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Abstract

Dicarbonyl compounds are highly reactive precursors of advanced glycation end products (AGE), produced endogenously, present in certain
foods and formed during food processing. AGE contribute to the development of adverse metabolic outcomes, but health effects of dietary
dicarbonyls are largely unexplored. We investigated associations between three dietary dicarbonyl compounds, methylglyoxal (MGO), glyoxal
(GO) and 3-deoxyglucosone (3-DG), and body weight changes in European adults. Dicarbonyl intakes were estimated using food composition
database from 263 095 European Prospective Investigation into Cancer and Nutrition—Physical Activity, Nutrition, Alcohol, Cessation of Smoking,
Eating Out of Home in Relation to Anthropometry participants with two body weight assessments (median follow-up time =5-4 years).
Associations between dicarbonyls and 5-year body-weight changes were estimated using mixed linear regression models. Stratified analyses by
sex, age and baseline BMI were performed. Risk of becoming overweight/obese was assessed using multivariable-adjusted logistic regression.
MGO intake was associated with 5-year body-weight gain of 0-089 kg (per 1-sD increase, 95 % CI 0-072, 0-107). 3-DG was inversely associated
with body-weight change (-0-076 kg, —0-094, —0-058). No significant association was observed for GO (0-018 kg, —0-002, 0-037). In stratified
analyses, GO was associated with body-weight gain among women and older participants (above median of 52-4 years). MGO was associated
with higher body-weight gain among older participants. 3-DG was inversely associated with body-weight gain among younger and normal-
weight participants. MGO was associated with a higher risk of becoming overweight/obese, while inverse associations were observed for 3-DG.
No associations were observed for GO with overweight/obesity. Dietary dicarbonyls are inconsistently associated with body weight change
among European adults. Further research is needed to clarify the role of these food components in overweight and obesity, their underlying

mechanisms and potential public health implications.

Keywords: Dietary dicarbonyl compounds: Advanced glycation end products: Body weight change: Overweight: Obesity:

Prospective cohort study

The prevalence of overweight and obesity is increasing and
affects around 60 % of the European adult population™. This
represents an important public health concern since overweight
and obesity are linked with the development of major chronic
diseases and premature mortality®®. As part of their Cancer
Prevention Recommendations, the World Cancer Research Fund
and American Institute for Cancer Research recommend to stay
within healthy weight ranges and avoid weight gain in adult
life®. Main drivers of overweight and obesity are unhealthy
lifestyle behaviours, including physical inactivity and con-
sumption of dietary patterns composed of higher processed
foods“7,

It has been suggested that dicarbonyl compounds could play
a role in obesity development® since obese individuals have
higher plasma levels of dicarbonyl compounds®. Dicarbonyl
compounds are highly reactive metabolites and precursors of
advanced glycation end products (AGE)!%1®  They are
endogenously formed from sugar fragmentation and act as
intermediates in the Maillard reaction or are generated during
lipid peroxidation®. Increased endogenous formation and
accumulation of dicarbonyl compounds appear to contribute to
dicarbonyl stress (i.e. a pro-inflammatory and oxidative glycative
environment which is damaging cellular proteins and DNA)®,
potentially leading to impaired cell and tissue function> and the
development of adverse health outcomes>2Y such as diabetes
and diabetes-related vascular complications'”'® and the
development of cancers"®, chronic kidney diseases'” and
neurological disorders®’?Y. Endogenous dicarbonyl com-
pounds are detoxified by the glyoxalase pathway, which
converts glyoxal (GO) and methylglyoxal (MGO) into less
reactive molecules, that is, and glycolatet®.
3-deoxyglucosone (3-DG) is metabolised by aldo-keto reductase
and aldehyde dehydrogenase enzymes, which convert the
dicarbonyl compound into 3-deoxyfructose and 2-keto-3-
deoxygluconic acid that are then excreted via the urine?.

D-lactate

Dicarbonyl compounds are also present naturally in some
foods or formed during food processing, such as heat treatment,
storage or fermentation 132 Dicarbonyl compounds provide
aroma and flavours to foods and are used as key sensory
ingredients in food preparation and production!®. MGO, GO
and 3-DG are three major dicarbonyl compounds present in a
wide range of commonly consumed foods and drinks, with
coffee and bread being the most important single food
contributors to dicarbonyl compound intakes?. Other impor-
tant dietary sources include sugary products, such as dried fruits,
bakery products, honey or candy bars?,

However, the long-term health effects of higher consumption
of dietary dicarbonyl compounds remain largely unknown?,
notably with regard to body weight change over time. It has been
observed that higher exposure to dietary dicarbonyl compounds
can lead to higher circulating concentrations'**. However,
very little is known about the uptake, digestion and metabolism
of dietary dicarbonyls. Although it may be assumed that dietary
dicarbonyls promote dicarbonyl stress like their endogenous
counterparts, recent observations show that higher intake of
dietary MGO is associated with reduced inflammation®” and
less insulin resistance in humans®”. While dietary AGE, which
are mainly derived from dicarbonyl compounds, have been
linked to body weight gain and overweight®®, little is known
about associations between dietary dicarbonyl compounds and
body weight change and obesity from human studies.

Therefore, the objective of the present study was to
prospectively investigate associations between the three major
dietary dicarbonyl compounds, MGO, GO and 3-DG, and body
weight change in a sub-cohort of the European Prospective
Investigation into Cancer and Nutrition (EPIC) study with
repeated body weight measures throughout follow-up: the
EPIC-Physical Activity, Nutrition, Alcohol,
Smoking, Eating Out of Home in Relation to Anthropometry
(PANACEA) study®”.

