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increase during food processing, mainly with heat treat-
ment but also during fermentation [2]. Dicarbonyls are also 
formed endogenously in the body during glycolysis and lipid 
peroxidation. Three major dicarbonyl compounds are meth-
ylglyoxal (MGO), glyoxal (GO), and 3-deoxyglucosone 

Introduction

Dicarbonyls are highly reactive compounds and precursors 
of advanced glycation endproducts (AGEs) [1]. Dicarbonyls 
are inherently present in food items and their concentrations 
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Abstract
Purpose  Dicarbonyls are reactive precursors of advanced glycation end-products. They are formed during food processing, 
and endogenously in humans during glycolysis and lipid peroxidation. Higher plasma dicarbonyls, particularly methylgly-
oxal (MGO), promote insulin resistance and type 2 diabetes, but the association between dietary dicarbonyls intake and type 
2 diabetes is unknown. This study examined the associations between dietary dicarbonyls and type 2 diabetes incidence.
Methods  11,995 incident type 2 diabetes cases and a sub-cohort of 15,797 controls from the prospective multi-center Euro-
pean Prospective Investigation into Cancer and Nutrition (EPIC)-InterAct cohort were included. Intakes of three major 
dicarbonyls MGO, glyoxal [GO], and 3-deoxyglucosone [3-DG] were estimated at baseline using dietary questionnaires. 
Type 2 diabetes risk according to dietary dicarbonyl intake was estimated by multivariable-adjusted hazard ratios from 
Prentice-weighted Cox-regression analyses.
Results  Higher intakes of MGO (sample-specific mean intake 3.4 ± 1.3 mg/d) and 3-DG (13.8 ± 10.5) were associated with 
lower incidence of type 2 diabetes (HR 0.92 [95% CI 0.90–0.95] for 1 SD higher MGO intake and 0.93 [0.90–0.95] for 1 SD 
higher 3-DG intake). No associations were observed for dietary GO.
Conclusion  Participants who consumed more dietary dicarbonyls MGO and 3-DG had a lower risk to develop type 2 diabe-
tes. This protective association contrasts with the harmful effects on type 2 diabetes risk reported for endogenously formed 
dicarbonyls.
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(3-DG), of which MGO is the most reactive with a glycation 
potency that is 50,000 fold to that of glucose [1].

Higher concentrations of plasma MGO are thought to 
promote insulin resistance and type 2 diabetes [1, 3]. In con-
trast to endogenous dicarbonyls, the health consequences of 
intake of dicarbonyls from the diet are largely unknown. 
Data from a Dutch cross-sectional population-based study 
show that habitual consumption of some dicarbonyl com-
pounds is positively correlated with their circulating con-
centrations and with higher tissue AGEs accumulation [4]. 
Other data from the same population suggest that higher 
dicarbonyl intakes are also associated with less low-grade 
inflammation [5] and with greater insulin sensitivity and 
lower prevalence of type 2 diabetes [6]. These findings sug-
gest that dietary dicarbonyls contribute to body dicarbonyl 
and AGEs pools and appear to have metabolically beneficial 
effects.

Besides these studies, epidemiological data on the health 
effects of diet-derived dicarbonyls in humans is sparse and 
longitudinal studies are needed. Therefore, the current study 
aimed to examine the association between the intake of 
dietary dicarbonyls and incidence of type 2 diabetes, using 
data from the multicenter European Prospective Investiga-
tion into Cancer and nutrition (EPIC)-InterAct case-cohort 
study.

Research design and methods

Study design and population

The EPIC-InterAct study is a prospective case-cohort study 
nested within the EPIC cohort [7, 8]. In brief, the EPIC-
InterAct study identified cases of type 2 diabetes among 
study participants from eight countries (France, Italy, Spain, 
the U.K., the Netherlands, Germany, Sweden, and Den-
mark). The study included 12,403 verified cases of incident 
type 2 diabetes occurring during 3.99 million person-years 
of follow-up of 340,234 EPIC participants eligible for Inter-
Act, after exclusion of a random sample of individuals from 
Denmark due to logistic reasons (n = 2577 in cases group), 
individuals without ascertained type 2 diabetes in the cases 
group (n = 838), prevalent cases of type 2 diabetes at base-
line (n = 421 in cases group and n = 548 in subcohort), inci-
dent diabetes after censoring (n = 101 in cases group and 
n = 4 in subcohort), and individuals with unknown diabetes 
status (n = 1588 in cases group and n = 129 in subcohort) 
(Fig. 1). As part of the EPIC-InterAct study, a random cen-
tre-stratified subcohort of 16,154 individuals was defined 
for comparative analyses. Individuals with incident diabe-
tes during follow-up who were randomly selected into the 
subcohort while healthy (n = 778) were included as cases in 

