Tumori di Milano Via Venezian, Milan, Italy
" Danish Cancer Institute, Copenhagen, Denmark

° Division of Cancer Epidemiology, German Cancer Research Center (DKFZ), Heidelberg, Germany

P Navarra Institute for Health Research (IdiSNA), Pamplona, Spain

9nstituto de Salud Piiblica y Laboral de Navarra, Pamplona, Spain

" Department of Public Health, Aarhus University, Aarhus, Denmark

® International Agency for Research on Cancer, Lyon, France

Y Escuela Andaluza de Salud Piiblica (EASP), 18011 Granada, Spain

"Instituto de Investigacion Biosanitaria ibs. GRANADA, 18012 Granada, Spain

V Clinical Epidemiology Unit, Institute for cancer research, prevention and clinical network (ISPRO), Florence, Italy

W Department of Statistics, Computer Science, Applications “G. Parenti”, University of Florence, Florence, Italy

X Department of Food Technology, Safety and Health, Faculty of Bioscience Engineering, Ghent University, Ghent, Belgium

ARTICLE INFO SUMMARY

Article history: Background: Obesity is a growing global health concern. Some evidence suggests that exposure to
Received 21 July 2025 polychlorinated biphenyls (PCBs) and dioxins, may play a role in weight gain, but human prospective
Received in revised form data are limited and have shown inconsistent results. Therefore, this study investigate the association

28 January 2026

between dietary exposure to dioxins and PCBs and changes in weight and in waist circumference after 5
Accepted 27 February 2026

years of follow-up in a large prospective cohort.
Method: We included 215,556 participants recruited between 1992 and 2000; of whom 99,046 provided
Keywords: data on waist circumference. Body weight or waist circumference were measured at recruitment and

O],JESity, self-reported at follow-up. Intakes of dioxins and PCBs were estimated using country-specific dietary
Dietary intake

* Corresponding author. Inserm U1018, Centre for Research in Epidemiology and
Population Health (CESP), “Exposome and Heredity” Team, Gustave Roussy, 114 rue
Edouard Vaillant, F-94805 Villejuif, France

E-mail address: Francesca.MANCINI@gustaveroussy.fr (F.R. Mancini).

https://doi.org/10.1016/j.clnu.2026.106619
0261-5614/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
mailto:Francesca.MANCINI@gustaveroussy.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.clnu.2026.106619&domain=pdf
www.sciencedirect.com/science/journal/02615614
http://www.elsevier.com/locate/clnu
https://doi.org/10.1016/j.clnu.2026.106619
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.clnu.2026.106619

X. Ren, G. Nicolas, M.B. Schulze et al.

Dioxin-like PCBs (DL-PCBs)
Non-dioxin-like PCBs (NDL-PCBs)
Polychlorinated biphenyls (PCBs)

Clinical Nutrition 60 (2026) 106619

questionnaires collected at baseline, and food contamination concentrations based on a European Food
Safety Authority database. Associations were estimated using multilevel mixed linear regression
models.

Results: Higher intake of both dioxins and dioxin-like PCBs (dioxins 4+ DL-PCBs) (Q4vsQ1 = 0.07kg/5-
years (95%CI 0.01, 0.13)), and non-dioxin like PCBs (NDL-PCBs) (Q4vsQ1 = 0.27kg/5-years (95%CI 0.20,
0.35), p-trend<0.001)) were associated with weight gain. Inverse associations were observed between
dietary intake of dioxins + DL-PCBs and NDL-PCBs and waist circumference change
(Q4vsQ1 = —0.44cm/5-years (95%CI -0.56, —0.31), p-trend<0.001 and Q4vsQl = -0.21cm/5-years
(95%CI -0.34, —0.07), p-trend<0.001, respectively). These inverse associations were primarily caused
by a subset of participants from one country who provided most of the waist circumference data. Results
were consistent across stratified and sensitivity analyses.

Conclusion: Results obtained in this large prospective study show a positive association between dietary
intake of both dioxins + DL-PCBs and NDL- PCBs and weight gain. Although the observed associations
were small and there may be measurement errors, the consistency of these associations across multiple
stratified analyses and sensitivity analyses strengthens the validity of the findings. The findings suggest
that the effect of dioxins and PCBs are still present in the food chain despite regulatory bans. Efforts
should be strengthened to reduce the exposure levels in the general population not only to lower the
risk of obesity, but also to prevent various chronic conditions.

© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The increasing prevalence of obesity worldwide is a critical
health problem, as it is associated with an increased risk of
numerous chronic conditions, including cardiovascular diseases
and various types of cancer. The World Health Organization
(WHO) indicates that 43 % of the global population aged 18 years
and over is currently classified as either overweight or obese [1]. In
addition, more than 2.8 million deaths are attributed to over-
weight or obesity each year [1]. The importance of addressing
obesity through effective prevention and treatment strategies has
been widely recognized and highlighted.

In recent years, research on the environmental causes of
obesity has increased, with growing attention to the role of dioxins
and polychlorinated biphenyls (PCBs), two groups of persistent
organic pollutants (POPs). Both dioxins and PCBs can travel long
distances from the source of emission, and bio-accumulate along
the food chain. Dioxins and PCBs represent archetypal endocrine-
disrupting chemicals with distinct yet overlapping mechanisms of
metabolic disruption. Dioxins comprise 75 types of poly-
chlorinated dibenzo-p-dioxins (PCDDs) and 135 types of poly-
chlorinated dibenzofurans (PCDFs), primarily byproducts of
industrial processes and combustion. PCBs, historically used in
electrical applications, include 209 congeners. Dioxin-like PCBs
(DL-PCBs) activate the aryl hydrocarbon receptor (AhR), similar to
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), while, non-dioxin-
like PCBs (NDL-PCBs) have two or more chlorine atoms in
orthogonal positions, primarily target alternative pathways
including the constitutive androstane receptor (CAR) [2].

At the molecular level, dioxins and PCBs disrupt adipogenesis
and energy homeostasis through multiple pathways. Through AhR
activation, DL-PCBs and dioxins inhibit adipocyte differentiation
and promote ectopic lipid accumulation [3]. NDL-PCBs impair
leptin signaling and reduce AMP-activated protein kinase activity,
further compromising metabolic regulation [4]. Despite bans and
restrictions since the 1970s, dioxins and PCBs remain widespread
in food, soil, and water [5,6]. Over 90 % of human exposure occurs
through the diet, particularly meat, dairy products, fish, and
shellfish [7]. These substances are highly persistent, TCDD, the
most toxic dioxin, has a half-life of 7-11 years in the human body,
while PCB congeners can persist in plasma for less than a year to
nearly three decades [7,8].

