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ARTICLE INFO ABSTRACT
Keywords: Dietary advanced glycation end-products (AAGEs) accumulate in organs and are thought to initiate chronic low-
Glycation grade inflammation (CLGI), induce glycoxidative stress, drive immunosenescence, and influence gut microbiota.

Carboxymethyl-lysine Part of the toxicological interest in glycation products such as dietary carboxymethyl-lysine (ACML) relies on

ﬁﬁgi mation their interaction with receptor for advanced glycation end-products (RAGE). It remains uncertain whether early
Senescence or lifelong exposure to dAGEs contributes physiological changes and whether such effects are reversible or

Oxidative stress permanent. Our objective was to examine the physiological changes in Wild-Type (WT) and RAGE KO mice that
Microbiota were fed either a standard diet (STD — 20.8 + 5.1 pg dCML/g) or a diet enriched with dCML (255.2 + 44.5 ug
dCML/g) from the perinatal period for up to 70 weeks. Additionally, an early age (6 weeks) diet switch
(dCML—STD) was explored to determine whether potential harmful effects of dCML could be reversed. Previous
dCML accumulation patterns described by our group were confirmed here, with significant RAGE-independent
accumulation of dCML in kidneys, ileum and colon over the 70-week dietary intervention (respectively 3-fold,
17-fold and 20-fold increases compared with controls). Diet switching returned tissue dCML concentrations to
their baseline levels. The dCML-enriched diet had no significative effect on endogenous glycation, inflammation,
oxidative stress or senescence parameters. The relative expression of TNFa, VCAM1, IL6, and P16 genes were all
upregulated (~2-fold) in an age-dependent manner, most notably in the kidneys of WT animals. RAGE knockout
seemed protective in this regard, diminishing age-related renal expression of TNFa. Significant increases in TNFa
expression were detectable in the intestinal tract of the Switch group (~2-fold), suggesting a higher sensitivity to
inflammation perhaps related to the timing of the diet change. Minor fluctuations were observed at family level
within the caecal microbiota, including Eggerthellaceae, Anaerovoracaceae and Marinifilaceae communities,
indicating slight changes in composition. Despite chronic dCML consumption resulting in higher free CML levels
in tissues, there were no substantial increases in parameters related to inflammageing. Age was a more important
factor in inflammation status, notably in the kidneys, while the early-life dietary switch may have influenced
intestinal susceptibility to inflammation. This study affirms the therapeutic potential of RAGE modulation and
corroborates evidence for the disruptive effect of dietary changes occurring too early in life. Future research

Abbreviations: AGEs, dietary advanced glycation end-products; CEL, Carboxyethyl-lysine; CLGI, chronic low-grade inflammation; CML, carboxymethyl-lysine;
IQR, Interquartile range; MG-H1, Methylglyoxal-derived hydroimidazolone; RAGE, receptor for advanced glycation end-products; WT, Wild-Type.
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should prioritize the potential influence of dAGEs on disease aetiology and development, notably any exacer-
bating effects they may have upon existing health conditions.

1. Introduction

Human life expectancy has increased in recent decades (WHO,
2023), bringing ageing to the fore as a topic of interest for researchers
and policy makers. Ageing is a multifactorial process influenced by
intrinsic (e.g individual genome, metabolism), and environmental (e.g.
diet, smoking) factors (Melzer et al., 2020). The presence of persistent,
chronic low-grade inflammation (CLGI) over a person’s lifespan,
resulting in increased oxidative stress processes, plays a fundamental
role in the development of age-related changes in physiological func-
tions, and is commonly referred to as “inflammageing” (Sanada et al.,
2018; Zuo et al., 2019). Diet is often cited as having the potential for
both positive and negative effects upon a person’s health. Diet may not
only influence quality of life in adulthood, but is also considered to have
a major influence on health in early life, including the intrauterine
period (Dawson et al., 2021; Dunkerton & Aiken, 2022). Parental eating
behaviour has been demonstrated to reprogram children’s epigenome,
having permanent neurobiological effects and increasing susceptibility
to obesity and diabetes (Bodden et al., 2020; Chen et al., 2016). These
findings suggest that this period of life is one in which genomic, meta-
bolic, immunological and gut microbiota reprogramming may take
place (Bodden et al., 2020; Fetissov & Hokfelt, 2019; Tamashiro &
Moran, 2010).

The harmful effects of diet are thought to be partly linked to the
presence in food of contaminants, such as pesticides, and neoformed
compounds resulting from transformation of ingredients (Margina et al.,
2020). Among the latter is a group of chemically diverse molecules
called Advanced Glycation End-Products (AGEs), which originates from
the non-enzymatic reaction between amino acids and reactive sugars
(Rabbani & Thornalley, 2018). Lysine moieties are major glycation
targets leading to the formation of diverse AGEs such as N°-carbox-
ymethyl-lysine (CML), a stable biomarker of endogenous and exogenous
glycation (Tessier et al., 2021). Glycation happens both in vivo under
physiological conditions (endogenous glycation), and in foods during
processing or storage (exogenous glycation) (van Dongen et al., 2022).

Dietary CML (dCML) in food exists predominantly in protein-bound
form, and has been reported as having affinity for RAGE, the receptor for
AGEs (van Dongen et al., 2021; Xue et al., 2014). RAGE is a trans-
membrane receptor, with multiple ligands other than the AGEs that gave
it its name, that is involved in cellular survival responses (Rojas et al.,
2022). It is expressed in multiple immune cell types, which may include
T lymphocytes such as CD4 + cells, in which it participates in the
regulation of adaptive immunity (Teissier et al., 2022). Dietary AGEs
(dAGEs) are quite widely studied, and the quantity to which people are
exposed through dietary sources is reasonably well characterised.
Several foods such as bread, cookies and milk (including infant
formulae) have elevated levels of dCML. RAGE, which plays a role in
downstream activation of inflammation, is suggested to partially
mediate the impact of AGEs on CLGI, oxidative stress activation and
subsequent accelerated ageing (Frimat et al., 2019). While no consensus
yet exists, circulatory dAGEs and their accumulation in tissues are
nevertheless considered to be potential triggers of inflammation,
oxidative stress, immunosenescence and cellular aging (Nogueira Silva
Lima et al., 2021).

With these main concepts and recent scientific discoveries in mind,
we hypothesised that exposure to dCML (in early life and/or throughout
life) participates in the establishment of CLGI and a pro-oxidative status
by a mechanism mediated by the AGE-RAGE axis. We further hypoth-
esised that the absence of RAGE would play a protective role in genet-
ically modified RAGE-knockout mice (RAGE KO). In addition, the
consumption of dCML has been shown to result in accumulation of

dCML in tissues (Tessier et al., 2016), thereby increasing oxidative
stress, accelerating immunosenescence and remodelling gut microbiota.
To examine the reversibility of the effects of dCML exposure, we
hypothesised that an early-life switch to a lower level of dCML could
attenuate or reverse these putative long-term, deleterious effects, as
recently reported in young healthy mice (van Dongen et al., 2021). Our
goal was to address the early-life and life-long effects of chronic con-
sumption of dCML over inflammation, oxidative stress, immunose-
nescence, gut microbiota homeostasis, and the accumulation of free and
protein-bound CML in 6, 35, and 70-week-old Wild-Type (WT) and
RAGE KO C57BL/6 mice in a crossover feeding trial beginning the
perinatal period.

2. Materials and methods
2.1. In vivo experiments

2.1.1. Animals

Male and female C57BL/6 mice were housed under controlled tem-
perature (20 °C) and 12 h light-dark cycles, with free access to food and
water throughout the study. Experiments conducted at the EOPS1 Ani-
mal Facility, University of Lille (France), in compliance with local
ethical procedures and approval under the protocol APAFIS
23208-2019120215543800 v4 (ANR ExoAgeing). Inbred WT and RAGE
KO (University of Heidelberg, Germany (Constien et al., 2001)) were
used as models. Animals were generated from the crossing of hetero-
zygous founder animals (1st Generation — F1). From the resulting
offspring, only homozygous WT or RAGE KO were selected ensuring the
same genetic background within each strain. Littermates were then
crossed (2nd generation — F2) to generate the offspring used in dietary
experiments.