the analyses. After exclusion of participants without dietary 
intake data (n = 117) and in the bottom and top percentile 
of the energy intake–to–requirement ratio (n = 619), a total 
of 11,995 type 2 diabetes cases and 15,797 participants in 
the subcohort were included in this analysis. All participants 
gave written informed consent, and the study was approved 
by the local ethics committees in the participating coun-
tries and by the Internal Review Board of the International 
Agency for Research on Cancer.

Ascertainment and verification of cases of type 2 
diabetes

Ascertainment of cases of incident type 2 diabetes included 
review of self-reported data, linkage to primary and second-
ary health care registers, use of diabetes medication (drug 
registers), hospital admission data, and mortality data, as 
described previously [8]. All self-reported cases were con-
firmed with at least one other independent source of infor-
mation. Cases of type 2 diabetes in Denmark and Sweden 
were not ascertained by self-report but were identified 
through local and national diabetes and pharmaceutical reg-
isters, and were, therefore, considered verified.

Assessment of dietary dicarbonyl intake

Dietary consumption over the 12  months before study 
enrolment was assessed by self-administered dietary ques-
tionnaires (except for Spain and Naples and Ragusa [Italy] 
where interview-administred questionnaires were used), 
mainly food frequency questionnaires (FFQs), developed 
and validated within each country as previously described 
[7]. Intakes of three major dicarbonyls (MGO, GO, and 
3-DG) were estimated by combining the FFQs with a com-
prehensive database containing concentrations of MGO, 
GO, and 3-DG in 223 foods and drinks commonly con-
sumed in a Western diet, quantified using the gold-standard 
ultra-performance liquid chromatography—tandem mass 
spectrometer (UPLC-MS/MS) [9]. Food items were all 
prepared according to regular preparation methods before 
quantification. For optimal matching to the food items cov-
ered by the FFQs used in EPIC, we additionally quantified 
MGO, GO, and 3-DG concentrations in 59 other food items 
that were missing in the database but commonly consumed 
in EPIC countries, using the same quantification method in 
the same laboratory (for a list of food items and their dicar-
bonyl concentrations, see Supplementary Table  7). Foods 
from the dicarbonyls database were matched to the food 
items in the FFQs by name and descriptors, particularly 
those pertaining to preparation and processing if applicable, 
in a similar manner as previously performed for the estima-
tion of dietary AGE intake [10]. This included decomposing 
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the recipes of food items to food ingredients, and applying 
multiplication of dicarbonyls concentrations with estimated 
factors for heat-treatment. In the matching, any generic or 
multi-ingredient food item from the FFQ was decomposed 
into more specific foods or ingredients based on country-
specific recipes obtained from previous EPIC projects [11]. 
The EPIC dicarbonyls composition database was then gen-
erated and, in turn, used to obtain the daily intakes (mg/d) 
of MGO, GO, and 3-DG for each study participant. In a 
previous study, dicarbonyl intakes assessed by combining 
an FFQ and this dicarbonyl database, were positively asso-
ciated with plasma concentrations of corresponding dicar-
bonyls [4].

Measurement of other baseline characteristics

Information on baseline characteristics were obtained by 
questionnaires, including physical activity according to 
the Cambridge physical activity definition, highest attained 
educational level, alcohol intake at recruitment and during 
lifetime, smoking status, education, sociodemographic fac-
tors, medical history of prevalent hypertension, myocardial 
infarction, stroke or hyperlipidaemia, and – in women—
menopausal status and ever hormone use was obtained 
from self-administered questionnaires [7]. Baseline weight, 
height, and waist circumference were collected by trained 
health professionals during a visit to a study centre, except 
in France and in the Oxford cohort, which obtained self-
reported measures [7]. Body mass index (BMI) was calcu-
lated as weight (in kilograms) divided by square of height 
(in meters). Kidney function was assessed as estimated 

Fig. 1  EPIC-InterAct case-cohort study design and flowchart of study participants.*A random sample of 2055 type 2 diabetes cases from Denmark 
was included after the exclusion of 2577 cases (due to logistic reasons)
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hormone use (men/missing value) n = 14,899, and hyperten-
sion n = 5,246), because restriction to only participants with 
complete data may introduce selection bias.