Despite biological plausibility, evidence linking dioxins or PCBs
exposure with changes in body weight or waist circumference in
humans remains limited and inconsistent. Our previous study
found positive associations between NDL-PCBs intake and the risk
of obesity, and weight gain among French women [9] consistent
with findings from other prospective studies [10,11]. Studies
assessing the blood concentrations of PCBs and dioxins have
shown conflicting results; while cross-sectional studies reported
positive associations [12,13], one prospective study [14], and a
meta-analysis based on three other studies [15], found no associ-
ation between exposure and obesity. Since previous studies
focused on specified congeners [16,17] or population groups with
high environmental contamination [12,17], their relevance to
general dietary exposure is limited; moreover, small sample size
[13] reduced statistical power and the ability to detect associa-
tions. Indeed, large prospective studies with longer follow-up are
still needed to clarify the effects of differing levels of dietary
exposure to dioxins and PCBs on weight or waist circumference
[10,15].

Therefore, we investigated the association between dietary
exposure to dioxins and PCBs and subsequent changes in weight
and waist circumference over a 5-year period among 215,556
adults from seven European countries, with particular attention to
geographic heterogeneity in these relationships.

2. Materials and methods
2.1. Study population

The European Prospective Investigation into Cancer and
Nutrition (EPIC) cohort is an ongoing multi-centre prospective
cohort study comprising about 520,000 healthy adults aged 35-69
years recruited from 23 centres across 10 European countries be-
tween 1992 and 2000: Denmark (Aarhus and Copenhagen), all
over France and Greece, Germany (Heidelberg and Potsdam), Italy
(Florence, Varese, Ragusa, Turin, and Naples), Norway, Spain
(Asturias, Granada, Murcia, Navarra, and Guipuzcoa), Sweden
(Malmo and Umead), the Netherlands (Bilthoven and Utrecht), and
the United Kingdom (Cambridge and Oxford). Dietary and lifestyle
information was collected at baseline using validated question-
naires. A more detailed description of the EPIC cohort has been
provided elsewhere [18,19].
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Due to data unavailability, participants from Greece, Sweden,
and Norway were not included in the present analysis. This study
initially included 276,630 participants with follow-up records and
reported weight information. A total of 36,448 individuals in the
top or bottom 1 % of the energy intake-to-energy requirement
ratio and 24,626 individuals without follow-up weight data were
excluded. Consequently, 215,556 participants (77,958 men and
137,598 women) were included (Fig. 1). Among them, 99,046
participants also provided waist circumference data at baseline
and follow-up.

Baseline information on medical history, education level,
smoking status, and physical activity was collected through self-
administered questionnaires [19]. All participants provided writ-
ten informed consent to participate in the EPIC cohort. The study
protocol was approved by the ethics committee of the Interna-
tional Agency for Research on Cancer (IARC) and the ethics com-
mittees of all participating research centres.

2.2. Food consumption data

Dietary intake data were collected using country or centre
specific validated dietary questionnaires at the recruitment in the

g 124
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2.3. Food contaminant database and dietary intake of dioxins and
PCBs

The European Food Safety Authority (EFSA) collects annual
data on the occurrence of chemical contaminations in food
products, including dioxins and PCBs, from national authorities,
research institutions, academia, food business operators, and
other stakeholders [20]. For this study, EFSA provided a food
contamination database containing food samples of dioxins and
PCBs collected between 2000 and 2018. These samples were
categorized using EFSA's FoodEx classification system [21]. Data
analysed by different European countries was combined and a
series of exclusions of samples was performed as explained in
Fiolet et al. [18]. Two scenarios were used to handling left-
censored values. In the present study, to minimizing the risk of
overestimating exposures, only the lower bound (LB) scenario,
where a null value was assigned to values below the limit of
detection was applied [18]. Dietary intake of dioxins and PCBs
was calculated by combining EPIC food consumption data with
EFSA occurrence data for each congener of each food item. The
dietary intake of the substance was estimated by the following
formula:

= Zeach food (average food daily consumption in g of food / day) x (median of contamination level for food in _bs food)

1990s. The methods varied among study centres and included self-
administered or interviewer-administered semi-quantitative food
frequency questionnaires (FFQs), dietary history questionnaires, or
a combination of FFQs with 7-day dietary records. The recipes
from the questionnaires were broken down into ingredients by
local dietitians in order to fit the EPIC food classification system
The initial list of 43,954 food and ingredient items, varying from
146 in Umea to 23,655 in Malmo, was aggregated into a harmo-
nized list of 11,858 items [20]. Dietary questionnaire items were
classified according to the FoodEx classification system as
explained in Huybrechts et al., 2025 [20].

N=276,630
participants in EPIC

N=36,448 participants with
extreme ranking on the ratio of
energy intake to energy
requirement

N=240,182

N=24,626 No follow-up and
missing data

N=215,556*
Median age: 52.4 years
Median follow-up: 5.52 years
Sex: 36% men, 64% women

Fig. 1. Flow chart of study population
*99,046 participants provided information on waist circumference.

g of food

The concentrations of each congener was multiplied by their
toxic equivalency factor (TEF) [18]. Toxic equivalent values (TEQ)
were calculated for each dioxin and DL-PCB congener to assess
their relative toxicity compared to the most toxic dioxins (TCDD).
In the present study, four indicators were calculated based on their
toxicological properties: the sum of 17 dioxins (pg TEQ/day); sum
of 12 DL-PCBs (pg TEQ/day); sum of 29 dioxins + DL-PCBs (pg TEQ/
day) and 6 NDL-PCBs (ng/day). The NDL-PCBs include PCB 28, 52,
101, 138, 153, and 180, which are considered indicators for
maximum residue limits in food. The sum of these six NDL-PCBs
accounts for 50 % of the total NDL-PCBs in food [22].

2.4. Anthropometric measures

Body weight and height were measured without shoes by
trained personnel, except in the French and Oxford centres where
this information was self-reported. Baseline waist circumference
(cm) was measured at either the narrowest part of the torso or
midway between the lower ribs and the iliac crest. Anthropo-
metric data were adjusted for protocol differences in clothing
during measurements [23]. Briefly, in some centres, weight was
measured in light underwear, while in others, participants wore
normal clothing and no shoes. Correction factors from a prior
study were applied: —1.5 kg for weight and —2.0 cm for waist
circumference for participants fully dressed, and —1.0 kg for those
in light indoor clothing [23,24].