2.1.2. Diet

Previous work by our group has shown that the overwhelming ma-
jority of free CML in the body is directly related to dietary intake of
dCML (Tessier et al., 2016). For this reason, we have occasionally
employed the terms “free CML” and “dCML” interchangeably in the
following sections. To test the effects of dCML consumption, two
different diets were prepared by SAFE Diets (Augy, France): a Standard
Diet (STD) enriched with non-glycated bovine serum albumin (BSA),
and dCML Diet (dCML) enriched with dCML-BSA, by modifying the
normal rodent regimes (AO3 and A04). Both food formulas were
enriched with the addition of glycated or non-glycated BSA. A complete
description and characterization of the synthesis of glycated BSA used in
the current study has recently been published elsewhere (Nogueira Silva
Lima et al., 2023). The A03 diet was provided during breeding and
maternal feeding periods (21 % protein), while the A04 diets were
provided from weaning and throughout adult life (16 % of protein)
(Fig. 1).

Average dCML amounts quantified by LC-MS/MS were 20.8 + 5.0 ug
dCML/g Dry Weight (DW) food in the STD diet and 255.2 + 44.0 g
dCML/g DW food in the dCML-enriched diet. An equivalent proportion
of BSA, either untreated or glycated, was used to modify both diets so
there was no difference in protein content between them. Final protein
addition did not exceed 0.8 % of the total protein provided to the ani-
mals. Nutritional quality (lysine and total protein levels), as well as
dCML and furosine amounts, were measured across the different batches
to verify homogeneity and consistency of mice pellet preparation
(Nogueira Silva Lima et al., 2023).
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2.1.3. Experimental design

The experimental design is graphically represented in Fig. 1. For
testing the lifelong effects of dCML exposure, WT and RAGE KO mice
were divided into two groups fed with either STD or dCML diets. To test
the reversibility of the effects of early-life consumption of dCML, a third
“Switch” group of WT animals underwent a diet change at 6 weeks old
from the dCML to the STD diet. Animals were randomly allocated to the
different treatments (see Table 3). Food intake data was recorded over a
one-week period in 63-week-old (on average) animals.

2.1.4. Collection of tissues and fluids

Sacrifices proceeded after the injection of ketamine/xylazine (150
mg/kg:10 mg/kg) followed by cervical dislocation. After 6, 35, and 70
weeks of dietary intervention animals were sacrificed, and the kidneys,
skin, ileum, colon, plasma (obtained from heparinized blood by centri-
fugation at 2,000 g for 10 min), spleen and caecum were collected to
evaluate glycation, inflammation, immunosenescence, and meta-
genomic associated parameters. For the Switch group, animals were
sacrificed, and organs collected after 35 and 70 weeks of diet. Samples
were immediately preserved in liquid nitrogen and then stored at —80 °C
until analysis. Each sample was treated appropriately for the experi-
ments described in Table 1.

2.2. Quantification of free and protein-bound CML

2.2.1. Chemical and reagents

All reagents used were analytical grade. Ultra-pure HPLC water and
Ammonium formate (>99 %) were from VWR (Fontenay-sous-Bois,
France). Acetonitrile (ACN), boric acid (H3BO3), formic acid (>95 %),
hydrochloric acid (HCl) 37 %, sodium hydroxide (NaOH), trichloro-
acetic acid (TCA), nonafluoropentanoic acid (NFPA) 97 % and lysine
(Lys), were all obtained from Sigma-Aldrich (Saint-Quentin-Fallavier,
France). The dCML and dCML-d, standards were from Iris Biotech
(Marktredwitz, Germany). Labelled Lys-d8 and Lys—lSNz were from CDN
Isotopes (Toronto, Canada) and CortecNet (Voisins-le-Bretonneux,
France), respectively.

2.2.2. Quantification of free and protein-bound CML by mass spectrometry
Free CML was measured in all samples, and protein-bound CML was
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Table 1
Biomarker panel for the evaluation of CLGI and its crosstalking factors in the
murine model.

Parameter Target Biomarker Technique
Glycation Kidneys, skin,  Free and protein-bound =~ LC/MS-MS
ileum, colon, CML
plasma
Oxidative stress Plasma, MDA, protein Colorimetrics,
Ileum, Colon carbonylation, SOD1/2, RT-qPCR
MPO
Inflammation Kidneys, GLO1, IL-6, TNFa, RT-qPCR
ileum, colon VCAM-1, RAGE, SIRTI,
P16, GLp1, PGCla
Lymphocyte Spleen SIRT1, P16, GLp1, RT-qPCR
orientation and TBox21, GATA 3,
inflammation FOXp3, RORyT
Microbiota Caecum Microbial diversity 16S
Metagenomics

measured in plasma, kidneys, and skin according to the methodology
described by (Helou et al., 2022) with modifications.

2.2.2.1. Sample preparation for the quantification of free and protein-
bound CML in plasma. Free CML was determined in the supernatant
after precipitating proteins in the sample. Lysine was measured simul-
taneously with dCML in the protein fractions. Quantification of dCML
and lysine was performed by isotope dilution using liquid chromatog-
raphy with tandem mass spectrometry detection (LC-MS/MS) in all
cases.

For plasma samples, 30 pL plasma were transferred to a 2 mL, screw-
top polypropylene (PP) tube to which 30 uL of 20 % TCA were added.
This was mixed with a vortex mixer and then left on ice for 30 min before
centrifuging at 20,000 g for 5 min at 4 °C. The supernatant was aspirated
(40 pL for all samples) and evaporated to dryness in a Speed-vac appa-
ratus (ThermoFisher). Just before analysis, the dried supernatant was
resolubilized in the HPLC mobile phase with dCML-d; internal standard.

The protein pellet remaining in the 2 mL PP tube after removal of the
supernatant was then reduced with 600 pL of 0.1 M NaBH4 for 2 h at
room temperature. At the end of this time, 600 pL of 12 M HCl were
added, and the sample hydrolysed at 110 °C for 18 h, after which the

P 50 2 )
Lo 9 3 Ny
o & & & &
P& &FLE NG &
S ¢ &S &
Weeks -3 0 3 6 35 63 70
Perinatal
period
Wild-Type
(WT)
STD & O ®
Switch @: & °
dCML ¢ & & Py
RAGEKO
STD @ @ ®
dCML 9 & >
Weight record Weight record Food Weightrecord
Sample collection Sample collection consumption  Sample collection
test

@ Euthanasia

O Diet switch (dCML > STD)

Fig. 1. Schematic representation of the experimental design.
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tubes were centrifuged once more (15,000 g, 5 min at 4 °C) before 1 mL
of supernatant was aspirated and evaporated to dryness under nitrogen.
One millilitre of water was added, and the sample again evaporated to
dryness, in order to remove as much residual HCl as possible, before
being resolubilised in the HPLC mobile phase with dCML-d, internal
standard, centrifuged (15000 g, 5 min at 4 °C), then filtered into HPLC
vials (Uptidisc PTFE, 0.45 um).

2.2.2.2. Sample preparation for the quantification of dCML in kidneys,
skin, ileum and colon, and protein-bound CML in kidneys and skin. This
study is the result of a collaborative project in which two different
laboratories shared the analysis of CML in plasma and organs, hence the
two different analytical methods on colon and ileum samples analysed
by the ULR 7519 at the UniLaSalle Beauvais and plasma, kidneys, and
skin analysed by the UMR 7369 University of Reims are described
below.

Free CML was determined by direct measurement in the supernatant
after precipitating proteins in all samples. Twenty-five to 80 mg of tissue
were homogenized in a bead mill (FastPrep24, FischerSci) with 800 uL
ultrapure water (4x 40 s cycles at 6 m/s). The tube was centrifuged
(15,000 g, 5 min at 4 °C) and 200 pL of supernatant were transferred to a
2 mlL, screw-top PP tube. Fifty microliters of TCA (50 %) were added,
mixed with a vortex mixer, then the tube was left on ice for 30 min
before centrifuging at 20,000 g for 5 min at 4 °C. The supernatant was
aspirated (180 pL for all samples) and evaporated to dryness in a
SpeedVac. Just before analysis, the dried supernatant was resolubilised
in the HPLC mobile phase with CML-d, and lysine-dg / lysine-'°N; in-
ternal standards.