Our statistical analysis strategy was based on multiple 
models. Model 1 was stratified by sex, centre, and age at 
recruitment (in 5-year categories). Model 2 was identi-
cal to the first model but with additional adjustments for 
BMI (continuous, kg/m2); height (continuous, cm); smok-
ing status (never, former, current, unknown); alcohol intake 
(continuous, grams per day); physical activity as defined 
by the Cambridge Index (inactive, moderately inactive, 
moderately active, active, and missing); education (none, 
primary school, technical/professional school, secondary 
school, longer education, and missing); total energy intake 
(continuous, kcal/d); menopausal status (premenopausal, 
postmenopausal, perimenopausal, surgical postmenopausal, 
men/missing); and ever use of hormone before menopause 
(yes, no, men/missing).

We performed several sensitivity analyses. First, we 
accounted for potential reverse causality by excluding peo-
ple with HbA1c greater than or equal to 6.5% (48 mmol/
mol) at baseline or those confirmed as having type 2 diabe-
tes within the first two years or first four years after baseline. 
Second, we excluded participants with prevalent cardio-
vascular disease (i.e., hypertension, myocardial infarction, 
and/or stroke at baseline), because this might have led to 
dietary and/or lifestyle changes. Third, we additionally 
adjusted model 2 for diet quality (Model 2+ Mediterranean 
Diet Score), to explore whether the associations could be 
explained by a generally healthier diet. The Mediterra-
nean Diet Score indicates higher intakes of amongst oth-
ers vegetables, legumes, fruit and nuts/seeds, cereals, fish 
and seafood, olive oil [14]. Because these food groups are 
also sources of dietary dicarbonyls, adjusting for Mediter-
ranean diet index may be overadjustment and therefore 
was not added in the main analyses. Fourth, we addition-
ally adjusted Model 2 for soft drinks intake, as soft drinks 
intake is associated with risk of type 2 diabetes [15], but 
are also a source of dicarbonyls (median concentrations soft 
drinks, MGO: 0.24 mg/L, GO: 0.3 mg/L, 3-DG: 2.5 mg/L) 
[9] and was therefore not included in the main model. 
Fifth, to explore whether the association was via a lower 
low-grade inflammation, prompted by our previous obser-
vation of an association between dietary MGO intake and 
less low-grade inflammation [5], we repeated the analyses 
after additional adjustment of model 2 for the inflamma-
tory biomarker C-Reactive protein (hsCRP) (ng/ml). Sixth, 
we additionally adjusted model 2 for waist circumference 
on top of adjustment for BMI (using residuals of waist cir-
cumference regressed by BMI to prevent multicollinearity 
when adding both BMI and waist to the model). Seventh, 
we mutually adjusted model 2 for intakes of the two other 

glomerular filtration rate (eGFR). eGFR was calculated 
using the Chronic Kidney Disease Epidemiology Collabora-
tion (CKD-EPI) equation, using serum creatinine measured 
at baseline. Serum metabolic biomarkers (except in the 
Umeå centre [Sweden], where plasma was used) were mea-
sured at SHL (Stichting Ingenhousz Laboratory, Etten-Leur, 
Netherlands) from samples stored at − 196  °C ( − 80  °C in 
Umeå). These biomarkers included the liver function marker 
gamma glutamyl transferase [GGT], and an inflammatory 
biomarker (high-sensitivity C-reactive protein [hs-CRP]). 
Assays were performed using a Cobas® (Roche Diag-
nostics, Mannheim, Germany) assay on a Roche Hitachi 
Modular P analyser. A marker of glycaemic control, haemo-
globin A1c (HbA1c), was measured at Stichting Ingenhousz 
Laboratory in the erythrocyte fraction from samples stored 
at − 196 °C ( − 80 °C in Umeå) using the Tosoh-G8 analyser 
(Tosoh Bioscience, Japan).For a more detailed description 
see reference [8].

Statistical analysis

Baseline characteristics were displayed for the non-cases of 
the randomly selected subcohort of EPIC-InterAct, strati-
fied according to quintiles of energy adjusted residuals of 
MGO, GO, and 3-DG intake. Dietary intakes of MGO, GO, 
3-DG, and main food groups were displayed for overall sub-
cohort and stratified by country.