In the EPIC cohort, each participant had two anthropometric
assessments: at baseline and at one follow-up. At follow-up,
weight and waist circumference were self-reported across all
centres, except in Cambridge (UK) and Doetinchem (The
Netherlands, part of the Bilthoven centre), where measurements
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were taken according to the baseline protocol. The accuracy of self-
reported anthropometric measures was improved using correction
equations derived from participants with both measured and self-
reported data [25]. BMI was calculated as body weight (kg)/height
squared (m?) [24].

In this study, the follow-up periods between the two anthro-
pometric assessments varied by research centre, ranging from 3 to
12 years. Consequently, the main outcome was the weight and
waist circumference change estimated for 5 years. These changes
were calculated by taking the difference between follow-up and
baseline values, dividing by the duration of follow-up in years, and
multiplying by 5, as follows:

Clinical Nutrition 60 (2026) 106619

Several sensitivity analyses were performed. First, because
polyunsaturated fatty acid (PUFA) shares the same food sources
with dioxins and PCBs [27], model 2 was further adjusted sepa-
rately for total fat intake and PUFA intake in order to distinguish
the effects of food contaminant exposure from those of fat intake,
as this may influence weight change. An energy-adjusted
contaminant residual model was applied to account for variation
attributed to total energy intake [28]. In a previous study [16], we
found that fish and seafood were the primary sources of NDL-PCBs,
contributing 74 % of total intake, while for dioxins + DL-PCBs, dairy
products contributed the most (35 %). To distinguish the effects of
food contaminant from those related to the consumption of the

Change per 5 years — ( followup time in years

2.5. Statistical analyses

The baseline characteristics of participants were described ac-
cording to quartile groups of NDL-PCBs and dioxins + DL-PCBs. In
the present study, we assumes that the missing data are missing at
random, covariates with <5 % missing values were imputed by
single imputation: the modal value was used for categorical vari-
ables or the median for continuous variables. Missing data for
education level (2.41 %) were imputed by the category “primary
school completion”, and missing data for physical activity level
(1.13 %) were imputed by the category “moderate inactive”.

The associations between dietary intakes of dioxins + DL-
PCBs and NDL-PCBs and changes in body weight change (kg/5y)
or waist circumference (cm/5y) were estimated using multi-
level mixed linear regression models with centre as a random
effect. The first model was adjusted for age and BMI at baseline
and sex; the second model was further adjusted for alcohol
consumption, total energy intake without alcohol, follow-up
duration, smoking status, education level and physical activity
[9,16]; the third model is further adjusted for the Relative
Mediterranean Diet Score (rMED), which has been described in
detail elsewhere [26].

In the linear models, dietary intake of dioxins + DL-PCBs and
NDL-PCBs was analysed as both continuous variables and as cat-
egorical variables divided into quartiles, with the lowest quartile
serving as the reference group. Continuous exposure variables
were normalized by dividing each by their respective standard
deviation (SD), allowing for interpretation of weight changes per
one SD increment. Linear trends across quartiles of dioxins + DL-
PCBs and NDL-PCBs dietary intake were assessed by assigning
median values to each quartile and modelling these as continuous
variables. To explore potential non-linear relationships, restricted
cubic splines were applied. The number of knots was selected
based on the Akaike Information Criterion (AIC), chosen among
models with 3-5 candidate knots. To address potential concerns
about model assumptions, we assessed the distribution of re-
siduals and observed deviations from normality primarily in the
upper tail; therefore, for the spline models only, we exclude par-
ticipants with dioxins + DL-PCBs or NDL-PCBs intake values above
the 99th percentile as outliers. Primary analyses used food
contamination data for dioxins + DL-PCBs and NDL-PCBs collected
between 2000 and 2018.

Measurement at followup — Measurement at baseline) +5

main food groups, model 3 was further adjusted for the con-
sumptions of the food groups that mainly contributed to dioxins
and/or PCBs intake (“dairy products” and “fish and shell seafood”).
Further analyses were conducted using food contamination data
from two different time periods (2005-2018 and 2010-2018), to
assess the impacts of potentially improved quality of the food
contamination data.

To evaluate possible geographic variations, country-specific
analyses were performed using generalized linear models, and
the results were pooled using random-effects meta-analysis.
Heterogeneity was assessed by calculating I° statistics and corre-
sponding P values. Subgroup analyses were also performed based
on model 3 between sex, BMI category, baseline age and abdom-
inal obesity, to evaluate potential effect modification. Finally, an-
alyses were also stratified by the median follow-up time to explore
long-term effects.

All statistical analyses were conducted using SAS software
(version 9.4, SAS Institute) and R (version 4.3.1). Tests were two-
sided, with statistical significance defined as P < 0.05.

3. Results

The baseline characteristics of the study population, catego-
rized by quartile of dietary intake of NDL-PCBs or dioxins + DL-
PCBs, are presented in Table 1 and Supp Table 1, respectively. The
median dietary intakes values were 41.96 pg TEQ/day for
dioxins + DL-PCBs and 128.22 ng/day for NDL-PCBs (Table 1). The
highest dietary intakes of both dioxins + DL-PCBs (66.50 pg TEQ/
day) and NDL-PCBs (282.21 ng/day) were reported from France.
Participants from Denmark and Germany accounted for the
largest proportion of the study population (20 % each) (Supp
Table 2).

The association between the 5-year weight change and intakes
of dioxins + DL-PCBs and NDL-PCBs are presented in Table 2. In
model 1, a higher intake of NDL-PCBs was associated with weight
increase after 5 years (Q4 vs. Q1: 0.27 kg/5y (95 % CI: 0.20, 0.34), P-
trend <0.001). After adjusting for potential confounders in models
2 and 3, significant association were observed for both
dioxins + DL-PCBs (model 3: Q4 vs. Q1: 0.07 kg/5y (95 % CI: 0.01,
0.13), P-trend = 0.001) and NDL-PCBs (model 3: Q4 vs. Q1: 0.27 kg/
5y (95 % CI: 0.20, 0.35), P-trend <0.001). However, the association
with dioxins + DL-PCBs was weak at lower intake ranges and



Table 1

Baseline characteristics of study participants from the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort for the overall population and by quartile groups of dietary intakes of NDL-PCBs (median

[interquartile range] or %).