Cessation of
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Methods
Study population

The EPIC study is an ongoing prospective cohort study across
twenty-three centres in ten European countries: Denmark,
France, Germany, Greece, Italy, the Netherlands, Norway, Spain,
Sweden and the UK®®. From 1992 to 2000, a total of 521 323 men
and women aged 25-70 years were recruited. In France,
Norway, Utrecht (The Netherlands) and Naples (Italy), only
women were recruited. Individuals were selected from the
general population with few exceptions. In France, state-school
employees participating in the national health insurance scheme
were recruited. The Utrecht and Florence (Italy) centres included
women invited to a local population-based breast cancer
screening programme. Some centres in Italy and Spain included
members of local blood donor associations. In Oxford (UK),
one-half of the cohort was recruited from lacto-ovo vegetarians
and vegans. The rationale and design of the EPIC have been
described in detail elsewhere®®2?. All participants gave written
informed consent, and the EPIC study was approved by the
Ethical Review Boards of the International Agency for Research
on Cancer and the Institutional Review Board of each
participating EPIC centre.

For the PANACEA study, some of the original twenty-three
centres were combined within countries depending on their
follow-up times and/or body weight measurement methods,
resulting in sixteen centres. The study population was based
on the EPIC cohort (n 521 323), excluding participants with
extreme energy intake/energy requirement (2 5362), with no
available value for body weight at baseline (1 89 954) or
follow-up (1 117 258), recruited from Greek centres due to
data access restrictions (n 28 561), and those with outlying
anthropometry (17 17 193). More details on follow-up
exclusions are given in online Supplementary Fig. 1 (Online
Resource). After these exclusions, a sample of 263 095
participants (92 385 men and 170 710 women) with complete
and plausible longitudinal body weight data was available for
analyses.

Anthropometric measures and body weight change

Two body weight measures were available for each participant:
at baseline and after a median follow-up time of 5-4 years (min.:
1-5 years for Murcia (Spain), max.: 18-9 years for Ragusa (Italy)).
All centres used standardised procedures to measure body
weight and height at baseline, except in France, Norway and
Oxford centres, where participants self-reported their body
weight. Follow-up body weight was self-reported, except for
Cambridge (UK) and Doetinchem (The Netherlands) where it
was measured®>3V. The accuracy of self-reported anthropo-
metric measures at baseline and at follow-up was improved with
prediction equations derived from participants with both
measured and self-reported body weight at baseline®?. The
main outcome of this study was body weight change in kg per
5 years, calculated as body weight at follow-up minus body
weight at baseline divided by the follow-up time in years and
multiplied by 5 years.

Dietary assessment and estimation of dicarbonyl
compound intakes

In the EPIC study, usual food intake was assessed once at
baseline using validated country-specific dietary questionnaires,
either self-reported or interviewer-administered®®. In brief,
three types of dietary questionnaires were used to assess
habitual food consumption over the past 12 months®? (https://
www.frontiersin.org/articles/10-3389/fnut.2022-1035580/full#su
pplementary-material): (1) quantitative dietary questionnaires
were used in North-Central TItaly, Ragusa in Italy, The
Netherlands, Germany, Greece, Spain and France, (2) semi-
quantitative FFQ were used in Denmark, Norway, Naples (Italy)
and Umea (Sweden) and (3) a combination of semi-quantitative
FFQ and 7-14 d food records was used in the UK and Malmo
(Sweden). Harmonisation of food grouping and portion sizes for
quantification was carried out centrally at IARC in close
collaboration with EPIC centres.

Estimation of individual intakes of the three major dicarbonyl
compounds was based on a reference database containing
content values of MGO, GO and 3-DG (in mg/g of food) in 223
commonly consumed foods and drinks'?. The content values
were obtained from European foods measured by the ultra-
performance liquid chromatography tandem mass spectrometry.
Using the same method, dicarbonyl compound content was
quantified in fifty-nine additional food items missing from the
database but commonly consumed in EPIC countries. Food
items from EPIC dietary questionnaires were then matched to the
dicarbonyl compound database by name and by their associated
descriptors, particularly those pertaining to preparation and/or
processing in a similar manner as previously performed for the
estimation of dietary AGE intake®®. Food-specific multiplication
factors were applied to dicarbonyl compound concentrations for
foods that were heat-treated and available in the reference
database. Generic or multi-ingredient foods that could not be
matched directly were decomposed into more specific foods or
ingredients based on country-specific recipes provided by
previous EPIC projects®®*. An end-user EPIC dicarbonyl
compound database was then generated containing MGO, GO
and 3-DG content (in mg/100 g) for all dietary questionnaire
foods and recipes. In turn, this database was used to calculate (in
mg/d) individual intakes of these three dicarbonyl compounds
for the full EPIC cohort by multiplying with the daily intake of
each food, which was based upon the reported frequency and
quantity of foods consumed by each EPIC participant.

Assessment of other covariates

Validated self-administered questionnaires were used at recruit-
ment to collect data on socio-demographic, lifestyle and other
2 Information was obtained for the highest
attained educational level (none, primary, technical, profes-

characteristics

sional, secondary, higher), physical activity, which was cat-
egorised according to the Cambridge definition (inactive,
moderately inactive, moderately active, active), smoking status
(current, former or never smoker), alcohol intake at recruitment
(in g/d) and during lifetime (never, former, current or lifetime
drinkers), adherence to a Mediterranean diet pattern according
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to the relative Mediterranean Diet Score (categorised in scores
indicative of low, medium and high levels of adherence)®>,
medical history and for women menopausal status (pre-, post-,
peri-menopausal or surgical menopause).

Statistical analyses

Baseline characteristics of the study population were described
comparing highest and lowest quintiles of each dicarbonyl
compound. Contribution of each dicarbonyl compound to
overall intake and main food sources was also examined by
comparing percentage contribution of food groups for dietary
MGO, GO and 3-DG.

