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A B S T R A C T   

Scope: Dietary advanced glycation endproducts (AGEs) are associated with negative biological effects, possibly 
due to accumulation in plasma and tissues and through modulation of inflammation and gut microbiota. Whether 
these biological consequences are reversible by limiting dietary AGE intake is unknown. 
Methods and results: Young healthy C57BL/6 mice were fed a standard chow (n = 10) or a baked chow high AGE- 
diet (n = 10) (~1.8–6.9 fold increased protein-bound Nε-(carboxymethyl)lysine (CML), Nε-(1-carboxyethyl) 
lysine (CEL), and Nδ-(5-hydro-5-methyl-4-imidazolon-2-yl)-ornithine (MG-H1)) for 10 weeks or a switch diet 
with baked chow for 5 weeks followed by 5 weeks of standard chow (n = 10). We assessed accumulation of AGEs 
in plasma, kidney, and liver and measured inflammatory markers and gut microbial composition. After 10 weeks 
of baked chow, a substantial panel of AGEs were increased in plasma, liver, and kidney. These increases were 
normalized after the switch diet. The inflammatory z-score increased after the baked chow diet. Gut microbial 
composition differed significantly between groups, with enriched Dubosiella spp. dominating these alterations. 
Conclusion: A high AGE-diet led to an increase of AGEs in plasma, kidney, and liver and to more inflammation 
and modification of the gut microbiota. These effects were reversed or discontinued by a diet lower in AGEs.   

Abbreviations: AGEs, Advanced glycation endproducts; ASV, amplicon sequence variants; CEL, Nε-(1-carboxyethyl)lysine; CML, Nε-(carboxymethyl)lysine; CR, c- 
reactive protein; FDR, false discovery rate; GO, Glyoxal; IQR, interquartile range; LDA, linear discriminant analysis; LEfSe, LDA effect size; LOD, limit of detection; 
MG-H1, Nδ-(5-hydro-5-methyl-4-imidazolon-2-yl)-ornithine; MGO, methylglyoxal; PERMANOVA, Permutational multivariate analysis of variance; RCT, random-
ized controlled trial; rRNA, ribosomal RNA; 3DG, 3-deoxyglucosone. 
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1. Introduction 

Advanced glycation endproducts (AGEs) are abundantly present in 
processed food products and may contribute to beneficial effects on 
flavor, smell, and shelf life (Uribarri et al., 2010). These dietary AGEs are 
formed during the non-enzymatic reaction between free amino acids and 
reducing sugars, via the so-called Maillard reaction (Maillard, 1912). 
There is increasing evidence in humans and animals that consumption of 
dietary AGEs contribute to AGEs measured in plasma (Scheijen et al., 
2018; Uribarri et al., 2007) and organs (Tessier et al., 2016) and that a 
diet high in dietary AGEs in humans has negative biological effects, such 
as low-grade inflammation, endothelial dysfunction, and insulin resis-
tance (Nowotny, Schroter, Schreiner, & Grune, 2018). However, it is 
currently unknown whether AGE accumulation in tissues and the 
negative biological effects associated with a high AGE diet are revers-
ible. Furthermore, how dietary AGEs are involved in the aforementioned 
biological effects remains poorly understood. 

Dietary AGEs may exert their biological effects, at least partly, 
through modulation of the gut microbiota composition, which in turn is 
increasingly recognized to play a fundamental role in the pathophysi-
ology of obesity, diabetes, and cardiovascular disease (Tilg & Moschen, 
2014). Although there are some discrepancies, several animal studies 
have shown that a heat-treated diet high in dietary AGEs can modulate 
gut microbiota composition (Mastrocola et al., 2020; Qu et al., 2017; 
Seiquer, Rubio, Peinado, Delgado-Andrade, & Navarro, 2014; Snelson 
et al., 2021; Yang et al., 2020). However, the effects on inflammatory 
markers or increases in protein-bound and free AGE levels in plasma 
and/or tissues were not addressed in all of these studies. Furthermore, it 
is currently unknown whether changes in gut microbiota composition 
following a high AGE diet are reversible. 

In light of the above, we hypothesized that mice fed a high dietary 
AGE diet for 10 weeks show increased blood and tissue AGEs, increased 
inflammatory markers, and different microbiota composition as 
compared to mice fed a standard dietary AGE diet. In addition, we 
studied whether changes following the high dietary AGE diet were 
reversible by implementing a switch after 5-weeks of high dietary AGE 
diet to the standard dietary AGE diet for 5 subsequent weeks. 

2. Material and methods 

2.1. Animal studies 

To obtain a high AGE diet, a standard rodent chow (ssniff, Soest, 
Germany) was baked at 160 ◦C for two hours (hereafter referred to as 
“baked chow”). 

9-week-old female C57BL/6/OlaHsd mice were randomly divided in 
three cages in groups of 10 (Fig. 1). After a one-week acclimatization 
period, the mice were divided in three groups fed either standard chow 
(n = 10), baked chow high in dietary AGEs (n = 10), or a “switch diet” 
(n = 10) for 10 weeks. In the switch diet group, mice were first fed the 
baked chow diet for 5 weeks, and subsequently the standard chow diet 
for 5 weeks. All diets were provided ad-libitum. Fecal and blood samples 
were collected after the 1-week acclimatization period. Blood samples 
were collected after 5 weeks of dietary intervention, while fecal samples 
were collected every 2.5 weeks. At the end of the 10-week dietary 
intervention, all mice were sacrificed by anesthetic overdose and 
plasma, liver and kidneys, and feces (from the rectum) were collected. 

To test whether accumulation of AGEs in organs after a high dietary 
AGE diet are reversible, two extra groups of 10 mice were allocated to 
either 5 weeks of the standard chow diet or 5 weeks of the baked chow 
diet under the same conditions as mentioned above. At the end of the 5- 
week dietary intervention, all mice were sacrificed. All experiments 
were approved by the local ethical committee for animal experiments of 
Hasselt University and performed according to institutional guidelines 
(matrix 201503). 