All
N = 215,556

Q1
N = 53,889

Q2
N = 53,889

Q3
N = 53,889

Q4
N = 53,889

NDL-PCBs (ng/day)

Dioxin + DL-PCBs (pg TEQ/day)
Dioxins (pg TEQ/day)

DL-PCBs (pg TEQ/day)

128.22 (95.13-179.10)
41.96 (30.04-59.79)
9.78 (6.77-14.22)
31.53 (22.29-45.62)

77.22 (64.82-86.75)
28.80 (20.48-42.87)
5.91 (4.32-8.63)

22.34 (15.32-33.84)

111.23 (103.28-119.46)
36.28 (27.81-52.03)
8.21 (6.46-10.95)
27.75 (20.48-40.40)

149.05 (137.99-162.34)
4233 (34.12-57.74)
10.48 (8.52-13.17)

242,00 (202.38-351.52)
59.27 (46.52-78.67)
15.25 (11.96-20.03

Age at recruitment (years)

52.39 (45.83-59.20)

50.81 (43.43-57.36)

51.96 (44.86-58.02)

(
31.54 (24.65-44.25)
53.07 (46.86-58.71)

( )
43.61 (33.57-59.02)
53.30 (47.81-58.58)

Sex
Male
Female

36.17
63.83

21.09
78.91

32.58
67.42

44.05
55.95

46.95
53.05

Anthropometric at baseline

BMI (kg/m?)
<185
18.5-25
25-30

>30

25.42 (22.98-28.25)
1.04

4466

39.13

15.16

25.05 (22.63-28.05)
127

4830

35.63

14.81

25.30 (22.97-28.05)
0.93

45.89

39.01

14.17

25.54 (23.19-28.26)
0.79

43.19

40.94

15.01

25.77 (23.19-28.63)
1.12

4128

40.93

16.67

Waist circumference (cm)
Men
Women

83.00 (74.00-92.00)
93.00 (87.00-100.00)
77.00 (71.80-85.00)

82.00 (73.50-91.30)
91.00 (86.00-97.00)
77.00 (71.00-84.00)

84.00 (75.00-93.00)
92.00 (87.00-98.90)
78.00 (72.00-85.00)

87.00 (77.00-95.50)
93.00 (88.00-100.00)
78.00 (72.00-86.00)

88.00 (78.00-97.00)
95.00 (89.00-101.00)
77.00 (71.00-84.00)

Anthropometric at follow-up

BMI (kg/m?)
<185
18.5-25
25-30

>30

25.65 (23.23-28.44)
0.96

4219

40.97

15.88

25.36 (22.84-28.34)
123

45.30

37.85

15.61

25.58 (23.24-28.33)
0.85

42.85

41.08

15.23

25.78 (23.42-28.46)
0.79

40.63

42.70

15.87

25.87 (23.42-28.68)
0.95

39.98

42.25

16.82

Waist circumference(cm)

89.00 (80.24-98.00)

87.00 (79.00-95.00)

88.00 (80.72-97.00)

90.00 (82.00-99.00)

89.00 (80.00-98.00)

Men 97.00 (92.00-104.00) 97.00 (91.00-103.00) 97.00 (92.00-103.00) 97.00 (92.00-104.00) 98.00 (92.00-104.00)
Women 78.00 (84.00-92.00) 85.00 (78.00-92.00) 85.00 (78.00-93.00) 85.00 (78.00-93.00) 80.85 (75.00-89.00)
Weight change (kg/5y) 0.35 (—1.80-2.33) 0.35 (—1.75-2.45) 0.40 (—1.60-2.40) 0.35 (—1.80-2.35) 0.25 (—2.00-2.05)

Waist circumference change (cm/5y)

3.12 (0.79-6.15)

3.43 (1.22-6.05)

3.56 (1.06-6.46)

3.41 (0.73-6.77)

2.51 (0-5.49)

Total energy intake without alcohol (kcal/day)
Alcohol (g/day)

Vegetables (g/day)

Fruits, nuts and seeds (g/day)

Dairy products (g/day)

Cereals and cereal products (g/day)

Meat and meat products (g/day)

Fish and shellfish (g/day)

2046.48 (1687.66-2466.61)
7.58 (1.29-19.92)

169.20 (110.22-256.71)
202.09 (109.26-328.71)
265.85 (153.39-421.33)
207.43 (149.07-280.99)
103.87 (70.13-143.95)
29.17 (15.89-49.71)

1650.89 (1396.79-1927.83)
4.43 (0.50-13.23)

146.54 (95.23-232.97)
199.64 (103.95-325.58)
211.27 (111.26-336.94)
176.77 (126.00-239.40)
69.21 (41.70-97.74)

15.89 (5.75-28.20)

2005.27 (1714.85-2326.07)
6.81 (1.13-17.46)

154.06 (104.46-231.99)
199.68 (108.00-324.68)
258.89 (152.54-401.41)
208.77 (150.63-284.10)
96.00 (69.29-126.20)

23.04 (14.22-36.30)

2244.00 (1897.21-2632.79)
9.14 (1.91-22.24)

170.23 (114.98-250.68)
195.71 (109.30-319.47)
296.26 (175.96-468.38)
222.26 (162.95-299.52)
119.51 (89.81-153.98)
32.52 (21.28-46.65)

2375.88 (1986.82-2835.39)
11.16 (2.49-26.09)

209.67 (118.94-305.04)
215.12 (118.94-345.25)
303.23 (185.98-484.76)
223.84 (163.47-295.51)
139.39 (100.52-184.38)
54.31 (36.51-79.37)

( (
Total fat (g/day) 80.62 (63.60-100.93) 63.26 (51.1-76.90) 79.08 (64.56-94.74) 89.36 (71.84-108.88) 95.88 (77.06-118.30)
PUFA (g/day) 14.21 (10.88-18.62) 10.90 (8.58-14.16) 13.42 (10.80-16.94) 15.55 (12.43-19.57) 17.50 (13.64-22.53)
Relative Mediterranean Diet Score
Low 29.44 18.08 24.04 29.30 25.04
Medium 44.62 4439 46.76 47.38 46.08
High 25.94 37.53 29.20 23.31 28.88
Smoking
Never 49.18 52.36 49.85 46.65 47.86
Former 28.13 27.04 28.78 29.82 26.86
Current 29.73 20.60 21.36 23.53 25.28

(continued on next page)
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Table 2
Association between dietary intake of dioxins + DL-PCBs (pg TEQ/d) and NDL-PCBs
(ng/d) and estimated weight change (kg/5y) (N = 215,556) in EPIC.

