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LETTER TO TH E EDITOR

Dietary intake of advanced glycation endproducts (AGEs)
and cancer risk across more than 20 anatomical sites: A
multinational cohort study

Dear Editor,
In the European region, which shares 22.8% of the global
cancer burden for 10% of the global population, there were
around 4.4million new cancer cases and 1.9million deaths
from cancer in 2020 [1]. The reasons for the high can-
cer incidence rates are complex; however, diet and dietary
components are among the main contributors to cancer
risk [2]. Inmodern-day living, a growing proportion of peo-
ple include in their diets ultra-processed foods. Byproducts
of food processing and home-prepared foods are so-called
dietary advanced glycation endproducts (AGEs), which are
reactive metabolites emerging during the breakdown of
reducing sugar. AGEs production is preponderant in dry
high-heat processes (e.g., baking, roasting); hence foods
such as cakes, crisps, crackers, cereal products, meat and
meat-derived products represent a major source of dietary
AGEs [3].
AGEs have been associated with chronic inflamma-

tory diseases and may also play a role in carcinogenesis.
However, the evidence from prospective human studies
of the potential involvement of dietary AGEs in cancer
development is limited [4–6].
This study aimed to examine the association

between the intake of three well-characterized
dietary AGEs, N-epsilon-carboxymethyl-lysine (CML),
N-espsilon-1-carboxyethyl-lysine (CEL), and N-delta-(5-
hydro-5-methyl-4-imidazolon-2-yl) ornithines (MG-H1),
and the risk of overall and site-specific cancers in the

Abbreviations: AGEs, advanced glycation endproducts; BMI, body
mass index; CEL, N-epsilon-(1-carboxyethyl)-lysine; CI, confidence
intervals; CML, N-epsilon-(carboxymethyl)-lysine; DQ, dietary
questionnaires; EPIC, European Prospective Investigation into Cancer
and Nutrition; HR, hazard ratios; MG-H1,
N-delta-[5-hydro-5-methyl-4-imidazolon-2-yl]-ornithine; RAGE,
receptor of AGEs; SD, standard deviation; sRAGE, soluble receptor of
AGEs; UPLC-MS/MS, ultra-performance liquid
chromatography-tandem mass spectrometry.
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European Prospective Investigation into Cancer and
Nutrition (EPIC) cohort.
After exclusions (Supplementary Figure S1), a sample of

450,111 participants (70% women) was available for analy-
sis (Supplementary Table S1). After a median follow-up of
14.9 years, 48,702 participants were ascertained with a first
primary cancer (Supplementary Materials and Methods).
The mean intakes of dietary AGEs (1 standard devia-
tion, SD) were 2.2 mg/day (0.93), 3.1 mg/day (1.3), and
21.7 mg/day (9.7) for CEL, CML, and MG-H1, respectively
(data not shown).
None of the three AGEs (per 1 SD increment) was

associated with the risk of overall cancer (Figure 1, Sup-
plementary Figure S2 and S3). Weak positive associations
were observed between a higher intake of MG-H1 and
the risk of multiple myeloma (HR1SD: 1.10; 99% CI: 0.97–
1.25) and prostate cancer (HR1SD: 1.03; 99% CI: 1.00–1.07),
respectively (Figure 1). However, the 99% CI of these
associations also included the null. Positive associations
with other site-specific cancers were less pronounced,
had wider CIs, or were less robust among never smokers
(Figure 1, Supplementary Figure S2 and S3). In contrast,
strong inverse associations were observed between higher
intakes of MG-H1, CML, and CEL and the risk of laryngeal
cancer with HR1SD of 0.75 (99% CI: 0.62–0.91), 0.74 (99%
CI: 0.61–0.90), and 0.76 (99% CI: 0.63−0.92), respectively
(Figure 1, Supplementary Figure S2 and S3). MG-H1 was
inversely associated with esophageal cancer risk (HR1SD:
0.90; 99% CI: 0.78–1.04) (Figure 1). A similar inverse
associationwas observed betweenCMLand the risk of ade-
nocarcinoma of the esophagus (Supplementary Figure S2).
All other associations of the three AGEs with site-specific
cancers were either less pronounced or null (Figure 1,
Supplementary Figure S1 and S2).
For five cancer sites, there was evidence for non-linear

associations as modeled with restricted cubic splines (Sup-
plementary Figure S4). These associations were U-shaped,
and the 99% CI included the null over a wide range of AGE
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F IGURE 1 Hazard ratios and 99% confidence intervals (CI) for associations between MG-H1 and risk of cancer overall and several
individual cancer sites in the full cohort and in never smokers. MG-H1, N-delta-(5-hydro-5-methyl-4-imidazolon-2-yl)-ornithine; CNS, central
nervous system; AC, adenocarcinoma; SCC, squamous cell carcinoma; na, not applicable - sample size for lung small cell carcinoma was too
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intakes, except for prostate cancer. The HR for the risk of
prostate cancer comparing the 90th percentile of MG-H1
intake (33.6 mg/day) to the 10th percentile (11.8 mg/day)
was 1.09 (99% CI: 1.01–1.16) (Supplementary Figure S4).
The inverse associations between higher dietary intakes