2.2. Advanced glycation end products and oxoaldehyde measurements 

AGEs were measured in chow diets, plasma, liver, and kidney. AGEs 
in plasma were measured as this reflects uptake of dietary AGEs from the 
gastrointestinal tract. We chose to measure AGEs in liver and kidney as 
these are major organs and are highly susceptible to AGE accumulation 
and AGE-induced damage (Bettiga et al., 2019; Fernando et al., 2019). 
Livers and kidneys were homogenized using a Mini-bead beater ho-
mogenizer (Biospec) and 250 μL sodium phosphate buffer (0.1 M) sup-
plemented with protease inhibitor (Roche) and 0.02% Triton-x (Sigma- 
Aldrich). 

Fig. 1. Design of the main study. dAGE: dietary AGE.  
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Free- and protein-bound AGEs Nε-(carboxymethyl)lysine (CML), Nε- 
(1-carboxyethyl)lysine (CEL), and Nδ-(5-hydro-5-methyl-4-imidazolon- 
2-yl)-ornithine (MG-H1) were analyzed in plasma, liver, and kidney 
homogenates by LC-MS/MS after extraction as described in detail before 
(Hanssen et al., 2014; Scheijen et al., 2016). Additionally, free-, protein- 
bound AGEs, and the oxoaldehydes methylglyoxal (MGO), glyoxal (GO) 
and 3-deoxyglucosone (3DG) were analysed in pulverized animal diets 
as described previously (Hanssen et al., 2014; Maasen et al., 2021). 

2.3. Inflammation markers 

IFN-γ, IL-10, IL-6, KC/GRO, and TNF-α were measured in plasma 
using MSD V-PLEX multiplex assay platforms (Meso Scale Diagnostics, 
Rockville, MD, U.S.A.). C-reactive protein (CRP) was measured using 
mouse CRP ELISA DuoSet kit (R&D system, Minneapolis, Minn, U.S.A.). 
For IFN-γ and IL-6, some samples were below the limit of detection 
(LOD) (<0.12 pg/ml for IFN-γ, n = 3, <3 pg/ml for IL-6, n = 14). These 
missing values were substituted by half the LOD, a commonly used 
method (Beal, 2001) (thus 0.06 pg/ml for IFN-γ and 1.5 pg/ml for IL-6). 

2.4. Microbial 16S rRNA sequencing 

DNA was isolated from the fecal pellets using a bead-beating pro-
cedure in combination with the customized MaxWell® 16 Tissue LEV 
Total RNA Purification Kit (XAS1220; Promega Biotech AB, Stockholm, 
Sweden) as described before (Fernández-Calleja et al., 2018). Triplicate 
PCR reactions of the 16S ribosomal RNA (rRNA) gene V4 region (515-F 
GTGYCAGCMGCCGCGGTAA, 806-R GGACTACNVGGGTWTCTAAT; 10 
µM each) were applied to the template DNA isolates (20 ng/µL) with a 
unique barcoded sequences library approach to identify individual fecal 
pellets with a total volume of 35 µL per reaction. Formed PCR products 
were qualitatively confirmed and purified as described before (Fernán-
dez-Calleja et al., 2018). 200 ng of each sample was pooled after 
quantification with the Qubit® dsDNA BR Assay Kit and subsequently 
sequenced (Illumina NovaSeq 6000, paired-end, 150 bp; Eurofins Ge-
nomics Europe Sequencing GmbH, Konstanz, Germany). 

The 16S rRNA gene sequencing raw data has been deposited in the 
European Nucleotide Archive (ENA) under accession number 
PRJEB41378. 

2.5. Microbiota data processing and analysis 

Sequences of the 16S rRNA gene were analyzed using the NG-Tax 2.0 
pipeline (Poncheewin et al., 2020) with default settings, which gener-
ates de novo exact match sequence clusters: amplicon sequence variants 
(ASVs). ASVs with a relative abundance below 0.1% were removed and 
the threshold for taxonomic assignment was set at 80%. The SILVA 16S 
rRNA gene reference database release 132 (Quast et al., 2013) was used 
to assign taxonomy. The program R (version 3.6.1) was used for further 
data analysis. The Phyloseq package (Mcmurdie & Holmes, 2013) 
(version 1.30.0) was applied to combine the ASV table with the phylo-
genetic tree and the metadata. ASVs with a relative abundance > 0.1% 
in one of the individual samples were included for further data analysis. 
Bray-Curtis dissimilarities (beta-diversity) were assessed with the Phy-
loseq package. Relative abundance composition plots at phylum and 
genus level were created using the Microbiome package (Lahti & Shetty, 
2017). The web-based tool Linear Discriminant Analysis (LDA) Effect 
Size (LEfSe) (Segata et al., 2011) was used to identify differential 
abundant taxa between the diet groups per sampling week. Spearman’s 
rank correlations of microbial compositional data, glomerated at genus 
level, with relevant clinical data were performed with the associate 
function of the Microbiome package (Lahti & Shetty, 2017) (version 
1.8.0). Therefore, subsets of each sampling week were created and taxa 
with a relative abundance > 1% in one of the samples were included. 

2.6. Statistical analysis 

Analyses were conducted using SPSS version 25 for Windows (IBM 
Corporation, Armonk, NY, USA). AGE and oxoaldehyde content of 
standard and baked chow are presented as mean ± SD, and comparisons 
of AGE and oxoaldehyde content of standard and baked chow diets were 
tested using the two-tailed unpaired Students T-test. 

Comparisons between free and protein-bound AGEs in plasma and 
tissues and inflammatory markers between groups were performed 
using the Mann-Whitney-U test. Free and protein-bound AGEs in plasma 
and tissues and inflammatory markers are presented as median [IQR] 
due to skewed distributions. 

To increase statistical efficiency and reduce multiple testing when 
correlating inflammatory markers to the microbiota data, an inflam-
matory z-score was calculated by combining TNF-α, IFN-γ, KC/GRO, IL- 
6 and the inverse of IL-10 (1/IL-10) as described previously (Yudkin, 
Stehouwer, Emeis, & Coppack, 1999). To this end, first, z-scores for all 
individual parameters were calculated as follows: (individual value 
minus whole study population mean value)/ whole study population SD, 
thus resulting in a standardized variable ranging from approximately 
− 2.5 to + 2.5 SD with a mean of 0. Second, as these individual z-scores 
share the same unit, they were averaged, resulting in one single 
inflammation score, which was subsequently standardized. 