As primary analyses, the associations between intakes of
MGO, GO, and 3-DG, and body weight change (in kg/5 years)
were estimated separately using multilevel mixed linear
regression models with centre as random effect and dicarbonyl
compounds intake and confounders as fixed effects. MGO, GO
and 3-DG intakes were natural log-transformed to improve
normality and their standardised residuals were computed by
regressing In-transformed values on participant energy intake
and centre. Associations with body weight change are thus
expressed per 1-sD increment in the In-transformed dicarbonyl
compound intake in continuous models. Associations by sex-
specific/country-specific quintiles based on In-transformed
dietary dicarbonyls were also computed, with the first quintile
(lowest intake) considered the reference category. Models with
three different sets of adjustments were fitted. The first model
(M1) was adjusted for age, sex and BMI at baseline. Model 2 (M2)
was further adjusted for follow-up time, total energy intake,
educational level, physical activity, smoking status at baseline
and plausibility of dietary energy reporting®*3”. Model 3 (M3),
considered as the main model, was additionally adjusted for
Mediterranean diet, representing healthy dietary habits, using
the modified relative Mediterranean Diet Score (mrMDS)”,
Fruits, vegetables, legumes, cereals, fish, olive oil and moderate
alcohol intakes contributed positively to the mrMDS, while meat,
dairy products and alcohol intake outside of the moderate range
contributed negatively to the mrMDS®>. Because inter-correla-
tions between the three forms of In-transformed dietary
dicarbonyls were not strong (Pearson r 0-4 between MGO and
GO; 0-3 between GO and 3-DG; and 0-3 between MGO and
3-DG), M3 models were also mutually adjusted for other dietary
dicarbonyl compounds. Participants with missing or unspecified
values for physical activity (n 3722, 1-4 %), highest education
level (7 10 251, 3-9 %) and smoking status (nz 2512, 1-0 %) at
baseline were classified in a separate category and included in
the models. Model assumptions and fit were checked visually by
plotting the residuals against each of the categorical covariates.

To assess whether the observed associations with 5-year
body weight change were driven by any of the main food
sources of dicarbonyl compounds, estimates for each dietary
dicarbonyl by food source were computed based on M3.

Effect modification by sex, age (categorised in quartiles),
BMI categories at baseline (<25, 25-30,>30 kg/m?) and
categories of dietary AGE intakes (low, medium, high, defined
as tertiles of the sum of N®-Carboxymethyl-lysine (CML),

Ne-1-Carboxyethyl-lysine, and N®-(5-Hydro-5-methyl-4-imida-
zolon-2-yD-ornithines) (MG-H1) was tested a priori. This was
done by including interaction terms between each potential
effect modifier and each individual dietary dicarbonyl com-
pound (continuous per 1 sp/d) in the models. P values for the
interaction term were calculated using F tests and analyses were
computed in each category. The associations between each
dietary dicarbonyl compound and body weight change were
also tested in each country separately and by European region:
North (Sweden, Denmark), Central (Netherlands, UK, Germany,
North of France) and South (Italy, Spain, South of France).

As secondary analyses, the risk of becoming overweight (for
normal weight participants) or obese (for normal weight and
overweight participants) associated with dicarbonyl compound
intakes was estimated in continuous models (per 1-sb increment
in the In-transformed dicarbonyl compounds). These associa-
tions were computed using multivariable-adjusted logistic
regression with the same set of covariates as M3.

Sensitivity analyses, based on M3, were performed for
primary and secondary analyses to assess the robustness of
the findings and address potential biases: (a) adjusting for
smoking status at follow-up instead of baseline (online
Supplementary model 1 (SM1)), further adjusting for the number
of cigarettes smoked (in pack-years) (SM2), further adjusting for
self-reported prevalent chronic conditions (myocardial infarc-
tion, angina, stroke or diabetes) at recruitment (SM3), further
adjusting for dietary AGE intake (In-transformed energy adjusted
total AGE intake) (SM4) or further adjusting for coffee intake
(SM5); (b) excluding participants with missing values in any of
the covariates (12 14 549) (SM6), excluding participants with less
than 5 years of follow-up (SM7) or excluding participants who
started or quit smoking during follow-up (SM8).

All tests were two-sided, and P<0-05 was considered
statistically significant. The statistical analysis software SAS,
version 9.4, was used for analyses.

Results
Characteristics of the study population

The main baseline characteristics of the study population are
presented in Table 1, in the lowest (Q1) and highest (Q5)
quintiles of each energy-adjusted dicarbonyl compound intake.
Characteristics varied depending on dicarbonyl compounds, for
instance, participants in the highest quintile of MGO intake were
more often in the overweight and obese categories (39-8 % and
15-4 %, respectively), compared with the lowest quintile (35-6 %
and 14-3 %, respectively). Participants with higher intake of
3-DG were more often in the normal weight category (51-5 % of
participants, v. 44-5 % in the lowest quintile). There were more
current smokers in participants with higher MGO intakes (30-5 %
v. 17-0% in Q1) and lower GO consumers (29-7 % v. 16-8 % in
Q5). Differences in level of dicarbonyl intakes by food groups
were largely aligned with the dicarbonyl compound content of
each food group. For example, consumption of vegetables;
fruits, nuts and seed; and cakes and biscuits was higher in each
higher quintile of dicarbonyl compound, whereas intakes of
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Table 1. Main characteristics of the study population according to the lowest (Q1) and highest (Q5) sex-specific quintile of dietary reactive dicarbonyl compounds intake — EPIC-PANACEA study (n 263 095) ;Oo\
(Standard deviations and percentages)
All participants MGO - Q1 MGO - Q5 GO - Q1 GO - Q5 3-DG - Q1 3-DG - Q5
Arithmetic Arithmetic Arithmetic Arithmetic Arithmetic Arithmetic Arithmetic
mean SD mean sb mean SD mean sb mean SD mean ) mean SD

Number of participants 263 095 52 613 52 617 52 613 52 617 52 613 52 617

Age at recruitment (years) 519 9-4 515 102 516 8-6 51.3 9.3 52.7 95 52.0 93 52-3 95