Model 1 Model 2 Model 3

Beta (95 % CI)
Dioxins + DL-PCBs
Restricted cubic spline 0.001 0.004 0.005
(P-overall*)
Quartiles Q1 0.00 (Ref.) 0.00 (Ref.) 0.00 (Ref.)
Q2 -0.01 -0.01 0.004
(-0.07, 0.05) (-0.07, 0.05) (-0.05, 0.05)
Q3 -0.01 -0.01 0.01
(-0.07, 0.05) (-0.07, 0.05) (-0.05, 0.06)
Q4 0.06 0.06 0.07
(-0.002, 0.13) (-0.002,0.13)  (0.01, 0.13)
P trend 0.04 0.04 0.001
NDL-PCBs
Restricted cubic spline 0.001 0.001 0.001
(P-overall*)
Quartiles Q1 0.00 (Ref.) 0.00 (Ref.) 0.00 (Ref.)
Q2 0.08 0.09 0.09
(0.02, 0.13) (0.03, 0.15) (0.03, 0.14)
Q3 0.18 0.19 0.18
(0.12, 0.24) (0.12, 0.25) (0.11, 0.24)
Q4 0.27 0.27 0.27
(0.20, 0.34) (0.19, 0.34) (0.20, 0.35)
P trend <0.001 <0.001 <0.001

53,889

7.42

31.17
19.39
18.12
23.90
19.34
33.87
36.90
9.89

Q4
N

53,889

Q3

N =
4.38
31.75
27.17
14.49
22.21
20.63
28.52
40.74
10.11

Model 1: Stratified by centre adjusted for age, BMI at baseline and sex.

Model 2: Model 1 + smoking, alcohol, education level, physical activity, and follow-
up duration.

Model 3: Model 2 + total energy intake without alcohol and rMED score.

" P-values for overall association corresponds to the test of all terms of the
exposure variable (i.e., linear and non-linear terms); they are reported only when
non-linear associations are detected; Restricted cubic spline plot is shown in
Figure 2 and 3.

53,889

Q2

N =
4.56
31.51
26.25
14.64
23.05
19.34
27.65
43.93
9.09

became positive only in the highest quartile, while NDL-PCBs
intake showed a progressively higher weight gain across quartile
groups.

There was evidence of non-linearity in the association between
weight change and dietary intake of Dioxins + DL-PCBs, and a U-
shaped association was observed, with a turning point at 41.71 pg
TEQ/day (P non-linearity<0.001, P-overall = 0.005) (Fig. 3). Non-
linearity was also observed for NDL-PCBs (P non-
linearity = 0.001, P-overall = 0.001), with higher intakes associ-
ated with more rapid weight gain (Fig. 4). However, when the
population was limited to 0-90th percentile of NDL-PCBs intake,
the association almost appeared linear (P non-linearity = 0.10).

Table 3 presents the association between the 5-year waist
circumference change and intakes of dioxins + DL-PCBs and NDL-
PCBs. The 5-year waist circumference change was inversely related
with intakes of dioxins + DL-PCBs (Model 3: Q4 vs Q1: —0.44 cm/
5y (—0.56, —0.31), P-trend<0.001) and NDL-PCBs across all models
(Model 3: Q4 vs Q1: —0.21 cm/5y (—0.34, —0.07), P-trend<0.001).

To address potential concerns about model assumptions, we
assessed the distribution of residuals and observed deviations
from normality primarily in the upper tail (99th percentile).
Evidence of non-linearity was observed for the association
between waist circumference change and dioxins + DL-PCB and
NDL-PCB; a U-shaped form for Dioxins + DL-PCBs (P non-
linearity<0.001, P-overall<0.001, turning point = 40.61 pg TEQ/
day) and an inverse U-shaped form for NDL-PCBs (P non-
linearity = 0.001, P-overall<0.001, turning point = 141.72 ng/
day) were identified using spline functions in model 3 (Figs. 4
and 5).

8.54

30.35
23.91
13.41
23.79
18.12
27.21
46.35
8.33

= 53,889
31.19

24.18
15.17
23.24

19.36

29.31
41.98

Q1
N

6.22
9.35

215,556

All
N=

3.1. Sensitivity analyses

Longer education (incl. University deg.)

Primary school completed
Technical/professional school
Moderately inactive
Moderately active

Secondary school
Active

Physical activity

None
Inactive

As shown in Supp Table 3, after further adjusting for total fat
intake, PUFAs intake, fish intake or using the energy residual

Table 1 (continued )
Education level
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Association between dietary dioxins+DL-PCBs and weight change
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Fig. 2. Association between dietary dioxins + DL-PCBs and estimated weight change (Model 3) using restricted cubic splines with three knots (10th: 21.34, 50th: 39.39, 90th:
66.51 pg TEQ/day); analysis limited to 0-90th percentile of intake (P non-linearity = 0.07).

Association between dietary NDL-PCBs and weight change
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Fig. 3. Association between dietary NDL-PCBs and estimated weight change (Model 3) using restricted cubic splines with three knots (10th: 70.85, 50th: 121.17, 90th: 201.23 ng/

day); analysis limited to 0-90th percentile of intake (P non-linearity = 0.10).

model, most results remained consistent with the main analyses
(Supp Tables 3a and 3b), except that the association between
dioxins + DL-PCBs and weight change was no longer statistically
significant. Similarly, when using food contamination data from
different periods of food sampling (2005-2018 and 2010-2018)
and conducting complete-case analyses for covariates, the rela-
tionship between dietary intakes of dioxins + DL-PCBs/NDL-PCBs
and both outcomes remained unchanged (data not shown).

3.2. Stratified analyses

In separate analyses for each country, a positive association
between dietary intake of dioxins + DL-PCBs/NDL-PCBs and
weight change was observed in most countries. However, in
Denmark, the associations with weight change were either inverse
or showed a trend toward being inverse (1> = 82 % P < 0.01)
(Fig. 6). Moreover, stratified analyses revealed that the inverse
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Association between dietary dioxins+DL-PCBs and waist circumference change
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Fig. 4. Association between dietary dioxins + DL-PCBs and estimated waist circumference change (Model 3) using restricted cubic splines with four knots (5th:17.78, 35th: 31.86,
65th: 44.02, 95th: 67.26 pg TEQ/day); analysis limited to 0-90th percentile of intake (P non-linearity<0.001).