Permutational multivariate analysis of variance (PERMANOVA) of 
microbial beta diversity was assessed by application of the Adonis 
function (999 permutations) of Vegan package (Oksanen, Guillaume, 
Friendly, Kindt, Legendre, McGlinn, Minchin, O’Hara, Simpson, Sol-
ymos, Stevens, Szoecs, & Wagner, 2019) (version 2.5–6). LEfSe analysis 
revealed differential abundant taxa if the P value of the non-parametric 
Kruskal-Wallis test between two diet groups was < 0.05 and the effect 
size of the logarithmic LDA score > 2.0. P values of correlations of mi-
crobial taxa with clinical data were adjusted for multiple testing using 
the Benjamini & Hochberg false discovery rate (FDR). 

All analysis were considered statistically significant with P values <
0.05 unless otherwise stated. 

3. Results 

3.1. Increased levels of AGEs in chow after baking 

To assess the effect of baking on chow diets, we compared free and 
protein-bound AGEs, and oxoaldehyde content between standard chow 
and baked chow. While levels of free CEL and MG-H1 increased after the 
baking procedure (34%, p < 0.05, and 266%, p < 0.01, respectively), 
free CML decreased after the baking procedure (-54%, p < 0.05) (Fig. 2). 
In contrast, levels of protein-bound AGEs in chow were uniformly and 
significantly increased following the baking procedure: 299% for 
protein-bound CML (p < 0.001), 691% for CEL (p < 0.001) and 182% for 
MG-H1 (p < 0.001) (Fig. 2). Likewise, levels of oxoaldehydes were also 
significantly increased following the baking procedure: 108% for MGO 
(p < 0.05), 53% for GO (p < 0.05) and 379% for 3DG (p < 0.001) 
(Fig. 2). 

3.2. Mice fed baked chow ate less than mice fed standard chow, but 
weight gain was similar 

To test whether weight gain over 10 weeks in young mice was 
different after the consumption of a baked chow diet, standard chow 
diet, or the switch diet, we determined food intake and weight at 
baseline and after 10 weeks. Mice fed the baked chow diet for 10 weeks 
ate less than mice fed the standard chow diet or switch diet: 2.96 g/day, 
3.77 g/day, and 3.13 g/day, respectively (Table 1). In line with this, 
body weight was higher after 10 weeks of standard chow compared to 
baked chow or the switch diet, with median (g) [IQR] of 23.4 
[22.2;24.1], 21.1 [20.5;21.2], and 21.8 [20.3;22.5], respectively. 
However, body weight of mice fed the baked chow diet was already 
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Fig. 2. Free AGEs (A), protein-bound AGEs (B), and oxoaldehydes (C) in standard chow and baked chow, as analyzed by UPLC-MS/MS. CML: Nε-(carboxymethyl) 
lysine. CEL: Nε-(1-carboxyethyl)lysine. MG-H1: Nδ-(5-hydro-5-methyl-4-imidazolon-2-yl)-ornithine. MGO: methylglyoxal. GO: glyoxal. 3DG: 3-deoxyglucosone. pb: 
protein-bound. For free and protein-bound AGEs, bars and error bars indicate mean and SD of 5 samples per diet. For oxoaldehydes, bars and error bars indicate mean 
and SD of 2 samples per diet. * indicates p < 0.05 for the comparison between free and protein-bound AGEs and oxoaldehydes in baked chow and standard chow. ** 
indicates p < 0.001 for the same comparison. 

Table 1 
Mice characteristics.   

Standard Chow Baked 
Chow 

Switch 
Diet 

P 
standard 
vs baked 

P 
standardvs switch 

P 
Bakedvs switch 

Weight baseline (g) 19.1 [17.9–19.5] 18.0 [17.1–18.2] 18.1 [16.4–19.3] 0.019 0.165 0.481 
Weight sacrifice (g) 23.4 [22.2–24.1] 21.1 [20.5–21.2] 21.8 [20.3–22.5] 0.001 0.004 0.481 
Weight gain (g) 4.2 [3.5–5.2] 3.3 [2.8–3.8] 3.1 [2.9–4.1] 0.043 0.035 0.796 
Weight gain (%) 22 [19–27] 19 [15–22] 17 [16–23] 0.218 0.123 1.000 
Food intake (g/day) 3.77 2.96 3.13    

Sample size n = 10 per group. Weight is presented as median [IQR]. Food intake was measured for each group as whole, thus statistical differences between groups 
cannot be computed. Significant differences (p < 0.05) are shown bold. 
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lower at baseline as compared to mice fed the standard chow diet, thus 
percentage weight gain was not different between mice fed standard 
chow, baked chow, or the switch diet after 10 weeks, with median (%) 
[IQR] of 22 [19;29], 19 [15;22], and 17 [16;23], respectively (Table 1). 

3.3. A baked chow diet increases both free and protein-bound AGEs in 
plasma 

To assess the impact of the chow diets on the level of AGEs after 10 
weeks, we compared free and protein-bound AGEs in plasma between 
groups. All free AGEs in plasma were higher after baked chow compared 
to standard chow, with median (nmol/L) [IQR] of 536 [406;795] vs. 355 
[332;430], p = 0.004 for CML, 228 [129;374] vs. 118 [86;135], p =
0.011, for CEL, and 242 [89;303] vs. 76 [61;102], p = 0.019 for MG-H1 
(Fig. 3A). 

Results for protein-bound AGEs in plasma were similar, except for 
MG-H1. After 10 weeks of the baked chow diet, protein-bound CML and 
CEL in plasma were higher compared to the standard chow diet, with 
median (nmol/L) [IQR] of 853 [805;919] vs. 561 [542;599], p < 0.001, 
and 311 [227;345] vs. 207 [183;235] p = 0.011, respectively. Protein- 
bound MG-H1 in plasma was lower after baked chow compared to 
standard chow: 1464 [1377;1506] vs. 1630 [1502;1911], p = 0.011 
(Fig. 3B). 