Follow-up time (years) 6-6 31 66 31 6-6 31 6-5 31 66 32 66 31 66 31

Reactive dicarbonyl compound intakes

(mg/d)
3-deoxyglucosone (mg/d) 15-8 12.9 131 9.7 17-2 15.0 126 92 19-8 18-3 92 4.9 272 217
Glyoxal (mg/d) 31 1.0 2:6 09 34 1.0 22 07 41 1.0 2.8 11 33 11
Methylglyoxal (mg/d) 34 13 23 0-8 4.6 14 29 12 39 14 32 14 37 1-3
Total dicarbonyl compounds (mg/d) 22.3 141 181 108 251 16-1 17.7 104 278 193 151 6-8 34.2 22.7

Overall weight change (all 22 4.9 22 5.0 24 52 23 51 21 4.9 22 52 22 4.7

follow-up, kg)

Weight change over a year (kg/year) 0-4 09 04 09 0-4 09 04 09 0-3 09 0-4 09 04 09

Weight change in 5 years (kg/5 years)* 1.8 4.4 1.8 4.5 1.9 4.7 1.9 4.6 1.7 4.4 1.8 4.7 1.8 4.3

Baseline BMI (adjusted for clothing, 257 4.2 255 4.3 26 4.2 258 4.3 257 41 261 4.4 254 4.0

kg/m?)
% % % % % % %

BMI categories (%) o
<25 kg/m? 479 50-2 44.8 474 481 44.5 51.5 g
>25 kg/mz2, <30 kg/m? 378 356 398 375 38.0 383 36-3 g
>30 kg/m? 14.3 143 154 151 13-9 17.2 12.2 %

Educational level (%) )
Missing 11 11 11 1.0 12 12 11 Q
None 54 65 4.5 57 50 6-2 4.7
Primary school completed 26-8 25-8 28-4 279 270 28-5 25.8
Technical/professional school 24.4 233 25-4 246 24.4 239 24.5
Secondary school 145 15.2 14.0 14.4 146 138 15.0
Longer education (incl. University 250 254 24.0 233 251 226 262

deg.)
Not specified 28 27 27 32 29 37 2:6

Cambridge physical activity index (%)

Inactive 214 226 212 24.5 19-0 24.3 20-1
Moderately inactive 35-1 34-4 35-2 35-6 33-5 34-4 35-1
Moderately active 231 228 231 22.0 237 22.0 232
Active 19-1 189 19-0 16-6 22.3 18-0 20-2
Missing 1-4 1-3 1-5 1-3 1-5 1.3 1-5

Female participants (%) 64-9 649 64-9 649 64-9 649 64-9

Smoking status at baseline (%)

Never 485 55.0 394 422 523 482 47-4
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Table 1. (Continued)

All participants MGO - Q1 MGO - Q5 GO - Q1 GO -Q5 3-DG - Q1 3-DG - Q5
Arithmetic Arithmetic Arithmetic Arithmetic Arithmetic Arithmetic Arithmetic
mean SD mean SD mean SD mean SD mean SD mean SD mean SD
Former 28-6 270 29-2 271 30-0 27-3 29-6
Smoker 219 17.0 30-5 29.7 168 236 221
Unknown 1.0 1.0 09 1.0 09 09 09
Previous iliness (%)t 65 6-4 7-0 6-4 72 81 6-0
Myocardial infarction, angina, stroke,
diabetes
Missing (%) 7-0 6-7 71 6-6 71 6-6 6-5
Arithmetic Arithmetic Arithmetic Arithmetic Arithmetic Arithmetic Arithmetic
mean sSD mean sD mean SD mean sD mean SD mean sSD mean sD
Dietary intakes (g/d)
Potatoes and other tubers 92 69 90 72 88 66 90 71 89 68 98 78 85 64 o
Vegetables 201 127 170 98 220 152 146 86 266 169 188 117 207 138 Q
Legumes 16 26 16 26 15 25 14 23 18 29 16 28 16 25 5
Fruits, nuts and seeds 241 186 210 157 250 203 119 87 399 258 227 185 252 195 a
Dairy products 329 237 352 272 302 218 344 276 302 216 379 289 293 213 é
Cereal and cereal products 224 114 216 117 215 107 207 121 230 113 239 137 212 103 o
Meat and meat products 106 63 96 64 108 60 113 69 93 58 115 71 94 58 g
Fish and shellfish 37 32 33 30 38 34 34 32 38 34 37 35 35 31 =
Egg and egg products 19 17 19 18 18 16 20 19 17 16 20 19 17 16 3
Fat 28 17 28 18 26 16 28 18 26 16 30 20 25 15 é
Sugar and confectionery 39 33 39 35 37 32 34 32 41 35 32 31 43 36 S
Cakes and biscuits 44 47 38 44 44 46 34 40 45 46 36 42 46 48 5
Non-alcoholic beverages 1124 815 955 762 1407 923 998 741 1258 918 1122 851 1118 809 &
Alcoholic beverages 202 304 181 286 202 321 310 440 123 183 113 164 321 483 8
Total energy intake (kcal/d) 2202 623 2132 719 2136 539 2116 736 2228 535 2222 759 2170 532 e
mrMED score (units/d) 89 3:0 8-6 3.0 89 3-0 77 29 99 28 84 3:0 9.0 3:0 é
aQ
EPIC, European Prospective Investigation into Cancer and Nutrition; PANACEA, Physical Activity, Nutrition, Alcohol, Cessation of Smoking, Eating Out of Home in Relation to Anthropometry; MGO, methylglyoxal; GO, glyoxal; 3-DG, =y
3-deoxyglucosone. 2
P valueysg for continuous variables (ANOVA) and Chi square tests for categorical variables were all < 0-001 (except for non-alcoholic beverages across quintiles of 3-DG). g
Data are expressed as arithmetic mean (sb) unless stated otherwise. U(%
»

Quintiles were calculated using total energy, centre-standardised residuals and log-transformed dietary dicarbonyls. First quintile corresponds to the lowest and fifth quintile to the highest intake.
BMI (calculated as weight in kg divided by height in square metres).

mrMED, modified relative Mediterranean diet score (range 0—18; higher score characterising higher adherence to the Mediterranean diet).

* Calculated as weight at follow-up minus weight at baseline divided by the follow-up time in years and multiplied by 5 years.