For samples of kidneys and skin, 600 uL of 0.1 M NaBH,4 were added
to the protein pellet remaining in the 2 mL PP tube, and the tube was left
for 2 h at room temperature. Then 600 pL of 12 M HCl were added, and
the sample hydrolysed at 110 °C for 18 h. Tubes were centrifuged once
more (15,000 g, 5 min at 4 °C) before 1 mL of supernatant was aspirated
and evaporated to dryness under nitrogen. One millilitre of water was
added, and the sample again evaporated to dryness to remove as much
residual HCI as possible, before the sample was resolubilized in the
HPLC mobile phase with dCML-d, and lysine-dg / lysine-'°Ny internal
standards, centrifuged (15000 g, 5 min at 4 °C), then filtered into HPLC
vials (UPTIDISC PTFE, 0,45 pm).

2.2.2.3. Quantification of CML by LC-MS/MS in kidneys, skin, ileum,
colon, and plasma by LC-MS/MS. Hydrolysed sample preparations of
plasma, kidneys and skin were separated on a BEH HILIC column (50 x
2.1 mm, 1.7 pm; Waters, France) maintained at 30 °C, with positive-
mode ionization in a heated electrospray (HESI) source. An Ultimate
3000 UPLC (Thermo Fisher) pumped a binary solvent mixture (solvent
A, 5 mM aqueous ammonium formate; solvent B, 0.1 % formic acid in
acetonitrile (ACN)) at 500 pL/min using the following gradient: (% B:
0-0.7 min, 95 %; 0.7-1.0 min, 95-5 %; 1.0-2.0 min, 5 %; 2.0-3.0, 5-95
%; 3.0-4.0, 95 %). The following ion transitions were monitored on a
TSQ Quantis triple-quadrupole MS/MS: m/z 205.1-84.1 and
205.1-130.1 for CML (quantification and confirmation ions, respec-
tively); m/z 207.1-84.1 for CML-dy internal standard; m/z 147.1-84.1
and 147.1-130.1 for lysine (quantification and confirmation ions,
respectively); m/z 155.2-92.2 for Lysine-dg internal standard.

Samples of colon and ileum were analysed using an Accela HPLC
system (ThermoFisher) fitted with a Raptor PolarX column maintained
at 40 °C (100 x 2.1 mm, 2.7 um; same-phase guard column 5 x 2.1 mm,
2.7 um; Restek, France), and the eluent introduced to a TSQ Quantum
Ultra MS/MS (ThermoFisher) using HESI+mode. Solvent A (10 % 200
mmol/L ammonium formate in ACN) and Solvent B (0.5 % formic acid)
were pumped at 500 pL/min (% B: 0-3.5 min, 12 %; 3.5-8 min, 12-70
%; 8-13 min, 12 %). The following ion transitions were monitored: m/z
205.1-130.1 and 205.1-84.1 for CML (quantification and confirmation
ions, respectively); m/z 207.1-130.1 for CML-dj internal standard; m/z
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147.1-130.1 and 147.1-84.1 for lysine (quantification and confirmation
ions, respectively); m/z 149.1-131.1 for Lysine-'°Nj internal standard.

2.3. Malondialdehyde (MDA), protein carbonyl derivatives (PC), and
myeloperoxidase (MPO) assays

The MDA and PC assays were performed in plasma samples using the
TBARS Assay kit (Product ref. 10009055) and Protein Carbonyl Assay kit
(Product ref. 10005020) provided by Cayman Chemical Company, ac-
cording to the manufacturer’s instructions. Absorbances were measured
at wavelengths of 530-540 nm for MDA quantification and at 360-385
nm for PC quantification on a 96-well plate reader (SpectroStar Nano,
BMG Labtech). MPO activity was measured in ileum and colon tissue
samples as previously described by (ALJahdali et al., 2017).

2.4. RT-qPCR

Tissue samples (kidneys, ileum, colon, and spleen) were preserved in
RNA Later and frozen (—80 °C) until analysis. Total RNA extraction was
performed with TRIzol™ Reagent (Invitrogen) protocol. Reverse tran-
scription was performed with the High-Capacity cDNA RT Kit (Applied
Biosystems) from 1 pg of total RNA. After cDNA synthesis, the relative
expression of candidate genes was evaluated by real-time PCR using the
PowerUp™ SYBR™ Green Master Mix (Applied Biosystems) on Quant-
Studio 3 System (Applied Biosystems). Primers were designed according
to the following parameters: PCR products with lengths between 80-20
nucleotides; primer dissociation temperature of 58-62 °C with a
maximum difference of 2 °C; CG content between 40 and 60 % and
oligonucleotide size between 18 and 23 nucleotides. For the analysis of
relative expression, cDNA samples were diluted 100x for the quantifi-
cation of the expression of target genes relative to the endogenous
control gene, PPIA, and f-actin. Primer pairs for all gene expression
analyses are listed in Table S1. Reactions (10 pL final volume), con-
ducted in three technical replicates, contained 2.5 pL of diluted cDNA, 5
uL of SYBR, 0.5 pL of primers mix (5 mM each), and 2 pL of deionized
water. Relative expression was assessed using the AACt method (Livak &
Schmittgen, 2001).

2.5. Metagenomic analysis

Samples of cecal lumen were prepared in an anaerobic environment
before undergoing DNA extraction and sequencing (GenoScreen, Lille,
France). The V3 and V4 regions of the 16S rRNA gene were amplified
using a standardized protocol for amplicon library preparation from
GenoScreen and subsequently sequenced on the Illumina MiSeq (Illu-
mina, San Diego,USA), as described elsewhere (Burdet et al., 2019). The
data analysis was carried out on Metabiote® v2.0, an alternative pipe-
line built upon the QIIME workflow (Bolyen et al., 2019), followed by
the utilization of DADA2 software for the identification of Amplicon
Sequence Variants (ASVs) and taxonomic information. Alpha-diversity
in each lumen sample was evaluated using the Chaol and Shannon di-
versity indices. A custom workflow was employed for analysing micro-
bial beta diversity, representing operational taxonomic unit (OTU)
abundances and multivariable association utilizing phyloseq (McMurdie
& Holmes, 2013), microbiome and MaAslin2 packages from Bio-
cManager (Mallick et al., 2021), and fantaxtic package for abundance
(Teunisse, 2022) within the R software environment (R 4.3.1). The
microbiota data was visualized using multidimensional scaling (MDS)
based on the Bray-Curtis similarity index. Significance testing for
abundance comparisons was performed using non-parametric Krus-
kal-Wallis tests followed by Dunn’s post-hoc test for pairwise multiple
comparisons. Significance was determined at o = 0.05. Microbiome
Multivariable Association with Linear Models (MaAslin2) was also used
to determining associations between microbiome and metadata; multi-
ple tests were controlled using False Discovery Rate (FDR) correction,
computed through the Benjamini-Hochberg method.
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2.6. Data management and statistical analysis

Data were treated with R version 4.2.1 making use of integrated
statistical RStatix, GGPubR, and GGPLOT2 packages (R Core Team,
2022). Data were primarily evaluated for normal distribution fit using
the Shapiro-Wilk test. Non-parametric comparisons proceeded including
Wilcoxon Test or Kruskal-Wallis rank test followed by Dunn’s multiple
comparison test when appropriate. All data were presented as means +
Standard Error of Mean (SEM) (bar plots), or median + quartiles (box
plots) when considered pertinent. Statistical significance was assessed
using o = 0.05 as a threshold. Correlations were calculated using
Corrplot R package, again using a = 0.001 as a threshold. Principal
Component Analysis were performed using FactoExtra package.

3. Results and discussion

In this study, the short and long-term effects of a diet rich in dCML
were explored in a healthy rodent model. For the first time, to our
knowledge, we investigated the physiological outcomes of exposure to a
dCML-enriched diet compared with a control diet (STD), during early
life (including the breeding period), and up to 70 weeks of age, and in
both male and female WT and RAGE KO mice. Despite considerable
efforts to ensure an appropriate sample size per group, we acknowledge
that the limited number of 6-week-old animals constrained statistical
inference. While data for the 6-week-old mice are provided in the sup-
plementary material, they should be interpreted with caution.