3.4. A baked chow diet increases AGEs in liver and kidneys, but mainly in 
the free form 

We next determined the difference in AGE levels in organs after 10 
weeks of the baked chow or standard chow diet. In liver, free CML and 
MG-H1, but not CEL, were higher after baked chow compared to stan-
dard chow, with median (nmol/g of protein) [IQR] of 8.0 [7.2;8.5] vs. 
5.4 [4.9;5.7] for CML (p < 0.001), 2.3 [1.6;3.3] vs. 0.8 [0.8;0.9] for MG- 
H1 (p < 0.001), and 8.0 [7.4;8.7] vs. 8.1 [6.8;9.6] for CEL (p = 0.730) 
(Fig. 3C). Contrarily, protein-bound AGEs in liver were not different, 
although there was a trend for increased protein-bound CML in liver 
after baked chow compared to standard chow: 21 [20;22] vs. 18 [17;21] 
for CML (p = 0.063), 44 [39;46] vs. 41 [37;44] for CEL (p = 0.393), and 
24 [21;28] vs. 25 [23;33] for MG-H1 (p = 0.436) (Fig. 3D). 

In kidney, free AGEs were higher after baked chow compared to 
standard chow, although the difference in free CML did not reach sta-
tistical significance: 224 [143;284] vs. 161 [119;179] for CML (p =
0.052), 114 [67;147] vs. 48 [37;57] for CEL (p < 0.001), and 17 [8;26] 
vs. 5 [5;6] for MG-H1 (p = 0.001) (Fig. 3E). In contrast, protein-bound 
CML in kidney, but not CEL or MG-H1, was higher in kidney after baked 
chow compared to standard chow: 26 [24;29] vs. 22 [19;24] for CML (p 
< 0.001), 19 [18;22] vs. 21 [17;22] for CEL (p = 0.796), and 28 [22;44] 
vs. 31 [25;36] for MG-H1 (p = 0.971) (Fig. 3F). 

3.5. The accumulation of AGEs in plasma and organs after a baked chow 
diet is reversible 

We next studied whether the accumulation of AGEs after a baked 
chow diet can be reversed by a standard chow diet. We first assessed 
whether AGEs in plasma and organs were already increased after 5 
weeks of the baked chow diet. In general, all free and protein-bound 
AGEs were increased in plasma, kidney, and liver of mice fed the 
baked chow diet for 5 weeks compared to mice fed the standard chow 
diet for 5 weeks (Supporting information Figure S1). However, protein- 
bound MG-H1 in plasma was not significantly different between mice 
fed the baked chow diet for 5 weeks compared to the standard chow diet, 
with median (nmol/g of protein) [IQR] of 1599 [1487;2128] vs. 1484 
[1371;1704]. In addition, free CEL was lower and protein-bound MG-H1 
was not different in liver of mice fed the baked chow diet compared to 
the standard chow diet: 8.3 [8.0;8.9] vs. 9.6 [8.8;10.4] , p = 0.007 and 
25.3 [21.5;28.9] vs. 26.5 [24.9;30.8], p = 0.280, respectively. 

The accumulation of AGEs in plasma, kidney and liver after 5 weeks 

of a baked chow diet were reversible, as most AGEs in plasma, liver, and 
kidney were significantly decreased after the switch to standard chow 
(Fig. 3A-F). Remarkably, free CML, free CEL, and protein-bound CEL in 
kidney were even lower after the switch diet as compared to 10 weeks of 
standard chow, with median (nmol/g of protein) [IQR] of 96 [85;102] 
vs. 161 [119;179], p = 0.011, 31 [29;33] vs. 48 [37;57], p = 0.015, and 
16 [15;19] vs. 21 [17;22], p = 0.009, respectively (Fig. 3E and 3F). 

3.6. A baked chow diet affects some markers of inflammation 

To assess whether inflammation is increased after a baked chow diet 
compared to a standard chow diet, a panel of inflammatory markers 
were analyzed individually. TNF-α, IFN-γ, KC/GRO, CRP, and IL-6 were 
not different after 10 weeks of baked chow or standard chow (Fig. 4A). 
However, the anti-inflammatory cytokine IL-10 was significantly lower 
after baked chow compared to standard chow: 9.4 pg/ml [8.5;10.4] vs. 
12.8 pg/ml [10.1;14.8], p = 0.011 (Fig. 4A). 

We next combined the inflammatory markers into an overall in-
flammatory z-score that also included IL-10. The inflammatory z-score 
was higher after 10 weeks of baked chow than after 10 weeks of standard 
chow, with median (SD) [IQR] of 0.37 [-0.13;1.31] vs. − 0.39 
[-1.05;0.20], p = 0.029 (Fig. 4B). 

Then we determined whether the increase in inflammation after a 
baked chow diet could be reversed by a standard chow diet. We first 
assessed whether inflammatory markers in plasma were already 
increased after 5 weeks of the baked chow diet. In contrast to AGEs in 
plasma and organs, inflammatory markers in plasma and the inflam-
matory z-score were not already increased after 5 weeks of baked chow 
compared to 5 weeks of standard chow (Supporting information 
Figure S2). In fact, plasma TNFα was lower after 5 weeks of baked chow 
compared to 5 weeks of standard chow, with median (pg/ml) [IQR] of 
5.85 [5.16–6.39] vs. 7.50 [6.48;8.42], p = 0.017. 

Although inflammatory markers in plasma were not already 
increased after 5 weeks of baked chow, the subsequent increase in in-
flammatory markers after 10 weeks of baked chow could be prevented 
by the switch to standard chow, with inflammatory z-score median 
[IQR] 0.37 [-0.13;1.31] vs − 0.41 [-0.81;0.26], p = 0.034 (Fig. 4B). 

3.7. Gut microbial composition is altered after feeding a baked chow diet, 
and is reversible 

Based on Bray-Curtis beta diversity dissimilarity distances, differ-
ences in overall microbial composition were shown in principal coor-
dinate analysis (PCoA) plots from week 7.5 onwards (Fig. 5). Where in 
week 5 almost all samples were still distributed over the four quadrants 
(Axis 1 = 23.2%, Axis 2 = 13.5%), in week 7.5 the fecal samples from the 
mice fed the baked chow diet almost all clustered together in the bottom 
left quadrant, while almost all fecal samples from the standard chow diet 
clustered together in the upper right quadrant (Axis 1 = 23.6%, Axis 2 =
12%). The fecal samples from the mice fed the switch diet were 
distributed over the two upper quadrants and were located in between 
the samples of the baked chow and the standard chow diet. In week 10 
the fecal samples of the mice fed the baked chow and the standard chow 
diet again were distributed over opposite quadrants, while the samples 
of the mice fed the switch diet were located in between these two diet 
groups, as expected (Axis 1 = 26.2%, Axis 2 = 23%). It should be noted 
that in week 10 not all fecal pellets were collected for each group (n = 6 
for the baked chow group; n = 4 for the standard chow group; n = 2 for 
the switch group). 