1 Myocardial infarction (heart attack), angina, stroke, hypertension (high blood pressure) or diabetes.
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.19
30% 10-1%
20%
10% 21-4% 22:9%
0%
MGO GO
15% of total dicarbonyl intakes 14%
Average intake of 3-4 mg/d 3-1 mg/d

(b)

7-9% 3-DG
71%

Legend:
" Others*
H Beer, cider
B Coffee

M Fruit and vegetable juices

9-0%

Cakes and biscuits

M Sugar and confectionary
Meat and meat products
20-6% Vegetables

M Fruits, nuts and seeds
Cereal and cereal products
3-DG
71%
15-8 mg/d

Fig. 1. Relative contribution of food group to total intake of each of the three main forms of dicarbonyl compounds, methylglyoxal (MGO), glyoxal (GO) and
3-deoxyglucosone (3-DG) (%) — EPIC-PANACEA study (n 263 095). EPIC, European Prospective Investigation into Cancer and Nutrition; PANACEA, Physical Activity,
Nutrition, Alcohol, Cessation of Smoking, Eating Out of Home in Relation to Anthropometry.

dairy products and fats were lower in each Q5 compared with
Q1 (Table 1. Overall, the Mediterranean diet score was higher in
highest quintiles compared with lowest, for all three dicarbonyl
compounds.

Main food sources of dicarbonyls

The main dicarbonyl contributor to total dicarbonyl intake
combined was 3-DG (71 %), followed by MGO (15 %) and GO
(14 %) (Fig. 1). As for contribution by food groups, coffee was
the main contributor to dietary MGO (31 %), followed by cereals
(21%), vegetables (10%) and meat (8%). For dietary GO,
main contributors were cereals (23 %); fruits, nuts and seeds
(21%) and vegetables (16%). Lastly, cereals (21 %); fruits,
nuts and seeds (18 %); sugar and confectionery (16 %) and
beer (10 %) were the main contributors to 3-DG intakes. Online
Supplementary Figures 2-4 (Online Resource) present the
percentage of contribution of main food groups of each
dicarbonyl compounds by study centre.

Dicarbonyl intake and 5-year changes in body weight

Between baseline and the second body weight assessment, on
average 0-6 years later, the mean body weight increase in the
study population was 2-2 kg with variation between participants
(sD 4-9 kg). The body weight changes (in kg) over an average of
5 years according to baseline dicarbonyl compounds intake are
shown in Table 2. Dietary MGO was positively associated with
body weight gain (M3:0-089 kg per 1 sp higher intake/5 years,

95 % CI 0-072, 0-107). Dietary 3-DG was negatively associated
with body weight gain (M3: —0-076 kg per 1 sp higher intake/5
years, 95% CI —0-094, —0-058). Dietary GO was associated
positively with body weight gain (M3: 0-018 kg per 1 sp higher
intake/5 years, 95 % CI —0-002, 0-037).

Findings by quintiles of each dicarbonyl compound were in
line with results of the continuous models. Participants in the
highest quintiles of MGO had increased body weight gain
compared with participants in the lowest quintile (Pycng < 0-001;
M3) (Table 2). Those in the highest quintile of 3-DG had less
body weight gain compared with participants in the lowest
quintile (Pyeng < 0-001; M3). No conclusive associations were
observed with regard to GO intake by quintiles
(Ptrcnd = 02537 M3).

Estimates by main food sources of dietary dicarbonyl are
presented in online Supplementary Table 1. Higher weight
gain was observed for dietary MGO from coffee, vegetables
and meats while MGO from cereals and cakes/biscuits
was associated with less weight gain. Dietary GO from
vegetables and coffee was positively associated with weight
change, whereas negative associations were shown for GO
from cakes/biscuits and juices. Less weight gain was observed
for dietary 3-DG from cereals, fruits/nuts/seeds and cakes/
biscuits, and higher weight gain was observed for 3-DG from
vegetables.

Results for interaction tests and stratified analyses are
presented in online Supplementary Table 2. An interaction
was observed between sex and dietary GO (Piperaction = 0-001).
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Table 2. Difference in body weight gain (kg) over 5 years according to baseline dietary dicarbonyl compounds intake — EPIC-PANACEA study (n 263 095)

(95 % confidence intervals)

MGO 95 % Cl GO 95 % Cl 3-DG 95 % Cl
Model 1
Continuous (per 1 sp/d) 0-076 0-059, 0-092 —0-040 —0-056, —0-023 —0-069 —0-085, —0-052
Quintiles of dicarbonyl compounds
Q1 (n52613) Reference Reference Reference
Q2 (n52 621) —0-003 —0-055, 0-049 —-0-039 —0-091, 0-013 —0-062 —0-114, —-0-011
Q3 (n 52 623) 0-004 —0-048, 0-056 —0-091 —0-143, —-0-039 —0-105 —0-157, —0-053
Q4 (n 52 621) 0-049 —0-003, 0-101 -0-116 —-0-168, —0-064 -0-125 -0-177, —0-073
Q5 (n52 617) 0217 0-165, 0-269 -0-105 -0-157, —0-053 -0-167 -0-219, -0-115
Pireng (linear) <0-001 <0-001 <0-001
Model 2
Continuous (per 1 sp/d) 0-065 0-048, 0-081 -0-019 —0-036, —0-002 —0-055 -0-071, —0-038
Quintiles of dicarbonyl compounds
Q1 (n52613) Reference Reference Reference
Q2 (n 52 621) —0-007 —0-059, 0-045 -0-016 —0-068, 0-036 —0-041 —0-093, 0-011
Q3 (n 52 623) —0-005 —0-057, 0-047 —-0-055 -0-107, —0-003 -0-076 -0-128, —0-024
Q4 (n52 621) 0-040 —-0-012, 0-092 —0-068 -0-121, -0-016 —0-093 —0-145, —0-041
Q5 (n52 617) 0-190 0137, 0-242 —0-051 —0-104, 0-002 -0-132 —0-184, —0-080
Pirend (linear) <0-001 0-011 <0-001
Model 3
Continuous (per 1 sp/d) 0-089 0-072, 0-107 0-018 —-0-002, 0-037 -0-076 —0-094, —0-058
Quintiles of dicarbonyl compounds
Q1 (n52613) Reference Reference Reference
Q2 (n 52 621) 0-024 —0-028, 0-076 0-017 —0-036, 0-070 —0-060 -0-112, —0-007
Q3 (n 52 623) 0-039 —0-014, 0-092 —0-003 —0-057, 0-052 -0-105 —0-158, —0-052
Q4 (n 52 621) 0-096 0-042, 0-149 0-002 —0-053, 0-058 —0-131 —0-184, —-0-077
Q5 (n52 617) 0-260 0-205, 0-314 0-047 —0-012, 0-106 -0-189 —0-245, -0-134
Pireng (linear) <0-001 0-253 <0-001