3.1. Diet quality, food consumption, and animal physiology at 35 and 70
weeks of age

The two diets employed in this study were closely matched in terms
of energy content, ensuring similar calorie, lipid, fibre, and carbohy-
drate intake across experimental groups (Table 2). Total protein
(159.4—162.4 mg/g DW) and lysine (10.9—11.2 mg/g DW) contents
were not different between the diets (p > 0.05, Table 2). The amount of
dCML added to the diets was based on a previous publication by our
group (205.6 + 25.6 pug/g DW) (Grossin et al., 2015). There was a sig-
nificant, 13-fold difference in dCML contents between the standard
(STD) diet (20.8 + 5.1 ng/g DW) and the diet enriched with dCML
(255.2 + 44.5 pg/g DW) (p < 0.001).

Regarding food intake, while RAGE KO mice on the STD diet
exhibited significantly lower consumption (p < 0.01), all other groups
showed similar consumption levels (4.2 + 0.5 to 5.7 4+ 1.1). Despite
consuming less food, this behaviour did not affect the overall dCML
intake of RAGE KO mice on the STD diet (p > 0.05). The glycation of
proteins is known to coincide with the formation of colours and aromas
that influence dietary choices (Starowicz & Zielinski, 2019). However,
the methods we developed and used to synthesise glycated proteins
(Nogueira Silva Lima et al., 2023) did not have an effect on food intake
per se.

At the age of 35 weeks, the median (g) [IQR] weights were estimated
to be 32.1 [24.4:42.9] g for females and 40.9 [29.9:46.6] g for males. At

Table 2

Diet composition, and dCML quantification of the different mouse diets.
Parameter Units Diet

STD dCML

Calories keal/g 3.1+0.3 3.1+0.3
Fatty acids % 3.1+0.3 3.1+0.3
Fibers % 3.9+03 3.9+03
Carbohydrates % 46.7 + 4.6 46.7 + 4.6
Proteins mg/g DW 162.4 + 6.0 159.4 + 8.8
Lysine mg/g DW 11.2+£1.0 10.9 + 0.9
Total dCML ug/g DW 20.8 + 5.1 255.2 4+ 44.5*

DW: dry weight. Total dCML=free and protein-bound CML. * p < 0.001. Sta-
tistical tests corresponded to comparisons within lines.
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70 weeks of age, the corresponding weights were 42.9 [36.2:49.2] g for
females and 46.2 [37.4:56.4] g for males (Table 3). No statistically
significant differences in weight measures were evident among the
different dietary groups within either age category. The lower food
consumption described in the RAGE KO mice on the STD diet did not
lead to weight discrepancies compared with the other experimental
groups. This suggests that the dCML diet did not have a noticeable
impact on overall changes in weight when compared with the STD diet.
For both genders, weights fell within the physiological range expected
for healthy C57Bl/6 animals at these respective ages (The Jackson
Laboratory, 2022). Similar results were observed within 6-week-old
animals (Table S2). In addition, RAGE knockout did not appear to
disrupt the physiological characteristics of these animals, with both WT
and RAGE KO animals exhibiting comparable weights. Neither increased
mortality nor obesity was observed to be associated with any of the
factors examined in this study (i.e. diet, genotype, age).

3.2. A diet enriched in dCML increases free CML in multiple organs

Free and protein-bound CML were quantified by LC-MS/MS in
different organs (kidneys, skin, ileum and colon) of animals in receipt of
either a STD or dCML diet (Fig. 2). Animals under a dCML diet showed a
significant increase in free CML in the digestive and renal systems, as
evident in the kidneys (Fig. 2A), ileum (Fig. 2C), and colon (Fig. 2D),
compared with those on a STD diet, regardless of age. Conversely, there
was no significant difference between these treatments in free CML
concentrations in the skin. In the kidneys, free CML concentrations were
significantly different between the two diet groups, being 69.9 + 19.8
pmol/mg of tissue in the STD group and 197.1 + 48.2 pmol/mg of tissue
in the dCML group (p < 0.001) (Fig. 2A). Skin samples showed similar
concentrations of free CML between STD and dCML diet groups,
measuring 40.8 + 4.3 and 47.9 + 8.5 pmol/mg of tissue, respectively
(Fig. 2B). The ileum exhibited a 17-fold difference in free CML levels
between the STD and dCML diet groups: 4.0 + 1.9 versus 73.9 + 29.4
pmol/mg of tissue, respectively (p < 0.001) (Fig. 2C). A greater differ-
ence (20-fold) was observed in colon samples between the STD (1.2 +
0.8 pmol/mg of tissue) and dCML diet groups (23.6 + 17.7 pmol/mg of
tissue) (p < 0.001) (Fig. 2D). A similar trend was observed in 6-week-old
animals (Figure S1). Notably, free CML accumulation occurred in
various organs in a diet-dependent manner, and this accumulation was
independent of sex or RAGE deletion (p > 0.05).

When analysing the levels of protein-bound CML, slight differences
were noted, particularly in renal tissue (Fig. 2E), in animals that were
exposed to the dCML-enriched diet. Nevertheless, none of these differ-
ences were statistically significant. Similarly, no significant differences
in dermal protein-bound CML were observed (Fig. 2F). Protein-bound
CML concentrations wereunaffected by either sex or RAGE deletion (p
> 0.05). A similar pattern was observed in 6-week old animals
(Figure S1).

Our study thus confirmed an increase in free CML levels resulting
from consumption of a dCML-enriched diet compared with a STD diet.
This observation aligns with our previous research, and further suggests
that the accumulation of exogenous dCML occurs independently of
RAGE (Tessier et al., 2016). We have previously shown that a dietary
source containing an isotopic, protein-bound '3C-dCML accumulates
predominantly in the kidneys, ileum and colon. Our current data con-
firms that these organs are major sites of accumulation for exogenous
dCML. A recent study by van Dongen et al. (2021) demonstrated
elevated free CML levels in the kidneys, liver, and plasma of mice fed
with a baked chow diet high in dCML (40 ug dCML/g). Other workers
have also reported a higher accumulation of dCML in organs of the
digestive-excretory system, which serves as the primary interface for
environmental toxicants, including dietary neoformed compounds
(Sarron et al., 2020).

To the best of our knowledge, this study represents the first explo-
ration of the impact of prolonged consumption of a dCML-enriched diet
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Table 3
Weight (g) distribution among female- and male mice of 35 and 70-week-old. Values represent median (g) [IQR].
Females Males
Age (Weeks) Diet WT RAGE KO WT RAGE KO
n Weight(g) n Weight(g) n Weight(g) n Weight(g)
Median [min:max] Median [min:max] Median [min:max] Median [min:max]
35 STD 8 30.3[24.6:37.2] 11 31.0[24.4:38.1] 12 38.2[29.9:46.5] 7 42.0[39.5:44.1]
Switch 10 32.3[27.5:42.0] - - 45.8[45.7:45.9] — —
dCML 10 34.2[24.5:42.9] 32.1[28.4:33.7] 40.9[31.7:42.7] 7 40.8[37.3:42.7]
70 STD 8 38.5[36.2:42.0] 12 43.7[40.6:47.5] 14 46.8[41.0:56.4] 6 44.0[37.3:51.3]
Switch 7 44.4[41.6:48.0] - - 45.2[41.5:51.7] - -
dCML 9 40.4[37.0:49.2] 12 44.2[40.8:46.5] 8 47.4[41.9:53.1] 9 45.8[41.8:49.1]

on CML levels in the skin of an animal model. There is a long-established
and widely accepted understanding that AGEs accumulate in a linear
fashion over time in human skin collagen (Dunn et al., 1991). On the
other hand, dCML accumulation in the skin of a murine model has been
reported to be only moderately increased, in a non-linear fashion, with
age (Gorisse et al., 2016). In the present study, our observations suggest
that neither the diet nor the putative age-related, low-grade distur-
bances investigated herein led to discernible alterations in either free or
protein-bound CML levels in the skin of either strain of mice (Fig. 2B &
2F). We demonstrated by a reliable quantitative method (LC-MS/MS)
that neither free nor protein-bound CML accumulated in the skin over 35
or 70 weeks, regardless of dietary exposure to dCML and the putative
indirect stresses (e.g. dicarbonyl stress, oxidative stress) caused by a
high-AGE consumption. However, this finding does not exclude the
potential accumulation of dAGEs other than dCML, not explored here.