Dietary intakes of MGO, GO, and 3-DG (in mg/day) were 
adjusted for total energy intake. For energy adjustment, we 
computed standardized residuals of each dietary dicarbonyl 
by regressing the dietary dicarbonyls on total energy intake 
and centre. These energy adjusted residuals of MGO, GO 
and 3-DG were each standardized by dividing the variables 
by their standard deviation for comparison. The dietary 
dicarbonyls were analysed individually, because they are 
thought to exert different biological effects [12].

Associations of dietary MGO, GO, and 3-DG intakes with risk 
of type 2 diabetes

The associations of energy-adjusted MGO, GO, and 3-DG 
intakes with risk of type 2 diabetes were estimated with haz-
ard ratios (HRs) and 95% confidence intervals (CIs) using 
Cox proportional hazards Models, adapted to case-cohort 
designs according to the Prentice-weighted method with 
robust standard errors and with attained age as the underly-
ing time scale [13]. Entry time was age at recruitment and 
exit time was either age at diagnosis, death or censoring 
date (lost to or end of follow-up). Participants with miss-
ing values were included in analyses and respective vari-
ables were coded with a missing value indicator (education 
n = 236, menopausal status (men/missing value) n = 12,954, 
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fruit and vegetable juices (5%); coffee (5%); 3-DG: cereals 
(21%); fruit, nuts and seeds (17%); sugar and confection-
ary (16%);beer (9%); cakes and biscuits (9%)). Information 
about food sources for the dietary dicarbonyls was derived 
from the full EPIC-cohort, from which the EPIC-InterAct 
case-cohort was selected.

All statistical analyses were performed in Stata 14 (Stata-
corp, College Station, TX).

Results

Characteristics of the study population

Our analysis of this case-cohort study consisted of 11,995 
incident type 2 diabetes cases and a sub-cohort of 15,797 
participants (including 749 incident type 2 diabetes cases) 
with a median [IQR] follow-up time of 10.9 [7.2–12.7] 
years. Dicarbonyl intakes (mg/day, mean ± SD) in non-cases 
in the sub-cohort were 3.4 ± 1.3 for MGO, 2.9 ± 0.98 for GO, 
and 13.8 ± 10.5 for 3-DG (Supplementary Table  1). Indi-
viduals in the highest quintile of MGO intake had higher 
intakes of coffee, vegetables, fruits, nuts and seeds, fruit and 
vegetable juices, and lower intakes of dairy and soft drinks 
(Table 1). Individuals with a higher MGO intake also had 
higher GO and 3-DG intakes. They were more often cur-
rent smokers compared to those in the lowest quintile but 
did not differ in the other health characteristics measured. 
Individuals in the highest quintile of GO intake were more 
often women than those in the lowest quintile. They had 
a lower intake of alcohol and were more physically active 
and less often current smokers. Individuals with higher GO 
intakes had higher intakes of coffee, vegetables, fruits, nuts 
and seeds, and fruit and vegetable juices and soft drinks, 
a lower intake of meat. Individuals in the highest quintile 
of 3-DG intake were more often men, had a higher alco-
hol intake, were somewhat more physically active and had 
a higher education compared to those in the lowest quin-
tile. They had higher intakes of vegetables, fruits, nuts and 
seeds, but also a higher intake of sugar and confectionary, 
fruit and vegetable juices, and beer, and lower intakes of 
cereals, meat, potatoes, and dairy.

Associations of MGO, GO, and 3-DG intake with risk 
of type 2 diabetes

A higher intake of MGO was associated with a lower inci-
dence of type 2 diabetes in both Model 1 (crude) and Model 
2 (multivariable adjusted models; HR per SD increase in 
intake of energy adjusted MGO residuals = 0.92 [95% CI 
0.90–0.95]; HR for highest vs. lowest quintiles = 0.79 [0.72–
0.87], P-trend < 0.001; Table  2). The linear inverse risk 

dietary dicarbonyls by adding them to the model, to exam-
ine if associations were independent of the other dietary 
dicarbonyls.

Interaction was tested with sex, BMI, waist circumfer-
ence, smoking status, low-grade inflammation, kidney 
function and liver function, using the Wald test for the inter-
action term. In case of significant interaction with one of 
these interaction terms (P < 0.1), the fully adjusted analyses 
(Model 2) were repeated in subgroups according to the cor-
responding variable. For BMI, we used categories defined 
by the World Health Organisation (WHO) as follows ‘under-
weight’ = BMI below 18.5; ‘normal weight’ = 18.5–24.9; 
‘pre-obesity’ = 25.0–29.9; ‘obesity Class I’ = 30.0–34.9; 
‘obesity Class II’ = 35.0–39.9; ‘obesity Class III’ = above 
40) [16].