of the three AGEs and the risk of cancer of the larynx
were robust in sensitivity analyses. The point estimate of
associations was similar among never smokers, although
the estimates were more imprecise because of the reduced
sample size (Figure 1, Supplementary Figure S2 and S3).
TheP-values for heterogeneity across levels of smoking sta-
tus were equal to 0.65, 0.94, and 0.74 for MG-H1, CML,
andCEL, respectively (Supplementary Table S2). Similarly,
there was no evidence for effect modification across sub-
groups of sex, age, geographical region, prevalent diabetes,
or BMI categories (Supplementary Table S2). Furthermore,
there was no evidence for residual confounding by alco-
hol consumption for the associationswith laryngeal cancer
(Supplementary Table S3). In sensitivity analysis for other
alcohol-related cancers, replacing the alcohol adjustment
of baseline alcohol intake with lifetime alcohol drinking
patterns led to a stronger inverse association betweenMG-
H1 intake and the risk of esophageal cancer (HR1SD: 0.85;
99% CI: 0.75–0.98) (Supplementary Table S3). Additional
adjustment for main food sources of AGEs (Supplemen-
tary Table S4), i.e., red and processed meat, fish, cereals
and cereal products, cakes and biscuits, dairy, and ultra-
processed foods, did not alter associations with the risk
of laryngeal cancer nor across all cancer (Supplementary
Table S5).
Previous clinical and experimental studies suggested

that AGEs are proinflammatory, increase oxidative stress
and activate pro-carcinogenic transcription factors such
as NFκB and STAT3 as well as cell signaling pathways
like mitogen-activated protein kinase (MAPK) by binding
on the receptor for AGEs (RAGE) [7]. These are char-
acteristics potentially relevant to many different cancers.
However, besides RAGE, AGEs can bind to other cell
surface receptors like AGER1, which has a highly AGE-
specific binding capacity. Like RAGE, AGER1 is present in
most cells and tissues, including macrophages, mesangial
cells, and mononuclear cells and expedites the absorption

and clearance of AGEs. Importantly, AGER1 inhibits AGE-
RAGE activation and RAGE signaling pathways as well as
the generation of ROS and proinflammatory cytokines [7].
Another potential explanation of the observed null asso-
ciations in our study involves the soluble RAGE (sRAGE)
receptor, which acts as a possible defense system that sup-
ports the body against the adverse effects of AGE/RAGE
interaction [8]. We speculate that the mechanism of the
observed inverse association with laryngeal cancer could
also be indirect through reduced laryngopharyngeal reflux
rather than systemic. Ingestion of fatty and/or spicy foods
relax the lower esophageal sphincter, delay stomach emp-
tying, and lead to acid reflux, causing cancer-promoting
chronic damage. In contrast, foods rich in AGEs, such as
cereals, cakes, biscuits, or stewedmeats, passmore quickly
through the stomach and may be less implicated in acid
reflux.
Conflicting with the concept of RAGE acting as a potent

trigger of tumor growth and malignant conversion are
reports that RAGE might also have tumor-suppressive
functions in certain cell types [9, 10]. For example, RAGE is
highly expressed in lung tissue, and its expression is signif-
icantly reduced in lung carcinomas [10]. This may suggest
that lung cancer progressions are intensified by the loss of
RAGE function [9]. Indeed, re-expression of RAGE in lung
tumor cell lines reduced their proliferation and diminished
tumor growth in athymic mice [10].
The results of our study should also be interpreted with

consideration of the following limitations. First, collect-
ing diet and other lifestyle information only at baseline
did not allow to account for potential changes in diet
or lifestyle during follow-up. Cooking and/or processing
methods and conditions, at home and commercially, can
increase AGE content in foods. Although we accounted
for these preparation methods as much as possible when
we assigned AGE values to consumed foods, we cannot
completely rule out measurement error bias in assessing
dietary AGEs exposure. Last, there always remains the
possibility of unmeasured confounding.
In conclusion, in this large multinational prospec-

tive cohort study across 20 anatomical cancer sites, a
higher intake of dietary AGEs was not associated with

low to estimate associations among never smokers. Number of cases and hazard ratios (99% CI) are shown for full cohort (in black) and
among never smokers (in blue). Hazard ratios and 99% CI per 1 standard deviation increase in MG-H1 derived from Cox proportional hazard
models. Each model was adjusted for total energy intake (kcal/day), BMI (kg/m2), baseline alcohol intake (g/day), smoking intensity (never,
currently smokes 1-15 cigarettes/day, currently smokes 16-25 cigarettes/day, currently smokes 26 + cigarettes/day, former smoker who quit less
than 10 years ago, former smoker who quit 11-20 years ago, former smoker who quit more than 20 years ago, current occasional smoker of
pipes or cigars, and missing), the Cambridge physical activity index (inactive, moderately inactive, moderately active, active, and missing),
educational level (none, primary completed, technical/professional, longer education incl. university degree, and missing), self-reported
prevalent diabetes (no, yes, missing), and the modified relative Mediterranean Diet Score (mrMDS). Models were stratified by sex, age at
recruitment (1-year categories), and center; however, depending on the anatomical cancer site, additional stratification variables were applied
to achieve proportionality of hazard assumption
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an increased risk of overall cancer and most cancer
types studied. A non-linear weak positive association was
observed between higher intakes of MG-H1 and the risk
of prostate cancer. In contrast, a strong inverse associa-
tion was observed with the risk of laryngeal cancer. These
findings do not support the hypothesis that dietary AGEs
contribute to a higher cancer incidence.
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