EPIC, European Prospective Investigation into Cancer and Nutrition; PANACEA, Physical Activity, Nutrition, Alcohol, Cessation of Smoking, Eating Out of Home in Relation to

Anthropometry; MGO, methylglyoxal; GO, glyoxal; 3-DG, 3-deoxyglucosone.

Multilevel linear mixed models with random effect on the intercept and slope according to centre.
Overall mean 5-year weight gain corresponded to 1-8 kg (sb 4-4) and positive beta values indicated more weight gain (kg) over the same period.

Model 1 was adjusted for age, sex and BMI at baseline.

Model 2 was further adjusted for follow-up time in years, total energy intake (kcal/d), educational level, levels of physical activity, smoking status at baseline and plausibility of dietary

energy reporting.

Model 3 was further adjusted for modified relative Mediterranean diet score and for dietary dicarbonyls intake other than the one studied.

Quintiles were calculated using total energy, centre-standardised residuals and log-transformed dietary dicarbonyls.

Mean dietary MGO intake (mg/d) (sD) within the quintiles of log-transformed energy-adjusted MGO: Q1 =2-3 (0-8), Q2 =3-0 (0-9), Q3 =234 (1.0), Q4=3-8 (1-1), Q5=4-6 (1-4).
Mean dietary GO intake (mg/d) (sb) within the quintiles of log-transformed energy-adjusted GO: Q1 =2-2 (0-7), Q2 =27 (0-7), Q3=3-1 (0-8), Q4 =34 (0-8), Q5=4-1 (1-0).
Mean dietary 3-DG intake (mg/d) (sp) within the quintiles of log-transformed energy-adjusted 3-DG: Q1 =9-2 (4-9), Q2 =11-8 (5-6), Q3= 139 (6-4), Q4 =17-1 (8-6), Q5 =27-2 (21-7).

Additionally, analyses stratitied by sex show higher body weight
gain among women (0-045 kg per 1 sp higher intake of GO /5
years, 95 % CI 0-021, 0-070) but not among men (-0-017 kg per
1 sp higher intake of GO /5 years, 95% CI —0-050, 0-016).
No significant sex-specific interactions were detected with
dietary MGO and 3-DG.

Significant Pyyeracion Values were observed between age at
recruitment and dietary GO and 3-DG. Associations with body
weight gain for dietary GO were more pronounced in
participants in the third quartile (0-053 kg per 1 sp higher intake
of MGO /5 years, 95% CI 0-015, 0-091). Association between
dietary 3-DG and lower body weight gain was, in turn, more
important in younger participants (-0-099 kg per 1 sp higher
intake/5 years, 95 % CI —0-137, —0-062) (online Supplementary
Table 2).

Significant interactions were suggested between baseline
BMI and dietary GO (Pyeracion=0:00D) and 3-DG
(Pinteraction = 0-002), but not MGO (Piyreraction = 0-112). For GO,
stratified analyses suggested higher body weight among over-
weight and obese BMI categories compared with normal weight
participants, but the associations were not significant. For 3-DG,
lower body weight gain was observed in < 25 kg/m? and there

were no significant associations among participants with a
BMI > 30 kg/m? Interaction tests between each dicarbonyl com-
pound and tertiles of dietary AGE suggested significant interaction for
GO only (Ppemcion 0-003), with higher associations with body
weight gain in participants in the lowest tertile of AGE intake.

Results of the analyses conducted in each specific country
were similar to the main associations. In all countries, except
Denmark, dietary MGO was associated with higher body weight
change. In all countries, except Italy, dietary 3-DG was
associated with lower body weight change. Dietary GO was
not significantly associated with body weight change except in
Spain and Denmark (positive associations) and Germany
(negative association). Results by European region were similar
except for a significant association observed between dietary
GO and body weight change in South Europe. In North Europe,
the association with dietary 3-DG was not significant.

Dicarbonyl intake and risk of becoming overweight or
obese

Results for the associations between dietary dicarbonyls and the
risk of becoming overweight or obese are shown in Table 3.
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Table 3. Risk of becoming overweight or obese according to baseline BMI—OR and 95 % Cl obtained using multivariable-adjusted logistic regression models

— EPIC-PANACEA study (n 263 095)

Baseline weight  Follow-up weight MGO (per 1 spb/d)

GO (per 1 sp/d) 3-DG (per 1 sp/d)

status status OR 95 % Cl OR 95%Cl P OR 9%5%Cl P

Normal weight Risk of becoming 1.02 1-01, 1-03 0-006 0-99 0-98, 1-01 0-386 0-98 097, 0-99 0-005
participants overweight at

(n 126 015) follow-up

(n cases =29 880)

Normal weight Risk of becoming 114 1.05, 1.25 0-002 1-06 0-96, 1-17 0-268 0-93 0-85, 1-02 0-135
participants obese at follow-up

(n 126 015) (n cases =553)

Overweight Risk of becoming 1.02 1-01, 1-04 0-008 1-00 0-98, 1-02 0-951 0-98 0-97, 1-00 0-085
participants obese at follow-up

(n 99 438) (n cases =15 127)

EPIC, European Prospective Investigation into Cancer and Nutrition; PANACEA, Physical Activity, Nutrition, Alcohol, Cessation of Smoking, Eating Out of Home in Relation to

Anthropometry; MGO, methylglyoxal; GO, glyoxal; 3-DG, 3-deoxyglucosone.
Multivariable-adjusted logistic regression models.