In the present study, a slight but statistically non-significant rise in
protein-bound CML levels was noted in the kidneys of both WT and
RAGE KO animals that were administered a dCML diet (Fig. 2E). The
lack of effect is in accordance with a recently published study from our
research group (Helou et al., 2022), demonstrating that the adminis-
tration of exogenous dCML in rats did not result in a significant increase
in protein-bound CML concentrations in plasma. The lack of significant
effects on the formation of protein-bound CML from a diet rich in dAGEs
has been consistently reported in various human studies (Linkens et al.,
2022; Scheijen et al., 2018). Linkens and colleagues reported no
discernible difference in protein-bound CML in plasma before and after a
4-week dietary intervention study that included 82 obese subjects aged
between 51-53 years (Linkens et al., 2022). On the other hand, studies
investigating the effects of a dCML-enriched diet or baked rodent-chow
diet on the kidneys of mice (Teissier et al., 2019; van Dongen et al.,
2021) suggest a plausible link between increased protein-bound CML
levels and kidney malfunction (i.e. glomerular sclerosis) of animals
consuming a dCML-enriched diet. Although the protein-bound form of
CML predominates in foods (van Dongen et al., 2021), the absorption of
dCML by the intestinal epithelium occurs primarily through digested
free or dipeptide forms (Hellwig et al., 2011). Therefore, the pool of
protein-bound CML in organs or circulation cannot be attributed to a
dietary source. Although unexpected, it is nevertheless reasonable to
hypothesise that any observed increase in protein-bound CML, as sug-
gested in some previous animal studies (Grossin et al., 2015; van Dongen
et al.,, 2021), stems from the indirect effects of dCML ingestion and
accumulation, potentially mediating the activation of glycoxidative
stress (Boesten et al., 2014).

3.3. Diet-switching reverses levels of dCML in kidneys, ileum, and colon

The accumulation of free CML was reversed by switching from a
dCML diet to a STD-diet at an early stage of life (6 weeks). This diet-
switching intervention led to significantly lower free dCML levels in
the kidneys, ileum, and colon of animals at both 35 and 70 weeks of age
(Fig. 2A, 2C & 2D). Importantly, free CML levels in the switched group
were comparable to the “baseline” levels observed in animals that had
been continuously fed the STD diet (p > 0.05). Our study represents the

first demonstration of the reversibility of the effects of high dCML
consumption, including the exposure of the parental line to STD and
dCML diets during the breeding period. Taking into consideration the
differences in free CML content in the kidneys, ileum, and colon, an
early-life diet switch returned dCML levels to concentrations similar to
those in the control groups. While there is no consensus regarding the
specific cellular compartment in which dCML may accumulate, it is
logical to assume that exogenous glycation adducts might be primarily
associated with the extracellular matrix. These findings are a positive
indicator of the potential reversibility of the supposed deleterious effects
of dAGEs for human health. To our knowledge, only one other study has
explored the potential reversibility of dAGE accumulation, but it did not
specifically examine perinatal exposure. Working exclusively on 9-
week-old C57BL/6/0OlaHsd female mice, van Dongen and colleagues
compared some short-term effects of a baked- versus a standard-chow
diet, and demonstrated the reversibility of the accumulation of dCML
in plasma, liver, and kidneys (van Dongen et al., 2021). In humans, the
reversibility of dCML accumulation was previously reported in new-
borns taking either industrialized infant formulas (high in dCML) or
breast milk (low in dCML). This study showed that the difference in
plasma dCML concentrations observed in the two infant groups in the
first months of life gradually disappeared with subsequent dietary
diversification (Sebekova et al., 2008).

3.4. A diet enriched in dCML does not induce notable oxidative stress

A panel of tests was adopted in order to characterise an oxidative
stress phenotype encompassing the assessment of systemic MDA levels,
plasmatic PC, and MPO activity in ileal and colonic tissues. There were
no significant differences in MDA or PC concentrations (Fig. 3A and 3B),
nor MPO activity (data not shown), in relation to the different diets, age,
sex or genotype of the animals (p > 0.05). Subsequently, we assessed the
relative expression renal levels of SOD1, SOD2, and GLO1 once this
organ had been confirmed to accumulate the greatest amount of dCML.
No differences in SOD1 and SOD2 were observed between the different
diets, nor associated with age, sex or genotype (p > 0.05) (Fig. 3C and
3D). We then investigated whether a dCML-enriched diet had any
impact on GLOI mRNA expression (Fig. 3E). While no notable changes
in GLO1 expression were observed in relation to the diet, age or sex (p >
0.05), a significant 2-fold increase was noted when comparing RAGE KO
with WT animals (Fig. 3E). Animals in the 6-week-old group displayed a
similar expression pattern regarding the proposed characterization
panel for oxidative stress (Figure S2).

The relationship among MDA, PC, and glycation is intricately tied to
oxidative stress, and the interplay between these processes underscores
their potential collective importance in oxidative stress-induced mo-
lecular damage. Glycoxidative stress, for instance, may occur through
various mechanisms such as the autoxidation of glucose, the breakdown
of Maillard reaction intermediates, or the interaction between AGEs and
RAGE (Rabbani & Thornalley, 2012). Through the simultaneous eval-
uation of lipid peroxidation, protein carbonylation, and the expression
of the genes coding various enzymes, our research has yielded multiple
lines of evidence suggesting that the exposure to dCML did not induce
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Fig. 2. Free CML quantification by LC-MS/MS in (A) kidneys, (B) skin, (C) ileum, and (D) colon, and protein-bound CML quantification in (E) kidneys, and (F) skin
of 35- and 70-week-old C57BL/6 mice (WT and RAGE KO) administered a control (STD), or a dCML-enriched diet (dACML), or which underwent a diet switch from
dCML to STD diet at 6 weeks of age. Bars represent means + SEM. Letter indices (Kruskal-Wallis rank test followed by Dunn’s posthoc test for multi-comparisons)
indicate statistical differences among groups within each organ. o = 0.05. Complementary data on 6-week animals in supplemental Figure S1.

elevated oxidative stress in healthy animals.

Overall, no differences were observed concerning renal cytoplasmic
(SOD1) or mitochondrial matrix (SOD2) superoxide dismutases, sug-
gesting no direct dysfunction in mitochondrial functionality between 35
and 70 weeks of age in mice. It is well-accepted that decline in mito-
chondrial function is associated with age, and hence with an age-related
increase in oxidative stress (Chistiakov et al., 2014). Based on our
findings, renal SOD1 and SOD2 appeared to exhibit consistent expres-
sion levels throughout the entire 70-week lifespan of our animals. On the
other hand, the expression of these enzymes in peripheral tissues such as

the cardiac arteriolar system has been reported to respond to various
stimuli (e.g. aging, a high-fat diet). Grossin and colleagues demonstrated
the accumulation of dCML in the cardiac arterial tissue and linked it to
the subsequent local loss of tissue flexibility. After administering a high-
fat diet, Yu et al. (2017) identified an elevation in dCML levels in the
same tissue, accompanied by a concurrent increase in MDA and protein
carbonylation. This was followed by a decrease in SOD2 expression,
suggesting an escalation of local oxidative stress (Yu et al., 2017). The
knockout of RAGE has been suggested to contribute to an upregulation
of SOD2 mRNA expression compared with +/- 90-week-old WT mice
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Fig. 3. Oxidative stress assessment in systemic (plasma) and local (kidney) levels across the different dietary treatments in WT and RAGE KO mice between 35 and
70 weeks. (A) Lipid peroxidation assessment measured by MDA concentrations (umol/L); (B) Protein oxidation assessment measured by PC derivatives concen-
trations (umol/L). Relative expression of (C) SOD1, (D) SOD2 and (E) GLO1 from RT-qPCR on kidney samples. Bars represent means & SEM. Letter indices (Kruskal-
Wallis rank test followed by Dunn’s posthoc test for multi-comparisons) indicate statistical differences among groups within each chart. o = 0.05. Housekeeping gene:
PPIA. Reference group: WT-STD-35-week animals. Complementary data on 6-week animals in supplemental Figure S2.