To evaluate the shape and linearity of associations for 
continuous intakes of dicarbonyl compounds (g/day), three-
knot restricted cubic spline models were fitted at Harrell's 
default percentiles (i.e. 10th, 50th and 90th) in combination 
with a Wald-type test for nonlinearity [17], based on model 
2. HRs are presented for MGO, GO, and 3-DG intake as con-
tinuous exposure (per one SD higher intake) and as country-
specific quintiles of dietary dicarbonyls, built according to 
the intake levels of non-cases in the sub-cohort. In case of 
linearity, conclusions were based on the continuous model, 
and in case of non-linearity on the categorical model. We 
also analysed linear trends across MGO, GO, and 3-DG cat-
egories using each quintile of intake as a continuous expo-
sure variable (categories 1–5, p-for-trend).

In addition, we performed subgroup analyses by sex, age 
(< 50, 50–65 and ≥ 65 years) and country. To explore differ-
ences between countries, we fitted model 2 separately in 
each country and pooled risk estimates using random effects 
meta-analyses and assessed heterogeneity of associations 
across countries using the I-squared measures proportion of 
total variability due to between-study (country) heterogene-
ity [18].

The Cox proportional hazards assumption that regression 
coefficients are similar over time was checked by including 
an interaction term between the exposures and the underly-
ing timescale in the Cox model (data not shown).

Contribution of main food groups to the strength of the 
associations

To explore the extent of the association that could be 
explained by intake of certain food groups, model 2 was 
additionally adjusted by intake of food groups that are the 
top-5 contributors to intake of each dicarbonyl (added to the 
model in turn; MGO: coffee (31%); cereals (21%); vegeta-
bles (10%); meat (8%); cakes and biscuits (6%); GO: cere-
als (22%); fruit, nuts and seeds (21%); vegetables (16%); 
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association for MGO was confirmed with restricted cubic 
spline models (P for non-linearity = 0.07, Fig.  2). Results 
for country specific associations by random effects meta-
analyses are shown in Supplementary Fig. 2, Supplemen-
tary Table 1, and described in the supplementary file 1.

The association between GO intake and type 2 diabe-
tes risk was non-linear (P for non-linearity = 0.002, Fig. 2). 
Compared to the lowest quintile, any quintile of GO intake 
was inversely associated with type 2 diabetes risk, but the 
association was only statistically significant in the fourth 
quintile (HR 0.83 [0.75, 0.92], Model 2, Table 2).

Similar to associations observed with MGO, 1 SD higher 
3-DG intake was associated with a 7% lower incidence of 
type 2 diabetes after adjustment for confounders (HR 0.93 
[0.90, 0.95], Model 2, Table 2). Analysing 3-DG intake by 
quintile gave similar results (highest vs. lowest quintile HR 
0.80 [0.73, 0.89], P-trend < 0.001). Assessment of the shape 
of the dose–response relationship with restricted cubic 
splines showed a linear inverse association (P for non-lin-
earity = 0.12, Fig. 2).

Sensitivity analyses

The associations between higher MGO and 3-DG intakes 
and lower risk of type 2 diabetes were robust over all sen-
sitivity analyses, such as additional adjustment for adher-
ence to the Mediterranean diet, excluding individuals with 
an HbA1c of 6.5% or higher at baseline, those with type 2 
diabetes within the first two or four years after baseline, or 
those with prevalent cardiovascular diseases (Supplemen-
tary Table 2).