Main model (M3): adjusted for age, sex, BMI at baseline, follow-up time in years, total energy intake (kcal/d), educational level, levels of physical activity, smoking status at baseline,
plausibility of dietary energy reporting, modified relative Mediterranean diet score and dietary dicarbonyls intake other than the one studied.

Using total energy, centre-standardised residuals and log-transformed dietary dicarbonyls.

Among normal weight participants at baseline (n 126 015),
29 880 became overweight and 553 became obese at follow-up.
Among overweight participants at baseline (72 99 438), 15 127
became obese at follow-up. For normal weight participants at
baseline, MGO intake was associated with an increased risk of
becoming overweight (OR per 1 sp higher intake 1-02, 95 % CI
1-01, 1-03; P-value =0-006) or obese at follow-up (OR=1-14
(1-05, 1-25) P-value=0-002). Similarly, among overweight
participants, MGO was associated with an increased risk of
becoming obese (OR=1-02, (1-01, 1-04) P-value =0-008).
Results suggested that dietary 3-DG was associated with
lower risks of becoming overweight (OR=0-98 (0-97, 0-99)
P-value =0-005) or obese (OR=0-93 (0-85, 1-02) P-value=
0-135) among normal weight participants or obese among
overweight participants (OR = 0-98 (0-97, 1-00) P-value = 0-085).
No associations were observed for dietary GO and the risk of
becoming overweight (OR =099 (0-98, 1-01) P-value = 0-380)
or obese at follow-up (OR=1-06 (0-96, 1-17) P-value =0-268,
among normal weight participants at baseline, and OR = 1-00
(0-98, 1-02) P-value 0-951, among overweight participants at
baseline).

Additional analyses

Results of sensitivity analyses for the difference in 5-year body
weight change are presented in online Supplementary Table 3.
Findings for dietary MGO and 3-DG are similar across sensitivity
analyses, but results were attenuated when M3 was additionally
adjusted for coffee intake. However, dietary GO was associated
with 5-year body weight gain when M3 was additionally adjusted
for the number of cigarettes smoked in pack-years (SM2: 0-024
kg per 1 sp higher intake/5 years, 95 % CI 0-004, 0-043) or when
the analyses were restricted to participants with at least 5 years of
follow-up (SM7: 0-031 kg per 1 sp higher intake/5 years, 95 % CI
0-010, 0-052). Results for the risk of becoming overweight or
obese are displayed in online Supplementary Table 4 and are
consistent in all online Supplementary models, except for SM5
additionally adjusted for coffee intake for which no significant
associations were observed.

Discussion
Principal findings

In this prospective analysis, higher intake of dicarbonyl
compounds was associated with body weight change over a
6-6-year average follow-up in adults from eight European
countries. Body weight changes were in divergent directions
depending on the dicarbonyl compound. Dietary MGO intake
was associated with greater body weight gain and higher risks of
becoming overweight or obese, whereas dietary 3-DG was
inversely associated with body weight gain and a lower risk of
becoming overweight or obese. Dietary GO was not significantly
associated with weight change overall. However, in sub-group
analyses, dietary GO showed a positive association in women
and older participants, but not in men or younger participants.
Significant interactions by age quartiles were observed for
dietary GO (higher body weight gain among older participants)
and 3-DG (inverse association with body weight gain among
younger participants). 3-DG also demonstrated an interaction
with BMI (inverse association with body weight gain among
normal weight participants, and no significant association
among participants with obesity).

Comparison with literature and hypotheses of underlying
mechanisms

This is the first prospective study investigating associations
between dietary dicarbonyl compounds and body weight
changes over time. Previous analyses within the same
cohort showed that higher intakes of AGE (ie., CML,
CEL and MG-H1) were associated with body weight gain®®.
Since dicarbonyl compounds are precursors of AGE and exert
similar metabolic effects"?, their higher dietary consumption
was expected to be positively associated with body weight
change. This was the case for dietary MGO, one of the main
precursors of AGE®, but not for the other two main dietary
dicarbonyls (i.e., GO, 3-DG) that were also assessed. There is
currently scant understanding of the efficiency of absorption and
conversion of dietary dicarbonyl compounds to AGE upon
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consumption, and whether their potential impacts on weight
gain may in fact be more due to their conversion to AGE than
directly. MGO leads to production of MG-H1 and CEL"®, which
have previously been observed to be associated with weight
gain in the same cohort?”. Similarly, CML can be produced from
both GO (via reaction with lysine) and 3-DG (via reaction with
protein amino groups). But, in the present study
3-DG was not associated with weight gain, while dietary CML
has previously been®. In our attempt to disentangle these
relationships, we adjusted our models for the level of dietary
AGE intake, but this did not modify our observations. However,
this would not address the potential conversion of dietary
dicarbonyls into AGE within the digestion tract or post-
absorption. Moreover, 3-DG can also be converted to other
AGE such as pyrraline, pentosidine, imidazolone and 3DG-
H1%9 but there is currently scant information on the potential
weight gain impact of these AGE in humans. It can also be
postulated that dietary dicarbonyls may not be as reactive as their
endogenously produced counterparts, for example, if they are
trapped within the matrix of a food and unabsorbed from the
digestive tract or metabolised by the gut microbiome. Moreover,
very little is known about the uptake and stability of these
compounds in the digestive tract, how they may be absorbed,
the efficiency of their absorption across different ranges of intake
and how they are metabolised in the liver upon absorption from
the digestive tract.