Further PERMANOVA analysis revealed that the provided diet 
explained a statistically significant (p < 0.001) variation in microbial 
composition from week 5 onwards with 19.5% variance explained by 
the diet in week 5, 22.9% in week 7.5 and 35.2% in week 10. Bray-Curtis 
dissimilarities of week 0 and week 2.5 were not statistically significant. 
Their corresponding PCoA plots are shown in the supplementary ma-
terials (Figure S3). 
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Fig. 3. Free and protein-bound AGEs in 
plasma (A,B), liver (C,D), and kidney (E,F) of 
mice after 10 weeks of standard chow, baked 
chow, and the switch diet, as analyzed by 
UPLC-MS/MS. CML: Nε-(carboxymethyl) 
lysine. CEL: Nε-(1-carboxyethyl)lysine. MG- 
H1: Nδ-(5-hydro-5-methyl-4-imidazolon-2- 
yl)-ornithine. pb: protein-bound. Center bars 
of scatter dots indicate median values while 
whiskers indicate inter quartile range. * in-
dicates p < 0.05 for the difference between 
chow diets. N = 10 for all groups, except for 
free and protein-bound AGEs in liver for the 
switch diet group, where n = 9.   
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Relative abundance composition plots both on phylum level and 
genus level per sampling week showed differences between the different 
diet groups (Figure S4), especially at genus level. In order to identify 
taxa which contributed to observed differences in microbial composition 
between the diet groups as assessed with Bray-Curtis dissimilarities, 
LEfSe analysis of the microbiota composition was performed per sam-
pling week from week 5 onwards. Differential abundant taxa were 
identified after comparing the microbial composition of the baked chow 
with the standard chow (Fig. 6) and the switch with the standard chow 
(Figure S5), and were visualized in cladograms (circular phylogenetic 
trees). Comparing the baked chow with the standard chow revealed that 
at week 5, six genera (i.e. Olsenella, Ruminococcaceae_UCG_009, 

Dubosiella, Turicibacter, Parasutterella and Akkermansia with respective 
average relative abundances (%) of 0.7, 0.1, 3.6, 0.5 and 3.2) and four 
families (i.e. Atopobiaceae, Erysipelotrichaceae, Burkholderiaceae, Akker-
mansiaceae) were enriched after the baked chow diet and three genera (i. 
e. Clostridiales_vadinBB60_group_uncultured, Roseburia and Faecalibac-
ulum with respective average relative abundances (%) of 0.1, 4.5 and 
1.0) and one family (i.e. Clostridiales_vadinBB60_group) was enriched 
after consumption of standard chow. At week 7.5, twelve genera (i.e. 
Bifidobacterium, Rikenella, Eubacterium_xylanophilium_group, Lachnoclos-
tridium, Roseburia, Ruminiclostridium_5, Ruminococcaceae_uncultured, 
Ruminococcaceae_UCG_009, Ruminococcaceae_UCG_014, Dubosiella, Fae-
calibaculum, Desulfovibrio with respective average relative abundances 

Fig. 4. Inflammatory mediators in plasma of mice after 10 weeks of standard chow, baked chow, and the switch diet. A: individual inflammatory mediators. B: 
Inflammatory z-score consisting of TNF-α, IFN-γ, KC/GRO, IL-6, and IL-10. Center bars of scatter dots indicate median values while whiskers indicate inter quartile 
range. * indicates p < 0.05 for the difference between chow diets. N = 10 for all groups. 
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(%) of 0.2, 0.3, 0.1, 0.6, 1.5, 0.3, 1.1, 0.1, 0.3, 13.1, 0.2 and 1.7) and 
three families (i.e. Bifidobacteriaceae, Erysipelotrichaceae and Desulfovi-
brionaceae) were assigned as enriched taxa for the baked chow group, 
while for the standard chow diet five genera (i.e. Bacteroides, Mur-
ibaculaeae_uncultured, Muribaculum, Lactobacillus and Marvinbryantia 
with respective average relative abundances (%) of 1.2, 46.5, 1.2, 10.5 
and 0.7) and four families (i.e. Bacteroidaceae, Muribaculaceae, Lacto-
bacillaea and Clostridiales_vadinBB60_group) were enriched. The analysis 
performed at week 10 identified four genera (i.e. Clostridium_sensu_s-
tricto_1, Dubosiella, Turicibacter and Parasutterella with respective 
average relative abundances (%) of 0.6, 26.2, 0.9 and 0.7) and three 
families (i.e. Clostridiaceae_1, Erysipelotrichaceae and Burkholderiaceae) 
to be enriched for the baked chow diet, while for the standard chow diet 
five genera (i.e. Bacteroides, Lactobacillus, Lachnospiraceae_UCG_004, 
Oscillibacter and Ruminiclostridium with respective average relative 
abundances (%) of 1.2, 22.5, 0.1, 0.4 and 0.7) and two families (i.e. 
Bacteroidaceae, Lactobacillaceae) were identified to be enriched. 

The microbiota of baked chow-fed mice was found to be consistently 
enriched in the genus Dubosiella, while that of mice fed the standard 
chow diet were enriched in Lactobacillus and Bacteroides from week 7.5 
onwards. The highest number of identified taxa after LEfSe analysis were 
found in week 7.5 which could be explained by the fact that in week 10 
not all fecal pellets were collected for each group (n = 6 for the baked 
chow group; n = 4 for the chow group; n = 2 for the switch group), while 
for week 7.5 fecal pellets from all mice (n = 10 per group) were collected 

and subsequently analyzed for its microbial composition. 
LEfSe analysis of the switch diet with the standard chow diet 

(Figure S5) resulted in the highest number of enriched taxa in week 5 
which decreased to week 7.5 and further to week 10. In week 10 only 
three genera (i.e. Dubosiella, Turicibacter and Ileibacterium with respec-
tive average relative abundances (%) of 2.9, 3.7 and 12.4) were shown 
to be higher abundant in the switch diet. This indicates that the mi-
crobial composition as affected by the baked chow diet is a diet- 
dependent reversible change. 