(Teissier et al., 2019). Although not statistically significant (p > 0.05), a
comparison of our results in mice at 35 and 70-week-old (Fig. 3D) would
seem to reflect the trend described by Teissier and colleagues (2019).
A GLO1 gene duplication emerged as an artifact from multiple
backcrossing in the RAGE KO lineage (Bartling et al., 2020). Widely
considered a “vitagene”, GLO1 is linked to decreased oxidative stress
and increased lifespan and exhibited a 2-fold increased expression in
RAGE KO mice compared with WT animals. While acknowledging this
genetic artifact, our focus on GLOI aimed to unveil potential anti-

glycation mechanisms countering dAGEs’ deleterious effects. Despite
the elevated GLOI expression, no significant reduction in oxidative
stress biomarker expression was observed in RAGE KO mice at either
systemic or local levels (Fig. 3). At the same time, no decrease in protein-
bound CML concentration in kidneys or skin was observed over time in
RAGE KO mice compared with WT animals (Fig. 2E & 2F). RAGE acti-
vation has been suggested to downregulate GLO1, leading to heightened
endogenous  methylglyoxal and methylglyoxal-derived AGEs
(Thornalley, 2008). Although comparing protein-bound carboxyethyl-
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lysine (CEL) and methylglyoxal-derived hydroimidazolone (MG-H1)
formation in WT and RAGE KO mice would have been insightful, it’s
crucial to note that the increased GLO1 expression in RAGE KO animals
could potentially confound our comparison of genotypes.

3.5. Switching diets during early life appears to affect the development of
intestinal sensitivity to inflammation

To further investigate the potential pro-inflammatory effects of a diet
enriched with dCML, we conducted additional assessments of RAGE
expression, and downstream cascades associated with RAGE activation.
Our analysis included measuring mRNA expression levels of the cyto-
kines TNFa and IL6, which play crucial roles in tissue inflammation.

Across the various organs examined in this study, there were no
significant fluctuations in relative RAGE expression with diet, age or sex
(Fig. 4A, 4B, 4C). There is broad consensus that the adverse impacts of

Inflammageing
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dAGEs are partly facilitated via the AGE-RAGE axis, which, in turn, is
linked to a positive feedback loop involving NFkB-RAGE expression (Lin
et al., 2016). Grossin et al., (2009) illustrated that cultured umbilical
endothelial cells exhibited a two-fold increase in RAGE expression upon
prolonged exposure to dCML. In vivo studies have demonstrated that
diets enriched with methylglyoxal derivatives increased RAGE expres-
sion in the brains of C57BL/6 mice (Cai et al., 2014). Nevertheless, our
investigation indicates that the levels of RAGE did not change with the in
vivo accumulation of dietary free CML. We hypothesise that this could be
linked to the suggested lower affinity of free CML for RAGE compared
with protein-bound CML (Xue et al., 2011), potentially diminishing the
adverse impacts that dCML could play in RAGE activation or expression.
The absence in the current study of increased levels of protein-bound
CML among dCML animals accords well with our observations on the
lack of stimulation in RAGE expression in these animals (section 3.2.). A
previous study demonstrated a similar pattern of RAGE expression in the
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Fig. 4. Inflammageing assessment across the different dietary treatments in WT and RAGE KO mice between 35 and 70 weeks. Relative expression of RAGE across
the different dietary treatments administered to WT and RAGE KO mice for 35 and 70 weeks in (A) kidneys, (B) ileum, and (C) colon. Relative expression of TNFa
across the different dietary treatments administered to WT and RAGE KO mice for 35 and 70 weeks in (D) kidneys, (E) ileum, and (F) colon. Relative expression of IL6
across the different dietary treatments administered to WT and RAGE KO mice for 35 and 70 weeks in (G) kidneys, (H) ileum, and (I) colon. Bars represent means +
SEM. Letter indices (Kruskal-Wallis rank test followed by Dunn’s posthoc test for multi-comparisons) indicate statistical differences among groups within each organ.
a = 0.05. Housekeeping gene: PPIA. Reference group: WT-STD group 35 weeks. Complementary data on 6-week animals in supplemental Figure S3.
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endothelium of the aorta of 48-week-old mice, with no significant
transcriptional changes being attributable to diet at a comparable dose
of 200 ug dCML/g food (Grossin et al., 2015). However, differences only
became apparent through statistical analysis of immunohistochemical
data in the study by Grossin and colleagues, indicating a 2-fold increase
in RAGE protein expression in the aortic tissue.

Diet, age and genotype all had small but discernible impacts upon
expression of inflammatory biomarkers TNFa and IL6, in particular in
the Switch group, and most evident in the colon samples (Fig. 4F and 41).
It is widely recognized that introducing complementary feeding too
early in life can influence intestinal homeostasis in mammals (Differding
et al., 2020; Ribeiro et al., 2024). Early dietary changes have been
suggested to reduce integrity of the intestinal epithelium, altering mi-
crobial diversity and inducing fluctuations in the levels of short-chain
fatty acids (Differding et al., 2020). Such alterations are closely linked
to intestinal sensitivity and the onset of inflammatory responses
(Caminero et al., 2019; Gill et al., 2022; Plunkett & Nagler, 2017). Given
the association of glycation and protein allergenicity (Toda et al., 2023),
our interpretation of these data centres on the idea that, compared with
the other groups, animals in the Switch group may have been rendered
more susceptible to intestinal inflammation as a result of dietary
changes early in life.

The inflammatory effects of dAGEs continue to arouse debate, with
recent research presenting conflicting conclusions in animal models.
Historically, AGEs have been associated with pro-oxidative processes
compromising the vasculature in rodent and rabbit animal models.
Studies have suggested the involvement of consuming glycated BSA, or a
glycation precursor (e.g. methylglyoxal), in complications associated
with diabetes and atherosclerosis (Illien-Jiinger et al., 2015; Vlassara
et al., 1992). More recently, investigations over 22 weeks in male,
C57BL/6 mice fed a diet rich in AGEs (containing casein-methylglyoxal
at 17.4 gvc-n1/Kgod) revealed greater levels of pro-inflammatory cy-
tokines including Il11p, IL17, and TNFo. This was accompanied by a
suppression of anti-inflammatory mediators such as IL10 and IL6
(Mastrocola et al., 2020). Despite using a different experimental pro-
cedure, our findings closely resemble those of a recent study carried out
by van Dongen et al. (2021) wherein heated animal feed was provided
over a 10-week period. Van Dongen and colleagues revealed that a
baked chow diet had only a marginal pro-inflammatory impact in
plasma samples from C57BL/6 female mice (van Dongen et al., 2021).
The authors evaluated six inflammation biomarkers, including CRP,
TNFa, INF, KC/GRO, IL6, and IL10. Notably, only the systemic levels of
the anti-inflammatory cytokine IL10 displayed a significant decrease
when mice were fed a baked-chow diet, while inflammatory biomarkers
remained unaffected by diet (van Dongen et al., 2021). These recent
discoveries parallel our own observations, indicating that the proin-
flammatory effects of short- or long-term dietary exposure to AGEs
appear to be limited, at least within the healthy mouse models used in
both studies. Similar to the progression of research using animal models
in the field of glycation, humans consuming diets rich in AGEs have been
specifically associated with microvascular complications in diabetic
patients and cognitive decline due to the glycoxidative effect of these so-
called “glycotoxins” (Beeri et al., 2011; Negrean et al., 2007). In
humans, considering the most recent and robust evidence, there have
been no reported correlations between concentrations of dAGEs and
inflammation, oxidative stress, or changes in insulin metabolism, even
in obese individuals with comorbidities (Linkens et al., 2022).

Significant age-related changes in TNFa (Fig. 4D, 4E, 4F) and IL6
expression (Fig. 4G, 4H, 4I) were primarily noted in the kidneys.
Different TNFa expression was observed between 70-week-old WT mice
and age-matched RAGE KO mice, suggesting a potential protective role
of RAGE knockout in mitigating pro-inflammatory expression within the
kidneys (p < 0.001). Earlier findings from our research group described
comparable trends by comparing renal tissues from 20-month-old WT
and RAGE KO animals, contrasted with those of their 3-month-old
counterparts (Teissier et al., 2019). In older mice, an upregulation of
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TNFa and VCAM1 compared with younger animals had already been
observed by others in various fluids and tissues, including plasma and
brain (Ishikawa et al., 2016; Mir6 et al., 2017; Yousef et al., 2019).
Teissier et al. (2019) took into consideration that, besides the putative
involvement of dCML in the aggravation of nephropathies, age was a
preponderant factor in the variation of TNFa and VCAMI. This age-
related factor could be a confounding variable when distinguishing
the actual effects of the diet in our study context. In addition, in this
same study, RAGE deletion was reported to be associated with reduced
inflammation (Teissier et al., 2019).