Interaction analyses

Interaction terms of dietary dicarbonyls with sex, BMI, waist, 
smoking, inflammation, kidney function and liver function 
were added to evaluate whether the associations differed 
between men and women, with varying levels of adiposity, 
inflammation, kidney function (involved in the excretion of 
dicarbonyls) or liver function (potentially involved in the 
metabolism of dicarbonyls), and over smoking status. The 
associations of MGO and 3-DG intakes and type 2 diabe-
tes risk were not modified by any of these variables (MGO: 
p-interaction 0.10–0.81; 3-DG: p-interaction 0.05–0.73, 
Supplementary Table  3). The association between dietary 
GO intake and type 2 diabetes risk was modified by sex and 
by BMI (p-interaction 0.01 and 0.04, respectively). After 
stratification by sex, the association between GO intake 
and type 2 diabetes risk was stronger in men than in women 
(Supplementary Table  4). After stratification by BMI, the 
association was stronger in individuals with a lower BMI 
(Supplementary Table 5).
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dietary intake of MGO and 3-DG. A similar, although not 
linear, trend was seen for GO which did not remain sig-
nificant upon adjustment for potential confounders. The 
observed inverse risk association between dietary MGO 
intake and type 2 diabetes seemed to be driven mainly by 
coffee consumption, a major source of MGO in the diet. 
These associations were robust over a range of sensitivity 
analyses, such as exclusion of cases in the first two or four 
years of follow-up or with an HbA1c ≥ 6.5% to minimize 
reverse causation and were not due to a generally healthier 
diet because additional adjustment by the Mediterranean 
diet score, a dietary pattern recognized for its general health 
effects, did not change our results.

These results corroborate and expand on the earlier-
reported cross-sectional associations of higher dietary 
intakes of MGO and 3-DG, but not GO, with less low-grade 
inflammation [5] and with greater insulin sensitivity and 
lower prevalence of type 2 diabetes [6]. In line, we previ-
ously reported an inverse association between dietary dicar-
bonyl intakes and incident cardiovascular diseases in the 
same cohort, which may be related to the lower incidence of 
type 2 diabetes observed in the current study, since cardio-
vascular diseases are a major consequence of type 2 diabetes 

Contribution of main food groups to the strength of 
the associations

To explore whether the observed associations were driven 
by any food groups in particular, we alternately adjusted 
Model 2 for intake from each of the food groups in the top 
5 of MGO, GO, or 3-DG intake (corresponding to the dicar-
bonyl used as the predictor).

The association between MGO intake and type 2 diabetes 
risk was mainly driven by coffee intake, because additional 
adjustment for coffee attenuated this association (Model 2: 
HR 0.92 [0.90, 0.95]; Model 2+ coffee intake: HR 0.98 [95% 
CI 0.93–1.03]). Besides this, the associations remained 
similar after additional adjustment for food groups (Supple-
mentary Table 6).

Discussion

In this prospective case-cohort study with 11,995 inci-
dent type 2 diabetes cases from eight European countries 
followed-up for a median of 11 years, we observed lower 
risk of type 2 diabetes in individuals with a higher habitual 

Table 2  HRs (95% CIs) for incident type 2 diabetes according to dicarbonyl intake, EPIC InterAct (n = 27,043)
Dicarbonyl intake P-trend
Continuous (per 
1 SD increase)

Q1 Q2 Q3 Q4 Q5

MGO intake in mg/day (median 
[IQR])a

3.12 [2.42–4.05] 2.16 
[1.74–2.68]

2.84 
[2.38–3.43]

3.20 
[2.70–3.94]

3.57 
[2.92–4.34]

4.33 
[3.41–5.38]

n cases/N 11,995 / 27,043 2,628 / 5,641 2,435 / 5,444 2,383 / 5,394 2,236 / 5,245 2,313 / 5,319
Model 1 0.96 (0.93, 0.98) 1 (reference) 0.93 (0.88, 

0.99)
0.93 (0.88, 
0.98)

0.88 (0.84, 
0.94)

0.94 (0.89, 
0.99)

0.001

Model 2 0.92 (0.90, 0.95) 1 (reference) 0.91 (0.83, 
1.00)

0.87 (0.79, 
0.95)

0.82 (0.74, 
0.90)

0.79 (0.72, 
0.87)

 < 0.001

GO intake in mg/day (median 
[IQR])

2.79 [2.22–3.45] 1.97 
[1.61–2.44]

2.48 
[2.11–2.97]

2.79 
[2.37–3.29]

3.10 
[2.64–3.63]

3.67 
[3.15–4.35]

n cases/N 11,995 / 27,043 2,757 / 5,770 2,392 / 5,401 2,361 / 5,372 2,161 / 5,170 2,324 / 5,330
Model 1 0.91 (0.90, 0.95) 1 (reference) 0.89 (0.84, 

0.94)
0.88 (0.83, 
0.94)

0.83 (0.79, 
0.88)

0.89 (0.84, 
0.94)

 < 0.001

Model 2 0.97 (0.94, 1.00) 1 (reference) 0.93 (0.85, 
1.02)

0.92 (0.84, 
1.01)