Underlying mechanisms for the association observed
between dietary dicarbonyls and body weight change are not
clear. However, dietary patterns high in ultra-processed foods
and sugars (e.g. processed baked goods, biscuits, sugary
breakfast cereals, candy bars, etc.) are rich in dicarbonyl
compounds”? and are associated with increased weight
gain®03839 In fact, these types of dietary patterns are less
satiating, highly palatable” and linked to excessive energy
intakes*3. In Europe, ultra-processed foods represent on
average 27 % of energy intake. This proportion reaches higher
percentages in some countries, such as the UK (41%) or
Sweden (44 %). Additionally, in Finland, Spain and the UK the
consumption of ultra-processed food seems to keep increasing
over time (by 3-9 %)“?. Thus, positive weight changes observed
in the current study could be partly explained by higher intakes
of sugar-rich processed and ultra-processed foods. Nonetheless,
this was largely accounted for in our models by adjusting for
energy, suggesting that other mechanisms could potentially be
involved. Findings of Maasen et al. suggested that higher intakes
of dietary MGO and GO could lead to higher plasma MGO and
GO concentrations in human®®. This could increase dicarbonyl
stress, which, in turn, could be obesity promoting®. In contrast,
higher dietary MGO has been associated with less low-grade
inflammation in participants of the Maastricht Study®*. Overall,
these results suggest that further studies are needed to better
understand the role and underlying metabolic effects of those
important and common dietary compounds.

Coffee is the main contributor to dietary MGO (over 30 % of
total intakes). As suggested in previous studies, higher coffee
consumption is more likely to protect against body weight
gain“!=4 but it is unclear whether this effect may be due to
its MGO content or another coffee component. Additional

adjustment for coffee intake in our analyses seemed to attenuate
our observed association between dietary MGO and increased
body weight gain. A previous study in EPIC-PANACEA
suggested a link with increased body weight gain for
hydroxycinnamic acids, a subclass of polyphenols contained
mostly in coffee, whereas other polyphenols were associated
with lower body weight gain®. This requires further research
around coffee consumption and its constituents.

Of the three dietary dicarbonyl compounds, GO is the one
most commonly derived from fruits and vegetables (37 %, v. 16
and 27 % for MGO and 3-DG, respectively). Higher fruits and
vegetables consumption is in turn negatively associated with
the risk of overweight™®®. Thus, inverse associations between
dietary GO and body weight gain in crude models are likely due
to confounding, as evidenced in loss of significance in the more
adjusted models. Indeed, quintile 5 estimates differ substan-
tially from M2 to M3. The latter model was adjusted for
Mediterranean diet, which accounts for healthier diet patterns
observed among participants with higher GO intakes. Dietary
GO seemed to be associated with body weight gain in
subgroups of the population, that is, women and older
participants. Potential underlying mechanisms involved in
the association between dietary GO intakes and greater body
weight gain could be similar to the ones suggested for MGO.
GO are precursors of CML, a dietary AGE previously associated
with weight gain®®. Dietary GO could participate in increased
dicarbonyl stress and lead to deleterious metabolic health
effects, including oxidative stress, insulin resistance or
inflammation8-4647),

A previous experimental study suggested that dietary 3-DG
could inhibit glucagon-like peptide 1“® which has been
associated with weight loss in clinical trials*”. Unexpectedly,
in the present study, dietary 3-DG was associated with reduced
body weight change. This observation requires additional
validation, and the potential underlying mechanisms need to
be elucidated. A recent study suggests that potential harmful
effects of dicarbonyl compounds could, to some extent, be
bypassed by other components of the diet with anti-inflamma-
tory properties®”. Also, as previously suggested for dietary
MGO®'5? | dietary 3-DG may also be subject to a “hormetic
effect” wherein certain levels of exposure could be considered
as advantageous by stimulating detoxification, activation of
signalling pathways and increased antioxidant activity®.
The current incomplete understanding of the metabolism of
dietary dicarbonyl compounds and their contributions to
endogenous dicarbonyl compound and AGE pools requires
further research.

Strengths and limitations

The main strengths of this study are its prospective design, large
sample size, inclusion of participants from eight European
countries, detailed dietary and lifestyle data collections and
repeated body weight change data, coupled to dietary
dicarbonyl compound intake estimates derived from the most
extensive food composition database for dicarbonyl compounds
currently available with information from 282 commonly
consumed foods and drinks in Europe?.
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Nonetheless, several limitations are also present. First,
although the food composition dataset we applied for this study
is large and detailed, it may not cover all foods and account
adequately for different food preparation/processing methods.
In addition, potential low-level exposure to dicarbonyl com-
pounds from drinking water could not accounted for35359_ Any
exposure for dicarbonyl compounds from smoking is highly
likely to have been accounted for by adjustments for smoking in
our main model and hence unlikely to influence our findings.
Second, only three dicarbonyl compounds out of many were
considered in our study. It remains unclear if the presence or
formation of other dicarbonyl compounds in foods could play a
role in body weight changes. Third, dietary dicarbonyl
compounds are potentially rapidly converted to AGE and there
is still very little information on the absorption dynamics of
dietary dicarbonyls, how and to what extent they are absorbed
and whether they are converted to AGE within the digestive tract
or post-absorption and their accumulation and effects in
different tissues and body compartments. Circulating plasma
concentrations need to be measured to assess exposure levels
relevant to body weight change. Lastly, possible residual
confounding cannot be discounted, and dietary intake estimates
were only available at baseline, and it was not possible to assess
dietary dicarbonyl compounds accumulation over time or
alterations in intake levels that may have influenced eventual
weight changes.

Conclusion

In conclusion, in this large-scale prospective cohort study we
observe modest associations between dietary dicarbonyl com-
pound MGO, a major precursor of AGE, and increased body
weight over a 5-year period. Conversely, dietary 3-DG was
inversely associated with body weight gain. The possible
underlying mechanisms of these observed associations remain
unclear, further epidemiological and experimental studies are
needed to clarify how these and other dietary dicarbonyl
compounds and AGE behave and interact in weight change, as
well as in other chronic diseases.

Supplementary material

For supplementary material/s referred to in this article, please
visit https://doi.org/10.1017/50007114524000503
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