Table 3
Association between dietary intake of dioxins + DL-PCBs (pg TEQ/d) and NDL-PCBs (ng/d) and estimated waist circumference change (cm/5y) (N = 99,046) in EPIC.
Model 1 Model 2 Model 3
Beta (95 % CI)
Dioxins + DL-PCBs
Restricted cubic spline (P-overall*) 0.001 0.001 <0.001
Quartiles Q1 0.00 (Ref.) 0.00 (Ref.) 0.00 (Ref.)
Q2 —0.17 (-0.27, -0.07) —0.18 (-0.28, -0.08) —0.19 (-0.29, -0.09)
Q3 —0.32 (-0.27, -0.07) —0.34 (-0.45, -0.23) —0.35 (-0.46, -0.24)
Q4 —0.39 (-0.50, -0.27) —0.42 (-0.55, -0.30) —0.44 (-0.56, -0.31)
P trend <0.001 <0.001 <0.001
NDL-PCBs
Restricted cubic spline (P-overall*) 0.001 0.001 <0.001
Quartiles Q1 0.00 (Ref.) 0.00 (Ref.) 0.00 (Ref.)
Q2 0.08 (—0.06, 0.18) 0.05 (—0.06, 0.15) 0.05 (~0.06, 0.15)
Q3 0.12 (0.02, 0.23) 0.07 (~0.05, 0.18) 0.07 (~0.05, 0.18)
Q4 —0.14 (-0.26, -0.02) —0.20 (-0.34, -0.07) —0.21 (-0.34, -0.07)
P trend <0.001 <0.001 <0.001

Model 1: Stratified by centre adjusted for age, BMI at baseline and sex.

Model 2: Model 1 + smoking, alcohol, education level, physical activity, and follow-up duration.

Model 3: Model 2 + total energy intake without alcohol and rMED score.

* P-values for overall association corresponds to the test of all terms of the exposure variable (i.e., linear and non-linear terms); they are reported only when non-linear

associations are detected; Restricted cubic spline plot is shown in Figure 4 and 5.

association between dietary intake of dioxins + DL-PCBs/NDL-
PCBs and waist circumference change was only observed in
Denmark, which accounted for 44 % of the population included in
the analysis (I = 86 %, P < 0.01) (Fig. 7). Considerable heteroge-
neity across countries was observed for both outcomes.

These associations were further assessed according to the
median follow-up time (Table 4). The association between the
intake of dioxins + DL-PCBs/NDL-PCBs and the 5-year weight
change remained positive and significant and appeared stronger
when the follow-up period lasted more than median (5.51 y).
Regarding waist circumference change, different associations were
observed depending on the follow-up duration. Specifically, when
the follow-up duration was shorter than the median, the associa-
tion remained inverse. However, when the follow-up duration was
longer than the median, no association was found between

dioxins + DL-PCBs and waist circumference change, while a pos-
itive association was found for NDL-PCBs and waist circumference
change. In the analyses stratified by median follow-up, partici-
pants from Denmark accounted for 31.04 % of those with follow-up
durations shorter than 5.51 years (weight change). Furthermore,
all Danish participants had follow-up durations of less than 8.91
years, representing 88.34 % of the group with follow-up durations
shorter than the median for waist circumference change.
Moreover, when analyses were stratified by sex, the associa-
tions appeared stronger among women than men for both out-
comes (Supp Table 4). Regarding waist circumference change, no
association was observed in men (Supp Table 4). Stratification by
baseline BMI (4 groups; underweight normal weight, overweight,
obesity) showed that associations remained consistent with the
main analyses for participants with a BMI above 18.5 kg/m2.
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Association between dietary NDL-PCBs and waist circumference change
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Fig. 5. Association between dietary NDL-PCBs and estimated waist circumference change (Model 3) using restricted cubic splines with three knots (10th: 83.30, 50th: 139.61,
90th: 229.14 ng/day); analysis limited to 0-90th percentile of intake (P non-linearity = 0.001).

However, no association was found between dioxins + DL-PCBs
and either weight or waist circumference change in participants
with a BMI below 18.5 kg/m? (data not shown). Results were
similar to those from the main analyses when stratified by
abdominal obesity and age groups (data not shown).

4. Discussion

This large prospective study provides new evidence that di-
etary exposure to dioxins and/or PCBs may contribute to long-term
weight changes in European adults. Specifically, higher dietary
intakes of NDL-PCBs were consistently associated with modest
weight gain over five years, while associations with waist
circumference showed marked geographic heterogeneity, with
inverse associations observed primarily in Denmark.

In the present study, a positive association was also observed
between intakes of NDL-PCBs and weight gain (0.23 kg/5y).
Although data on NDL-PCBs remain limited, our findings align
with most previous studies reporting positive associations be-
tween NDL-PCB exposure and weight gain [9,29], although other
studies did not [30].

Similarly, the obtained results suggest that individuals in the
highest dioxins + DL-PCBs group experienced a 0.07 kg/5 y greater
increase in weight than individuals in the lowest quartile group,
although this association was characterized by a U-shape. These
findings are consistent with previous in vitro and in vivo studies
that have demonstrated the obesogenic effects of dioxins and DL-
PCBs. Dioxins and DL-PCBs can activate the aryl hydrocarbon re-
ceptor, disrupting lipid metabolism, and potentially promoting
adiposity and long-term weight gain [3,31]. Exposure to dioxins
and DL-PCBs may also be linked with impair glucose metabolism
and lead to elevated glycated hemoglobin Alc concentrations,
which may further contribute to weight gain [32]. Several studies
have also reported positive associations between dioxins or DL-
PCBs and the risk of obesity [9-11], although one found no

relationship between serum PCBs concentrations and obesity [14].
Another study highlighted the specific contribution of certain
congeners, such as 1,2,3,4,6,7,8-HpCDD, to the risk of obesity [32].