0.83 (0.75, 
0.92)

0.94 (0.86, 
1.04)

0.037

3-DG intake in mg/day (median 
[IQR])

11.5 [7.80–16.8] 7.27 
[5.10–10.2]

9.61 
[7.00–12.8]

11.7 
[8.53–15.5]

14.0 
[10.0–18.5]

19.8 
[14.0–28.1]

n cases/N 11,995 / 27,043 2,831 / 5,844 2,431 / 5,440 2,432 / 5,443 2,227 / 5,236 2,074 / 5,080
Model 1 0.87 (0.84, 0.89) 1 (reference) 0.89 (0.84, 

0.94)
0.87 (0.82, 
0.91)

0.81 (0.76, 
0.85)

0.75 (0.71, 
0.79)

 < 0.001

Model 2 0.93 (0.90, 0.95) 1 (reference) 0.94 (0.86, 
1.03)

0.99 (0.90, 
1.08)

0.85 (0.77, 
0.93)

0.80 (0.73, 
0.89)

 < 0.001

Model 1: crude Model, stratified by age, sex and center
Model 2: Adjusted for energy intake, educational level, BMI height, physical activity, smoking status, alcohol (continuous, grams/day), meno-
pause, hormone use
Dicarbonyl intakes (when used as main independent variables) are standardized energy adjusted residuals
amedian [IQR] are crude intakes, so not energy adjusted residuals. Quintiles are country-specific and based on non-cases
MGO Methylglyoxal, GO Glyoxal, 3-DG 3-Deoxyglucosone
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diet, where it could interact with the many other food con-
stituents present, affecting absorption.

Our current findings challenge the belief that dietary 
dicarbonyls primarily have adverse health effects. The 
observation that higher intake of dicarbonyls via the diet is 
related to a lower risk of type 2 diabetes in fact supports 
the idea that dietary MGO intake has beneficial effects, 
although more data from different populations is needed 
and the exact underlying mechanisms need further inves-
tigation. This might also be the case for dietary 3-DG, as 
we also observed an association between 3-DG intake and 
lower incidence of type 2 diabetes, which did not relate to 
MGO intake.

Strengths and limitations

To the best of our knowledge, this is the first study to exam-
ine health effects of dietary dicarbonyl intake in a prospec-
tive setting. This study has several strengths. First, the large 
study population, the large number of type 2 diabetes cases, 
and the prospective design of the cohort, which lends more 
support to potential causality of dietary dicarbonyl intake. 
Second, our results were robust over a wide range of sen-
sitivity analyses. Third, the EPIC cohort includes eight 
European countries, elaborating on the previous studies on 
dietary dicarbonyl intake which only included individuals 
from the Netherlands [4, 5]. The multi-centric design also 
gives insight into the associations between dietary dicar-
bonyl intake and type 2 diabetes in different settings and in 
countries with different dietary patterns, providing various 
sources of dicarbonyl intakes. Fourth, the food composition 
database used in this study is the most extensive database to 
date [2]. Moreover, we extended this database by analysing 
dicarbonyls concentrations in 59 additional foods consumed 
in EPIC centres, to tailor this database to EPIC dietary data. 
Reassuringly, median intakes of MGO, GO, and 3-DG in 
this population were similar to intakes reported in a Dutch 
cohort (EPIC versus The Maastricht Study: MGO: 3.1 ver-
sus 3.6 mg/day. GO: 2.8 versus 3.5 mg/day. 3-DG: 12 versus 
17 mg/day), and similar food groups contributed to dicar-
bonyl intakes in both populations [4].

Notwithstanding these strengths, it is important to con-
sider potential sources of measurement error when inter-
preting the estimates of dietary dicarbonyl intake in this 
population. Potential measurement errors in dietary dicar-
bonyls intake may have occurred due to self- or inter-
viewer-administered dietary questionnaires or errors in the 
dicarbonyl food composition database. Dicarbonyls in foods 
are mainly formed during heat-treatment, and although we 
took preparation methods into account in this database, cer-
tain variations in food processing and preparation remain. 
Since these errors are likely to be random, it will results in 