3.8. Gut microbiota composition data are associated with clinical 
parameters 

To assess whether gut microbiota composition was associated with 
other measured outcomes (i.e. AGE plasma and tissue levels, inflam-
matory markers), Spearman’s rank correlations were determined after 5 
and 10 weeks for mice fed the baked chow and the standard chow diet 
(Fig. 7). In week 5, the genera Olsenella and Turicibacter showed a sta-
tistically significant positive correlation with free plasma CML levels 
(Olsenella: ρ = 0.769, p = 0.008; Turicibacter: ρ = 0.686, p = 0.030) and 
CEL (Olsenella: ρ = 0.711, p = 0.024; Turicibacter: ρ = 0.671, p = 0.031). 
In week 10, no bacterial taxa were statistically significantly correlated 
with the other outcomes after correction for multiple testing, possibly 
due to less fecal pellets being collected at week 10. However, in week 10 
several taxa showed a trend towards a high positive or negative 

Fig. 5. Principal coordinate analysis plots (PCoA) of Bray-Curtis’ beta-diversity dissimilarities of the fecal pellets per week. Each data point represents one fecal 
pellet of an individual mouse and labelled per diet (red circles for baked chow diet; blue triangles for the standard chow diet; green squares for the switch diet). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. LEfSe results of the significant different taxa found by comparing the mice with the baked chow diet (red) to the standard chow diet (green), sampled in week 
5 (n = 10 per group), 7.5 (n = 10 per group) and week 10 (baked chow: n = 6; standard chow: n = 4). Nomenclature was based on the highest achievable taxonomic 
resolution level. The alpha value was set to 0.05 and the log10 LDA score threshold to 2.0. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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correlation (ρ > 0.7 or ρ < -0.7) with these outcomes. As such, Dubosiella 
showed a high positive correlation with free kidney CEL levels (ρ =
0.719), Lachnospiraceae NK4A136 group with CRP levels in plasma (ρ =
0.709), Alloprevotella with protein-bound MG-H1 in plasma (ρ = 0.755), 
Rikenellaceae RC9 gut group with protein-bound MG-H1 levels in the 
kidney (ρ = 0.745) and Alistipes with plasma CRP levels (ρ = 0.709). On 
the other hand, Rikenellaceae RC9 gut group showed a high negative 
correlation with free CML in the liver (ρ = -0.729), Muribaculaceae un-
cultured bacterium with free CML and CEL in plasma (ρ = -0.797 and 
− 0.825), protein-bound CML in plasma (ρ = -0.755), free CML in the 
liver (ρ = -0.753), and free CML and MG-H1 in the kidney (ρ = -0.748 
and − 0.783). Muribaculum showed high negative correlations with free 
CML and CEL in plasma, and free MG-H1 in plasma and kidney (ρ =
-0.797, − 0.825, − 0.718, and − 0.734, respectively). 

Since not all fecal pellets were collected at week 10, an additional 
Spearman’s rank correlation analysis was performed using the microbial 
composition data of week 7.5 with other measured outcomes deter-
mined at week 10 (Figure S6). This revealed multiple statistically sig-
nificant correlations. Dubosiella showed a positive correlation with free 
MG-H1 in liver (ρ = 0.754, p = 0.018), free CML in liver (ρ = 0.683, 
p = 0.078), protein-bound CML in plasma (ρ = 0.796, p = 0.014) and 
free CEL in kidney (ρ = 0.771, p = 0.014). Desulfovibrio showed a pos-
itive correlation with free MG-H1 levels in the liver (ρ = 0.667, p =
0.098). On the other hand, Muribaculum showed a negative correlation 
with free MG-H1 both in liver (ρ = -0.777, p = 0.014) and kidney (ρ =
-0.715, p = 0.040). Marvinbryantia showed a negative correlation with 
protein-bound CEL in plasma (ρ = -0.744, p = 0.021). Although statis-
tically significant results differed between Spearman’s rank correlations 
using microbiome composition data from week 7.5 or week 10, the 
overall trend in found correlations was comparable. 

Bacteroides and Lactobacillus showed a time-dependent increase from 
week 5 to week 10 towards negative correlations with free and protein- 
bound AGE levels in plasma and tissues, while Dubosiella showed a time- 
dependent increase towards positive correlations with free and protein- 

bound AGE levels in plasma and tissues. These results are in line with the 
taxa identified in the LEfSe analysis. 

4. Discussion 

Here, we show that consumption of a baked diet containing high 
levels of AGEs leads to an increase of AGEs in plasma, kidney, and liver 
and to a reduction of circulating IL-10 in addition to changes in gut 
microbiota composition in young mice. These effects were reversible or 
discontinued by switching the high AGE diet to a diet with lower levels 
of AGEs. 

AGEs are generated in foods during various preparation methods 
involving dry heat, such as baking, grilling, frying, and toasting. Indeed, 
we saw a marked increase of the AGEs CML, CEL and MG-H1 after the 
baking of chow diet at 160 ◦C for two hours. Although food intake was 
lower in mice receiving the baked chow diet in comparison to the 
standard chow diet, total AGE intake was still increased in mice fed the 
baked chow diet. In line with this, free CML, CEL, and MG-H1 in plasma 
were higher in mice receiving the baked chow diet compared to mice 
receiving the standard chow diet. Although both free (CEL and MG-H1) 
and protein-bound (CML, CEL, and MG-H1) AGEs were increased in 
chow diets after baking, the uptake of dietary AGEs into the circulation 
is likely to depend mainly on digestion and absorption of protein-bound 
AGEs. It was previously shown that absorption of AGEs in vitro takes 
place mainly in the form of dipeptides, instead of free amino acid AGEs 
(Hellwig et al., 2011). In addition, levels of protein-bound AGEs in 
baked chow were approximately 30–80 fold higher than levels of free 
AGEs. In line with this, the increase in free plasma CML after the baked 
chow diet occurred in absence of an increase in free CML in baked chow. 

Surprisingly, protein-bound CML and CEL in plasma were also 
higher, while protein-bound MG-H1 was lower in mice receiving the 
baked chow diet compared to mice receiving the standard chow diet. As 
such, we would not expect a direct increase in plasma protein-bound 
AGEs following the high AGE baked chow diet. This would be in line 

Fig. 7. Heatmaps of Spearman’s rank correlation coefficient of relative abundance microbial composition data with relevant clinical parameters per sampling week, 
of mice in the baked chow and standard chow group. Bacterial taxa with a relative abundance > 1% in one of the samples were included. Statistically significant 
correlations after adjustment for multiple testing are marked with * (p < 0.1) or ** (p < 0.05). Nomenclature was based on the highest achievable taxonomic 
resolution level. pb: protein-bound. 