In our main analyses, non-linear associations were found be-
tween dioxins and/or PCBs intakes and waist circumference
change. In particular, a U-shaped association was observed be-
tween dioxins + DL-PCBs dietary intake and waist circumference
change. These results are not completely in line with previous
studies which have reported positive associations between waist
circumference or abdominal obesity and serum concentrations of
all PCBs [33], dioxins or DL-PCBs [12,13,32,34]. In addition, in the
present study NDL-PCBs intake presented an inverted U-shaped
association with waist circumference. In a previous study
including 98 individuals with obesity, negative correlations were
observed between waist, BMI, fat mass percentage and abdominal
adipose tissue and serum levels of NDL-PCBs and sum of PCBs [35].
An inverted U-shaped association between serum NDL-PCBs and
the risk of metabolic syndrome was also observed in another study
[13]. These non-linear associations may reflect dual biological ef-
fects of dioxins and/or PCBs, different exposure levels show
different effect on fat accumulation or metabolic dysfunction [36].
Nevertheless comparison with previous studies is not easy since
most previous studies measured PCBs concentrations in the blood,
which probably reflect overall body burden, but may be influenced
by several factors, such as age, sex, and ethnicity [37]. Further-
more, studies differed in terms of study design, study population,
adjusted confounders, exposure levels, compositions of the mix-
tures, and follow-up duration. While these factors may partly
explain the discrepancies in the findings, they also complicate
direct comparisons among studies, even when similar associations
are observed.

While weight gain is generally linked to increased health risks,
an annual change of less than 0.2 kg may be considered relatively
stable [38]. Waist circumference is recognized as a stronger indi-
cator of health risks than weight alone [39], and an increase of
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Standardised Mean
Study Difference SMD 95%-Cl Weight
France Q1 (ref) 0.0%
Q2 T+ 0.08 [-0.05: 0.21] 53%
Q3 —- 0.05 [-0.07: 0.17] 54%
Q4 —— 0.12 [001: 0.23] 55%
Italy Q1 (ref) 0.0%
Q2 == 009 [002: 0.18]) 58%
Q3 - 025 [0.16; 0.34] 57%
Q4 —=— 062 [046;: 0.78]) 490%
Spain Q1 (ref) 0.0%
Q2 —t— 0.10 [-0.11: 0.31] 44%
Q3 +— 0.19 [-0.02: 0.40] 44%
Q4 —— 038 [0.15: 0.57] 44%
United Kingdom Q1 (ref) 0.0%
Q2 - 031 [0.18: 0.44) 53%
Q3 — 048 [031: 065 48%
Q4 —— 047 [0.15 0.79] 32%
The Netherlands Q1 (ref) 0.0%
Q2 —— 0.18 [0.00: 0.38] 438%
Q3 — 037 [0.15; 0.50] 43%
Q4 ——— 040 [0.18;: 082] 3.1%
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Q4 — 048 [024: 0.68] 43%
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Q4 — -007 [-027. 0.13] 45%

<>

France Q1 (ref) 0.0%
Q2 -+ 0.09 [-0.05: 0.23] 50%
Q3 —— 0.14 [002: 0.28) 52%
Q4 - 0.16 [0.04: 0.28] 52%
Italy Q1 (ref) 0.0%
Q2 - 0.02 [-0.04: 0.08) 57%
Q3 = 0.13 [006;: 0.20) 56%
Q4 - 028 [0.17: 0308 53%
Spain Q1 (ref) 0.0%
Q2 — 0.08 [-0.12: 0.28] 44%
Q3 -t 009 [-0.11; 0.28] 44%
Q4 —— 021 [0.01: 041] 43%
United Kingdom Q1 (ref) 0.0%
Q2 — 020 [-0.01;: 0.41] 42%
Q3 —— 0.15 [0.00: 0.30] 49%
Q4 —— 021 [002 040] 44%
The Netherlands Q1 (ref) 0.0%
Q2 — -0.27 [-0.52: -0.02] 38%
Q3 —_— 000 [-024: 0.24]) 390%
Q4 -0.05 [-0.30: 0.20] 38%
Germany Q1 (ref) 0.0%
Q2 —— -0.02 [-0.15; 0.11] 5.1%
Q3 —— -0.13 [-026; 0.00] 5.1%
Q4 - -005 [-0.19; 0.08] 50%
Denmark Q1 (ref) 0.0%
Q2 = -0.18 [-0.20: -0.07] 53%
Q3 —— -0.168 [-0.20: -0.03] 5.1%
Q4 —_— -0.18 [-0.35; 0.03] 45%
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Test for subgroup differences: ; = 10.24, df = 1 (p < 0.01)

Fig. 6. Forest plot presenting the between dietary intake of dioxins + DL-PCBs (pg
TEQ/d) and NDL-PCBs (ng/d) and estimated weight change (kg/5y) stratified analyses
by EPIC country.

5 cm or more in waist circumference related to a higher risk of
mortality [40,41]. In this study, although the associations were
statistically significant, the observed effect sizes for both outcomes
are relatively small and may be influenced by measurements er-
rors. While these effect sizes suggest limited clinical relevance, it
has to be considered that, at the population scale, even small shifts
in weight or waist circumference distributions may have mean-
ingful public health impacts. Moreover, although our exposure
assessment focussed on the most relevant congeners, there were
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France Q1 (ref) 0.0%
Q2 . 005 [-0.12; 0.22] 89%
Q3 = 0.16 [-0.01; 0.33] 89%
Q4 T 0.11 [-0.04; 0.26] 9.1%
Italy Q1 (ref) 0.0%
Q2 = 0.18 [0.07; 029] 95%
Q3 = 032 [0.17; 047] 91%
Q4 —=— 082 [053; 1.11] 76%
The Netherlands Q1 (ref) 0.0%
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Fig. 7. Forest plot presenting the between dietary intake of dioxins + DL-PCBs (pg
TEQ/d) and NDL-PCBs (ng/d) and estimated waist circumference change (cm/5y)
stratified analyses by EPIC country.

still some additional congeners not included in the analyses, which
may have led to an underestimation of overall effects. Given the
widespread and lifelong exposure to dioxins and PCBs, the present
results highlight the need for continued attention to dioxins and
PCB's potential long-term health effects.