[19]. The biological mechanisms underlying the association 
between dietary dicarbonyl and lower risk of type 2 diabe-
tes is currently unknown. The association between dietary 
MGO intake and lower risk of type 2 diabetes reported here 
did not seem to be modulated via differences in inflamma-
tion because results were unchanged after adjustment for hs-
CRP. Several other potential mechanisms are conceivable. 
Firstly, exposure to dicarbonyls from the diet might exert 
local effects in the gastro-intestinal tract, for example via 
modulation of the gut microbiome, as has previously been 
reported for AGEs [20, 21]. At the same time, a previous 
study reported an association between higher dietary dicar-
bonyl intakes and higher concentrations of corresponding 
dicarbonyls in the circulation [4]. This observation suggests 
that dicarbonyls from food are, at least partly, absorbed in 
the gastro-intestinal tract and enter the circulation, hence 
contributing to the circulating pool of dicarbonyls. Higher 
circulating levels of dicarbonyls are associated with adverse 
health outcomes (as reviewed in [1]), but it is conceivable 
that a small but consistent flux into the plasma pool via 
exogenous intake, may have beneficial effects, for example 
through upregulation of the anti-oxidant system and/or the 
glyoxalase system, a major pathway in the detoxification of 
MGO [22].

In line with our current findings, several recent ani-
mal studies have reported beneficial effects of long-term 
(12–18 months) exposure to oral MGO via drinking water. 
Beneficial effects included improvement in antioxidant sys-
tems [23] and slightly increased survival rate [24], despite 
elevated MGO concentrations in the circulation. Similarly, 
low doses of exogenous MGO have been shown to promote 
increased lifespan in experimental models with Drosophila 
and C. Elegans [3, 25]. The hypothesized mechanism behind 
these beneficial effects is an MGO-induced upregulation of 
defence mechanisms against oxidative stress, involving the 
KEAP1-Nrf2 pathway [22, 26, 27]. Nrf2 is a transcription 
factor and a key regulator in oxidative stress, amongst oth-
ers leading to a higher production of the detoxifying enzyme 
of MGO, glyoxalase-1. Based on these findings, a hormetic 
effect of MGO has been proposed, which implies a benefi-
cial response to low-dose exposure with stressors that are 
harmful at a higher dose [22].

In contrast, other animals studies report adverse effects of 
oral administration of MGO which suggest that it may pro-
mote type 2 diabetes, including impaired insulin sensitivity, 
greater insulin resistance [3, 28, 29], impaired glucose toler-
ance [3, 30], and reduced insulin secretion by the pancreatic 
β-cells [30]. However, translation from these animal studies 
to humans is difficult, because these experiments were often 
conducted with very high concentrations of MGO, outside 
of the physiological range. Moreover, the effects of MGO 
via drinking water might be different than MGO from the 
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attenuation bias meaning that any true associations would 
be stronger than observed in our study. Potential measure-
ment error in our outcome, i.e. incident type 2 diabetes, 
would have resulted in misclassification bias, which may 
bias estimates in either direction. To limit this, cases were 
vigorously ascertained and verified with multiple sources 
of evidence. Another limitation is potential reverse causa-
tion, although excluding cases diagnosed within the first 
years of follow-up or individuals with prevalent metabolic 
health issues did not change our results. Moreover, poten-
tial unmeasured and residual confounding can never be 
fully excluded. To limit this, we adjusted our analyses for a 
wide range of confounders and performed sensitivity analy-
ses with adjustment for other dietary components such as 
the Mediterranean diet, healthy food groups that were also 
main sources of dietary dicarbonyls, and soft drinks con-
sumption. However, in observational nutrition studies it 
is virtually impossible to fully disentangle the effects of a 
specific component from the effects of other dietary com-
ponents in the food matrix [31]. In our study, coffee was the 
main contributor to MGO intake, and it has been previously 
shown that coffee consumption is associated with a lower 
incidence of type 2 diabetes [32]. This may suggest that the 
beneficial effects of coffee are, at least in part, attributable 
to MGO. Nevertheless, coffee also contains other bio-active 
compounds with known positive health effects such as poly-
phenols [33], and we cannot exclude the possibility that our 
associations between MGO intake and a lower risk of type 2 
diabetes might be attributable to other compounds in coffee. 
However, 3-DG was also associated with lower incidence 
of type 2 diabetes, despite the small contribution of coffee 
to 3-DG intake, and this association was not attenuated by 
adjustment for coffee consumption.

Conclusion

In conclusion, higher dietary intakes of the dicarbonyls 
MGO and 3-DG were associated with a lower risk of type 
2 diabetes. Future research is needed to confirm these find-
ings, understand the underlying biological mechanisms of 
these associations, and explore the presence of a hormetic 
effect for MGO.
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