3.6. Increased consumption of dCML does not result in accelerated
cellular senescence in healthy animals

Levels of critical senescence regulators were assessed within renal
and splenic tissues in order to investigate the influence of a high-dCML
diet on cellular immune senescence. Our analysis revealed no acceler-
ated senescence attributable to diet, genotype, or sex on the relative
expressions of SIRT1, P16, and GLA1 mRNA, as illustrated in Fig. 5.
Similar patterns were noted in the gene panels of either kidneys or
spleen, with the exception of a significant age-related alteration in P16
(p < 0.001) expression in the spleen of both genotypes, indicating the
impact of age on immune senescence. Similar fold-changes were
observed in animals of 6-weeks compared to 70-week-old animals
(supplementary Figure S5).

Although nutrition is one of many factors that can contribute to the
worsening of age-related dysfunctions, including cellular senescence (e.
g mTOR responsiveness to caloric restriction), our findings suggest that
dCML intake does not appear to impact cellular senescence. It is thought
that SIRT1 functions by deacetylating proteins within the nucleus,
encompassing histone proteins and non-histone targets such as AKT/
mTOR and FOXO (Alves-Fernandes & Jasiulionis, 2019). However,
feeding mice a diet abundant in glycation products (mainly dCML) was
suggested to diminish SIRT1 activity in aortic walls (Grossin et al.,
2015). This reduction was inferred to be potentially associated with
arterial aging, as indicated by decreased flexibility of this tissue being
concomitant with increased dCML accumulation (Grossin et al., 2015).
Suppression of SIRT1 linked to AGE consumption has also been associ-
ated with muscle oxidative stress and insulin resistance (Cai et al.,
2012). Despite implementing a comparable experimental design to that
of Grossin and colleagues (2015), we did not observe the same effects in
the kidneys or in the spleen, suggesting a null effect beyond the endo-
thelial level (Fig. 5A, 5B). Nevertheless, the precise connections between
RAGE and SIRT1 remain incompletely understood, and RAGE KO mice
have been suggested to exhibit diminished ageing-related indicators and
SIRT1 activity (Teissier et al., 2019). Our study found no similar effect
on SIRT1 expression in either kidney or spleen, possibly due to the cells’
phenotypic plasticity to the accumulation of free CML.

Increased expression of P16 (Fig. 5C, 5D) has been reported to
correlate with the progression of senescence. When combined with GLA1
(Fig. 5E, 5F), P16 comprises a senescent phenotype which primarily
serves to activate downstream survival pathways (Hall et al., 2017).
There is a growing interest on understanding the role of T cells in ageing
due to their influence on overall immune responses (Mittelbrunn &
Kroemer, 2021). The age-related increase in P16, documented exten-
sively in the literature, is recognized as a hallmark of T cell aging and a
consequent decline in the immune system remains a significant health
concern (Lee et al., 2022). Senescent T cells exhibit additional markers
of ageing. However, despite these changes, we observed no simulta-
neous increase in GLA1 levels, or even in various other cellular actors
associated with T cell differentiation such as FOXP3, GATA3, RORyt, and
T-BOX21 (Figure S6). This suggests that in our study, neither premature
nor uncontrolled senescence phenotypes were induced by either dietary
factors or ageing.
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mental Figure S5.

3.7. Biomarkers of low-grade stress are correlated in aged mice

Although the prolonged intake of a dCML-enriched diet did not
provoke notable impacts upon WT or RAGE KO mice, a comprehensive
correlation analysis was performed to highlight the potential relation-
ships among low-grade stress indicators. Fig. 6 illustrates correlation
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plots combining dCML measurements with gene expression patterns
associated with renal inflammation, oxidative stress and immunose-
nescence. By focusing solely on correlations with a threshold of o =
0.001, we identified strong associations in the kidneys (Fig. 6A), ileum
(Fig. S7A), and spleen (Fig. S7B), but no notable associations in skin,
colon, or plasma (data not shown). Overall, the correlations revealed
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that fluctuations in levels of free or protein-bound CML in kidney and
ileum were not strongly linked to changes in biomarker levels. Consid-
ering the more comprehensive panel of biomarkers analysed in the renal
tissue, a strong correlation was noted among a cluster of biomarkers
related to oxidative stress (SOD1, SOD2), senescence (EZH2, GLp1,
PGCla), and inflammation (IL-6, TNFa, VCAM-1), as depicted in Fig. 6A
(Individual data on EZH2 and PGC1a are presented in Figure S4 A/B). In
the ileum (Fig. S7A), only one negative correlation was evident, between
TNFa and RAGE. In the spleen (Fig. S7B), positive correlations were
revealed among the majority of screened genes. Although not all pro-
posed genes in the splenic panel show direct connections, many are
linked through similar regulatory pathways or participation in T-cell
differentiation.

Although a causal relationship cannot be established from these re-
sults, it seems safe to say that there exists a synergistic effect among the
measured biomarkers, as evidenced by a subtle yet significant evolution
in the expression of multiple markers, particularly in the kidneys. These
correlations, supported by the PCA analysis, underscore that diet had no
effect on biomarkers between groups (Fig. 6B). The primary drivers of
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these differences appear to be inflammation mediators such as TNFa and
RAGE deletion (Fig. 6C and 6D). As previously described, TNFa
expression correlated with age increase, and 70-week-old RAGE KO
mice consistently exhibited lower expression compared with age-
matched WT mice (Fig. 4D). Age is suggested to have a role in driving
the progression of biomarker expression in this experimental context
(Fig. 6C). These correlations accord with the widely acknowledged
phenomena attributed to inflammageing, and partly corroborate the
proposed protective effect of RAGE deletion (Fig. 6D) (Ferrucci & Fab-
bri, 2018; Teissier et al., 2022). Consistently across our results, it ap-
pears that sex is not a factor in the physiological responses investigated
here (Fig. 6E).

Further, our results indicate that the relationships between RAGE
and the stress biomarkers examined do not support the notion of a
positive feedback loop, as previously proposed in the literature
(Bongarzone et al., 2017). Our hypothesis suggests that elevated RAGE
expression at the genetic level may not be necessary for the onset of low-
grade stress. The genesis of such a mechanism might be related to the
multiple cellular receptors (e.g Toll-like receptors, TLRs) with over-
lapping functions which also participate in pro-inflammatory responses
(Kawai & Akira, 2010). It is important to recognize that cellular re-
ceptors can be redundant in activating specific molecules, potentially
obscuring the nuanced effects of receptors like RAGE. Hence, TLR4 is a
critical component of the innate immune system, primarily serving as a
pattern recognition receptor (Zhong et al., 2020). Upon activation, TLR4
initiates signalling cascades that lead to the production of a range of
inflammatory mediators and regulators, as well as the expression of
genes correlated to immune responses such as TNF-a, IL-6, SOD2 (Gao
et al., 2021; Moretti et al., 2023; Setiawan et al., 2022; Zeuke et al.,
2002). Despite these considerations, while there were no notable in-
creases in RAGE mRNA expression, its deletion appears to inhibit the
inflammation trigger, although the underlying mechanism remain to be
clarified.

3.8. The gut microbiota is minimally influenced by diet and age

Metagenomic analysis was employed to assess bacterial diversity and
abundance in animals aged 35 and 70 weeks, with a focus on conserved
regions of the 16S gene. Although o-diversity richness (Chaol,
Figure S8A) and evenness indices (Shannon, Figure S8C) fluctuated with
age, no statistical significance was observed. These findings suggested
that microbial communities within the samples were resilient, with no
dominant taxon significantly emerging from influences of diet, age, or
genotype. Similarly, the Bray-Curtis dissimilarity test, used to evaluate
B-diversity, revealed a minor time-dependent evolution (Figure S9).
Comparing animal groups at 35 and 70 weeks of age, we observed that
microbial communities became more uniform in older animals. How-
ever, at neither age was a clear diet-dependent clustering evident.