Stratified and sensitivity analyses revealed that the significant
inverse association between dietary intakes of dioxins and/or PCBs
and waist circumference change was primarily driven by partici-
pants from Denmark, who accounted for 44 % of the total study
population. In all other countries, higher intake of dioxins and/or
PCBs intake were either not associated with changes in waist
circumference or were linked to an increase in waist circumfer-
ence. The factors underlying this divergent association in Denmark
remain unclear. Danish participants in the cohort were older and
had shorter follow-up periods compared to those from other
countries. However, stratified analyses based on age and follow-up
duration did not reveal significant variations, suggesting that these
factors do not fully explain the discrepancy. The first possibility
relates to dietary habits in Denmark. A previous study within the
EPIC cohort noted that the Danish and Norwegian populations had
the highest consumption of fish products among the included
countries, with approximately 50 % of the fish consumption in
Denmark being fatty or very fatty fish (fat 14g/100g or more) [42].
The consumption of fatty fish corresponds to high intake of n-3
PUFAs, including eicosapentaenoic acid (EPA) and docosahexae-
noic acid (DHA) [42], which have been suggested to reduce waist
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circumference [43]. Nevertheless, in the present study, the results
of the sensitivity analyses, which were further adjusted for fish
intake, fat intake, and PUFA intake were comparable to those of
the main analyses. Furthermore, during the EPIC data collection
period, the intake of industrially produced trans fatty acids (TFA)
started to decline [44]. Positive associations between TFAs and
weight gain have been reported, although previous research in the
Danish population did not find such links [45]. Another hypothesis
is that these inverse associations may partly reflect cancer-related
weight loss, given that Denmark has reported higher cancer inci-
dence rates than some other European countries over recent de-
cades [46]. While both dietary factors and reduced TFA exposure
may have contributed to the observed inverse associations in
Denmark, further investigation is needed to clarify these findings.

Follow-up more than median (n = 49,521)

0.01
0.00 (Ref.)

0.04 (—0.05, 0.13)
0.09 (-0.01, 0.18)
0.01 (~0.09, 0.11)
0.98

0.01

0.00 (Ref.)

0.10 (0.02, 0.18)
0.17 (0.07, 0.27)
0.17 (0.06, 0.28)
0.004

4.1. Strengths and limitations

Several limitations need to be considered when interpreting
the results of the present study. First, in the EPIC cohort, dietary
intakes were assessed at baseline using self-administrated ques-
tionnaires, which may be subject to memory or psychological
biases, potentially leading to over- or underestimation and mea-
surement errors [47]. Nevertheless, the questionnaires used in the
EPIC cohort were validated to address potential misestimations in
dietary assessment and have been shown to provide reliable es-
timates for main food sources of dioxins and PCBs, including fish,
meat, and dairy products [18]. Second, in most centres, follow-up
weights and waist circumferences were self-reported, and in-
dividuals who are overweight or obese tend to under-report their
weight. Nevertheless, self-reported and measured anthropometric
data generally show high correlations and are considered
reasonably valid [48]. Similarly, strong correlations between self-
reported and measured weights and waist circumferences have
been reported in the EPIC-Oxford cohort [25]. In addition, the
prospective design of this study ensures that such measurement
errors are likely to be non-differential, potentially attenuating the
real association between the extreme exposure and the outcome
of interest, while their effect on the analysis of middle exposure
may bias the results in either direction. Third, food contamination
data from EFSA were not matched with food consumption data at
a country level. This discrepancy could potentially introduce
exposure classification bias. However, we assume a similar food
market across European countries, where individuals consume
both locally produced and imported foods. Moreover, dietary in-
formation was collected in the 1990s, which does not fully align
with the food contamination data gathered between 2000 and
2018. Nevertheless, the widespread presence, bio-accumulative
nature, and long half-lives of dioxins and PCBs likely minimize
the potential exposure misclassification due to changes in food
contamination levels [6]. Furthermore, the results of our sensi-
tivity analysis were consistent regardless of the time period in
which the food contamination data were collected. Fourth, the
EPIC cohort is not representative of the general European popu-
lation, which may limit the generalizability of our findings. In
addition, despite adjusting for several confounding factors, our
results may still be influenced by residual confounders, such as
exposure to other contaminants and dietary components.

The present study also has several strengths. First, the large
sample size and diverse range of exposure allowed for more pre-
cise estimations of associations and enabled sensitivity and sub-
group analyses, which further confirmed the associations between
dietary intake of dioxins and PCBs and weight change. By
including participants from seven European countries, this study
captures a broad spectrum of dietary habits, reflecting significant
heterogeneity in dioxin and PCB intake, which contributes to

—0.42 (-0.60, -0.23)
—0.48 (-0.72, -0.24)

<0.001
—0.40 (-0.65, -0.16)

Waist circumference change (8.91 years)
0.003

107,757) Follow-up less than median (n = 49,525)

—0.27 (-0.45, -0.11)
—0.26 (-0.46, -0.06)
~0.17 (~0.38, 0.03)

0.01
0.00 (Ref.)
0.02

0.00 (Ref.)

Follow-up more than median (n

0.03 (0.01, 0.06)
0.00 (Ref.)

0.01 (—0.05, 0.07)
0.03 (—0.04, 0.09)
0.04 (—0.03, 0.11)
0.00 (Ref.)

0.12 (0.07, 0.18)
0.26 (0.19, 0.32)
0.32 (0.23, 0.40)
<0.001

0.20
0.001

Follow-up less than median (n = 107,799)

Weight change (5.51 years)
—0.05 (—0.15, 0.04)

—0.06 (-0.16, 0.04)

0.04 (-0.07, 0.16)

0.10 (-0.01, 0.20)

0.15 (0.05, 0.26)

0.28 (0.15, 0.40)

0.00 (Ref.)
1.00 (Ref.)
<0.001

0.001
0.27
0.001

Q1
Q2
Q3
Q4

Restricted cubic spline (P-overall*)

Restricted cubic spline (P-overall*)
Quartiles
P trend

Dioxins + DL-PCBs
Continuous (per 1 SD increment)
Quartiles

P trend
NDL-PCBs

Association between dietary intake of dioxins + DL-PCBs (pg TEQ/d) and NDL-PCBs (ng/d) and estimated weight (kg/5y) or waist circumference change (cm/5y) in EPIC stratified by median follow-up.
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considerable exposure contrast. Furthermore, this study evaluated
dietary intakes of dioxins and PCBs using the EFSA food contami-
nation dataset, which provides a representative of food contami-
nation levels across Europe.

5. Conclusion

This large prospective study provides evidence that dietary
exposure to both dioxins + DL-PCBs and NDL-PCBs may play a role
in long-term weight regulation in European populations. Although
the observed associations were modest and we cannot fully
exclude the influence of measurement error, the consistency
across multiple stratified and sensitivity analyses strengthens the
validity of the findings. The findings also highlight geographic
differences, in particular the inverse association observed in
Denmark. Further studies are needed to clarify the underlying
biological mechanisms, potential modifying role of dietary pat-
terns and residual confounding. These findings also suggest that,
despite the regulation those POPs remain present in the food
chain, highlighting the need for continued efforts to reduce
exposure and prevent obesity and related chronic conditions.
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