K.C.W. van Dongen et al.                                                                                                                                                                                                                     



Food Research International 147 (2021) 110547

10

with our previous data in humans showing that the free form of AGEs in 
plasma, but not the protein-bound form, is associated with dietary AGE 
intake in participants of the CODAM study (Scheijen et al., 2018). 
However, randomized controlled trials (RCTs) in humans are still 
inconclusive as there are reports of both an increase in protein-bound 
AGEs in plasma (Birlouez-Aragon et al., 2010) and no change (de 
Courten et al., 2016) after a high-AGE diet. This distinction is important, 
as the origin of both forms of AGEs is different, and it has implications 
for their biological effects, for example as free AGEs do not have affinity 
for the receptor for AGEs (RAGE) (Kislinger et al., 1999; Penfold et al., 
2010; Xie et al., 2008). 

We also observed some surprising findings in organs of mice fed the 
baked chow diet. While we observed higher levels of most free AGEs in 
liver and kidney in these mice, we also observed higher protein-bound 
CML in kidney. Direct evidence for dietary AGE accumulation in or-
gans is already available in animal models, but free- and protein-bound 
AGEs have not been assessed simultaneously (Elmhiri et al., 2015; 
Roncero-Ramos et al., 2013; Somoza et al., 2006; Tessier et al., 2016). 
Tessier et al. used 13C-labeled CML to discriminate between dietary and 
endogenous CML and found that dietary CML accumulated in several 
organs of mice, but they could not discriminate between free and 
protein-bound CML due to low quantities of tissue being available 
(Tessier et al., 2016). The increase in protein-bound CML and CEL in 
plasma and protein-bound CML in kidney of mice fed the baked chow 
diet in the present study could be the result from indirect effects of di-
etary AGEs. It has previously been shown that dietary CML and MGO- 
modified albumin lead to significant increases of NF-κB and RAGE in 
kidneys of piglets and white adipose tissue respectively (Cai et al., 2012; 
Elmhiri et al., 2015). As such, protein-bound AGEs in plasma and tissues 
may reflect increased endogenous formation of AGEs, and not a direct 
uptake of dietary AGEs. In addition, we also measured reactive pre-
cursors of AGEs in the chow diet, which were increased upon heating. 
The increased levels of these reactive oxoaldehydes in baked chow diet 
may give rise to increased endogenous levels of protein-bound AGEs. 

In line with the increase in AGEs in plasma and tissue, we observed 
reduced levels of circulating IL-10 in mice fed the baked chow diet as 
compared to mice fed the standard chow diet. Also driven by this, the 
inflammatory z-score was significantly higher after the baked chow diet 
compared to the standard chow diet. In line with our findings, Rajan 
et al. observed a significant increase in expression of several pro- 
inflammatory cytokines in 12-week old mice after a 6-month dietary 
intervention with baked chow diet (Sowndhar Rajan et al., 2018) and 
Mastrocola et al. also observed a decrease in IL-10 after feeding a high 
AGE diet for 22 weeks in 4-week old mice (Mastrocola et al., 2020). 
Although with the current data we cannot provide insights in the origin 
of increased inflammation following the baked chow diet, the increase in 
protein-bound CML in kidney is suggestive of involvement of the kid-
neys. Future studies could provide insight in a potential direct link be-
tween increased protein-bound levels in a specific tissue with the origin 
of observed inflammation. Nonetheless, the increase in inflammation 
after the baked chow diet may provide some insight into the mecha-
nisms behind the biological effects of dietary AGEs. Circulating IL-10 
levels are lower in obese insulin resistant individuals and treatment 
with IL-10 improves lipid-induced insulin resistance (Hong et al., 2009). 
As such, the decrease in circulating IL-10 after the baked chow diet could 
potentially contribute to the decrease in insulin sensitivity observed in 
humans after a high-AGE diet (de Courten et al., 2016). However, in 
humans, the increase in inflammation after a high-AGE diet is observed 
in some RCTs (Baye, Kiriakova, et al., 2017) but not all (Baye, De 
Courten, et al., 2017) and deserves further investigation. 

To our knowledge, we are the first to show that the accumulation of 
AGEs in plasma and organs after a diet high in dietary AGEs is reversible. 
We showed that most AGEs in plasma, kidney, and liver were already 
increased after 5 weeks of the baked chow diet and that this accumu-
lation of AGEs is fully reversible, by switching the diet to standard chow 
for 5 subsequent weeks. Although reversibility may be expected for 

AGEs in plasma, as they are rapidly cleared by the kidneys (Förster & 
Henle, 2003), the latter does not necessarily apply to dietary AGEs 
accumulating in organs. We can currently only speculate on how dietary 
AGEs are transported into organs, if they end up in the intra- or extra-
cellular matrix, and if glycated proteins (i.e. protein-bound AGEs) show 
different protein turnover rates. For example, the extracellular space is 
less subjected to protein turnover (Kerrigan, Mansell, & Sandy, 2000). 
Additionally, glycated proteins in food show resistance to enzymatic 
breakdown in the gastrointestinal tract (Pinto et al., 2014) and this 
could also potentially apply to enzymatic protein turnover. Inflamma-
tion, on the other hand, was not already increased after 5 weeks of the 
baked chow diet. Although mice fed the switch diet showed decreased 
inflammation compared to mice fed the baked chow diet for 10 weeks, 
we cannot speak of true reversibility. Nonetheless, dietary AGEs have 
been associated with negative biological effects in humans (Nowotny 
et al., 2018), but also several negative clinical outcomes, such as insulin 
resistance (de Courten et al., 2016), weight gain (Cordova et al., 2019), 
and vertebral fractures (Waqas et al., 2020). Therefore, the important 
finding of reversibility of AGE accumulation in plasma and organs may 
have beneficial implications for those whom ingest a diet high in AGEs 
to lower the dietary AGE-associated negative biological effects and 
clinical outcomes. Furthermore, the observation of reversible AGE 
accumulation after modulation of dietary AGEs also further strengthens 
their causal link. 