In general terms taxon abundance corresponded to what has long
been known, with a predominance of Firmicutes and Bacteroidota taxa
(Magne et al., 2020). The global abundance of microbiota was assessed
at 35 and 70 weeks, revealing Firmicutes as the dominant phylum,
comprising nearly 61 % of bacterial relative abundance across all ge-
notypes and diets (data not shown). Within Firmicutes, the Lachno-
spiraceae families were particularly prevalent. Bacteroidota accounted
for approximately 23 % of relative abundance, with notable represen-
tation from Alistipes and Muribaculaceae. Surprisingly, minor phyla like
Desulfobacterota (predominantly Desulfovibrio) and Verrucomicrobiota
(mainly Akkermansia) exhibited relatively high abundance, ranging
from 7.6 % to 11.3 % and 1.5 % to 5.8 %, respectively. Although these
taxa showed, on average, higher abundance within aged mice compared
to prior studies (Ratto et al., 2022), no significant differences were
observed among groups in our dataset. Furthermore, the equilibrium
between the main phyla, Firmicutes and Bacteroidota, was supported by
their consistent ratio of around 2.7 across different timepoints, diets,
and genotypes (Fig. 7B). The Firmicutes/Bacteroidota (F/B) ratio is
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responding data on 6-week-old animals are presented in Figure S8.

known to be influenced by different dietary and pathophysiological
circumstances (Magne et al., 2020). Research has revealed that a diet
rich in MG-H1-casein reduced the F/B ratio in stool samples from 26-
week-old male mice submitted to a modified diet for 22 weeks
(Mastrocola et al., 2020). A major difference between our study and
others exploring the effects of glycation upon intestinal microbial di-
versity (including Mastrocola et al. (2020)) is our focus on metagenomic
analysis of cecal lumen rather than faecal pellets. This may complicate
comparisons of our data with other studies (Tanca et al., 2017).
Although the overall changes in abundance were not significant
(Fig. 7C), a detailed analysis to detect subtle variations in taxon distri-
bution was conducted. Using a multivariate workflow (MAasLin2), sta-
tistically significant differences linked to age and diet within minor
microbial communities such as Eggerthellaceae (Fig. 7D), Anaerovor-
acaceae (Fig. 7E), and Marinifilaceae (Fig. 7F) were identified. The
Eggerthellaceae family exhibited lower relative abundance with age,
regardless of diet or genotype, declining from 0.9 % in 35-week-old mice
to 0.6 % in 70-week-old mice (p < 0.001, Fig. 7D.i). This family is known
for its association with butyrate production and plays a role in gener-
ating intermediary urolithins, which have potential anti-inflammatory
properties (Selma et al., 2017). Its decline may be both an indicator
of, and a contributor togut inflammation. In addition, diet has been
suggested to play a role in intestinal microbiota abundance within WT
and RAGE KO mice. A dCML-enriched diet led to greater abundance of
the Anaerovoracaceae family in RAGE KO mice, irrespective of age
(Fig. 7E.i). In WT mice, the Marinifilaceae family was relatively more
abundant in the Switch and dCML groups than the STD diet animals (p <
0.001), regardless of age (Fig. 7F.i). Both Anaerovoracaceae and Mar-
inifilaceae families are part of the Bacteroidota phylum (formerly
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* p < 0.001. Statistical multivariate significance. Cor-

Bacteroidetes), suggesting a shared evolutionary history and functional
characteristics. These taxa are known for their roles in glycan meta-
bolism and mucin degradation, processes vital for maintaining intestinal
homeostasis and overall gut health (Beaumont et al., 2020; Raimondi
et al., 2021). While these slight variations do not decisively explain the
differences in inflammatory biomarker expression seen in the Switch
group, the fluctuations in minor bacterial taxa could corroborate their
distinctive intestinal expression of inflammatory mediators TNFa and
IL6 discussed earlier. Taken together, our data the gene expression and
microbial communities suggest that minor changes could result from the
early-life dietary shift, as evidenced by alterations in the less-abundant
taxa outlined above.

The relevant literature highlights the dynamic nature of taxonomic
groups in lumen samples, especially in mice exposed to varying levels of
dAGEs (van Dongen et al., 2021; Wang et al., 2022; Yuan et al., 2024).
This variability includes families such as Akkermansiaceae, Desulfovi-
brionaceae, Erysipelotriaceae, Lachnospiraceae, and Ruminococcaceae,
known for their roles in maintaining intestinal mucus and synthesizing
short-chain fatty acids (SCFAs) (Xie et al., 2022; Yan et al., 2022). Their
abundance has been reported to increase in response to dAGE intake (Qu
et al., 2017; Yuan et al., 2024), but there are conflicting reports of the
effect of diet on these groups. Our experimental model did not show
significant differences in these families with diet (data not shown),
though less abundant families were affected in this regard. Dongen et al.
(2021) also described significant variations in microbiota compositions
within less abundant families such as Erysepelothrichaceae and Atopo-
biaceae (van Dongen et al., 2021). Although these taxa exhibited sig-
nificant correlations with plasma concentrations of dAGEs in mice, they
did not show physiological significance concerning the analysed
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inflammatory parameters (van Dongen et al., 2021).

It has been reported that colonic bacteria can use glycation products
as a carbon source. A study showed that faecal bacteria can degrade at
least 40 % of dCML after 24 h of anaerobic incubation (Hellwig et al.,
2015). Another recent in vitro study on dCML metabolism revealed that
nearly 100 % of dCML can be metabolized into carboxymethylated
amine derivatives and carboxylic acids (Bui et al., 2019). Through
population enrichment assessment, this former study showed that two
bacterial groups, Oscillibacter and Cloacibacillus spp., were found to in-
crease in dCML-enriched media. Under aerobic conditions, up to 66 % of
dCML can be degraded, producing bacterial metabolites like N-carbox-
ymethylcadaverine (CM-CAD), N-carboxymethylaminopentanoic acid
(CM-APA), and the N-carboxymethyl-1-piperideinium ion (Hellwig
et al., 2019). Although the gut microbiota can utilize dietary glycation
products and enrich some bacterial species, as demonstrated by Bui and
colleagues (2019), our findings suggest that dCML does not preferen-
tially enrich one taxon over any other.

4. Conclusions

To conclude, despite a notable rise in free CML levels across several
organs among animals fed a dCML-enriched diet, this increase did not
result in observable biological alterations assessed by the biomarkers
examined here. Moreover, these findings were observed at doses roughly
13-times higher than the levels of dCML commonly present in laboratory
mouse diets and approximately 35-times above the highest concentra-
tions present in human diets (Grossin et al., 2015), indicating a lack of
impact even under extreme dosage conditions. We confirmed that dCML
tissue accumulation is RAGE independent. The elevated dCML contents
in organs and tissue were reversible and did not influence offspring’s
physiology or gut microbiota. Although minor gene expression changes
were noted, particularly in the Switch group which exhibited heightened
intestinal sensitivity to inflammation, these changes appear insufficient
to have a meaningful impact on overall health. Indeed, our research
suggests that age had a more significant impact on the progression of
inflammatory gene expression. Our study also shows that over the life-
time of 70 weeks tested here, RAGE deletion had a partial effect in
reducing inflammation in animals renal and intestinal tissues. From a
pharmaceutical standpoint, our findings underline the importance of
inhibiting RAGE as a potential strategy to alleviate the harmful effects of
the signalling cascade that results from its activation. This approach has
been investigated by various research teams in the last decade (Singh &
Agrawal, 2022).

Observed changes in the expression of inflammation biomarkers in
the Switch group align with significant nutritional studies showing
increased sensitivity of the intestinal tract resulting from early-life diet
changes (Differding et al., 2020; Nwaru et al., 2013), but further
research is needed to determine the extent to which glycation products
play a role in this context. Finally, our findings also accord with previous
studies indicating that dAGEs have only a limited impact upon health
outcomes, whether over a short or long period of time, and in both
animal models (Grossin et al., 2015; Teissier et al., 2019; van Dongen
et al., 2021) and humans (Aengevaeren et al., 2023; Berge et al., 2023;
Linkens et al., 2022; Linkens et al., 2022). Further research is needed to
understand their impact on exacerbating existing pathologies, guiding
clinical interventions and dietary recommendations.

In summary, while there were measurable changes in inflammageing
biomarkers and gut microbiota composition in response to dietary
modifications, these did not translate into significant physiological im-
pacts or health outcomes, highlighting the complexity and resilience of
biological systems in their response to dietary changes, and in particular
a healthy rodent model to dAGEs.
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