Next to effects of baked chow diets on AGE levels in plasma and 
tissues and inflammatory markers, the baked chow diet also altered the 
gut microbiota composition of mice compared to the standard chow diet. 
From week 5 onwards significant effects of the baked chow diet on the 
gut microbiota composition were observed by assessing Bray-Curtis 
dissimilarities. Interestingly, statistically significant effects on gut 
microbiota composition were earlier observed (i.e. week 5) compared to 
effects on the inflammatory z-score and IL-10 levels in plasma (i.e. week 
10). In the baked chow group, the genus Dubosiella was consistent 
enriched. Dubosiella was recently isolated from mice (Cox, Sohn, Tyrrell, 
Citron, Lawson, Pate, Iizumi, Perez-Perez, Goldstein, & Blaser, 2017), 
and has not been associated with specific functions before. However, 
Dubosiella belongs to the family Erysipelotrichaceae and was found to be 
related to Allobaculum stercoricanis (Cox et al., 2017). The genus Allo-
baculum spp. was increased in relative abundance in two animal studies 
after a glycated or high AGE diet (Han et al., 2018; Qu et al., 2017), 
which might imply a specific genera-cluster or family as a potential 
target for a high AGE diet. Interestingly, this does not corroborate with 
previous findings by Yang et al. (2020) who found an enrichment in the 
order Erysipelotrichales after the control diet instead of the high AGE diet. 
However, no specific genus was identified and it is relevant to note that 
old mice (15-month-old) were studied (Yang et al., 2020). 

On the other hand, Lactobacillus and Bacteroides were consistent 
enriched in the standard chow group, corresponding to a relative 
decrease in the baked chow group, which corroborates partially or fully 
with earlier findings showing a contraction in Lactobacillus spp. or 
Bacteroides spp. (Delgado-Andrade et al., 2017; Mastrocola et al., 2020; 
Qu et al., 2017, 2018; Seiquer et al., 2014; Snelson et al., 2021). How-
ever, not all animal studies found this contraction in Lactobacillus spp. or 
Bacteroides spp. (Yang et al., 2020), indicating the need for multiple 
studies to derive clear and consistent conclusions regarding effects on 
gut microbiota composition. 

In week 5, the genera Olsenella and Turicibacter showed a positive 
statistically significant correlation with free CML and CEL in plasma, 
while in week 10 no statistically significant correlations were found 
after correction for multiple testing. This could be explained by the 
higher number of parameters involved in the correlations of week 10 
compared to week 5. Overall, Dubosiella showed high correlations with 
most parameters measured at week 10, and was included in statistical 
significant positive correlations when applying microbiome composition 
data from week 7.5 instead of week 10. 

Our data suggests that Dubosiella spp. are associated with a diet high 
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in AGE levels. However, further work is required to identify the function 
or role of Dubosiella spp. in order to explain this link with AGEs. A hy-
pothesized explanation of the enrichment of Dubosiella spp. in the baked 
chow diet group is the utilization of AGEs as a substrate by the bacte-
rium. Multiple bacterial strains were reported in literature to degrade 
CML. For example Cloacibacillus evryvenis (Bui, Troise, Fogliano, & De 
Vos, 2019), isolated from human feces, and Escherichia coli strains 
(Hellwig, Auerbach, Mü, Samuel, Kammann, Beer, Gunzer, & Henle, 
2019) were shown to degrade CML in vitro, which proves the ability of 
specific gut bacteria to utilize an AGE. 

An attempt was made to investigate whether the effects of the baked 
chow diet on gut microbial composition were reversible by including the 
switch diet group. The results of both the Bray-Curtis dissimilarities and 
LEfSe analysis indicated that the trend of changing microbiota compo-
sition due to the baked chow diet is reversible. In week 10, LEfSe 
analysis identified 3 genera (i.e. Dubosiella, Turicibacter and Ileibacte-
rium) to be enriched in the switch diet group. These findings suggest that 
minor differences in microbiota composition between the standard chow 
and the switch diet were still observed, which can be explained by the 
fact that the gut microbiota requires time to adapt towards a new diet 
composition. It could be that a 5-week dietary intervention of the 
standard chow diet after 5 weeks of the baked chow diet was too short to 
completely adapt and consequently forming a comparable microbiota 
composition as in the 10-week standard chow diet group. 

Our study has several strengths. Protein-bound and free AGEs were 
measured both in the chow diets as well as in plasma and organs of mice 
with the highly specific gold standard UPLC-MS/MS technique. To our 
knowledge, we are the first to concurrently measure both forms of AGEs 
in both the experimental diet and tissue compartments. In addition, the 
validity of our findings is increased by inclusion of a control group and 
the switch group. Also, inclusion of the switch group enables us to show 
that changes in AGE accumulation following a high AGE diet are 
reversible in nature. Moreover, it is important to highlight that the chow 
baking conditions were not substantially different from the conditions 
used in other studies, and while AGE levels in the baked chow diet were 
increased, they still represented realistic dietary levels. Finally, we used 
very young, healthy mice without any underlying disease. 

Our study also has several limitations. Primarily, we cannot rule 
out that the baking procedure has had effects on chow other than 
increasing AGEs, such as decreasing vitamin bioavailability or 
increasing acrylamide formation. Additionally, mice weighed less at 
the end of the study after the baked chow diet compared to the stan-
dard chow diet, and food intake was lower of mice in the baked chow 
diet group. However, percentual increase of weight did not differ be-
tween groups, and in addition bacterial taxa associated with weight 
loss, such as Allobaculum (Ravussin et al., 2012) or Akkermansia 
muciniphila (Everard et al., 2013), were not showing a similar trend 
towards lower weight in the baked chow diet group. If anything, lower 
food intake in the baked chow group reduced exposure to dietary AGEs 
and lead to underestimations of their effects. Finally, our observations 
of reversible AGE accumulation in kidney and liver may not be 
extrapolated to other organs. Likewise, our findings in mice cannot be 
directly extrapolated to humans, as species differences exist in for 
example metabolic rate and dietary habits, as also in gut microbiota 
composition (Hugenholtz & de Vos, 2018). 

In summary, intake of dietary AGEs results in reversible elevated 
levels of AGEs in plasma and organs and alterations in the gut micro-
biota composition with a change in the inflammatory profile of healthy 
young mice. Randomized controlled trials on the effects of dietary AGEs 
on gut microbiota in humans are needed. 
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